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I. INTRODUCTION

A research program entitled "Investigation of Millimeter Wave and Far
Infrared Multiwavelength Systems" was performed under Contract No. DAAG29-
77-C-0026. This program encompassed three tasks, each of which was per-
formed under the cognizance and direction of different Army Commands.

The final report has been prepared in three volumes partitioning the results
of work on the individual tasks into more useable documents for those
interested in only one of these efforts. The report is organized as
follows:

Volume Cognizant Organization

I. Hybrid Millimeter Wave/COZ Laser U. S. Army ERADCOM
Target Acquisition System Ft. Monwouth, N. J.

IT. Millimeter Wave Propagation

Atmospheric Sciences Laboratory
Through Battlefield Dust

III. Report of NMMW System Subpanel Harry Diamond Laboratories
Adelphi, MD

This report is comprised of a summary of the work performed under the
individual tasks listed above, and three papers which reported the significant
results of this work. The interested reader is referred to the cognizant
Army organizations for a full technical report on each of the tasks included
in this program effort. The internal Georgia Tech project number is A-1985.

White Sands Missile Range, N. M.
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II.  SUMMARY OF WORK

A. Volume I - "Hybrid Millimeter Wave CO, Laser
Target Acquisition System

Tactical surveillance and weapon guidance systems depend critically
on the ability to acquire, identify and precisely locate targets of military
significance. The conventional microwave radars which have traditionally
been used for target acquisition by the Army can rapidly search large volumes
of space and locate potential targets. However, these systems generally
lack the resolution to identify targets and locate them with the accuracy
required for weapon delivery. Electro-optical systems operating in the
visible and infrared can quite easily achieve this resolution but at the
cost of narrowér fields-of-view. A narrow field-of-view greatly increases ! ]
search times over a given volume. Thus, the concept was formed of an ii
electro-optical/microwave radar synergism in which the radar, from a rapid, .
large volume search, provides low resolution target coordinates around [ 4
which the E-Osystem does a high resolution, low volume scan to produce
accurate target coordinates and target identification.

As initially conceived, this program was to include two phases: Phase
I involved the investigation of radar parameters affecting the required
field-of-view of the E-Osensor, and a demonstration of handover from a 70
GHz surveillance radar to an E-0 sensor system simulated by a TV sensor
equipped with a zoom telephoto lens; Phase II was to involve a demonstration
of handover and pointing refinement by a hybrid system consisting of a 70
GHz radar and an active CO2 laser scanning sensor system coupled electrically 3
through the radar display and cursors.

The first phase of this program was successfully demonstrated in a | 4
series of tests which were reported in a paper given at the DARPA Sixth
Annual Tri-Services Submillimeter Wave Conference, and included herein
as Appendix I. The important result of these tests was that targets

could be located with the radar bv an operator-positioned cursor to ;v
within a standard deviation of 0.5 - 1.0 mrad even thouah the radar ?:
beanwidth was 9.6 mrad. In view of these results, the E-0 system desian gi
was based on the assumption that the target line-of-sight (LOS) could be i3
reliably determined to within + 1 mrad in both elevation and azimuth. Tests |




employing a TV sensor with zoom telephoto lens mechanically boresighted to
the radar confirmed that a 3 mrad field-of-view was adequate to insure that
the target would alway: be located in the E-0 sensor's FOV at the instant
of handover. Handover from the cursor control to a two-axis gimbal posi-
tioner for the E-0 system was demonstrated, but slow drifts in pointing
direction prevented full utilization of E-0 system resolution. In summary,
these facts indicate that LOS pointing accuracy can, by a combination of
radar beam splitting and handover to an E-0 sensor system, be improved to
the resolution limit of the E-0 sensor platform (~0.1 mrad). Thus, the
improvement in terms of the radar beamwidth (~10 mrad) would be 100:1.
During the second phase of this program, the funding resources were
exhausted in the development of the C02 sensor system and modifications to
the control circuitry and mechanical configuration of the two-axis gimbal,
which was furnished GFE, before any data on handover and pointing accuracy
could be obtained. The development of the CO2 sensor system was cost-shared
in that all components were purchased by Georgia Tech, and approximately
three man-months were expended by EES personnel in its development without
cost to the U. S. Army. The system optical design was to be compatible
with a pulsed CO2 laser under development by ERADCOM, but unfortunately this
device was not available during the course of the program. In its place,
a CW laser was employed, and internal reflections within the optical system

resulted in the necessity of a design modification to allow system operation
in the FM/CW mode. Block diagrams of the common aperture 002 laser targeting
system are shown as configured for CW/heterodyne operation in Figure 1 and
CW/FM operation in Figure 2. The component layout of this system is shown

in Figure 3.
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Figure 2, Block Diagram of the (:02 Laser Targeting
System Reconfigured for FM/CW Operation
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During this program, it was demonstrated that a combination of E-0 and
millimeter wave sensors can be effectively employed to improve the accuracy
of line-of-sight pointing and provide a means for target identification in
conditions of high visibility. These tests were performed with a 70 GHz
rapid scanning millimeter radar and a TV sensor with handover initiated by
the radar azimuth-elevation display cursors. Tests were performed with the
TV system mechanically boresighted through the millimeter scanner's optical
periscope, and with the E-0 field-of-view coupled to the radar through the
radar cursor E-0/gimbal electronic interface.

The final goal of the program was to demonstrate handover from the
millimeter radar to a CO2 laser targeting system which was under develop-
ment by Georgia Tech for this program. This goal was not achieved because
of problems encountered with operation of the CO2 system in a common aperture
configuration with a CW laser transmitter.

A pulsed CO2 laser under development by ERADCOM would have met the
technical requirements for this application, but unfortunately was not
available during this program's performance period. At the beginning of
the system development effort, no other pulsed CO2 laser was found with the
required combination of pulse energy and pulse repetition frequency, and
hence the only alternative available was to convert the system to FM/CW
operation to separate the target return from internal backscatter in the
frequency domain. This conversion was not successful because of amplitude
modulation noise generated by nonlinear response of the PZ mode controller
of the CW laser when driven to achieve the required FM modulation.

The modifications required to the 002 system and a test plan for achieving
the program goals are discussed in the following sections. In view of the
positive results obtained during the millimeter radar/TV system tests, it
is strongly urged that this program effort be continued, and that the per-
formance of a hybrid configuration employing both an active millimeter
sensor and an active CO2 laser sensor be implemented and evaluated.

ppeeo—




In order to achieve the goals for evaluation of system performance
and optimization of the hybrid concept in terms of operating mode, spec-
tral assignment and radiation characteristics, further work will be re-
quired. Based on this program, three general areas for emphasis have been
defined: 1) hardware improvements to the present system, 2) extended
field tests witha modified system configuration, and 3) studies to define
concepts and techniques for improving performance of hybrid systems for
target engagement.

1. System Improvements

The primary requirement for improvement of the CO2 system's per-
formance is the acquisition of a pulsed laser with the appropriate
pulse energy and prf. Based on the calculations presented in Section
II-A, the minimum energy per pulse should be about 100 mJ for a system
capable of operation over moderate conditions of inclement weather
(1ight rain or fog) and the prf should be about 20 kHz for flicker-
free display of a 32 x 32 point image. The required pulse energy
could be reduced significantly for operation only under high visibility
conditions (0.01 mJ would be adequate), and the prf could be reduced
by signal processing. The minimum prf for an operational system, how-
ever, would be about 15 kHz for a 10 mph target at 1 km (0.3 mrad
uncertainty in target centroid for a 3 mrad FOV). It is anticipated
that these pulsed CO2 laser requirements can be met within the current
state-of-the art.

The current C02 system has been designed to provide optimum per-
formance within the economic constraints of the program; however, the
limitations due to inadequate performance of some of the key components
were documented during the program. Perhaps the most serious limitation
on system performance is the gimbal mount which is marginally stable
with the weight of the pointing reflector. Other areas in which system
performance can be improved are by the acquisition of detectors with
better sensitivity and larger bandwidth, upgrading of the electronics
processing system, and the acquisition of a display system with storage
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capability. Of less immediate concern, but of eventual importance for
remote field operations would be improved system packaging including

a compressed optical train and smaller lasers, a sealed cover with
infrared windows for operation in inclement weather, and a general
mechanical hardening of the system to withstand shock and vibration
resulting from operation of the van over rough terrain.

The 70 GHz radar system being used as the acquisition radar does
not represent a potential tactical radar. Further, to effect improved
performance, it is highly desirable that the 70 GHz radar be replaced
by a 95 GHz radar. The cost of developing a new radar, however, would
be high (on the order of $300K). A number of potential ways of obtaining
a 95 GHz radar without incurring the high cost of a new radar develop-

. ment program are suggested. The Towest cost option is to use the

existing radar but even this option would require a new magnetron and
some work to refurbish the radar.

The most desirable test configuration would be based on the use
of a tactical radar. The Georgia Institute of Technology is currently
pursuing the design and fabrication of a dual frequency tracking radar
for the General Electric AVADS systems. This system won't be ready
for field tests for about a year. An expression of interest by the
Army could , however, possibly speed up the development. If it were
desired to pursue this approach, Georgia Tech would discuss the utili-
zation of the radar with General Electric.

A second alternative is to use the transmitter from one of the
Georgia Tech 95 GHz radars in conjunction with a 95 GHz monopulse
antenna owned by Georgia Tech. A monopulse receiver would have to be
built. A modified HAWK pedestal would be used tc scan the antenna.
This would not provide a tactical radar configuration, but it would
provide the essential elements of a simulated tactical radar.

The final alternative is to build a 95 GHz version of the geodesic
lens antenna, and integrate it with one of the 95 GHz instrumentation
radars owned by Georgia Tech. Rather than mount the radar in the
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existing van, it would be mounted in another van provided by Georgia
Tech or one supplied by the Army. This technical approach represents
a low technical risk and does not require modifications to the instru-
mentation radar. :

The recommended approach is to build a three channel monopulse
receiver which can be used with Georgia Tech 95 GHz transmitter and
antenna. This approach is preferred since it is the closest to a
tactical radar configuration and it requires the least fabrication of
new hardware. It should also require the shortest amount of develop-
ment time.

For the extended tests, the minimum recommended system improvements
would include acquisition of a pulsed CO2 laser transmitter, upgrading
the IR detectors and processing electronics and the acquisition of a
new millimeter magnetron. The other suggested improvements could be
brought along as a part of a longer range program to coincide with the
comparison tests between this system and other candidate systems.

2. Extended Field Tests

Extended (2-3 months) field tests should be performed with the
hybrid system to evaluate its potential for improved performance under
simulated tactical conditions.

It is recommended that these tests be performed at a remote site
reasonably close to Atlanta, such as Ft. Benning, Georgia, in order to
achieve greater flexibility in target availability and range topography.
The extended field tests would be similar to those performed under the
current contract but would be much more extensive in terms of the data
collection and analysis. Also, improvements suggested by the earlier
field tests would be further investigated and incorporated within the
scope and limitations of the funding. Thirdly, if the tests are held
at the Ft. Benning site, a wider variety of targets, target ranges and
target orientations would be available.
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The objective of the field tests would be to produce a ten to
fifteen minute video tape demonstrating the system performance against
tactical ground targets such as armored vehicles. The video tape
would document approximately 100 measurements which would be obtained
on two targets at four different ranges for four aspect angles and
three polarization conditions. Environmental conditions would be
monitored and recorded for each test. These parameters would include
wind speed, relative humidity and temperature, and also particle size
distribution and an estimate of optical visibility. The final report
would fully document the field tests, and also include conceptual
drawings of potential field-ready versions of the system.

