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ABSTRACT

This report describes Phase 1 design of a telemetry system for use
in making strain and temperature measurements on the rotating components
of high speed turbomachines. The system described here represents a new
systems approach, employing phase-locked transmitters, which offers greater
measurement channel capacity and reliability than existing systems -- which
all employ L-C carrier oscillators. A prototype transmitter module was

tested at 175°C combined with 40,000 g's acceleration.
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SUMMARY

This report details Phase I design work performed by Acurex-
Autodata under contract from NASA Lewis Research Center. The goal of this
program is to develop an improved rotating telemetry system for strain and
temperature measurements on the rotating components of operating gas
turbine engines. Although such rotating telemetry systems have been in
use for nearly 10 years, a recent study, sponsored by the Air Force Aero
Propulsion Laboratory, identified propulsion industry requirements for
several improvements in these systems. These desired improvements are
listed (in approximate order of importance):

¢ An increase in the capacity for simultaneous dynamic strain

measurements from the present 40 channels to 100 channels

e An increase in the maximum transmitter ambient temperature from

+125°C (present) to +175°C

e Addition of capabiiity for static strain measurements

Furthermore, it was desired to standardize the transmitter package
design and take advantage of developments in microelectronic circuitry in
order to improve performance and reliability.

Acurex had {previous to contract initiation) conceived of a system
to meet these requirements and applied for a patent. This patent was
subsequently granted (U.S. pat. no. 4,011,551). The system employs a

number of independent transmitters, each phase-locked to a 200 kHz

vii
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inductively coupled clock signal which is also rec*ified and regulated to

provide power for the transmitters and transducers.

The work performed under this, Phase I, program has included:

Systems analysis of the "communications link" (channel carrier
spacing, crosstalk, signal-to-noise ratio, etc.)

Design and testing of typical antenna systems

Circuit design and breadboard testing of:

-- Two alternate receivers

-~ Three alternate static strain modulators

-- A phase-locked FM transmitter

Transmitter package design including development of fabrication
techniques and component selection for operation at up to
175°C and 50,000 g's centrifugal force

Fabrication of a prototype transmitter and testing at 175°¢

combined with 40,000 g's

The prototype transmitter was tested incompiete because of outside

delays in obtaining a monolythic integrated circuit frequency-synthesizer.

The overall results of the program were quite successful. All

analyses and tests validated the basic phase-lncked concept and

demonstrated performance in excess of minimum requirements.

Phase I of the program is scheduled to result in completion of the

detailed design and the fabrication and testing of a small prototype

system.
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SECTION 1
INTRODUCTION

This report describes phase I of the rotary instrumentation system
development.

The developments include:

¢ System design

e Transmitter circuit design

e Receiver circuit design

e Transmitter packaging design for high accelerations and

temperature

e Construction and testing of a prototype transmitter m dule
Results from Air Force Contract F33615-75-C-2055 (which was a study of
industry and government requirements, and of high temperature circuitry
feasibility) have contributed to this design.
1.1 OBJECTIVE

The Air Force sponsored study contract F33615-75-C-2055 identified
increased channel capacity for simultaneous dynamic strain data as a
primary objective. Present systems are limited to a maximum of 40
channels. Government and industry requirements in the next decade are for
up to 120 channels.

Other objectives included increased transmitter operating temperatures,

the addition of static strain capability, improved reliability, and modularity



of design. Finally, enhanced ease of operation was desirable so that
existing test personnel would be able to cope with the tasks of monitoring
the greatly increased number of measurement channels.

Performance goals for the system are given in Table 1-1. This
table accounts for error sources such as internal wire, resolution, common
mode rejection, zero drift, input impedance, excitation voltage stability,
and channel crosstalk (inciuding crosstalk during conditiors of extreme
transducer signais such as intermittance of strain gages). Additional
error sources, also accounted for, include effects of ambient temperature,
centrifugal force, vibration, and eccentricity in mounting,

1.2 SYSTEM CONCEPT

As with previous rotating instrumentation systems, this system
consists of two subsystems (See Figure 1-1):

1. Rotating Subsystem

Shaft-mounted electronics which interface with the transducers
(strain gages, thermocouples or pressure transducers) and
encode their signals ontc carriers and/or subcarriers for
transmission to a stationary subsystem.

2. Stationary Subsystem

Receivers and demodulators which decode the signals from the
rotating system and restore them to amplified analogs of the
original transducer outputs

The stationary system also includes a 200 kHz power suppiy which
couples power inductively (without physical contact) to the electronics of
the rotating system.

The most important difference between this new system, end previous

systems is that the inductively coupled power is alsu employed as q



TABLE 1-1.

TABLE OF PERFORMANCE GOALS

Strain or Pressure

Characteristic Limit Temperature
Dynamic Static
Accuracy Minimum +5% 27 40.5%
Design Goal +2% +1%

Frequency Range -—- 10 Hz - 30 kHz{ 0 - 500 Hz | 0 - 25 Hz
Most Sensitive Full- - 500 strain |500u strain 20 mV
Scale Range

-

Phase Correlation Minimum tJOO +10° ——-
(Channel-to-Channel) . (to 30 kHz) | (to 500 Hz)

Design Goal iﬁo +10°

(to 30 kHz) | (to 500 Hz)

Ambient Temperature Minimum 0“Cc - 150°C
Range

Design Goa: 0Yc - 175°C
Centrifugal Force Minimum 40,000 g's
Limit

Design Goal 50,000 g's

1
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reference clock to synchronize the carrier frequancy of each transmitter.
Furthermore this same 200 kkz signal is employed as a reference to the
receivers of the stationary system,

This permits precise digital tuning by merely selecting the desired
channel number on the receiver.

1.2.1 Rotating Electronics

The system includes three basic types of transmitter modules:

e Module A -- Dynamic strain transmitter

¢ Module B -- Static strain transmitter

e Module C -- Temperature transmitter containing six

time-division multiplexed thermocouple channels

The physical locations of the modules in relation to the engine
shaft and the capacitive antenna tracks is shown in Figure 1-2. In this
example there are four layers of modules. Each layer may consist of up to
24 RF channels and is sensed a small distance away by a narrow conducting
circular strip which acts as an antenna track. The four tracks are
mounted on a stationary insulated disc with a grounded plane on its
opposite side. In addition, grounded guard bands are placed between the
tracks in order to reduce crosstalk. Further reduction of crosstalk
between adjacent tracks is achieved by alternating the tracks with odd-
and even-numbered channels. The channel frequency allocations are shown
in Table 1-2.

Each channel carrier is frequency modulated with a nominal
frequency deviation of +75 kHz. The modulating frequency band ranges from

20 Hz to 40 kHz.

(4]






TABLE 1-2.

CARRIER

CHANNEL FREQUENCY
NUMBER (MHz)
1 10.4
2 10.6
3 10.8
51 20.4
52 20.6

1.2.2 Stationary Electronics

Referring to Figure 1-1, note that each group of up to 24 dynamic

strain receivers is preceded by a bandpass filter (BPl).

group delay characteristics should be such that the fundamental frequency

components of all incoming frequency-modulated carriers are passed

virtually distortion free.

Its purpose is twofold:

e Prevention of receiver input saturation due to crosstalk from

the inductive power system

e Reduction of the receiver image frequency response due to

transmitter carrier harmonics

Bandwidth and



Each receiver frequency is digitally programmable. Any of its
outputs may be selected for either dynamic strain, static strain or
temperature measurements.

For dynamic strain, which employs direct frequency modulaﬁion, the
outputs of the receivers are ready-to-use analogs of the original strain
gage signals.

For static strain or temperature the D.C. data is encoded onto a
6 kHz subcarrier and additional signal processing is performed by static
strain or temperature demodulating cards which restore the signals to
analogs of the original sensor signals. These demodulator cards are
plugged-in (when required) to the receiver. The receiver chassis is

19 inches wide, rack-mountable, and accepts up to 12 plug-in cards which

may be receivers, demodulators or mixes of each.



It

2.1

2.2

SECTION 2
ROTARY ELECTRONICS

INTRODUCTION

In this section the following modules will be discussed:

e Module A -- Dynamic strain transmitter

¢ Module B -- Static strain transmitter

e Module C -- Temperature transmitter

MODULE A -- DYNAMIC STRAIN TRANSMITTER

Referring to Figure 2-1 and 2-2, Module A contains:

& An isolated, regulated DC power supply, operating from the
200 kHz induced power. The isolation permits accurate
measurements on grounded strain gages

o An AC coupled amplifier for amplifying low level dynamic strain
signals

The 3 db frequency response of each basic AC transmitter,
when used alone is 10 Hz to 40 kHz

¢ A synchronized FM transmitter, responding to the AC amplifier,
driving a capacitively coupled antenna

@ A 40 kHz self-test signal injection circuit
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e An open gage detection circuit. The strain amplifier is
designed to bias itself into saturation if the strain gage
circuit becomes open. This cuts off transmission of the 40 kHz
self-test signal and permits positive differentiation between
open and "quiet" gages.

