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ABSTRACT

This is the Final Report on a program to develop an Exploratory Developmental Model of an
electronically tuned, automatic antenna matching unit for use with manpack radio equipment in the30-t4-80 MHz frequency range. This report describes the results of the entire program period,
including initial study efforts in the areas of tuning elements, sensors, and networks. The
performance of the final deliverable model is discussed, along with suggestions for improvement.
Test data on this model, a 10-watt, 30-to-80 MHz coupler using Avco's piezoelectric capacitor, is
presented to indicate tuning capability, insertion loss, and tuning speed into the required variable
one to four-foot whip antenna. An analysis of the work performed during the study and
development phases is shown. Problem areas that appeared during these phases are mentioned, and
solutions and design approaches are discussed. Finally, a technical discussion of a 2-to-30 MHz
automatic antenna coupler is presented. Major requirements, such as a higher power level (40 watts)
and antenna loads (9-foot whip - 2 to 4 MHz, 6-foot whip - 4 to 30 MHz, 10:1 VSWR referenced
to 50 ohms) are analyzed. Different approaches to the problem are discussed in detail and trade.offs
mentioned. A design example of a completely automatic 2 to 30 MHz antenna coupler compliant
with the requirements is given
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1.0, INTRODUCTION

- This program covered the dpsign, development, and fabrication of an , Kxplorattoty
Development Model of an electronically. tuned, automatic antenna matching netwoirk for
,future application in manpack radio sets. This matching network was designed to handIle 10
watts of RF power and cover the frequency range bf 30 - 80 MHz. It should efficiently

* match the specified range of manpack antenna impedances to the; desired transmitter load
impedance, while minimizing control power consumption and tuning time. It wa! further
desired that the network and its component parts be optimized with respect to size, wlght.
mechanical complexity, -and thermal stability. The coupler should feature optimuni sni' for
packset compatibility and therefore rdoresent, as. closely as possible, a product that cati he
easily 1rojected for use in future radio equipments.

During the course of the program, 'techniques were investigated which prtained to
electrically tuned matching networks in the 2 - 30 MHz frequency range at power lemel• up
to 40 watts. Component and neLwork specifications necessary for a complete 2 - 30 N1li.z
electronically tuned matching network have been compiled in order to demonstrate
feasibility of an HF high power coupler dtilizing the most up-to-date concepts (leeloped
during-the c9urse of the program,

This report covers the complete program period frohn the initial investigative efforts in the
areas of tuning elementq, sensors, and netivorks through the development arid fi ial It-st of
thp deliverable 30 - 80 MHz Coupler System. Final test data on the 30 - 80 Ml lz Coupler
is shown and discussed, and significant accomplishments and benefits are delineated.

A detailed analysis of the work during the study andt devteloplment phase is prvsented
Problem areas thai appeared during the development are pointed out, and solutionis and
design approaches taken gre discussed.

Finally a descriptioa of a 2 - 30 MHz Coupler is presented. Different approaches to the
problem are discusseat and trade.offs mentioned. A design example of a 2 - 30 Mllz C( lpler
operating into 6 and 9-foot whip antennas at the 40-watt level is shown.

As a result of this contract Avco Electroru.'s Division has designed and developed an
electronically tuned antenna coupler which, with some additional development, can be far
superior to any comparaLle system presently known. This coupler feat ures many revolutionary
new techniques and may ultimatgly prc.ride the Army with the lightest, most compact
antenna coupler eve,: developed for' manpack communications equipment This systerm wa:
designed specifically wvith Army user requirements in mind, anrd offers the following heIfits.

0 Automatic mat h'ni caapability for any whip antenna from one to f iur feet o~er the
30 - 80 MHz fr'quency range.

* Compatibility wAith any type manp.. k battery. Pr(vious couplers have bheen limited
to use with batteries capable eI high current (,, puts, thus making them unube.ihle
with the standard PRC-25- ,r )R(.7, crtabon-zinvx, .:r magnesium hatteries.

"* Ultra-linearity for compatibility with any desired transmission ,ole.

0 Low insertion loss an increased matching accuracy, allowing greater ,wer
delivered to the antenn,,



Operation insensitive to battery voltage variations.

* High power handling capability for a given size.

These benefits ve discussed an m•ore detail in a later section. It should also be noted here
that the techniques developed by Avco on this program are also vpplicable to other areas.
For example:

* Avco's piezoelectric capacitor provides a versatile electronic tuning element for
antenna couplers, wide dynamic range tuners, and pump VFO's anywhere in the
frequency range of 2 - 400 MHz.

* Avco's digital VSWR detector replaces four separate sensors in a normal power
amplifier-antenna coupler system. R is accurate over a wide range of RF power levels
and insensitive to line strays. The reduction in circuit complexity and ease of
reproduction provide a sensor system with greater inherent reliability for many
automatic tuning applications.

0 Avco's new simplified automatic tuning scheme requires only VSWR information to
tune. This provides assurance of tuning even extremely badly mismatched loads
since high reactance/resistance ratios are no longer a problem.

2.0 REQUIREMENTSL

The effectiveness of tactical communications can be greatly enhanced by the use of
automatic rapid tuning of the antenna matching network. This is especially true fc,r the
VHF packset. It has been severely handicapped by lack of automatic antenna matching in
the past. Avco has participated in field tests on Army VHF radio equipment which have
shown field strength degrada.ion of 6 - 10 db due to changing antenna impedances at a
fixed frequency caused by d&fferent environmental conditions or operator orientations. The
fact. that the packset antenna impedance can vary so much at a given frequency that a fixed
tutied network permits a degradatior, of this magnitude is just one of the problems that
Avco seeks to correct in its development of an all-electronically tuned antenna coupler
system.

An effective and successful development of the electronically tuned coupler will, of
necessity, be consistent with the primary objectives of the Army as defined in the
development sp'.cification.

Emphasis was placed on the development of ati exploratory development model unit of 30
- 80 MHz which is compatible with advanced miniaturized packset radio equipment.
Techniques discovered during this development that were applicable to a 2 - 30 Mhz
coupler were noted and analyzed toward their utilization in the extended range system.
Most of the requirements for this latter coupler concern parameters that must also be
considered for the 30 - 80 MHz ,ystem. The major differences, outside of the obvious ones
imposed by the extended frequency range, are a greater variety of antennas, linearity, and
higher RF power capability. These parameters, as well as those listed below, were
investigated in the light of present day component technology and a ccmplete design
specification developed for the extended range coupler. The most important of these
requirements are:1 2



* Accommodation of whip antenna impedance
* Linearity for SSB operation
* High matching efficiency
0 Tuning memory
0 Matching speed
• Low power consumption
• Matching accuracy
9 Matching sensitiviLy
* RF power levels
* Bandswitching
* Stabhility versus temperature and RF power

2.1 WHIP ANTENNA IMPEDANCE

The matching network configuration is determined largely by the antenna impedances
which must be accommodated over the operating range. These impedances are probably
better known by Avco than by others, both because of the company's extensive research
and development efforts in antenna design and measurements, and also due to measurement
programs conducted at Avw3 Electronics Division on packset whip antennas. One such
program was an experimental investigation carried out under an Army Contract,
DAAB07-67-C-0263, to determine the range of packset antenna impedances under actual
operating conditions. Techniques were developed to measure the packset whip impedance in
its normal field environment and without the influence of external measuring equipment
and interconnecting cables. Primary emphasis in the study was on three and four-foot whip
antenna characteristics in the 30 - 76 MHz range. A detailed discussion of the results of this
investigation, as well as other pertinent antenna characteristics, is given in Appendix A of
this report. Figures are shown which illustrate the ranges of antenna resistance and reactance
which likely will be exhibited by the specified antennas over their required operating
frequency range. The greatest problem of matching these impedances occur at the low end
of the 2 - 80 MHz range because the antenna has an extremely high reactance and relatively
low resistance (i.e., high Q) in this region. This characteristic is also true for a one-foot
antenna in the low end of the VHF range. Plots of the impedance characteristics of the
one-foot whip and the high and low Q extremes of the three and four-foot whips are shown
in figures 1, 2, and 3. The three and four-foot whip plots show actual field test data and are
representative of the high and low Q impedance extremes that these whips present under
different environmental c onditions and operator orientation.

2.2 LINEARiTY

Linearity of the antenna coupler is an important conicderation, even in couplers intended
only for FM radio set usage. Harmonics and spurious products should not be generated by
the coupler network; therefore, dhe tuning components used should possess good linear
characteristics. As shown in previous work (Technical Report ECOM-U101.1), the linearity
of a saturable reactor at a given power level is directly proportional to tae volImn, of the
ferrite used. Therefore, a definite trade-off can be established between coupler size and
weight and system linearity in a matching network utilizing saturable reactors. The
piezoelectric capacitor, since it is basicily a mechanical device, is inherently linear and
therefore has a distinct advantage in system~s requiring high linearity.

3
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The 2 - 30 MHz Coupler can use linear passive elements such as fixed powdered iron core
inductors and capacitors where electronically tunable elements are not available. If saturable
reactors are used in each arm of the'network, their circulating power-handling requirements
must be carefully determined by computer analysis (for a 40-watt system using all 'thcV • antenna impedances specified in the 2 - 30 MHz region). IT-ing this analysis, the ferrite
"volume is calculated and the reactors designed with the require i linearity specifications in
mind. Test results indicate that, as long as the reactors are 6perated below their calculated
power-handling capability, the predicted linearity is achieved. At the low frequencibs, wvhere
large inductances are needed to resonate the reactances of the very high-Q antennas, the
saturable reactors represent only a small percentage of thel 'total inductive reactance; thus,
their effect on overall linearity ,is negligible. At! higher frequencies, the antenia impedances
are better, less inductance is required, and circulating power-handling reqUirements are
considerably lower. Therefore, smaller volume ferrite cores can be used to achieve the same
linear behavior.

"2.3 MArCHING'EFFICIENCY

The network configuration 'is selected with minimization of component power losses in
mind. To this end, computer programs have been set up and run which enable the prediction
of insertion loss in each component of the network when matched into the various required
load impedances. Network component values have been selected to provide tuning
seqpences which minimize the inductance required to match given loads. The more efficient
a coupler is, the less pize anol weight it requires, since (especially in the cpse of ferrite
material) both power-handling capability and linearity are proportional to volume of the
material.

For the piezoelectric 'capacitor, power-hanidling canability is a function of' the voltage
"breakdown. Matching efficiencies can be extremely good because the unloaded Q of this
component is very high. The limiting factor here is rmechanical mounting configuration and
load length strays.

2.4 TUNINd MEMORY

Tuning memory of at least limited duration is necessary for compatibility with SSBi
operation and manual or automatic CW operation when the cat'rier is interrupted. What is
required is a memory system for couplers which will provide an indefinite memory capable
of maintaining the state of tuning during receive operation, as well as (luring the above
conditions. Once the rhatching network is tuned, iU will remain in this state until a new
frequency of operation is selected or the resultant VSWR rises above a predetermined value
due to an antenna impedance change. Technikues to accomplish this memory function have
been developed by Avco and have been utilized with success in two contracted programs.
One method uses a permanent magnet in conjunction with a saturable reactoy, the other
uses a pilot capacitor control loop together with the piezoelectric capacitor.

2.5 'MATCHING SPEED

One of the major objectives in thle development of an all-electronically tuned antenna
coupler is to achieve a tuning speed less than that obtainable with typical analog type
couplers with servo-motor tunt.d inmýuctors and capacitors. These systems should accomplish
very rapid tune-ups for the automatic coupler using picipelectric capacitors, Ohe all-static
coupler using saturable reattor,,, and thu combination binmiy-statiL couplur which emtploys•
programmer and logic system to swItch binary-related coils in addition to ,aturablc rea tonrs

I 7



or piezoelectric capacitors. Tuning speeds for these types of automatic couplers depend
greatly on the variety of different antennas and their impedance variations to be matched at
any given frequency. This, together with size, weight, and RF pwoer requirements,
determines the number (if any) of binary.related coils that must be used to complement the
variable tuning elements in the coupler network configuration. Thus, relay switching times
and logical tuning sequence, in addition to variable element tuning speed, become important
considerations in determining overall coupler speed. Tuning speeds for saturable reactors
depend upon the time constant of the control winding and associated circuitry, and the
number of tuning pulses necessary. Tuning speeds for the piezoelectric capacitor depend on
the digital increments used and the damped time response of the material.

2.6 POWER CONSUMPTION

Low power consumption can readily be achieved in antenna matching systems and is a
by-product of the techniques used for network tuning. The permanent magnet approach
used in the saturable reactor assemblies offers very low DC power consumption (in addition
to the previously described memory feature). The reactor control elements are pulsed
stepwise to either a higher or lower inductance using a permanent magnet to maintain the
desired state bias flux in the reactor. No nolding power is required. The relays employed in
the 2 - 30 MHz Coupler are the latching type which are momentarily pulsed for operation.
Again, no holding power is required to maintain the tuning state. The result of this
technique is a network that remains tuned in the "receive" mode without drewing any DC
power, and also requires very little actual tuning power because of utilization of the pulsing
method. Therefcre, a breakdown of coupler operation into receive, transmit, and tune
modes shows that no DC power is required in either receive or transmit operation and that,
during the short tune mode, power is drawn only in pulsed intervals.

Theo pilot capacitor control loop approach does require some "holding" power after the tune
cycle, but this can be on the order of only 10 - 30 milliwatts. On the other hand, this
approach does not require large current pulses during the tune cycle and is therefore
compatible with any battery type power source.

2.7 MATCHING ACCURACY AND SENSITIVITY

To achieve high tuning accuracy and good sensitivity, careful attention must be paid to the
selection and optimization of the RF sensors required for the couplers. The more sensitive a
system is, the greater the range of tuning powers it can operate with and the wider variety of
load impedances it can react properly to. In other words, in the case of a resistance detector,
sensitivity is the ability to provide a recognizable output indicating an Ro-circle crossing
even when the impedance has very high reactance-to-resistance ratios. This has an important

*' bearing on both system tune time and network component selection, since a sensitive
detector eliminates the need to avoid certain areas of the impedance plane during the tuning
sequence. Accuracy is also an important parameter for two major reasons. First, the greater
the accuracy of the detector, the fewer iterative processes will have to be used in the tune
cycle, thus shortening the tune t;me. Secondly, the better the match that is ultimately
achieved, the greater the power that will be transmitted.

8



2.8 STABILITY

Since usefulness of the electronic tuning concept depends upon having good stability,
careful consideration is given to the effects of temperature and power on component
characteristics. The major concern with the piezoelectric capacitor is susceptibility to
external vibration and resonance modes inherent in the particular unit. A control loop must
be employed to compensate for these problem.. The complexity of this loop is proportional
to the frequency of the vibration that must be compensated for. Avco's pilot capacitor
control method has been shown to be an effective compensation for any temperature
change or vibrational perturbation requirement for packset equipments.

Ferrites, on the other hand, are known to have properties which vary with temperature.
Thus appreciable effort has been devoted to a study of ferrite properties and methods of
stabilization. The two major sources of concern here are:

1. Ambient temperature variations
2. Self-heating of the component due to RF power losses

The ferrite type selected should be one that can maintain its permeability and Q throughout
a reasonable ambient temperature range. A fenite which suffers a sharp decrease in Q as
temperature rises is not satisfactory since it is susceptible to thermal runaway. The ferrite
used in the couplers has been thoroughly tested over the specified temperature range and,
while it does exhibit Q and permeability variations, the change is not radical and operation
at any point in this range would therefore be stable.

Self-heating of the ferrite due to RFP power losses presents a more serious problem. If the
ferrite is not capable of handling the power in a given situation, it will heat up to the point
where the inductance of the element will change enough to cause detuning of the coupler.
The seriousness of this consideration cannot be over-emphasized. If the matching network is
tuned up to the load (especially to a very high-Q antenna), it takes only a very Emall change
in inductance in one of the tuning elements to cause a large variation in input VSWR.
Computer analysis has verified this by predicting the change in input VSWR for different
AL's in the tuning elements for various antenna load impedances. With this information, it is
possible to predict the maximum AL that can be tolerated before more than negligible
detuning occurs. This data, together with the ferrite temperature characteristics, makes
possible a realistically stable design for the saturable reactqr assemblies. RF power levels of
50 watts have been handled readily in several applications with very high-Q loads with no
detuning effect.

2.9 MECHANICAL

The achievement of small size and weight is a desirable goal and was given considerable
attention during the program. Since much present development effort is directed at
miniaturized packaging of military equipment, it is not acceptable to utilize an antenna
coupler network in a radio that occupies a large percentage of the available volume. The
experience with the static coupler has demonstrated the fact that the 30 - 80 Mhlz Coupler
can be very small and easily adapted to light weight and compact sets. Emphasis was on
optimizing size and weight for the RF network portion of this coupler.

