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PR F.ACIU

rýis final report presents the results of a contractual effort to

develou d production prototype of a VHF intermodulation product

ýijncellation system't, This work is a follow-on to a previous effort in

wnicn tne feasibility of building such a devi%,- was established. That

effort was reported on in RADC-TR-73-404, dated March 1974 (AD919 322L).

This effort was perforred under contract F30602-74-C-0243 to

Addington Laboratories, Santa Clara, California. The Addington

Laboratories project engineer was Mr. Rodger Billings. This project

was funded by the Federal Aviation Administration (FAA) under Interagency

Agreement DOT-FA74WAI-413. The Project Director for the Federal Aviation

Administration on this effort was Mr. Leonard Bosin. The Rome Air

Development Ceenter project officer and the author of this final report

was Capt. John E. Ericýson (FADC/PBCT).
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ABSTRACT

This final report describes the results of an effort to develop hard-

ware that can be used to reduce Intermodulation Product (IMP) generation

ir VHF Communication Systems. Ti.' program consisted of two tasks: the

development of a production prototype of an Intermodulation Peduction

Device (IRD) using a cancellation technique to achieve IMP reductions,

and the development of a fully distributed VHF circulator.

The performance of the production prototype IRD is very simi'ar to

the performance of the laboratory feasibility device developed under a

previous effort and reported on in RADC-TR-73-404, dated March 1974.

These twelve units displayed iasertiow, losses that ranged from 2.7 dB

to 3.6d8 (average 3.1dB) and isolations that ranged from 45 dQ to 67 dB

(average 53 dB) at room temperature.

tUnder condition of a 50-watt CW forward signal into the IRD, and an 0.1-

watt CW back signal, a strong third-order intermodulatlon product (IMP)

was observed that averaged -41 d~m at room temperature. This IMP level

is an 1l-df improveinent over the -30 dfm that would typically be generated

by a VHF lumped-element circulator and 41-dR improvement over the 0-dBm

that is typically generated by an unprotected transmitter under similar

operating conditions.

The VHF-distributed circulator displayed characteristics considerably

better than a similar VHF lumped circulator (such as the circulators used

ii
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Vtie ,. ?fiT ciicidator had a w'iun 1nsertion loss of 35 JB and

a ,-i1 ,i0Mr, isolatitin Of 16 JP. -, t PIPs were about tne %dae as for the IRD.

The disadvantanes of this urnit are its larqe s.ize arNI wtiht bt it has

Ofe advantaqe of sirplicity.
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. I'TRODUCT 10'*

This report addresses the problemn of intermodulation product 0jIP)

,wneration in transmitters. This problem is created primarily by the

nonlinearities of transmitters and the collocation of radiating antennas.

The problem is illustreted in Figure 1. If a VHF transmitter is radiating

a silnal of 50 watts (+47 d8m) on frequency f2' and the distance from

this antenna to a collocated radiating antenna is 10 feet, then the

signal f2, is reduced by about 27 dB due to space loss before arriving

at the second antenna. The second antenna receives signal f 2 (now at

+20 d8m) and this signal travels down the coaxial line to the

transmitter. Thus, this transmitter is exposed to its own signal

of frequency f, at +47 dBm and the signal f 2 at +20 dfm. Since the

transmitter is inherently a nonlinear Jevice, it will produce IMPs of

all orders. Of primary concern, becduse they are the stongest IMP

sionals and because they fall within the passband, are the 3rd-order

IMPS. The stronger of these will be about +0 dBm for an unfiltered

transmitter. If a receiver antenna is located 10 feet frerm the antenna

of the intermoding transplitter, then this +0 dBm IWP signal will reach

the receiver with a power level of abu.jt -27 d~m. If the frequency of

this IMP signal coincides with the frequency to which the receiver is

tuned, the ability of the receiver to detect low-level incoming signals

will be seriously degraded. Sensitivities for F.AA receivers used in

this effort were -97 d•m. If this receiver is exposed to an IMP signal

at -27 dBm, a total of 70 dB of receiver sensitivity has been lost.



An approach -i-c h bs proved offective in retcinn transr~itter

14Ps uses V-,rrite circulators, as shown in Finure 2. A circulator

is a nonreciprocal device that allows power to pass In only one direction

between any two ports. A typical three-Part circulator is illustrated in

Figure 3. A signal inserted at port 1 is passed to port 2, a siqnal

inserted at port 2 is oassed to port 3, and a sinnal inserted at port 3

is passed to port I. It can he seen that if port 3 is terminated with an

impedante matchlnn load, then a sinal inserted at port 1 will still pass

to port 2, but a signal inserted at port 2 will pass to port 3 and be

dissipated in the termination. Used in this manner. a circulator is

called an isolator since it passes Power from port I to port 2 but not

from port 2 to port 1.

If a circulator is utilized as shown in Fio,,re 2. each transiAtter is

protected from any undesirable sinnals that minht be received by the

transmitter's antenna. Thus protected, the transmitter will be exposed

to only its own sinal. Therefore, the nonlinearities of the trans-itter

can generate only harnonics of the fundamental frequency. These harronics

are far removed from the bandpass of the receivers involved and are not

of serious concern.

In reality, there are limitations created by the circulators themselves

oon the t'jree of success attainable with this approach. Isolation in a

circulator is the ratio (in dd)) of a siqnal applied to the circulator's out-

put port to that portion of the applied signal that appears at the isolated

2
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port. The degree to which the transmitter is protected from undesirable

signals is a function of how much isolation the circulator provides.

Another measure of performance is the insertion loss of the isolators.

This is a measure of the amount of power lost in the circulator when a

signal is transmitted through it in the forward direction. Insertion

loss is the ratio (in dR) of power inserted at the circulator's input port

to power received at the output port. Insertion loss must be kept as

low as possible.

Linearity of the circulator is very important. While circulators

are known to be more linear than transmitters and will therefore

produce lower levels of IMPs, they still have their fundamental limitations.

In a previous effort (discussed in RADC-TR-73-404, March 1974), it was

found that a ferrite lumped circulator generates a strong 3rd-order IMP

of -30 dBm when exposed to a forward signal of +47 dBm and a reverse signal

of +20 dBm. This is an improvement of 30 dB over the 0 d8m IMP level

that is generated by an unfiltered transmitter.