The FM transmitter incorporates a phase-lock circuit which
maintains its center frequency at a digitally preset multiple of the
induced power frequency.

It was planned to employ a new RCA circular-CMOS integrated circuit
frequency sysnthesizer to implement this phase-locked transmitter in the
final product. However development delays at RCA combined with market
changes eventually caused the cancellation of this 1.C. development.

A new I1.C., employing an RCA, Silicon-on-Saphire (SOS) universal
gate array is currently on order and will be tested during Phase II of the
telemetry program,

Schematic and test results of an initial breadboard design are
shown in Figures 2-3(a) to 2-3(d). A schematic of the dynamic strain
transmitter is included in Appendix K.

2.3 MODULE B -- STATIC STRAIN TRANSMITTER

Referring to Figure 2-4, the static strain transmitter operates as
follows.

First, a differential chopper converts the static strain signal
(DC-500Hz) to an amplitude modulated square wave of 3.125 kHz.
Additionally, a 6.25 kHz calibration signal of amplitude equal to
approximately 30 percent of the full-scale strain signal is superimposed.
Next, these signals are transmitted by an AC FM transmitter which is

identical to Module A.

12
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M Modulated -
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Fiqure 2-3(d). Spectral analysis of multiple frequency
cettings of phase-locked transmitter.
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2.4 MODULE C -- TEMPERATURE TRANSMITTER

This module, when used in conjunction with Module A, provides six
channels of temperature measurement.

Referring to Figure 2-5, it consists of an analog scanner which
sequentially selects 10 separate voltage levels for transmission. Six of
the levels are thermocouple outputs. The remaining levels are
synchronization, zero, a calibration voltage and a voltage proportional to
the module's internal temperature which is used to derive information for
automatic cold junction compensation. In order to provide isolation
between the channels both the positive and the negative thermocouple leads
are switched by the scanner. Each channel is scanned once every 2
milliseconds, which provides a frequency response of DC to 25 Hz for each
channel,

2.5 TRANSMITTER PACKAGE DESIGN

Prior experience with Acurex model 218H, 218Q and 215H transmitters
had indicated that hybrid microelectronic circuit fabrication metnhods were
suitable for operation in gas turbine engines. Additional studies under
Air Force contract number F33615-75-C-2055 probed the feasibility of
operating hybrid circuits at temperatures up to 175°C. This study
showed 175° operation to be feasible but identified reliability as a
significant problem for any type of circuitry at high temperature.

When considering the various circuit construction techniques
available today, hybrids con* ‘iue to be the choice for the gas turbine
environment., Perhaps in the future these hybrids may be simplified by
greater application of monolithic 1.C.'s. But considering the limitations

of the monolithic process (such as capacitor size) it is unlikely that the

hybrids will be totally replaced.

20
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The package design of the new transmitter module marks thg first
case of a design tailored to contain a hybrid circuit. (Note that earlier
hybrid transmitter modules were adaptaticns of existing non-hybrid
form-factors.) The hybrid substrate is of a relatively thin, flat
configuration. Thus a flat package houses it most efficiently.

The packaging scheme is illustrated in Figure 2-6 which shows a
group of transmitters mounted in an engine. Drawings E25506 and E25507
(see Appendix K) show details of the package design. It consists of a
shallow metal cavity which houses two hybrid substrates. A support wall
in the central area is necessary to reduce stress in the bottom at high
centrifugal force (up to 50,000 g's). Some of the sidewalls of the
package are drilled to receive feedthrough terminals which connect the
circuit to the external transducers, power coil, antenna, and carrier
frequency programming jumpers.

Normally these feedthrough terminals would be set in fuzed glass or
brazed ceramic sleeves, however, cast epozy sleeves were developed for
this application for several reasons:

1. Stress analysis indicated that heat-treated steel was
essential. The thermal processes of glass or ceramic sealing
and heat-treating are incompatible.

2. Stress analysis indicated that elastic deformation of the metal
sidewalls (under high centrifugal loads) would be likely to
crack a brittle (glass or ceramic) seal and cause a leak

The epoxy sealing process is performed at 165°C and does not
interfere with the (prior) heat-treating of the steel. Furthermore the

epoxy seal is relatively elastic and less likely to crack under high g's.

22
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Although an epoxy seal is not truly hermetic, epoxy lid-seals have

proven to be acceptable in other Acurex transmitters which operate in the

gas turbine enviromment.

Pin sealing was performed by temporarily supporting the pin in the

center of the hole with a sleeve of glass filled Teflon (Fluorocarbon

Corp. "Fluorogold") which extended about halfway into the hole. Epoxy was

then applied around the pin and heat cured. After cure the Teflon sleeve

was extracted and a second application of epoxy filled the remaining

portion of the hole.

Two general families of epoxies were treated for this purpose:

L.

High Adhesion Epoxy

DGEBA resin prereacted with 12 percent CTBN {nitrile rubber)
and cured with dicyandiamide. Small amounts of accelerator
were also included, to improve high temperature strength rather
than to speed up the cure. Also various fillers were tested to
enhance high temperature strength,

A1l seals made with these materials developed small cracks
after the hot spin test (40,000 g's and 175°C for 2 hours).
Soldering (to the pins) was also tried with good results.

High Temperature -- Low Adhesion Epoxy

DGEBA resin prereacted with 12 percent CTBN and cured with 50
PHR PMDA (pyromellitic dianhydride). This results in an
extremenly hard and temperature resistant cured epoxy, but of
relatively low adhesion (as compared to the previous family).

A1l seals made with this material successfully passed the
hot spin and soldering tests and thus this material was
employed in the prototype module and subsequently passed

additional hot spin and solder testing.

24



Despite the initial successful results with this material Acurex

still has some reservations about its ability to withstand repeated abuse

and soldering and thus further testing and development may be conducted

during phase 1l of this development program.

Appendix F provides details of the stress analysis on this package.

2.5.1 Prototype Module Fabrication and Test

The prototype module was fabricated without the phase-locked VCO

due to inavailability of the RCA frequency synthesizer [.C. Figure 2-7 is

a photograph of the completed module.

The following environmental tests were conducted.

Spin Test Schedule

Step Temperature G's Duration
1 20% 40,000 1 hr
2 120°C 40,000 1 hr
3 150°¢ 40,000 1 br
4 175%¢ 40,000 1 hr
5 175%C 40,000 4 hrs

Module performance recorded after each step was as follows:

Dynamic Strain Module Spin Test Data

~DC Supply Self Test AmpTifier Response
Step Gain
Voltage Signal Output Stability ﬁ_(-3db) ﬁi(-3db)
1 + 10.010 0.727 vrms 1 15 Hz 32 kHz
2 + 10.016 0.881 vrms -0.4% 15 Hz 32 kHz
3 + 10.013 0.838 vrms -0.272% 15 Hz 32 kHz
4 + 10.013 0.762 vrms -0.272% 15 Hz 32 kHz
5 - - - - -
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During step 5 the modules' voltage regulator 1.C. ( A723) lost its
internal reference voltace. Subsequent visual inspection revealed that a
microscopic (foreign) metal particle had penetrated the device's
protective coating and shorted two conductor traces together. The
transmitter cover was not sealed during these tests thus this type of
failure was not deemed to be characteristic of the overall design and thus
the test was judged to be successful. The mechanical integrity of the
module was excellent throughout the entire test. Specifically the
components, component attachments, wire bonds and feedthrough seals were
not visibly affected by the envirommental stress.

After replacement of the A723 voltage regulator, an operational
amplifier (CA3130) was discovered to be electrically bad. It is not known
if this failure occurred during step 5 testing or during subsequent rework
handling. However a group of ten CA3130's were subsequently subjected to
extensive testing, including 144 hours burn-in at 175°C, with no
failures.