The logic portion of the coupler easily fits on one card, if hybridized, or it can be made
con 'iderably smaller if an LSI approach is used. The CMOS approach to LSI ,vould h1 very
small and also be optimum for power drain considerations.
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3.0 ACCOMPLISHMENTS

3.1 30 - 80 MHZ AUTOMATIC COUPLER DESCRIPTION

A block diagram of the 30 - 80 MHz Automatic Antenna Coupler developed on this
program is shown in figure 4. The deliverable unit is configured in a metal case with the
following connections:

0 RF Input - Mini-coax connector
0 RF Output - BNC connector
* Power Supplies - 9-pin plug-in connec' .
0 Bandswitch, tune lines - 9-pin plug-in connector

DIGITAL RF
SVSWR TUNING .•TO

DETECTOR NETWORK ANTENNA

VARIABLE

INTERFACE ELEMENT
LOGIC CONTROL

CIRCUITS

Figure 4. 30 - 80 MHz Coupler Block Diagrain

Avco's Automatic Antenna Coupler is a self-contained unit consisting of the following
subsystems:

0 RF Tuning Network
* Digital VSWR Detector
"* Variable Element Control Circuits
"• Interface Logic

A brief description of each of these subsystems will best illustrate the principle of operation
of the coupler system. A more complete analysis is given in a later section of this report.

3.1.1 RF Tuning Network

The RF Tuning Network consists of two piezoelectric capacitors, the fixed inductors, and
the switches necessary for the fixed inductors. The variable capacitors are still the basic
cantilever configuration as described in Technical Report ECOM-0101-2. The fixed
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inductors are high.Q powdered iron core coils used both in the series mid-section of the
7T-network and as loading coils on the output. The switches used in the network are TO-5
latching relays. A schematic diagram of this network is shown in figure 5. The network is
designed to have the capability to match a variable one to four-foot whip antenna anywhlere
in the 30 - 80 MHz range. It was tested with simulated antenna loads representative of the
impedance values previously shown in figures 1, 2, and 3.

As can be seen from the schematic diagram, the network is basically a ir-L type, with the
switched inductors in the output arm used as loading coils to resonate the high capacitive
reactance associated with the short whips. Each piezoelectric capacitor is really two
capacitors mounted back-to-back on the same substrate; this arrangement enables
achievement of the required 9:1 tuning range in each of the shunt legs of the network.

The network, as it now stands, is essentially the same as that used to obtain the breadboard
data shown in a later section of this report. The only changes made in the network since
then are minor mechanical changes made for the sake of mechanical stability and small
changes in the fixed coils (inductance changes made by varying the turns on some coils)
necessary to eliminate tu:ning holes which showed up in the breadboard tests.

3.1.2 Digital VSWR Detector

The Digital VSWR Detector Module contains the forward and reflected RF power sensors,
comparators, and digital encoding circuitry. It provides digital VSWR information to the
coupler logic during the tune cycle.

The final module of the Digital VSWR Detector is fabricated on a 3 x 4-inch printed circuit
board along with both of the capacitor control loops. The stripline directional coupler is
mounted on a separate boara *.irectly above it. A block diagram of this detector is shown in
figure 6.

The Digital VSWR Detector is the basic control unit in the closed-loop automatic tuning
scheme. It samples the forward and reflected RF power at the coupler input, transforms this
information into DC signals proportional to forward and reflected power, compares these
two signals to get a true indication of the reflection coefficient, and then encodes this in a
digital word for processing by the logic system.

3.1.3 Variable Element Control Circuits

Two capacitor control loops are utilized as a "memory" for the piezoelectric capacitors and
are designed to compensate for capiacitor variations due to material drift and environmental
conditions. The two loops were fabricated and then aligned with their individual capacitors.
These circuits are on the samc 3 x 4-inch printed circuit board as the Digital VS\VR
Detector.

A block diagram of the capacitor control loops is shown in figure 7. The basic concept of
operation is that of a closed-loop control system. A small capacitor (pilot capacitor) is
mounted on the same plate as the main RF capacitor. This pilot capacitor forms part of a
voltage divider which is fed from a low-level 1 MHz oscillator. This "pilot" voltage is
detected and used to provide a one-to-one relationship with the main RF capacitor. This
value is then used to set the final high.voltage operational amplifier drive level At the end of
the tune cycle this value is fixed proportional to the value of capacitance rc.,uired to tune.
Any deviation due to drift is then automatically compensated for by the generation of an
error voltage at the comparator output, which is then used to adjust the main capacitor
accordingly.
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RF POWER INPUT DIRECTIONAL , >• RF TO COUPLER

REFLECTED FV ORWARD
POWER V POWER

- AMPLIF -IE O R DETECTOR -W DETECTOR F AMPLIFIER -

CL.EAR

BINARY

CLOCK> SEQUENCER S OUTPUT TO

(20 PULSESI/WORD) STORAGE ,0o INTERFACE
LOGIC

Figure 6. VSWR Detector Block Diagram

3.1.4 Interface Logic

The coupler logic system contains control logic for the peizoelectric capacitors, the switched
fixed inductors, and interface logic with t'Vie outside world. In its breadboard form, the
entire lo';:c system was composed of approximately 120 discrete integrated circuits, 17 of
which were MSI functions. After consideration of the alternatives, it was decided to
fabricate the entire logic system in hybrid form. The discrete IC's were purchased in chip
form and mounted on 6 substrates which were, in turn, mounted on one printed circuit
board. It was also decided to have the six individual logic substrates and the system rrinted
circuit board laid out by computer by Electronic Graphics, Inc., of Dallas, Texas. Tile
discrete IC chips purchased were beam lead devices wherever possible.

The final logic system then consists of 126 integrated circuit chips (TTL, 5,100 series)
mounted on 6 substrates. The substrates are in turn mounted on a 3 x 4-inch board in tile
coupler package. All of the bonding and mounting work was accomplished in Avco's
Microcircuit Laboratory.
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3.2, COUPLER PYSTEM MECHANICAL.CONFIGURATION

The complete system is composed of three separate 3 x 4-inch boards (RF Network,
Detector-Control Loops, and Logic)' mounted on top of one another and one smaller (1-1/2
"x 3-inch) board containing the directional coupler mounted between the RF Network and
Detector-Loop boards. The entire system is enclosed' in an aluminum case which has the
following connections:

1. The RF input is, a miniature coaxial connector mounted directly to the directional

coupler board.

2. The RF output is a BNC type coaxial connector mounted on the coupler case and

hardwired internally to the RF Network board.

3. Power supply lines, ground lines, and tune cycle information lines are hardwired

internally to two 18-pin connectors mounted on the coupler case.

The entire Coupler System (including case) is approximately 2 x 3 x 4 inches in size.

3.3 'COUPLER SYSTEM OPERATION

Coupler operation can beexplained in the following fashion:

1. Actuation of the tqne switch in the presence of forward RF power initiates the tune
cycle. The tune switch was made external to the system for purposes of testing
convenience. In an actual system used with a packset radio, tuning can be initiated
whenever forward RF power is 'sensed. It is a simple matter to eliminate the tune
switch, since at present it is merely gated with the forward RF power indicator in
the logic.

2. The input VSWR (or reflection coefficient) is checked, If this VSWR is high,
indicating- a non-tuned system, the coupler tune command is given and the logic
resets all its storage elein.'nts.

3. Tuning proceeds by sensing the input VSWR, comparing it to the previous value, and
then taking th6 appropriate action. The tuning elements are always driven in a
direction coxresponding to a decreasing VSWR. When a null is reached (indicated by
going from decreising to increasing VSWR), control is transferred to a different
variable element. This process is repeated until the VSWR is decreased to a low
enough value to'be defined as a "tuned condition."

4.; The relay-switched output arm loading coils are always sequenced first. Once proper
"loading" is achieved, then the piezoelectric capacitors are incremented, starting
with the output capacitor, and going back and forth hetween the output and input
capacitors until tuning Is achieved. It is never necessary to go back to the output
loading coils after their initial sequencing.

3.4 COUPLER FEATURES

It was pointed out in the Introduction of this report that there are considerable advantages
inherent in Avco's 30 - 80 MHz Automatic Antenna Coupler. A partial listing of these
benefits include:
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Automatic matching capability for variable 1 - 4 foot whip
* Manpack battery compatibility
0 Linear
* High RF power handling capability
* Insensitivity to battery voltage fluctuations

These benefits are the results of significant technical accon',;Iishments made during the
program. These accomplishments are not restricted to syster-,• in the 30 - 80 MHz range,
but are applicable with modifications to the HF and UHF range also. The most important
program accomplishments include:

0 Development of an electronically variable capacitor as a practical tuning element.

9 Development of a digital VSWR detector which can replace four separate detectors
in a practical amplifier/coupler system.

0 Development of a new tuning method which requires only VSWR information to
tune.

* Development of a hybrid-package logic system which demonstrates the highest
density packaging in the industry.

The discovery and dcvelopment of the piezoelectric capacitor opened up entirely new vistas
for tuning networks. Considerna] effort was put into improving and refining the basic
cantilever-type capacitor tc the point where it could be a realizable tuning element.
Although there is still need for ir.niprovement, especially in the mechanical mounting and
configuration areas, this :Apacitor offers the following advantages for electronically tuned
networks:

• Good linearity

* Low :ontrol power
0 Small size &wad hogh weight
* Good •ovwer handlhi•g mapability
* Low l,)ss

This tuning element Logetner with its control "memory" ioop provides increased flexibility
in electrc nic taning applications. Its small size and ability to handle large powers, low loss
characteristicb, wid ultra-linearity make it ideal for many applications in addition to antenna
couplers.

The piezoelectric capacitor is especially well suited for couplers used with portable
communications equipment, since very low control currents are needed for tuning, thus
taking it compatible with any manpack battery. Automatic couplers developed prior to this
time all suffered from the problem of DC voltage sensitivity, i.e., successful tuning was
dependent on the battery voltage staying at a certain level during operation. This problem
was especially acute for operation with the magnesium battery because initial current drains
of any magnitude cause a considerable transient drop in DC voltage level. Use of the
piezoelectric capacitor eliminates thiL problem completely, thus providing the Army with a
coupler compatible with any battery.

Since it is essentially a mechanical device, the piezoelectric capacitor is extremely linear and
independent of power level. Thus, it can be used as an electronic tuning element in any
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application requiring wide dynamic rai.te a-.-' good linearity. Power handling capability is
limited only by the dielectric material theri'bore, the capacitor can handle very large RF
powers for a small size package.

The digital VSWR detector is the only sensor needed in an amplifier/coupler system. It
provides forward and reflected RF power ou-put. monitors which can be used in ALC
"systems or amplifier protective circuits. In addition, ;,he reflection coefficient output is the
only coupler tuning sensor required, elirainating the tweJ for detectors such as Resistance.
Phase, and Z.Magnitude.

Avco's Digital VSWR Detector features better than 1 per ,,:nt accuracy over wide RF power
levels, is easily reproducible because it can be placed anywhvlre on the RF liue and is not
affected by strays, and thus provides a versatile complete sensor system for many automatic
tuning applications. Use of this senscr system thus provides a reduO ion in circuit
complexity and therefore a better inherent reliability.

The detector is very accurate, even when sensing VSWR's at high reactance/resistance ratios,
since it can always obtain samples of forward and reflected RF power to translate into
usabk tuning information. Sampling is obtained from a stripline directional coupler, which
is easily reproducible, and this information ratioed and transformed in a small, compact
digital system to a digital "word" directly proportional to VSWR.

The new tuning scheme featuring the need for only VSWR information to tune provi'des
much greater accuracy and tuning reliability. The variable elements in the network are
scanned, searching only for minimum VSWR at the coupler input. Since a positive
indication of VSWR is always obtained for any point on the Smith Chart, tuning is assured
p'ovided only that the network elements have the necessary matching range. Operators no
longer have to worry about an automatic coupler "getting lost" during a tuwn cycle due to
lack of sensor information or other detector inaccuracies.

In addition to the above-mentioned accomplishments relative to the 30 - 80 MHz Coupler,
other techniques pertaining to automatic couplers were investigated in the initial phase of
the program. Two factors in particular stand out concerning couplers using saturable core
reactors as the variable elements. These are:

"* Development of a "zone-controlled" iterative tuning scheme for 'l1 .netwo-k couplers.
This technique eliminates the possibility of "getting lost" due to stray input
capacity between the network and the detector system. This. method is described in
dctail in Technical Report ECOM-0101-1.

"" Development of a current-control method for incrementing the pulses to a saturable
core reactor. This is also described in Technical Report ECOM-0101-1 and results in
elimination of the supply voltage dependency inherent in the ('c.iventional
voltage/time control method.

2.5 COUPLER PERFORMANCE

Test data was run on the 30 - 80 Ml 17 Coupler with the following results:
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"* Matching Capability 1 - 4 foot whip antenna (selected test
impedances are shown in figures 1, 2, and 3)

"* Matching Accuracy Sce figures 8, 9, 10 and 11

0 Insertion Loss See figures 12, 13, 14, and 15

* Tuning Time 260 milliseconds, maximum

* Power Handling 2 - 10 watts

Figures 1, 2, and 3 show plots of the nominal impedances of the 1, 3, and 4-foot antennas.
These impedances were simulated with a variable LC network connected to a 50-ohm
resistive load. Input RF power and power into the output 50-ohm load were monitored.
Figures 8 through 11 depict the coupler tuning capability by plotting input VSWR after
tuning versus frequency for each of the required antennas. Variations in antenna impedances
are accounted for by using two values for the 3 and 4-foot whips at each frequency. These
two values represent the extremes (high and low Q) of impedances that the antenna should
encounter and are based on field test data.

Tuning times were measured by adjusting the external clock frequency (located in the test
box) to 2 KHz and timing with a scope how long it took to tune. The clock speed was then
adjusted to 20 KHz and tuning capability checked. Theoretical tuning speeds of the coupler
are faster than those actually measured; however, due to the fact that the control luop had
to be slowed down to compensate for higher.order resonance modes in the capacitors, the
speeds were correspondingly slower (this problem is discussed in more detail in a later
section).

Reference to the tuning accuracy curves shows that accuracy was not as good as should be
expected. This was largely due to three reasons:

1. Reset Problems: A synchronization protLem was found in the initial part of the
tune cycle. When the tune cycle was initiated, all of the logic systems were not
always reset properly. This caused the logic to give an extra pulse or two after the
coupler had reached its best tune point, resulting in a final input VSWR which was
worse than that actually achievable. Part of this problem seemed to be in obtaining
the proper supply voltage turn-on synchronized with the tune button. Another part,
however, was due to an IC chip in the logic with a marginal trigger threshold. It was
decided not to attempt to attack this problem because of the difficulty of working
with the chip-and-wire hybrid logic system.

2. RFI Problems: Undesired RF signals were definitely getting into the capacitor
control loops and thi VSWR detector, causing erroneous information to be
transferred to the logic This problem was cspecially severe above 60 MHz. Although
considerable decoupling circuitry was added, the problem was never completely
solved.

3. VSWR Detector Response: The forward and reflected power detector response
curves were not perfectly matched in spots (especially the high band). Unless these
response curves are well matched, inaccurate VSWR data will result.

18
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Two other areas where improvements can be made in the present system are insertion loss
and power consumption. The loss in the high band is higher than expected due to the strays
associated with the capacitors. The present system requires approximately 10 watts of
control power, most of which is in the logic system. The interface logic power is only
necessary during the tune cycle, which is only a small percentage of actual transmit time in a
real situation. In this unit, however, an end-of-tune automatic shut-off was not
incorporated. In any model to be used with a packset this automatic shut-off would be
incorporated, leaving only a "holding" or memory power consumption of about 50
milliwatts. Even this value can be decreased by modification of the control loops.

3.6 IMPROVEMENTS

Avco feels that the concept of a realizable capacitively tuned coupler has been proven on
this program. Faults still exist in the present Demonstration Model; however, these are just
faults with this particular model and not with the c: ipler concept as a who!e. A description
of the areas that need improvement and what can be done is the purpose of this section.

3.6.1 Power Consumption

The logic system should be (lone in CMOS. This will reduce the logic power drain from the
present 10 watts to approximately 5 milliwatts. Under these circumstances it can either be
left "on" all the time, or still automatically shut off at end-of-tune cycle as previously
mentioned. Power for the capacitor control loops then becomes the largest item. This can be
reduced considerably by making a very slow loop (just enough to compensate for Lapacitor
changes due to temperature, manpack vibration requirements, and material creep) and
switching : this loop only after the tuning cycle is nearing completion. In this way, it is
conceivably p• issible to reduce the loop memory power to around 15 milliwatts.