In the previous report, methods were identified that provide IMP reduc-

tions beyond those achievable using a single lumped circulator. A techrlque

which uses two circulators and 900 hybrids in a manner that provides for

cancellation of the strong 3rd-order IMP was tested and proven to be

effective. A laboratory prototype unit was designed and built that

displayed an IMP that was reduced by 13 to 22 dB below the levels

generated by the single circulator.
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In aiddi tion, a t~iiorv w~as )rescnted thlat indiCateýri that a VHF fully

distrih~ited circulator wo1'lrnvide for lov.wýr I'? ipeneratio~n than a

siriilar 'jJF lumned circulator. A tneoretical design of sutclh a circulator

w-as also nrovided.

The riurnose of the, proent effort wias twofold. First, the IMP

cancellation deývice usio'i two circulators and tw~o 90' hybrids was to be

co-verciafl' oackaqed as a ;.roduction prototyp. (t-ils unit has been

desi mnated, tne Interviodullation Iýer!LlCtjifl ievi ce (PID) and will be referred

to as such in tie r-.raifvder of tnis renort}. ~3idoin tniis a desiqn would

be created tiat cmil tjo ii-loj anl roiduction basis, a betttr eval uatiun

of tne I4 ':)s carall:iliiti-is woui, ::,: ossii Ae anti i uforsat ioii needed to

accuirately esti;- r e-ca roduction Costs for toie 1½ý. would be

acni ured (.

ocoi uroose - :fort was to afteuivit to desiqn a VHF

full I is tri cm~ ci cfi. Thiis attev- mt cruld' h-ln to est i ;Iabl ns the

cr~rv-Hctnpess of t.Wr~ri .es ono 1"ý rxnenration arA.imiol e';ta'l ish the

feasi ý 1iitifes of '_ 1, , in-~ jistri tLuted ci rculators at VWiF frequencies.

HouefullIY , a usoful '-'F distri buted circul jtor coul - resul t whicn would

disoay aniim 'Ienree (if linearity (low 1'P).

Desirin snecification and qoal; for this effort wfre established as

fl I I



Intermodulation Reduction Device

Frequency Band 118-136 1Hz

Power Capability 50 watts in either direction

Maximum Size 250 cubic inches

Maximum Weight 4 pounds

Input/Output Impedance 50 ohms

VSWR 1.5 max at input

Insertion Loss 3 dB max.

Isolation 45 dB min.

IMP -45 dBm *

Distributed Circulator

Frequency Band. 118-136 MHlz

Power Capability 100 watts

Input/Output Impedance 50 ohms

Insertion Loss 0.5 dB max

Isolation 20 dB m n.

IMP -50 dBm *

* Design goals to be achieved under conditions of 50 watts of forward power

and 0.1 watt of reverse power.

Size and weight of the distributed circulator were to be made as small

as possible.
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II. DEVELOPMENT

A. The Intermodulation Reduction Device (IRD)

The IRDs developed under this effort are based on the laboratory

prototype previously built. The laboratory prototype was constructed

using two Addington Laboratories VHF lumped-element isolators. Each isolator

consisted internally of two circulator stages. Since the isolators were

sealed and not tunable during the development of the IRD, four tunable

low-pass filters were used in the IRD to achieve phase tuning. A

schematic of the laboratory prototype IRD is shown in figure 4.

The production prototype IRD development was based on this configuration.

Since the manufacturer of the isolators, Addington Laboratories, was the

contractor on this effort, it was possible to implement two improvements.

First, the entire IRD was encased as an integral unit instead of requiring

separate cases and connectors for the isolators. Second, since the circulator

modules could be made accessible during the tuning of the unit, it was possible

to eliminate the low-pass filters which were previously required for

phase tuning. The resultant configuration is shown in figure 5.

The four Isolators shown in figure 5 are each tuned to the*118-136 MHz

frequency band. The individual isolators display 1.4 dB of insertion loss

each and 25 dB of isolation each. These units were assenmled as shown in

figure 5 along with two 90* hybrids. The particular hybrids used in these

devices were manufactured by Merrimac Research and Development, Inc., sodel no.

QHF-2-.130G. These units display 0.3 dB of insertion loss and maintain speci-

fied amplitudes within 0.4 dB and phases within 2*. Since a cancellation

of two signals is being attempted within the IRD, the deviations in aplitude

7
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- and phase in these hybrids as well as in all other components is

critically important. (For a discussion of how IMP cancellation is

achieved in the device, the reader should refer to Appendix B in

RADC-TR-73-404, dated March 1974).

Four IRDs were built to the 4 module confiquration of figure 5. The

enclosure was constructed from aluminum and Peasures 13.20 x 6.70 x 1.49

inches with four mounting tabs that extend the length to 14.70 inches.

The finished IRD (4 module confiquration) weighed 7.25 pounds. The IRI)

enclosure was designed to satisfy the following criteria:

1. Minimize component layout complexity.

2. Minimize differences between electrical lengths in the two arms of

the IRD and therefore maximize chance of achieving good cancellation.

3. Maximize the ability of the device to dissipate the heat.

During a mid-contract visit to the contractor by the RADC contract

monitor, an effort was made to improve the IMP cancellation that was

being achieved by the three IRDs that had been constructed at that

time. Theory indicates that complete IMP cancellation Is achievable

under perfect conditions and an earlier laboratory experiment had produced

up to 50 dB of cancellation under carefully controlled circumstances.

These experiments were repeated using line stretchers in the 4-module

IRD to augment phase tuning. With the line stretchers, greater than

38 dB of cancellation was observed at a fixed set of frequencies (the IMP

disappeared into the noise fV •or). The line stretchers were then re-

mnved from the IRD and, using only the phase tuning made possible by

adjustinq thE elements in the isolator molules, over 38 dB of cancellation

9



was again achieved at a fixed set of frequencies. Unfortunately, this high

level of cancellation was not repeated when other frequency pai rs were

tested. Both the amplitude and phase of the IMP through the various

components of the IRD) change with frequency and this dependency destroyed

the high level of canctllation when different frequencies were used.