2.5.2 Screening of electronic components for improved operation at

175°C in hybrid microelectronic circuits

Assuming that a certain type of component has been determined to be
capable of functioning satisfactorily at 175°C and thus designed into a |
transmitter circuit, a problem remains regarding how to screen these
components for use in production assemblies. With conventional "discrete"
circuit assemblies, burn-in (active aging at elevated temperature) has
been proven to be the most effective screening method. Unfortunately
burn-in is not possible with chip components which are used in hybrid
microelectronic circuit assemblies. This is because there is no

satisfactory method of applying voltages to the chips during aging.
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Many manufacturers of hybrid circuits assemble un-screened chip
components onto the circuit substrates prior to performing any tests. If
a defective component is discovered at this stage it can be replaced, or
(rarely) the entire substrate can be discarded.

Other manufacturers test selected critical components by making
temporary electronic contact with delicate probes. While probing systems
are the industry standard for testing groups of semiconductor devices in
wafer form (prior to scribing), their use on individual chips is far more
tedious and thus limited. Some people even recommend against the testing
of individual chips because this represents a second probing of the
delicate aluminum pads (the first probing was performed while the chips
were joined together in the wafer) which could cause mechanical
degradation. These people sometimes test chips on a lot sample basis only.

Others have developed the art of probing the delicate pads with
extreme care and find it worthwhile to perform 100 percent testing on
chips. The most notable hybrid manufacturer doing this is Teledyne
Microelectronics in Culver City, California. Their large volume of 1
million chips per week has permitted them to develop the chip probing
process to a fine art. However, although they are willing to test chips
for other manufacturers (such as Acurex) their present methods are limited
to 125°C. Also, the cost of setting up screening programs would have to
be borne by a relatively small number of devices.

The cost of testing and screening electronic components can easily
add orders of magnitude to the component's base price (with standard
testing). At present the economics of rotary inst-umentation programs can

not justify these high added costs. Also the relatively small production

volume of these rotary instrumentation systems further hinders the
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development of optimal screening methods. Acurex has tried to induce
semiconductor manufacturers to perform special high temperature screens
during wafer probing but when they learn that the quantities required
represent less than 0.01 percent of their annual voiume they suddenly
become very uninterested.

At the present time Aqurex employs a variety of screening methods
for chips used in hybrid circuits. These methods include:

1. Rigid 100 percent visual inspection

2. Lot sample testing

3. One hundred percent probe testing on critical or problem

components

4. Special acceptance criteria during the manufacturer's wafer

probe-test (or final test for components other than
semiconductors)

(In addition to these component tests, assembled circuits are
burned-in.)

Test 3 (chip probe-tests) offers an opportunity for further
development tailored to high temperature screening. For example chips
might be probed at extreme temperatures (200 - 300°C) and voltages well
in excess of normal. This test, nicknamed the "zap test", would be an
attempt at condensing the time of a burn-in (normally 168 hours) down to a
few seconds (or minutes). However, it is beyond the scope of this present
instrumentation development program to pioneer such new testing
technologies which would require costly large samples and subsequent life

testing to establish meaningful evidence of their value.
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SECTION 3
STATIONARY ELECTRONICS

3.1 INTRODUCTION

The units to be discussed are:

e Dynamic strain receiver

e Static strain signal conditioner

e Temperature signal conditioner

Tentative performance specifications for the receiver will be given.
3.2 DYNAMIC STRAIN RECEIVER

A study of several receiver types indicated that the
frequency-synthesized superheterodyne and the tracking phase-locked
receivers are the most likely candidates. Both have advantaces and
disadvantages. Briefly, the superheterodyne receiver requires less
circuitry but high quality passive filters. On the other hand, the
tracking phase-locked receiver utilizes simple filters but a fairly large
amount of digital circuitry. It is estimated that the cost of either
system is about the same, although the power consumption of the tracking
phase-locked receiver may be somewhat higher. Further details will be
discussed in the next sections.

3.2.1 Performance Specifications

Tentative dynamic strain receiver performance specifications are

shown in Tables 3-1 and 3-2. Whereas the monitor output contains strain
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TABLE 3-1. RECEIVER INPUT SPECIFICATIONS

specifications are expected to occur.

36

Number of channels 52
Channel Adjacent channel spacing 0.2 MHz
Input Carrier frequency range 10.4 MHz to 20.6 MHz
Single carrier rms level 0.1mv to 10 mv
Combined carrier peak level 400 mV maximum
Type of modulation Frequency
Frequency deviation + 75 kHz nominal
Audio frequency range DC -- 50 kHz
Digital Number of channel select line 2 x4
Inputs Type of code 2 -- digit comple-
ment of 9's comple-
ment
TABLE 3-2. RECEIVER OUTPUT SPECIFICATIONS
Signal to noise ratio (20 Hz to 50 kHz)| >40 dB
Analog Harmonic distortion <1 percent
Outputs Voltage level stability +1 percent
Output peak voltage 2V
Composite Frequency range DC -- 40 kHz (-3 dB)
Output
Monitor Frequency range DC -- 20 kHz (-3 d8)
Output
Digital Carrier strength indicator: yields an “INVALID DATA" output
Outputs when the desired rms carrier level drops below 0.1 mV
Gage failure indicator: yields an "INVALID DATA" output for
open gages
Level detection of a 40 kHz self-test signal is used for this
purpose
Note: At the time this report was prepared, minor changes of




data only, the composite output contains aiso the 40 kHz self-test
signal., It is intended that the monitor output be used for visual
monitoring only and that the composite output be recorded for analysis
after the test. Thus the 40 kHz test signal is also recorded and
available for post-test verification of gage continuity and transmitter
integrity.

3.2.2 Theoretical Considerations

Tn relation to the reception of phase or frequency modulated RF
carriers, theoretical consideration has been given to the following topics:
e Signal-to-noise (S/N) ratios of phase modulation (PM) versus
frequency modulation (FM) (Appendix C)
e Transmission bandwidth (Appendix A)
e Adjacent channel interference (Appendix B)
e Common channel interference (Appenidix B)
Referring to Figure 3-1, it is assumed that the carriers on a given

antenna track are separated by 0.4 MHz and that fc and f_ represent

P
the desired and the undesired channel frequencies, respectively.

Furthermore we define:

fc = wc/(Zn)

fp = u-p/(Zn)

fb = wb/(Zn) = half of the receiver bandwidth

A = aw/(2n) = adjacent channel frequency difference
Afc = Amc/(Zn) = frequency deviation of fc

Afp z Amp/(Zﬂ) frequency deviation of f

p

FC = up/(Zn) = modulating frequency of fC
Fp = up/(Zn) = modulating frequency of fp
Bc = Afc/Fc = modulation index of fc
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Bp
Fv = AQV/(Zn) = receiver audio bandwidth

fp/Fp = modulation index of fp

yi ] |\ ] > f

Figure 3-1. RF Spectrum

3.2.2.1 S/N Ratios of PM Versus FM

It has been shown in Appendix C that when the receiver input
consists of an angle modulated carrier and white noise of constant
spectral density, the S/N ratio of PM is higher than the S/N ratio of FM
without frequency deemphasis of the receiver (and emphasis at the
transmitter). With deemphasis, however, there exists a value of the
modulating (audio) frequency beyond which FM yields an improvement over
PM. This value is determined by the total audio bandwidth and by the
roll-off frequency of the deemphasis network. FM has been selected over

PM due to its simpler implementation and proven performance in these

systems.
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3.2.2,2 Transmission Bandwidth

It may be shown that when an RF carrier is frequency modulated with
a single sinusoidal signal, an infinite array of side bands are
generated. Since the actual bandwidth must be finite, it is evident that
harmonic distortion of the modulating signal is introduced.

The mathematical determination of this distortion is a complex
affair and has not been attempted here. Instead, we utilize an empirical
formula known as Carson's rule in which case the half bandwidth is given
by:

f;Fc'r Afc

b
For Fc = 30 kHz and Afc = 75 kHz, we find fb > 105 kHz.
This bandwidth is normally used for high yiality FM broadcast receivers.

3.2.2.3 Adjacent Channel Interference

Referring to Figure 3-1, let the receiver be tuned to fc and
consider the interference of the side bands of fp with the side bands of
fc. It is assumed that fc is modulated with a very low audio
frequency so that virtually all side bands of fc are contained withir a
bandwidth which is equal to twice the frequency deviation of fc.