3. Studies ;

As an important adjunct to the field tests, several studies should
be initiated to identify and refine concepts and techniques for hybrid
system evolution. These studies would include an assessment of innova-
tive component designs, improved interface techniques, system hardware
integration for multifunctional use, and optimum operating modes. Some
suggested topics for this study are listed below:

A. Common Aperture Laser/Radar System

B. 94 GHz Coherent Radar for Hybrid System

C. Pulsed Heterodyne CO2 Subsystem

D. Design of Small, Sealed TEA Laser

E. Tracking and/or Designation With CO2 Laser
Fe

Target Identification/Recognition With 002 Laser
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B. Volume II - "Millimeter Wave Propagation
Through Battlefield Dust"

As the state of millimeter wave technology improves, this wavelength
region is becoming increasingly attractive to military systems designers.
Microwave systems using millimeter waves have the advantage of improved
resolution with smaller antennas, and the availability of reliable solid
state sources has provided the means to build small, lightweight systems
which have low power consumption. :

A potentially severe problem in the use of millimeter waves in
battlefield situations is the possible degradation of these systems caused
by atmospheric propagation effects. Some fairly extensive studies and
measurement programs have led to some understanding of the performance
of millimeter systems in rain and fog, although much work remains to be
done in this area, but little work has been done to characterize millimeter
propagation through battlefield dust. This report gives the results of a
series of experiments conducted at White Sands Missile Range by personnel
of the Georgia Tech Engineering Experiment Station in late September and
early October 1978 which attempt to fill this gap in knowledge about
millimeter wave propagation. These measurements were part of the DIRT I
program conducted by the Atmospheric Sciences Laboratory. A paper summar-
izing the results of this work was submitted to the workshop on miTlimeter
and submillimeter atmospheric propagation held in March, 1979 at Redstene
Arsenal, Alabama, and included herein as Appendix II.

During most of the experiments, simultaneous measurements were made
at 94 and 140 GHz; however a power supply failure caused the 140 GHz
receiver to be inoperative, so that only 94 GHz measurements were obtained
during much of the test.

The simulated battlefield dust was generated by detonating TNT charges,
static detonation of 155 mm howitzer projectiles, and live firings of
155 mm howitzers. In addition, a test was conducted on the final day
which measured signal degradation caused by simulated battlefield smoke.
The aerosols generated during these tests were characterized by a heli-
copter-borne sensor package.

N ) M e B R et S <4




This report describes the results of propagation tests of millimeter
waves through the battlefield aerosols discussed above. Detailed descrip-
tions of the TNT and howitzer projectile firing geometry and the aerosol
sensing techniques may be found in the test plan entitled "ASL Battlefield
Dust Tests", dated 25 July 1978. For the sake of completeness, brief
descriptions of these parameters are given in this report.

The DIRT I objectives are given in the above mentioned test plan
and are directed toward providing specific optical data for atmospheric
modeling and testing of sampling technology for measuring the optical
and physical properties of explosion debris clouds. TheE-0 apparatus
involved in the tests has been described in the test plan and in other
reports of the tests. The simultaneous measurements byE-0 and milli-
meter wave systems provide the opportunity for comparison of the
effects in the two spectral regions.

DIRT I has provided the first opportunity for observing the effects
of tactical size explosions on millimeter wave and E-0 propagation. In
many events, large and often unexpected attenuations were observed.

Whereas damage suffered by equipment in transit caused some limitations
and eventual failure of the 140 GHz apparatus, significant data were, in
general, obtained. Table 1 summarizes the results of the measurements.

Several conclusions can be drawn from the measurements. As indicated,
attenuation in most cases was large. The relatively short recovery time
of the attenuated signal indicates that the attenuation was caused by the
large pieces of soil blown in the air in the early stage of each event.

The residual dust remaining in the air after the initial large particles
have settled makes no significant contribution to the attenuation. This
result is similar to the results obtained at millimeter wavelengths when
propagating through dust raised by vehicles. The signal fluctuations

in the majority of the events were large, and their origin has not been
fully established. As indicated by the monitoring of the source amplitude
stability and the receiver noise level when signal is blocked, the fluctua-
tions probably do not receive a major contribution from the instrumentation.
Some contribution could originate from atmospheric fluctuations. Quite
probably, the majority of these fluctuations result from multipath effects.




The large beamwidths (-2°) resulted in effects from vehicles, personnel,
moving bushes, etc. being observable in the receiver system. A more
narrow beam antenna system would minimize these effects. The fluctuations
which were observed were of sufficient magnitude to obscure small attenua-
tion effects. Frequency stability of the transmitter and local oscillator
was sufficient to keep the signal within the amplifier bandwidth and
thereby cause no fluctuations.

During the early events, signal absorption strength was probably
greater than indicated since long integration times (1.25 seconds) were
used. When the time constants were shortened significant signal increases
were noted. The large fluctuations influenced the decision to use long
time constants in the early observations. In addition, greater dynamic
range in the amplifier systems would have given greater signal sensitivity.
Additional effects which influenced the observations included level changes
after the event, possibly caused by the explosion, signal drift which pre-
sented problems on determining baselines (0 dB) and inaccuracy of start of
the event. It is observed that the attenuation of the two signals (94 GHz
and 140 GHz) started at different times during some events. The time
constants of both systems were the same during the tests. Recorder res-
ponse may have been the cause of this small discrepancy.

The scintillation during the burning of the diesel oil, motor oil
and rubber was very large and exceeded the expected effect. The 3 - 5 dB
scintillation would be extremely detrimental to the operation of military
systems in the millimeter wavelength region.

The signals obtained during the howitzer firings varied significantly
for each event. The strength of the absorption depended on the position
of the impact relative to the optical path of the system. The spread in

absorption for each salvo resulted from the difference in time for the
impact of each round. The positive signal response which was observed
for some firings resulted when attenuation was not the greatest and
probably when the impact area was not directly in the optical path. As
a result, scattering of signal into the receiver by the fragments blown
in the air could have been the cause of signal increase.
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The measurements performed during this program demonstrated the
improvements that can be made for future programs. The apparatus em-
ployed was mainly laboratory gear with relatively little preparation.

The following recommendations will result in improvement in future tests:

The observations should be extended in frequency up to 220 GHz and
down to 10 GHz. It is not evident that X-band would not be significantly
attenuated by the large masses of material present in the explosion.

Larger (% 2 ft.) antennas should be employed to minimize multipath,
personnel and vehicle interference, etc. This should lessen the fluctua-
tions observed during most of the firings.

Precision attenuators should be used at all frequencies. They are
commercially available up to 140 GHz. No such attenuator was available
at the time of these tests.

The systems should be run with short time constants (5 40 msec.) as
it is assumed that the long time constant employed in the early runs re-
sulted in a loss of signal attenuation.

Amplifiers with greater dynamic range than available for these tests
should be employed. The amplifiers which were used had greater bandwidth
than required. A more narrow bandwidth system would provide an improved
signal-to-noise ratio.

For the performance of the measurements, more time prior to each
event should be allowed for calibration and review of the previous event.
The time between events in DIRT I was limited by the flight of the air-
borne probe and such limitations on time may exist in future tests.
However, sufficient calibration time should be allowed with no personnel
or vehicles in the observation path.
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C. Volume III - "Report on NMMW System Subpanel"

The third phase of this program required editing and revising of
written contributions from panel members to the Harry Diamond Laboratory
Near Millimeter Wave Technology Base Study, Volume 3, Systems Applications,
which was sponsored by DARCOM and DARPA. A review of the initial sub-
missions by HDL personnel revealed that differences in writing style and
technical content could not be resolved by editing as was orginally pro-
posed. As a result, an extensive re-writing of the draft report was
necessary. The attached invited paper, presented at the 23rd Annual SPIE
International Technical Symposium (August 29, 1979) and the 27th Annual
IRIS Symposium (May, 1979) lists the topics of the report and briefly
discusses some of the work performed.

A complete copy of the revised report has been submitted to the
Harry Diamond Laboratories, and a copy will also be available through
the Army Research Office.
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The third phase of this program required editing and revising of
written contributions from panel members to the Harry Diamond Laboratory
Near Millimeter Wave Technology Base Study, Volume 3, Systems Applications,
which was sponsored by DARCOM and DARPA. A review of the initial sub-
missions by HDL personnel revealed that differences in writing style and
technical content could not be resolved by editing as was orginally pro-
posed. As a result, an extensive re-writing of the draft report was :
necessary. The attached invited paper, presented at the 23rd Annual SPIE
International Technical Symposium (August 29, 1979) and the 27th Annual ;
IRIS Symposium (May, 1979) lists the topics of the report and briefly '
discusses some of the work performed.

A complete copy of the revised report has been submitted to the
Harry Diamond Laboratories, and a copy will also be available through
the Army Research Office.
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APPENDIX I

COMBINED ELECTRO-OPTICAL/MILLIMETER
WAVE RADAR SENSOR SYSTEM

W. A. Holm, W. S. Foster, G. R. Loefer
Engineering Experiment Station
Georgia Institute of Technology

Atlanta, Georgia 30332

ABSTRACT

A combined electro-optical/millimeter wave radar
sensor system is described and the results of prelimi-
nary field tests with this system are presented. The
electro-optical sensor is a conventional television
camera. Future modifications of this system, which in-
cludes installing a pulsed laser radar as the electro-
optical sensor and future plans for this program are
discussed.

I. INTRODUCTION

Tactical surveillance and weapon guidance systems depend critically on
the Army's ability to not only acquire, but also to identify and to pre-
cisely locate targets of military significance. Conventional microwave
radars have traditionally fulfilled the target acquisition role for the Army.
However, due to resolution limitations inherent in the microwave frequency
domain, these radars have met with l1imited success in target identification
and precise target location required for accurate weapons delivery. To over-
come these inherent inadequacies in radar systems, there has recently been
a rapid emergence of electro-optical (EO) sensors, such as low-light-level
television, forward looking and other infrared sensors and laser radar.

Since these devices operate at, or are sensitive to, frequencies in the in-
frared to visible region of the electromagnetic spectrum, they have a much
greater resolution than that of microwave radars and thus are able to more
adgquately fulfill the target identification and precise target location
roles.

Two basic limitations of EQ sensors prevent these sensors from complete-
1y replacing the radar sensor in tactical operations. First of all, EO sen-
sors are inadequate in a search and target acquisition role due to the
length of time needed for these extremely high resolution sensors to scan a
given spatial volume. Secondly, EO sensors suffer much higher atmospheric
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attenuation losses than microwave sensors, especially in degraded weather
conditions or in a smoke, fog or aerosol environment. Under these atmos-
pheric conditions and without a microwave radar aboard, an Army vehicle,
e.g., tank, would literally be "blind" to its surroundings.

To overcome the individual inadequacies of the two sensor systems
and at the same time take advantage of their respective capabilities and
strengths, both sensors can be utilized together in an augmenting fashion to
form a combined electro-optical/radar sensor system. With this in mind, the
Engineering Experiment Station (EES) at the Georgia Institute of Technology
recently began a multi-phase program under contract with the U. S. Army
ERADCOM to demonstrate the feasibility of.such a combined EO/millimeter wave
radar sensor system. In this dual sensor system, the millimeter wave radar
system performs its conventional role of searching large spatial volumes in
order to acquire and crudely locate a target. Once the target is acquired,
the higher resolution EO sensor is directed toward the target for identifi-
cation, accurate and precise target location and weapons delivery.