It was resolved at this time to convert the IRDs to a 3-module

configuration as shown in figure 6 instead of the 4-module configuration

previously used. A severe disadvantage of the 4-module configuration was

the difficulty of equalizing the electrical length in each arm of the

IRD for each of the three signals involved. This problem was complicated

by the fact that a phase shift is experiencod by the signal as it passes

through each circulator and tnese phase shifts are adjustable. It is

necessary for input signal (f,) at the output 0- --the second isolator-in

the top am of figure 5 to be equal in amplitude and 900 advanced in phase

with respect to the portion of the input signal that reaches the output

of the second isolator in the lower arm. This phase can be affected

(in each am) by both circulators. However, since the majority of the back

signal (f 2 ) is terminated in the 2nd circulator in each am, and since the

majority of the IMP is created in the second circulator, the 2nd circulator

in each am is the only circulator that has a significant effect on the

phase of f2 or of the IMP. The result is that an ambiguous situation exists

when an attempt Is made to tune the 4 isolator modules of figure 5 to

achieve cancellation. This ambiguity was eliminated by converting to a 3-

module configuration as shown in figure 6 where there is only one isolator per

10
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am and therefore all sinfa-l phases are affected in the arr only by the

a.justments to that isolator.

The 3-imodule configuration also has the advantaqe of less weight and

cost. Since the enclosure design was already complete, it was used on

the 3-,,odule configuration as well. The weinht savings was, therefore,

only the reduction in weight due to the elimination of one ferrite module.

The resulting weight for the 3-module IRD was 6.9 pounds as opposed to

7.25 pounds for the 4-module IRD. Further significant reduction in this

weight and the overall size of the IRD could be realized by redesigning

the enclosure for the 3-module configuration.

Io sacrifice in isolation or insertion loss is required in going to

the 3-module configuration. As is seen in figure 5 and 6, a signal

passing in either the forward or reverse direction through the IRD must

pass through two isolators in either configuration. The first isolator

in the 3-module IRD must pass twice as nuch power as any of the remaining

isolators but isolation and insertion loss are fairly constant with

power changes. Therefore, since each signal passes through two isolators

regardless of configuration, the 3 and 4-module IRDs will both display

the same levels of isolation and insertion loss.

A new tuning procedure was implemented for the 3-module IRDs to

improve cancellation by equalizing the electrical lengths in each arm

of the IRD. This tuning procedure is as follows:

1. Tune individual isolator modules, using a matched magnetic field,

for best VSWR, isolation and insertion loss.

2. M4atch the reverse phase and thru-phase of each isolator module

12



to that of a reference module.

3. Take IMP data in each isolator module at three frequency pairs.

4. Match together isolator modules that have the most similar IMP

levels across the band.

5. Assemble the IRD using the matched modules in the parallel arms

of the device.

6. Test the IRD under power and make small phase-tuning adjustments

to achieve any possible further improvements in cancellation.

The thru-phase referred to in step 2 is simply the phase shift of a

sigral passing through the isolator irdule in the forward direction.

The reverse phase is measured by electrically opening the input to

the isolator and the internal termination of the isolator's third port.

A signal is then imposed on the isolator's output port. This signal

circulates once around the circulator ferrite and, since all other ports

are open, reflects back into the output port. The phase of the reflected

signal is compared with that of the original input and the difference

represents twice the reverse phase of the isolator module.

The IMP data referred to in step 3 Is taken at the following three

frequency groups: fI. 122, f 2  118b, flM = 126; fI = 125, f 2 = 129,

Sf Im ,121; fV I 132, f 2 = 136, fiM = 128 (all frequencies are in MHz).

This data was taken at the reduced power levels that the individual

modules are expected to experience when the entire IRD is operated at

fill power. These power levels are P1  - 18 watts and P2  ' 0.05 watts.

Testing showed that the 3-module IRD provides the same IMP reduction

as does the 4-module IRD. The additional improvement hoped for was not

13
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achieved. It is believed that this additional improvement is still

possible if improved test equipment is used during the critical tuning

phase of the IRD assembly. This test equipment would allow for swept

IMP testing and is discussed in the conclusion. Although both configurations

were found to provide the same IMP protection, the 3-module configuration

has the advantages of smaller weight, less cost and potentially smaller

size. Therefore, the majority of the IRDs were built to the 3-module

configuration and it is recommended that any future IRDs acquired use this

configuration.

14



B. ViF. Distrtbuted Circulator

A VHF distributed circulator was developed under this effort.

This unit was based in part on the distributed circulator design

presented in Appendix E of RADC-TR-73-404, dated 1974. The unit was

redesigned by Addington Laboratories In an effort to reduce its

overall size and, therefore, its total cost and weight. The distributed

circulator is designed in the shape of an equilateral triangle. For

the design presented in Appendix E of RADC-TR-73-404, the height of the

triangle was fourteen inches and required an excessive amount of

expensive ferrite material for its ferrite puck. The redesigned unit by

Addinciton Laboratories requires a triangular height of only 8 inches

which is a W. reduction in height. A corresponding reduction in the

amrount of ferrite material used was achieved and, as a result, the unit's

cost was considerably reduced.

The distributed circulator was first designed using G-113 ferrite

material made by Trans-Tech, Inc. This circulator was assembled and

tested and it performed well. Insertion loss was measured to be less

than 0.4 dB across the band and isolation was greater than 16 dB across

the band. With a through signal of 50 watts and a reverse signal of 0.1

watt, the IMPs were around -42 d8m which is very similar to the IMP

level generated by the IRDs.

The theory indicated that a possible improvement in IMP generation

might be achieved by using a G-1021 ferrite material, also made by

Trans-Tech, Inc. The G-1021 material has a ferrite resonance further

removed from the VHF frequency band than is the case with the G-113

15
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material and, as a result, it was postulated that it mifilht behave in a

more linear manner. The G-1021 •iaterial also has a broader resonant

linewidtii than the G-113 raterial and, as a result, it was expected that

it would exhibit a higher insertion loss. The G-11)21 material has a

saturation maqnetization (4 '-?S) of 11.93 gauss verses 178W qauss for

the 6-113 material.

The test results withi the 6-l321 material indicated, in t erestingly,

that it generated sliqhtly stronger V!Ps then did the G-113 material

(by I or 2 dB). It also had higher insertion losses than did the G-113

material. Insertion loss with the G-1021 material was about 0.8 dB

conpared to the J.35 dBi losses of the G-113 material. The only superior

characteristic of the f-1921 material was the somewhat higher isolation

whicO it displayed.

Since the G-113 Taterial proved to be superior overall, it was

used in the delivered unit.