With F. and Fp being the modulating (audio) frequencies, the
signal-to-noise ratio is defined by:

RMS audio voltage output due to F.
S/N =

RMS noise voltage output due to Fp | Fe=e0
It is shown in Appendix B that with equal carrier amplitudes, 400
kHz channel separation, +75 khz frequency deviations and a receiver audio
frequency irange of DC - 40 kHz, the S/N ratios amount to 1000 db with
F_ = 20 Hz and 146 db with Fp = 30 kHz.

p
Hence, adjacent channel interference may be neglected.
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It should be realized that the above results are valid for an ideal
discriminator only. Assuming, however, that the discriminator saturates
beyond a maximum frequency deviation of +75 kHz, it is evident that the
adjacent carriers located at + 400 kHz will cause distortion. Requiring
tnat the discrimiator output voltage at 400 kHz amounts to less than one
percent of the voltage at 75 kHz, it is found from Appendix B that a
bendpass filter is required with an attenuation of more than 50 dB at 800
kHz bandwidth

3.2.2.4 Cor..on Channel Interference

Presently, the undesired (fp) and desired (fc) carrier
frequencies are assumed to be equal. We distinguish two cases, e.g.,
Case I: Desired carrier modulated and undesired carrier unmodulated, and
Case Il: Desired carrier unmodulated and undesired carrier modulated.
The analysis assumes that in either case the modulating signals are
sinuscidal and that the frequency deviation is + 75 kHz.
Case 1

This case is the most important of the two since it enables us to
study the capture effect of an FM receiver. Llet us suppose that the
desired carrier amplitude and its modulating signal is held constant and
that the undesired carrier amplitude is increased from zero to a value
which is less than but near to the value of the desired carrier
amplitude. Let us also suppose that the receiver is ideal, i.e., it
possesses an infinite RF bandwidth and a linear frequency discriminator of
unrestricted dynamic range.

It is then found that the audio output consists of two components.
The first component consists of the modulating sinewave. It is essential

to note that its amplitude remains constant. The second component
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consists of a beat frequency whose amplitude increases. The beat
frequency depends on both the modulation index and the modulating
frequency. Since the average value of the beat frequency is zero and the
beat frequency is usually higher than the modulating frequency, it can be
rexoved by lowpass filtering.

This way, the receiver has "captured" the stronger carrier and
ignores the weaker carrier. Let us now assume that the discriminator
saturates beyond a certain signal level and that the beat frequency peaks
are being clipped beyond this level. The results are that the average
value of the beat frequency is no longer zero and that the amplitude of
the modulating sine wave is reduced by this.

In order to obtain a measure for the capture ability of the
receiver, let us define the capture ratio as A/B where A is the desired
carrier amplitude and B is the undesired carrier amplitude at which the
modulating signal reduces by 1 percent.

In view of the above it can be concluded that the desired small
capture ratios can be achicved by:

e Large receiver bandwidth and linear phase response

¢ Large discriminator bandwidth with good linearity

Further details can be found in Appendix B.

Case 11

In this case we consider the maximum allowable crosstalk that can
exist betweern two adjacent antenna tracks operating at the same carrier
frequency. It is assumed that only the undesired carrier is modulated.
Let D and U represent the amplitudes of the desired and undesired
carriers, respectively, Using a sinusoidal modulating signal, the signal-

to-noise ratio will be defined as S/N where S and N are the peak audio
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voltage values at the receiver output with the presence of U and D + U,
respectively. Using the standard receiver (Acurex Model 149 with 30 kHz
cut-off fregquency) and 100 Hz modulating frequency, the measured S/N
values as a function of the modulating frequency deviation are given in
Table 3-3. |

TABLE 3-3. CROSSTALK EFFECTS

Frequency Audio Qutput R.F. Input
Deviation S/N 0/U
(kH2)
+ 75 20:1 10:1
50 10:1 10:1
25 7.5:1 10:1
10 6:1 10:1

An approximate mathematical analysis (see Appendix B) as well as
additional measurements generally showed that:

e S/N = D/U when the modulating frequency deviation is less than

the receiver audio cut-off frequency

e S/N = (D/U) . (frequency deviation/cut-off frequency) when the

frequency deviation is larger than the receiver audio cut-off
frequency. The value of S/N is practically unaffected by the
value of the modulating frequency.

Let us now assume that each of the two adjacent antenna tracks is
fed with a carrier of equal amplitude and frequency. It is evident from
the above that D/U then represents the required attenuation factor for a
given value of S/N. Since the required value of S/N should amount to at

least 100 (40 db) in the present system, the minimum attenuation should be
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equal to this number. Unfortunately, this amount is difficult to achieve
for two adjacent tracks.

Thus it was decided to avoid using identical carrier frequencies on
adjacent tracks. This is easily accomplished by selecting odd-numbered
carrier frequencies for one level or tracks and even-numbered carriers for
adjacent levels or tracks. An example of carrier allocations is shown in
Table 3-4. With this method of channel separation it was found
experimentally with the Model 149 receiver that the undesired carrier
amplitude (modulated with + 100 kHz frequency deviation) need be only 6 db
below the desired carrier amplitude in order to eliminate crosstalk.
Twenty-one db is the least signal difference we have ever measured between
adjacent tracks, with the preferred antenna design, thus adequate signal
separation is easily achieved. (See Appendix I.)

3.2.3 The Superheterodyne Receiver

Referring to Figure 3-2, the operation is as follows. Consider a
single channel carrier at frequency f + Af, where f is the center
frequency and Af is the frequency deviation. After mixing this carrier
with f + 10 MHz at MIX 1 and bandpass filtering with BP2, the difference
frequency + f + 10 MHz results. The frequency f + 10 MHz is a multiple of -
the 0.2 MHz reference clock. Its value is determined by the frequency
division ratio N of a digital counter which forms part of a phase-locked
loop. The remaining part of this loop consists of a frequency/phase
detector FPD, a lowpass filter LPl, and a voltage - controlled oscillator
vCo.

After limiting the amplitude of the output of BP2 at LIM, the
signal is mixed with 9.5 MHz at MIX2. The resulting difference
frequency +Af + 0.5 MHz is then fed to a frequency detector FMD which will
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TABLE 3-4. TYPICAL FREQUENCY ASSIGNMENTS FOR A FOUR-TRACK
102-CHANNEL SYSTEM

Carrier I Track
Number A (26-Ch) B (25-Ch)  C (26-Ch) D (25 Ch)

s p— proppe =

mESAugepre e |

= xamar -

1 10.2 MHz 10.2 MHz
2 10.4 MHz 10.4 MHz
3 10.6 MHz 10.6 MHz
4 ©10.8 MHz 10.8 MHz
49 19.8 MHz 19.8 MHz
50 20.0 MHz 20.0 MHz
51 20.2 MHz 20.2 MKz
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be discussed in Section 3.2.5. In order to optimize the S/N ratio and to
prevent overloading, an automatic gain control consisting of AGC and
variable gain amplifier Al is required for each receiver.
3.2.3.1 Analysis

Although this type of receiver is fairly easy to implement, there
are a number of items that need careful consideration. These are:

e Image frequency response

e Filter phase and amplitude response

The image frequency response can be reduced by a proper choice of
the selectivity of bandpass filters BP1 (see Figure 1-1) and BP2 as well
as the value of the intermediate frequency (assumed to be 10 MHz at the
present). More work will be required to determine the optimal choice. In
order to minimize nonlinear distortion of the frequency modulated signal,
the pass band phase and amplitude resporice of BP1 and BP2 must also be
considered. As shown in Appendix A, distortionless transmission requires
a constant amplitude and linear phase response (constant group delay).
Approximate ~xpressions have been derived which relate third harmonic
distortion to the following parameters (defined in the pass band):

e Number of amplitude ripples and ripple amplitude

e Number of phase (or group delay) ripples and ripple amplitude

e Frequency deviation

e Modulating frequency

As an example, consider a bandpass filter with a constant amplitude
response and a 0.5 micro-second peak-to-peak group delay ripple
amplitude. The ripple consists of a single period of a sinusoid. At

modulating frequencies of 15 kHz and 30 kHz, the third harmonic

distortions were found to be 1.5 percent and 3 percent, respectively.
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3.2.4 The Tracking Phase-Locked Loop Receiver

Referring to Figure 3-3, this receiver essentially consists of
three loops.

Loop 1 is a phase-locked loop and consists of voltage-controlled
oscillator VCOl, analog phase detector PD1 and lowpass filter LP1. It's
purpose is to obtain a digital signal at the output of VCOl whose
instantaneous frequency (f + Af) is equal to that of the selected channel
frequency.

The selection of this frequency is accomplished by loop 2 which
consists of VCOl, digital frequency dividers --32 and—N, digital
frequency detector FD, and lowpass filters LP1 and LP2. As shown in
Table 3-5, this loop has nonlinear characteristics, i.e., whenever the
frequency of VCO1 is withir a 0.2 MHz frequency band centered about the
selected channel frequency fo’ it is uncontrolled by loop 2. Control is

then taken over by loop i.

