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ABSTRACT

This report presents the results of a 12 month study program designed
to obtain data on millimeter wavc system clectromagnetic compatibility charac-
teristics. The period covered is from 6 February 1974 to 6 February 1975.
Results described in the first threc quarterly progress reports (references i,

2 and 3) are summarized. Activities of the fourth quarter are described and
recommendations for requirements of the millimeter wave electromagnetie
compatibility spccifications are included.

The millimetcr wave clectromagnetic compatibility study was performed
with the objective of obtaining data which can be applied in establishing an
clectromagnetic compatibility specification for millimeter wave systems oper-
ating in the frequency range of 10 to 100 GHz. The effort was designed to in-
vestigate millimeter wave EMC problems, to recommend electromagnetic inter-
ference reduction techniques,and to update present miliary EMC specifications
and standards to include millimeter wave systems.

An experimental program was conducted to collect data on EMC aspects
of millimeter wave systems. This experimental program was designed to
gather specific data which was found lacking in availablc millimeter wave litera-
ture which was rcviewed during the literature scarch conducted in Phase 1 of
the program. Data was collected on the levels and frequencies of spurious
emissions, the relative levels of spurious response, radiated interference and
radiated susceptibility. Millimeter wave eoupling factors were investigated.
These investigations included cxperiments on cable coupling and propagation,
shielding and reflections of millimeter wave signals. Interference character-
istics of modern state-of-the-art millimeter wave components were investigated.

Inter and Intra system EMC aspects of various millimeter wave systems
were evaluated. Tests were performed to evaluate the unintentional electro-
magnetic interference charaeteristics of millimeter wave systems relative to
other millimeter wave systems and other communication-electronics equip-
ments and systems. The tests were designed to evaluate EMC between milli-
meter wave systems that may be located in the same enclosure and other sys-
tems that may be located within a radius of 100 meters.

An analysis program was conducted to support the experimental program.
This analysis included the employment of a computer program to evaluate inter-
ference problems in typical millimcter wave system deployments. Other
analysis consisted of an antenna out-of -band characteristic study, a millimeter
wave filter study and a computer-aided spurious response analysis of typieal
millimeter wave receivers.

Recommendations submitted for specification limits were based upon the
data and information collected during the study. These limits included such
requirements as system radiated emigsions and susceptibilities, transmitter
spectra, receiver spurious responses, eonducted interference and susceptibility,
acceptance bandwidth and emission bandwidths. Recommendations were also
made for testing methods and test instrumentation requirements.
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I. INTRODUCTION AND SUMMARY

This study was performed for the purpose of obtaining information on
clectromagnetic compatibility (EMCj) characteristics of millimetcr wave systcms.
The results of this study provide a basis for cstablishing recommendations for
requirements to be incorporated into a millimecter wave EMC specification.

This study has accomplished the required task through implementation of the
following program:

1. Literature search reviewing the status of present day millimeter
wave systems and components.

Review of present electromagnetic compatibility requirements and
characteristics of millimeter wave systems.

Analysis of interference problems unique to millimeter wave
systems.

Performance of experiments designed to evaluate susceptibility and
emission characteristics of millimeter wave systems and
components.

Performance of experiments designed to investigatc the propagation
and coupling characteristics of millimeter waves.

Analysis of specific areas affecting EMC aspects of millimeter
wave systems such as modulation effects and antenna out-of-band
characteristics.

Investigation into the design of a developmental EMI receiver ex-
hibiting improved testing capabilities over presently avaiiuble milli-
meter wave EMI instrumentation.

Interference prediction simulation of millimeter wave systems and
other systems collocated within 2 radius of up to 100 meters in
typical deployment configurations.

Establish recommendations for susceptibility and emission limits
and test methods to extend the requirements of MIL-STD-461, 462
and 469 to include millimeter waves.

Results of experiments and analysis performed to obtain information on
millimeter wave interference problems are summarized. Interference pre-
dictions relative to millimeter wave systems deployments planned by the Army
are obtained from the interference prediction computer program developed for
this study. Results of the interference prediction program have provided an
effective means of obtaining a meaningful perspective of the overall interference
environment in typical deployments. Interference susceptibility and emission
characteristics of millimeter wave systems obtained during the experimental
and theoretical investigations of the study program are utilized as input data to
the interference prediction program.




Extensions of MIL-STD-461, 462 and 469 are recommended. Additions
of new requirements and modifications of present requirements are included.
The recommendations are based upon a review of the overall results obtained
during the study. Characteristics of equipment and techniques associated with
millimeter wave systems including modulation effects, antenna characteristics,
equipment limitations, and propagation aspects of millimeter waves are in-
cluded. The recommended rcquirements are directed towards millimeter wave
systems collocated with other systems within a distance of 100 meters.

This final report includes experiments performed in the fourth
quarterly period. Details of analysis programs conducted for the purpose of
evaluating modulation effects and antenna out-of-band characteristics arc
included. The major portion of this report is directed toward obtaining the
recommendations for limits, requirements, test methods and instrumentation.
Summaries of study results of the three quarterly progress reports are in-
cluded. The recommendations are hased upon the technical aspects of the
results obtained during the experimental and theoretical effort of this study.
No attempt has been made to lessen the requirements to meet the limitations
of presently available millimeter wave EMC test equipment. Results of
experiments and analysis performed during this study indicate that test equip-
ment can be developed to meet the requirements recommended in this report .

Test proeedures which were described in the quarterly reports were
designed to obtain meaningful data with the most cost-effective approach. These
test methods employed techniques which were most simply excecuted without
compromising the quality or intent of the test.

A. FIRST QUARTER

The first quarter effort was directed primarily toward conducting a
thorough search of available literature containing pertinent information on milli-
meter wave systems and components.

1. K, Band Communication System

Charactertistics of a K, band communication system were studied during
this literature search. This system employed a low noise circuit employing
IMPATT diodes as local oscillators for balanced mixers. The system has the
capability to operate in full duplex narrowband (voice) and broadband (analog/
digital) modes. Susceptibility aspects in the form of erroi'-causing mechanisms
of the transmission media are described. Noise performaice of the IMPATT
oscillator is described.

2. Millimeter Wave Experiment

An electromagnetic interference test program conducted on a spacecraft
millimeter wave experiment was studied. This testing plan was designed to
provide sufficient data to make an assessment of the EMI compatibility between
the millimeter wave system and other spacecraft systems. Conducted interfer-
ence tests were based on a total noise requirement not related to MIL-STD-461
requirements. The spacecraft equipment was designed to operate successfully
with a 10 millivolts peak to peak level on a powerline with 0.1 ochm impedance.

' i




Conducted susceptibility tests were performed in general aecordance with
MIL-STD-462 methods CS01 and CS06. The impressed signal levels however
were modified from the MIL-STD-461 values to levels more compatible with
the expected performance of load interface circuits. Condueted susceptibility
levels of 10 millivolts peak (without regard to frequency) and +2 volt transients
having total energy levels of 30 millijoules maximum were found to be repre-
sentative of typical conditions existing within the spacecraft. MIL-STD-461
limits for conducted susceptibility test levels represented an over test eondition
for the spacecraft environment. Radiation emission tests were performed per
method RE02 of MIL-STD-462. Condueted emission CE02 and CE04 were not
performed since compatibility tests were performed to provide assuranee that
signals on control and signal lines were compatible with the spacecraft equip-
ment., Compliance to CE06 and RE03 was verified by individual testing of the
speeial filters installed in the transmit waveguide. RS03 was performed per

MIL-STD-462 requirements. A susceptibility problem was discovered at 10 MHz.

This susceptibility condition was improved by completely shielding the eable be-
tween the RF multiplier unit and the modulator/power amplifier unit. Although
the system did not meet RS03 requirements the problem was alleviated suffi-
ciently to provide compatible operation within the spacecraft environment.

3. 60 GHz Monopulse Radar

A 60 GHz monopulse radar planar-array was analyzed. Test results
were described. A gain of 31.0 dB was measured. The E-plane beam width
was 2.7 degrees the H-plane beamwidth was 2. 8 degrees.

4. 60 GHz Communication System

An experimental 60 GHz battery powered communieations data link was
deseribed. This radio set has the capability to handle any video signal sueh as
TV or eomposite multiplexed data occupying a baseband of 5 Hz to 10 MHz.

5. Millimeter Wave Components

Several reports were described which address various millimeter wave
components such as transmitting devices, mixers, antennas, vacuum tubes,
low-noise millimeter wave amplifiers, parametric pumps and other IMPATT
devices.

6. Atmospherie Attenuation

A report on an analysis of zenith attenuation measurements of the
atmosphere on both sides of the oxygen absorption speetrum (48 to 72 GHz) was
deseribed. The Gross, Lorentz and Van Vleck-Weisskapf theories are eom-
pared with experimental results.

7. 35 GHz Transmitter
A document containing specifications of a 35 GHz transmitter system

was described. Characteristics such as stability, spurious signals, bandwidth,
modulation, gain, and sideband power are discussed.

o
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8. 381 H Backward-Wavc Oscillator

Data on type 381 H Backward-Wave Oscillator was included. This device
is capable of producing a CW output power of more than 5 watts over the fre-
quency range of 51 to 55 GHz. Intermodulation and noise power output char-
acteristics are described.

9. 60 GHz Powcr Amplifier Combincr

Development of a 60 GHz Power amplificr/combiner was described.
This development obtains CW output power of 3 watts asing IMPATT devices
Bandpass characteristics are discussed.

10. Anti Window Frenuencies

A report describing the usc of the anti-window (high attenuation fre-
quencies) of the millimeter wave region is discussed for use in sccure
communications.

11. K Band Repeater

The midtcrm progress report on a K band repeater exploratory develop-
ment contract is described in detail. This report contained data on intermodula-
tion products and antenna characteristics.

12, Proposed Calibration Test Set

Requirements of a proposed calibration test set standard is described in
a purchase description issued by the Hughes Directorate of Metrology. This test
set shall provide CW and swept measurement capabilities over a frequency range
of 50 to 75 GHz. It shall consist of a power supply, RF plug-ins and required
auxilliary equipment to make a complete millimeter CW and swept measuring
system. Shielding of the test set shall meet MIL-STD-461A requirements.
Radiated power of the signal source shall be less than -80 dBm at a distance of
12 inches from the source.




B. SECOND QUARTER

Military Standards MIL-STD-461, 462 and 469 (references 10, 11 and 12)
were reviewed to determire the most pertinent type of data that should be gathered
during the experimental program. Communication and radar systems were con-
sidered the most prominent types of systems to be investigated.

Typical causes of interference were considered. Familiarity with the
system components which represent the major source of interference problems
was considered important in determining the most practical test procedures and
types of limits to be included in the millimeter wave EMC specification,

Mechanisms of unwaited output generation in transmitters were investi-
gated. These outputs include harmonics, sideband splatter, and other spurious
outputs. Receiver susceptibility characteristics such as intermodulation products
and spurious responses were investigated.

Typical millimeter wave mixers were described. The importance of con-
trol in production techniques in controlling interference characteristics was
stressed.

Typical antennas, mixers and receivers available for use as portable
millimeter wave EMC test equipment were evaluated. It was found that improve-
ments are needed in areas of sensitivity, built-in calibrators, frequency read
out and spurious responses. Further development in EMC test equipment is re-
quired before successful recommendations can be made for integration of test
equipment into a military EMC specification.

The primary emphasis of the second quarter was performance of experi-
ments designed to gather data necessary to evaluate the interference characteris-
tics of millimeter waves, systems and components. Data was gathered to be
used in establishing recommendations for specification limits and test require-
ments in the frequency range of 10 to 100 GHz. An analysis program was also
undertaken to aid in the analysis of data as pertaining to EMC conditions in
typical deployments.

The following paragraphs summarize the nine experiments and the three
computer analyses.

1. Susceptibility of Millimeter Wave Detectors

Experiment one was designed to test millimeter wave detection com-
ponents and evaluate intermodulation characteristics, rejection of unwanted
signals and crossmodulation characteristics, MIL-STD-461 and MIL-STD-462
test methods and requirements were employed as guidelines. IMPATT diode
sources were employed as test signal generators. The detectors evaluated in
the second quarter were single ended devices. Considerable variations were
found among millimeter wave devices. The experiment clearly indicated the
importance of quality control in manufacturing of millimeter wave devices. Sub-
standard millimeter wave devices displayed poor susceptibility characteristics.
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2. A Basic Test Set-Up

Experiment two consisted of devising a simple equipment test sct-up to
measure frequency and relative amplitude of millimeter wave signals. This was
accomplished by using standard test components. A millimeter wave transmitter
was checked for bandwidth characteristics using an oscilloscope, a millimetcr
wave detector and two millimeter wave absorption type wave meters.

3. 60 GHz Transceiver

Experiment three evaluated a 60 GHz communication system consisting
of two transceivers for susceptibility to an interfering signal. These transceivers
used a frequency swcep circuit to lock on to the desired signal. It was found that
a system of this type easily rejected the interfering signal. Millimeter wave sys-
tems employing automatic frequency lock circuits such as this should meet
susceptibility requirements such as those specified in MIL-STD-461.

4, Susceptibility Test of a 60 GHz Communication System

Experiment four was designed to evaluate test method RS03 of MIL-STD-
461 as applied to millimeter wave systems. A 60 GHz signal at a level of +17 dB
was fed into a 10 dB gain antenna and radiated at the transceivers. The 60 GHz
radiated signal was directed toward the power leads and receiver components
while operation of the receiver was monitored. Therc was no noticeable deteriora-
tion in the system operation except for a 1000 Hz tone which was detectable in the
audio output. This tone was being coupled via power leads and was independent
of the 60 GHz susceptibility signal. This also indicates the necessity for con-
ducting lower frequency susceptibility tests on millimeter wave systems which
are displayed with low frcquency systems. :

5. Millimeter Wave Coupling

Experiment five was devised to determine if millimeter wave signals
could be coupled onto a power cable. The cable used was a single unshielded
conductor. Sweep generators and spectrum analyzers were used to generate and
monitor any signals. Using such equipment, it was not possible to couple any
signals of 30 GHz or above onto cables via radiation. This experiment indicates
that it would not be practical to perform cable conducted susceptibility tests at
millimeter wave frequencies, No other coupling methods other than radiation
were found to be available for this experiment.

6. Cable Propagation

Experiment six monitored the propagation characteristics of high fre-
quency (300 MHz) signals present on power cables. This experiment verified
that amplitude attenuation per unit length at these frequencies is proportional to
the wavelength of the signal. An attenuation of approximately 20 dB per wave-
length was noted.

7. Filter Characteristics

Experiment seven was conducted to determine filter characteristics at
90 GHz. State-of-the-art techniques and the latest filters were used. It was
found that filter characteristics similar to those of lower frequency microwave
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filters are obtainable at millimcter wave frequencies. Precise control of the

filter fabrication technique becomes increasingly difficult however at the higher .
frequencies. 1
8. Mixer Sensitivity k

Experiments eight and nine were conducted to measure the sensitivity of i
various available mixers. It was found that there was considerable variation in 1
the available units, ranging from -18 dBm to -80 dBm. Test frequencies ranged
from 34 to 94 GHz. !