In order to increase the isolation to the 491-di level exnibited by

the IRD, two distributed circulators would be required in series. An

alternate approach, which is much less exoensive, would be to confiqure

a distributed circulator in series with a lumped-element isolator

module as shown in figure 7. A sinqle isolator module has an insertion

loss of 1.4 dB and an isolation of 25 dii. By placing a module and a

distributed circulatnr in series as shown in the fiqure 7, 45 dB of

isolation is aciieved. Since the most linear element (the distributed

circulator) is closest to the antenna, it protects the isolator module

from unwanted signals and therefore IMP levels remain low.

16



111. EquipmEnt fiperation

A. Intermodulation Reduction Device

1 Hardware description

Twelve IRDs were procured from Addington Laboratories, Inc.

under this program. They have been designated "Model number 103630010,

serial numbers 6099H through 6110H inclusive." Serial nu.mbers 609914,

6100H and 6101H were constructed in the original 4-module configuration

with the remaining nine units in the 3-module configuration. Each

4-module !RD weighs 7.25 pounds and each 3-module IRD weights 6.9 pounds.

The physical dimensions of the IRDs are the same for both the 3- and

4-module configuraiions. These dimensions are shown in figure 8.

The top of the device is marked with an arrow indicating the proper

direction of power flow. The input and output .ports are also clearly

labeled.

Since these IRDs have about 3 dB of insertion loss, a considerable

amount of heat is dissipated internal to the unit when under continuous

use. To improve the beat dissipating properties of the device,

it is recommended that the IRD be mounted to a heat sinking surface if

used continuously at power levels higher than 10 watts CW.

The IRDs are capable of handling 50 watts CW of power in the forward

direction. Should they mistakenly be connected into the circuit

backward, the IRDs will also handle 50 watts in the reverse direction

for a considerable length of time. This capability is also a protection

against the possibility of an opening in the output line which would cause

the power to be reflected back into the IRD.

17
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Figure 8. Intermodulation Reduction Device Dimensions
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A photograph of an IRD is presented in ficure 9.

?, Reliability

A failure rate of 90 per 106 hours of operation has been

calculated by the contractor, Addington Laboratories. This equates to a

mean time between failure (!4TBF) of 1.1 x 104 hours.

These uwits are not field repairable or muintainable and the

manufacturer recommends that a 10% spares level be maintained. Should

"a unit exhibit an insertinr loss of greater thajn 4 d8 or an Isclation of

less than 30 dB, a failure can be assumed to have occurred.

B. VIIF Distributed Circulator

1. Hardware descriptvon

A sinqle VHF distributed Clrculatbr was developed and built.

This unit has been designated "Model ntfber 100101775, serial number 6WINH."

The unit contains large magrýS. and should i.e ýandled accordingly, The

distributed circulator w'.ights 12.5 pounds. This v:irculator has three

extern&I ports that 3re labeled "",. "2", and 'Y'. AnP two

ports can be used with ti~e third port terminated. Circulation is From

port 1 tc port 2, port 2 t0 port 3, or port 3 to port 1. As can be seen

from the data sheet in the next section. certain combinations of these

ports provide better isolation than others.

The physical dimensions of the distributed circulator arm shon in

"figure 1N.

Since this device has only 0.35 dB of iniertion lrws; It will not be

required to dissipate much heat. At 50 watts of rated power, it must

dissnat- 4 watts; it will do this easily since the unit is rather massive.

No external heat sinking is required under norml operating conditions.

19
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F"~~~ ~ ..... . . 70 in.. ... ...

9.70 in.

-, /

Figure 10. Diwension Of the VHF Distributed Circulator

Temperature compensation was not incorporated into this unit; thus, its

operating characteristics can be expected to deteriorate as the operating

temperature deviates from room temperature (+22 C). This temperature

dependency can be reduced by using temperature-compensating materials in

the circulator construction. Such compensatien should be required for

any units purchased for operational use.

A photograph of the VOF distributed circulator is presented in figure

11.
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2. Relk abi l ity

The manufacturer estimates a failure rate of 23 failures per

106 hours of operation for the distributed circulator. This equates

to a ITBF of 5.0 x 10 hours. The reliability of this unit is essentially

the reliability of the ferrite material used in it. The reliability of

ferrite material is more a function of the nechanical and electrical

stresses to which it is exposed then it is a function of usage time.

22
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IV. Conclusions

A. Intenmodulation Reduction Device

The Intermodulation Reduction Devices (IR•s) developed under this

contract are capable of reducing all interodulation products to the

-40 dBm level when used to protect a transmitter operating at 50 watts

of output power and when the unwanted signals coming from the trans-

mitting antenna are no stronger than 0.1 watt. This is essentially the

environment to which a transmitter will be exposed when there is a

second transmitter, also operating at 50 watts, whose radiating

antenna is located only 10 feet from the first antenna. The individual

operating parameters of this device are discussed below:

Isolation: The isolation of the IRDs is greater than 40 dB

across the 118-136 Mz band and at the -100C, +2 0C, and +606C

tenfp.ratures at which the unit was tested (except for S/1 6109H which

Jropped to 30 dB of isolation at a few frequencies at -100C). This is

sufficient isolation to reduce the ITIPs of the transmitter below those

of the IRD protecting it.

Insertion loss: The insertion loss of these units varied between the

extremes of 2.5 dB and 4.0 dB. These losses were somewhat higher than the

3.0 dB goal. The adverse effect of these losses depends upon the power

levels used. It appears that these insertion losses could be constrained

to below 3.0 dM, if necessary, by the use of high-Q capacitors in the

isolator modules, and by procuring a special order of ferrite with closely

controlled ferrite properties. Any large-scale production should incor-

porate both of these improvements.
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. .IP Reduction: Interriodulation products were reduced to a-bout -4i. dB p,

on the average (under conditions of +47 d6rm of forward powrer dn(. -20 dPr'l

of reverse power). IUPs were sorewhat lower at higher temperatures (on

the average) then at room temperature or below. The reason for this is

not known, but it would appear that these units are achievinq better

cancellation at the higher temperature because ferrites nonnally

generate i~ore, instead of less, IMP as the terperature increases.

-A: few cases were observed where a high degree of canceilation was

achieved. Examples are S/I 6101H and UI119H, both of which achieved

adequate cancellation to reduce the IMP to -60 dSm at hioh

temperature.

This effort would have been g.reatly aided hv the existence of

better test e q•i irnt in the. form. of an automated, swept VIP test

set. Such a test set would have proved invaluable to this uffort and

is considered essential to further work utilizinc IM.P cancellation

techniques. Using test hardware currently available, only one IMP

frequency can be examined at a tiiie. A lencthy and titt-consuriinq

process is required each time a new set of frequencies is selected.

