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1 Bendix Pacific Company Manual “FM/FM Telemetry” Revised, 25 April, 1958, pg VI-5.

2 MICRO COM Product Specification

CALIBRATION OF ANALOG MEASUREMENT AND TELEMETRY
SYSTEMS

EUGENE GRANT
Martin Marietta Aerospace

Orlando, Florida

Summary.  A basic requirement of modern telemetry and instrumentation is a reference or
standard to measure against. A brief survey of early flight tests and missile measurement
systems shows the development of analog calibration. Frequency Modulation (fm),
telemetry, Pulse Amplitude Modulation (PAM), and commutator calibration will be
discussed, as well as measurement resistance calibration comparison and the newer actual
instrument stimulation techniques. Factors influencing calibration stability and accuracy
will be reviewed with a qualitative discussion of accuracy and frequency of calibration as a
function of system requirements and measurement accuracy. Digital techniques and
components now allow greater accuracy, stability and minaturization of calibration
systems. Low power Schottkey transistors, transistor logic (TTL) and Complementary
Metal-Oxide Semiconductor (CMOS) circuitry allows ease of design of calibration
systems. With these newer calibrators, no measurement system should suffer from a lack
of accurate calibration.

Introduction.  From earliest time man has measured to a standard. The measurement of
length in cubits or travel gauged by a days journey, indicates that man has endeavored to
standardize his measurements. By these examples he was not always successful, but it was
a step in the right direction. In the late nineteen fifties, at the end of electron-tube telemetry
and the beginning of the era of solid-state devices, we find statements such as “An
absolute frequency measurement of a telemetry channel may vary as much as two to ten
percent of bandwidth over a period of one hour or more with the same stimulus applied.”1

With todays modern fm/fm telemetry and calibration during tests, a one-percent accuracy
figure is easily attainable. Subcarrier oscillators in the present state-of-the-art configuration
are now specified at 0.25 percent drift over an 8-hour period.2 The External Tank Program
of the Space Shuttle, is striving for four and three-quarters percent measurement of oxygen
and hydrogen tank pressures for control and telemetry. This with tanks pressurized in the
20 to 50 psia range and stand times at this pressure of possibly eight to ten hours. The
temperatures during this period may vary by a few hundred degrees. This indicates we



3 IRIG Document 106-76, Telemetry Standards, Revised January 1971.

have improved greatly from the capabilities described by the 1958 quotation. The advent
of pulse code modulation (PCM) telemetry has also opened up the resolution of telemetry
systems to a point where the instrument or sensor and the external rf telemetry system
noise may be the limiting factor rather than the analog readability in the telemetry system.

Calibration Requirements.  The accuracies and stabilities of todays telemetry systems
still do not preclude basic test measurement procedures of precalibration and, if possible,
post calibration of systems. In a fm/fm telemetry it is standard to calibrate dc voltage
controlled subcarrier oscillators by a dc voltage proportional to 0-25-50-75-100 percent of
the bandwidth or 0-50-100 percent of bandwidth dependent upon the stability and linearity
of the system to be calibrated. If a multiplexer or commutator is used in the system it
generally is calibrated in each frame by inserting a full scale and zero reading. In a return
to zero, (RZ) calibrator as shown in Figure l, data channels are used for calibration. In a
non-return-to-zero, (NRZ) calibrator the master pulse is used for calibration as shown in
Figure 2. In this case the master pulse may be enlarged by a sequence of voltage levels
built into the commutator. In the NRZ commutator, regulator and scaling resistors
determine the accuracy of the system. In the case of the RZ commutator, an external
regulator is used for full scale and zero and the accuracy is a function of the regulator and
system network parameters.3 A rule of thumb is that if possible, the calibration voltages
should be ten times more accurate than the accuracy required by the measurement system.
Assume that a two-percent commutator requirement with 5,000 volts full scale is needed.
The calibration voltage should be accurate to two-tenths of a percent or 10 millivolts. The
two-percent commutator mentioned above is a commutator with an error ±2 percent of full
scale. This means the complete error band is 4 percent of full scale. This is
“specsmanship”, a practice indulged in by most component manufacturers. When
specifying systems it is important to match the requirements to the specification. If all
requirements are standardized as ±, and this is understood, all is well. If in doubt inquire
and if possible test the component to be sure.