3.6.2 Tuning Speed

As mentioned above, if the capacitors are run opc.;-loop (luring tuning, they can then run
close to their theoretical maximum (a clock rate of 200 KHz). A memory loop is really not
necessary during the tune cycle - only afterwards. The only closed loop needed during
tuning is the loop containing the VSWR information - capacitor drive voltage.

3.6.3 Tuning Accuracy

The greatest inhibiting faLtot here is RF interference. The other problems mentioned adbve
(reset and VSWR response matching) can be solved by proper circuit adjustmen'ts. The
coupler, utilizing the VS\\.I. tuning scheme, should tune as accurately as the netW ork alho(ms.
There are two ways to implement an end-of-tune. The first is to set a V'SWR threshold
(1.3:1, for example) and then stop the tune sequence as soon as the sensor sees that the
input impedance gets within the 1.31 circle. The second approach is to let the toupler tune
until the capacitors run L.ompletely through the smallest increments. This N ill alh•aý.s result
in the most accurate "tune point", although the I uning speed will be slightly longer.

3.6.4 Insertion Loss

A different mechanical mounting configuration should bw made f. r the tapa, itors. Thie Q ,f
the capacitor by itself is quite high, however, strays associated %%ith mounting lko , the
overall Q considerably. The uapac,tor leads were shortened as muLh Is pOs.sibl, In the
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present model (from the breadboard) but, since the same network was used in both the;
breadboard and the final unit, no major mechanical changes could be made.

3.6.5 Size and Weight

A number of things can be done to reduce the size, and therefore the weight, of the present
coupler model. Among these are:

1. Fabricate the entire logic system in MOS LSI. This would completely elim-Iate one
of the three circuit boards in the present system.

2. Simplify the capacitor control loop as mentioned before. In this fashion, the logic
wafers, VSWR detector and control loops could be placed on one board.

3. Remount the capacitors. Presently, the two capacitors are mounted on a foam
rubber type pad which adds considerably to the overall height of the system. This
was done to provide some isolation (to decrease susceptibility to resonant
vibrations) between the capacitors and the circuit board.

In addition to these, when the coupler is used in conjunction with a radio set, a complete
case such as presently used will not be necessary. Provision should be made for a shield and
that's all.

The present case also is about 1/4 inch longer than necessary in order to accommodate the
connectors used with it. This also would not be necessary when the coupler is used together
with a complete radio system.

4.0 DETAILED DISCUSSION

A detai!hd discussion of both the investigative work on the program and the development
effort on the 30 - 80 MHz Coupler can be found in the earlier reports (ECOM-0101-1,
0101-2, and 0101-3). This information will not be repeated here; however, a brief summary
of the topics covered, together with some discussion of the more significant results, will be
given.

4.1 PROGRAM EFFORT

4.1.1 Initial Program Goals

Primary emphasis on the program was put on the development of a 30 - 80 MHz Antenna

Coupler. This unit would incorporate an LSI package for the logic and would physically
represent, as close as possible, a final mechanical design compatible with a smpill packset
radio.

4.1.2 Initial Program Approach

Original program approach centered around constructing the 30 - 80 MHz Coupler using
saturable reactor technology. At that time, permeability tuning was thought to be the
optimum electronic tuning technique for this type application. Since the components for
this technique were well defined (and also being concurrently studied under a materials
analysis contract at Avcoj, only minimal effort was to be devoted to component
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development on this program. Major emphasis would be placed on developing improved
techniques in the assopiated areas of networks, detectors, and logic systems.

4.1.3 Initial Program Effort

Initial effort on the program was concentrated in three areas:

1. Analysis of ferrite temperature characteristics in an effort to determine an optimum
thermal saturable reactor configuration: Heat rise and inductance drift of the
saturable core reactbrs were plotted against RF power dissipation for different yoke
assembly heat sinks. Computer analysis was used to determine worst-case
dissipations in any network inductor for a gven antenna. From this analysis and the
thermal dita, the optimum ferrite size and yoke configuration were determined for
the coupler saturable reactors.

2. Analysis of RF netwurk configurations in an effort to determine the
minimurn,-element saturable reactor network: Extensive computer effort was made
to determine element values, insertion losses, node voltages, and branch currents for
eajh antenna over the frequency range.

3. Development of a "current-control" technique for the saturable reactor pulses: A
method was developed which enabled more accurate control of the DC pulses used
to vary the saturable reactor's inductance in an attempt to remove some of the
dependence of the satur-able reactor system tuning on input DC supply voltage level.

A more extensive discussion of these efforts is described in Technical Report ECOM-0101-1.

4:1.4 Piezoelectric Capacitor Initial Effort

Discovery of the piezoelectric capacitor early in the program opened up a completely new
area for investigation. As a potential tuning element, this capacitor offered maoy advantages
ýs previously outlined in this rýport. Because of the promise this cmrnponent had for this
particular application, it was discussed with ECOM and a common conclusion was reached
to investigate it further. Since this represented a w hole new area of component technology,
an extensive effort had to be planned in order to incorporate the capacitor alto a realizable
antenna coupier. This investigative effoTt had to be, by necessity, much longer than the
minimal component study effort originally l)lanned.

Effort in tihe other program areas of networks, detectors, and logic systenm, since these are
all dependent on the variable tuning element, had to be delayed until the characteristics of
the piezoelectric capacitor were better defined. Therefore, the entire study phase of the
prograrp was extended in order to aLcommodate the additional effort required on the
piezoelectric capacitor.

4.1.5 Study Phase Effort

During the remainder 9 f the stud• phase, primary emphasis was placed on an analysis of the
piezoelectric capacitor from the standpoint of its alphlcahiiht to thie Elhttronicallý Tuned
Arntenna Coupler System. Capacitai ce range, Q-factor, and dielectric materials were
investigated for different configurations. Differcnt biasing methods \ vrc also studicd. A
closed-loop control system was devised to compensate for en'ironimental effetts and to
provide a system men'•ry.
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The original work and plans in the associated areas of networks, detectors, and logic, since it
was based entirely on a saturable reactor type system, had to be either considerably
modified or changed completely. The results of the new work in these areas can be
summarized as follows:

* A new network was designed and all the significant parameters established through
computer analysis.

0 A new tuning method was established, which depended only on VSWR information
in order to execute a successful tune cycle.

0 A digital VSWR detector was developed to be compatible with a digital tuning logic.

* A control loop was developed for the capacitor which would compensate for all
disturbances.

At this point, preliminary design work had been accomplished in all the above-mentioned
*. areas. The new tuning method has been computer simulated and looked good. The test

capacitors on hand had exhibited a low enough mechanical Q to assume compatibility with
the control loop. It was therefore decided that, although a schedule slippage was
unavoidable, the program could be completed without any increase in funds provided no
problems of any magnitude developed during the initial development phase.

4.1.6 Initial Development Effort

The digital VSWR detector was breadboarded and tested. During this effort two problems
were encountered:

1. Since the Coupler had to tune over a 2 - 10 watt range, the correct ratio of forward
to refNected power had to be maintained exactly for similar VSWR's independent of
the 'AF power level. In order to assure this, operation had to be in the same region of
the peak detector diodes (either the linear or the square-law region) over this power
range. A redesign effort was necessitated to determine the optimum coupling level
between detector and RF line; also, a diode investigation was undertaken to find
units having a wide "predictable" region. The original idea of using a pad in the
forward power line during a tune cycle was disgarded because of system complexity
and because it restricted the versatility of the detector. Therefore, the peak detector,
directional coupler, and D/A converter interface circuitry had to be modified before
the problem could be resolved.

2. A special D/A converter had to be found that would handle a variable reference
voltage (in this case, the reference is the forward RF power sample which varies over
a 5:1 range).

The initial effort on the capacitor control loop emphasized loop speed in an effort to
develop as much compensation for environmental effects (especially vib)ration). A loop was
developed having a 1 KHz unity gain frequency which worked very well with the test

_ •capacitors. This loop was then redesigned for minimum power consumption and
performance was verified with the test capacitor.
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Two new capacitors were then made for the RF network breadboard. Initial tests on these
models disclosed a much higher mechanical Q than possessed by the test models. This led to
the following problem:

The capacitor control loop would not lock-up since higher order resonance modes of
considerable magnitude were discovered in the capacitor (th,•y were unnoticed
previously because of the lower Q models). These new resonance .iodes appeared in
the 1 KHz - 2 KHz frequency range, or right in the area of the loop unity gain
point.

The only immediate solution to this problem involved lowering the loop unity gain point to
reduce its speed; however, this not only reduced compensation needed for external vibration
but also led to longer tuning times. In order to really solve the problem, a two-pronged
approach had to be undertaken:

1. Investigate the piezoelectric material to determine how to fabricate capacitors
having lower mechanical Q. In this line, different types of dampiag material,
different material sizes and thicknesses, and different mounting configurations were
studied.

2. Study tl, ý effects of compensating networks, e.g., active-element notch filters, on
the capacitor control loop response.

Because of this control loop problem, a complete automatic system could not be assembled.
However, the networit was built up and manually tested with the VSWR detector. In this
fashion, tuning rang, and other static system characteristics could be analý zed. Initial tests
proved the accuracy of the new tuning approach. but pointed out, however, the following
two problems:

1. The phtiysical placement of the capacitors on the RF network board led to excess
stray capacitance, which restricted the tuning range because the necessary minimum
capacitance could not be achieved.

2. The pie-oelectric relays developed by Avco and used as the switches in the RF
network requirvd readjustment after initial use. Further study of the force - control
voltage characte:istic for these relays was necessary to assure reliability. Also to be
resolved was an apparent contradiction with the manufacturer's data on the
material's deflection versus applied voltage characteristic. In the mean time, it was
decided to use small commercial latchik.,1 relays while the above investigations were
going on.

These problems necessitated not only a neN RF network lht3 out and fabrication, but also a
study of pertinent relay parameters (especially loss, contact capacitance, and switching
time) of commercial latching relays.

4.2 BREADBOARD ANALYSIS

After fiturcation of a tic,\ network using TO-5 latching relays, the control loop'.i speed was
reduced considerably, thL VSWR Detector and intertace logit system were te:.ted, and the
complete coupler breadboard was assembled and tested. Tuning data into the simulated
antenna loads is shown in figures 16, 17, 18, and 19 This data reflects the complete
breadboard, with a discrete IC logic system, operating in an automatic mode.
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4.3 REDESIGN EFFORT

A redesign effort was iniiiated to consider the problems brought to light during the
breadboard tests. A summary of the work in this phase is as follows:

0 Tuning Capability: The VSWR Detector forward and reflected power curves must
be closely matched (versus frequency) to insure accurate tuning. This was done in a
separate adjustment. It was also important to isolate actual "tuning" problems from
RFI induced problems. Therefore, a thorough analysis of the decoupling and
shielding requirements was made. The values of the mid-section series inductors were
changed to increase the network matching range and eliminate the "tuning holes"
that showed up in the breadboard tests.

0 Insertion Loss: The piezoelectric capacitors were remounted and leads shortened
as much as possible to help alleviate the low-Q problem at the high frequencies.

* Tuning Speed: Due to the higher-order resonance modes (discussed in Technical
Report ECOM-0101-3) of the present configuration piezoelectric capacitor, the
control loop speed had to be cut back considerably. This was the only way, other
than an entirely new capacitor configuration, to guarantee closed-loop stability
during tuning. Therefore, the clock frequency was reduced from 200 KHz to 20
KHz. Lowering the loop speed has another undesirable feature, namaly, attenuation
to external vibrations is reduced. However, it was found that the capacitor resonance
modes vary greatly from unit to unit and with mounting configurations. Therefore,
the control loops could not be standardized with the "fix" and still maintain high
speed. The only real solution was an entirely new capacitor type.

The other factor affecting tuning speed is the setting of the VSWR "stop". The
system can be adjusted so that tuning will automatically stop whenever the input
impedance gets within a predetermined VSWR. Tuning time will vary, depending on
the input accuracy required, i.e., a poorer match requires less time than searching for
the "optimum" match (which the system will do if allowed to run without a
"stop").

From the above it is obvious that the major decisions involved the piezoelectric capacitor.
The analysis of the capacitor from both a packaging and performance viewpoint assumed
that:

1. The entire unit (capacitor plus mounting brackets and leads) must not resonate in
the band of interest.

2. The unit must be isolated from the network board to maintain control loop
stability.

3. The unit must fit into the original package area-wise (3 x 4 inches).

It was decided to use the original capacitors in the final model (building a "new
configuration unit" had a severe time risk, and there was no guarantee of improved
performance) and to find a mounting arrangement that minimized insertion loss while still
maintaining stability. Therefore, the final configuration is a compromise in that a foam
rubber isolator is used with each capacitor, which still required the RF leads to be slightly
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longer than desired due to the elevated mounting. However, as was previously mentioned,
the control loops are very dependent on the capacitor mounting configuration, especially if
the capacitors are not sufficiently isolated from the board.

After ascertaining that the breadboard logic system was functioning correctly, tile system
drawings and specifications were updated prior to building the final model. Original plans
were to put the logic into an LSI configuration. However, after discussion with different LSI
vendors (Collins, Motorola, General Instrument, and Solid State Scientific), the average
quote for dlevelopment of monolithic LSI came to two or thzee wafers with the total cost
being too great for the program. Bipolar LSI was also considered. Texas Instruments was
contacted concerning the applicability of their DRA (discretionary routing approach).
However, their approach also required three packages to ensure doing the job.

Since the cost for either of the above approaches exceeded the budget, another had to be
found. The major objectives here were to maintain the original concept of a small package
and still ensure a timely delivery schedule within the budget.

It was then decided to utilize the hybrid approach, whereby the individual IC chips would
be purchased and used to build up the logic system in hybrid packages. This approach would
not only enable meeting the budget rj-cui-lrements, but would also still enable utilization of a
small overall system package since it was determined that all of the chips could be mounted
on one 3 x 4-inch board. The chips would be purchased and mounted by Avco's
Microelectronics Laboratory into a small number of individual substrate packages. These
packages would then be mounted on a master printed circuit board used for the complete
logic wiring.

4.4 FINAL DEVELOPMENT PHASE

The work effort on the Exploratory Development Model was broken down into the
following phases:

0 Layout Phase
0 Fabrication Phase
0 Module Test Phase
* System Test Phase

4.4.1 Layout Phase

This phase included mechanical layout and release of all the modules and the overall system
assembly. Layouts for the VSWR detector, control loops, and system were completed
in-house. It was decided, however, to have the lyout for the entire logic system (including
the VSWR detector logic) done by an outside source whose major field wab computer layout
techniques. Because of the circuit complexity, it was felt that a considerable savings could
be achieved by this means. Electronic Graphics of Dallas, Texas, was selected as the vendor
for the layout work. This effort was to include not only the layouts for the individual
substrates (containing the IC chips), but also the printed circuit board for the overall
system.

Therefore, effort during this phase was mainly directed towards partitioning of the logic,
finalizing the substrate package sizes, and determining test procedure: for the individual
packages. It was finally decided that six individual packages were requiired for all the IC
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chips in the system. After interfacing with the vendor, it was also determined that both sides
of the logic board would Y ave to be used, since, in addition to the six substrate packages,
three D/A converters and the clock circuitry had to be mounted on this board.

Initial contact with Electronic Graphics was made during the last part of May 1.971. The
finished partitioned logic drawings were delivered during June 1971. Promised delivery dates
for all layout items were six weeks to two months.

4.4.2 Fabrication Phase

The VSWR detector and capacitor control loops were fabricated without any difficulty.
Work on the logic system was proceeding slowly due to a delivery delay in receiving layouts
from Electronic Graphics. The individual substrate layouts were being sent in one at a time,I + the first one being received at Avco the first week of August 1971.

In the meantime, it was decided to utilize beam lead type IC chips in the logic wherever
possible. A beam lead is simply a chip with pre-attached wires, or beams, connected to the
active elements. Ultimately, these wires are bonded to the passive hybrid components. The
conventional assembly steps, such as wire bonding, probing, and die bonding are virtually
eliminated, as the attaching process is completed in one step. The result of using beam lead
chips is higher reliability and much easier assembly and repairability.

Some of the IC chips, however, were not available in beam lead form. The majority of them
were available and they were ordered for use wherever possible. Motorola is the vendor
supplying the IC chips, beam lead and conventional IC.

The total logic network contains 126 (5400 series) IC chips mounted on the 6 individual
substrates. These substrates are made up of 4-conductor and 3-dielectric layers, averaging
approximately 25 chips per 1-inch by 3-inch area of substrate. This represe,.its probably the
highest density of hybrid circuitry achieved in the industry. The entire system, mounted on
the 3 x 4-inch board, represents a size reduction of about 6 to 1 from discrete to hybrid.