TABLE 3-5. FREQUENCY DETECTOR CHARACTERISTICS

V(o1 FD FD
Frequency Output Output
f Voltage Impedance
(MHz)
f<(fq - 0.1) Low Low
(fo - 0.1)<f<(fy + 0.1) X High
(fg + 0.1)<f High Low

Further details of loop 2 are given in Appendix D.

47



Channel
Input
(fenf)

48

00
AGC feg-——q P02 et L’ PS ety
J -1 L0V —gp Carrier
Presence
Lo
Al
Lan®
PD1 g —e
Loop 1
LP1 =it VCON —-—l
LP?
T f.‘.‘xf
FD Loop 2
sof ¥ 0.5 W
6.25 kHz N ﬂ-—j 132 /
From Channel Select MIX 2 f—m] FMD g Audio
Refs, OQutputs
Clock
(2N - 5) =
0.) Mz l Loop 3 }5_’2*_2
FPD ——’1 Lp3 1 vC0?
Figure 3-3. Phase-lock loop receiver block diagram.



Phase-locked loop 3 serves the purpose of generating frequency f -
0.5 MHz. It consists of V(02, digital divider -~ (2N-5), digital
frequency/phase detector FPD and lowpass filter LP3.

By subtracting the frequency at the output of VCO2 from that at the
output of VCO1l by means of digital mixer MIX 2, there results the
frequency + Af + 0.5 MHz, where Af is the frequency deviation of the
modulating signal. Next, this signal is sent to frequency detector FMD
which will be discussed in Section 3.2.5.

Since the closed-loop bandwidth of loop 1 (DC-50 kHz) is
proportional to the carrier input level of PD 1, it is essential that
automatic gain control is included. This part of the receiver consists of
phase shifter PS, analog phase detector PD2, gain control circuitry AGC,
and variable gain amplifier Al.

Finally, voltage level detector LDl is included in order to sense
the presence of a valid carrier.
3.2.4.1 Test Data

Tentative test data has been obtained by subjecting the receiver to
a frequeuncy comb spectrum. Spectrum details and its generation are discussed
in Appendix E. The receiver was tuned to either 15.4 MHz or 15.8 MHz. Each
carrier was independently modulated by a sine wave and a square wave,
respectively. The peak voltage signal-to-noise ratio for either channel
amounted to 32 db. It is believed that the S/N ratio can be improved to
at least 40 db by applying better lowpass filtering at the audio output.
3.2.5 FM Detector

The frequency detector shown in Figure 3-4 forms part of the
dynamic strain receiver. It is indicated by FMD in Figures 3-2 and 3-3.

The operation is as follows.
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A frequency modulated 0.5 MHz carrier enters monostable
multivibrator 0S and is converted to a pulse train of constant pulse
width., After passing through switching precision current source CS and
lowpass filter LP 4, the average value thus obtained is proportional to
the frequency deviation Af. The composite output signal, consists of both
the strain data (20Hz - 40 kHz) and a 40 kHz self-test signal. Strain
data and the self-test signal are separated by lowpass filter LP5 (20 kHz
cut-off frequency) and by bandpass filter BP3 (40 kHz center frequency),

‘ respectively.

In order to avoid the need for tuning, a commutating-type filter
has been chosen for BP3. This way, its center frequency is governed by
the 0.16 MHz reference clock.

Finally, level detector LD2 provides a digital output indicating
the presence of the self-test signal.

Receiver schematics are shown in Appendix K.
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CONCLUSION

Analysis and testing of the critical aspects of this phase-locked
telemetry system concept have proven it to be well suited to the rotary
instrumentation application. No basic system problems have arisen and
testing has demonstrated performance in excess of all minimum requirements.

Phase II of the program is scheduled to result in completion of the
detailed system design and fabrication and testing of a small protyotype

system,
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APPENDIX A
FM DISTORTION BY TRANSMISSION NETWORKS

It is well known (Reference 1) that when a frequency modulated carrier
is passed through a 1inear bandpass filter harmonic distortion will result
due to:

@ Rejection of sidebands outside the passband

e Amplitude and phase variations within the passband

Since the first item has already been discussed in Section 3.2.Z we
restrict our attention in this Appendix to the latter item.

Let the filter differential equation

ve(t) > F(p) f—m=v,(t)

be given by
Vz(t) = F(p) V](t) (1)
where
. i .d  (n).d"
oy = D aplap=g o= (2)

i=o0

It should be noted that when p is replaced by juw, F(jw) becomes the

complex transfer function.
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Furthermore, let

jo 0
Vz(t) = VZ(t)e 2 s V'l(t) =e J ! (3)

{l

where

6 (t) = uct +_[ wy(t)dt,
9](])(t) = poy = m](t) = w, * md(t), 62(]) = wz(t) (4)

and
wz(t) = instantaneous output carrier frequency (rad/sec)

£\

w](t) = {nstantaneous input carrier frequency (rad/sec)
wd(t)

“

instantaneous input frequency deviation (rad/sec)

constant carrier center frequency (rad/sec)

In order to proceed we require the following relation:
f(t) _ _f(t) N f oo o df
F = F(p + f), f=pf = 5
(ple e (p + f) of = = (5)
Proof:

pOef(t) o of(t) o F(t) (h 4 510 since (p+ £)0 =1

plef(t) = ff(t) - ef(t) (o + ), Since p operates on zero

pzef(t) = (f + %Z)ef(t) = ef(t) [D(P +f) + f(p + ?)] = ef(t)(p + §)°

pnef(t) - ef(t:) (p + %)n

thence,

un

fe) . S RICIRIGERS £ i f(t : »
F(p)ef(t) - i:;'o ap'e (t) . (f(t) i:;'o a(p+f)l=e () e+ F) qm



From (1), (3) and (5) we then have

30, iluct + j'wddt)

F(p)e

Ju. t c f
e ¢ F(p+dug) e [ eatt

v

[}

3
(4]

Hence

(t)e € = ej(mct +‘Imddt) F(p + de)

ilw t + [o,dt + ¢)
lrp + gugfe et S

i

= ‘F(p + de)

<l
ro
—
(nd
Pt
1

Ly I Flp + dag)
¢lwy) = tan ﬁE“?TRYTFfESET

(6)

(6a)

(7)

(8)



From (2), (6) and (8) we also have

ol

Im S a,(p + juy)]
a i ! d
¢(wd) = tan poy >

Re ;i; 3(p + Jug)'

Evaluating (p + jwd)" in (9) we have

1}
-—

(p + jwd)o
N

(p + de) = de

(p + jwd)z = -md2 + Juy

(0 + dug)® = -3uu, )+ 5,8 <)

I
Lo
£
o
S
'
——
b
S
~n
f
F—3
(2
QE
-~
N
e
A
+
.
_——
£
o
~~
w
S
'
D
£
o
£
o
—
e
A

Y
(p + de) =

Evaluation of a

Let

Jo(wy) :
F(jwd) = K(wd)e a’ . e1" K+ J¢

(9)

(10)

(1)

(12)



then from (10) and using (5) we have

Ne, .
L d F(de)
n.a, = "—'*-‘T“—-
(ded) o
\Dd - 0
n
- ‘eln Ktjo |_d _ ;dK/d“d ) l
. JK dw
d‘]md d ’md =0
n
nia, = F(o) T-j—g~ (13)
duog
=0
Yd
where
T(wd) = T¢ - ka (14)
T (w,) = Jdo . group delay time due to phase, (14a)
o' d dwd
dK/dw
TK(wd) = HE(GEY.= group delay time due to gain (14b)
Now let (See Figures A-1 to A-3)
K(wd) =1+a cos(wd TK) (15)
¢)(wd) =uwy Tg * b sin (wd 'r¢) s (16)



K(w)

/N N\

f———>1

S

mb /m

2

YetWy e

4+
wc u\d

Figure A-1. Gain K(w).