Calibration Power Supply.  One of the prime requirements of an analog system is a
power supply standard for calibration. This supply does not require high voltage or current
capability but does require excellent drift and stability specifications. If the calibration
system is used for field, flight or space tests, the supply must also have high environmental
specification requirements. The present day operational amplifier, (OA) and chip
regulators with one tenth percent external resistors and capacitors can make a very usable
and small calibration supply. A typical example of this type of supply flew on the SAM-D
missile during the 1970 through 1974 period. The unit performed as specified, Figure 3
shows an example of this type of supply. The supplies, manufactured by Vector
Corporation were used in the flight test series. Figure 3 and its table indicate the general



Figure 1.  RZ Commutator Wave Train

Figure 2.  NRZ Commutator Wave Train

characteristics and physical dimensions of the flight unit. This was the state of the art of
calibration power supplies in the early seventies. With present day TTL devices the
modular supplies are superseded by regulator/ power supplies of the type shown in
Figure 4. This type of monolithic device can be manufactured with a few dual inline chip
circuit packages and become part of a printed board or be potted as a module, depending
on the system requirements. The specifications of one of these new devices are shown in
Figure 4. A comparison between Figure 3 and Figure 4 shows a significant up-grading of
the specifications of the newer devices. This should leave the designer with better
components with which to design more stable and accurate power supplies and regulators.
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Figure 3.  Typical Discrete Component Power Supply

Figure 4. Monolithic Regulator/ Power Supply (ANALOG DEVICES AD2700)

Methods of System and Measurement Calibration.  Most analog telemetry systems use
an FM transmitter, subcarrier oscillator multiplex and a PAM commutator. Figure 5 shows
a general system. The transmitter is generally crystal controlled and extremely stable and
linear; therefore, calibration is not required. The oscillators are voltage controlled so a
stable dc voltage will be used as a source for calibration. The individual measurements are
calibrated before they are installed. A shunt calibration around a bridge measurement
system is recommended if possible. Figure 7 shows a standard bridge type resistance
thermometer with a shunt resistor in one leg. This allows a single point check just prior to
test. If the measurement is linear this point and the zero or null will establish the integrety
of the original calibration curve. The SAM-D missile used an interesting calibration and
power regulator system for an air bearing fin torque measurement. The missile’s electrical
system was battery powered during flight and uses an external ground 
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Figure 5. Instrumentation and Telemetry System

powered system during tests and preflight checkout. When the missile was on external
power, the measurements had a shunt resistor across the bridges; when the missile was on
battery power, the system was operational with no shunt resistor across the bridges. Figure
6 shows a schematic of this system. The unit had a power supply and series regulator for
the strain gage bridges. Switching was done by optical isolators instead of relays. The
isolators were picked because of high environments imposed on the system. Relays could
have been used but high environment relays are now more expensive than solid-state
devices with the same environmental qualifications.

The most important calibration of any instrument is the one just prior to installation. This is
the calibration that will be recorded for the instrument systems life. This calibration should
be done with as much of the complete system as possible. Sensors, amplifiers power
supplies, at proper settings, and any signal conditioning between the sensor and subcarrier
oscillator should be included. If possible, sensor calibration should not rely on supplier
data. Things may have changed between original factory sensor calibration and actual
installation. It is good policy to check temperature measurements in calibrated hot oil baths
or ice mixtures. Pressure transducers should be pressurized against known standards,
vibration measurements should be compared to a calibrated standard 

SENSOR 
!GNAL 

CONDITION
ING 

SUB
CARRIER 
OSCILLATOR 

MIXER 
AMPLIF!E 

TRANSM!TI!NG 
ANTENNA 

TRANSM!HER 

, 
I 
I 
I 
I 
I 

CALIBRATION I 
sr- I 

SUB- I 
' SIGNAL CARRIER 

...... INPUT OSCILLATOR I 
CALIBRATOR REMOVED I 
PRIOR TO TEST - I 
RECEIVING AIRBORNE SYSTEM I 
ANTENNA --------------...£~]!.§!IAL ___ _j 

ALIBR 
TOR 

PRE
AMPLIFIER 

REPRESENTATIVE 
AIRBORNE SYSTEM INCLUDES 

TAPE 1-M-..iDlSCR!M-
RECORDER lNATOR 

- -23 !RIG SUBCARR!ER OSCILLATORS 
AND ONE 60 CHANNEL PAM COMMUTATOR 

GROUND SYSTEM 

OSCILLO
GRAPH 



Figure 6.  Typical Hinge Moment Measurement Bridge with Short Calibration

Figure 7.  Typical Temperature Measurement
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accelerometer. Shock and acceleration measurements should use calibrated test equipment
such as standard counters and scopes. There are enough variables in measurement systems
that calibration test equipment should be above reproach and always traceable back to the
National Bureau of Standards.