4.4.3 Module Test Phase

This phase included test and alignment of the Capacitor Control Loops and the VSWR
Detector. After fabrication of the logic wafers, they were DC tested, but they were not
completely tested for timing errors.

After assembly of the six wafers on the parent board, the complete logic was tested and
debugged. The test setup included a bank of lights to monitor the digital "word" from the
VSWR Detector, a bank of lights to monitor the output fixed coil register, and a test fixture
which allowed pulsing the logic slowly, one at a time, with provision to stop anywhere in
the sequence to accurately check logic sequencing and aid in troubleshooting.

One problem that arose during the testing of the logic was a heat problem which prohibited
testing for long durations of time. About 10 watts was drawn by the total logic system, and
this was all concentrated on the one small board. No method of heat binking or heat removal
was found practical. Even forced air cooling was ruled out since this caused condensation to
form on the glass cover enclosing the logic. Therefore, extreme care had to be exercised
during the troubleshooting stage in order not to overheat the logit, And cause any permanent
damage to the chips. Many chips had to be replaced as it was, either because they were
defective to begin with or because they were damaged in probing
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4.4.4 System Test Phase

The final program effort was a system test phase, the results of which have already been
described in the first section of this report.

5.0 CONCLUSIONS AND RECOMMENDATIONS

The concept of a realizable capacitively tuned antenna coupler has been proven on this
program. The piezoelectric capacitor has successfully demonstrated its usefullness as an
electronically controllable tuning element. The test results on the deliverable coupler system
have illustrated the successful integration of many new concepts, among them being:

* The piezoelectric capacitor
* The digital VSWR detector
* The "one-detector" tuning scheme
* High-density ihybrid logic packaging

The overall design approach for this coupler had a number of difficult system problems
(which were not resolved in previous couplers) to consider. Among these were:

1. Matching a variable one to four-foot whip with its many impedance variations due to
environment and operator orientation.

2. Compatibility with all types of manpack batteries. This included the problems of DC

voltage fluctuation, voltage transients, and power consumption.

3. Ability to tune over a varying RF power range.

4. Linear operation.

5. Small size and light weight.

6. Fast tune time.

These were the major requirements on the coupler system - no system in tile past had been
developed to handle satisfactorily all of these design considerations. Avco's del.verable
model demonstrated the feasibility of a coupler to meet all of these requirements. Becaus.e
of the newness of many of the design concepts, though, there is room for mprovement in
the demonstration model as it now stands. Refinements have been made in somc techllitlue.,,
in order to correct problems in the first model. These suggested improvements include.

1. Power Consumption: Total power drain could be reduced to about 20 milhw|tts
by making a CMOS logic and a slow memory loop (paragraph 3.6.1).

2. Tuning Speed: The capacitors could run open-loop during tuning, %\ith the slow
loop switched in as a memory after tuning is completed (paragraph 3.6.2).

3. Size and Weight: With a CMIOS logic and a simplified control loop the logic, loops,
and detector can be on one board (paragraph 3.6.5).
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APPENDIX A

ANTENNA CHARACTERISTICS

A-I. TYPES OF MANPACK ANTENNAS

The types of whip antennas specified in ECOM Development Description
EL-CP0000-0047B, paragraph 3-2, are typical of those used with manpack radios. The
9-foot and 6-foot whips are electrically short monopoles at the lower frequencies - from 2
to 4 MHz for the 9-foot whip and from 4 to about 15 MHz for the 6-foot whip. By
commonly accepted definition an electrically short antenna is one whose length is less than
X/10. Such whips exhibit very high capacitive reactance, as discussed below, which is
aggravated by the need to keep the whip diameter very small to achieve flexibility and light
weight.

A-2. WHIP REACTANCE

The typical packset whip consists of a No. 22 copper conductor or six No. 30 conductors
embedded in a fiberglass envelope which supports and protects the conductors. The .small
effective diameter of the antenna conductor results in a very large ratio of I/D, length to
diameter, which controls the characteristic impedance andI reactance of the radiator.
Equations A-1 and A-2 give the value of input base reactance and characteristic imrlwdance
for a short whip.

Zo = 60 [h, (4•L-I ohms (A-1)

X - Zo cot (27r L/X) ohms (A-2)

where:

L = antenna length
D = antenna diameter

= wavelength

As an example, the Zo and input reactance of the 9-foot whip at 2 Mllz, assuming an
effective conductor diameter of 1/16 inch are:

Zo 470 ohms from equation A-1
X = -4060 ohms from equation A-2

SIn the practical situation, the base reactance of a short whip is somei hat less than the valie
calculated from equation A-2 because of a shunting capacity at the base. This is present
because the insulator which supports the whip introduces an additional capacity of several
picofarads. The effect of this shunting capacity is to reduce the apparent input reactance
and resistance of the antenna and can readily be calculated for a given antenna.
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A-3. WHIP RESISTANCE

The antenna resistive component is made up of the radiation resistance which produces
useful radiated power and the loss resistance which is made up of ohmic losses and ground
losses which dissipate RF power. The radiation resistance is related to antenna electrical
length by equation A-3 which holds for a short whip radiator.

Rr = 400 11 N2ohms (A-3)

At 2 ,MHz, the 9-foot whip has a radiation resistance.

Rr 0.13 ohm

which is appreciably less than the loss resistance which exists at this frequency in a manpack

whip.

A-4. IMPEDANCE RANGE UNDER OPERATING CONDITIONS

The expected range of antenna resistance and reactance for the specified antennas over the
frequency range is shown in figures A-1 and A-2. These values are the result of data
measured by Avco Electronics Division on a number of similar packset whips. The effect of
a shunt capacity (about 5 pf) at the base insulator is included. The range of values at a
specific frequency is primarily the result of variations which occur as the operator moves,
bends, stoops, or lies down. Variations can also result from todily differences from operator
to operator and different conductivity of the ground over which the operator is moving. The
coupler networks were to be designed to accommodate the entire range of resistance and
reactance variation, shown in figures A-1 and A-2, which is considerable.

Referring to figure A-i, the wide variation in antenna resistance may, at first, seem
unexpected. However, the typical packset whip exhibits such a large and variable input
resistance because it lacks a sufficient counterpoise system for efficient operation. The only
counterpoise permitted with the tactical manpack antenna is the radio set enclosure, -'hich
is too small to give good efficiency or stability. Some insight into this problem can be
obtained by use of figure A-3 which shows the equivalent circuit of a manpack radio,
antenna, and operator. RF currents in the antenna and radio set enclosure couple into the
operator and ground in a rather complex fashion. Large variations in antenna impedance can
occur because the circuit impedances of figure A-3 are highly variable.

A graph of radiation resistance versus ;requency for the specified whip antennas is given in
figure A-4, which also shows the typical loss resistance expected with a packset whip
operated on a man's back over average soil. It is evident that the radiation resistance is much
less than the loss resistance at frequencies up to about 20 MHz and thus the radiation
efficiency of the antenna is quite low until the whip length is greater than about X/8.

The loss resistance plotted in figure A.4 includes ohmni losses in the whip conductor, loss
due to the imperfectly conducting ground, and loss due to currents which flow in the
operator's body. The conductor loss is generally much smaller than the other two loss
components for manpack antennas. This has been determined by a series of extensive
measurements conducted by Avco E'ectronics Division, btarting in 1958 and extending over
a period of several years during which a number of different manpaLk and portable antennas
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have been measured. These measurements were carried out in conjunction with development
programs for the AN/PRC-42 (2 - 12 MHz), PT-5 (28 - 68 MHz), AN/PRC-70 (2 - 76
MHz), AN/TLQ-17, and Independent Research and Development Programs (IRAD) on
electrically small antennas.

A previous packset antenna study was undeitaken to determine the range of pa,-kset
antenna impedances under actual operational conditions. This information was necessary in
order to design the automatic antenna matching network that was develope,.d for a new VHF
radio. The mea,,urement techniques developeu f• r this task allow the antenna impedance to
be determined in the normal field environment and without the influence of external
measuring equipment and cables. All of the RF bridge circuitry, signal source, and DC
battery supply was located within the packset housnig. Measurements were made over the
frequency range of 30 to 76 MIlz and pertinent results for a 3-foot and 4-foot whip are
given in table A-1.

A-5. EFFICIENCY AND RADIATION PATTERNS

An estimate of radiation efficiency, assuming the transmitter is matched to the antenna
impedance, can be made by use of figure .4.4, which shows radiation resistance and typical
loss resistance. The estimated radiation efficiency ranges from about 1 percent at the lower
frequencies to more than 50 percent above 30 MHz. It is important to note that even above
30 MHz the efficiency may be very low (i.e., 5 to 10 percent) if the antenna is coupled
heavily to the operator's body. In this situation, the operator's body may be dissipating
most of the RF power and communication range will be appreciably less than expected.
Also, some hazard may exist to the operator if the transmitter power level is more than a
few watts.

The rather heavy coupling between radio antenna and operator will also result in some
radiation pattern distortion. The human body has a resonance in the range of 60 to 80 MHz
and acts as an antenna director below this frequency. That is, the radiation pattern will be
strongest in front of the operator if the packset is carried on the operator's back. The
front-to back ratio may be as high as several db at frequencies around 40 to 60 MI-lz due to
this effect. The magnitude of the effect depends upon the operator size and
anterna-to-operator coupling. In general, it i~s far better to reduce this coupling by raising
the whip or using a higher frequency %here the coupling is less and the overall radiation
efficiency will be greater.



Table A-1. Me,

NO. 1 NO. 2 NO. 3 NO. 4 NO. 5 NO. 6

"OPERATOR OPERATOR C
2 STANDING STANDING S

OPERATOR OPERATOR OPERATOR OPERATOR WITH BACK 3 FT FROM 3
SSTANDING STANDING STANDING STANDING 2 FT FROM 40 FT POLE 4

TEST Z ON DAMP ON DAMP ON DRY ON DRY VEHICLE, STRUCTURE, S
SGROUND WITH GROUND WITH GROUND WITH GROUND WITH DRY GROUND DAMP GROUND f

CONDrI iONS G HELMET ON HELMET OFF HELME'I ON HELMET OFF AND HELMET AND HELMET ofil

.4 (OPEN FIELD) (OPEN FIELD) (OPEN FIELD) (OPEN FIELD) ON ON C

_ RJX R X R X R X R X

30 49 -397 51 .417 50 -407 64 -455 54 -437

33 28 .319 31 -359 24 -279 28 .319 21 -299

M U 37 23 .264 21 .244 24 .274 25 .284 28 .268
.. ,MEASURED- _ - _ --

IPDNE42 118 -279 193.0 -286 81.1 .237 121 -186 72.7 -260 7SIMPEDANCE -- - - ___ - ___

50 113 -195 113 -196 118 .204 114I .206 108 -187 116 -193 1
OF WIIIP - ___._ - i_

56 29.8 -119 36.0 -118 35.8 -125 33.6 -110 33.6 -110 29.5 -118 3
ANTENNA

F 60 16.4 -104 18.4 -104 14.3 -102 23.4 -101 21.8 -103 36.2 -135 1
3,.32IN.DIA•x 3 FT LONG - -- -- -.... - ____ - .

65 12.1 -86.2 13.5 84.9 12.4 -88.1 14.9 -84.7 17.9 -84.1 17.4 -89.3 1

70 8.97 .46.1 12.6 .50.5 9.4 -53.2 8.8 -553 12.8 .51.4 17.9 -52.0 1

76 24.8 -3.5 18.4 -4.6 20.9 -1.5 23.6 -4.2 25.7 -4.1 19.8 -3.1 2

30 26 -299 29 -329 29 -329 38 .308 33 -318

33 21 -239 35 -252 18 -254 30 -248 31 -253

37 23 -189 20 -189 30 -213 21 .204 20 -229N MbA~bRED - _ _ --- _ _-

I D 42 57.8 -204 54.1 -203 30.3 -179 37.6 -164 37.5 .198 3
hIMPEDANCE- - ___ --- ___ -- ___-

OF 50 69.8 -92.6 73.0 -90.1 1.6 -91.4 72.4 -89.4 83.4 -86.3 70.5 .97.1 7
SOFW\IIIP - ---- ___ -- ___

56 66.2 -30.9 66.2 -30.9 67.7 -34.5 63.0 -34.9 85.3 -34.5 64.5 -52.2 6
ANTENNA

60 32.8 .37.7 33.1 -32.0 39.6 -410 38.2 .41.0 41.3 -36.1 136.7 -35.4 4
3132 IN. DIA 4 FT LONG -

65 40.1 +36.1 36.7 +42.3 46.3 -34.9 53.0 +28.2 54.6 +31.5 53.9 +28.6 4

70 72.3 +148 65.1 +146 73.1 +143 71.5 +146 95.3 +147 75.7 +126 8

76 373 +302 336 +314 309 p299 347 +302 316 +229 320 +288 3

NOTE: All values• ~4•.
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Table A-1. Measured Terminal Impedances of Small-Diameter'Whip Antenna

NO. 4 NO. 5 NO. 6 NO. 7 NO.8 INO. 9 NO. 10 NO.'11

OPERATOR OPELATOR. OPERATOR OPERATOR I

STANDING STANDING STANDING KNEELING ON
R OPERATOR WITH BACK 3 FT FROM 3 VT FROM OPERATOR OPERATOR DAMP GROUND
G STANDING 2 FT FROM 40 FT I 'LE 40 Fr POLE PRONE ON DRY PRONE ON WITH HELMET

ON DRY VEHICLE, STRUCTf'RE, STRUCTURE, GROUND WITH DRY GROUND ON, ANTENNA
WITH GROUND WITH DRY GROUND DAMP G0.,)UND DAMP GROUND IIELMET ON, WITH'1 HELMET ABOUT 60W RADIO SET
ON HELMET OFF AND tELMET AND IIELrX I AND HELMET ANTENNA ON, ANTENNA ANGLE WITH SLiTING ON
LD) (OPEN FIELD) ON ON OFF VERTICAL HORIZONTAL GROUND DAMP GROUND

R X R X R R X it X R X R X R X,

64 .455 54 43 32 .308 28 -319 67 1-ý44 44 -357

9 28 .319 21 .299', 19 .-269 24 .279 28 .319 40 -378

425 -284 28 -268 23 -269 20 -229 22 .259 22 .249

81.1 .237 121 .186 72.7 .260 72.9 -251 59.8 -224 66.1,-220 77.5 -220 12.0 .238

4 1l14 .206 108 -187 116 .193 121 .201 103 .171 122 .196 122 -174 93.0 .175

5 33.6 .110 33.6 .110 29.5 .118 36.5 .110 18.2 .103 3?.7 -116 43.0 .112 31.7 .111

2 23.4 .101 21.8 .103 36.f" -135 18.4 -1Q4 14.2 -89.9 20.2 .87.7 29.2 .102 33.9 :118
1 i

.1 14.9 -84.7 17.9 .84.1 17.4 -89.3 18.7 -88.0 25.4 .66.3 27.7 .68.6 29.4 .76.6 29.3 .69.0

,2 .8.8 -55.3 12.8 1.51.4 17.9 .52.0 17.6 .51.1 30.2 .28.3 22.9 .31.6 33.4 .39.8 40.6 -27.4

23.6 .4.2 25.7 -4.1 19.8 .3.1 22.4 +1.6 51.2 +22.8 45.7 +20.3 52 0 73.7 +35.9

38 -308 33 -318 29 -2'.8 23 -259 26 .299 61' .3141

4 30 -248 31 .253 19 .220 15 .214 18 .259 34 .328

21 -204 20 -223 13 .184 34 .177 37 -191 32 .182

30.3 -179 37.6 .164 37.5 .198 33.1 -20t 45.7 -150 17.9 -14.5 39.1 .157 23.4 -132

4 72.4 -89.4 83.4 .86.3 70.5 1.97.1 76.4 -105 85.2 -59.7 93.3 -58.3 98.1 .85.3 86.7 .67.7

.5 63.0 -34.9 85.3 -34.5 64.5 -52.2 63.9 -48.1 56.8 .35.5 97.3 -11.9 110 .21.1 56.7 -44.3

.0 38.2 -41.0 41.3 -36.1 36.7 -35.4 43.8 -39.5 79.0 0 75.0 -1.3 69.5 .28.1 70.8 .21.6

.9 53.0 +28.2 54.6 +31.5 53.9 +28.6 43.7 +24.2 84.3 +70.7 62.3 +71.7 82.7 +64.6 59.8 +73.8

43 71.5 +146 95.3 +147 75.7 +126 82.5 +143 221 +167 151 +208 135 +122 171 +154

347 +302 316 +229 320 +288 307 +329 530 +103 512 +272 404 f147 63" +56

NOTE: All values in ohms
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APPENDIX B

DESCRIPTION OF 30 - 80 MHZ COUPLER CIRCUITS

B-1 INTRODUCTION

A detailed description of operation of the circuits which comprise the 30 - 80 MHz Coupler
can be found in Technical Report ECOM-0101-3. It is summarized here for purposes of easy
refeience.