{w)

Fiaure A-2. Phase ¢(w).

u\b/"
b
’ ‘ 4 > .
:nc-mb mc mc#md ;.\C+:.b

Figure A-3. Phase group delay time T¢(w).
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where

T = 2mm/w = ripple period of K(wd)

~
n

constant part of T¢(wd)

0
Ty = 2nn/wb = ripple period of ¢(wd)
a = ripple amplitude of K(wd)

b =

ripple amplitude of ¢(wd) _

bT¢ = r]pp]e amp'l'ltude of T¢(md)

m = number of ripple periods per Wy for K(wd)
n = number of ripple periods per w, for ¢(wd)
w, = half bandwidth (rad/sec)

Noting that

Jwgt, + b sin(wyt,)
F(o) = ‘[1+acos (wd'rK)]e d’o d¢] 81,
(A)d:O

we have from (13) ,
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=2 . 1

N
.-
[+
N
)

P .y 1) 42

D
.-
-1
w
"

sa = 7 - 65 12 1) - a7 1(2) L5 1(302, 41(3) (17)

4
Since the term W4T merely delays the waveform and causes no distortion,
we shall set 7, =0 in (16).

From (14) and (15) - (16) we then have

T(0) = br¢

110y = jar,

12 (g = bt

\
3)

1300 = -jar (18)
Entering (18) into (17) then yields

)
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2! a, = (bt¢)2 + arK2

2 3

3

= 3
ag (br¢) + Jabry ot br¢

F-3

3 = (br¢)4 + 6ab21K21¢2 + 4b21'¢4 + 3a21:K4 +&TK4 (19)

In view of (9) and (11) the phase is given by

1 2 3 3 2 1
¢(wd) _ tan'] g * 3, wd( ) + as(wd( ). Wy ) + a4(wd( ) . 6u wd( ))

: 2

In order to get an idea of the magnitude of the terms in (20) let
for the time being a = 0 in (18)

and
wd = wa f(Qt)
(-') _ dwd _ df(Qt) - 1
Wy --a-t—-was’z F(—m‘—)--uuam"()
wd(n) - waﬂn £(n) (21)

Let us also define the peak-to-peak group delay time variation

(See Figure A-3) as

To = 2b'r¢
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Then with a = 0 Eqs (19) become

ay = 1
= To

R
QP =gT,

3 = I% (1 + E%) To3
= ) 4., 4
64 = mr (] + bz)To (22)

Assuming 5% error, the denominator of (20) may be set equal

to unity provided

2
2 To 2
0.05 2_ azwd = '—8_‘ wa s Or

0.63 > Tow, (23)

Considering the numerator of (20) we retain only the first
term and the largest term generating a third harmonic, i.e.,

(20) becomes

d ~ (1) 2 (1)
-a% b a] Wy - 3a3 Wy wd

- (1 1 ] 33, f2.(1)
m T, 0f - e (14 EE) Ty wy 0 fof
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Letting
f(at) = sin Qt
f(]) (at) = cos qt

f2 f“) = (—;—-;- cos 2Qt) cos Ot = ;}cos Qt - %—cos nt,

2 2

T, w
d=Tuafr-0 (1+) cosat +
dt = ‘o“a 64 ¥4

To Wy 1]

]
+ (1 + —) cos 3 Qt
—r— - ) co

Hence from (6a) and (24) the total instantaneous frequency

at the output of the network is

= d¢
W = we *uy * 3t

2 2
w
. 0 “a 1
wc +wa sin Qt + Towaﬂ 1 - T(] ""-t-)-z-) cos Qt

3 3
To Wy 9)

]
+ 1+ 3 at
S — ;2) oS

One observes that the third term on the right of (25) merely

changes the phase of the modulating signal but does not

contribute to distortion.
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The third harmonic distortion factor is given by

T3w 29
p. = factorof cos 3at . o 2 (1 + 1)
3~ Tactor of sin Qt 64 ;Z

1, %, am
b o To%
3 2 \2
D, = =t 11 + 1602 L (26)
3 64 wa mb oma
To (sec) = peak-to-peak group delay variations

Wy (rad/sec) = frequency deviation

Q (rad/sec) = modulating frequency

Wy (rad/sec) = half bandwidth

=}
"

number of ripple periods per half bandwidth

Td“a = (0.5 usec) x (2m x 75 kHz) = 0.236 ,

the second term inside the bracket of (26) is much larger

than the first. Hence (26) may be simplified to

2
w
~ &) (22) n?
D3~ 2.5 (Towa)(oa) (wb> n

(27)
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&

T

With

T¢(w)

wy/2 = 75 KHz

“‘\5‘\\.-1-_-__; T,
wb/2n = 100 kHz

Q/2n = 30 kHz

To = (0.5 usec

1 Wty Ye wetuy,
n=2-

Figure A-4.

D3 = 0.03, or 3% third harmonic distortion assuming constant

amplitude over the passband

When amplitude variations are included the third harmonic

distortion is given by

3 2 2
0. = (Tguy) <;Q> 1+ 160n° (?g) + 480an’ (Ei) (28)
3 b4 “a (Towa)2 “b (Towa)2 “b

If (To“a) is small, (28) reduces to

2
Dy~ (roma)2 (a‘l) (i—&) [2.5 n +3.75 (2a) mz] (29)

a

where

n = no. of phase ripple periods per half bandwidth Wy

m = no. of amplitude ripple periods per half bandwidth wp
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peak-to-peak amplitude variation

peak-to-peak group delay variation due to phase

Y

modulation frequency (rad/sec)

half bandwidth (rad/sec)

freq. deviation (rad/sec)
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APPENDIX B
COMMON-CHANNEL AND AL'CACENT-CHANNEL INTERFERENCE

e(t)
] 4
e(t)
Lim. P piscr. pom e (1)
- , _
mc-ub MC wc*wb v
ep( t)
Figure B-)

Referring to Figure B-1 the desired carrier ec(t) and the undersired carrier
ep(t) enter a bandpass filter of bandwidth 2w,. After 1imiting and linear
frequency detection the audio signal enters a lowpass filter of cutoff

frequency Q. Tt is assumed that w, > 8, and wy, = (Amc + 9, max) where fw,

is the frequency deviation (75 kHz) and 9 is the maximum modulating

C max
frequency (30 kHz) of the desired carrier. See References 1, 2 and 3.

B-1 Adjacent-Channel Interference
e = ] ep = op
'y
l i
| ]
1 1 o
W Ye wetwy “p

Figure B-2.
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Referring to Figure B-2 let

eC = C0s Uc ec = wct + Bc sin Qct
e = cos ¢ 6 =uw.t+ sin Q. .t +
p = Pp oS Y p = Upt T E pt " %
where
w, = desired carrier frequency (rad/sec)
wy = undesired carrier frequency (rad/sec)
ch
Bc =g = modutation index of desired carrier
c
A
Bp = 3§E-= modulation index of undesired carrier
p

Aw s Awp = frequency deviations (rad/sec)
. Qp = modulating frequencies (rad/sec)

¢p = constant phase shift (radians)

Expanding ep(t) we have

ep(t) P cos Gp

- oyRe {ej(ﬂpt * ¢{’)ejsp sin szptl

|

= ppRe{ eJ (‘Upt + ¢’p) - Z.J (B )eJmet}
- M P
m
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)

h :: Jy (Rp) cos (ut + g+ ) s (3)

-t

m
where Jm (ﬁp) is a Bessel function of the first kind and order m. Adding
(3) and (1) the signal e(t) entering the bandpass filter is

e(t) = e (t) + ep(t)

i

cos 0 (t) + p_cos O
C( ) o o

cos 0 % J_ (8.) cos (w.t + mQ t ¢p)

Somep P P
m

[}

1}

Re leioc [] + pp}‘ Jm (Bp) ej (mpt + mﬂpt +¢p - ec)]}

-
m

= (1 + Ap) cos 0_ - Bp sin 8. (4}
= rcos (0 + o) (4a)
where
N .o N
Ap pp::f Jm(Bp) cos (wp mup mc)t ¢p B, sin Qct] (5)
m
ca > > (8,) 9, (B.) cos |{w, * MO - . = Nt +¢ (5a)
. & m'Fp/ Ynlbe “p p Y% c P 3
m °n
- <§ - +¢ - sin Q t
Bp Ty L Jm(Bp) sin (wp + m, wc)t p B c (6)

n

n



w [\ \]

NN

P = _.(‘.‘.Jm(ﬁp) J,(8.) sin [(mp tmd - o - nu )t + “"p] (6a)
mom
2 2 2
= + +8B
r=0 AD) p (7)
$ = tdn-] ']°—+£A—‘ (8)
p

A possible expansion for ¢ is

(1+A)B | ,B2 ,,B4
‘:‘:-__—IFZ—L l]’*‘s—s-z—'ﬁ-'j—"g';%”’*‘.‘ ;}

~1sothat vz 1,

i A B
Assuming Apl 1 and l D
£q. (8) reduces to

¢ =B (9)

o " ép
= pp S : Jm(l{p) Jn(BC) (Au) + lnSlp - mlc) COS [(Aw + mﬂp - ns}.‘c ) t + qy p]
oo (10)
where
o = wy - = beat frequency (rad/sec) (1)
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Now let the bandpass filter be given by
Fljw) = K(w) ¢ it (w) (12)
where ¢(w) is the nonlinear part of the phase shift (the linear

part merely delays the signal undistorted).