The SAM-D missile actually torqued and calibrated flight missile fins and supporting
systems prior to test flights in order to validate hinge moment measurements of the missile
system. Figures 8a and 8b show the test equipment used in the fin calibration. The fin is
held rigid while actual missile bell cranks twist the shafts with known amounts of torque.
Strain guages on the shafts are calibrated by this method. It is important not to skimp on
calibration, because an expensive instrumentation and telemetry system is all but useless if
not properly calibrated.

Figure 8.  Fin Torque Calibration Test Equipment



Measurement Switching and Scale Changing.  Many times it is useful to receive data
from one set of parameters for a time frame and then switch to a second set of parameters.
Missile staging is an excellent example of this situation. The Sprint missile is a two-stage
motor system with a warhead and a guidance section. The telemetry is located in the
warhead. The first stage motor burns for the initial time frame; is dropped off, and the
second stage ignites. The motor chamber pressures in each stage require monitoring during
the flight. This is accomplished by relays receiving power through the interface junction
between the stages. The powered-up first stage holds the relay in while the first stage
measurements are monitored. When the stages are separated the relay goes to the
unpowered mode and the second stage measurement is fed to the same voltage controlled
oscillator of the telemetry system. One critical function in this type of measurement
switching scheme is a clean electrical break at staging. Shorts or power transients could be
harmful to the calibration, measurement data, or transducer during or after staging. A
special breakaway, dead face, connector is used. This connector had a double set of spring
loaded in-line contacts. When the connector separates, a second set of spring loaded
contacts pulls back, leaving the outside connector pin not connected or touching the pulled
back recessed pins, thus ensuring that shorts or damage to the exposed pin will not affect
the inner connector pin. With this type of measurement, the question of calibration arises,
since the instrument is installed in a live-explosive, solid-propellent motor. A shunt
resistance calibration across one leg of the bridge could be used but it entails two extra
relay contacts and an added calibration command function. In this case the stability and
accuracy of the transducer type was evaluated and it was decided to use only the
instrument pressure calibration prior to installation. The telemetry voltage controlled
oscillator is calibrated just prior to flight. Therefore the instrument is the only item that is
not calibrated minutes before the missile flight.

Scale changing is a function that is often requested of an instrumentation system. Until the
advent of the operational amplifier this presented problems to an instrumentation and
telemetry designer. Gain changes were not quick and easy and sensor impedance matching
was a problem. With todays frequency compensated and high input impedance stable
operation amplifiers one feed back resistor can now easily change the amplifier gain. If a
pressure sensor has an output of 2 mV per psia, an amplifier with a gain of 250 will allow
10 psia to equal 5.0 volts. If the same sensor is used but the amplifier gain is dropped to 50
than 50 psia with a gain of 50 will give the full 5 volts of required subcarrier oscillator
swing. Thus if the amplifier gain can be easily selected by switching in one resistor one
sensor can be used to produce a varing scale as a function of amplifier gain. This will
allow more accurate function tracking of measured parameters. The question, of course, is
what initiates the commands for gain changes. Here again our modern technology with
long term counter and crystal clocks can easily be used to build small and accurate clocks
and timers to turn measurements on or off as required.



Extended Calibration Periods.  As noted in the previous paragraph, there are times when
measurements can not be calibrated as desired. In this case instruments and measurements
should be analyzed for optimum useage. As an example let us assume that we require a
measurement of skin air pressure over a missile surface. The sensor is mounted inside the
missile with a pressure port flush with the skin. Since we desire a continuous
measurement, a comutator or PCK system is not the thing to use. The analog capability is a
natural, especially if other dynamic measurements such as shock, vibration, acoustics and
movement are necessary. The analog system can be easily calibrated by the standard
techniques mentioned earlier; the problem is the transducer. A set of requirements must be
screened to determine if it is acceptable to have limited calibration; such as an initial
calibration, no calibration for a year, and then flight test. Prior to this test procedure the
following items must be reviewed:

1 Environment of stand time
2 Environment of flight
3 Temperature stability of transducer
4 Dynamic requirements of transducer
5 Material and atmospheric contamination of sensor
6 Transducer’s long term drift characteristics, both powered and unpowered