The ultimate goal of the program is to have for the EO sensor a pulsed,
heterodyned COp laser radar suitable for weapon guidance. In Phase I of the
program, which is nearing completion, basic interfacing problems between
the two sensors are being investigated. A conventional television camera
(vidicon) and monitor are being used to simulate the laser radar. In this
paper, the preliminary results of this initial phase of the program are
discussed and the plans for future phases are reviewed. In Section II, the
combined EO/millimeter wave sensor system itself is discussed. In Section
III, Phase I of the program is discussed, the results of the preliminary
field tests with the combined sensor system are presented and some of the
EO/Radar interfacing problems discussed. Finally, in Section IV, future
plans fgr the program, including those involving the laser radar sensor, are
reviewed.

II. EO/MILLIMETER WAVE RADAR SENSOR SYSTEM

The radar system used in the combined dual sensor system is Georgia
Tech's 70 Ghz (4.3 mm), high-resolution, rapid scan radar originally built
by EES for Harry Diamond Laboratories. This radar was made mobile by in-
stalling it in a M-109 shop van. The radar console and antenna are 1inked
together and revolve about a common axis. The operator faces the direction
illuminated by the radar and a periscope, whose optical axis is aligned with
the antenna electromagnetic axis, provides him with an optical view of the
;llgmi?ated area. The basic system parameters of this radar are given in

able I.

The radar antenna assembly was recently modified by the addition of two
microwave reflectors (see Figure 1). When in use, these reflectors essen-
tially rotate the microwave beam through 90° upon leaving the antenna, thus
enabling the radar to operate in a vertical scan mode. To activate the
vertical scan mode, the tiltable plane reflector-mirror assembly (see Figure
2) must be folded back toward the antenna so that the microwaves can reach
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the vertical scan reflectors. While in the vertical scan mode, the EO
sensor is inoperative.

The EO sensor is a conventional television (TV) camera (vidicon) which
is mounted in the van and aligned with the periscope so that the EO optical
axis and radar microwave axis are mechanically co-boresighted in azimuth
(see Figures 2 and 3). Attached to the camera is a lens with variable mag-
nification from x15 to x60 corresponding to a field-of-view from approxi-
mately 14.2 mrad to 3.5 mrad. Another TV camera is focused on the radar
display and the outputs from the two cameras are fed into a special effects

enerator which in turn is connected to a video tape recorder and monitor
see Figure 4). Thus, the radar display and optical imaging can be displayed
together in a "split-screen" effect.

III. PHASE I OF THE PROGRAM AND RESULTS OF THE PRELIMINARY FIELD TESTS
A. Phase I of the Program

In Phase I of the program, basic interfacing problems between the two
sensors are being investigated. These problems include:

1. Determination of the minimum angular uncertainty
in target location achievable with the radar sensor
alone, and

2. Determination of the best method of coupling the two
sensors together.

The basic target locating accuracy of the radar in a clutter and multipath
environment is of critical importance in determining the field-of-view (FOV)
to be scanned by the laser radar. Because of the large amount of time re-
quired by the laser to scan large spatial volumes, the FOV must be kept to
a minimum. Therefore, a determination must be made of the minimum angular
uncertainty in target location achievable with the radar.

There are several ways to "handoff" from the radar to the EO sensor, i.e.,
several methods of coupling the two sensors together. These methods vary from
a system where the laser sensor is on a set of gimbals and is electronically
coupled to the radar, to a system where the coupling is done both electroni-
cally and mechanically, to a totally mechanically coupled system. As was
mentioned in Section II, for feasibility demonstration purposes the EO sen-
?or :s cu:rently mechanically coupled to the radar in azimuth with no coupling

n elevation.

B. Results of the Preliminary Field Test

Preliminary calibration/shake-down field tests of the combined EO/Radar
sensor were conducted at Ft. Gillem, Georgia on 20-30 Sept., 1977. The tests
were conducted in a field with relatively flat terrain bounded with trees
on either side and with a range of over 1200 meters.

The beamsplitting experiments consisted of simply having the radar ope-
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rator center the azimuth or elevation cursor on the target return as dis-
played on a B-scope. The angular placement of the cursor was then compared

to the true angular position of the target as measured with a theodolite
located in the antenna assembly. No attempt was made on these initial series
of field tests to eliminate the human factor and its affect on the test re-
sults. Targets included both corner reflectors and a small pick-up truck.
Results of these tests are summarized in Table II. Within one standard devia-
tion, a target could be located in both azimuth and elevation to an accuracy
of approximately 1 mrad. Given the radar's 9.6 mrad beamwidth, this repre-
sents roughly a 9:1 beamsplit.

Finally, to demonstrate the overall feasibility of combining an EOQ sen-
sor with a radar sensor, several "handoff" experiments were performed. The
EO and radar boresights were aligned and then several targets were acquired
by the radar. Once a target had been acquired and aligned on the radar's
boresight, the EQ sensor was activated to determine whether or not the tar-
get was in the EO sensor's FOV,.and if so, to identify the target. During
these tests, the EQ sensor was kept at its maximum FOV. The combined sensor
system performed very well during these tests with the target being well
centered on the monitor. Several video tape recordings were taken from which
two still frames are shown in Figures 5 and 6.

IV. FUTURE PLANS FOR THE PROGRAM

In the remainder of Phase I of the program, which will terminate on 31
Jan. 1978, extensive field tests will be conducted in which the minimum an-
gular uncertainty in target location achievable with the radar will be pre-
cisely determined. This data will be operationally checked by actually
conducting various "handoff" experiments in which the FOV of the TV camera
will be varied in order to simulate different possible FOV's being scanned
by the laser sensor. In this way, the actual FOV to be scanned by the laser
sensor can be determined. Based on preliminary results, a 3 mrad FOV is
currently being planned. In addition, a determination will be made in this
pha:e of the program as to the best method of coupling the two sensors to-
gether.

In Phase II of the program, which is already underway, a CW CO2 laser
sensor system will be constructed and integrated with the radar. Within the
next three months this integration will be completed, with a He-Ne laser
simulating the COp laser. In four to six months, a CW direct detection sys-
tem will be operative with:

1. a 5 watt CW €0, laser,
2. a resolution cell of 0.1 mrad, total FOV 1 mrad
3. a frame rate of 20 hz

In 10 to 18 months, a CW heterodyned receiver will be operative with a second
laser as L.O.

In Phase III of the program, a pulsed, heterodyned CO, laser radar will be

developed as the EO sensor. This sensor will have a 5 KW or greater peak
power, 18 Khz PRF and a CW laser as L.O.

22

_UNCLASSIFIED

M o et i




UNCLASSIFIED

ACKNOWL EDGMENTS

The authors wish to acknowledge the following people for their contri-

butions to this program: N. T. Alexander, J. E. Davidson, J. A. McKenzie
and S. Y. Willis.




UNCLASSIFIED

TABLE I. BASIC RADAR SYSTEM PARAMETERS

1. ANTENNA: Foupeb, GEODESI% LENS FEEDING A PARgangc CYLINDER REFLECTOR.
gs ANTENNA IS 25 INCH DIAMETER BY 3.5 INCH HEIGHT. OUAI::
43,2 pB (CORRECTED FOR LOSS)

2. ScANNING MoDES: SCANNING BY A SEVEN RING WITCH WHICH ALLOWS A SCAN
RATE OF APPROXIMATELY 1 RPM TO 50 RPS

AzimutH ScaN Mope:
ScaN ANGLE: 45° (#22.5° ABOUT BORESIGHT)

AzimutH BEAMWIDTH: 0.55° (POSITIONABLE THROUGH 360°)
¥BB;ICAL BeamwipTH: 3.5° (PosiTiONABLE FRoM -10° TO

VErTICAL Scan Mope

ScAN ANGLE: -5° To 10° (APPROXIMATELY)
AZIMUTH BEAMWIDTH: 3.5° (POSITIONABLE THROUGH 360°)
VERTICAL BeaMwiDTH: 0.55° (POSITIONABLE THROUGH 5°)

3. TRANSMITTER:

MaGNeTRON: Bomac BL 234C
Peak Power: 500 waTTs

L FREQUENCY: 69 TO 71 GHz
RF PuLse WiDTH: 20 AND 45 NANOSECONDS (ADJUSTABLE)
PuLse RepeTITION FREQUENCY: 5 KHz 1O 25 KHZ (VARIABLE)
MobuLATOR: TRIGGERED BLOCKING OSCILLATOR
DupLExEr: Bomac BL-P-017D

4, RF ComponenT Loss: 6 pB (ToraL)
5. LocaL OsciLLAaTor: VARIAN VA 250 KLYSTRON

6. Mixer: PriLco IN2792 MiXErR CRYSTAL; CONVERSION LOSS 15 DB
EQUIVALENT NOISE FIGURE 18 DB MINIMUM
EQUIVALENT NOISE FIGURE WITH IF 25 DB MAXIMUM

7. IF: Gain: 70 pB
Center FrReauency: 400 MHz
BAnDWIDTH: 60 MHz
Noise FiGure: S DB

8. Vibeo Amp:

BanowipTH: 50 MHz
Garn: 150 (voLtAce)

9. DISPLAYS-INDICATOR UNITS:

SECTOR SCAN
B-scaN MoDE
NoN-COHERENT DOPPLER AURAL DISPLAY
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Figure 1. 70-Ghz Antenna Assembly
With Vertical Scan Reflectors
Mounted On Top Of Geodesic Lens
Antenna

S et
Fouozo Geodesic Titacee Tuase
L ResLecTor

\:,(]

]
NFCR1SCOPE

TeLEVISION —

CArzRA > [ /

Ficure 2. 70-Giz FoLpep Geopesic Lens AuTenna ¥itw TV
CanerA Mountep For VIEWING THROUGH PER1SCOPE
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R Figure 3. TV Camera Aligned With Periscope And Radar Display And
Controls (2nd TV Camera Not Shown)
’
v
CaMEan ] Per1scope
Vioeo SPECIAL
leuirer Tare . EFFects 3
RECORDER GENERATOR ‘
v Raoar
Camera DisPLAY
4
¢ FiGure 4. ScHemaTic DRawing ofF EO/RADAR [MONITORING AND RECORDING SYSTEM 3
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TABLE II. BEAMSPLITTING RESULTS FROM PRELIMINARY FIELD TESTS

TaRGET

CorRNER REFLECTOR
CorNER REFLECTOR
TrRuck

TrRuck

IARGET '

CorNER REFLECTOR

ELevaTioN BEAMSPLITTING

0. OF ResoLuTon (ONnE

i 168

30 168

6 112-408

8 455-1026
AzZiMuTH BEAMSPIITTING
No. of

-IRIALS Rance (M)

30 356

1.047 mrAD
1.066 MrRAD

0,544 MRAD
1.009 mraD

ResoruTion (OnE

1.117 MrAD

i S cesiietia S




r"z:::-:::::....uz e e R T

Figure 5.

e g s i Y R

JNCLASSIFIED

Still Frame Photo Of Video Tape Recording Showing Split
Screen Of Corner Reflector As Simultaneously Imaged By
EQ Sensor (Top) And Displayed By Radar On B-Scope

Figure 6.