Defining

Won = Aw + mﬂp - ch (13)
Kan = K(mmn) | (14a)
L ¢(wmn) s (14b)

Eq. (10) should be modified to

S S

¢ = P b L Jm(Bp) Jn(Bc) Knn®an cos[wmkt + ¢p ~ ¢mn] (15)
Assuming a linear discriminator and an ideal audio Towpass filter with
cutoff frequency Qv (rad/sec), the audio output is given by

v(t) = 6.+ d - w,

R dw COSQt + o G En‘ Jm(Bp) In(Be) Kpn®mn€OS [wmnt tap - ¢’mn]

(16)
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where

Q <q, = audio filter bandwidth (rad/sec)

ch <uwy = bandpass filter half bandwidth (rad/sec)

-9 n S wy >0 (16a)

<
v — %m

Equivalent statements of (16a) are

(bw - Q) < (nszc-mszp)g_(muzv) (16b)
Ao + M2 - Q Ao + m2_ + Q
P V.« PV (16¢)
—_nz - c
QC s.ZC
Q. - Aw - Q. - Aw+ Q
c - vimi ¢ . v (16d)
P p

In what follows we shall assunic that
a) the desired carrier modulating frequency is very low sc that

ch 0, n= 0, and

5) the undesired carrier e, is modulated with Qp. Eqs. (16) and (16d)

then reduce to

v(t)mdw, cos ot + o ; Jm(Bp)memCOS(wmt *op - ) s (17)
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e!

(L]

-
23

where
Kp = Klap)s o =0 ()
o = Aw + me
~Ay - Qv =Aw + Qv
) imsTg
p P

The RMS signal/noise ratio is given by

RMS value of Aw cocht
S/N = <

RMS value of ¢(t)

Using (17) we have

A
S/N = ‘ %

ppl n [‘Jm(Bp)Km“’m]2 172

As an example let

1 (uniform gain in the pass band),

=

1 (equal carrier amplitudes),

©
n

Aw/(21) = 0.4 MHz,
AwC/(Zw) = Awp/(Zﬂ) = 75 kHz,
Qv/(Zﬂ) = 40 kHz,

Qc/(Z'ﬂ') = 0 Hz,
and consider the following two cases.

Case 1: Qp/(Zﬂ) = 20 Hz
75

(17a)

(17b)

(18)

(19)

(20)



From (17b), (19) and (20

-400 + 40
0.02 ~MX70.02

-22000 < m < 18000

From (18), (21) and (22)

S/N

)

75

22000

S [9,(3750) + 1+ (400 - m x 0.02)1°

T4
m=18000

75

~

1/2

;[J]8000(3750) X 4012 + + o« + [J,5111(3750) x 40]2} 172

Now, for m is large,

m.m

T-x

2

- e
Jm(mx) X :

X
Jom (1 - %%

B
y = :—p-z
Since mx = Bp s X =4

/4 1 +41 - xz]m

750

3750

2

0000

0.19

76
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(22)

(23)

(24)



Therefore, (24) reduces to

<1 (xe)"
Jm(mx) 2 (2) , or

=

3,(8)) » ——‘-—(Eﬁ)'" (25)

JEEh 2m

For Bp = 3750 and m =‘18000 s

D (5) = ) 3750 x 2.718 \ 18000
mp 21 x 18000 18000

2l < 1 (26)

Hence values for m greater than 18000 need not be considered

so that from (23) and (26)
S~ 1.9 Jon x 18000 - (1.765)'000

= 640 x (1.765) 18000

§.>> 1000 dB (27)

Case II: up/(zn) = 30 kHz (28)
Aw

P = -. =Z_5_=

bp Y 30 2.5
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From (17b), (19) and (28)

-403640 <m< -40035 30 o
-14<mg =12 (29)

From (18) and (29),

S. 75
N ‘M ' 2'1/2
[Jm(Z.S)(400 -mx 30))
lm= 2
or
S = 7 (30)
3.,(2.5) x 402 +[9,.(2.5) + 1002 4+« ++ [0, (2.5) « 20272
[12' X J [13' ) ] [M . ]
In order to see if we can make the large order approx. we have
S 1" (x n+2r
Jplx) = 2 ! (7)
r=0 (n+r).
1 /xY 1 x\"*2 . e
“ar (3) e (3) (3n)

The ratio of the second and first terms is

2
X 6.25__ 6.25 . 0.5,

Y2 ey T aizn) T 82

We can therefore keep only the first term.

Using Stirling's approx., we have for large n,
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. n
n, = Iva(%) (which is already 1.5 percent accurate for n = 4)

so that (31) becomes

3ox) = == (22‘-5-5 (32)

which is the usual approx. of Jn(x) for large n.

Hence
b (2.5) = L (2:5x2.718 R (33)
12 J2en 24 J24m(3.54) 12

Referring to (30) and (33) orders larger than 12 may be omitted

so that (30) becomes

= 16.5 x (3.54)12, or

={n

=2|»n

= 146 dB (34)

We conclude that adjacent channel interference may be neglected.

B-2 Bandpass Filter Selectivity

In what follows we consider the approximate attenuation the bandpass
filter should have at @y (see Figure B-2). Neglecting the sidebands of the
interfering carrier, it follows from (17) that the discriminator output is

given by

) (35)

v(t) = Bu_ cos @t +J (B.)K Aw cos (Awt + bp = b

0'"p’To
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where we have set pp = 1 and where

Ko = Bandpass attenuation factor at W

The maximum value of v(t) will occur when

Bp = 0 (i.e., e, unmodulated), t = 0 and Qp -4 ® 0,
i.e.,
Vmax = Mg * Kol v(t) (36)

Figure B-3

Since most discriminators saturate beyond w, + w, as shown in Figure B-3

it is in view of (36) essential that |K Aw| < 0.01 |ch’ , e,

A
K, = 0.01 =S = 0'2(',0"‘(}7{52’ kHZ ., _ 50 4B (37)

3-3 Common-~Channel Interference

The S/N ratio as given by Equation (18) can also be used in this case

provided pp <<]. But because pp

considered. Also, we are presently more interested in the capture ratio than

can be near unity a different derivation must be

in the S/N ratio. Hence Equation (18) will no longer be considered.
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B-3.1 Desired Channel Modulated

Let us again have (See Figure B-1)
e(t) = ec(t) + ep(t)

=C059c+p cos 6 _,

p P
where
fp = amplitude of undesired carrier
ec e wct + B, sin Qct
Op = wpt + ¢p

w_ = desired carrier freq. (rad/sec)
w_ = undesired carrier freq. (rad/sec)
¢ = constant phase shift (rads)

ch
B_ = — = modulation index
Qc

b, = freq. deviation (rad/sec)

Q. = modulating freq. (rad/sec)

From (38) we have
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je jle_ =0 )j
e(t) =Ree © [l+ppe P CJ
Re e C ffi 4 ( )|+ in ( ;
= - + -
ee {[ bp cos (07 ac] [pp sin (e, oc)]}
= 1+ o cos (ep - ec)] cos 8. - [pp sin (ep - ec)] sin 8, (40) P
=rcos¢coso, -r sin ¢ sin 8. (40a)
= rcos (8  +0), (40b) ..
where
ep -0, = At + ¢p - B, sin g t (41a)
Aw = Wy = 8¢ (41b)
2 172
r= [1 + 2ppcos (ep - Oc) *op]
_1 P, Sin (6. -6) (43)
¢ = tan L P P ¢
+ -
1 oy €OS (Op Oc)
Using a perfect limiter, the discriminator output is given by
v](t) =0+~ w,
2
p. cos (6 - ec) + p
= b, €Os w t (Aw - fw, €OS Qct) P P P 2 (44)
1+ Zop cos (0p - uc) + o

In what follows we shall assume that

Lw = Wy - W F 0, ¢p =0
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i

Hence (42) and (44) become

r = (14 20 cos (8 sin R.t) + p:], (45)
v](t) = M, €OS 2.t - Aw, COS nct . f1(t), (46a)
where
pp €OS (BC sin Qct) +p 2
fi(t) = P 5 (46b)
1+ pr cos (scsin szct) + op

Let us first consider the carrier envelope .