The difficulty of using this test set essentially precludes the

possibility of achieving cancellation across a band, sirce the test

unit Pust be tuned at one set of frequencies at a ti;e, with no

information available on what effect the tuning is havire in the

remainder of the band.
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... Size and--w"wht: A significant reduction in size and weight -cild.

be achieved in these units. The established design is conservative

with the primary emphasis being placed upon the need to provide

equal electrical lengths in each arm of the device, to provide for

isolation of each isolator module from the others and to provide

adequate heat sinking of the modules. It is felt that the IRD could

be reconfigured to fit in a space 2-1/2" x 3-1/4" x 6-1/2" and could

be reduced in weight to 4 pounds.

Cost: It is estimated that these IRDs would cost $500 each, on a

large-scale (1000 units) production basis.

B. VHF Distributed Circulator

This development is a significant addition to the arsenal of

hardware available for combatlnq IP problevis. This unit performs

very well as a circulator or isolator and provides essentially the

same IMP reduction as the IRD. The greatest advantage of the

distributed circulator is its low insertion loss which is in the range

of 0.35 dB. It is also an exceptionally reliable unit since it has

very few components. The unit's isolation of about 20 dB could be

improved by using two in series or by using a lumped-element isolator

in series with the distributed circulator (as was previously discussed).

The primary disadvantages of this unit are its size, weight and cost.

Cost: It is estimated that the VHF distributed circulators would

cost $800 each, - oduction basis of 1000 or more. Similarly, the

lumped-element isolator modules would cost $150 each.

26
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V. Appendix A. Measurement Data for Insetion Loss. Isolation and VSWR

The following data was assembled by testing the twelve IRDs at RoMe

Air Development Center on the Hewlett Packard Automatic ,1etwork Analyzer.

The measurements are made at low power (less than 0 dBm) and at room

temperature (22*C). The first unit tested (serial no. 609911) was found

to be defective. This unit was returned to the manufacturer and repaired

(a bad solder joint was found). The repaired unit was not available for

retesting so no data on unit 6099H1 is included in this appendix. Unit

611041 is a typical unit and plots of its characteristics are included

along with the printout.

The VHF distributed circulator was also tested and its data can be

found at the end of this appendix.
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INTERT'ODULRTION REt'UCTION DEVICE
MODEL 103608010
SERIAL "0. 6101H-

FRFE 1?-P14 LO$Sý-DB V~s' W ZO!-'L-DB Y SWR
F i-R WmRpD FORWPRD R E V ERSE REVERSE

i P.CO1 1 .15 60.05 1 .16

.000 -1.14 60.65 11
¶ 1'~ ~ .13 9.17 1.17

1 aC :1c .0040 1.12 58.05 1 .17

1 0nI, 9t-l 4 -- 1 !1 56E.. 79 1 .17
.00 Q.1 1 .11 56E.1.I1 1.1

0 ' 1 .10 '55. 28 1 .17
Q QllC .1 54 .9 82

.22 1.89fl c '54 .75 1 .17-.
1.9 e ¶ ~? t4.45 1 .17

4:l1.01 5¶4 . 85 1 .17

0 4 4.. 754.91 1.171
'55.05 11

.01.0 54 .90 1 .18

* 1'1' 1.1
55 4? 1.1

119,

.501.4 5.454 1.20

1.1. 4.21

5 1 1. 1. 1

f- -. 1 !5 ~ j..21

-- V,4 ' .21

.1.0

1.21 1 1

*~~ Z -I*~ 1 ¶

1f

C.,

1.1



INTERMODULATION REDUC TION DEVICE
MODEL 103600010

SERIAL NO. E_102H

FREO-MH_ L .0 - D B V -.-. I -OL- V-,R
E OIRRPD FORWRPD PEVEPZ.E PEVERPE

!18.000 . 1 .48 62.74 1.24
i18.508 3 Z 1 .49 60.e7 1 25

119.000 3.-a5 7 .48 58 .24 1.26
119.500 3.27 1 .47 55.87 1.27
120 .00 3.2? 1.46 54.23 1 5

121.50 :3.27 1423 52. 1 1 .2
1 .i.l o0 - 1 .431 5l 1' 1 (J

321 2l 0 1 .41 51 .9 1

14..1.... SI..":1

.. ......0 . .32 0l 4 I 2 314
1Z4 .000 1 7 I.25 SIC,1 .5
124.500 2 1.29 5 .2, 4 .
124.00C, 21 ; I? 5 5;
125 4 t 5 0_o C, a• 54 2E. ! -=1Iz5 00 1.22 54 -

I . 0 -" 7. 1 5 4 2 " -7

7I 4
4.00 1 .0 5 1 .-7 C 1 4

........ 4 1.02 41 4
1C,00, 1.07 4 4 5,
! 0 5A 111 .02 4 4 4 1

1.a 4 6
1 f'59 72

. 1 .15 4f6 210 ! t
!:'I.5902.5 1.7 4r ,i'4 ! I

2.7 *.'u 4.J Ct- 1 r,4

1. 4 6 1

!• .0'00 12.52I.2'7.5 . 7

1 '4 . 2, 1 _.

1 Sc4r, C ?0 1
ti n..•. .125: 9R,,'• s..c. 1. -t ,'_-, . 5 I.':'
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IriFERMUDULATION REDUCTION DEVICE
MODEL 103600010

SERIAL NO. 6103H

FREQ-MHZ LOSS-PD VSWR ISOL-DB VSWR
FORWARD FORWARD REVERSE REVERSE

Smt$11 
.890 3 .c 1 .4- 64.48 1.25

118.500 3.10 1.46 63.08 1.24
119.000 3.09 1.44 60.44 1.24
"119.500 3.0_? 1 .4Z -58.55 1 .24
120.00 0.05 1 .s 1 .56.28 1.24
120.500 3 .l4 1 .- 7 54.S8 1 .24
"121 .000 3 .cl 1 -34 54.30 1 .25
121.500 9 : .53.32 1.25
1Ž.,00fl 7 7. 53.07 1.25
122.50 0202 1 .26 52.;2 1 .25
12f.A060 2..9 1 . ¶ 3 .0a0 1 .25
123.500 E.85 1 .2• 53.31 1 .-25,
-4-.-0v 2.3 1.I 54.22d 1 .25
1 ..... 5 P, 1.1. 54.58 1 .25
1-5.000 2.80 1 .13 54 .31 1 .25
125.500 2.78 1.11 55.61 1.25
12S.e0 2.7? 1.16 55.48 1 .25
1 E.5Al3 2.74 1 .11 55.3.5 1 .25
12 ?.1 . C 2.73 1 .1, l 55. 17 1 .ý5
127.500 --.74 1 1 --- ' 54 E1 2.