If these basic six parameters are met by the transducer specifications the candidate could
be considered for a non-calibration, one-year use. This unit, because of all its testing and
data research, would be a high reliability transducer and its cost would be comenserate
with the stringency of the requirements imposed. An example of this kind of situation is
found in the Space Shuttle External Tank measurements. A number of measurements are
permanently mounted under the thermal protective layer of the tanks. After the
manufacturers calibration, there are no plans or any possibility of calibration.
Measurements will be installed in the NASA facility in New Orleans, the tank will be
placed on a barge and shipped to Kennedy Space Center in Florida, where the tanks may
remain in holding areas for from two to nine months. After this time the Orbiter Shuttle
Craft will be attached to the tanks. The system will then undergo checkout, this will be a
functional test of instruments to verify that they are operational, and not a calibration. The
units will then fly. A year to a year and a half could lapse between calibration and flight.
The telemetry system on these measurements is expected to receive data with a 3½ percent
error capability. This plan was studied and approved by the Martin Marietta Corporation
and NASA. The conclusion can be drawn that with proper analysis, selection and design,
calibration can be omitted. However, it will not generally be a cost savings and data,
accuracy and reliability may suffer, if extreme care is not exercised in measurement
instrument selection.



Telemetry Calibration Systems.  The basic telemetry ground calibrator is shown in the
block diagram of Figure 9. It consists of an external, well-regulated and stable power
supply connected to a group of dividers with potentiometers at the pickoff points for
vernier adjustment. The calibration voltage should be set for the point of calibration at the
telemetry unit, so that long line voltage drops are eliminated. In the older units a stepper-
switch is used for selection of voltage. This motorized unit steps from level to level at a
settable rate. The calibrator has some facility to set the telemetry system into the
calibration mode. This is generally a switched power line. It is good practice to have an
interlock in the calibration command line so the active test can not be run while the system
is in the calibration mode. This insures data; not calibration voltages, during active tests.
The calibrations may occur before and after tests. Missile or dangerous test items
calibrators may include remote operation switches with indicator lights showing calibrator
status. Functions such as Ready, Calibrate, Calibrate Command and individual step
voltages may be displayed for ease of operation.

The airborne calibrator is identical to the ground version except it has no control panel and
all incoming commands are by remote voltages. There is a multivibrator clock and a
counter for step timing with voltage steps permanently set with precision resistors instead
of the potentiometers of the ground calibrator. An example of some typical airborne
calibrator specifications are shown in Table 1. This type of calibrator is build with
monolithic, MSI microcircuitry in hermatic packages. These dual inline type packages are
usually mounted to a printed board which may or may not be potted into a module
depending upon application.

Figure 9. Calibrator Block Diagram
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Copperhead Ground Calibration.  The Copperhead missile, is a cannon launched laser
guided projectile manufactured by Martin Marietta. A Hi-G, fm/fm telemetry package is
part of the development test item. The-telemetry system is a solid potted module and is
calibratible. One part of the ground test equipment is a telemetry calibrator. During the
first series of flight tests, the ground equipment used an airborne calibrator as the base for
the ground system. This was done by designing and building a panel with switches and
indicators to control and supply power to the airborne unit which plugs into it. The system
was adequte but lacked the isolation and versitility of a ground-based system. The discreet
component airborne calibrator cost approximately seven hundred dollars. When the
Copperhead program went into its second phase of testing, new telemetry equipment was
required and it was decided to redesign the telemetry calibrator for greater compatibility
and, if possible, cut the cost of the procured item. As in most specialized telemetry ground
station equipment there are very few units built, therefore no production techniques were
employed. It was decided to build the system of CMOS, logic with direct wiring on
experimental perforiated boards. The prototype breadboard was fabricated in the
engineering model shop and temperature environmental tests were performed in the
engineering laboratory. The objective was to make a simple calibrator from readily
available lab stock parts. CMOS instead of TTL was used because of power
considerations and also the Copperhead system used mostly CMOS components. A

TABLE 1 

Breadboard Calibrator Temperature Tests 
(Short Term) 

Time Temp Zero Half Full Zero 

1:45PM 12°r .004 2.488 5.033 .004 

2:00PM 150°F .004 2.473 5.030 .004 

2:10PM 150°r .002 2.472 5.030 .002 

2:15PM 15o•r .002 2.472 5.030 .002 

2:20PM 150°r .002 2.472 5.031 .002 

2:30PM 15o•r .002 2.471 5.031 .002 

Start Cool 

2:45PM 3o•r .002 2.515 5.033 .002 

2:50PM 10°r .001 2.522 5.031 .001 

2:55PM 10°r .001 2.523 5.030 .001 

3:00PM 10°r .001 2.523 5.030 .001 

Worst Case t.=.052 mV on 2.5 Volt Step. 

5 :~~~ • 1.04% or :t.52% Error 

t. • 14o•r t. • 52 mV 52 .371 mV/°F Change 140 = 



schematic of the calibrator is shown in Figure 10. The following system description refers
to the component marking shown in Figure 10.