9, Analysis

An analysis program was also conducted to aid in data acquisition and
analysis. Computer programs were written for each analysis. Analysis number
one was a method of describing emission spectra envelope of a pulsed trans-
mitter. The Electromagnetic Compatibility Analysis Center (ECAC) method was
used.

Analysis two was a computer program designed to predict possible
spurious response in millimeter wave systems. Standard formulas were used.

Analysis three was a program designed to predict a total communication
system response at all desired frequencies. The program took into account
antenna characteristics, propagation losses, and spurious outputs and .responses
in the total system. At the end of the second quarter, this program was still
being developed. It was finished in the third quarter.

10. Conclusions

As a result of the second quarter effort, a closer familiarity with milli-
meter wave characteristics was obtained. Knowledge of interference susceptibility
of typical millimeter wave components was obtained. Typical communication -
systems were tested for interference characteristics. Preliminary analysis of
MIL-STD-461 and MIL-STD-462 as applied to millimeter wave systems and
electromagnetic compatibility aspects of typical millimeter wave deployments
was initiated.

Millimeter wave filters are ar area where progress is taking place in
the state-of-the-art. All millimeter wave filters are distributive in nature and
due to technological restrictions are limited to three classes: waveguide, strip-
line and microstrip. Due to equipment availability, most filter work has been
done in the Ka-band (26. 5-40 GHz).

Hughes has developed two types of millimeter wave filters; the coaxial
line filter and the direct coupled cavity bandpass filter. The direct coupled
cavity filter can be tailored to either a Chebyshev or Butterworth response,
being either a rectangular cavity operated in the TE101 mode or a cylindrical
cavity in the TEg11 mode. A typical quality factor Q for each typ= is 10, 000 for
the cylindrical cavity and 3100 for the rectangular cavity. These values are
very dependent on the manufacturing processes used.

SR——— AT SN AT i AR = e
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C. THIRD QUARTER

Expcriments from the second quartcr were continued for thc purpose of
evaluating millimeter wave characteristics. The analysis program was also
continued, with further analysis on total millimetcr wave systems involving bhoth
communications and radar equipment,

Experiments were designed to collect data on shielding and rcflection
properties of various materials, monitor collocated millimeter wave system
performance, mcasurc interference radiations, cvaluate millimeter wave com-
patibility characteristics, and measurc high order harmonic outputs of lower
frequency systems in the 1.0 to 10 GHz frequency range.

A precliminary test matrix was drawn for the expansion of MIL-STD-461,
462, and 469 into the millimcter wave frequency range (10 to 100 GHz), The
preliminary data indicates certain tests can be omitted and others relaxed.
This is because of the propagation and coupling characteristics of electromagnetic
waves at millimcter wave frequencies.

Equipment such as accurate generators, sensitive receivers, and accurate
frequency measuring equipment are not commercially available at these fre-
quencies. For this reason, data is often difficult to gather and difficult to
measurc. This poses a serious problcm to performing EMC tests in the milli-
meter wave frequency range at the present time.

1, Shielding and Reflcctivity

Experiment ten was performed to investigate the shielding and reflectivity
characteristics of building and equipment enclosure materials. (Experiments one
through nine are described in the second quarterly repori). The need for this
experiment became obvious in the ccurse of the second quarter's experiments
when waves were found to be shielded or reflected by materials not posessing
these properties at lower frequencies. Building materials tested were: cement,
wood, and brick. Equipment enclosure material tested was RF absorbent foam.,

Briefly summarized, the test revealed most of the materials to be fre-
quency sensitive. Shielding and reflectivity properties went from low to high or
high to low depending on the frequency and the material being tested. It was
found that common building materials such as brick, wood or concrete could
provide considerable shielding at higher millimeter wave frequencies,

2. Radar/Communication Compatibility

Experiment eleven was conducted to evaluate the interaction of a 94 GHz
millimeter wave radar and a 60 GHz communications system. It was found that
these systems could be operated in close proximity to each other withoutl
discernable deterioration in performance, with the exception of operation in the
main beam.

3. Radar EMI Emissions
The next experiment, number twelve, measured the field around a milli-

meter wave radar. This experiment was performed by placing a pick-up probe
at various points around the 94 GHz radar antenna. It was found that all
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significant E and H plane radiations were contained in an area of +2. 5 degrees,
; All sidelobes and the main beam were very narrow, all less than 0.5 degree
& (3 dB points). This experiment showed the main beam and major sidelobes to he
contained in a narrow 2.5 degree beam,

4. Ka Band Communications System

‘ Experiment thirteen was designed to evaluate the interference charac-

teristics of a Ka band communication system. Measurements performed during |
this experiment included radiated emissions, spectrum evaluation, and com- :
patibility tests. Radiated emissions from the case and wave guides were
measured. Second and third harmonics were evaluated. Compatibility tests con-
sisted of operation of a collocated §0 GHz communication system during
simultaneous operation of the Ka band system.

The tests revealed that the major radiated emissions from the millimeter
wave communication systems outside of the main transmit beam were found in
the major sidelobes, around waveguide flanges and from reflections in the test
area. Proper enclosure shielding reduced the waveguide flange emanations to a
negligible value. Numerous materials possess a high reflectivity coefficient at
millimeter frequencies and can provide interference problems at these
frequencies.

Radiations at distances of 10 to 100 meters were of relatively low levels
and compatiblc operation of collocated adjacent channel systems could be
obtained if the enclosures are shielded and if reflections of the main beam and
the major antenna sidelobes are avoided. Measurements performed during this
experiment indicate that compatible operation can be obtained if enclosure
radiations at a distance of one meter are limited to levels of less than 0.1 volts
per meter (100 dB/uV/meter). This would be equivalent to a value of 80 dB/uv/
meter at a distance of 10 meters.

Harmonics and spurious emissions of this system were below the sensi-
tivity of the EMI instrumentation. Analytical estimates of the harmonics indi-
cate the harmonics are at least 60 dB below the fundamental. If operation of
l collocated communication systems are planned to operate at frequencies har-

. monically related to other communication systems a value of 60 dB down from
} the fundamental should be imposed on millimeter wave systems. An alternate

method would be to restrict harmonic radiations to a specific level, which would
require greater suppression of harmonics in high power systems,

' 5. High Order Harmonics

Experiment fourteen was designed to provide data which would be helpful
in establishing compatibility test criteria for millimeter wave systems operating
in the 1. 0 to 10 GHz region. The harmonic output of these systems was measured
to see if there was sufficient output in the 10 to 100 GHz region to cause inter-

| ference of collocated systems. It was found that some systems had sufficient
output up to the tenth harmonic to cause susceptibility problems. This experiment
suggests the necessity of compatibility tests for 1.0 to 10 GHz systems that are
to be operated around higher frequency systems. An alternate approach would
be to impose test requirements up to the tenth harmonic on these systems.




6. Analysis

The analysis program was designed to evaluate modulation effects, out-
of-band antenna characteristics, and multiple collocated system performance.
Analysis onc and two are described in the Second Quarterly Summary.

Analysis three was performed for the purpose of describing cmission
spectrums of millimeter wave systems employing state-of-the-art high data
rate modulation procecsses. Particular emphasis was made on a modulation
method known as continuous phase shift modulation (CPSM) (Reference 4). This
analysis indicates that the modern statc-of-the-art modulation techniques
employed in high data rate systems exhibit inprovements in interference emis-
sion and susceptibility characteristics over earlier techniques. These newcr
methods also have less encrgy in their sidelobes, resulting in less adjacent
channel interference.

Analysis four was intended to analyze the performance of millimeter
wave antennas of the horn variety at frequencies higher than their intended fre-
quency of operation. This analysis originally started as an experiment but when
the complexities of the performance of this experiment became obvious, an
analytical approach was resorted to,

This analysis revealed the millimeter wave horn antenna as having essen-
tially high pass characteristics. Below its intended frequency of operation, the
horn exhibits rapid attenuation. Above the cutoff frequency, the gain fell off
approximately 2 dB per octave from its peak gain,

The final analysis of this quarter, number five,was a computer analysis
designed to evaluate an environment containing several transmitters and re-
ceivers. This program will give the frequencies and amplitudes of the interfer-
ing signals. The results of this analysis will be used to establish radiated
emission and susceptibility requirements for the millimeter wave EMC
specification.

By combin.ng the results of the second and third quarter, a better picture
of the millimeter wave EMC situation was obtained. This final picture is pre-
sented later in this report.
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D. FOURTH QUARTER

The major portion of the fourth quarter effort consisted of performance
of analyses of data, millimeter wave components and system characteristics and
establishing recommendations for the millimeter wave EMC specification. Some
experimental effort was expended in certain areas where further definition of
millimeter wave characteristics was deemed necessary to provide more detailed
definition of EMC requirements.

Analysis performed included the millimeter wave experiment, the
antenna out-of-band characteristics, the millimeter waveguide filter and
typical Army deployment analyses. These analyses are described in detail in
Section III of this report.

Experiments performed during this quarter included a follow-on of
experiment numbers one, five and thirteen. An experiment consisting of evalua-
tion of a balanced mixer was performed to provide a comparison with the single
ended mixer evaluated in experiment one (reference 2). Further investigation of
millimeter wave coupling was performed as a follow-on of experiment number
five (reference 2). The Ka band system tested in experiment number thirteen
(reference 3) was evaluated further to determine its receiver characteristics.

1. Balanced Mixer Evaluation
A balanced mixer was evaluated using the test set-up shown in Figure 1.

a. Test Equipment

Nomenclature Manufacturer Model No.

R —

RF 1 (Impatt Diode) Hughes —

RF 2 (Impatt Diode) Hughes —

LO (Local Oscillator) Varian VRE-2103B
Attenuator Hitachi M1513
Attenuator TRG V510
Isolators Hughes -

Balanced Mixer Hughes _

Spectrum Analyzer Hewlett Packard 850

Power Meter Hewlett Packard —

The balanced mixer was evaluated to compare intermodulation and
sensitivity characteristics in comparison to the single ended mixer
evaluated in experiment number one.

Test Procedure

Sensitivity

The sensitivity was measured by determining the minimum discerni-
ble signal (MDS) on the spectrum analyzer display. Power output of
the signal source required to produce the MDS was then measured on
the power meter. This value of power was considered as the mixer
sensitivity.




R.F. LOCAL
SOURCE 2 OSCILLATCR

ISOLATOR .%_ ISOLATOR %
ATTENUATOR ATTENUATOR

FREQUERNCY
METER

o (D)

SOURCE 1

D 2 e

ISOLATOR
ATTENUATOR

MIXER

!

LOW PASS
FILTER

6

SPECTRUM
"ANALYZER

Figure 1. Test Set-up for Balanced Mixer Evaluation
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Intermodulation

Two frequencies F1 and F2 were chosen which would produce third
order intermodulation products which would fall in the bandpass of
the low pass bandpass filter and appear un the spectrum analyzer
display. Frequencies chosen for this experiment were as follows:

Local oscillator = 59, 8 GHz
F1 = 60.16 GHz
F2 = 60. 3 GHz

The third order modulation is produced by the following frequencies:

2F2-F1-10
2 (60.3) - 60.16 ~ 59. 8 = 0. 64 GHz

2 F1-F2-10
2 (60.16) - 60. 3 - 59. 8 = 0,22 GHz

These frequencies appeared on the spectrum analyzer display which
had a bandpass of 2.0 GHz. The responses disappeared when either
F1 or F2 was eliminated, indicating that these responses were due
to intermodulation products in the mixer,

Test Results

Sensitivity

The balanced modulator exhibited an improvement of approximately
10 dB over the single ended mixer evaluated in experiment number
one. A sensitivity of -90 dBm was measured as compared to -80 dBm

obtainable in single ended mixers.

Intermodulation

The balanced mixer did not display any appreciable improvement in
intermodulation characteristics as compared to the single ended
mixer of experiment number one. Both mixers indicated intermodula-
tion products of approximately 30 dB below \the fundamental.

Conclusions

The balanced mixer will provide greater sensitivity than a single
ended mixer; however, the balanced mixer did not provide any
appreciable improvement in intermodulation characteristics., Further
investigation of balanced and double balanced mixers was performed
in a literature search, This investigation revealed that it is neces-
sary to employ double balanced mixers to obtain any appreciable
improvement in intermodulation characteristics. Data published in
the articles of reference numbers 14 and 15 indicate that a balanced
modulator should theoretically show a improvement of 6 dB and a
double balanced mixer should have an improvement of 12 dB over a
single ended mixer,
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2. Millimeter Wave Conpling

A millimeter wave coupling experiment was performed on coaxial cables.
The objective of this experiment was to determine whether millimeter waves
could be advertently coupled onto coaxial cables. A worst-case situation was
simulated with an open ended coaxial cable terminated in an unshielded loop of

"wire., The loop was exposed to a 20 GHz radiated signal. A millimeter wave

receiver was connected to the opposite end of the coaxial cable. RG8/U coaxial
cable was used in this experiment.

a. Test Equipment

Nomenclature Manufacturer Model
Signal Generator Hewlett Packard 628
Millimeter wave Micro-Tel WR-250

receiver

b. Test Procedure

An RG8/U coaxial cable was terminated in a loop of wire and ex-
posed to a 20 GHz radiated field as shown in Figure 2.

MM-WAVE —)
GENERATOR
F-HAT
RECEIVEN

Mi-Wave
MLXER

Figure 2. Test Set-up for Cable Coupling Experiment
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The radiated field produced by the millimeter wave generator was
measured to establish the reference level for determining the
attenuation of the cable, This field was found to be approximately
80 dB above the tangential sensitivity of the receiver., It was neces-
sary to provide extra shielding of the mixer assembly. E

sy

gapi

Test Kesults

No evidence of a coupled signal could be detected.

Conclusions

Results of this follow-on effort of experiment number five has pro-
vided further evidence that millimeter waves are not readily coupled
onto cables. This experiment provides further rationale for the
elimination of cable susceptibility testing at millimeter wave
frequencies.

3. Ka Band System Evaluation

Further evaluation of the Ka band millimeter wave system was performed
during the fourth quarter. This evaluation was performed in conjunction with
development and demonstration tests performed for the customer on the Ka band
program, Sensitivity, dynamic range and spurious response characteristics of
the Ka band system was obtained from test results obtained during various stages
of the Ka band system development. The spurious response characteristics were
obtained by evaluating the balanced mixer employed in the system.

a.

Test Equipment

Nomenclature Manufacturer Model No.,

Impatt diode source (2) Hughes -
Frequency meter FXR U410F

Attenuator TRG V510
Power meter Hewlett Packard 432A
Filter Hughes -

Spectrum analyzer Hewlett Packard 8551

Test Procedure

Figure 3 shows the basic test set-up used during evaluation of the
Ka band system.,

Sensitivigy

The IF output of the Ka band system was monitored to determine the
tangential sensitivity. The minimum detectable level was noted on
the spectrum analyzer connected to the IF output. Output of RF
source number one necessary to produce this response was meas-
ured on the power meter,

15
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Figure 3. Ka Band System Test Set-Up

Dynamic Range

Output of RF source number one was increased until the output of
the Ka band system began to indicate non-linear response. The
power output of the RF source was measured on the power meter
and compared to the power output required to produce the minimum
discernible signal of the Ka band system,

Spurious Response

RF source number one was set at a power output level necessary to
produce a standard response. RF source number two was set at a
level equal to approximately 60 dB above the minimum discernible
signal. RF source number two was then scanned through out-of-band
frequencies above the waveguide cut-off frequency. Spurious
responses were observed on the spectrum analyzer. Spurious
response levels were determined by reducing RF source number

two output to the point where the spurious response disappeared on
the spectrum analyzer. This RF source output was measured on

the power meter.