-0 nf, I 2 .7 5 1 1. 5 5 5 .26
12a .5?0 7 !.17 1. 1.26

4129, 8 @ ." 9 13 1@.26.

130.0, 0 .2; 1 4 ,5 2 1.27
:i 3 . 5 0 ... . . 1 5 0 i 1

131.0m00 1 aQ 44.78 .27
131 .500 -94 1 1 4? .97 1.2-7

3? 7 " 5A.11 1 .27
1 .Z 1 .n 1 1. 50Q. 74 1 .27

Sm m . .. . .- -? 1 . 2 7

It: 4 , ri-r : 11 * ,411 54 .et, 1 ,27

17.54 E•' :n. 16 1.,41 55.76 1 .2_61'•5.000 1. 2 1 .42 .- 1 1 .06
12 0 4 1 6 1 .4! 53.5 1.27

41-.@0 -, 4 1 .42 59. 14"0 .27
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!HTEF URC'1LLAT I tI REDUIC:TIQmN ]ItE"IC:E
M- C, D E L .t c "-^: 6 ,0 , 01 0

E:R! T L NO. 6 104-H

F P E 0 - M HZ L : B VJ D E.V RW I :L -lf W PR

F H P. W R : D F C P b.! R R D FR E V E R: : E F E V E F-S: E

11:~ nnc.1.4 1732i C ,9fii 1 45 59 ;22 1 4
1 1I4 .510 D 7..4 1 44 59? 1 'j .24

S2 c A 03 :l :__, 4:-:3 .58 1 1 1 ':f-,-' 5 F c3 3 1 4 Z, 597 4 j1 "

LI Cjil 0* 4 C' !5- 4 t1 Z,2 ! i 1l *3.4H 21 4'C 1 .25

C.,2 + ! 171 ý,.-'j: . 2 "•+ 3 •• ' "

1 - 1 91 6

1 1 .'-, 2 4 1 . .:,

f 1; •;7 0 57 2 7: :'8•. ., :,•

I 15 1 .17S. 4 l0 _ lt.' - . - 56 --.. 1 F2

:P2 4 ,54 .. 1

1. 1.-7 T P 7 0 9 ' 4 7' 1 2

9 9~l F, I,

I3 f5'C 5 15

4 1,:1

11' . , ; 9.t . .,5 , i- : 1 :3
I _' 0 0Z ' -I . 10 5 , .-- 1 3

_2 , 4 .!,1 .5 1 -

'1'' 17

S:1 *i•. 0 .f.,: 1 1 .1 'Hi:5 S '•I :
!.1 o5.LUI :3 4 .17 59-i '74:-;

I.. ... .. 7 . • .r • - a•_', .- _'5 ! -. t , .: -.

1 7.1
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INTERMODULATION REDUCTION DEVICE
MODEL 183688818
SERIAL NO. 6106H1

FREQ-PIHZ LOSS-DB VSWR IZ-OL-DB VSWR
FORWARD FORWARD REVERSE REVERSE

118.000 3.46 1.54 56.35 1.22
118.598 3.4? 1.14 56.16 1.23
119.088 3.49 1.!54 135.61 1.23
119.5a0 3.!51 1.53 54.11 1.23
120.080 3 .51 1 .51 53.11 1 .2-3
120.1500 3.152 1 .50 5 2.2Z4 1 .2?3
121.080 3.48 1.49 51.72 1.23
121.1580 3.46 1.46 51.24 1.23
122.000 3.43 1.43 531.29 1.23
122.508 3.138 1.41 51.42 1.23
1-23 *.000 3.35 1.38 51.31 1.23
123.1508 3.31 1.34 "51.76 1.23
124.800 3.2-9 1.31 Si1.?? 1.23
124.500 3.25ý 1.28 52.14 1.23
125.008 3.24 1.24 5;2.16> 1.23
125.500 31.19 1.22 52.45 1.23

1600 3.13 1 .19 .52.50 1.2'-3
1.58 3.10 1.1? 52.152 1.22

127.000 3.10 1.15 052.16 1.22
127.500 $.07 1.s13 151 .865 A.22
12-e.000 3.07 1 .12 51.2? 1.2?
128.580 3.06 1.11 50.86 1.22
129.00e 3.86 1.12 '30.34 1.?22
129.500 3.07 1.13, 49.75 1.22
130.800 3.06 1.14 49.203 1.22
130.500 3.09 1.15 48.'6 1.21
131.000 3.13 1.17 48.65 1.21
13 1 .05010 3.16 1 .19 48.45 1.ý2 1
13Z.000 3B.20) 1.21 4e,.26 1. 21
1?2.500 S.22 1.2:3 48.26 1.2
13,:.000 3 .2T 1 .24 48.57 1.211
13 3.5 00 ? ,29ý 1 .26 48.?'. 1 .21
134.000 3.34 1.27 4?.08 1.20;
1'34.500 3.4-0 1 .28 49. ,4 " 1. ?0
1`35.000 3ý.45 1.213 49.80 1.20

135.OO 3 ~ 1 .:30 .0I 1.20
13 . ~1.3 zo0 12
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IHTERMODULATION REDUCTION DEVICE
MODEL 103600010

SERIAL NO. 6187H

FpEe-MHZ L$SS-DB V¶lWAR ISOL-DB VSWR
FORWJJARD FORWARD REVERSE REVERSE

118.000 3.42- 1.43 55.37 1.19
l...500 3.46 1 .50 55.21 1.20
119.000 3.50 1 ,50 55.35 1.20
1t 1s5o0 3.50 1 .50 54.34 1 .21
--1 e .0 c00 -3.51 I .49 53.41 1.22