B-2 TUNING NETWORK

A schematic diagram of the tuning network is shown in figure B-1. C1 and C2 are
piezoelectric capacitors, while the inductors are either air core or powdered iron core types.
A complete description of how the network values were determined is given in Technical
Report ECOM-.l01-3.

B-3 CAPACITOR CONTROL LOOP

B-3.1 STATIC CAPACITANCE VARIATIONS

The control loop has the capability of correcting for the "static" drift of the capacitor. The
magnitude of the correction is determined by the open-loop DC gain. It was considered
quite satisfactory for the electronically tuned coupler to have a correction factor of 50.
Therefore, if the capacitor tends to drift 5 percent, the loop would correct in such a manner
that the resulting capacitance variations would be only 0.1 percent. A correction factor of
50 is obtained by allowing the static (DC) open loop voltage gain to be 50.

B-3.2 DYNAMIC CAPACITANCE VARIATIONS

Exposing the piezoelectric capacitor to acceleration forces with sufficiently low frequency
content to excite the fundamental mode of vibration of the Bimorph plates, which used as
electrodes in the capacitor, result., in a corresponding capacitance modulation. The natural
frequency for the Bimorph elements used in the piezoelectric capacitor is approximately
250 Hz. Therefore, if the capacitor is vibrated at a frequency of 250 1lz and the mechanical
Q of the Bimorph plates is assumed to be 10, then the peak (deflection around the quiescent
position is 10 times larger for the 250 liz acceleration than for a static acceleration of the
same size. For this reason, it is desirable to reduce the effect of mechanical vibrations for
frequencies to the order of 500 llz. This can be achieved by the capacitor control loop
having an open-loop unity gain frequeniiy above 500 liz. The original control loop had a
unity gain frequency of 1 Kllz. The resulting correction to an excitation at 250 Hz was 5"
Q = 50, if a mechanical Q-value of 10 was assumed.
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B-3.3 TIME RESPONSE

The deflection of the Bimorph element and thus the capacitance value is dependent upon
the voltage applied to the brass vane, which is physically located between the piezoelectric
ceramic plates constituting the Bimorph element. The piezoelectric capacitor transfer
function, capacitance versus input control voltage, has approximattly a second-order low
pass characteristic. The time response for such a system to a step change in control voltage is
well known and can be obtained from most standard text books in control systems.

Time and frequency response measurements with various piezoelectric capacitors have
verified the low pass transfer characteristics with reasonable accuracy. The simple theory
given here is slightly complicated by the presence of higher-order vibrational modes, which
do not to any great extent modify the step response of the piezoelectric capacitor.

Piezoelectric capacitors with various mechanical configurations have been tested. The
mechanical Q value of the Bimorph elements has been found to vary from 2.5 up to 30. The
fundamental self-resonant frequency for all capacitors measured has been approximately
250 Hz, which is determined by the length dimension (1.25 inch) of the Bimorph element.
The variations in Q value will give rissr to significant deviations in step response for the
various capacitor configurations.

The time response to step input can be written:

C e.tIQ sin [wnv1/Y-1/Q1 t + cos' -1(B-1)
vf= 1 -1/4Q 2

where:

•n = natural frequency,
Q = mechanical Q value
AC static capacitance change corresponding to the control voltage change.

The second term in the expression for the step response is the error term. The settling time

for 19 percent error is roughly, for large Q, t; 4-Q, which for Q = 30 and Con = 500
radians/sec gives t = 75 msec. Wn

For Q = 2.5, the settling time can be estimated as 6 msec.

A control loop with a unity gain frequency sufficiently higher than 250 lHz and a phase
margin in the order of 450 will substantially reduce the s ttling time. The original loop had a
unity gain frequency of 1 KHz with a pliahe margin near 15'. The resulting settling time for
10 percent error N as les. than 1 msec when using a capacitor Ni ith an open-loop settling time
of about 10 msec. It was desirable from a system standpoint to reduce the response time as
defined here to at least 2 msec.

It should he noted that the loop design reduCing dynamiL caljacltance %ariations (listussed
previously i. in agreement with the design criteria for fast response. l lowever, an idditional
design constraint, namely large phase margin, is required for fast settling time.
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B-4 BASIC OPERATION

The pilot capacitor provides the means for regulating the main capacitor without
interferring with the RF path through the main capacitor. A block diagram of the closed
loop is shown in figure B-2. Here a certain DC voltage from the D/A converter corresponds
to a certain pilot (and main) capacitor.

The frequency used to measure the pilot capacitor was chosen to be 1 MHz. This frequency
was selected because of certain undesirable low frequency coupling effects caused by stray
capacitances between brass vane and pilot capacitor. The I MHz bandpass filter reduces the
undesired low frequency content of the 1 MHz signal before entering the envelope detector.
Also, VHF effects present at the pilot capacitor due to leakage from the main capacitor are
attenuated by the band pass filter.

The lead-lag filter shown in figure B-2 advances the phase at the unity gain frequency of the
loop. This increases the stability of the loop and also reduces the ringing. A Bode plot of the
open loop gain characteristics is shown in figure B-3. Here an idealized capacitor transfer is
assumed. The mechanical Q of the capacitor is assumed to be equal to one. The 12
db/octave slope above the natural frequency on is motivated by the assumption of a
second-order capacitor tranisfer function.

The lead-lag filter has a 20 db attenuation depth and the phase advance at the unity gain
frequency, 4 con, is approximately 500. The capacitor transfer phase at this frequency is very
close to -1800. Consequently, the loop p..ase margin is in the order of 500, which guarantees
excellent transient behavior and thus short settling time.

B-5 LOW POWER DESIGN

Figure B-4 shows the block diagram of the low power control loop. The following
characteristics of this loop apply:

* Total power consumption is less than 40 mW.

* The Avco developed output stage is capable of ±50V output voltage swing to cover
the full range of the piezoelectric capacitor. It should be noted that the transistors
are biased such that the stage responds also to very small AC signals.

* Only two low-pass filter sections following the envelope detector are required.

* A 1.5 KHz notch filter inserted to eliminate the effects of higher-order modes of
Bimorph vibration on the stability of the loop is shown schematically immediately
following the Fairchild micro-power operational amplifier pA 735.

* The noise voltage generated in the control loop and fed to the brass vane (and thus
modulating the capacitor) is reduced in two ways. First, the filtering for frequencies
above 1 KHz is increased. Secondly, the total amplifier gain has been reduced, which
has been made possible by a corresponding increase in envelope detector sensitivity.
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B-6, DIGITAL VSWR DETECTOR

B-6.1 GENERAL DESCRIPTION

The: basic purpose of the VSWR detector is to provide information concerning the VSWR of
the antenna coupler. Tuning is accomplished by changing an element value. Then the VSWR
is compared to the previous value to see if the VSWR has increased, decreased, or remained
the same. A decisioh is made in !the interface logic, an element is changed, and again the
VSWR is compared. This information is provided to the interface logic in binary form.

There are seven-bits of binary inform ation.

The .basic method used to measure the VSWR is as follows: It is known that the directional
coupler, when properly terminated, has the capability of extracting information concerning
the forward and reflected pqwer or voltage. This is due to its directional properties which
can be derived, mathematically. The coupled ports will provide the following:

V2,: kVF
V3: kVR

If a means is provided to ratio these two quantities, the following relationship will be true:

V31 = kVR VR= pV (B-2)

, 2 kVF VF

This ratio is known as the reflection coefficient and can be related mathematically to VSWR
by the *following:

VSWR - (B-3)

The means utilized to make the division is a dividing analog-to-digital converter. This alsoprovides a digital output which is compatible with the interface logic.

Figure B-5 is a block diagram of the VSWR detector. The directional coupler provides
signals proportional to the forward and reflected power to the load. These signals are
detected via a peak detector which also contains the proper time constants for high-speed
operation. These signals are amplified to the proper level for use with the digital-to-analog
converter -(DAC) by means of the amplifier blocks. The DAC provides an analog signal at its
output which is proportionial to the reference signal and the digital binary input signals. This
DAC is an eight-bit unit with only seven bits in. use. This enables the analog output to
provide N increments of the analog output, N being defined as:

N = 2 #bits = 27 = 128 increments. (B-4)

The storage provides temporary storage, for each bit of the VSWR word. The sequencer
provides the proper sequence of inputs to the storage. The comparator compares the analog
output of the DAC with the processed reflected power signal. The comparator output
controls the storage or clearing of each bit of information depending on the input of the
sequencer.
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Figure B-5. VSWNR Detector Block Diagram

B-6.2 DIRECTIONAL COUPLER

Stripline technicues were utilized in the design of the directional coupler. This technique
provides:

1. Reproducibility
2. Accuracy
3. Shielding from extraneous signals
4. Ease of construction

The physical directioi..il coupler is 6 inches long, one inch wide, and approximately 1/4 inch
thick. It is constructed from special printed circuit board. The dielectric constant and
dimensions of this hoard are very closely controlled. Conventional printed circuit techniques
are used to construct this hoard which is designed for a coupling factor K = 10 d1 at 360
MHz, where its electrical length is 90' or 1/4 wavelength. Coupling at 80 Ml lz is .20 d1 and
decreases to -28 dl at 30 MHz. This gives very lit le insertion loss due to insertion of the
dir,,ctional coupler between the generator and the antenna matching network. Directivity is
greater than -20 (b). Figure B.6 is a graph of the critical parameters versus frequency.
Coupling, VSWR, and isolation are displayed for each coupled line. An independent coupled
"line is used for the forward monitor and reflected monitor.
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B-6.3 DETECTOR

Figure B-7 is a simplified version of the detector circuitry. This is a very simple peak
detector circuit. The AC from the RF outputs is supplied to the diode. RF is peak detected.
The decay time constant is td - RdC1 and the attack time consLtr' is ta = rdC1, where rd >
Rl and can be neglected in its effect on ta. The greatest line y problem occurs in this
portion of the design. Since p is a function of the ratio:

rf Vr

where pV is only the abolute value of the reflection coefficient. The following must be trie
in order to detect a decrease or increase in p for all values of Pf and Pr.

( ERFT N
P: EREF

where ERFT is the amplified and detected value of Pr and EREF is the amplified and
detected value of Pf. It can be proven that detection of chani es in p and direction of change
can be determined for N > 0. Therefore, the following is true:

Vr: (ERFT)N

Vf: (EREF)N

or

ERFT = K1 -/Vr (B.6)

EREF = K2V (B.7)

where Ki K2 and are gain consta,'s. It can he shown that the diode transfer curve must
be:

VF : ()n

where Vf is the RF input and VF is the DC output. For a typical diode, it is possible to
operate in a region where n = I and where n - 2. The a = 2 region was chosen for its greater
operating region and its lower operating level. Figure f-3 is a typical transfer characteristic
of an HP 5082-2824 diode. It is seen that the squi-e )aw regiorn ends at .20 dbm and the
linear region begins. Therefore, the maximum input power to the diode is -20 dbm in order
to remain in the n = 2 range. This will occur at the forward power level of 10 watts.

B-6.4 AMPLIFIER

Figure B-9 is a schematic diagram of the amplifier section of the design. The forward
amplifier has a buffer stage since it has a very low output impedance requirement in order to
interface with the reference line of the DAC. The gains of both amplifiers must be such as to
meet the following requirements.
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a, I

EREF = ERFT

when p = 1.0 or VSWR=

and also EREF = 9,0 volts DC

when PF (to antenna coupler) = 10.0 watts.

The output impedance of the EREF amplifier must be less than five ohms. The slew rate of
both amplifiers are compatible with *the speed of operation.

B-6.51 D/A CONVERTER

Three types of digital-to-analog converters were in~ebtigated during this program. They are
the Precision Monolithic DAC-01 and the Micro-Networks MN302 and MN829 versions.
Table B-1 is a comparison of critical parameters bf the three units.

Table B-1. Comparison of Digital-To-Analog,Converters

SETTLING POWER
UNIT BITS TIME CONSUMP. ACCIURACY REFERENCE

MN302 8 3,psec 400 mW ±1/2 LSB External

MN829 8 3 psec 400 mW ±1/2 LSB External

DAC.C1 7 3pc. 250 mW +1/2 LSB Trim

The DAC-01 w 'ound to be unsuitable for variable reference usage bece,-use elaborate
interface circi,'tb are required for linear operation. The MN302 wa iound to be very
suitable cj, ,r ing over a variable reference range of 4 to 9 volts "ithough the MN302 is
designe 2 1: --: operated as a fixed reference device.

The MNc,29 is a modification of the MN302. Its primary deviation from the MN302 is that
it is specifically designed to operate over a reference variation of 4 to 9 volts. Satisfactory
results were derived from the MN302.

B-6.6 'A/D TECHNIQUES

There are rpany analog-to~digital conversion techniques available for use, some of which are.

1. Tracking method
2. : Ramp method
3. Successive approximation method

The successive approximation method was utilized in this design. Although it requires more
parts than the other methods, it is the fastes' conversion method, Figure B-10 is a simplified
version of this method.
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B-6.7 STORAGE

Bit storage is accomplished by means of a data flip-flop. There is one storage register for
each bit of information. Figure B-11 is a typical storage register with associated circuitry.

The data flip-flop used in the breadboard is a Motorola MC 7479. The flip-flop triggers on
the positive edge of the clock pulse. During the clock transition, the state of the input, D, is
transferred to the Q output, which is pin 13. The set input is used to clear the "VSWR
word" before approximating a new input to the VSWR detector. The "clock in" line
receives pulses from the interface logic. The sequence bit input is derived from the
sequencer. This input is "high" only when the storage register in question is being workpd.
The comparator input is either "high" or "low". A "high" comparator input indicates that
the analog output of the DAC is lower than the signal being approximated. The "low" input
is the opposite. The MC 1810 is used to gate the clock pulses to the flip-flop only at the
proper time interval. The sequencer input is double the period of the clock pulses. The MC
1810 is a Quad-Two input "Nor" gate. The truth table for the MC 1810 is as follows:

INPUTS OUTPUT

9 10 8

L L H
L H L
H L L
H H L

A typical operational cycle of a single register would be as follows. The timing diagram for
this cycle is included in figure B-12. At ti the sequencer input goes "low". This indicates
that this register is to be worked. Also, the "clock input" goes "low." Therefore, the
"clock" goes high, causing data on line D to be transferred through the flip-flop. This bit is
now present on one of the binary inputs of the DAC, causing an increase in the analog
output of the DAC. Informat;an as to whether the bit is too large or too small is transferred
back via line D. If line D is "high" at t3, when the data is transferred through the flip-flop,
the bit will remain. This is true of this example. At time t3 the sequencer works on the next
register in the sequence. The sequencer line to this flip-flop is "high" and clock pulses no
longer reach the data flip-flop. The data remains in the register until the "clear word" line
goes "low" and resets the register. If the comparator input would have gone "low," then at
t3 the low would have been transferred through the register.

B-6.8 SEQUENCER

The purpose of the sequencer to apply pulses to the storage reg.Ater in the proper time
sequence. In this manner the "VSWR word" can be approximated by the successive
approximation method. This method requires the successive placement of each bit into each
storage register, beginning with the most significant bit (MSB) and ending with the least
significant bit (LSB). At the time each bit is placed into the storage register, a decision is
made whether to keep the bit or remove it.

The sequence is constructed of an AN-5490 and a MC 8301. The former is a decade counter
and the latter is a BCD-to-decimal decoder. The decimal output of the MC 8301 is applied
to each storage register. The output of the decade counter is applied to the BCD input of
the MC 8301.
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B-6.9 COMPARATOR

The comparator consists of a simple operational amplifier. A type PA741 was used in place
of the conventional comparator because of interface problems. The inputs of the
comparator were required to handle 10 volts at times. To protect the logic, the output of
the comparator was zenered at 5 volts; this also protects the logic from negative inputs.