Still Frame Photo Of Video Tape Recording Showing Split
Screen Of Truck As Simultaneously Imaged By EO Sensor
(Left) And Displayed By Radar On B-Scope
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Presented To
Workshop on Millimeter and Submillimeter Atmospheric
Propagation Applicable to Radar and Missile Systems

MEASUREMENTS OF ATTENUATION DUE TO SIMULATED
i BATTLEFIELD DUST AT 94 AND 140 GHz*
- J. J. Gallagher, R. W. McMillan, and R. C. Rogers
Georgia Institute of Technology
Engineering Experiment Station
Atlanta, Georgia 30332
Donald E. Snider

U. S. Army Atmospheric Sciences Laboratory
White Sands Missile Range, New Mexico

ABSTRACT estimate of weapon system performance under real-
istic battlefield optical conditions. With this

During the fall of 1978, a series of measure- in mind the Dusty Infrared Test - 1 (DIRT I) was
ments, called DIRT I, of electromagnetic wave conceived as the beginning of a direct contribu-
propagation through simulated battlefield dust tiaon toward the solution. The primary object-
were conducted at White Sands Missile Range. ives of DIRT I were to provide a developmental
This paper gives an overview of the entire DIRT I test of some of the technology which must be
tests as well as detailed results of those tests brought to bear on the problems, such as lidars,
for millimeter wave (94 and 140 GHz) frequencies. soill analyses, FLIR images, aerosol samplers,

Attenuation measurements were made over an transmissometers, and others together in a co-
instrumented 2 km range. In the center of the ordinated program to produce information of di-
range, explosive charges of different sizes were rect use to the EO sensor and obscuration model-
detonated, and the resulting signal level was ing communities; to characterize the dust cloud
compared to that existing before the explosive produced by various amounts of high energy ex-
event. Measurements were also made of attenua- plosives; and to obtain data for the develop-

:gf*?‘jzsiia tion caused by artillery shells fired into the ment of scaling laws. A detailed report on DIRT
i center of the range, and of that caused by burn- I has been prepared by the Atmospheric Sciences
ing diesel oil and rubber. Laboratory [Lindberg, 1979].

Both magnitude and duration of attenuation In order to perform this first set of experi-
were found to vary with the amount of the explo- ments, ASL assembled investigators from several
sive, sometimes reaching 30 dB and 20 seconds organizations at the White Sands Missile Range

{ respectively. Copies of chart recorder tracings to participate in the observations. Thus,* for
showing attenuation of both explosion products measuring aerosol particulate sizes, a large in-
and oil smoke are presented. O0il smoke propaga- strumented payload was suspended from a CH54
tion measurements show scintillations of 3 to "Skycrane'" helicopter and flown through the ex-
5 dB. plosion cloud for direct sensing of the dust

properties. Several measurements of the effects
r 1. INTRODUCTION of the explosion dust on electro-magnetic trans-
missions were made. The Naval Research Labora-

Battlefield obscurants such as dust and smoke tory performed bandpass filter and Fourier Trans-
from vehicle activity, burning wreckage, or ex- form Spectrometer transmission measurements;
plosion debris from artillery impacts can cause Stanford Research Institute provided lidar mea-
serious degradation in the performance of elec- surement support; and Georgia Tech performed
tro-optical (EO) weapon and surveillance systems. millimeter wave transmission measurements. Ex-

9 Individuals actively involved in the development cellent support was also provided by the U. S.
of EO sensor systems realize that evaluating the Army Waterways Experiment Station (soil charac-

i performance of these systems under degraded at- terization and explosion crater data), the U. S.

% : mospheric propagation conditions expected on; Army 3ra Armored Cavalry Regiment (155 - mm

TG 3 b T the battlefield requires solutions to scientific howitzer firings), the l4th Aviation Batallion,
and engineering problems of staggering difficul- 273rd Transportation Company (CH54 helicopter
ty. The extreme complexities of the natural at- support), the White Sands Missile Range Explo-
mosphere, the differing soil properties through- sive Ordinance Demolition team (planning, in-
out the world, seasonal and meteorological vari- etalling and detonating the explosive arrays),
ations, different types and different applica- and the U. S. Army Text and Evaluation Command
tions of military munitions, and the engineer- elements at WSMR (gas sampling data, photography

i ing details of EO systems themselves all combine and general range support). The propagation

| to produce an endless list of problems to be measurements were performed by transmitting

solved. Some combination of empirical and theo-
retical investigations must be made to sort out *Lindberg. 1979
these problems and to find solutions to the ex- &

tent needed to permit an operationally adequate {

2
|
|
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through TNT explosions, explosions from static
155 - mm rounds and live artillery firings.
This presentation discusses the millimeter wave
propagation tests.

2. Description of Test Site

The DIRT I tests were conducted by ASL be-
tween 2 and 14 October 1978 in the southeast
corner of White Sands Missile Range (WSMR),

New Mexico. Figure 1 shows the orientation of
the DIRT I test area and the locations of the
test area and the major instrumentation and sup-
port sites. Figure 2 illustrates the detailed
layout of the DIRT I site and location of exper-
iments and equipment. The distance between the
south site and north site was 2 kilometers.

The test area, 100 by 300 meters was situated
midway along the path and was the location of
all detonations and artillery impacts. The path
was cleared of vegetation to a width of approxi-
mately 20 meters.

3. DIRT I Events

The simulated battlefield dust was generated
by detonating TNT charges, static detonation of
155 mm projectiles and live firings of 155 mm
howitzers. The detonation events were perform-
ed as indicated in Figures 3 through 8. Each
event was designated as A - 1, A - 2, etc.
through E - 10. Events A - 1 through D - 4 were
detonations of charges of TNT laid as shown in
Figures 3 through 6. The E - events (Figures 7
and 8) were static detonations of 155 - mm
howitzer projectiles. The positions of the
projectiles for the E - events are illustrated
in Figure 9.

The F - events were live howitzer firing
events with four 155 - millimeter howitzers
firing at one point in the impact area. Event
F - 1 consisted of firing one round from each
of the four 155 - mm tubes simultaneously into
the impact area. Events F ~ 2 and F - 3 were
similar, except each tube delivered 3 rounds in
a time interval of about 45 seconds for a total
of 12 rounds. Events F - 4 through F - 7 were
similar except that 8 rounds were fired. Three
projectiles were fired for F - 8.

The last event in DIRT I was a fuel fire.
For this test, four 55 - gallon steel drums were
cut in half and laid in a trench perpendicular
to the optical axis in the center of the test
area. Thirty-eight liters of diesel fuel, two
liters of motor oil, and one rubber tire were
placed into each container. The mixture was
ignited and produced great volumes of black
smoke for the duration of the test, approxi-
mately 37 minutes. The payload was flown
through the cloud 11 times at various heights
above the ground while simultaneous transmission
measurements were being made by ground-based
sensors.

4. Millimeter Wavelength Transmission
Measurements

A potentially severe problem in the use of
millimeter waves in battlefield situations is
the possible degradation of these systems caus-
ed by atmospheric propagation effects. Some

fairly extensive studies and measurement programs
have led to some understanding of the performance
of millimeter systems in rain and fog, although
much work remains to be done in this area, but 3
little work has been done to characterize milli-
meter propagation through battlefield dust. This
discussion gives the results of a series of ex-
periments conducted during DIRT I by personmnel
of the Georgia Tech Engineering Experiment Sta-
tion in October 1978 which attempt to fill this
gap in knowledge about millimeter wave propaga-
tion. ;

During most of the experiments, simultaneous 1
measurements were made at 94 - and 140 - giga- 3
hertz; however, a power supply failure caused
the 140 - gigahertz receiver to become inopers-
tive. Therefore, only 94 - gigahertz measure~
ments were obtained during some of the events.

The simulated battlefield dust was generated
by detonating TNT charges, static detonation of
155 - millimeter howitzer projectiles, and live
firings of 155 - millimeter howitzers. In ad-
dition, an event was conducted on the final day
which measured signal degradation caused by sim-
ulated burning vehicles. The aerosols generated
during most of the above events were character-
ized by a helicopter - borne sensor package.

Block diagrams of the 94 ~ and 140 - gigahertz
transmitter/receiver systems are shown in Figures
10 and 11 respectively. Both of these systems
use CW klystrons that are chopped at a 1 - kilo-
hertz rate for phase sensitive detection. Both
also use superheterodyne receivers for good sen-
sitivity.

The 94 - gigahertz transmitter uses an OKI
90V1l klystron which has a power output of about
80 milliwatts. The antenna is a horn/lens com—
bination which has a beam width of 2 degrees.
Part of the power is picked off with a direct-
ional coupler to monitor transmitter power and
frequency through a wavemeter, detector, and
oscilloscope. The klystron is 100 percent modu-
lated with a 1 - kilohertz square wave applied
to its reflector from the internal power supply
modulator, whose output is also used to modulate
the 140 - gigahertz tube, so that only one re-
ference signal for phase sensitive detection
need be transmitted. This signal is transmitted
to the receiver! over twisted pair lines by means
of line drivers and receivers.

The 94 - gigahertz receiver uses a gallium
arsenide Schottky barrier diode mixer pumped by
a Varian VRB - 2113AB klystron local oscillator
(LO). Signal and LO power are coupled into the
mixer by a cylindrical coupling cavity. For
most of the events, two Avantek 1 to 2 me-
gahertz IF amplifiers were used, but for the
first few events one Avantek 1 to 2  mega-
hertz amplifier and one Watkins - Johnson 5
to 1000 - megahertz amplifier were used. Each
of these amplifiers has a gain of 30 decibels,
so that the IF gain was 60 decibels total. An
identical amplifier arrangement was used on the
140 - gigahertz system; but after a power supply
failure caused this system to be inoperative,
both Avantek amplifiers were used with the 94
gigahertz receiver.

The output of the IF amplifier is fed into a
zero-bias tunnel diode detector, which is the
signal input for a lock~in amplifier. The out-
put of this amplifier drives a strip chart re-
corder which shows the variations in signal as




a result of the explosions.

The 140 - gigahertz transmitter tube is an
OKI KA1390 klystron with an out-put of about 40
milliwatts. A tunable Fabry - Perot interfero-
meter was used to measure the frequency of this
tube and a Sharpless wafer mixer-detector with a
corrugated horn was used to monitor its power.
This tube was modulated with the same signal
used to modulate the 94 - gigahertz tube.

The 140 - gigahertz receiver consists of a
gallium arsenide Schottky barrier diode harmonic
mixer in a crossed waveguide mount. This mixer
is pumped by an OKI 70V11A klystron which oscil-
lates at 70 gigahertz. The IF amplifier arrange-
ment is that discussed in the paragraph which
treats the 94 - gigahertz receiver. The second
detector, lock-in amplifier, and chart recorder
are also used in the same way as discussed
earlier for that receiver.

The measurements were calibrated both before
and after the events. For the 94 - gigahertz
system, a precision attenuator between the trans-
mitter tube and the antenna was used. Generally,
measurements were calibrated at 0 -, 3 -, 6 -,

9 -, and 12 - decibel levels. In comparing the
results of event measurements to these calibra-
tions, a curve was plotted which showed atten-
uation as a function of chart recorder displace-
ment. The true attenuations due to the event
could then be scaled from the curve. This
method corrects for any nonlinearities or de-
partures from square law in the superheterodyne
receiver. A precision attenuator was not avail-
able for the 140 - gigahertz system, so it was
calibrated by obtaining output readings for zero
and infinite attenuation and scaling measured
results linearly. This method assumes, of
course, that the receiver is a true square law
detector.