¶ 2-' .500 3.55 1 .49 52.39 1.23
1 :1.0e00 ? 3. I2 1 .47 '51.74 1 .295
11 .500 3.53 1.46 51.01 1.26

o.53 1.44 .80 1.27
132.500 3.50 1.42 50.81 1.28
1 Z .000 .3.46 1 .40 50..79 1 .29

a5 00 3.40 1 .3?l 51. 0 5 1 ..29
94 00 .3.1- .:4 51 .. 1 .30

12'4 .ff 1.1,. ;" III1 5 1 . 1.30
1 -- t 0 00c 4 1 .1 -, 52 .03 1 .30
I..-"5 500 0 1 .2-4 52.73 1 .30
121 700 1 .Q1 52 .93 1 .38

I'a7 '500l 31 3 1 .12 n 53.15 1 .30

000 3 .10 1.@15 t33 1 .30

--- 1 500S.O 13 1.12 52 .35 1 .30
!,.000 1.I•.09 52. 10 1 .30

128•..500 1.I0.07 51 .4 1 .- 30
- 11'9.000 10 105 50.94 1.30

.i•..00 ". 1.05 50.06 1 .30
130. 0l 0Q .. 0 7 49 36 1 .130

.30.500 1.10 48.83 1.30
"1 0 1. 0 1-. 1.3 48 .43 1.30
:,3 . 00 ¶- 1 I C. 48 I• 3 0

If fl11 : 2 47 25- 1 01I : - ,0. 1 ":-_; 4' : 9 .I ' f

Cl l ." 5 1 -27 4 8 3 1
i ! , - 1 ID 4? 1 1

4 4 0'. .4 1 5 1.'1 1 1

1 4 17, 9 ~ 9 '
Q4.4 1 ~ T -5 1 1

C0,0 1 .4 1 .31
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INTERMODULRTION REDUCTION DEVICE
TMODEL 103600010

""EIF4IL O0. 610TH

FFEC-M8Z LO$Z-.D B VZýý t1 F I OQL-I'B VSW1toP.
F0RlII AR1 FOR.UF4RD P E V E R E-. E P E V E R -- E

11,.53.26 14.¶, 4 .L0 1 2"I

19 500 3.32 1 .61 46 43 1 .2-
Li '"AJ 0V ? 1 '. I. 60 4.5 , 1t 2

1 . 60 45 1 Z,'I 3

1 C ' . 1 1 ,5'3 44 ?2 1 .24
S1.57 44 E.5 1 Z -4

-155 44 •
1 1. 5 44 1 .2-•

'.L,-I - 1 1.49 44 4 1

i 0 14
1.42 4 ý. Ea' 1 .2.I

4 . I -- . ;:

.424. :-; "7 .. '7 '. •4'- ._aI 244"." 4 1 . 5

*7, .31 7 4

4.' 1 1. 4 .? 4
44

I .! 1 1 4f 0 3(I L'4

21. •15- 4 C•: 1 231 .1.'(,', ._': 2 5 14 40 -

;':7. 902 '' 1.1 4±6 .'-,- 4 '

ii 5 ' YC" '"'1..2" " 1 :: -
71 f1

C' u •. , ; I" 1 .5 ."
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INITEPIOD~tLRT ION PEDUC T ION DEVICE
ClItE L 1 036@0010

EFIRL N1. P.0I h

F -2 F' h! R P .. F 0CI F 1h1 c R E"' I. -o..- E- PE V E P -27- E

C. f, 171 4* .. 34 1 25
S ,.. 76

'4L.
' ~~~~I 19 2¢,• ;3•!. ,. -... .

l5 V O : "0• 2: •'A- 4 7" 2 7
1 i;¢ .5'2'O 3 . 9 1 . 5 .- ,"9 1 .27
. C'I. 1 P,-. - 7Q 1 :

to-7 Z I

¶i 2,C 9 i ! 21 . 5

*L 144-

:1 ¶C i*' . ' ' , 24 , - . 1 29

1 4

S4 ' O'P " -: !1 .17. 1'.7 4•

', I.• .0• U- L'21 2. IT',::,5 1 . ,4

1..? 21

I ., - ¶,11L I * 11' 55 .9'' 1 .2i

[ T ,•' [2 I " I * " '"[C•'• ,4 j•l "2 "

* •"'' '•- .. -! ;¶'tI5 '4 1 . "

- . *-. -- , . -. 1 4

! .:? S ' !4I Ci; 5--:. ,'1 .; r.

'*£ , tA'£ 4 1' •'i ."-".2 1 r.2 ,
I'. L 'L .":-'', I"t ~.' - S , -' ! .,-

* . : ". , - • , ' I , -• ' I . T

.* . ... _ ",.,''4
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ItTERMODULATION REDUCT.ION DEVICE

MODEL 103600010

1ER"IAL HO. 1116H

FFEO-MtZ L 0 D:b-S 13: ,R I S&L-DD VSWR
FORtIdAD FOPIOARD REVER:E REVERPE

118.000 3.12 1 .38 55. 1 1 .23
118.500 3.14 1.38 56.61 1.23
119 000 3 15 1 .3 8* 5 .96 1 .23
119.500 .14 1 .3•8 55 .48 1 .23
120.000 ' • 4 1 .30 54.27 1.23
l-0.509 3.10 1 -:i735 53.65 1 .23
121.000 1.36 53.03 1 .23
121 .500 0:.5 1.35 52.55 1 .23
1 .Z . 010 3.C,'4 1 .34 5L_.34 1 .23
122.. 50 0 - 0 . :32 52. 1 1 . 23

5~- 0 E,1 .2

12 a "' 4 1Q1 5 2.6 1

1a5 .50 t z. 1 5 - '2 .64 1.Z125.500 2 9. .. 1." 52.64 1.23

7 1 52 .44
21 27..0.00 P-1 2 .. 17 52.4. 1 .23

l 127.500 2 9 .? I .15 5..2 .2a16 1 .2
S128 .0 A9lk Z l1 1.14 151.90- 1 .22

1:18,.500 9l 4:1 ..13 51 .3,:; I.. • .
l9i .9.- 0 2 ._1 1.. 12 51.20 1 .?2
1Ž9.500 272" 1 .11 50.70 1 .2•2
1 '-10.0 E0 ' 4 1 .11 5 40 4 22?
1-18.500Z8.7 5. 1 .' 49 .9c 1 .22
13 .00 26 1 . 12 4-.46. I .z2
131 .500 1. 13 49.4E. 1 .22
1 3 Z_ 2. 0 '0 0 I . 1 -1 49 .50 1 -2
132 .500 :,1. 1 .15 4 9 .7 1.2
132.: 000 2 .17 49.t ", 1 . .