B-6.10 OVERALL PERFORMANCE

The overall design goal ol the VSWR detector, qualitatively speaking, is the following:

1. A seven-bit binary output is related to the VSWR of the load as reflected through
the coupler RF tuning network.

2. A VSWR of 1:1 (a reflection coefficient of zero) corresponds to all bits being "low."

3. A VSWR of infinity (a reflection coefficient of unity) corresponds to all bits being
"high."

4. For a constant VSWR, the binary output should not change over the operating range
of forward power.

As a means of evaluating the results, a value is given to each output line. These are as
follows:

LINE VALUE

1 (MSB) 64
2 32
3 16
4 8
5 4
6 2
7 (LSB) 1

The term "binary weighting value" is found as follows. The output lines which are "high"
are recorded. Their respective value is found from the above chart. These values are
summed. Their sum is called the binary weighting value. A binary weighting value (BWV) of
127 corresponds to a reflection ct.efficient of 1.0. A BWV of zero corresponds to a
reflection coefficient of 0.0. There is a gain adjustment available to assure that both
amplifier outputs are equal when a short circuit is placed on the output of the VSWR
detector. This assures a BWV of 127 for a short circuit and is the only adjustment necessary.

Figures B-13 and B-I 4 are performance curves at the two extremes of forward power levels.

B-7 INTERFACE LOGIC

The digital system necessary for the antenna coupler is divided into three subsystems. These
are:

1. Switch control logic
2. Detector interface logic
3. Main tuning logic
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Operation of the antenna coupler logic has been described previously in Technical Report
ECOM-0101-2. The basic tuning sequence was outlined in that report and a complete flow
diagram shown. Minor modifications made to the logic scheme since then include the
addition of circuitry ýo pre-program the output fixed coil band so that those coils which
would neyer be used in a particular band, are automatically locked out. The tuning sequence
had been completely computer simulated using the program described in Technical Report
ECOM-0101-2. The results of this simulation sdrved to verify the validity of the tuning
scheme using the reflection coefficient as the only sense information.
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APPENDIX C

2 - 30 MHZ AUTOMATIC ANTENNA COUPLER

C-1 OVERALL REQUIREMENTS

Any consideration for an automatic antenna coupler in the HF range must take into account
all of the parameters already discussed in section 2.1. Of special importance in the HF
region is the antenna impedances, since normal whips used with radio sets in this region have
very high Q's with a large capacitance reactance that must be resonated. The complete
requirem-rnts discussed for this design include:

* Frequency 2 - 30 MHz

0 Matching Capability 9-foot whip, 2 - 4 MHz
6-foot whip, 4 - 30 MHz
10:1 VSWR circle, referenced to 50 ohms

* Matching Accuracy 1.3:1

0 0 Power Handling 40 watts

* Insertion Loss 1 db maximum for VSWR's less than 10:1

* Tune Time 1 second maximum

0 Tune Power No power in transmit and receive, pulsed
during tune cycle

* Harmonics Self.generated harmonics down 80 db

* Memory Yes

C-2 DESIGN CONSIDERATIONS

Consideration must be given to wvhy an automatic antenna coupler is necessary. Some of the
major benefits of this approach are:

0 Maximum power transfer to the antenna under all operating conditions

* Consistently high amplifier efficiency

* Predictable filter characteristics

Since a good VSWR (1.3:1) is always maintained, a reliable design for
harmonic atteruation is assured.
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* Reliable power amplifier performance

The possibility of excessive voltages and currents is minimized due to the
matched conditions; therefore, protective cir.ultry is made less complex.

* Automatic compensation for impedance variations of manpack antenna in field

0 Autonmatic maintenance of tuned condition in ieceive mode

The primary function of the antenna coupler is to efficiently match all of the required
antennas to enable maximum transfer of power from the power amplifier to the antenna.
Any proposed matching network configuration is determined largely by the antenna
impedances which must be accommodated over the operating frequency range. The greate,;c
impedance matching problem occurs at the low end of the 2 - 30 MHz range because of the
tremendously high Q's exhibited by the antennas in this region. At the high end of the band,
the usual problem of not being able to achieve a low enough minimum capacitance has been
alleviated by using small fixed capacitors instead of one large variable unit. This is also one
of the major disadvantages in using a binary-type shunt capacitor bank, since the relay
contact capacitances in parallel would be appreciable at 30 MHz. Another point to consider
is that the antenna impedances shown in table C-1 are merely nominal values and are subject
to variation. The range of values at a specific frequency is, primarily, the result of variations
which occur as the operator moves about. Variations can also result from bodily differences
from operator to operator and from the different conductivity of the ground over which the
operator is transmitting. This 2 - 30 MHz coupler is designed to accommodate the entire
range of antenna resistance and reactance variations.

Therefore, the major item that must be resolved before going any further is ihe choice of
network configuration to be used. An assumption is made in this design discussion that the
following basic antenna coupler components are available:

- Tuning Components

1. Saturable core reactor
2. Piezoelectric capacitor
3. Switched fixed elements, either inductors or capacitors

0 Sensors

1. Resistance detector
2. Phase detector
3. Conductance detector
4. VSWR aetector
5. 1 Z I detector

It is also assumed that the reader has some familiarity with the above-mentioned
components and circuits, since a theoretical description of them does not form part of this
report.
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Table C-1. Impedances for 6-Foot and 9-Foot Whip Antennas

6-FOOT WHIP 9--FOOT WHIP
, FREQUENCY IMPEDANCE (OHMS) IMPEDANCE (OHMS)

(MHZ) R X R X

2 19 -2600
3 17 -1900
4 14 -1800 14 -1500
5 12 -1400
6 11 -1200
7 10 -1000
8 10 - 870
9 10 - 760

10 10 -680
12 11 -580
14 12 - 450
16 13 -390
18 1r - 340
20 18 - 280
22 20 - 240
25 27 - 200
30 38 -120

C-3 NETWORK CONFIGURATION

C-3.1 NETWORK TYPES

It is known that any load can be tu ed by only two (reactive elem(..'s in tho right
arrangement and having the appropriate values. Figures C-1 through C.4 outline the
different possible combinations. The shaded areas define the range of impedances that can
be tuned if both RF elements aic assumed to be variable. The arrows indicate a possible
path followed by the image of the load *mpedance transformation if only one tuning
element is changed at a time.

From these plot,- it can be seen that the output section of the matching netw ,'ik must have
ei;.,r .I. tal configura~tions as shown in either figures C-2 or C-3. Figure C-2, how. £er, shows
an output shunt inductor w£hich is not a desirable situation lecause of stray capacitances to
ground. Therefore, the output section of the 2 - 30 MI-lz matching network must have a
series inductive arm as shown in figure C-3. This is, of course, necessary because in the low
frequencies the whip antenna impedances all fall in region 6 of the Smith Chart (figure C-5).
However, as indicated in table C-1, over the complete 2 - 30 M14.z frvquencý range the
an'-nna impledances vary considerably ai, I do not remain in just one region. Therefore,
more than a two-element network is needed to provide the necessary matching capability.

In addition to an output inductive series arm consideration must be given to what other
elements -ire necessary. Two netwoi k types come immediately to mind:

T-network
a 7r-L netv, ork
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Of these two, the T-network has the advantage of requiring one less branch thaii the IT-1,
type. However, this brings up the question of the type of variable tuning element to be used.
To provide the matching range of interest, two variable elements must be used. The
following applies:

* If both variable elements are inductive, the T-network should be used.

0 If both variable elements are capacitive, the i.L, network should be used.

* If a variable capacitor and inductor are used, much more flexibility is obtaintd. A
T-network chould, however, still be given primary consideration.

Also to be considered is whether the variable tuning element is a continuous-tuning type or
a switched-bank of fixed components. This will be considered in a later section.

"Initial consideration will be given to a T-network, with inductive horizontal series armns and
a capacitive vertical shunt leg. This network is a combination of figures C-1 and C-3.

C-3.2 TUNING METHODS

Tuning methods include the following:

1. Tune Li for R and L2 for phase and bandswitch C1
2. Tune C1 for R and L2 for phase and bandswitch LI
3. Tune both Li and C1 for R and L2 for phase.

These different tuning methods will be considered in thin .,ection. R{l'ereuicte is rnatk. to
figure C-6, which shows the basic T-network. The input ai.l output arm inductors have a
resistance associated with them which is indicated by R = XI/Q. It is assumed that snsing
information is available in all cases. This information can take the form of:

1. Resistance Detector: R ZLJ

2. Phase Detector: 0 {ZL}

3. Conductance Detector: R{ YL4

4. Impedance Detector: I ZLI

_•,•i reflected

5. VSWR Detector: p eincidlent

The type of sensor ulhlmatdy required depends on the tuning method adopted. All ,e
above detector systems have been built and us(.1 in practical radios, therefore, the tN pe of
network or tuning method is not restricted by the sensor system.
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-- R+iX]1_ _ C1 _

Figure C.6. Basic T-Network

C-3.2.1 Case No. 1 (Tune Li for R and L2 for Phase)

If Li and L2 are tuned, Li has to be tuned for R = 50 ohms. If L2 is momentarily
short-circuited, then the Li-Cl combination tunes as shown in figure C-7. Here tuning of
a load 25 + jX is assumed. Such a load will be located on circle I, and will move around
the circle in the direction of the arrow if Li is made smaller. Because of the shunting
capacitor C1, the coupler output impedance lies somewhere on circle II (Ci here assumed
to be 20 millimhos). The intersection of circle II with the 50-ohm circle (A) is the tuning
point.

As can be seen from this diagram, with decreasing Li value the real part of the coupler
output becomes successively smaller than 50 ohms, equal to 50 ohms (tune point), larger
than 50 ohms, again equal to 50 ohms, and finally again smalle, than 50 ohms. There is
no essential difference between points <50 ohms for large L or <50 ohms for small L.
This means that tuning is only possible if a point between A and B can be found. Since, in
this case A equals 12 millimhos and B equals 20 millimhos, the distance of A and B equals
83 -50, or 33 ohms. This means that the AL steps to be made by Li must be such that
AwoL<33 ohms. This is only true for a 25-ohm lo?'1 and a 20-millimho parallel capacitor;
for other values of load on C1, AL might be smaller or larger.

In a computer program in which such a tuning system was simulated, it turned out that a
system using ste[ s of 2 rah was -, nly useful up to about 6 or 7 MHz with the 9-foot whip
antenna. This means thit, if binary tuning is used, a "smallest possible step scanning" has
to be used. If binary tuning is impossible (because too many binary steps are needed), it
may be possible to use a combination of binary and s-iturable reactor tuning. However,
the requirement of having to be able to make very small steps requires a cooperation
between switch and saturable reactor logic. This amounts to a trade-off between the
following possibilities:

1. Make a binary step Dn, apply all available pulses to the saturable reactor. When
there are 126 binary steps (as required) +40 pulses, the total tuning and

retuning time becomes:

126 x 5 + 126 x 40 5670 milliseconds
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2. Make binary steps and apply only enough pulses to the saturable core as
necessary to obtain the required resolution. Make the binary steps add or
subtract as required (up -down counter). This requires extensive logic
hardware. The first estimate would be somewhere around 150 to 200 IC's.
(This also requires a very high supply current.)

The above stated dilemma might be avoided by using any one of the other tuning
methods.

It might be suggested that the problem of finding the 50-ohm tuning point in this
configuration can be avoided by a pretuning procedure. The idea is to tune the Li - load
combination for some given condition. Possible conditions to pretune are:

1. ¢=0°
2. IZI = 50 ohms
3. G = 20 millimhos

Conditions 2 and 3 only will work for antennas where R <50 ohms. Very many
frequencies apply to antennas where R <50 ohms. Since, for those antennas the problem
of finding proper R- tuning is just as severe as everywhere else, conditions 2 and 3 offer
no real solution.

However, neither is it possible to tune, for every frequency, each antenna such that ¢
0°, bocause this is only possible if the reactive part of the antenna at that frequency is
capacitive. If an antenna is given by R + jX with X >0 and R <50 ohms, there is no way
of pretuning the Li-plus-load combination, because changing the value of Li will never
bring the Ll -plus-load combination in another section of the immitance chart.

The word "section" in the above context means an open region in the immitance chart
bounded by and not containing one of the lines:

0 = 0, G = 20 millimhos
R = 50 ohms, Z - 60 ohms

C-3.2.2 Case No. 2 (Tune C1 for R and L2 for Phase)

If only C1 and L2 are considered, the network falls into the category of figure C-2.
Although characteristics of some antennas lie partly within the shaded tuning range, there
is no band where the characteristics of all the antennas lie within this range. This means
that a series L is needed to change the antenna impedance in such a way that tunii.g will
be possible. This again means that Li will be a bandswitched inductor. The values for Li
are established by considering all antennas at the low end of the band, where WL has its
smallest value, and computing which value of L is needed in series with the antenna
impedance to make it positive and larger than 50 ohms.

A computer program was written for this circuit and the resulting data shown in table C-2
was obtained. The columns in the table represent the following:

BAND - Band of interest
MHZ -- Frequency of operation
UH - Value of L2 in uh
PF - Value of C1 in picofarads
POUT - Output power to antenna in watts
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PLOSS - Loss of power in Li in watts
PCIR - Circulating power in L2 in watts

= I voltage across L21 x I current through L21
VSWR MAX The value of Cl is changed by 0.1 pf. The

figure in this column represents the VSWR
after such a change.

Table C-2. Results of Computer Program Analysis of 9-Foot and 6-Foot Whip Antennas

9-FOOT WHIP

VSWR
BAND MHZ UH PF POUT PLOSS PCIR MAX

1 2 23.94 683.5 16 33.8 300 1.00
1 3 123,.46 52.4 1,. 37.6 2440 1.29

2 3 11.60 527.1 27 22.4 218 1.00
2 4 62.46 56.7 21 28.4 1569 1.14

6-FOOT WHIP

3 4 4.42 724.2 26 23.6 Ili -.00
3 5 40.87 58.0 21 28.3 i283 1.12
3 6 55.86 28.8 18 31.5 2105 1.45

4 6 4.92 349.3 27 22.2 185 1.00
4 7 19.24 68.8 24 25.3 846 1.00'
4 8 26.82 37.0 23 26.9 1348 1.24
4 9 31.64 24.3 21 28.4 1789 1.53
4 10 34.42 17.8 20 29.7 2162 1.96

5 10 5.60 123.5 31 18.4 35: 1.02
5 12 8.27 56.3 30 19.5 623 1.07
5 14 13.96 23.7 29 20.3 1228 1.38

6 14 1.51 215.3 38 11.3 133 1.00
6 16 3.61 73.2 38 11.8 363 1.03
6 18 4.77 42.2 38 11.5 540 1.08
6 20 5.55 28.1 39 10.9 697 1.15

7 20 1.16 127.2 43 6.1 146 1.00
7 22 1.85 67.9 43 6.0 256 1.02
7 25 2.21 41.1 44 5.2 347 1.04
7 30 2.58 22.5 45 4.5 486 1.09
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Circulating Power. The circulating power is important because it establishes the size of
the ferrite used as the saturable core. It was found that, for a 20 by 20 mm cube of 4E2
material, the maximum allowable circulating power at 2 MHz was 330 watts. However,
this whs established for a -30 db IM figure and on the corý.ion that only third-order
products were lresent. IThe feeling is that a safe limit has to be 5 times lower, or 60 watts
at 2 MHz. For higher frequencies the power capability is higher in direct proportion, so
that 30 watts/MHz is allowable.

From table C-2, it can be found that the largest circulating power is about 800 watts/MHz
(at 3 MHz for 9-foot whip). This means that the 4E2 reactor should only contribute
30/800 of the total L2 inductance or approximately 5 uh.

If restricted to a' 5 uh saturable core reactor, there should be no problems from
overloading the reactor. There is a second reason to restrict this inductance. As can be
seen from the computer output dat., at high frequencies only a small value of L2 is
needed. Because the expected range of 4E2 material under a varying polarizing field is
only 1:4, taps will have to be provided on the saturable core reactor to obtain the smaller
values of inductance. The self-resonant frequency of the coil must be kept above the
frequency range Where it will be used (2 - 30 MHz). This restricts the maximum
inductance to a value that~is expected to be 4 to 5 uh.

VSWVR. 'From the computer data a more severe fact is evident. A very small change in
C1 (by 0.1 pf) is enough to cause large amounts of detuning. A typical example is the
whip antenna• for low R values or band 4 at 10 MHz. Here the VSWR becomes 5.49 whe.,
C1 is changed from 12.4 to 12.5 pf. To find the reason for , is, note that Li in band 4
has a value of 35 uh. For 10 MHz this is an impedance of 2.2 kilohms. The whip antenna
has an impedance of 2 -j 190 ohms. So the total impedance of Li plus whip antenna
becomes:

2-j190+j2200z '+j20:0

This represents a Q of about 1000. Obviously Li is much too large; however, it is
necessary to tune the 6-foot whip antenna in the same band at 6 MHz. The whip antenna
impedance atthis frequency is 11 -j1200 ohms. If the result is checked at 6 MI1z, band 4,
for the Q.foot whip antenna, it is seen that, after a 0.1 pf change, the VSWR is still 1.00.
So, it is advantageous to try to obtain a small resultant reactance for the combination of
Li and the load.