Test Results

Sensitivity — -90 dBm
Dynamic Range — 60 dB
Spurious Response — 40 dB below fundamental

Conclusions

Results obtained during evaluation of the Ka band system indicate
that it exhibits typical values of sensitivity, dynamic range and
spurious response for systems employing balanced mixers.




[I. ESTABLISHMENT OF STUDY APPROACH

A. ORGANIZATION OF STUDY

This millimeter wave EMC study was organized to gather information

"on the trend of advancement in the state-of-the-art of millimeter wave systems
and components as applied to interference characteristics. This information was
used as a baseline in developing the millimeter wave EMC standard. Basically
the study was directed toward obtaining information that would be applicable to
collocated systems operating within a distance of up to 100 meters. The infor-
mation gathered was in many instances also applicable in a more general nature
and can be extrapolated in establishing interference criteria for systems at any
distance.

The study effort was grouped into three phases. Phase one consisted of
a literature search. Approximately 200 reports were reviewed with the objective
of obtaining information on millimeter wave system relating to their interference
characteristics. Phase two consisted of the experimental portion of the program.
Experiments were performed which provided emission and susceptibility data
on millimeter wave systems. The analysis portion of the study and development
of the EMC specification test limits and methods were accomplished during
Phase Three,

Planning of the study program included obtaining the type of information
which would be helpful in establishing meaningful interference tests and practical
limits for emissions and susceptibilities of millimeter wave systems. The pro-
posed tests and limits are designed to be patte rned to present existing standards
whenever possible. The attempt is made to extend test limits and methods of the
present day standards MIL-STD-461, 462 and 469 to include the frequency range
of 10 to 100 GHz. Economic factors are considered in the establishment of EMC
test requirements in the new standard recommendations.

Recommended tests are designed to avoid complexity in test setups and
to strive for simplicity to as great an extent as possible without compromising
the quality of test results.

The computer-aided analysis program developed for this study utilized
a combination of mathematical models of typical millimeter wave transmitters
and receivers and empirical data obtained during the experimental phase and
literature search. Portions of the computer program was based on prior work
performed by Jansky and Bailey (reference 5).

The analytical effort was designed to support the experimental program
in obtaining pertinent information to be employed in defining interference char-
acteristics of millimeter wave systems. The interference prediction computer
program was designed to provide interference interactions between simulated
millimeter wave and other collocated systems. Reference 5 was employed as a
guideline in the development of this program. Other computer programs were
used to predict spurious responses of typical millimeter wave receivers. An
antenna analysis was performed to define out-of-band characteristics of milli-
meter wave systems. An analysis of modulation techniques employed in modern
millimeter wave systems was performed to determine interference spectra of




transmitted emanations producecd by these types of modulations. Referencc 4
was employed as a guideline in evaluating the effects of modulation on suscepti-
hility of systems.

B. CHARACTERISTICS OF MILLIMETER WAVE SYSTEMS

The Millimeter Wave EMC Study Phase I literature search indicated that
clectromagnetic interference characteristics of millimeter wave systems are
similar to lower frequency systems in some ii:stances such as in areas of broad-
band emissions and susceptibilitics. These emissions and susccptibilities
represcnt the low frequency components of irterference spectra that are a func-
tion of components such as modulators, power supply inverters and control cir-
cuits. However, the interfcrence characteristics of millimeter wave systems at
their operating frequencies differ in some respects from lower frequency
systems.

i g

Interference characteristics of millimeter wave systems differ from
lower frequency systems mainly due to the cifferent hehaviour of the extremely
short wavelengths. These differences occur mainly in parameters such as
propagation and coupling. Other differences are due to inherent interference
characteristics which are a functior: of unique construction techniques employed f
in millimeter wave components and systems. Modulation techniques employed in
modern millimeter wave systems also influence their interference characteristics
due to the wide bandwidths required to accommodate the high data rates employed
in these systems.

Results of the literature search (reference 1) and experimental program
(references 2 and 3) indicate that millimeter wave systems characteristics are
rapidly improving with advancement of the state-of-the-art in quality control of
components. These advancements are manifested in improvements of millimeter
wave system performance in areas such as signal to noise ratios, sensitivity,
dynamic range, intermodulation distortion and stability. These advancements
have resulted in improvements in interference susceptibility characieristics of
modern millimeter wave systems, A basic modern millimeter wave receiver
design is shown in the block diagram of Figure 4. Mixer and local oscillator
operational parameters represent the most critical receiver design areas in
obtaining satisfactory interference characteristics in millimeter wave receivers.

~ Performance of electromagnetic interference measurements during the
experimental phase of the study revealed shortcomings in presently available
millimeter wave EMC test equipment. Characteristics of a receiver being
developed for application on a space program which represents the modern state- b
of-art in millimeter wave receivers is described in Section V-B of this report.
This receiver represents the required level of control in functional character-
istics and operational configuration of an EMC receiver capable of successfully
performing the measurements necessary to obtain the data which will assure
compliance to the millimeter wave EMC specification.

Details on the information gathered during Phase 1 of the study is con-
tained in the First Quarterly Progress Report (reference 1). Table I contains
an EMI test results summary on a typical millimeter wave system which
operated satisfactorily in its intended application. From the results shown in
Table I it is quite evident that the system did not meet the low frequency
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Figure 4. Receiver Block Diagram

requirements of MIL-STD-461A, The literature search revealed that EMC tests
on millimeter wave systems are in most part limited to the present MIL-STD-
461A frequency range of 30 Hz to 10 GHz, These tests are therefore meaningful
only when the millimeter wave system is planned for deployment with collocated
low frequency systems. The data in Table I also indicates that the EMC design
requirements need not be as stringent in a millimeter wave environment as
evident by the fact that this system operated satisfactorily in such an environ-
ment although it did not comply with MIL-STD-461A.,

Although this study was basically concerned with separation distances
of up to 100 meters it is interesting to note the atmospheric attenuation chart
in Figure 5. The chart shows that the attenuation is negligible at the distances
considered in this study, however it indicates the reasons for the high milli-
meter wave activity at 30 GHz (window), 60 GHz (anti-window) and 90 GHz
(window). The V band (60 CGHz) operations are devoted primarily to those sys-
tems where transmission beyond a specific distance is not desired.
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TABLE 1. EMI TEST RESULTS SUMMARY

Test Method

Emissions or Susceptibility Which
Exceeded MIL-STD-461A Limits

Conducted emission CE(O1

Conducted emission CE03

Conducted susceptibility CS01

Conducted susceptibility CS06

Radiated emission RE02

Radiated susceptibility RS03

LIC 1 bus, 7.2 dB above limit at 8. 67 KHz
LIC 1 return
10.1 dB above limit at 8. 62 KHz
6.4 dB above limit at 8. 86 KHz
1.6 dB above limit at 17.3 KHz
LIC 1 return, 9 dB above limit at 5 MHz

LIC return lines, some degradation at 30 to
40 mv peak-to-peak applied signal

No effect noted
All modes, 10 MHz 2 dB above limit

Communications mode, initial problem at
150 MHz corrected by improved test setup

Multitone mode
180 MHz 22.7 dB above limit
360 MHz 4.3 dB above limit
540 MHz 3.1 dB above limit
720 MHz 1.5 dB above limit

Interference threshold

20 dB below limit at various frequencies from
10. 5 MHz to 180. 0 MHz

Initially 40 dB below limit at 10,2 MHz

After shielding 20 dB below limit at 10.2 MHz

C. SELECTION OF PERTINENT DATA

Analysis of data on characteristics influencing interference properties
of millimeter wave systems gathered during the experimental portion of the
study verifies that interference problems will be less severe than at lower fre-
quencies. There are several reasons causing this condition. One of the major
reasons is that millimeter wave signals are almost always directed into very
narrow radiated beam widths., Therefore, an interference causing condition

can usually be eliminated by a minute change in position or heading of an antenna.
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Figure 5. Sea Level Atmospheric Attenuation at MM-Wavelengths
(1962 US Standard Atmosphere)

Another important factor is the large coupling and propagation losses that occur
on cables at millimeter wave frequencies. This characteristic was demonstrated
during the experimental program. A major cause of interference problems in
lower frequency systems is that of cable coupling and propagation of interfering
signals into various components of the receivers and transmitters. A factor
which is not a consideration in this particular study but which pertains to milli-
meter wave systems separated by greater distances is the relatively large
atmospheric propagation losses occurring at millimeter wave frequencies. Since
this study was limited to a range of 10 to 100 meters atmospheric propagation
losses were negligible,

1. Receiver Susceptibility
A major source of interference problems in millimeter wave systems is
that of receiver susceptibility due to intermodulation products and poor rejec-

tion of undesired signals.

Typical test setup for evaluating millimeter wave receiver susceptibility
characteristics such as intermodulation and rejection of undesired signals is
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shown in Figure 6, The millimeter wave sources consisted of IMPATT diode
devices. Third order intermodulation products were predicted as follows:

2f2 - fl., 2f1 - f2

where
fl = source No. 1 frequency
f2 = source No. 2 frequency

A medium quality millimeter wave detector was evaluated during the second
quarter experimental effort. This detector hada tangential sensitivity of -48 dBm.
The intermodulation products were found to be 50 dB below the fundamental
response,

A 60 GHz transceiver system was employed in susceptibility tests per-
formed during the second and third quarter. A block diagram of this transceiver
is shown in Figure 7. This transceiver met MIL-STD-461A requirements of
CS03, CS04 and CS05 extended to millimeter wave frequencies. It is recommended
that test requirements be limited to 60 dB above the minimum discernible signal
for the basic millimeter wave receiver. This study reveals that most millimeter
wave receiver front ends will begin to overload at this value. When system EMC
predictions indicate that specific conditions warrant higher susceptibility test
levels it will be necessary to install waveguide filters at the antenna input of the
receiver,

Moty 20 d8
SOURCE I DIRECT THERM| 5= PowER
! \ _l COUPLER TR [P MITER
71 2048 FREQ.
DIRECT METER
\ |coupLer
soune | S
2 L SWITCH )
POWER | [THERIIS- RO
METER H&H TOR L&~ riLTer
¢ | sinaLe
ENDED
DETECTOR =
sectruM] , | ez | , [BLocking
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Figure 6. Test Set-up for Intermodulation and Rejection
of Undesired Signals
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III. ANALYSIS OF MILLIMETER WAVE SYSTEMS STUDIED
DURING LITERATURE SEARCH

Analysis performed during the millimeter wave EMC study included the
analysis of inter and intra system EMC considerations in millimcter wave sys-
tems. A good example of intra-system EMC considerations was incorporated
into a prior program performed at Hughes. This program was studied during
the literature search of the Millimeter Wave EMC Study.

A. MILLIMETER WAVE EXPERIMENT FOR ATS-T

An extensive intra-system EMC analysis was performed on a former
program known as the Millimeter Wave Experiment for ATS-F (listed in refer-
ence 1), This program was performed at Hughes Aircraft Company. The
primary objective of the ATS-F millimeter wave experiment was to evaluate
characteristics of the synchronous satellite to earth propagation channels at 20
and 30 GHz. The data obtained provides information on the usefulness of milli-
meter wave frequencies for communications and scientific data link applications.

Scveral transmitting frequencies were involved in this experiment. The
experiment was operated in three modes. A continuous wave mode in which the
20 and 30 GHz carriers only were transmitted, a multitone mode in which nine
spectral lines spaced 180 MHz apart and centered at 20 and 30 GHz were trans-
mitted and a communication mode in which ¥M communication signals were
received and transmitted at 20.15 and 30.15 GHz. Interference problems werc
controlled by the use of bandpass filters.

Three antennas were employed in this system: a 20 GHz horn, a 30 GHz
horn and a 20/30 GHz parabolic antenna. The horn antennas 3 dB beamwidths
were approximately 6 degrees. The parabolic antenna had a 3 dB beamwidth of
approximately 2.3 degrees at 20 GHz and approximately 1.6 degrees at 30 GHz.

The system was tested in accordance with modified versions of MIL-
STD-461 and 462. Tests were also performed for frequency stability and spec-
tral purity characteristics which were very important in controlling interference
problems. MIL-STD-462 tests RE02 and RS03 were performed without modifi-
cation, CEO0l and CE03 were modified to meet intra-system design require-
ments. The equipment was designed to meet a 10 millivolt peak to peak level
on a powerline. This is a total noise requirement and is not related to levels
at specific frequencies as are CEOl and CE03 requirements. CS01 and CS02
were modified, These modified tests consisted of evaluating powerline con-
ducted susceptibility to 40 millivolt peak to peak voltages. Transient tests of
CS06 were modified to +2 volt transients. This system was designed for incor-
poration into the ATS-F spacecraft and the equipment was not designed to with-
stand the high level transients of test method CS06. CE06 did not apply since
the frequency was above 1.2 GHz. REO03 requirements were analytically demon-
strated by providing analyses of the waveguide and filter bandpass characteristics.
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B. ANTENNA OUT-OF-BAND CHARACTERISTICS

Introduction

The response of a waveguide radiator to harmonic frequencies cannot be
simply specified. The difficulty is that waveguides can and do propagate more
‘than one transmission line mode or field distribution. These modes radiate in
different patterns and the total radiation pattern is the sum of the radiation fields
of the individual modes weighted by the amplitude and phase of excitation of the
modes. This section will describe the various modes and other factors which
affect the total antenna field.

The simplest case to consider is the rectangular waveguide. The radia-
tion patterns of any mode can be simply specified in terms of translated sin
(x)/x beams. This case will be analyzed and an approximation procedure
developed.

1. Modes in Rectangular Waveguide

The modes in rectangular waveguide can be specified as either TEmp or
TMmn. Ramo and Whinnery (Reference 8) give the fields for these modes. The
most important field component is Ey:

TE ™

nm _ . nmx mny - . nmx mmny
Ey C1 sin —— cos — 5 Czsm = cos—B——

TE waves can exist with either nor m equal to zero, but not both. TM waves

can propagate only when both n and m are not equal to zero. The lowest propa-
gating mode is the TE1p mode

E =¢C
y

with a cutoff wavelength A 10 = 2a. (See Figure 8)

For both TEyy and TMy,, modes, the cutoff wavelength X ' is given
by:

\ mn ab

) 2
C
Jm? + (n)?

2. The Excitation of Higher Order Modes

The higher order modes are generated by a source current or by changes
in waveguide cross-section. Let us consider a filament of current as shown in
Figure 9.




Figure 9. Filamentary Current to Excite TEpo Modes
in Rectangular Waveguide.




This current can represent either the current in an IMPATT diode
source or the current flowing in the mixer. It can be shown that this current
excites all of the odd order TEpo modes with amplitude Ap:

0 n even

An = n-1

(-1) 4 n odd

Thus, an IMPATT diode or a mixer will couple equal power to all of the
propagating TEpo modes.