From (45) we have

r =1+p

max p
Ymin = 1 - o

For = 0.95, the limiter should be capable of covering a dynamic range

" ma 1 +o0
of at least ” X 2 L . 40, or 32 dB.
min 1 =~ Dp

A plot of r vs. Qct (Eq. 45) has been given by Corrington (Reference 2) in

Figure B-4 for Bc = 10 and several values of pp.
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Figure B-4.
Let us next consider (46a) and (46b). Values of v(t) vs. 2.t for Pp = 0.5
and several values of BC are aiso given by Corrington in Figures B-5 and
B-6. Now suppose that the waveform of Figure B-6 is passed through a low-
pass filter which passes QC but rejects the indicated high frequency waveform.

It will then be found that the output of the lowpass filter amounts to

= S + / = ¢
v(t) ch cos mct chf] avg cos mct ch cos mct |

because it has been shown by Corrington that

T
=1 . - ’
f avg - 7 J/ﬂ f](o) de = 0 for Py < 1. (47)
0]

It may further be found that

L. _ %
‘f]max‘ - - (482)

°p

! l “p
Faming = (48b)

| I Yo
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2.0

Figure B-6.
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Therefore, the maximum and minimum values of the envelopes in

Figure B-6 are

P
= ——-—E— = .
lvlmax Bug (1 ] - o fuwe 1 - o (49a)
P p
pE 1 ,
lvlmin = g 1- = dw, (49b)
1+ pp 1+ pp

Let us now suppose that the bandwidth of the bandpass filter is sufficiently
targe so that v](t) is passed without distortion but that the discriminator

saturates beyond wy as shown in Figures B-6 and B-7.

+10
T e

v(t) Aw p Aw_f(0)
[ S ([

/-

w

Ame] ( ())

N
.
| =2
B

2m ?7 1+
8l
// ‘h\\* 2n 3
Amcp ~'”p
/\(m\c ']__-ﬂ—
- > R —
< —
Aw
T-0,.
P p
Figure B-7
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It is evident that when

Aw c

]-
°p

Amc < w, < (50)
a portion of the high frequency waveform is clipped and (47) no longer
holds, i.e., a reduction of the average amplitude of cos Qct results.
In order to obtain an approximate expression for the amplitude reduction
we make two assumptions:

a) period of modulating frequency Qc large compared to the period
of the superimposed frequency.

b) replace the superimposed waveform by a waveform which is square
below the axis and triangular above the axis (see Figure B-7) and which has

zero average value, i.e.,

1+0p P 20 -p.) o
f]avg = - P P + P P =0 (5])
- + - -
3 o 1 Pp 2 (3 °p ) 1 fp
for
> ch
b 1 -0 (52)
P
Now when
ch
A Wy < (53&)
c- =y
p
it may be found that
mﬂ 2
1 -1 - Op) —&”—;J
avg = - (53b)
op(3 - pp)
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After Towpass filtering the audiu ‘wtput is thus given by

v(t) = A, [1 + fﬁvgJ cos Q.t (53c)

Let us now define the capture ratio R as follows.

R(dB) = (Desired Carrier Amplitude)/(Undesired Carrier Amplitude at

which the frequency deviation amplitude Aw, reduces by K ds) (54)
Hence,
R = 20 log <—‘—> (55a)
p
P
ch [ ]
K = 20 log =-2010g [1 +°f (55b)
. avg
A, 1+ favg]

where favg is given by (53b).

Hence from a knowledge of R and K, w, can be approximately determined.
So far it has been assumed that the bandpass filter has a large bandwidth.
Unfortunately the calculation of the response due to the waveform in
Figure B-7 is a complicated affair. We can say at best that if the
frequency of this waveform is relatively low, a quasi-static approximation
may be used. In this case Figure B-7 may also be used except that Wy is
replaced by Wy » where o is the half bandwidth of the IF filter.

It is evident that if Wy < wys Wy should be replaced by 0 in
Figure B-7 and Equations (53b) and (55). We conclude this section by

stating that small capture ratios can be achieved by having:
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a) large IF bandwidth with uniform ampiitude and linear phase

response, and
b) large discriminator bandwidth with good linearity.

B8-3.2 Undesired Channel Modulated

Instead of (39a) and (39b) we set

= t+ ] t+
ep We Bp sin Qp ¢p
We now find a Fourier expansion for (43) as follows.
Comparing (40) and (40a) we have

+ - =
] b, cos (ep ec) r cos ¢

p. sin (8

o p - ec) = r sin ¢

Multiplying (58) by j =/-1 and adding the result to (57) yields

j(e - 6) jo
1+p_ e P C=re .
p
or
ji(e_.-96)
n []-l-pp e P C]=1n r+ jo
Since

m‘ k
1n(1+x)=-2i'—;9—,-1<xg1,
k=1
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(56a)

(56b)

(57)

(58)

(59)



we have from (59) and by equating the imaginary parts,

© k
> (-0p))
b = - 2: —LP sink(s +B.sinQt),0<p < (60)

—

Hence the discriminator output is given by

<
—t
—_—~
[ad
et
i

('] »
- + - w
6c ¢ c

k .
(-pp) cos k(¢p + By sin th). (61)

- Awp cos(th) Eg;

Without the presence of the desired unmodulated carrier, the

discriminator output is

e

(t) = - w

V]p ) c

Awp cos (th). (62)

In order to obtain an approximate expression for*

vp max _ receiver peak output without desired carrier

V' max receiver peak output with desired carrier

we shall assume that

- amplitude of undesired carrier
P amplitude of desired carrier

Thus, (61) reduces to

). (63)

v](t) X Awp 05 cos(th) cos (¢p + Bp sin Qp

*ATthough Vp pax/Vpax represents a receiver output level reduction factor due
to the presence o$ the unmodulated desired carrier, it may (for small values of
pp) also be interpreted as a signal-to-noise ratio for the case the desired
cgrrier is modulated and the frequency deviations of the desired and undesired
carriers are equal.
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As shown in Figure B8-8, v](t) comprises a variable frequency of
period TZ with an envelope of period T].
After lowpass filtering v(t) as shown in Figure B-9 is obtained.

I
v, (t) ]

il 1l
1 n{f ..

RNl 11R&

Y‘v-—-/

| Yy ‘
JM NP N
T = —_-2n___
2 z\wp cossapt]
4
Figure B-8.
T, = .7
] 6
v(t) n -
A
v max
0 ¢

Figure B-9. Band limited version of Figure B-8.
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We proceed by assuming that

Qp < Qv.

where

9]
"

angular modulating frequency, and

<
"

angular lowpass cutoff frequency.
From (62) we then have

= Aw (64)

N V1p max p

vp max

Referring to (63) we consider two cases.

Case I: Aw94> Qv

Assuming a steep lowpass filter rolloff it may be seen from Figure B-8 that

Aw_ co0s Q. t Q

%_=_9___p_l=_x,or

2 27 2T
2y

cos th] =55 < 1 (65)
P

But according to (63), the positive value of the envelope at t, equals

Viax = V1 max - Awp PpCOS (th1). (66)

Hence from (65) and (66)

Vmax =y ©p? (67)

and from (67) and (64)

v m-:( Awp
puax P (68)

Vimax W Pp 92




Case II: Awp <9y

As a first-order approximation we may assume that all frequencies

of v](t) pass the lowpass filter, i.e.,

v
max p P,

Hence, from {70) and (64) we have

v

max _ 1_
P

v
max p

Experimental Observations

It should be evident that (68) and (71) are only approximate due
to the fact that we neglected

a) the response sluggishness of the IF bandpass and audio
lowpass filter, and

b) the effects of the higher-order sidebands.
Referring to (68) it is found that with

] =
*Z'W Awp 75 kHZo
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(69)

(70)

(1)



] =

Jz“szp= 100 Hz

pp = 0.225,

the calculated and measured values are 11 and 6, respectively.
It was also found that (68) showed very little dependency upon the value of

the modulating frequency Qp.
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APPENDIX C

SIGNAL-TO-NOISE RATIOS FOR AM, PM AND FM

In this report we derive expressions (References 1, 3) for the signal-

to-noise power ratios for amplitude (AM), phase (PM) and frequency (FM)

modulated receivers. Effects of frequency empahsis at the transmitter and

de-emphasis at the receiver will be included. It is assumed that the receiver

input contains white noise with uniform spectral density and zero mean value.

Let

n:

in what follows:

carrier power (Watts),

signal power (Watts),

noise power (Watts),

nnise spectral density (Watts/Hz),
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