.m! --,d . "-fl 71 I f ,' •

,m • - . ' I., -' " , 2
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INTERMODULATION REDUCTION DEVICE

MODEL 103600010
-SERIAL NO. 6110H

4.0•000 - - - - - - - -

T I I- - I

a a I
i I v

L 0

,-"--- ----------------------. ...-. . JI II I aI

LC-.-fL~------------------------------------------,--- - -- L

FaFI I ! ! a
| iI a a

I a

a a a I

0 r ! i I V 136 00

-- - -- - -- - -- -----a a

a a

1 :1 ai <tl 3 IO

i : i a

4-i,

l: . . .. . . I _ j _ . I . . . . ..3.



INTERMODULATION REDICTION DEV/ICE

MODEL 1o3600010

:ERIgL NO. 61 1 CH

>: ,I i I & I I

- ,| I !, I I

SI!I t

1000 I I I

1 I1
I I I | I

-I I II t|

/DIVR T*- - - ~ - T

SI & |I I

---- 2' 71I 1 -Ii-------

SFORWAR
S. . . .- - -" -- - - '- - --

1 .0 0 i

118 .00l.. 1 l !3 D I

+ 1 •,.,I

- _ _ i - "• XL •. . . •.,• . ..



IITERMODULATION REDUCTION DEVICE
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VHF DISTRIBUTED CIRCULATOR
MODEL 106101775 SSERIAL NO 6111H

PORT 1 TO PORT 2

FREO-MHZ LOSS-DB VSWR ISOL-OB VSWR
FORWARD FORWARD REVERSE REVERSE

118.000 .30 1.38 21.99 1.31
118.560 .30 1.38 21.87 1.31
.19.800 .31 1.38 21.78 1.32
119.508 .3- 1.38 21.55 1.32
120.000 .3 1. .38 21.36 1 .32
12o.56 .34 1.38 21.18 1.32
121.080 .31 1.38 21.02 1 .:'2
121 .100 .3 1 .3? 2084 1 3

122.600 .34 1 37 20.68 1 .3
---I 2 50 " 4 1 7-3Z7 0 .53 I 31
123.00 1.636 28.40 1 32
123 .500_ 37 1 .36 20.2-5".: 1 3?
12 4 1.3 0 3 5 15 28.14 1

124 50 @1?6 1 .315 20.04 .31
125.P00 .35 1 .34 19 .96 1 31

2 125.508 .35 1 .33 1 .8 1 .310
126..6 .34 1 .32 13.84 1 .:30
126.50o, .34 1 .3 13_ .31 1 . ",
127.08. 34 1 .31 19.7?7 1
127.5863 . .34 1 .36 1.75 1 .28
128.P,9) .33 1.29 1378 1 .2

.11 as..1 - 1 .26
-... .2 1..7 1$.$? 1.25
1??.500 .31 1 .25I 1 o 1 .24
= !20 . .. 31 1 .24 1 14 4 1 .23-- •--•- 83.506 .30 1. 8°:; 2 0 1.23

!'31.000 .2 1 8 f- 1.21

I f I .500-S 1.2 20.221 1.2181l 1,.0 1 ?0.3 1.1 7

l - 5 1. 20. 1 .1

4, El l.4 1Q61 1 .15
e 
t l .. . 4 i1 . 1 .14

l. -. 5l .24 'i I .1 .4 1.13

i n . - 4 1.1 :1.4 1.12
IIi 1 '.58 .24 !10 ".3 1 .11
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VHF DISTRIBUTED. CIRCULRTOR
MODEL 100101775 SERIRI HO 61118

PORT 3 TO PORT 1

FORWARD F'ORWAJRD REVERSE REVERSE

11 .3 1.11 17.76 1.33
ýA5e.24 1.11 11.72 1.33

~1 ~ .5 1 .12 17.7 1 .33

1.3 17.69 1 .32

.0 1:,f 02 1 .14 171 1.32:

-~ -10 ,C, 6 1 1.145 17 .72 1 .31
* 2. 2. 175u 17.82 1 .31

1.15 180 1 .31

4LL'I.16. Isc 1.29

i~ ~O 1.25

1* 131 36 1 .24

*.15 1'3 9' 1 .20

1.14 1 2 1.1

'IA 1.14 2

- -- 1 .14 "2 0' 1 .16
ii131 2 4 1 .14

-3 CIO 'n .13
2-47 1.12

A C 171

c- '4tI 'l
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Appendix B. Measurement Data for Intermiodulation Products

This appendix contains the IMP data obtained on both the Inter-

modulation Reduction Device and the VHF Distributed Circulator. Tables

1 and 2 display the IMP data for the Intermodulation Reduction Device,

taken at the manufacturer's facility. The three bands referred to in

the tables are the three frequency sets used to test the IRD. These

frequency sets are as follows:

Low Band: Forward Signal 122 MHz

Reverse Signal 118 MH z

IMP 126 MHz

Mid Band: Forward Signal 125 W z

Reverse Signal 129 MHz

IM•P 121 MHz

High Band: Forward Signal 132 4Ilz

Reverse Signal 136 MHz

IMP 128 MHz

Table 3 shows test data for the VHF Distributed Circulator under similar

test conditions. Since the Distributed Circulator was not temperature-

compensated to operate under temperature extremes, it was tested only

at room temperature (+22 0 C). All data in tables 1, 2 and 3 was taken

using a forward signal (fl) of 50 watts, CW,and a reverse signal of

46



M~ watt, CW. Table 4 provides additional data for the Dilstributed

Circulator, showing the effects of varying thE power le-` -- the spacing

in frequency of the two signals.

The test set used to make these measurements is shown in figure 12.
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MISSION
Of

Romne Air Developyment Center

RAXW Is the principal APSC organization charged with
planning and executing the USAF exploratory and advanced
development programs for information sciences, intelli-
gence, comuand, control and communications technology,
products and services oriented to the needs of the USAF. I
Primary RADC mission areas are communications, electro-
magnetic guidance and control, surveillance of ground
and aerospace objects, intelligence data collection and
handling, information system technology, and electronic ,

reliability, maintainability and compatibility. RflA
has mission responsibility as assigned by AFSC for de-
imonatration and acquisition of selected subsystems and
s ystms in the intelligence, mapping, cha,'ting, command,
control and communications areas.
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