The IMPATT diode and the mixer are not directly coupled to free space,
but as shown in Figure 10, they pass through either step transitions, linear
tapers, and in the case of the IMPATT diode, a circulator. The devices will
transform the energy into other modes with different amplitudes and phases.

TYPICAL CONSTRUCTION FOR IMPAT"T DIODE IN WAVEGUIDE

TYPICAL CONSTRUCTION FOR MIXER IN WAVEGUIDE

Figure 10. Typical Waveguide Construction




Since these mode conversion processes are difficult to determine, the
specification of the fields at the aperture becomes impossible to satisfy. We
therefore assume that all of the propagating modes with n odd and m even or
odd can and will be excited. The n even modes are antisymmetrical across the
a-dimension and will not be excited in a symmetric structure.

" 3. Radiation Patterns of Higher Order Modes

The radiation patterns for the higher order modes in rectangular wave-
guides are calculated in Silver, pages 341 to 347 (reference 9). They are re-
peated in Table 2. The formulas can be interpreted as follows: The two com-
ponents Eg and Eg specify 2;he variation in polarization. The peak gain is
4mA/\2. The expressmnub mn is the power pattern.

TABLE 2. SUMMARY OF RADIATION PATTERNS FOR
RECTANGULAR WAVEGUIDE MODES

TE-modes.
The electric-field components of the radiation field are

0y —
Ey= — (?) &g%m?{l“—o[ 1+ g—'"— cos § + T ( BZ" )]
mr . ; nw “
[( o sin ¢) - (— cos ¢> _i Vo6, 0)
g = (&)'A (rab)? in 8 <in ¢ cos ¢
€ 2\
[cos o + ‘-’ij-“ +T (cos 6 — %)] Fan(0,9),
\l’,,.,,(o,¢)

sin (T sin fcos ¢ + ”W) [ sin (Zr—\,—) sin 0 =in ¢ + '—";f)

) N i T\
. xh . A - 1 -
(”Ta sin 8 cos ¢) - ('—"27~r> [(&-’ sin 4 sin ¢> - (;)

—j[“’!—;sin 0(acos¢+bniu|;)‘—(m+n+h'.']

-~

e

T M -modcs.

Ly = mnd,,,,,w ub i
. ’ .”\q{/ 1 + m cos 8

k
' E, =0. +r (1 = B"—m cos 0)] \I/m,‘(e,rb),

g o2 [ (m
mn c 2a (55‘)

28




L et e S

The function Lhznn can also be easily interpreted. Each factor in ¢y is
a pair of sin x/x beams translated by +m n/2. Figure 11 shows the pattern of a
TE3p mode. As this figure shows, there are two beams translated by 3n/2 in
the argument (ra/\ sin 8).

The fact that each mode causes scanned sin x/x beams lets us use a very
simple approximate rule of thumb:

Let a waveguide propagate modes with indices less than .
Then, the full gain of the aperture will be realized at several
points within a cone of angles with a half angle 64

A
o = sin ! (2
o 2b

The gain will fall as (sinx/x)2 beyond this sector. In a typical
situation this angle will be less than two 3dB beamwidths.

This rule of thumb allows us to specify the sector over which higher
order modes could radiate with high efficiency.

4. The Effect of Horn Flare Angle

The calculation of radiation gain has been made assuming no phase error.
However, a typical horn is flared in both planes creating a pyramidal horn.
Such a horn has roughly the aperture distribution of a waveguide of the same
size, but with a circular phase front whose center is the point of convergence
of the walls. As shown in Figure 12, this phase front leads to a quadratic phase
error in the aperture:

2
) ~—a<x<a

@ = LA a

180° a° (g{_
The departure of the pattern from the previous case depends only on the maxi-
mum phase error 180° a2/L\. Figure 13 shows the radiation pattern of a
twenty wavelength aperture with uniform illumination (sin x/X) pattern as a
function of quadratic phase error. This is the E-plane pattern of the TE 19 mode.
Figure 13 shows the pattern of the E-plane of a TE1(0 mode aperture vs. phase
error. This data is tabulated in Table 3. Figure 14 shows the pattern of the H-
plane of a TE1¢ mode aperture vs. phase error.

In applying these results to the multimode problem, one should use

Figure 13 to calculate gain loss of sin x/x beams. The cutoff wavelength should
be computed on the basis of the waveguide dimensions at the mouth of the aperture.
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Example Calculation

As an application of the above theory, a 30 GHz pyramidal rectangular
horn will be examined. The dimensions of the aperture are

L 7.50 inches
2.76 inches
3.24 inches
0.3934 inch

H
w
A

The E-plane quadratic_phase error is

_ 360° 2 ‘H
s | 2 @7

= 115°

0.3934

The H-plane quadratic phase error is

o YT

= gaeE [0.1729]

0.3934

The gain for the TE19 mode is calculated from Table 4 using Figures 13 and 14
and Table 3.

TABLE 4, SAMPLE C.ALCULATION FOR A 30 GHz PYRAMIDAL
RETANGULAR HORN

4rA +28. 60 dB

)\2

Cosine Aperture -1.0dB
Distribution (80% efficiency)

E-plane phase error -1.74dB

H-plane phase error -1.34 dB
Net Gain : 24.52 dB

Sidelobe Level 2nd
E-plane 13.0 dB
H-plane -- -

The quadratic phase error at 60 and 90 GHz is double and triple the values at
30 GHz respectively. The factor 4mA/\2 is four and nine times large' respec-
tively. The cosine aperture distribution takes into account the antenna per-
formance departure from the ideal antenna performance. This value is a con-
stant minus 1 dB for 80 percent efficiency at all frequencies.
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Table 5 gives the calculation of the gain at 60 and 90 GHz respectively.

TABLE 5. ANTENNA GAIN FOR A 30 GHz PYRAMIDAL HORN USED AT

60 AND 90 GHz

60 GHz 90 GHz

Arh 34.60 dB 38.15 dB
A
Cosine Taper -1.00dB -1.00
E-plane loss -6.5 -10.00 dB

(230° phase error) (345° phase error)
H-plane loss -4,6 dB -6.5dB

(316° phase error) (474° phase error)
Net Gain 22.5 dB 20.65 dB

The gain loss at 90 GHz in the H-plane cannot be determined from Figure 14.

because the phase error exceeds 360 degrees. An asymptotic formula for very
large phase error was used and found to be

45°
E plane loss ~ 10 10810 |$,,"

H plane loss ~ 10 logio <-%_rlnl>

A These formulas are shown on Figure 15 along with the exact calculations out
to ¢ equal to 360 degrees.

Concerning extrapolating these results to other aperture sizes, all of
the calculated patterns are based on a twenty wavelength aperture. The beam
shapes for any other size aperture are equal to the plots shown in Figures 13
and 14 except that the angle theta on the horizontal axis must be scaled by the
factor 20/(L/\).

5. Conclusion

The radiation patterns for both fundamental and harmonic radiation from
: multimode rectangular waveguides has been considered. In the case of the rec-
: | tangular horn it has been shown that the full gain of the aperture can be realized
L within a cone of angles less than two beamwidths on either side of boresight.
The effects of aperture flare angle have been considered for rectangular horns,
and both rigorous loss values for small errors and asymptotic forms for large
errors have been determined.
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C. SURVEY OF MILLIMETER WAVE TILTER STATE-OF-THE-ART

The characteristics of millimeter wave filters can, in general, be
expected to be the same as microwave (4-18 GHz) filters, but because of the
more difficult technological problems that are encountered in the fabrication of
millimeter wave circuits, the current state-of-the-art is represented by only
the simplest types. All millimeter wave filters are made with distributed cir-
cuit elements that are coupled together to achieve a particular pass and/or re-
jection characteristic. To date most filters have been made in waveguide, but
stripline and microstrip circuits are being developed at frequencies as high as
200 GHz (reference 6). Because of the distributed nature of the networks in-
volved, the millimeter wave filters generally have multiple response bands
which can be harmonically related to the fundamental response when they are
due to the periodic nature of the circuits and which can occur at random fre-
quencies when they are due to the generation of unwanted modes in the circuits.
This latter type of spurious response can often be suppressed by special con-
struction techniques that are used at microwave frequencies but have not yet
been accomplished at millimeter wave frequencies. However, most millimeter
wave circuits have not been characterized over sufficiently broad bands to
identify the exact position or strength of these spurious responses so that
nothing quantitative can be said about them.

Most of the work in millimeter waves has been in Ka - band (26.5 -
40 GHz) where most of the instrumentation that is available at lower frequen-
cies has been implemented (e.g., noise sources, network analyzers). The
activity decrexses as the frequency increases, disappearing in the 100-200 GHz
region. In the following discussion we will outline the results of our filter work
at 94 GHz and summarize the results of other millimeter wave filter work that
has been recorded.

1. Low Pass Band Reject Filters

Two types of filters have been developed for use in rillimeter wave
circuits. The first is a low pass/band reject filter formed from alternating
high and low impedance coaxial lines as shown in Figure 16. This type of filter
is used to provide diodes that are mouuted in waveguides with bias and/or i.f.
signals while confining the millimeter waves to the waveguide. The general
shape of the filter insertion loss is shown in Figure 17. We note the pass bands
at DC and 2 f,. This response is calculated with the assumption that there are
only TEM waves propagating on the coaxial lines. For typical filter dimensions
it is often difficult to maintain that condition since the first non-TEM mode pro-
pagates when the wavelength becomes much smaller than the diameter of the
outer diameter of the coaxial line. When the filter is operating in such a region
there are spurious responses that appear superimposed on the characteristic of
Figure 17. When operating in the upper portion of the millimeter wave spectrum
manufacturing limitations can cause the first spurious response to be only 10-30
percent above the normal operating frequency.

2. Direct Coupled Cavity Bandpass Filter
The other type of millimeter wave filter that has been used at Hughes is

the direct coupled cavity bandpass filter (reference 7). With this structure it
is possible to fabricate bandpass filters with either Chebyshev or Butterworth
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Figure 16. Sketch of the Stepped Impedance, Low Pass
Filter Assembly

response in the passband. These filters are usually designed by transforming
the design for a similar low pass filter. The exact characteristics will depend
on the particular type of cavity and coupling that is used, but because of the in-
crease in the density of allowable modes in a structure as the frequency in-
creases it is difficult to predict the exact filter behavior over large frequency
variations. In general, filters have not been characterized in a range that is
greater than a standard waveguide band. Most of the filters constructed at
Hughes have used one of two different cavity types: 1) a rectangular cavity
operating in the TE}(; mode and 2) a cylindrical cavity operating in the TE11
mode. The cylindrical cavity has higher Q (> 10,000 at 60 GHz) thus allowing
the construction of small fractional bandwidth low loss filters. However, it
has more spurious responses close to the operating band, so the rectangular
cavity has been used for larger bandwidth filters. The basic cavity Q is impor-
tant in filter construction since the excess loss in the passband is given by

C

n
AL. ~ 8.69 wQ

where Cp is a constant that relates to the filter response function and w is the
fractional bandwidth of the filter. For a three section filter with . 1 dB

Chebyshev response C, ~ 1.6. The theoretical cavity Q's for the two different
types of cavities are

b 1
Q = 3 3
1+2b fa +¢c
C | a2, o2

for the rectangular cavity and
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Q =
(3.83)% +

for the cylindrical cavity. Here & is the skin depth of the cavity wall

g - o D 1/2
chr/

and is approximately .2u for copper at 90 GHz. The other symbols refer to
Figurc 18. Therefore, typical Q's for the two cavity types at 90 GHz are 9200
for the cylindrical cavity and 2800 for the rectangular cavity., TEjg) rectangu-
lar cavities have been made at 90 GHz with a measured Q of 3100 +20%. In
order to achieve that type of number, great care must be exercised to maintain
a high surface finish in the cavity and to keep all surfaces very clean. The
result is shown in Figure 18. Cylindrical cavities at 60 GHz havc shown Q's

in excess of 10,000 which compares with theoretical values of > 11,000.

As mentioned above the rejection bands of millimeter wave filters are
usually not characterized completely. This situation is due to lack of suffi-
ciently broadband sources and to insufficient dynamic range in the measuring
equipment. Generally, insertion loss measurements are limited to ~ 30 dB.
A typical filter response is shown in Figure 19. The measured insertion loss
agrees well with that predicted by the design theory.

3. Summary

Summarizing the state-of-the-art in millimeter wave filters, indicates
that direct coupled cavity filters with near theoretical response can be fabri-
cated over the 30-100 GHz band. Experimental investigations have been limited
to bandwidths < 2%, but it is reasonable to expect that the type of performance
demonstrated in the same type of waveguide filter at X-band is scalable to
millimeter wave frequencies.

43




R e Moy PP

10,000
5,000
=)
2 3000
o
a
N}
Q
q
o
i
z
5
1,000
500

A e e e

;

[

—

(a) Dimensions

'\/(l/a)2 + (m/p)? + (n/e)?

COPPER/
SILVER

Q= 35000

T

I:IJ|J1|I

3.0 5.0 10.0 20.0 30.0

FREQUENCY — GHz

() Q Characteristics
Figure 18, Rectangular Prism Resonant Cavity

44



;A L0 i, — c - 4

- il
1
;
i
|
i
|
| 0 | |
i
|
1
.|I
i
|
|
—
1] 10 =
o
a
N
Q
-
i s
0
| E
a4
w
v
z
3
| Zﬂ =
|
!
¥
| - | | 1 | | ]
= 84 85 = 19 87 B8 ga 90 81 . @2 a3
FREQUENCY, GHz !
Figure 12. Experimental Filter Response Skirt Rejection
f
. ='.
] 45

i g el

- = " e T A e R Tl —




I T e I .. T

D. EFFECTS OF COLLOCATED MICROWAVE SYSTEMS ON
MILLIMETER WAVE SYSTEMS

As part of the evaluation of system interference limits, computer pro-
gram MSTR2 was employed. The program used typical data obtained from the
experimental portion of this contract. The first program run simulated a typical
low frequency tropospheric communications system and analyzed its effect on a
millimeter wave communication system. (See Figure 20A.) The second run
deals with a low frequency radar and millimeter wave communications systems
(see Figure 20B). The program simulated typical Army deployments. A famil-
iarity with the MSTR2 program description will be helpful in reading this analysis.
Table 6 lists the various equipment specifications.

TABLE 6. EQUIPMENT DESCRIPTION

Low Frequency Communication Transmitter

Center Freq =5 GHz

Power Output = 1 kW

Antenna Gain = 42.5 dB center beam

12.5 dB 2nd side lobe

Transmitter Spurious Outputs = 10 GHz, 0 dBm; 15 GHz, -8 dBm;
20 GHz, -15 dBm; 25 GHz, -22 dBm;
30 GHz, -30 dBm; 35 GHz, -30 dBm;
40 GHz, -30 dBm; 45 GHz, -30 dBm;
50 GHz, -50 dBm.