5. Discussion of Events

The results of only a few events will be dis-
cussed here. The C - events were the large
simulated barrages of 140 charges of 15 pounds
each. Figure 12 shows the results obtained dur-
ing event C - 1. Both 94 - and 140 - gigahertz
channels exhibit attenuations of greater than
28 decibels. Recovery time of both systems was
determined to be greater than 20 seconds. Note
however that the 94 - gigahertz channel recovers
to within 3 decibels of its original level in
about 8 seconds, while the 140 - gigahertz chan-
nel requires about twice as long due to a large
secondary minimum at about 12 seconds. Note
also that the scintillation amplitude for both
channels is smaller for this event. For this
event, the system was operated with zero time
constant. The dynamic range of the system amp-
lifiers did not allow an exact determination of
attenuation other than that it was greater than
28 decibels. The large minimum for 140 giga-
hertz in the region of 7 to 11 seconds was ap-
parently a zero shift as the signal did not re-
turn to the original zero and no corresponding
effects are observed on the 94 - gigahertz
trace. Equipment problems prevented accurate
measurements for the similar event, C - 2. It
was estimated that, by changing scales on the
lock - in and recorder, the attenuation at 94

gigahertz exceeded 35 decibels. No accurate
rate time estimates could be made because of the
equipment difficulties.

All events showed attenuation characteristic
of the size of the explosion ranging from ap-
proximately 6dB maximum attenuation:.to 35 dB
maximum attenuation. In all observations, re-
covery time for events B through E did not ex-
ceed 25 seconds.

The F - events are the remote howitzer firings
and attenuation i{s strongly dependent on wheth-
er or not the rounds land on the road which is
the millimeter wave transmission path. For ex-
ample, the events corresponding to events F - 1
and F - 4 show no attenuation. However, the
howitzer round did not land in the center of the
test area. Figure 13 shows measurements made
during event F - 2 of 12 October 1978. This
firing consisted of three groups of four 155 -
millimeter howitzer rounds. These three groups
occur in the time range of 12 to 45 seconds.
The peak at approximately 51 seconds is a single
round that should have been included in the
group at 43 seconds.

The measurements on 12 October through 14
October 1978 were overdriven and as a result
gave nonlinear calibration. This can be seen
from Figure 14 where it is evident that the
greater power employed also resulted in a re-
duction of scintillation when explosions were
not occurring. From Figure 14, the 0 - decibel
level is the original level; but drift occured
during the firing, resulting in a different
baseline. This incident occured in several
events during the last 3 days.

Note that on some rounds positive peaks were
obtained which possibly corresponded to reflec-
tion of transmitter signal into the receiver
antenna. Some of the attenuation peaks were on
the order of 20 decibels. The recovery time
cannot be ascertained accurately because of the
spread of impact times, but recovery appears to
be complete within 10 to 12 seconds after the
last impact. Figure 15 shows the measurements
of event F - 3 of 12 October 1978. The event
was again three firings of four howitzer rounds.
The first group which should have produced at-
tenuation at 15 to 20 seconds did not record an
effect, possibly as a result of the firing mis-
sing the test area. Figure 16 shows two groups
at 35 to 40 seconds and 48 to 57 seconds; the
amplitude of these groups is significantly re-
duced (3 to 4 decibels) relative to F - 2.

A second series of F events was run on 13
October 1978. Again during event F - 8 no at-
tenuation was measured, probably as a result of
the rounds missing the test area. Results ob-
tained during event F - 5 are given in Figure
16. This recorder trace corresponds to two
firings of four rounds each with peak attenua-
tions of 10 decibels and approximately 6 deci-
bels. For Figure 16, the chart recorder speed
was set at 15 centimeters per minute, too slow
to show very much detail. Recovery is within
about 4 seconds for the first maximum. The
second salvo of this event apparently did not
land precisely in the line of sight because the
maximum attenuation is 6 decibels and the re-
covery time is less than 1 second.

Event F - 6 of 13 October is shown in Figure
17. The maximum attenuation observed for this
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event was approximately 6 decibels with recovery
in 3 to 4 seconds. The chart recorder speed was
increased to 1.25 centimeters per second to show
more detail for this test. An interesting phe-
nomenon occurs in both salvos of this event in
which the attenuation actually goes negative.
This may possibly be caused by multipath scat-
tering from shell fragments.

The results obtained for event F - 7 are
given in Figure 18. Maximum attenuation for
both salvos was determined to be 9 and 8 deci-
bels with recovery times of about 4 to 5 seconds.
For this event, the absorption did not invert
and was stronger than in event F - 6. The
stronger absorptions of F - 7 are consistent
with the impacts being more directly in the op-
tical path than F - 6 with a corresponding re-
duction of scattering into the receiver.

On Saturday, 14 October 1978, a test was
conducted in which diesel fuel, motor oil, and
rubber, in the approximate ratios expected in a
burning tank, were utilized to simulate a "burn-
ing hulk." The paper chart depicting 94 giga-
hertz transmission as a function of time (about
45 minutes) is published in reference 1.

As might have been expected, the bulk average
attenuation during this test was relatively
small--on the order of 1 or 2 decibels. How-
ever, scintillations of up to 5 decibels peak
were observed. The frequency spectrum of these
scintillations appears higher than that observed
for purely atmospheric scintillations, and the
amplitude is also greater.

Unfortunately, the signal was not recorded
on magnetic tape. Thus a power spectrum analy-
sis cannot be readily performed. Such an analy-
sis would be important in quantitatively deter-
mining the effects of these scintillations on
millimeter wave systems.

6. Conclusions and Recommendations

DIRT I has provided an opportunity for ob-
serving the effects of tactical size explosions
on millimeter wave and electro-optical propaga-
tion. In many events, attenuations of 10 to 30
decibels were observed. Although damage suf-
fered by equipment in transit caused some limi-
tations and eventual failure of the 140 - giga-
hertz apparatus, generally significant data
were obtained.

Several conclusions can be drawn from the
measurements. As indicated, attenuation in most
cases was large. The relatively short recovery
time of the attenuated signal indicates that
the attenuation was caused by the large pieces
of soil blown in the air in the early stage of
each event. The residual dust remaining in the
air after the initial large particles have set-
tled makes no significant contribution to the
attenuation. This result is similar to the re-
sults obtained at millimeter wavelengths when
propagating through dust raised by vehicles.
The signal fluctuations in the majority of the
events were large, and tleir origin has not
been fully established. As indicated by the
monitoring of the source amplitude stability
and the receiver noise level when signal is
blocked, the fluctuations probably do not re-
ceive a major contribution from the instrumen-
tation. Some contribution could originate from
atmospheric fluctuations. Quite probably, the
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majority of these fluctuations result from multi-
path effects.

The large beam widths (2 degrees) resulted in
effects from vehicles, personnel, moving bushes,
etc., being observable in the receiver system.

A more narrow beam antenna system would minimize
these effects. The fluctuations which were ob-
served were of sufficient magnitude to obscure
small attenuation effects. Frequency stability
of the transmitter and local oscillator was suf-
ficient to keep the signal within the amplifier
bandwidth and thereby cause no fluctuations.

The scintillation during the burning of the
diesel oil, motor oil, and rubber was large and
exceeded the expected effect.

The signals obtained during the howitzer fir-
ings varied significantly for each event. The
strength of the absorption depended on the po-
sition of the impact relative to the.optical
path of the system. The spread in absorption for
each salvo resulted from the difference in time
for the impact of each round. The positive sig-
nal response which was observed for some firings
appeared to result when attenuation was not the
greatest and probably when the impact area was
not directly in the optical path. As a result,
scattering of signal into the receiver by the
fragments blown in the air may possibly have been
the cause of signal increase.

DIRT I has provided a great deal of tranmis-
sion data that were collected along nearly iden-
tical propagation paths. Detailed data reduction
from all systems and careful consideration of
possible extenuating circumstances, e. g., de-
tector linearity, are not yet complete. However,
quick-look data are sufficient to draw some tent-
ative conclusions. An example is shown in Figure
18. In this figure the results from the 0.55-
and the 10.35 - micrometer Naval Research Lab-
oratory filter transmissometers, measurements of
transmission obtained from the Atmospheric
Sciences and Stanford Research Laboratories'
lidars, and the Georgia Institute of Technology
94 - gigahertz transmissometer are intercompared
for event F - 2. It is clear that for the visi-
ble and infrared wavelengths an artillery bar-
rage can produce attenuation of 15 or 20 decibels
for periods of several minutes and that, at
least for a desert soil in New Mexico, the sig-
nal recovery is not significantly better for any
particular visible or infrared wavelength. The
attenuation at 94 - gigahertz was larger than
anticipated but existed for a shorter| period.
Nevertheless even at this early stage in data ex-
amination, it is possible to conclude two things
from data such as those in Figure 18. One
is that a 155 - millimeter barrage can seriously
obscure infrared propagation for periods of sev-
eral minutes, and the second is that even a 94
- gigahertz signal can suffer attenuation great-
er than 10 decibels for periods of a few seconds.
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Abstract

-\\\\" The near-millimeter wavelength region (3.2mm - 0.3mm) is being investigated for military
systems applications during adverse weather and in the presence of smokes, dust and other
particulate clouds. The use of near-millimeter wavelengths (NMMW) has advantages and dis-
advantages relative to the use of the infrared and microwave regions. The atmosphere is a
dominant factor in determining the operation of military systems in the NMMW region.

Systems currently under consideration for NMMW applications include beam rider and command

~ guidance, missile plume detectors, low-angle tracking radars, terminal homing systems,

target acquisition radars, fuze systems, quasi-imaging radars and hybrid (IR/NMMW) systems.

Recent NMMW technological developments (e. g., sources, receivers, components, phenomenology

and measurements) have been advancing at a rapid pace to meet system needs.

Introduction -

Weapon guidance systems operating in the visible/infrared spectral regions have been
successfully developed for tactical use over a broad spectrum of engagement scenarios.
These include direct systems employing beam riders, command guidance, semi-active and
active guidance modes which have demonstrated effective operation in clear weather, but
are inoperable in certain severe atmospheric conditions and in the presence of smokes,
dust and other particulate clouds. Since molecular absorption in the atmosphere is low
over broad spectral windows throughout the visible/infrared, the primary attenuation mode
is Mie scattering by water droplets in haze ard fog, and by particulates in smokes and
other aerosols.

On the other hand, the near-millimeter wavelength region is affected less by adverse
weather, smokes, and aerosols than the visible/IR wavelength regions. Rain attenuation
of NMM wavelength radiation is comparable to rain attenuation in the IR region. Because
of its improved transmission under adverse environmental conditions, near-millimeter
wavelengths are being considered for military applications. The NMMW spectral region will
not prove to be an ideal operational region for all systems applications, but will, in
several cases, provide a compromise adverse weather capability for limited range appli-
cations with resolution better than that of the microwave region.