This tuning system requires a saturable reactor in series with C1 in order to obtain enough
resolution. Based on the data gathered, it appears that the LC -eries circuit gives rise to
high circulating power in the saturable core reactor. Furthermore, a change of 0.1 pf out
of 12.4 pf represents less then 1 percent, and also detuning as a result of temperature
change may be anticipated. For these reasons, the third tuning system is favored.

C-3.2.3 Case No. 3 (Tune Both Li and C1 for R, and L2 for Phase)

The general idea for this is as follows:

Tune LI so that the resultant impedance of Li plus load is tunable, wvith the reactive part
of this resultant impedance as small as possible. This can be done by adding induLtance to
all loads except those fulfilling these conditions: R >50
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or

I ZI >50 and = +

If it is decided that a load falls outside this area, inductance should be added until

IZI >50 and =+

It is important to he aware of the fact that this tuning can be done by the "50 percent
adding" technique. This means that 50 percent oi the maximum available inductance is
added. A "too small" or "too large" decision is then made, and this jO percent
inductance is kept in or removed from the circuit while another 50 percent of the then
available inductance is added, and so on. This means that only n steps are needed for n2 -1
possible values.

After this, C1 is tuned. Because the Li-plus-load combination by now has a much lower
Q, C1 does not need to have too large a resolution. At this instU At of study C1 is expected
to need a 1 pf resolution. Then L2 is tuned binarily as mentioned above.

It has to be investigated if only one saturablie core reactor as part of L2 is sufficient.
Otherwise a second reactor must be installed in the Li arm, thus avoiding a CL series
circuit. It is anticipated that 7 switches for Li, 14 switches for C1, and 4 switches for L2
plus saturable core reactor would be required.

The pulse logic is not much different from the one implemented for exclusive saturable

reactor tuning. The swiiching logic, however, is much larger because of the large amount

of switches. If very fast retuning after a small change of load or frequency is desirable, the
counters for the switches should be of the up/down type, which requires about two times
as many logic elenrents.

C-3.3 CONCLUSIONS

When restricted to an L-C-L T-network, the 3-element tuning described under Case No. 3
seems to be the best. However, there ih stili a number of problems associated with this
approach. These include:

1. Size a- . amount of logic circuitry required

2. Required resolution for C1

3. Problems associated with small values of C1 because of the relay stray
capacitance.

4. Influence of the Q of L2 on "R-shift". (If L2 is switched into the -ircuit and
tuned for phase = 00, then a resistance "OL2/Q is added. This changes the R =
50 ohms tuning, so that retuning of R must take place. This can be solved by
employing an "iterative" type tuning approach; however, this is difficult to
implement with a binary-switched system
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C-3.4 MODIFICATIONS TO CASE NO. 3

An optimum solution, it would seem, would be to implerment Case No. 3 as described
above with a piezoelectric capacitor as the shunt element. In the 2 - 30 MHz frequency
range, however, due to the large values of shunt C required at the low end of the range,
the piezoelectric capacitor would have to be paralleled with switched fixed capacitors.
With a present range of approximately 20 - 200 pf in the piezoelectric capacitor, two or
possibly three fixed capacitors would have to be used in an arrangement as shown in
figure C-8. In this configuration a continuously variable capacitance of 20 - 560 pf can
be obtained (the minimum value is, of course, greater because of the stray capacity to
ground).

Another modification to the basic tuning method (Case No. 3) is to use a saturable core
reactor as the input L2 exclusively. Three cores would have to be used, since the required
input L range is approximately 0.3 - 25 ph. These three cores, or inductors, can be all
put in the same reactor assembly as shown in figure C-9.

Thle output Li can still be a binary-switched arrangement providing the tuning method
assures that a spot within the region corresponding to IZI >50 ohms and 0 = + can be
accurately determined. This would be no problem as long as the output Li is stepped in
an inverse binary fashion, i.e., smallest step first and proceeding to the largest in steps
equal to the smallest. The smallest step would have to Ie chosen with resolution
sufficiently small not to "skip" over the above-mentioned region. Proceeding in a regular
binary fashion would not necessarily assure this unless elaborate precautions are taken.
This can take the form of additional sensors, for example.

The obvious disadvantage to this approach is, then, tuning time. Seven binary steps in the
output Li mean that:

27 = 128 steps could be used.

Assuming 5 milliseconds per relay switch and sample period, this is:

5 x 128 = 640 milliseconds.

Capacitor tuning would be as follows, assuming the smalles. capacitive intr'ments must
be used:

Clock speed for capacitor = 20 KHz
Increments = 128
Capacitive sweep 50 x 128 x 10"' = 64 milliseconds

If two additional fixed capacitors are needed, then:

Total C time = 192 milliseconds

Input reactor time, at a maximum, assuming 16 pulses at 10 milliseconds a pu!, an. d 3
reactors, is:

3 x 16 x 10 =480 milliseconds

Therefore, a once-through time of 640 + 192 + 480 = 1.312 seconds could be achiewvd.
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Figure C-8. T-Network with Shunt C Leg Using Piezoelectric Capacitor
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Figure C-9. T-Network with Saturable Reactor Input L Arm
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This time, however, does not take into account any iterations which are neceqsary due to
the stray reactances and finite Q's of the inductors.

4 I.•

To summarize, then, the obvious advantages to this type approach are:

4 *Flexibility - no bandswitching required

0Widp Tuning Range -- variable L and C give large matching, capability at! any
frequency, ,

II

Two separate variable elements necessitate two separate 'control circuit types

* Complex logic:

0 Need for R, ¢, and I ZI detectors

0 'Possibly long tuning times

C-3.5 ALTERNATE T-NETWORK APPROACH

One pther possible T-network method should, be considered. This is depicted in figure
C-10, which shows, use of variable C1 and Li coinponents. L2 would then be
bandswitched. This network ihas a considerable matching flexibility and could be
implemented in the following way. The output arm, L1, would still have to be a
combination of switcl~ed fixed coils and a saturable core reactor. The shunt leg, C1,
would be a piezoelectric capacitor paralieled by switched fixed capacitors.

Since the input inductance is fixed for any giveri band, the ot~tput combination of C1 and
Li is tuned for a point which is equal to 50 ohms + XL2 as shown in figure C-11. The
way this must be done is to vary Li in increments and, between each incremental step, to
vary C1 through its full range at the same time checking to see whether the tuning point
is reached. In other words, Li is first stepped, then C1 is swept, and VSWR is monitored.
If no, tuning poirnt is reached, then Li is stepped again, C1 is swept, and VSWR is
monitored. This process is continued until tuning is achieved.

Advantages to this approach are:

* A one'step tuning procedure

I ' Orhly a VSWR detector needed (possibly only a reflected poWer detector)

Disadvantages are:

*• Two separate logic arfd control systems required

* Tuning time could be long
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20.200 T180 ]T 180

LA : 0.3 -- ' 6 UH (SATURABLE CORE REACTORS)

LB 5 -- 150 UH (BINARY RELATED SWITCHED
FIXED INDUCTORS)

Figure C-10. Alternate T-Network

An example of the tuning times in the present system is:

Number of reactor pulses = 16
Number of reactor cores = 2
Number of fixed coils = 6

Therefoio, there are 32 steps per coil and 26 or 64, possible coil switches. Then the
number of inductor steps becomes:

32 x 64 = 2048

If the total capacitor sweep time (including switching in the fixed C's) is 192 milliseconds
as before, then the total tuning time (maximum) is:

192 x 2048 - 400 seconds

If the capacitor only had to be swept after a fixed coil change, then maximum tuning
time would be approximately 12 seconds.
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Another possible means of implementing this approach is to sweep both the inductor and
the capacitor simultaneously. It is theoretically possible to tune this way if the capacitor
could be swept throLIgh its complete range about 40 times, while the inductor is swept
through once. During this time, VSWR is continuously monitored and tuning achieved
when a ITSWR null is detected. Considerable implementation problems exist with this
technique, but its tuning simplicity and accuracy still make it an attractive idea.

C-3.6 ir-L NETWORK

A ir-L network in the 2 - 30 MHz frequency range can be implemented in a method
similar to the 30 - 80 MHz Coupler previously described. Output loading coils with
values equal to those used in the- T-network would be used, and the series mid-section
inductor arm would still have to be bandswitched. The VSWR tuning method can be
used, offering a large advantage in overall system simplicity.

The main disadvantage to using this type approach in the 2 - 30 MHz range is the large
value of capacitance necessary in the shunt legs. As an example, the input capacitor in the
network shown in figure C-12 should have a 20 - 500 millimho range. This means that
the minimum C must be:

= 20 x 10"'0
Cmin = 2rx30x106 x 100pf

and the maximum C must be:

500 x 10"'
Cmax 27r x 2 x 10 6  4000 pf

Since the present piezoelectric capacitor maximum is only 200 pf, this means that at least
five fixed switched capacitors must be added in parallel. This would be a difficult
network to realize in practice, and additional study would have to be made before
recommending its usage.

20.20 o S4 TRIi-0( LOADoING0 OILS

I>
Figure C-12. 0r.L Network
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C-4 COUPLER DESIGN

C4.1 CONCEPTS

At present, the most practical approach to an automatic 2 - 30 MHz antenna coupler is
to use a T-network with saturable core reactors in the input and output arms and a
bandswitched shunt capacitor leg" Switched fixed loading coils will still have to be used in
the output!arn. The reasons for this approach are as follows:

1. A minimum number of network elements is preferable. (The T-network using a
binary/static approach is a minimum element automatic coupler.)

2. Stray capacitance associated with the shunt leg can be considered part of the
bandswitched capacitor and will have no adverse effects.

3. Impedances which cannot be matched by this network have a value larger than
a certain I Z I, and this I Z I can be made as large as desired by proper selection
of the shunt leg capacitor.

4. The wide matching reqi irements (whips plus 10:1 VSWR circle) mean that no
pre-programming is possible. Under these circumstances, this type network
gives, at present in a practica) sense, the best tuning times with the lease, overall
system complexity.

Other concepts important in an antenna coupler are:

0 Memory
0 Power Consumption
* Linearity

Tuning memory in the coupler is necessary for compatibility with SSB operation and
manual or automatic CW operation when the carrier is interrupted. In the coupler, once
the matching network is tuned, it will remain in this state until a new frequency of
operation is selected or the system VSWR rises above a predetermined value due to an
antenna impedance change. Since the latter changes are quite common, due to the
different orientation and environmental effects described previously, the rapid retuning
feature incorporated in the coupler is a distinct advantage. In fact, since retuning speed is
so great (100 ms worst case), the coupler could be programmed to automatically retune
in voice modes whenever the handset is keyed. This would insure the operator of a
matched condition whenever he transmits, since any VSWR variation due to orientation
or environment would automatically be compensated for. Coupler memory is
accomplished by using latching relays for the coarse tuning elements and permanent
magnet type saturable reactors for the fine tuning elements. A more complete description
of this technique is given in later sections of this appendix.

Lower power consumption is readily achieved in the coupler and is a by-product of the
techniques used for network tuning. The saturable reactor tuning elements will be pulsed
stepwise to a higher or lower inductance using a permanent magnet to maintain the
desired bias flux in the reactor. No holding power is required. Since the relays employed
are of the latching type which are pulsed momentarily for operation, no holding power is
required.
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"The coupler uses linear passive elements such as fixed inductors and capacitors in addition
to the vernier saturable reactor tuning. As will be shown later, the linearity of the reactors
is directly proportional to the ferrite volume for given power levels. The hybrid network
approach offers the optimum combination of ferrite volume and number of fixed coils to
achieve the required linearity. All the network operations were computer simulated in
order to cover the diverse antenna conditions, and then the results were verified by tests
on actual networks in the laboratory and in the field.

This network configuration has been utilized in previous Avco equipments, and it has
been found to provide realizable performance. The system discussed here, however,
features several design improvements. Among these are:

4 New configuration satuirable reactor yoke assembly. Cup-cores are used in an
optimum magneic flux circuit which provides greater inductance range and
power-handling capability for a given size ferrite. The present technique also
allows for the best heat removal from the ferrite. A comparison between the
previous and present reactor systems is shown in figure C-13.

This figure shows the magnet in the same leg of the assembly as the ferrite, an
optimum condition for saturation with a given magnetic field. Care must be
taken so that the side pole pieces are not too close to the center. When the pole
pieces are too close to the center, the flux may not follow the iron puth, but
instead will "jump" across the air gap and, therefore, not go through the ferrite
gap.

* Current control of the reactor pulss. This technique eliminates the
dependency of the energy puibus on supply voltage level. A simplified
technique for this was described in Technical Report ECOM.0101.1. The
circuit necessary here would feature temperature and overshoot compensation
as well. Basic operation is the same, i.e., the incremental pulses given the
reactor to change its value are set by a prescribed current level. The c.iergy
pulse into the DC coil then cuts off at this level. In this case, 16 pulses would
probably be used to cover the full reactor inductance rant.,

* Use of the iterative "zone.controlled" tuning method prevents the logic from
"getting lost" by automatically compensating for any stray reactances and
finite element Q's. This technique is also described in Technical Report
ECOM-010-1.

* Use of a CMOS logic system. Tuning power, size, and weight are all
considerably reduced by making the logic system out of CMOS logic.
Ultimately. of course, such a design lends itself very well to a CMOS LSI
system, which it this casc would probably require two or three LSI chips.

* Hybrid packaging of reactor drive circuitry. The reactor drive circuitry lends
itself to a transistor matrix which is shown in figure C-14. A Dariington . type
arrangement is used. In the L,, ., terminal I i. r ,,nected o the reactor DC
coil, while termirirl 5 is connected to the cur-ent-c,.itrol sampling resistor. One
of these matrices is used with each reactor, and the entire circuit -an be put in
a one-inch square hybrid package.
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A. Previous Reactor Configuration
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B. Present Reactor Configuration

Figure C-13. Reactor Configurations
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CR 3 CR 4

Figure C-14. Reactor Drive Circuitry

* Use of "fast scan mode" to improve tuning times. This means that, during th~e
initial part of the tuning process when the first crossing of the 50-ohm circle is
sought, the reactor will be swept -nd monitored by the R -detector to see if a
crossing has occurred. The previous method was to pulse it incrementally
whenever it was used. Since the tuning method requires going through the
reactor each time a new fixed coil combination is inserted, this represents a
considerable time savings. If there are 64 possible coil combinations and the
reactor is pulsed incrementally and then sampled as before, the time for thisi
could be:

Pulse time = 4 milliseconds
* Sample time = 4 milliseconds

Number of pulses = 16

Then

16 x (4+4) x 64 = 8.2 seconds

Using the new approach gives:
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Swept pulse time = 12 milliseconds

Thus'

"12 x 64 = 768 milliseconds

In this new approdch, the, R - detector is monitored during th~e sweep pulse and,
if a crossing is detected, the reactor is swept through in a normal fashion. Some
overshoot will occur in the inductance (in reactor L). However, this does rot
present a probleni, since, if a qrgssing is detected in the overshoot portion -
and therefore not detecteu during a normal incremental reactor swr~ep -- the
system will automatically switch to the next coil combination, thus
automatically compensating for the apparent overshoot.

C-4.2 BLOCK DIAGRAM DISCUSSION

Figure C-15 shows a block diagram of the • - 30 MHz Antenna Coupler system.
Reference to the block diagram bf the antenna coupler shows that the major components
of'this system are:

ORF

;[ETECTOR DETECTOR NETWVORK ANT1NNA

i~ý i ] "T E ]

Figure C-15. 2 - 30 MHz Coupler Block Diagram

Ii

S RF Tuning Network. This network is a T-type network composed of a
saturable reactor in each series arm aid a capacitive shL,.nt leg. Additional fixed
coils are used in the ovtput arm to obtaiin thc netessary range at low
frequencies. The mid-section capa?,,,ive leg has sevei. capacitors that are
automatically preset' iaccording to bard ioformatior., while the loading
inductive ann's coils are logica!ly switched prn, to the actual tuning sequence.

0 Control Circuit. The control cicuit contains the .'ontrol networks for the
variable inductors, memory circuits, and control circuitry for the inductor
relays.
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* Interface Logic. The logic circuit utilizes the information from the detectors
a.id system int.erf'ce lines to control the operatien of the antenna coupler.

* Sensor System. Sensing information about coupler input phase and resistance is

provided for the coupler tuning sequence by the O and R detectors.