Second side lobe considered in analysis

Receiver

Center Freq = 30 GHz

Sensitivity = -90 dBm

3 dB bandwidth = 4 GHz

Bandwidth at 0 dBm sensitivity = 15 GH~

Antenna Gain = 25 dB, Main beam used for analysis

Millimeter Transmitter

Center Freq = 30 GHz

Power Distribution = 200 mW
Power Output = 200 mW
Antenna Gain= 25 dB

MSTR2 accepts one transmitter, one receiver, one receiver antenna, and
one transmitter antenna. The two transmitter outputs were combined into one
spectrum and the total spectrum described to the computer. The same was
done with the two receivers. The combining process is simple as will be seen.

-
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The low frequency transmitter operates at 1 kW output into a second side
lobe antenna gain of 12. 5 dB. The millimeter wave transmitter operates at
200 milliwatts into an antenna gain of 25. Because there is a difference of
12.5 dB between the two antennas, 12. 5 dB is subtracted from 23 dB (200 mW).
This yields 10.5 dB. Because the propagation loss at 110 meters is -52 dB and
at 100 meters it is -31 meters, 21 dB is subtracted from the above 10.5 dB to
yield -10.5 dB. This new value is listed at the millimeter wave transmitter
output at 30 GHz, A similar process yields the total receiver spectrum.

After the program is initiated, the computer asks the user the necessary
questions to provide the computer with the needed information. In the course of
the program, information will be requested concerning the transmitter funda-
mental output. Since the computer is programmed to calculate output levels
along the skirts for the fundamental output only, the strongest signal is selected
as the fundamental output. This signal is the output at 5 GHz, All other signals
produced by the two transmitters, whether fundamental or spurious, are treated
in the spurious output section of the program. Because the low frequency antenna
has the lowest cutoff frequency, it is described as the "transmitter antenna' to the
computer. The receiver detects a signal when the '""Svstem Response' (see com-
puter output) is positive.

From the above discussion and the following data, it can be seen that a
very complex communications deployment can be analyzed for desired responses.

It can also be seen that selective deployment of millimeter wave equip-
ment can avoid potential interference problems. A study of typical Army deploy-
ments indicates that the millimeter wave systems will be collocated with lower
frequency systems in the 1.0 to 6. 0 GHz range. Therefore consideration of any
special interference reducing techniques would be necessary only when multiple
collocated millimeter wave systems are deployed.

Computer Output

The computer program input information and a portion of the computer
program output is listed below. The output has been limited to those frequencies
of interest only, i.e. those frequencies where interference occurs, which was at
29, 30 and 31 GHz.

This program evaluates the characteristics of a Receiver-Transmitter-
Antenna System for interference of desired uperation. The data output is given
in terms of the frequency at which interference occurs and the total system
response is greater than zero, interferences is probable to occur.

Units for Data:

Frequency — Any units as long as the same units are used throughout
the program,

Gain and Response — dB or dBm as appropriate

Distance — Meters

48
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The following information generates data for the Receiver frequency
response:

How many frequencies do you want checked for probable interference —
maximum = 2007 49

What is the center frequency of the receiver and its sensitivity? 30, -90
What are the upper and lower 3 dB frequencies? 32, 28

What are the frequencies at the bottom of the skirt above and below the center
frequency and the receiver sensitivity at those frequencies? 45, 20, 0

What are the upper and lower band limits and the receiver sensitivity at those
frequencies? 50, 1, 30

The following information generates data for the Transmitter fundamental
output,

What is the center frequency of the transmitter and its output? 5, 60
What are the upper and lower 3 dB frequencies? 6, 4

What are the frequencies at the bottom of the skirt ibove and below the center
frequency and the transmitter output at those frequencics: 8, 2, -40

What is the transmitter output at the band edges? -120
The following information generates data for the propagation losses.
What is the distance between the receiver and transmitter antennas? 110
The following information generates data for the receiver antenna.
What is the gain at the bottom band edge ? -70
What is the frequency and gain of the first break point? 5, -50
What is the frequency and gain of the second break point? 29, 25
What is the frequency and gain of the third break point? 30, 24,5
What is the frequency and gain of the fourth break point? 35, 24
What is the gain at the upper band edge? 23
The following information generates data for the transmitter antenna.
What is the frequency and gain of the first break point? 4, 12.5
What is the gain at the bottom band edge ? -100

What is the frequency and gain of the second break point? 9, 10.5
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What is the frequency and gain of the third break point? 30, 8.5
What is the frequency and gain of the fourth break point? 40, 7.8
What is the gain at the upper band edge? 6

The following information generates data for the RF environment. The
data can concern a neighboring transmitter or any other source of RF energy.

How many RF signals are there to consider (maximurn = 50)? 9
What is the bandwidth of the RF energy? 2

What is the frequency and amplitude of the first signal? 10,
What is the frequency and amplitude of the next signal? 15,
What is the frequency and amplitude of the next signal? 20,
What ic the frequency and amplitude of the next signal? 25,
What is the frequency and amplitude of the next signal? 30,
What is the frequency and amplitude of the next signal? 35, -30

What is the frequency and amplitude of the next signal? 40, -30

What is the frequency and amplitude of the next signal? 45, -30

What is the frequency and amplitude of the last signal? 50, -50
The following data generates receiver secondary response information.
How many secondary responses are there to consider (maximum = 50)? 0

System
Frequency Response

28 -33. 34966

29 80,7753

30 81. 6801
31 80,0101

32 -38. 87419




e i

In order to evaluate a communication system performance in the presence
of radar harmonic outputs, program MSTR2 was again run with emphasis placed
on the harmonic interference problems in a radar-communications system de-
ployment. This analysis simulates a condition similar to a deployment consist-
ing of millimeter wave systems in the main beam of a 1 kW radar operating at

‘5 GHz.

The radar harmonic content was obtained from experiments performed
during the third quarter. The communication system data is from a Hughes-
built transceiver operating at 35 GHz, See Table 7 below for an equipment sum-
mary. The transceiver was located in the radar main beam thereby simulating
worst-case conditions.

TABLE 7. DESCRIPTION OF EQUIPMENT

_Radax:

7th Harmonic: Freq = 35 GHz, Amplitude = 33.5 dBm
3 dB Bandwidth = 500 MHz

8th Harmonic: Freq =40 GHz, Amplitude = 39.5
3 dB Bandwidth = 500 MHz

Receiver

Freq = 35 GHz, Sensititivity = -70 dBm
3 dB Bandwidth = 500 MHz

Antennas

Radar ~ Parabolic dish, Gain = 29.5 dB @ 35 GHz
Receiver ~ Horn, Gain = 10 dB @ 35 GHz

The data was supplied to the computer in the same fashion as described
for the previous computer run; therefore an explanation will not be repeated
here. Examine the program output for further details.

Inspection of the output reveals the receiver will detect the seventh radar
harmonic spectrum in the area of 35 GHz. However, the eighth harmonic
(40 GHz) is undetected as the receiver sensitivity is not high enough at this
frequency.

The results of this computer run indicate higher order harmonics from
radars operating in the 1 to 10 GHz region could be a cause of interference to
other millimeter wave systems operating in the 10 to 100 GHz region. These
potential interference situations can be avoided by careful selection of operating
frequencies and equipment deployments.

Computer Output

This program evaluates the characteristics of a receiver-transmitter-
antenna system for interference of desired operation. The data output is given
in terms of the frequency at which interference occurs and the total system
response. When the total system response is greater than zero, interference is
probable to occur.
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Units for data:

Frequency — any units as long as the same units are used throughout the program

Gain and response — dB or dBm as appropriate

‘Distance — meters .

The following information generates data for the receiver frequency
response,

How many frequencies do you want checked for probable interference —
maximum = 50? 50

What is the center frequency of the receiver and its sensitivity? 35, -70
What are the upper and lower 3 dB frequencies? 35, 25, 34.75

What are the frequencies at the bottom of the skirt above and below the center
frequency and the receiver sensitivity at those frequencies? 40, 30, -20

What are the upper and lower band limits and the receiver sensitivity at those
frequencies? 41.25, 28,75, 10

The following information generates data for the transmitter fundamental
output.

What is the center frequency of the transmitter and its output? 35, -33.95
What are the upper and lower 3 dB frequencies? 35.25, 34.75

What are the frequencies at the bottom of the skirt above and below the center
frequency and the transmitter output at those frequencies? 36. 75, 33.25, -93.5

What is the transmitter output at the band edges? -200
The following information generates data for the propagation losses.
What is the distance between the receiver and transmitter antennas? 10
The following information generates data for the receiver antenna.
What is the gain at the bottom band edge? 0
What is the frequency and gain of the first break point? 32, 7
What is the frequency and gain of the second break point? 35, 10
What is the frequency and gain of the third break point? 37, 9.6
What is the frequency and gain of the fourth break point? 39, 9.3

What is the gain at the upper band edge? 9. 0
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Th_e following information generates data for the transmitter antenna.
What is the gain at he bottom band edge? 28.9
What is the frequency and gain of the first break point? 32, 28.7
"Vhat is the frequency and gain of the second break point? 35, 28.5
What is the frequency and gain of the third break point? 37, 28.4
What, is the frequency and gain of the fourth break point? 39, 28.3
What is the gain at the upper band edge? 28,2

The following information generates data for the RF envirorment. The
data can concern a neighboring transmitter or any other svurce of RF energy.

How many RF signals are there to consider (max =50)? 1
What is the bandwidth of the RF energy? 0.5
What is the frequency and amplitude of the first signal? 40, -39.5
The following data generates receiver secondary response information.

How many secondary responses are there to consider (max = 50)? 0

System
Frequency Response
34.5 37. 77459
34.75 44,0793
35 37, 94543
39.5 -88, 53358
39.75 -10. 55171
40 -13. 06984
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E. DEVELOPMENT OF MUTUAL INTERFERENCE CHARTS

As part of the analysis program to determine limits for equipment inter-
ference characteristics, Mutual Interference Charts (MIC) were employed. Using
these charts, it is possible to tell at a glance what transmitter frequencies will
interfer with a given receiver frequency, and what receiver frequencies are
susceptible to a given transmitter frequency. The computer program (MSTR2)
developed for this contract was used to develop this chart,

Mutual Interference Charts allow one to tell what the interference
susceptible frequency ranges are for a particular equipment deployment. For
an example, see Figure 21. Assuming a receiver and transmitter with the
specifications listed in Table 8, a receiver with a center frequency of 30.25 GHz
will be suscepible to the transmitter operating in the frequency range of 30.1
to 30. 4 GHz. The receiver frequency is read on the vertical axis and the trans-
mitter frequencies along a horizontal line at f = 30. 25 GHz.

The MIC of Figure 21 represents a one-way interference condition. It
indicates a condition where a receiver is tunable from 30. 25 to 30.4 GHz and
indicates the transmitter frequencies which will interfer with the receiver at
any frequency in that range. A two-way chart would include a tunable transmitter
also and will indicate what which receiver frequencies will be interfered by each
given transmitter frequency. This can be accomplished by continuing the diagonal
lines to cover the range of transmitter tunable frequencies.

The MIC is developed by holding the receiver frequency constant while
varying the transmitter output frequencies. The transmitter frequencies where
interference first appears mark the horizontal limits at the fixed receiver fre-
quency. If the horizontal and vertical axis are the same scale, then 45 degree
lires are drawn as shown. The resulting shaded area is the interference region.
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TABLE 8. DESCRIPTION OF EQUIPMENT

Receiver: Fo = 30.25 - 30. 4 GHz
3 dB Bandwidth = £200 MHz
Sensitivity = -70 dBm
Skirt Selectivity = -30 dBm, +60¢ “IHz
Band Edges = 30, 30.5 GHz at 10 ..Bm

Transmitter: Fo =30.0 - 30.6 GHz
Output = 35 dBm
3 dB Bandwidth = 2,5 MHz
Skirt Edges = +b MHz at -55 dBm
Band Edges = -120 dBm

Antenna and Equipment coupled by 3rd sidelobe; Antenna Gain = -10 dB
Propagation Antenna Separation = 10 meters
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IV. MILLIMETER WAVE EMC TESTING

In the process of generating recommendations for the miilimeter wave
EMC specification it is important to consider the many aspects associated with
millimeter wave EMC testing. Consideration must be given to the propagation
and coupling properties of millimeter waves. Other important considerations
"include: operational characteristics of millimeter wave components, intended
function of the millimeter wave system being evaluated, economic factors, the
testing area,and collocated systems.

A, INTERFERENCE EMISSION AND SUSCEPTIBILITY TESTING ’

Interference emission and susceptibility tests specified in present military
standards include powerline and signal/control line conducted tests, case and
cable radiated emission, antenna spurious and harmonic radiated tests. Results
obtained during the experimental portion of the study indicate that the case radi-
ations and antenna spurious and harmonic radiations of millimeter wave systems

‘are similar in character to those of lower frequency systems and should be
measured at frequencies up to 100 GHz (reference 3). Experiments indicate
however that conducted emissions do not readily couple or propagate on typical
powerline or signal/control lines at millimeter wave frequencies (reference 2).
Millimeter wave systems should be tested to the conducted emission require-
ments of MIL-STD-461 which includes testing to 50 MHz, since low frequency
conducted emissions occur in millimeter wave systems due to the presence of
these low frequencies in power supplies and modulators. These conducted emis-
sions tests should be required only when these emissions can cause interference
and noise problems such as when collocated with low frequency communication
systems,

1. Tailoring of EMC Requirements

Tailoring of interference emissions and susceptibilities should be con-
sidered for special millimeter wave system applications, A conducted inter-
ference requirement of total noise on power lines may represent a more mean-
ingful requirement than the requirement for conducted current on small systems
which are self-contained power lines. The total noise requirement would be
stated in terms of peak-to-peak voltage on the power lines and would be based
upon susceptibility characteristics of the millimeter wave components within
the system,

A more complete discussion on development of tailoring rationale for the
MIL-STD-461 and 469 tests is found in Section VI of this report. Development
of the specification recommendations included consideration of the state-of-the-
art of millimeter wave component technology, They did not include consideration
for limitations of presently available test instrumentation in areas where it was
apparent that improvements could be accomplished by proper utilization of
state-of-the-art components.




V. EMC TEST INSTRUMENTATION
A. EQUIPMENT EMPLOYED DURING THE STUDY

Test instrumentation employed during the Millimeter Wave EMC Study
consisted of Millimeter Wave EMC receivers, IMPATT diode sources, backward
‘wave oscillators, klystron generators and spectrum analyzers. These devices
employed external mixers with attached millimeter wave antennas. The mixer/
antenna unit was connected to the receiver and analyzer via a coaxial cable. This
arrangement enabled the antenna/mixer unit to be hand held and readily moved
about to intercept the millimeter wave emissions. Portable EMI receivers were
employed for field measurements. Spectrum analyzers and EMI receivers were
both employed in laborawory tests.

Large signal inputs to millimeter wave mixers was avoided to prevent
excessive spurious response problems. The mixers employed very high order
harmonics of the local oscillator located in the receiver unit. Quality of the
mixers vary greatly in sensitivity. A mixer with a sensitivity of -70 dBm was
fabricated for use in the 70 to 100 GHz range. Sensitivities of mixers in the
20 to 70 GHz range were found to be typically -70 dBm.