In recent years, millimeter and near—millimetes wave systems aggiisations have been. the
subjects of workshopsl, reportsé and study panels3. This paper will draw upon material
presented in these references, with the majority of information o§1g1na§1ng.from the Harry
Diamond Laboratories study3. A primary purpose of many of these investigations has been
the identification of NMMW systems technology requirements, some of which will be briefly
discussed following a summary of potential applications.

Advantages and disadvantages of NMMW region

The near-millimeter wavelength region has usually been dismissed in the past as a region
of high attenuation, relative to the microwave region, and as a region of poor angular
resolution relative to the visible/IR wavelength regions. However, several factors enter
into the evaluation of the wavelength region which is chosen for operation of a particular
system during adverse weather. It will be seen in the next section that transmission in
adverse weather improves considerably in going from visible/IR wavelengths to NM¥/MH
wavelengths, and further improves at centimeter wavelengths. On the basis of this com-
parison, it would appear that centimeter or longer wavelengths would be the most a?propriate
for systems operation in adverse weather. Moreover, it has been shown that transmission
through smokes and aerosols also follows a pattern of decreasing with increasing wavelength.
Aimpoint accuracy requirements, however, tend to eliminate the centimeter wavelength region
on the basis of a number of practical considerations. For example, the required accuracy
for target tracking or target designation usually falls within the range of 0.1 to 0.5 mrad

ti in antenna dimensions of about 0.5 to 1 m for millimeter wavelengths and 5 to 10
;:::%s ggr centimeter wavelengths. This consideration alone rules out a centimeter wave-

3 length system for applications where the weapon system platform would be vehicle- or heli-
. copter-mounted. Analysis of NMMW systems requires then that several factors be weighed
in determining their potential in currently conceived tactical applications. Tables 1 - 4
list advantages and disadvantages of the NMMW spectral region relative to microwave and
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infrared wavelengths. Some of the listed advantages might be questioned; thus, whereas the
best of RF and optical techniques can be combined at NMM wavelengths, this can also be
considered a necessjty because of the nature of the spectral region. On the other hand,

-t disadvantages such as component deficiencies and lack of data will be reduced or removed
as work progresses at NMM wavelengths.

Whereas several of the NMMW disadvantages can be expected to diminish, the limiting
factor for systems applications is the atmospheric effect, which cannot be avoided. The
factor e~%R, where a is the atmospheric attenuation and R is the weapon-target range, is
present in all propagation expressions. In the analysis and discussions of NMMW systems,
their performance is dominated by their capability to operate under various atmospheric
conditions. Since the major role for NMMW tactical systems will be during inclement
weather or in the presence of smoke, the characteristics of a NMMW system, when such con-
ditions prevail, are extremely important.

Table 1. Advantages for NMMW Region Relative to Microwave Region

1. Greater Resolution

2. Smaller Beam Angle eror Given Antenna Diameter, D, and Conversely Smaller D for Given
0

Fs Rgduced Multipath Potentially Improved Low-Angle Tracking

4. Low Off-axis Detectability Providing High Security :

5. Covertness Due to Exponential Fall-off With Range in High Attenuation Regions

6. Tracking Through Plumes Improved Over Microwave Systems .

7. Smaller Components Allowing More Compact On-board Missile Systems

8. Clutter More Diffuse, Doppler Shift is Greater, Glint Should be Less

9. Integration of Hybrid IR/NMMW Systems Possible

10. Countermeasures More Difficult

Table 2. Advantages for NMMW Region Relative to Optical Region

1. Improved Transmission in Smoke and Fog, Providing Better Low Visibility Operation
2. Harder to Jam; More Covert

3. Improved Eye Safety

4. Better Coherent Receiver Techniques

5. Source Stabilization More Easily Performed

6. Potentially Lower Cost

7. Reduced Background

8. Both RF and Optical Technology Applicable

Table 3. Disadvantages for NMMW Region Relative to Microwave Region

1. Poor Heavy Rain Transmission

2. Atmospheric (clear) Absorption is Higher

3. Larger Rain Backscatter

4. Current Receiver Noise Figures are Poorer

5. Higher Precision Manufacturing Required

6. Solid State Source Efficiencies Fall as Frequency Squared
7. Poorer Source Stability

8. Inferior Waveguide Power Handling Capability

9. Higher Cost for NMMW Systems

Table 4. Disadvantages for NMMW Region Relative to Optical Region

1. Lower Resolution

2. Higher Glint 0

3. Lack of Relevant Data

4. Video Detection Less Sensitive

5. Component Technology Currently Worse

6. NMMW Laser Sources Less Efficient

7. Solid state and Tube Sources Chirped, Less Monochromatic Than Optical Lasers
8. Components Currently Larger and Heavier

Atmospheric effects

b Whereas the NMMW region offers an advantage over optical systems during adverse weather,
clear weather NMMW propagation suffers greater attenuation than experienced in the IR/
visible region, and is, in addition, for most systems restricted to spectral windows. The
NMMW region has strong O and H20 absorption lines with water the major absorber. Between
these broad lines lie the transmission windows. Figure 1 shows the horizontal attenuation
across the NMMW region from 100 GHz to 1000 GHz at sea level and 4 km altitude?. also
shown is the weak 0, absorption at sea level. Because of the strong absorption at the
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shorg wavelength end gf this spectral region, tactical ground-to-ground or ground-to-air
applications are confined to the longer wavelength windows which are centered about the

following wavelengths:

Wavelength (mm) Horizontal Attenuation (dB/km)

Zenith Attenuation (dB)

3 .03 1.25
2.1 .05 0.91
1.3 1.75 241
0.88 9.0 9.9
0.72 17 22

Included in this listing are approximate horizontal attenuation (dB/km) for 5.91 g/m3
of H0 at sea level and the zenith attenuation (dB) for 7.5 g/m’ of Hp0 at sea level. A
more comprehensive indication of dhe horizontal attenuation across the electromagnetic
spectrum (3 cm - 0.3 ym) is given  inFigure 2. A clear air curve for Hy0 density of

WAVELENGTH (mm)
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FREQUENCY (GHz)

g4 3
g

Figure 1. Spectral plots of the attenuation by the (1962) U.§. Standard Atmosphere at ssa
level and 4 km altitude. The water vapor density is 5.91 g/m~ at sea level and 1.10 g/m° at
4 km altitude. The lower curve represents 02 only at sea level. For comparison, the atten-
uation for this same model atmosphere is approximately 0.2 dB/km in the 10 micrometer window
and less than 0.1 dB/km near 3.8 micrometers[4].

7.5 g/m3 at 20°C shows the high attenuation in the submillimeter region surrounded by the
low microwave and IR/visible attenuation. From the fog and rain curves of Figure 2, the
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Figure 2. Attenuation by atmospheric gases, rain and fog[5].

advantage of NMMW systems during heavy fgg and the comparable NMMW and IR attenuation during
rain are demonstrated. A similar figure®, Figure 3, shown increasing attenuation for clouds
with decreasing wavelength, indicating an advantage for satellite or aircraft-to-ground sys-
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3 tems applications. Near millimeter wave attenuation by aerosols is highly dependent on the
FREQUENCY ( GHz )
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Figure 3. Summary of sea-level atmospheric attenuation[6].

type of aerosol ané its particle size distribution and concentration. Table 5 shows the
size range and concentration of water droplets in rain, fog and clouds. It can be seen from
this table that the larger size range of rain droplets (7-700 um) would cause significant
scattering losses at near millimeter wavelengths were its concentration not extremely low
compared to the concentration of water droplets in fogs and clouds. For both rain and fog,
the attenuation is an almost linear function of bulk water density with the frequency de-
pendence for attenuation in rain being negligible over the NMM spectral region from 94 to
340 GHz. :

Table 5. Comparative Water Droplet Size and Density

: For Rain, Fog, and Clouds [8, 9, 10]
'
: Rain
Light Modcrate Heavy Cloudburst
¢ (r=1mmr) (r=4 mm/hr) (r =25 mm/hr) (r = 100 mm/hr)
Size Range (um) 7 - 100 10 - 300 10 - 500 50 - 700
i Droplet Density (m ™) 350 500 700 1,250
Water Density ((/ms) 0.04 0.17 1.0 4.2
Fog
Thin (vis, ~ 300 m) Thick (vis. ~ 50 m)
Size Range (um) < 0.1 0,02 - 0.2
§ Droplet Density (m™) 2x 10" 1.3x 10!
Water Density (g/ma) 0,023 0.35
Clouds
Cumul b Cumulus Congestu Fair Weather Cumul Strato Cumulus
Size Range (um) - 8=-12 3-5 2-4
Droplet Density (m ™) - - 1.6 x 10° 3x10°
Water Density (g/m°) 6.0 2.5 0.5 0.2

For aerosols resulting from smokes, dust or other battlefield-generated debris, the
7 attenuation_is primarily due to scattering, and secondarily to absorption. Preliminary
! indications’ are that propagation through existing screening smokes is very high, and that
{ = the development of effective smokes for the NMMW region is questionable because of the
: difficulties involved with generating and dispensing smokes with the appropriate particle
Y size distribution and settling rate. Attenuation of millimeter radiation by ground ex-
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plosions of munitions has been shown to be relatively high for short periods of time7.

Although the attenuation cleared much faster for NMM waves than for the IR/optical bands,
. nevertheless, loss of NMMW track or acquisition of a target could occur during a barrage
3 or critically placed explosion so that these effects must be considered in greater detail
in the future.

It is important at this point to demonstrate millimeter wave propagation under condi-
tions of high -absolute humidity and high bulk water content, since these are the condi-
tions under which all military systems are expected to operate. Examples are given for
the three cases: clear weather (high absolute humidity), rain and fog.

Clear weather

In high visibility conditions with a lack of precipitation and fog, the attenuation of
near millimeter radiation in dB/km is directly proportional to absolute humidity. This
linear relationship is shown in Figure 4 on a plot of temperature-humidity data which was
abstracted from a psychrometric chart. Table 6 shows the two-way path loss for a range
of 3 km at frequencies of 94, 140 and 220 GHz for various atmospheric conditions. Note
that the attenuation of 220 GHz radiation is very high for warm, humid conditions although
the total pg;h loss is only 18 dB (3 dB/km) for the standard atmosphere (T = 300°K,

p = 7.5 g/m’).
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Figure 4. Atmospheric absorption by water vapor.

Table 6. Two-Way Path Loss In dB For Atmospheric Attenuation Over A Range of 3 km

s T=9"F T = 65°F T=40*F
Frequency (GHz) | Relative Humidity = | 30 50% 0% 30'% 50% 80% _30‘! 50% | 80%

94 kN | 5.2 8.4 1.4 1.9 3.0 | 0.5 0.9 1.4
@ 146 13.2 | 21.9 | 35.4 5.7 9.3 ] 15,0 | 2,7 3.3] 6.2

220 26,4 | 43.8 | 70,8 | 11.4 | 18.6 | 30,0 | 4.5 6.5 | 12,3
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The impact of these attenuation figures on system design can be shown by solving the
radar equation for a typical set of system parameters; the radar range equation is of

the form
P tG222g,,
S/N = = (1)
(4m) °R KTN¢L,,
where Pp = peak power of the transmitter; t = pulse width of the transmitter (it

has been assumed that the receiver bandwidth = 1/1); G = gain of the trans-
mitting/receiving antenna; A = free space wavelength; op = radar cross sec-
tion of the target; R = range to target; K = Boltzmann's constant; Nf = noise
figure of the receiver, and Lp = total radar system loss (atmospheric & signal

processing + waveguide and components) .