C-4.3 RF TUNING NETWORK

The network for matching the required load impedances is shown in figure C-16. Note
that this circuit is a single T netwoik using variable inductors in the two sr.:ies arms and
bandswitched fixed capacitors in the shunt leg. A saturable reactor is combined with
binary switched coils in the output arm, while the input arm has just a saturable reactor.

Three separate ferrite core inductors are used in one ý oke assembly in both the input and
output saturable reactor. These cores are electricallý shielded from each other to
minimize any unwanted coupling effects. The values of each inductor, along with the
total range of variable L covered by each reactor a.s-vimihly, are shown in the schematic
diagram (figure C-16). Values of the fixed coils are also gi en. It is noted that, while these
coils arr, switched in a binary fashion, their initial valut,, are not exactly binary related.
This is because the apparent inductance will vary %olh frequency (lue to both winding
stray capacity and relay capacity effects which appear in parallel across each coil.
Therefore, the initial design values must contain .om, ,•erlap to compensate for this.
Care must be exercised in the selectioti of these col.s hi, insure that each (oil is used well
below its self-resonant frequency point. The best sN'itching relays available at this time
are small vacuum latching relays made by Jennings %%hich feature, besides high voltage
capability and memory, a very low contact capacity. I'est on several of these relays show
a contact capacity of only 1.5 pf as compared with the standard half crystal can type
which measured 4 pf. Tnese are specially made RF re1iy.s \ it h a 3 k-% brcakdown and 200
watts power-handling capability, well above the levels requtired.

C-4.3.1 RF Tuning Element

The basic saturable core reactor as developed and refined by A'co hah, been explained in
many reports. The theory is quite well developed and will iiot be discussed here except to
summarize its usage in the present coupler system.

The basic it.ea of the antenna matching network desirib il here depends on the concept
that the relative permeability (Pr) of a core material and the inductance of a coil wound
on this core material can be changed by applying an external magnetic field.

The second important concept is the use of a pernianult :nignet to --supply the external
field and the changing of the strength of this magnet 1)3 current IMlsLo through a coil
surrounding it. Changing the field strength of thi mangnit will cause changes In Pr of the
core material. In this way a range of inductance ahluet. !., ,tailable from tile RIF inductor,
each corresponding to a certain field streng-th of tilhe prmnanent magnet. This is true if the
magnet changes from zero field to its maximum value. In the cae where tie magnet is
allowed to change from maximum field via zero field to maximum reversed polarity field,
there will be two values of magnetic field strength (orresponding to each inductance
value.

The basic constructic n of the saturable reactor as..enibl %%,is indicated in figure C-13.

97



F--

co E

C e~~' '

(15(E

~Jtc) C)C

CO)

CL)

rn 0

coI 0

Cý'I (-f r--Il
lit~

X ~
g.1

_ /l ~ ~ jl98



Permanent Magnet Material. Given the requirement of small weight and
volume, the magnetic material to be selected should be the one with the highest
possible energy product (BH). Large energy products are obtainable in ceramic
type magnets. However, the coercive forces in magnets of this type are very
high, and so it is virtually impossible to simply change the magnetic field
strength with a pulsed coil. Thus a metallic magnet material was selected,
exhibiting a very high energy product. The particular magnet chosen is an
Indian - General Alnico V-7 with (BI-H) = 5.9 x 104 joule/rn 3 (or 7.5 X 106

gaus" ersted).

Ferrite Material. The choice of ferrite material was based on the following
considerations:

1. Useful frequency range - The material should exhibit a reasonable Q
from 2 - 30 MHz.

2. Rate of change - The material should exhibit as large a change of Pr
as possible under influence of an external field.

3. Power capability - This requirement relates to the property of the
ferrite to withstand high RF power levels without introducing
considerable distortion.

The rate of change as defined under consideration 2 above will depend on the
Pr without magnetic field. The higher the initial Pr, the larger the change.
However, a high 1'r is contradictory to the requirement of a large useful
frequency range. Therefore, a compromise has to Ix effected. The best ferrite
material found that gives good characteristics over a wide frequency range is
Ferroxcube'z 4E2.

It should be noted that two different methods of applying the magnetic bias
field can be used. The parallel bias will sustain a field mainly parallel with the
alternating field generated by the RF coil. The orthogonal bias consists of a
field mainly orthogonal to the alternating RF field (see figure C-17). The
advantage of the orthogonal field is the increase in Q that can be achieved. In
brief, the losses in ferrite at high frequencies are due to two phenomena:
domain wall motion and electron spin resonance. The first one appears at lower
frequencies and the second one appears at higher frequencies al'hough the two
peaks may almost coincide. By applying an orthogonal field of large onough
magnitude, the domain walls will disappear and the electron spin will precess
about the direction of the external field, thereby strongly reducing the losses.
However, one should realize that a very strong field is necessary to achieve this.
This means that the available variation of inductance is limited, because the
external field may only be allowed to change about the higher values of field
strength.

The selected approach to the problem has heen to use a ferrite material with a
high enough initial Q at the high frequencies without any external field applied.
Then a paral'le external field is applied to change the Pr of the material. As can
be seen from figure C.18, a parallel field will produce a larger change in
inductance than an orthogonal field of the same strength. A preference for a
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parallel field leads to still another, design concept. When the ferrite oube in
figure C-19 is considered, it can be noted that ,'he DC field (dotted lines) is
only partially parallel to the IRF field (solid lines). At the ehd pieces (shaded)
the RF and DC fields are almost perpendicular td each other. Because paiallel
fields are favored for the reasons previously explained, the ratio L/d should be
made as large as possible so that the relative 'size of the end pieces, where the
fields are not parallel, is decreased.

HBIAS
S d ,1

II I

Figure C-19. Parallel and Orthogonal Bias

Given a parallel field, it is easy to see why an inductadce changeCwill take place
(see figure C-20). The initial Pr of the ferrite, given by the slope of the BH
curve of the material, changes wheai the Wias point is moved along the BH
curve, as a result of an externally applied magnetic field. Although,
theoretically, Pr can be reduced to zero with a high enough external fielk the
field strength required to d6 this is very high. In this •application, fields are useu
with a strength which reduces Pr to about,4, from an initial value of 16.

Another consideration becomes evident from looking at figure C-20. The RF
field has to be much smaller than the DC bias field. The actual limit here is,
imposed by the distortion that can be tolerated on the RF waveform as a result
of the nonlinearity of the ferrite.
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Figure C-20. Hysteresis Loops

C-4.3.2 Tuning Concept,

The basic network tuning methpd proceeds in four steps. These are:

1. Rapid Scan Mode I

2. N•rmal Sca~n Mode
*3. Coarse Tune Mode
4. Fine Tune Mode

A simplified version of the o•,erall tuning philosophy can be described in the following
manner (see figure C-21). I

Assume that L2 has zero value (in reality it is minimum). By varying Li over the range 0
'- oc, the antenna plus Li imnpedahce will be varied over the range

(RA + j XA) - (RA +joo)

In a Smith diagram (see figure 0.22) this constitutes part of a reactance :circle for'R =

constant. In the given example in figure C-22 where

RA +j XA =100 - j100
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Figure C-21. Network Example for Tuning

the circle I is the image of all impedances that can be acquired by varying the value of L1.
Now by considering the parallel capacitor C with reactance XC. the input impedance of
the coupler network shifts in the negative reactance direction along the constant
conductance circles. If it is assumed that XC = -10 millimhos, circle II is the result in the
example of figure C-22. Two intersections exist with the circle R 50 ohms. At those
intersections the impedance (in ohms) is given by

Z=50 +jY

If the inductance L2 is added to the network and a value of L2 selected in such a way
that

XL2 = -Y

where XL2 is the reactance of L1, then the final network will exhibit an input impedance
of 50 + jO ohms; i.e., the network is tuned for 50 ohms.

It should be pointed out that, in general, it is not necessary for circle II to intersect with
the R = 50-ohms circle. If no such intersection exists, the desired tuning is not possible.
By choosing XC large (i.e., having a small capacity) an intersection for circle II with the R
= 50-ohms circle can always be found. However, for very large values of XC this
intersection will move in the direction

R = 50, ZI- oo

So very largtv values of XL2 Wll be .ecessar to achieve tining. Furthermore, intersection
A might be located on the 2iositive ra. fance side of the 50-ohm circle (see circle III).
This means that tuning for 0 0' at A! is only possible if XL2 would be negative; so L2
then has to be capacitive. Because of the exclusion use of saturable core reactors as
variable elements, points like A' are excluded and for tuning only the intersections of the
kind at B' are to be used.
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Now, the following tuning procedure can be established:

1. Make XL2 as small as possible by minimizing L2.

2. Select the right capacitor for C (its value depends on the band corresponding to
the selected frequency).

3. Vary Li until Re (Z) 50 ohms.

4. Vary L2 until Im (Z) 0 ohm.

In order to make the decision

Re (Z) <50 ohms or
Re ()>50 ohms or
Re (Z) = 50 ohms

a resistance detector is used. A phase detector is used for the logical decision:

Im (Z) <0 or
Im (Z) >0 or
Im (Z) = 0

The description of these detectors is given in previous reports.

If Li is varied as indicated in step 3 above, the relationships indicated in figure C-23 exist.
Figure C-23C is constructed from figure C-23B, assuming the following logic relationship:

If output R detector is +5 volts, increase Li
If output R detector is -5 volts, decrease Li

From figure C-23B it is now evident that "B" is a stable tuning point, whereas point "A"
is unstable. This is very suitable, because as was stated before, point A does not
necessarily enable the phase coil (L2) to tune for positive values of XL2. However, if
initially XL1 is smaller than the value of XL1 at "A", no tuning is possible, because the
indicated logic relationship would lead to a continuously decreasing XL1. This problem
can be solved by an initial inversion of the logic relationship.

If the input impedance Z has a negative phase angle before XL2 is varied from minimum
and after XL1 is tuned for Re (Z) = 50 ohms, tuning of XL2 (after it has been switched
in) is accomplished in a simple way by relating the phase detector output polarity to the
increase or decrease of XL2. At this point it is noticed that it is not necessary to make use
of the conditions

Re (Z) = 50 ohms and
Im (Z) = 0 ohm

for which the output of the R and phase detectors would be zero. The only information
needed consists of:

Re (Z) <50 ohms or >50 ohms and
[im (Z) <0 ohm or >0 ohm
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Figure C-23. Relationships in Output Arm of Tuning Network

tI

This means that the system only recognizes the network's "absolute position" in the
tuning diagram so it can make the decision in which direction to move; however, the
input signals from the R. and 0 detectors do not contain sufficient information to decide
on "quality" of tuning. Nevertheless, with this information the system will be able to
move into the direction of a tuned conditio...

0-4.3.3 Practical Tuning Method

The conceptual tuning method described in the last section must be modified in reality
for several reasons. Among these reasons are:

1. Faster tuning times required
2. Stray reactances
3. Finite element Q's
4. Detector inaccuracies
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Therefore, the proposed method in four parts as mentioned previously functions as
described below:

Initial Conditions. Two sets of initial conditions can be discussed: a "home"
condition and the '"p.esent" state.

L. Home Condition. This condition has both Li and L2 at minimum
and the shunt C in the proper band. The coupler should
automatically go to a "home" condition under any of these
occurrences:

a. Radio Silence Mode
b. Frequency Band Change
c. Power Switch Turned On
d. Whenever a "fine tune" retune attempt fails

2. Present State. Whatever elemental condition the coupler was last in.

0 Rapid Scan Mode. This mode, described briefly before, operates in the
following manner:

Starting from a "home" condition, the output reactor is swept with a scan
pulse through its complete Lmin - Lmax range while monitoring the
R-detector at the same time to see whether a valid crossing of the 50-ohm circle
is achieved. If no crossing is indicated, the smallest fixed inductor is switched in
and the reactor is reset and swept again through its range. This process is
repeated until a valid 50-ohm crossing is obtained. Then logic control goes io
Normal Scan Mode.

• Normal Scan Mode. Fol'owing the initial R-crossing indication, the reactor is
reset and incrementally pulsed through its range pulse-by-pulse in order to
detect this R-crossing with a smaller L increment. As was previously
mentioned, it may be necessary to switch to the next coil combination to
compensate for the XL overshoot in the rapid scan pulse. Once the first
R-crossing is again detected in the Normal Scan Mode, the logic control goes to
Coarse Tune Mode.

* Coarse Tune Mode. The procedure followed in this mode is well described in
Technical Report ECOM-0101-1. It is an iterative type procedure where the
logic control is determined by which zone of the Smith Chart the input
impedance is in at any given sample period. The ultimate aim of this mode is to
achieve the first zero-phase crossing. Once this is achieved, logic control goes to
Fine Tune Mode.

* Fine Tune Mode. Tis mode is again zone-contrulled, the ultimate aim bei Ig to
achieve four consecutive crossings of the It = 50 ohms, and p = 0° lines. This is
A•lso described in Technical Report ECOM-0101-1.

C-4.3.4 Calculation ( f Parallel Capacitor Values

The value of the capacitor to be used in each frequent N band dependb on the following
considerations and restrictions (see figure C-21):

107



1. C should be • large as possible (to keep L2 as smali as possible).

2. For each antenna impedance (RA + jXA) which has to be tuned, the
combination of C, Li, and RA + jXA should exhibit at least one value of Li
for which the substitute impedance of C, Li, and RA +jXA can be expressed as

=50 + jX (C-i)

with X having a negative value.

The substitute impedance Z, for C parallel with Li and RA + jXA in series, can be
expressed as:

Z (RA + jXA + jXL) (jXc) -XAXC- XCXL1 + jRAXC (C-2)="RA + jXA + jXL1 + jXc= RA + j (XA +XL1 + XC)(-2

and

Re IZ =-XAXCRA - RAXCXL1 4 RAXAXC + RAXL1XC+ RAXC2
RA2 + (XA + XLI + XC)2  (C-3)

IiRZX9-Re IZI = RA2 + XA2 + XL 2 + Xc2 + 2XAXL +2XAXc + 2 XLIXC (C-4)

Because of condition 2 above, a solution has to be found for XL1 from the equation

Re (Z) = 50 ohms (C-5)

This solution represents the value of XL1 for which tv-iing is achieved. From equations
C-4 and C-5:

50RA 2 + 50XA2 + 50XL12 + 50XC2 + 10OXAXL1 + 10OXAXC + 100XL1XC

- RAXC 2  (C-6)

This is a second-order equation for XL1, which might have none, two identical, or two
different solutions, depending on the value of the discriminant. Two identical solutions
mean (using the Smith diagram) that the circle traced by varying the value of XL1 is
tangent to the R= 50-ohms circle (figure C-24). So two identicl.1 solutions for XL1 will
indicate the largest useful C-value. Thus the discriminant of thC quadratic equation should
be zero:

B2 -4AC=0 (C-7)

where B = 100 XA + 100 XC

A=50

C = 50RA2 + 50XA 2 + 50XC'+ 10OXAXC - RAXC 2
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Figure C-24. Parallel C Determination

or

10,000 (XA + XC) 2 
- 200'50RA2 

- RAXC2 + 50(XA + XC) 2 = 0 (C-8)

50 RA2 = RAXC

XC = Ov/5 A (c-9)

Because XC represents a capacitive reavtance, the negative solution for XC is selected.
This expression (eqiation C-9) prr•;sen a simple formula for the upper finnit of ale
parallel capacitor. It also enables onf t; decide that for a given capacitor, XC = XC 0 , the
impedance values that cannot be tunei are contained inside the circle R = RAO in the
Smith diagram, where

RAO - XC 0/50 (C-110)

However, there is another class of non tt n.,bt. impedances. These ai, the values of RA
aid XA for which solutions of equatio.i C.6 exist, but for which both of these solutiohs
have negative values. If the solutions are vwritt:en as:

%L1, XL2 = -B ± /B2 -4 AC (C-I1)

A' is ,oiced that A = 50 and so the denominator is always positive.

For both solutions to be negative
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: B> B2•-4AC

10OXA.+ 100XC > iv200RAXc- 10,OOORA 2  (C-12)

go tuning is possible if:

10OXA < /200RAXC,2 - 10,000RA2 - 1OOXc (C-13)

It is noticed that 'this inequality can alwaysbe satisfied by choosing XA small enough.
Here XC has a negative value and so the term (-100XC) get's a large positive value for
small capacitors.

C4.3.5 Conclusion. -Even if XC is selected according to equation C-9, tuning might still not be
possible if XA is very large (i.e., the antenna has a high inductive component) (see figure
C-25). Furtherniore, if tuning is not possible, the possibility exists of choosing a smaller
capacitor value for C and thus raisirig the value of the.• right hand side of expression C-13
until the inequality is satisfied.
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