B. DESIRED EMC RECEIVER DESIGN

An EMC receiver design that would have desirable features for millimeter
wave EMC measurements is shown in Figure 22. This receiver would have a
local oscillator/mixer/antenna unit of a size which could be hand held. The local
oscillator would consist of plug ins covering the frequency range of 26 to 100 GHz.
This receiver would exhibit improved spurious response characteristics since
its mixer would not be operating at high order harmonics of the local oscillator.
The local oscillator would operate at a frequency near the tuned frequency, pos-
sibly within 100 MHz. Local oscillator tuning voltages would be provided from
the receiver. Accurate frequency readout would be provided.

A millimeter wave receiver is being developed for use in a space flight
application which could be adapted to serve as an EMC receiver. This receiver
covers the frequency range from 22 GHz to 55 GHz and could be extended to
100 GHz through use of the plug in local oscillator/mixer units. A block diagram
of this receiver is shown in Figure 23.

1. Electrical Performance
Typical electrical performance, is as follows:

a. Maximum RF input voltage standing wave ratio: 1.5:1

b. Local oscillator drive power: 6 mW max.

RF to LO isolation: 20 dB
Intermediate frequency: 60 MHz
Intermediate frequency — 1.0 dB bandwidth: 10-110 MHz

Intermediate frequency ripple: 0.5 dB maximally flat
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g. Intermediate frequency skirt selectivity: -30 dB minimum 1 MHz
and above 120 MHz

h. Intermediate frequency compression: less than 1 dB for -10 d Bm
IF output

i. RF to IF gain: 30 dB minimum

j.  IF amplifier noise figure: 1.2 dB

k. Intermediate frequency output VSWR: 1.5:1 maximum into 50 ohms _ &
1. Overall mixer preamplifier gain stability: 0.5 dB, 0 to 50°C

m. DC input voltage: +15 volts

n. DC power requirement: 0.4 watt maximum

o. IF output connector: OSM jack

p. DC power and crystal monitor connectors: feedthrough solder
terminals

q. Shielding cf external frequencies 5 to 500 MHz: greater than 120 dB

r. Crystal current power requirement: None

)]

Crystal current monitor: voltage probe at RFI filter output
2. RF Performance

Typical RF performance for the individual channels:

V-Band

a. RF input frequency: 52.0 to 56.0 GHz min (0.5 dB points)
; b. RF input bandwidth: 0.5 GHz

c. Overall mixer-preamplifier double side-band noise figure: 5.0 dB

R-Band

a. RF input frequency: 31.4 GHz

b. RF input bandwidth: +200 MHz minimum (0.5 dB points)

¢. Overall mixer~preamplifier double side band noise figure: 4.0 dB




et i

a. RF input frequency: 22.235 GHz

b. RF input bandwidth: +200 MHz minimum (0.5 dB points)

c¢. Gain Flatness: +1.0 dB

d. Noise Figure: 2.5 dB max

e. Detector Sensitivity: 500 mV/mW L

f. Voltage Controlled Attenuator: 0 to 20 dB

DIGITAL FREQUENCY

e

| READOUT
| DIGITAL AMPLITUDE READOUT
; \ Xi}:c'snrsra IF AND DETECTOR SLAGES
HAND-+ELD FRONTEND
1
o L O 00
|
WAVEGUIDE
CALIBRA
FILTER e
ATTENUATOR
UDIO OUTPUT
IF OUTPUT

Figure 22. MM-Wave EMC Receiver Configuration
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Figure 23. Block Diagram of MM-Wave EMC Receiver
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3. Local Oscillator

The local oscillator proposed to be furnished with this receiver will con-
sist of a solid state source (Gunn or IMPATT diode), a ferrite isolator and an
attenuator.

4. Environmental Criteria

The receiver system will be designed to operate under the following
conditions.

Temperature range: -30°C to +50°C
Humidity Condition: 100% RH

Vibration Conditions: MIL-STD-810B, Notice 1, par 4.6.1, Part 1,
Curve AR of Figure 514, 1-2. (Reference 18)

5. Extension of Frequency Range to 100 GHz

In order to identify the fundamental frequencies and strength of any sig-
nals in the millimeter-wave frequency range from Ka-Band through W-Band
(22.6 — 110 GHz) for EMC applications, the conventional method of harmonic
mixing using a fixed frequency LO becomes costly and difficult. Since IMPATT
diode oscillators have negative resistances over a wide frequency range, any
properly designed RF circuit wonld enable the construction of a single swept
frequency oscillator to cover the full waveguide band. The use of a full wave-
guide band swept frequency IMPATT oscillator as a local oscillator provides a
very simple and efficient way for rapid frequency scanning and signal identifica-
tion. Such full band swept frequency oscillators using double-drift IMPATT
diodes are under development at the present time. The major portion of the
millimeter-wave bands can be covered with two oscillators using single-drift
IMPATT diodes which are somewhat narrower in bandwidth than the double drift
diodes. However, full band oscillation with one single-drift IMPATT diode has
already been observed in both Ka-band (22.6 — 40 GHz) and V-band (50 — 75 GHz).

Figure 24 shows a millimeter-wave multi-band receiver circuit schematic
covering 22.6 to 110 GHz using four full band swept frequency local oscillators.
The bias current of the local oscillator is controlled to achieve frequency scan-
ning either automatically or manually. In addition four fixed frequency IMPATT
oscillators are provided for signal strength calibration. The oscillators are
normally terminated with resistive loads to prevent leakage into the mixer.

The all solid-state millimeter-wave multi-band receiver would be

compact in size, with the least amount of RF components, reliable, and most of
all able to provide fast and accurate signal identification.
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Vi. DEVELOPMENT OF RATIONALE FOR THE EMC SPECIFICATION

A, BASIC APPROACH

It seems evident to one gathering data on millimeter wave system EMC
characteristics that a basic specification requirement should be combined with
allowances for special operational conditions. Millimeter wave systems in
their basic form exhibit interference characteristics which can be predicted
with reasonable accuracy. A basic form of millimeter wave system is consid-
ered to represent a typical system in its simplest configuration. A typical '
basic millimeter wave receiver can be illustrated as an example. This re-
ceiver consists of a mixer, local oscillator, intermediate frequency amplifier
and detector. Often there are no preselectors or front end filters provided.
These basic receivers are being used successfully in numerous millimeter
wave applications without encountering interference problems. As this study
has shown the occurrence of interference interactions in millimeter wave sys-
tems is reduced considerably from those cncountered at lower frequencies.
(However, there are specific applications where special techniques such as
waveguide filters must be provided to avoid interference problems. An example
of a special case of this type is one where high powered adjacent channel sys-
tems are collocated in a millimeter wave system configuration.

B. EMC TEST CATEGORIES
1. Millimeter Wave System Classification

It is recommended that EMC test requirements for millimeter wave sys-
tems be categorized according the system deployment and functional require-
ments. The typical types of millimeter wave systems that may fall in any of the
classifications are listed below:

1. Communication Systems — Communication systems are commonly
found in the V bands, Ka bands and lower frequencies. V band sys-
tems are usually limited to secure communication applications.
MIL-STD-461 tests and limited MIL-STD-469 tests are recom-
mended for communication systems.

2, Radar Systems — Radar systems are found usually in the W band,
Ka band and lower bands. MIL-STD-469 and MIL-STD-461 A tests
are recommended for radars.

3. Radiometer Systems — Radiometer systems may be employed at
any frequency between 20 GHz and 100 GHz or higher. MIL-STD-
461 and limited MIL-STD-469 tests are recommended for radio-
meter equipment.

4, Monitor Systems — Monitor systems may be employed at all milli-
meter wave irequencies. MIL-STD-461 and limited MIL-STD-469
tests are recommended for monitor systems.
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9. Millimeter Wave System Deployments

The electromagnetic environment of the intended deployment of a
specific millimeter wave system should play an important role in the EMC test-
ing requirements to be imposed upon that system. Frequency ranges of testing
should be in direct relationship to the frequency range of the deployment environ-
"ment. It is important to control the frequency range of testing in millimeter
wave systems to avoid overtesting for economic reasons. The cost of milli-
meter wave EMC testing is relatively high compared to lower frequency testing.

a. Mixed Low Frequency and Millimeter Wave Deployments — EMC
test requirements for millimeter wave systems intended for use in
multifrequency mixed deployments should include the wide range of
test frequencies of MIL-STD-461/462 in addition to the applicable
millimeter wave frequencies. Examples of required low frequency
testing are conducted emissions, conducted susceptibility, radiated
emissions and radiated susceptibility. Results of this study indicate
that conducted emission and susceptibility tests need not be extended
beyond the frequency range requirements of MIL-STD-461/462. All
classifications listed in Section VI-B-1 can be expected to be
employed in a multifrequency mixed deployment.

b. Multifrequency Millimeter Wave Deployment — Systems planned for
use in riultifrequency deployments limited to millimeter wave sys-
tems need not be subjected to the wide range of test frequencies
specified in MIL-STD-461/46%. Powerline conducted emissions tests
of MIL-STD-462 would not be required. Powerline conducted emis-
sion and susceptibility tests would be limited to the necessary tests
required to verify compatibility with the noise and transient charac-
teristics of the power line. Radiated emissions and susceptibility
tests should be limited to the millimeter wave frequency ranges
being employed in the deployment.

c. Single Band Millimeter Wave Deployment — EMC test requirements
for millimeter wave systems planned for use in single frequency
band applications can be reduced to a minimum, EMC testing of
these systems would consist mainly of system compatibility tests.
Out-of-band testing would be eliminated. Powerline conducted
emission and susceptibility tests would again be limited to those
tests necessary to verify compatibility with the power bus noise and
transient characteristics.

d. Millimeter Wave System Functions — The system/equipment classi-
fication guidelines of MIL-STD-461 should be employed in establish-
ing the severity of millimeter wave EMC test requirements. Classes

A, B and C only are cons idered applicable to millimeter wave sys-
tems. These classes are described as follows:

Class A — Primary mission subsystems/equipment which must op-
erate together for mission success.
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1, ground communications/electronics facilities
2. spacecraft equipment

3. aircraft equipment

Class B — Direct support subsystems/equipments.
1. AGE, checkout of aircraft

2. AGE, checkout of spacecraft

3. communication/electronics support equip.

4, trainers and simulators

Class C — Support subsystems/equipments beyond coupling range of
primary mission equipment.

1. test equipment

2. navigation aids

3. monitoring equipment

4. AGE used away from flight line

Tailoriag of Millimeter Wave EMC Requirements — It is recom-
mended that EMC requirements be tailored for millimeter wave
systems. Tailoring criteria should employ considerations of the
system classification, application, deployment and functions de-
seribed in VI-B-1, 2, 3 and 4. Tailoring of the requirements may
relax the requirements of this document to the point of deleting the
test and will depend upon the combination of these aspects as they
apply to the system being evaluated. Especially severe requirements
can be established for those special systems where the criteria
establishing aspects justify such tailoring. An example of this con-
dition is found in MIL-STD-461A, Notice 3, where a radiated sus-
ceptibility requirement of 200 volts per meter from 10 GHz to

40 GHz has been established for subsystemns/equipments to be in-
stalled on external aircraft mounting. This requirement represents
a 20 dB increase over the normal MIL-S1'D-461 radiated suscepti-
bility requirement of 20 volts/meter. Conversely MIL-STD-461,
Notice 3 permits relaxation of requirements for subsystems/
equipments when the particular program applications do not repre-
sent severe interference conditions. Deletion of certain tests are
permitted when systems analysis based on coupling, antenna loca-
tions, shielding, materials, etc indicates the need for these tests
does not exist.

3. Examples of Typical EMC Test Requirements

Examples of procedures for establishing EMC requirements for typical
millimeter wave systems are as follows.
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Example 1— A type 1 deployment consisting of a 30 GHz milli-
meter wave communication system is operated with high powered
collocated systems operating in the 1 to 5 GHz frequency range.
The millimeter wave system must operate in the field of the main
beam of the collocated system. This field is found to be equal to
200 volts/meter. Both systems are operated from common power
sources. The millimeter wave system performs a Class A func-
tion which warrants the most stringent requirements.

Recommended EMC requirements for this millimeter wave system
are as follows:

Conducted Emissions — Apply the conducted emission requirements
of MIL-STD-461 to powerlines and interfacing signal/control cables.

Powerline Conducted Susceptibility — Apply the powerline suscepti-
bility test requirements (CS01, CS02 and CS06) of MIL-STD-461.
The purpose of these tests is to verify operation of power supplies
with typical power sources.

Radiated Emission — Radiated emission tests shall be performed in
the 1to 5 GHz range to verify compatible operation with the collo-

cated system. These tests may be deleted if it can be shown there

are no generators of these frequencies in the millimeter wave sys-
tem. Antenna spurious and harmonics can be deleted.

Radiated Susceptibility — Tests should be performed to verify suc-
cessful operation of the millimeter wave system when exposed to
200 volts/meter at 1 to 5 GHz, The millimeter wave system shall
be tested with its receiver antenna directly in the main beam of the
collocated system if this type of operation is required. Radiated
susceptibility tests shall be at the harmonic frequency of the collo-
cated system nearest to the millimeter wave system operating
frequency. A value of 110 dB/uV/ meter is the recommended level
for high order harmonic susceptibility tests based upon results of
this study (reference 3). The receiver susceptibility test at milli-
meter frequencies may utilize signal injection at the receiver input
such as CS03, CS04 and CS05 test methods of MIL-STD-462. The
signal levels applied at the antenna waveguide input may be deter-
mined by calculation of the receiving antenna aperture and utilizing
this antenna factor to establish the receiver input level, which would
occur due to the radiated field.

Example 2 — A type 2 deployment consisting of a 60 GHz millimeter
wave communication system is operated with a 30 GHz collocated
millimeter wave communication system. The systems are deployed
such that both are located at least six degrees outside the main
beams of the collocated system. Each system is operated on separ-
ate power sources. Both systems perform a Class B function.

Recommended EMC requirements for this millimeter wave system
are as follows.
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Conducted Emissions — Conducted emissions tests are not required
since there arc no common powerlines.

Conducted Susceptibility — Powerline conducted susceptibility tests
shall be performed only to the extent that is necessary to assure
compatible operation with the power source.

Radiated Emission — Radiated Emissions of each system shall be
performed in the operating frequency range of the collocated system.
The 30 GHz system shall be tested for antenna harmonic and spurious
emissions in the 60 GHz frequency range of the collocated system.

Radiated Susceptibility — Both systems shall be tested for radiated
susceptibility signals in the frequency range of the collocated
system.

Example 3 — A type 3 millimeter wave system would have the least
stringent requirements. The only test required would be a compati-
bility test to determine that intra-system compatibility has been
achieved. The compatibility test may consist of conduction of a

functional performance verification test.

If assurance of compatible operation is des ired prior to a functional
performance test conducted susceptibility tests can be performed
to verify successful operation with the power source noise and
transient characteristics. Receiver susceptibility tests can also be

performed to ver ify adjacent channel rejection characteristics.

4. Test Requirements Table

Tables 9 and 10 contains a test requirements list for the following cate-
gories of millimeter wave systems:

1.

Functional Classification

Class A — Primary Mission Equipmeat

Class B — Direct Support Equipment

Class C — Support Equipment Beyond Coupling Range
Deployment Type

Type 1— Multifrequency Mixed Deployment

Type 2 — Multifrequency Millimeter Wave Deployment

Type 3 — Single Band Millimeter Wave Deployment

Tables 9 and 10 are submitted as guidelines for determining EMC test
requirements of millimeter wave systems.