Assuming the following parameters:

= 200 nsec.; A = 1.3 mm (230 GHz); G = 47.6 dB (6" aperture with n = 0.5);
= 50 m; KT = 4.14 x 1021 (T = 300°K); Lg = signal processing loss = 3 dB;
= waveguide and component loss = 8 dB; Ng = 12 dB.

T
Jr
L,

we may write

S/N(dB) = PT(dBW) -40 log R(km) - 2a(dB/km)R(km) + 15.2

Fiqures 5 and 6 show S/N vs R for different values of Py for atmospheric conditions of T = 27°Cand p = 7.5
g/m® (standard atmosphere) and T = 30°C and p = 28 g/m’ (relative humidity % 80%). For_these two cases,
Table 7 shows the peak power versus range required for SN = 14 dB (P, = 0.9, P__ = l0'7). Note that for
large a, the S/N vs R curves are very steep, and only small changes range ocsﬁr for large changes in Pq
at a given S/N. With a maximum peak power of 10 kW, for example, the high visibility range will be limited
to about 1.5 km on a warm humid day, and to about 3 km on a warm dry day. These calculations are far single
pulse transmission only. %
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Figure 5. Performance of a
pulsed 230 GHz system on a
warm, dry day.
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Figure 6. Performance of a 230 GHz pulsed system on a warm, humid day.
Table 7. Required Power To Achieve S/N = 14 dB
Warm, Dry 3 Warm, Humid 3
T = 27°C, p = 7.5 g/m T = 30°C, p = 28.0 g/m
Range (km) P (KW) P (KW)

1.0 0.1

1.25 1.0

1.5 7.2 : e

1.75 47.0

2.0 0.2 284.5

2.25 0.4

2.5 0.9

2.75 1.8

3.0 3.6

Although the performance of a system operating in the 230 GHz window degrades rapidly
in warm humid weather, in many parts of the world these conditions are present for only
a small percentage of the time. An example is the climatological conditions of Western
Europe. Figure 7 shows the attenuation for three near-millimeter frequencies based on
the mean maximum daily temperature and relative humidity for Bayreuth, West Germany.
These data predict that the mean attenuation during the summer months will be less than
7 dB/km, and for this figure, a range of 2.0 km would be possible with a 10 kW pulse
source.
3
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Figure 7. Millimeter wave atmospheric absorption by water vapor - Bayreuth, West Germany.

Rain. Although differences exist in predicted rain attenuation for the NMMW regionll. most
models predict the following relationships:
a(dB/km) = Ar®, (2)

where A and B are constants for the frequency region 94 - 340 GHz, and r is the rain rate
in millimeters per hour. Based on the available data, the relation

a(dB/km) = r0-85 (3)

provides a reasonably close fit throughout the NMMW spectrum. As might be expected, a warm
rainy day will be a problem for a system at 220 GHz because of strong absorption by both
water vapor and bulk water. For example at T = 26.7°C (80°F), and r = 4 mm/hr. (a moderate
rain rate), the attenuation is 11 dB/km (water vapor) plus 3 dB/km (rain) or 14 dB/km total.
F1gure 8 shows the S/N versus range at three power levels, and agaxn it is evident that for
a given value of S/N, large increases in power result in small increases in range. For

this atmospheric condition, a peak power level of about 50 kW would be required for a range !
of 1.5 km at S/N = 14 dB whereas a range of about 1.2 km would be possible at the same |
value of S/N with only 5 kW peak power. An order of magnitude increase in power only re- i
sults in about 0.3 km increase in range for this condition.

Fog. Attenuation of NMMW radiation by fog is also dominated by bulk water absorption,
1though a slight frequency dependence is also present. A good fit to available fog
attenuation data is provided by the expression

a(dB/km) = 0.035 o(g/m3) £1+98(Guz) (4)

This relationshxp along with the optical visibility is shown in F1gure 9. For a 30 meter
visibility radiation fog, with liquid water content of 0.75 g/m , the attenuation by water
absorption at 230 GHz is approximately 9 dB/km. As shown in Figure 7, the mean maximum I
daily temperature of Bayreuth, West Getmany during the winter months (the season of ]
greatest incidence of fog) is about 0-4°C; therefore a reasonable fog scenario is 30-100 m
visibility with temperature 0-4°C, for which the attenuation at 230 GHz would be approxi-

mately 4 dB/km to 11.5 dB/km. These conditions have been bracketed by the calculations it
presented in Figures 5 and 8. It is significant to point out that a 100 m visibility fog
at T = 4°C (40°F) results in an attenuation of only 4.5 dB/km at 230 GHz compared with
about 50 dB/km in the 8-12 um band and about 150 dB/km at a wavelength of 0.6 um.
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Figure 8. Performance of 230 GHz Figure 9, Millimeter wave attenuation
pulsed system in rain. by fog.

A summary of atmospheric propagation data, convenient for system calculations, is
given in Table 8. The majority of information presented thus far has dealt with atmo-
spheric effects appropriate to radar or communication applications. An equally important
consideration is the influence of the atmosphere and environment on radiometric signals.
When observing a target in its surroundings, it is important to know the brightness tem-
perature contrast between target and other objects. This contrast is a function of fre-
quency, the atmosphere, and target and background characteristics (reflectivity, emissivity,
etc.). The antenna temperature of a radiometer looking downward from altitude h at an
angle 8 to the vertical is given by

TB = ﬁfo T(z)exp[-1 (h,z,0]a(z)secodz |

o
+ R exp[-r(olh.eng' T(z)exp[-t(2,0,0)]x (2) secodz

| + (1=R)Ty exp[-t (o,h,0)]

where T, is the temperature of the earth- or ground-based target and T(2)is the temperature
of a stpatum of atmosphere of thickness dz located at altituge Z. The terms of the form
t(2,, %,,0) are the optical depths between altitudes Z, and Z, at angle 8, and R is the
refiectivity of the earth or target. The optical deptﬁs Tare given by
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Table 8. Summary Of Propagation Data

Attenuation, a (dB/km&
Water Density, o (g/m?)

a Clear
Rel. HNumidity a Fog o Fog a Cloud
= 100Z Radiative Fog Advection Fog a Rain Fair

T = 32°F 68°F Ry = 400m 200 100 30 400 200 100 mm/hr Weather Nimbo-
A (um) p =48 17.4 p = 0.014 0.038 0.11 0.71 0.063 0.18 0.4 1 4 10 Cum.  Strat.

1 80 500 95 570

4 120 640
10.6 0.3 1.2 7 20 58 373 17 63 140 1 2.6 6 50 500
337 50 185 0.6 1.5 4.3 28 2.5 7.1 15.8 1 3 7 3 20
724 10 37 0.3, 0.9 2.6 17 1.0 4.3 9.6 1 3 7 2 7
880 7 24 0.3 0.7 2.0 14 1.2 3.5 7.9 ) 3 7 1.5 6
1300 2 6 0.2 0.5 1.4 9 0.8 2.3 5.k 1.3 7 0.8 4
2300 1 3 0.1 0.2 0.6 4 0.4 1.0 2.2 1 3 8 2
3200 0.2 0.9 0.1 0.2 0.5 @ 3.2 0.3 0.8 2 1 3 8 1.5
Notes: (1) for OCLEAR at other Rel. Hum., scale down from 100X given

(2) for a fog situationm, (RH = 100%) + % (likewise for clouds)

ToTAL ~ * CLEAR
(3) for a rain situation, %rOTAL " ® CLEAR (RH = 100%) +oo

2
T3y, 3g, ©) ==fz a(z) sec 04z (6)
1

so that the first term of Equation (5) is the contribution of the intervening atmosphere

between the radiometer and target, the second term represents atmospheric emission re-
flected fram the target to the radiometer, and the third term is the target's emission atten-

uated by the atmosphere between the radiometer and target. The target or earth background
reflectivity is given by R, the target (earth) temperature is TE and the atmospheric atten-
uation is a(2Z,v). It is seen from these relations that not only atmospheric absorption

by 0, and H,0 is important, but hydrometeorite absorption and scattering and atmospheric
thermal emission are also determining factors for the radiometric antenna temperature,
which is reduced further in value when the target fill factor for the antenna is less than
one.

preissnerl? has shown the brightness temperature contrast for different weather con-
ditions and different materials for the microwave through NMMW spectral region. Figure 10
demonstrates the brightness temperature contrast between vegetation and cqQncrete for
three different altitudes for a clear standard atmosphere (p = 7.5 g/m>, T = 20° ¢ and
P = 760 mmHg at sea level). At all altitudes given, a detectiBle brightness temperature
contrast exists, except poss%bly at 230 GHz for 3 km and 8 km, where the temperature con-
trast is on the order of 3-5 K and the minimum detectable temperature is approximately
0.5-3° K for a 1 GHz bandwidth and a 10 msec time constant. Figure 11 shows the bright-
ness temperature contrast (concrete and vegetation) for a radiometer at 3 km altitude for
several atmospheric conditions. Rain severely degrades NMMW radiometric response and fog
of visibility of 100 m or less results in considerable loss of contrast. A more signif-
icant indication of radiometric capability to detect a military target is the brightness
temperature contrast for metal relative to vegetation. Figures l12a and 12b show contrasts
for metal, water and concrete relative to vegetation. For metal, detectable contrasts
are observed for all conditions except the 25 mm/hr rain. It must be emphasized, however,
that, for metal, reflectivity of 1 has been used and no fill factor reduction has been
employed. Both conditions are unlikely. Systems applications require further consider-
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ation of these effects with inclusion of antenna pattern and fill factor effects.

Very little data exist for atmospheric turbulence in the NMMW region; fluctuation of
intigsity and signal angle of arrival for NMMW systems have been studied by Armand et
al. and by Snider, Wiltse and McMillanl4. Based on the approach first proposed by
Armand, the peak-to-peak intensity fluctuations expected for a 230 GHz system under near
standard conditions were calculated to be 1.16 dB, and the corresponding angle-of-arrival
fluctuations were determined to be 0.3 mrad. 1In practice, observed intensity fluctuations
at lower frequencies have occasionally been observed to be much larger, and little data
are available for the angular fluctuations. Much work needs to be done before the effects
of turbulence on NMMW systems have understood, but the meager results available to date
indicate that it gives system degradation of a magnitude which must be considered.

The approximations discussed thus far demonstrate some of the atmospheric effects to
be considered in systems trade-offs between the NMMW and IR/visible regions but do, in
no way, describe the complexity that could occur at NMM wavelengths. Thus, when the
limited experimental data for H,0 are compared with existing theories, the measured values
in the window regions invariably exceed theoretical values. When measuigd values are com-
pared with the monomer spectrum calculated with the Van Vleck-Weisskopf or Grossl6 line-
shape, the inadequacy of the theory is evident from Figure 13 in which the dashed curve B
represents an empirical "continuum" absorption which myst be added to bring the theoretical

results into coincidence with the experimental results®. The empirical correction term
has been given in the forml7:
e paanY 20 P o dn (7
A a, = 4.69 x 10 p\ T 1000 v km
where p is the water density (g/m3), T is the atmospheric temperature, °K, P is the pres-

sure and v the frequency. The discrepancy between measured and calculated water-vapor
absorption closely follows this empirical correction term throughout the NMMW region.
Various causes have been postulated for this excess or anomalous absorption, but, thus far,
the source is not undigstood. Great anomalies have been observed in high humidity, cold
conditions and in fog~~. Further experimentation is needed in this area of atmospheric
effects.
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Figure 13. Spectral plots of the attenuation by atmospheric H,0 at sea level. Curve A
represents a combination of theoretical and experimental results for an H,0
density of 5.91 g/m3. At a fixed temperature and 1 atm total pressure, the
attenuation is approximately proportional to the H,0 density. Curve B cor-
responds to an empirical continuum that is added tg theoretical results to
provide agreement with the experimental results. The transmittance scale on
the right-hand side corresponds to a 1 km path[4].