Figure 10. Calibrator Schematic

The NOR gates U1 have two functions. Two gates are connected as a free-running
multivibrator with a one second period. The other two gates are connected as a one shot
multivibrator with a 5.0 second on time. The free-running multivibrator serves as a clock
for the Johnson counter U2. This counter drives the NOR gate U3 which gates successive
signals to an inverter and switch control lines of U5. This switches the voltages from
divider network R1 and R2 to a set of driver transistors Q1 and Q2 which will drive the
telemetry system to be calibrated. The rotary switch S1 selects the mode of calibration and
the voltage required when in the manual mode. A second deck of the switches, not shown
in the schematic is used to switch indicator panel lamps on and off as the mode or
calibration step in the manual mode is selected. When the S1 switch is in auto calibrate, a
calibrate command is initiated by pushing momentary switch S2. This energizes the 
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oneshot of U1 which, in turn, switches on driver U4 and starts U2 counter. The one-shot
also pulls in the calibration signal Kl through the driver U6.

This relay illuminates the calibration light and pulls in the calibration command relay for
the missile. The breadboard of the calibrator was tested in the laboratory and the results
are shown in Table 2. As noted the calibrator was cycled through a span of 140EF. in one
hour and fifteen minutes. The worst case error is 52 millivolts. This translates to:

Table 2 shows the same setup with a temperature range of 72EF to 150EF in one hour and
twenty one minutes and then a calibration at 72EF 15 hours later. The stability factor was:

Experimental evidence has shown that the major drift in the system is in the discrete
transistor portion of the circuit. This could be improved if required. Another approach
would use a ladder network instead of discrete resistors for calibration steps. This
calibrator is far from the ultimate but it shows what can easily be accomplished with a
hardful of CMOS chips. It is quick, it is easy and it is basically cheap. The cost of the
calibrator in parts is as follows:

0.052 
5.000 

0.031 
5.000 

= 1.04% or +o.52% error. 

TABLE 2 

Breadboard Calibrator Temperature Tests 
(Long Term) 

Half Full 
Date Time Temp Scale Scale Zero 

.. 

5 April 3:04P 72°F Room 2.503 5.033 '"'\ 3:10 122°F 2.482 5.029 0.066 

3:15 140°F 2.471 5.004 0.070 

3:25 150°F 2.476 5.032 0.071 One Day 

3:25 150°F 2.474 5.031 0.070 Difference 

4:10 150°F 2.472 5.031 o.o@) 
4:20 130°F 2.492 5.039 0.069 

5 April 4:25 125°F 2.494 5.040 0.068 

6 April 7:30 72°F 2.497 5.030 0.063 

Worst Change 6=2.5036=5.033 6=.071 
2.472 5.004 .064 

.031 .029 .007 

Error % Full Scale .031 .029 .007 
5.000 5.000 5.000 

% Full Scale .62% .58% .14% 

+3.1% +.29% +.07% 

= 62% or +0.31%. 



Part Number Number Required Cost Per Unit Total Cost

CHOSCS4001A 2 $2.35 $4.70
CMOSCD4017 1 $2.00 $2.00
CMOSCD4016 1 $2.00 $2.00
CKOSCD4050 1 $3.32 $3.32
CMOSCD4049 1 $3.32 $3.32
2N2222 2 $0.10 $0.20
50K Pots 2 $3.25 $6.50
10 MS Pots 1 $2.27 $2.27
2 MS Pots 1 $2.27 $2.27
1/8W Resistors 15 $0.35 $5.25
1 µF Capacitor 6 $0.31 $1.86
0.1 µF Capacitor 1 $0.35 $0.35
Perforated board  $3.75
and pins and wire           

TOTAL COST $44.49

A good technician could, in all probability, build this calibrator in from four to six hours.
So even with the cost of his labor added the total cost is less than half the $700 price of the
modular calibrator.

Conclusion.  Calibration methods have come a long way since the start of aerospace age.
The latest electronic technology gives the designer easy building blocks for
instrumentation and telemetry calibration systems; the modern operational amplifier allows
greater latitude in design, measurement switching and level comparison are now simply
accomplished, and new clock and timer circuits give access to measurement switching
when needed. Periodic calibration, although desirable, is not mandatory. Instrument
stability, evaluation of evnironment and specifications will allow intelligent use of
instruments and systems without frequent calibration. The CMOS calibrator used as an
example is easy to design and build. The test data shows its capabilities, and the cost
comparison shows one of the advantages of CMOS. The design task with CMOS, TTL, or
other logic systems is not difficult, and the hardware is readily producible.