68




98uea Aouanbaajy jo 3urioqre], =
ON =

(3591 JO 19A9] pue 98uea Aousanbaaj jo jusurisnipe) weijoad o) paiofre], = L

.89 = X

= A

*xL
L

Bz B
B

*

B

B
B

HOHHEHEHZHBRREBERBHMBHBRHZ H H
b D M Z O HHH M HEHBHZ
HOEHOHBHBH Z B B M N E N RN Z E

Zoob B D b B B oz B M

H BB ZBHBHBBB B
BB EHBEBEZ BB R RN

L
A
L
L
L
XL
L
N
L
L
L
L
L

OO

H H H B EHZ B OH MM EH M EHBRMNZHH

S I I R A A o T o o - T = - T A B

p1old OLI3091d ‘ZHO 00T 03 ZHM ¥1 ‘€0SH

protd uononpuy oljoude ‘g0SYy

p1otd onaudeN ‘ZHM 0€ 03 ZH 0 ‘T0SYH
sotuowdel pue sandg ‘zHO 00T 03 0T ‘S0HY
piotd o1I1091d ‘ZHD 00T 0 ZHM $T ‘20HY

pIotd onjeuS8eW ‘ZHM 0€ 0} ZH 0€ ‘P0AH/T10dY
yorenbg ‘L0SO

speoT 1amod ‘oyq1ds ‘90SD

sTeuSIs pailsapuf jo uorodfoy ‘zHD 00T 03 0T ‘¥0SO
uoperNpowaslu] ‘ZHO 00T 03 0T ‘€0SO

speoT 1omod ‘ZHIN 00% 03 S0 "0 ‘20SO

speoT 1omod DA ‘ZHDI 06 03 €0°0 ‘T0SO
sotuowrdgy pue sandg ‘zHD 0°0T 0} ZHM 0T ‘90HD
speoT TBUSIS/T013U0D ‘ZHI 0S 01 S0 °0 °‘S0dD
speoT aomod ‘ZHI 0S 03 S0 0 ‘$0HD

speoT TRUSIS/[013U0D ‘ZH 0S 01 €0 °0 ‘€0dD
speeT 19mod DV ‘ZH3 06 01 €0°0 ‘Z0HD

O speoT 1amod ‘zZHM 0S 03 €0 °0 ‘T0HD

3]
L}
3]
~
3]

O«
A o

<

-

adA 1, yuswforda(g
uorjoung SSBID

SINALSAS FAVM-IWIN O TTAdVII'TddV SINIWIYINOTY LSAL 19¥-dLS~TIN dJIIIAON 6 JTIVL

T S e

T iy S W | T I i ——



bt . 2 e

wrexSoad o} pagofie], = I,

sex = X

L L L L L L L L L ZHD 00T 03 0T UOTJBIpTY ISAISDY ‘% °L°9
X X X X X X X X X ZHD 00T 0 0T A1I1Iqe)S I2A1809Y ‘€ °L°9
L L L L L L L L L ZHD 00T 01 0T uonaeIasald 44 ‘2°L°9
X X X X X X X X X ZHD 00T 01 0T SYIPIMpUEY 20UB)daddy JaATa0ay ‘1°L°9
X X X X X X X X X ZHD 001 03 0T SuoneIpey snoLindg ‘9 "9
X X X X X X X X X ZHH 00T 0} 0T uolssaxdng aqojaprs BUUaUY ‘G °9
L L L X X X X X X ZHD 00T O3 0T &Igeuny, ‘v -9
X X X X X X X X X ZHD 00T ©1 0T YIPIMPUBY UCISSTW WNWIXEW ‘€9
X X X X X X X X X ZHD 00T © 0T 9oueiajo], Aousnbai g JoPIwWsSULL], ‘Z°9
S 4 T g 4 T g 4 1 adA 1, juswsordag
0 q v uonjoun,g sseID

WALSAS 4VAVY IAVM-IWIN OL ITAVOITddV SINIWIHINDIY ISAL 69%-ALS-TIN AAIIIAON 0T ATAV.L

70

T T




5. Rationale for Table 9 Recommendations

The following philosophy was employed in establishing the recommenda-
tions of Table 9 for MIL-STD-461 type testing of millimeter wave systems.,

a.

Conducted Emissions — Strict adherence to the powerline and signal
line conducted emission requirements of MIL-STD-461 is considered
important for the multifrequency mixed low frequency and millimeter
wave system deployment. Control of conducted emissions on cables
produced by interference sources such as power supplies and modu-
lation pulses are considered important in deployments containing low
frequency receivers. These conducted emissions may cause inter-
ference in the lower frequency systems. No extens ion of the MIL-
STD-461 frequency range requirements is recommended for milli-
meter wave systems due to the lack of millimeter wave signai coupl-
ing on cables.

Tailoring of conducted emission test requirements for millimeter
wave systems in the deployments containing millimeter wave systems
only is recomamended as the type of emissions capable of being prop-
agated on cables are of frequencies well below millimeter wave
frequencies and will not cause reseiver interference. Tailoring may
consist of limiting conducteu emissions to power buss noise specifi-
cations only.

Antenna Spurious and Harmonic Emissions — These tests are not
Tecommended for millimeter wave systems, It is not feasible to
attempt to perform waveguide measurements of spurious and har-
monic emissions at millimeter wave frequencies due to the problems
encountered in obtaining meaningful measurements when employing
waveguide transitions (o test instrumentation equipment MIL-STD-
461A recognizes this fact and does not recommend CE06 measure-
ments above 1,24 GHz.

If in-band receiver emissions are of concern they should be tailored
to program requirements.

Powerline Conducted Susceptibility — Strict adherence to the con-
ducted susceptibility requirements of MIL-STD-461 is considered
important in the mixed multifrequency deployments for Class A and
Clsss B systems, It is recommended that these requirements be
tailored for all other millimeter wave applications. Single fre-
quency band deployments and all Class C systems will not experi-
ence cable coupled RF signals. Tailoring of the requirements to
meet the power buss noise and transient specification is suggested.
A typical example is that level which has been successfully applied
in spacecraft requirements of 10 mv peak to peak noise and 2 volt
transient on a powerline having a source impedance of 0.1 ohm.,
This requirement represents a total noise level and is not frequency
dependent as the MIL-STD-46 1A requirement states.

Receiver Susceptibility — Compliance to intermodulation and rejec-
tion of undesired signal requirements are considered important for
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multifrequency deployments in Class A and B systems. It is
recommended that receiver susceptibility requirements for single
frequency band millimeter wave systems be tailored to include
rejection of adjacent channel signals only. The requirements of
Class C systems can be tailored to provide assurance that intra-
system compatibility of the Class C system only is achieved.

Squelch — The squelch requirement of MIL-STD-461 is applicable to
all receivers since it enhances the operation and provides for the
comfort of the operator therefore it is recommended for all types of
systems and deployments.

Radiated Emissions — Radiated magnetic field emissions shall apply
only to those systems which are operated in the very near vicinity
of highly sensitive magnetic devices. Therefore tailoring of this
requirement is suggested for all types of systems and deployments.
Radiated electric fields emanating from cables and equipment en-
closures are recommended to meet requirements of MIL-ST1-461
to 10 GHz and requirements of this document from 10 to 100 GHz.
The frequency range of test may be tailored for the multifrequency
and single band millimeter wave deployments for Class A and B
systems. The limits and frequency ranges may be tailored for all
Class C systems. A tailoring of Class C systeras requirements to
assure intra-system compatibility is suggested. It is suggested that
bandwidth considerations be added to RE03 requirements.

/

Radiated Susceptibility — It is recommended that the radiated mag-
netic susceptibility requirements be tailored to the program for all
millimeter wave systems. This test should not be performed on a
millimeter wave system unless it is definitely determined that the
system will be exposed to a magnetic filled environment and also
determined that the system contains elements which are subject to
being affected by these magnetic fields. Magnetic fields exist pre-
dominantly at low frequency and will not affect millimeter wave
generating equipment. The elements of millimeter wave systems
which may be affected by the magnetic fields of RS01 and RS02 in-
clude modulators and read out devices. .

It is recommended that all Class A and B millimeter wave systems
be tested to radiated electric field requirements of MIL-STD-461
and this document. The tailoring notation of Table 9 for Class B
and C denotes the suggestion that the test frequency range for multi-
frequency and single band millimeter wave systems be tailcred to
the frequencies employed in those deployments. Tailoring of Class C
requirements to assure compatibility of the equipments is recom-
mended since these equipments are considered out of coupling range
of primary mission systems.

6. Rationale for Table 10 Recommendations

The following philosophy was employed in establishing the recommenda-

tions of Table 10 for MIL-STD-469 type testing for millimeter wave systems.
MIL-STD-469 includes certain requirements at frequencies up to 40 GHz. No
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recommendations for changes in these requirements are made in this document.
Other requirements listed in Table 10 are given for the frequency range of 10 to
100 GHz.

a. Transmitter Frequency Tolerance — Compliance to the transmitter
frequently tolerance requirements is recommended for all deploy-
ments and system classifications. Irequency control of radar sys-
tems is considered important in all applications including support
equipment. This control is necessary to obtain reliable information
from the radar data. It is considered important that all radar
classifications meet frequency tolerance requirements. The reason
for this is the fact that elevation of radars vary over large angles
can lead to interference of air and space craft systems.

The frequency tolerance requirements of MIL-STD-469 are not
cevere and compliance to this requirement should not cause undue
difficulty in achieving compliance.

Maximum Allowable Radar Emission Bandwidth — The requirements
for MIL-STD-469 for maximum allowable bandwidth are reasonable
for the types of modulations addressed. There are other types of
modulation techniques being employed in modern radars which need
further definition in regard to millimeter wave radars. Further
investigation of the impact of these radar techniques on emission
bandwidths is recommended for future study. Compliance to emis-
sion bandwidth is considered important for all radar classifications
for the interference control conditions of high elevation angle
radars as described in the preceeding discussion of 6-a.

Tunability — Tunability is considered important for all millimeter
wave radars except Class C. All radars associated with primary
mission systems must be compatible in tunability abilities to pro-
vide satisfactory operation. Radar equipment employed in support
equipment not related to the primary mission equipment may be
tailored to meet its particular functional operation requirements.

Antenna Side Lobe Suppression — All millimeter wave radars are
recommended to comply to the antenna side lobe suppression re-
quirements of MIL-STD-469 to avoid interference at all angles of
elevation. The side lobe requirements of MIL-STD-469 were found
to be commensurate with millimeter wave antenna characteristics
investigated in this study.

Spurious Radiations — It is recommended that all millimeter wave
radar comply to spurious radiations to control interference at all
angles of elevation, The trend of MIL-STD-469 in increasing the
spectral level with increase in frequency is followed in this
document.,

Receiver Acceptance Bandwidihs — Compliance to receiver accept-
ance bandwidth requirements of MIL-STD-469 are recommended
for all classes of millimeter wave radars. It is important that the
receiver acceptance bandwidth be compatible with radar trans-
mitter emission bandwidths as MIL-STD-469 indicates.
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RF Preselection — It is recommended that the MIL-STD-469 re-
quirement for RF preselection be tailored for all classes of milli-
meter wave radars. The reason for this recommendation is based
upon the lack of preselection devices for millimeter wave systems.
This limitation of millimeter wave equipments should be considered
in establishing frequency allocations for millimeter wave radars.

Receiver Stability — The requirement of MIL-STD-469 that receiver
stability be commensurate with associated transmitters is self
explanatory since this is a necessary requirement to achieve satis-
factory operation of a radar system.

Receiver Radiation — The effects of radar receiver radiation is sub-
ject to variable factors such as antenna characteristics and deploy-
ments. It is recommended that this requirement be tailored to the
programs for all classes of millimeter wave radars.




C. DEVELOPMENT OF RECOMMENDED SPECIFICATION LIMITS

Results of the literature search, experiments and analysis conducted
during this program have been combined to provide the basis for the following
recommended specification limits.

Extension of MIL-STD-461 Requirements
1. CEO01, CE02 and CE04, Conducted Emission, 0.03 to 50 kHz, Power leads

Limits of Figure 4, 5, and 6, MIL-STD-461A, Notice 4 are recommended
for Millimeter Wave Systems used in Type I, mixed multi-frequency deploy-
ments. This limit represents a reasonable value to be imposed on systems to
prevent lower irequency emissions which may cause interference to communi-
cation systems operating in the deployment.

Tailored limits are recommended for all other millimeter wave systeme.
A value which has been employed successfully on millimeter wave systems is
10 milliwatts peak to peak total noise on a power buss 0.1 ohms source
impedance (Reference 13).

2. CEO03 and CE05, Conducted Emissions, 0.03 to 50 kHz, Control/Signal 1eads

The limits of Figures 4, 5 and 6 MIL-STD-461A, Notice 4 are recom-
mended here also for Type I systems for the same reasons given for CE01, CE02
and CE04. Naturally the limit must be tailored to allow for the intentional trans-
missions on signal leads as indicated in MIL-STD-461A. MIL-STD-461A limits
shall apply when the intentional transmission spectrum levels are lower than
those of MIL-STD-461A.

Limits for Types 2 and 3 systems may be tailored to system compatibility
requirements.

3. CE06, Antenna Conducted Emissions, 10 kHz to 10 GHz

This test is not recommend for reasons described in VI-B-5-b of tnis
document.

4. (SO0l ard CS02, Conducted Susceptibility, 30 Hz to 400 MHz, Power Leads

It is recommended that Type 1 of Class A and B millimeter wave sys-
tems meet the requirements of Figures 8 and 19, MIL-STD-461A, Notice 4.
All other millimeter wave systems may be required to meet powerline conducted
susceptibility requirements tailored to the program. As stated in VI-B-2-e of
this document, a typical tailored test could consist of a total noise level of a
peak to peak voltage from a source impedance equivalent to the power source
intended for use with the millimeter wave system.

5. CS03, Intermodulation, 10 to 100 GHz
It is recommended that types 1 and 2, Classes A and B millimeter wave
receivers be specified to meet the requirements of 6.7 of MIL-STD-461A,

Notice 4. This requirement states that receivers shall not develop intermodu-
lation products when exposed to out-of-band signals 66 dB above the level
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required to produce a standard response. Results of experiments performed
during this study indicate that many millimeter wave systems will not meet this
requirement unless filters are installed at the antenna input (Reference 2j.
However later experiments indicate that millimeter wave systems can be expected
to experience signals of comparable leveis when operating at locations equivalent
to the fourth antenna side lobe of collocated systems (reference 3). Other types
"and classes of millimeter wave systems are recommended to meet intermodula-
tion requirements tailored to the program.

6. CS04, Rejection of U'ndesired Signals, 10 to 100 GHz

It is recommended that types 1 and 2, Classes A and B millimeter wave
systems meet the requirements of 6.9, MIL-STD-461A, Notice 4. This require- -
ment states that operation of receivers shall not be degraded when exposed to
out-of-band signals 80 dB ahove the level required to produce a standard
response. The curve of Figure 9 should be tailored to the program since the
bandwidth of millimeter wave system receivers may in some instances be wider
than that stated in the figure by necessity. Other types and classes of millimeter
wave systems should have requirements which are tailored to the program.

7. CS06, Spike, Power l.eads

This test is recommended for the same systems as CS01 and CS02 with
the same rationale. The transient of Figure 10, MIL-STD-461A, Notice 4 is
recommended. For the systems which are recommended for tailoring, the
transient shall be revised to a value that represents typical transients found on
the power buss.

8. CS07, Squelch

The requirements of 6.11, MIL-STD-461A, Notice 4 is recommended for
all types and classes of millimeter wave systems.

9. RE01/RE04, 30 Hz to 30 KHz, Magnetic Field Emissions

It is recommended these tests be limited to only those millimeter wave
systems that are intended for operation in the vicinity of sensitive magnetic de-
vices. Tailoring of the magnetic field requirements should be adjusted to the
susceptibility levels of those devices.

10. RE02, 14 KHz to 100 GHz, Electric Field

Recommended electric field emissions from cables and cases are shown
in Figures 25 through 28, The limits of Figures 25 and 26 are recommended for
a millimeter wave system (type 1) used in deployments involving mixed systems
including low frequency systems. Figures 27 and 28 represent recommended
limits for millimeter wave systems intended for use in deployments containing
millimeter wave systems only. Tailoring of the frequency range of test to the
single band of frequencies being used is recommended for type 3 systems. Three
curves are shown for cases representing recommended limits for situations
where the millimeter wave systems are confined to enclosures (up to 3 meters),
closely confined external configurations (3 to 10 meters), and others (10 to
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100 meters). A new test number RE0X is recommended for the radiated
emission tests to be performed at millimeter wave frequencies only.

Broadband emission tests are considered important for millimeter wave
systems because of the wideband characteristics of these systems and the EMC

‘measuring instrumentation. Stating the limits in terms of a megahertz band-

width is recommended as a standard requirement. This bandwidth has been es-
tablished as a requirement for millimeter wave systems employed in spacecraft
applications.

11. REO03, 10 to 100 GHz, Antenna Radiated Spurious and Harmonics

It is recommended that Class A and B types 1 and 2 millimeter wave sys-
tems be required to meet the requirements of Figure 7, MIL-STD-461A,
Notice 4. This requirement is considered necessary for the multi frequency de-
ployments of equipment in Class A and B systems where harmonic radiations
can cause serious interference problems. This requirement is not recommended
for single band deployments where harmonic radiations cannot cause interference
problems. The harmonic requirements for Class C equipments can be tailored
to meet the requirements of the program. In the case of millimeter wave sys-
tems where externally wide bandwidths are concerned it may be feasible to con-
sider bandwidth in the requirements of RE03.

12. RS01, 30 Hz to 30 kHz, Magnetic Field Susceptibility

This test is not recommendcd for millimeter wave equipment, Millimeter
wave receivers and transmitters are not susceptible to the level of magnetic
fields specified in RS01. Magnetic field susceptibility tests may be specified for
sensitive magnetic peripheral equipments which are intended for use in conjunc-
tion with millimeter wave systems.

13. RS02, Magnetic Induction Field

It is recommended that this test be required only for those millimeter
wave systems which are intended for usc in areas where they maybe exposed to
powerline alternating currents and transients. Thec requirements of 6,12, MIL-
STD-461A, Notice 4 is recommended when this test is specified.

RS03, 14 kHz to 100 GHz, Electric Field Susceptibility

This test is recommended over the entire frequency range of 14 kHz to
100 GHz for Classes A and B, Type 1 systems and the frequency range of 10 to
160 GHz for type 2 systems. The frequency range shall be tailored for type 3
and all Class C systems. MIL-STD-461A, Notice 4 levels are recommended for
tests up to 10 GHz. A level of 130 dB/uV/meter is recommended for the fre-
quency range of 10 to 100 GHz. This level is based upon results obtained dur-
ing this study (r~ference 3).

Extension of MIL-STD-469 Requirements
1. 6.2 Transmitter Frequency Tolerance, 10 to 100 GHz

It is recommended that this test requirement be updated to include tailor-
ing of frequency tolerance requirements. The present requirements of
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MIL-STD-469 are quite lax. Present day millimeter wave radar systems are
capable of frequency control tolerances of the order of 1 part in 1010, In other
cases, however millimeter wave systems employ very loose frequency control
such as radar systems where the receiver tracks the transmitter. The present
requirements with tailoring for millimeter waves are recommended.

2. 6.3 Maximum Emission Bandwidth, 10 to 100 GHz

Extension of the present requirements of MIL-STD-469 are recommended
for millimeter wave systems. The present requirements are reasonable and
provide sufficient control for millimeter wave emission bandwidths in systems
employing the types of modulations mentioned in MIL-STD-469,

Further investigation of bandwidth emission requirements for special
variable pulse radars is recommended. Detailed investigation of these radars
proved to be beyond the scope of this contract. The proposed revision submit-
ted by NAVSHIPS in August 1972 and the OTP document have several suggestions
which should be considered.

3. 6.4 Tunability, 10 to 100 GHz

The requirements of MIL-STD-469 are recommended for all millimeter
wave systems except Class C where tailoring to the specific needs of the pro-
gram is suggested, In general, millimeter wave radar systems do meet the tun-
ability requirements of MIL-STD-469.

4. 6.5 Antenna Side Lobe Suppression

It is recommended that millimeter wave antennas be specified to have
their side lobes suppressed to meet MIL-STD-469 requirements. Most milli-
meter wave antennas investigated in this study had their major side lobes down
20 dB from the main beam and all other lobes at least 30 dB down from the main
beam,

5. Radar Transmission Spurious Radiations

It is recommended that millimeter wave radar systems be required to
meet the spurious radiation requirements of MIL-STD-469. The following ex-
tension of MIL-STD-469 requirements for spurious radiations is recommended:

fo (Limit of spectral level
(Within Frequency Range Of) at the transmitter input)
(MHz) (Millivolts/kHz) (dBm/kHz)
100 to 400 6.31 x 107° ~42

400 to 1,215 2.51x 1074 -36

1,215 to 2,700 1.26 x 1073 29
2,700 to 5,000 2.51 x 1072 -16

5,000 to 8,500 1,00 x 107} -10

8,500 to 40, 000 3.16 x 1071 -5




fo (Limit of spectral level

(Within Frequency Range Of) at the transmitter input)
(MHz) (Millivolts/kHz) (dBm/kHz)

40, 000 to 60, 000 3.16 x 107} -5

60, 000 to 100,000 3.16 x 10’1 -5

It is recommended that a spectral envelope of spurious emissions be
specified. It is recommended that the bandwidth be specified at the 40 dB down
point. It is also recommended that further study be considered on revising this
requirement to allow it to apply tc modern radars and digital communication
systems. The Office of Telecommunication Policy document (Reference 17) con-
tains several recommendations of this type. One recommendation of this includes
the following bandwidth criteria.

Conventional Pulse B = 2k/t
B = Emission Bandwidth (MHz)
k = Weighing Factor (Fig. 2 of OTP cocument)
t = Pulse width (microseconds)

6. 6.7.1 Radar Receiving Systems Required Acceptance Bandwidth

The MIL-STD-469 receiver acceptance bandwidth requirements are rec-
ommended for millimeter wave systems to assure compatibility with the associ-
ated transmitter.

7. 6.7.2 R.F. Preselection

RF preselection is not recommended for millimeter wave systems except
in those situations where program requirements warrant it. Preselection devices
are not readily available at millimeter wave frequencies. Many millimeter wave
systems are presently operating successfully without preselectors. Band pass
filters are being employed in receiver input waveguides in millimeter wave sys-
tems which are operating with collocated adjacent channel systems.

8. §.7.3 Receiver Stability

It is recommended that receiver stability requirements of MIL-STD-469
be specified for millimeter wave receivers to assure compatibility with associ-
ated transmitters.

9. 6.7.4 Receiver Radiation

It is recommended that millimeter wave receiver radiation be limited to
-30 dBm/meter2 in the antenna main beam at the antenna focal point. This level
is recommended as it represents a radiation field in the third antenna sidelobe
which is in line with the radiated emission requirements recommended for the
extended RE02 limits. The second side lobe should be at least 20 dB down from
the main beam. No other millimeter wave systems can operate in the main
beam due to the narrowness of millimeter wave antenna beams. This require-
ment shall not apply to transceivers since they exhibit the same antenna radia-
tion levels when receiving as transmitting.
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3. MIL-STD-461 Testing Requirements

S P )

Table 11 below contains the recommended extensions for MIL-STD-461A

testing.
TABLE 11. MIL-STD-461A, NOTICE 4
EXTENSIONS FOR MM-WAVE SYSTEMS
MIL-STD-461 Applicable Recommended
Test Description Systems Extension
CE01, CE02, Conducted Emissions, Type 1 required | None
CE04 0.03 to 50 kHz, Power Type 2 and 3
Leads tailored
CE03, CE05 Conducted Emissions, Type 1 required | None
0.03 to 50 kHz Type 2 and 3
Signal/Control Leads tailored
CE06 Antenna Conducted None None
Emissions 10 kHz to l
10 GHz
CS01, CS02 Conducted Susceptibility Type 1 required ane
Type 2 and 3
tailored
Class C tailored
CS03 Intermodulation Type 1 and 2 0.9fco to 100
Class A and B GHz only
required fco = wave-
Type 3 tailored guide cut
Class C tailored | off frequency
CS04 Rejection of Undesired Type 1 and 2 Same as
Signals Class A and B CS03
Type 3 tailored
Class C tailored
CS06 Spike, Power Leads Class A and B, None
Type required,
Type 2 2ud 3
tailored
Class C tailored
Cso7 Squelch All None
RE01/RE04 Magnetic Field Tailored None
Emissions, 30 Hz
to 30 kHz
RE02 Electric Field Emissions | All See Figures

14 kHz to 10 GHz
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TABLE 11 MIL-STD-461A, NOTICE 4 EXTENSIONS
FOR MM-WAVE SYSTEMS (Continued)
MIL-STD-461 Applicable Recommended
Test Description Systems Extension
REO03 Antenna Radiated Spurious |Type 1 and 2 10 to 100 GHz
and Harmonics, 14 kHz to |Classes A and B | range only
10 GHz required
Type 3 tailored
Class C tailored
RSO01 Magnetic Field None None
Susceptibility,
30 Hz to 30 kHz
RS02 Magnetic Field Induction Tailored None
RS03 Electric Field Type 1 and 2 Type 1
Susceptibility Class Aand B 14 kHz to 100
required GHz

Type 3, tailored | Type 2
Class C tailored |10 to 100 GHz

only

130 dB/uv/
meter for 10
to 106 GHz

4, MIL-STD-469 Testing

Table 12 contains the recommendations for extension of MIL-STD-469

testing.
TABLE 12. RECOMMENDED EXTENSIONS FOR MIL-STD-469
MIL-STD-469 Applicable Recommended
Paragraph Description Systems Extension
6.2 Transmitter Frequency | All Tailoring of
Tolerance requirements
recommended —
further study
needed
6.3 Maximum Emission All Modification for
Bandwidth special techniques
Proposed revision
of Aug 1972 and
OTP document
are recommended
6.4 Tunability Classes A and B | None

required

Class C tailored




TABLE 12,

RECOMMENDED EXTENSIONS FOR MIL-STD-469 (Continued)

g S s il g i i

o

MIL-STD-469 Applicable Recommended
Paragraph Description Systems Extension
6.5 Antenna Side Lobe All None
Suppression
6.6 Transmission Spurious |All 40 GHz to 100 GHz
Radiation shaped spectral
envelope —
specified in
antenna field
6.7.1 Receiver Acceptance All Same as 6.6
Bandwidth
6.7.2 RF Preselection None Band pass
filters where
required
6.7.3 Receiver Stability All None
6.7.4 Receiver Radiation All except -30 dBm/meter2
transceivers at antenna

focal point

5. Millimeter Wave Test Requirement Matrix

Table 13 contains a list of recommendations for tests to be required or
deleted for various modes of millimeter wave system operation.
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VII. CONCLUSIONS AND RECOMMENDATIONS

Reviewing the overall results of the study leads to the following general
comments and recommendations.

A, CONCLUSIONS

1. Millimeter wave system components exhibit interference characteris- !
tics in specific areas which require close attention in obtaining interference-
free operation. An example of this is the susceptibility of typical millimeter wave

mixers to high level interfercnce signals, Rigid quality control and the use of k
millimeter wave band pass filters represent control methods which should be i
implemented.

2. Millimeter wave systems in general exhibit less conducted suscepti- !

bility problems than lower frequency systems. This is due to the decrease in
cable coupling at millimeter wave frequencies, Conducted susceptibility is
limited to affects produced by modulation frequencies.

3. Upgrading of portable EMC instrumentation in the millimeter wave
region is needed. Specific areas of required improvements include reduction of
spurious responses, accurate frequency readout, built-in calibration and
increased sensitivity.

4, Collocated low frequency systems should be evaluated for harmonic
output as high as tenth order when deployed with millimeter wave systems.

T

5. Millimeter wave systems experience less interference problems than
lower frequency systems in general. This is due to decreased coupling in
cables, extremely narrow antenna beam widths, line of sight propagation,
shielding by numerous types of matrices and low level case emissions.

6. Analysis of horn antennas performed in this study indicates that the
effective gain decreases only slightly at the second and third harmonics. Further
analysis of the numerous types of antennas employed proved to be beyond the
scope of this contract.

7. Results of the experimental program indicates that previous exten-
¥ sion of MIL-STD-461 which have been employed on millimeter wave systems
such as in spacecraft represent reasonable limits for closely confined deploy-
ments. Relaxation of limits for more widely deployed systems has been
addressed in this report.

B. RECOMMENDATIONS

1. Millimeter wave systems may be operated successfully in the main beam
of collocated lower frequency systems providing operation is not attempted
at exact harmonic frequencies up to the tenth order.

2. MIL-STD-461A, Notice 4 requirements can be reduced considerably for
| millimeter wave systems., Tailoring of low frequency tests of MIL-STD-
% 461A is recommended when low frequency systems are planned for

' collocation with millimeter wave systems.
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The possibility of imposing quality control in millimcter wave component
parameters which affcct interference characteristics should be considercd.

Addition of bandwidth considerations to antenna emissions should be given
further study both for present MIL-STD-461A limits and millimeter wavc

cXtension,

Millimeter wave reflection and shielding characteristics should he con-
sidered in deployments.

Millimeter wave systems should not be operated at locations which are
nearer than the fourth sidelobe to the main beam of collocated millimeter
wave systems. This represents an angle of only +6 degrees in many cases.

This report has recommended rigid limits for millimeter wave systems
which are closely confined in enclosures and relaxed limits for millimeter
wave systems more widely deployed up to 100 meters.

Further studies of MIL-STD-469 requirements is suggested. Requirements
such: as the emission bandwidth are not presently stated in the proper
context to represent modern radars in both millimeter wave and lower fre-
quency applications. One example of this is the frequency agile type of
radar. MIL-STD-469 requirements should be made more severe in certain
areas such as frequency tolerance and out-of-band emissions.
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