Considerable space has been devoted in this paper to a discussion of atmospheric
effects on propagation. However, it is just these effects which are the most important
factors in determining the applicability of a particular military system in the NMM wave-
length region.
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Potential NMMW systems applications

Several NMMW military applications have been investigated in recent years. Of these,
some have not shown advantages over the equivalent system operating in another spectral
region, whereas some have sufficient promise to warrant initiation of experimental
development of prototype systems. Among the potential systems applications which have
been studied are the followingl=3:

1. Beamrider systems
2. Terminal homing
3. Target designation and semi-active homing
4. Command guidance
5. Target surveillance and acquisition
6. Active NMMW quasi-imaging
7. Low angle tracking
8. IFF systems
9. Airborne passive imaging
10. Aircraft detection from satellites
11. Boost phase plume detection
12. Re-entry applications 4
13. Secure communications
14. Mine detection
15. Obstacle and terrain avoidance
1l6. Space object identification (SOI)
17. Fuzing

18. Hybrid (IR/NMMW) systems

The details of the investigation of most of these systems can be found in the references,
and only a selected system, the NMMW beamrider, and brief statements on others will be dis-
cussed in this section.

Beamrider

A beamrider guidance system %, a8, 1 is defined as a technique for guiding missiles
which utilizes a beam directed into space, such that the beam axis forms a line along which
it is desired to direct a missile. The missile contains equipment that can sense the
direction and magnitude of the error when its path has deviated from the center of the beam,
and that can generate guidance error signals which cause the missile to return toward the
center of the beam. In principle, a beamrider system can be employed in surface-to-surface,
surface-to-air, air-to-air, and air-to-surface roles, although it is potentially more
effective against slowly moving targets. The basic elements of a beamrider system are the
same for each of the roles but the stringency of the requirements placed on these elements
will be determined by the particular applications. For the purposes of interest here, a
surface-to-surface anti-armor role has been emphasized as an example of a credible appli-
cation of NMMW guidance.

In the beamrider concept adopted as an example for this study, the target is acquired
and tracked by a precision near millimeter wave (NMMW) radar with a conical scan antenna.
The missile is launched toward the target along the conical scanning tracking beam, which
is coded to provide information on the position of the missile relative to the scan axis
which defines the line-of-sight (LOS) to the target. A receiver in the rear of the missile
detects the scanning beam, decodes it to determine its position with respect to the scan
axis, and generates the appropriate error signals to keep the missile in the center of the
beam. In the conical scan mode, a relatively simple PRF coding scheme can be used to
develop the required guidance error signals.

Figure 14 shows the NMMW beamrider guidance concept. The first and second beams are the
capture beams which establish line-of-sight (LOS) guidance as quickly as possible. The
basic functions of the beamrider system are target acquisition, target track, missile
capture and missile guidance. (== :
FIRST BEAM N F
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The basic system configuration considered to be most desirable for a ground-to-ground,
anti-armor beamrider system requires that the entire system be a self-contained, crew-
served and vehicle-mounted package with an antenna aperture diameter less than one meter.
The candidate missile would be of the TOW or SHILLELAGH generic class, and would be tube-
launched from the tracking/guidance platform. This concept would require an integrated
target acquisition capability for performing target handover from a wide-area battlefield
surveillance system, and for establishing an autonomous operating capability over a
limited battlefield sector. The acquisition capability would of necessity require the
development of suitable target recognition criteria based on the near millimeter wave
target signature.

Nomina%lsystem parameters relating to these requirements have been given as the

following
Operating Range - Maximum: > 2 km; Minimum: < 0.5 km
Capture Range - Maximum: < 100 m
Weather and Environ-
mental Extremes - Rain: 4 mm/hr; Fog: 100 m vis.

Temperature: 90 - 100°F;

Relative Humidity: 80 - 100%

Smoke: Battlefield-generated dust and
aerosols; tactical screening agents

Acquisition - Search Sector: 5° x 25°, movable scan sector;
Search Time: < 10 sec.
Missile Data Rate - 50 Hz

In addition to these characteristics, a NMMW system should also satisfy the general re-
quirements of high reliability and maintainability, compatibility with existing equipment,
capability for CM hardening, minimum operator interaction and training, rapid fire capa-
bility, and high first round probability of kill.

Based on these requirements, system concepts and estimated performance for a NMMW anti-
armor beamrider system have been addressed?l. However, the paucity of essential data for
target and terrain reflectivity and atmospheric propagation may result in an altering of
the performance calculations when those data become available.

The beamrider concept has been successfully implemented in the infrared, demonstrating
good clear weather performance. Currently, there is an enthusiastic interest in the beam-
rider for the anti-armor application. The U. S. Army Ballistic Research Laboratory (BRL)
has succesgfully carried out a feasibility demonstration of beamrider tracking and guidance
at 140 GHz40, and plans to repeat these experiments at 217 GHz. Efforts have also been
initiated at U. S. Army MIRADCOM to define and verify a baseline beamrider missile system
for anti-armor applications.

The critical performance parameters of any beamrider system are related to (1) high
accuracy centroid tracking of the target, (2) a temporal and spatial beam structure such
that the missile guidance is not biased by the terrain effects, and (3) a method of
capturing the missile at a range close enough to insure adequate damping of the missile's
angular deviations from LOS at the closest tactical range of interest.

The application of beamrider technology is most promising in the guided direct fire
anti-tank role with the radar and launcher borne by a land vehicle. The system as pre-~
sently envisioned requires a relatively large antenna (v 0.6 m diameter), a precision
tracking mount, and a dual beamwidth antenna configuration to accomplish missile capture.
It is not feasible to consider a helicopter-borne weapon system at this time because of
the size of the antenna/mount configuration; however, it may be possible to exploit optical
scanning techniques which involve stabilization of scan components to obviate the require-
ment for a large precision tracking mount. The anti-helicopter role could be considered
if the target exposure time is adequate to acquire and to accommodate the missile time-of-
flight. In the anti-aircraft role the end game maneuverability requirements on the missile
would be severe for crossing targets or for targets performing high G maneuvers; however,
such a system appears to be feasible.

In considering why a beamrider system should be investigated as the initial concept for
NMMW guidance feasibility rather than another scheme, the following factors are influential:
(1) The guidance link is one-way, so that relatively simple video receivers are poten-
tially adequate for the missile link.
. (2) Beamrider guidance has been demonstrated at IR and optical wavelengths in opera-
tional situations so that it is not necessary to go through a concept demonstration phase.
(3) Target cross section is high because the tracker looks at backscatter rather than
at off-axis scatter.




(4) Since only the low cost missile receiver is expended in firing, the cost per round
could be significantly less than that for a missile employing an active seeker.

(5) The missile is difficult to jam since the receiver looks back at friendly territory.

(6) It is possible to implement a multiple wavelength system so that wavelength opti-
mization is possible for the acquisition, tracking and guidance functions.

(7) The airframe could be optimized aerodynamically since there is no seeker to compli-
cate the warhead. Complexity of the on-board guidance and control is minimal.

The NMMW beamrider system must perform several functions in sequence, with the capabi-
lity for continuity or rapid handover from one function to the next. This system must be
capable of searching for and acquiring a target over a limited field-of-view (FOV),
followed by the target tracking and missile guidance. Handover from the tracking to gui-
dance modes must include a missile capture phase during which the missile is launched
toward the target and LOS guidance along the tracking radar beam is established. For
simplicity, it is desirable that one system at a single wavelength perform the entire
beamrider operation; however, because of the complexity of these multiple operations
(target acquisition, tracking, missile capture and guidance), the optimum configuration
might require a multi-wavelength system.

Several approaches for implementation of the beamrider system have been investigated21.
Performance in inclement weather is the most important consideration for a NMMW beamrider.
For 94 GHz, 140 GHz and 220 GHz, an example of the transmitter power requirement for
target acquisition as a function of range for rain rates of 4 and 16 mm/hr on a warm day
is given in Figure 15. The following parameters are used in the calculations for source

power:

94 GHz 140 GHz 220 GHz
x (m) 3.19 x 1073 2.14 x 1073 1.36 % 1077
Gp (dja. = 0.6 m; n = 0.5) 1.78 x 10° 3.88 x 105 9.60 x 105
op (m?) 30 30 30
L 0.5 0.40 0.16
sHk 3.1 (4.9 ap) 6.2 (7.9 dB) 38.9 (15.9 dB)
kKTB (B = 107 Hz) 4.14 x 1014 4.14 x 10-14 4.14 x 10-14
Ne (dB) 4 7 15
w0 /, % P
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/
/ /
! / /,’
&
©,
4
5
l" //
/ TEMPERATURE - 80°F
/ r= 16 mm/he
/ —— w4 mmihe
i o' //
. /
F
;
" 0"
102
..-l
- 1 1 |
3 4 s L
RANGE then)

Figure 15. Power required for target acquisition on a warm day with moderate to heavy rain.
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Trade-offs between search time, PRF, and antenna beamwidth must be considered in de-
signing a beamrider system. If a separate acquisition system is employed, the required
S/N for tracking will be considerably improved by the integration of additional pulses
during the tracking interval which is long with respect to the acquisition target dwell
time.

The curves of Figure 15 show that only the 94 GHz system is capable of a range of 3 km
with a power of 1 kW in moderate rainfall. The transmitter power requirements for missile
guidance are not as severe as those reguired for acguisition and tracking because the
guidance link is a one-way path. It has been shown?l that power levels required for acqui-
sition are more than adequate for guidance.

For a five year projection of system performance, it would seem reasonable to anticipate
improved noise figures and decreased RF losses at 140 and 220 GHz. These projections of
improved performance are listed below:

Frequency (GHz) State-of-the-art 5 Year Projection
Lep NEP N, o NEP N,

140 Lasl.6 %02 a8 S a0 h'em

220 § an 5% 10702 15 am 3 al - a8

The reason for projecting the same parameters for both frequencies is that quasi-optical
components should show very little frequency dependence over the range, and the cutoff
frequency of Schottky barrier mixers is presently about 3000 GHz.

Target acquisition, guidance with video detection and tracking have been calculated with
the projected parameters. For tracking, it is assumed that the tracking error is

CEP 0.35
Om X s b e M
V3R R(m)

and a pulse integration gain of 17 dB is also assumed.

The projected performance levels for acquisition and tracking are shown in Figures 16
and 17 for each of the frequencies and a 1 kW source. Corresponding curves for guidance
were not plotted because power adequate for the other two functions is more than adequate
for guidance. These curves show some improvement over those of Figure 15; in particular,
they show that it is possible to achieve tracking and guidance at a range of 3 km under
more stringent conditions than before.

The calculations in the study show that, neglecting angle error due to multipath and
glint, 94 GHz is the best frequency for a multifunctional tracking, acquisition and beam-
rider guidance system using state-of-the-art performance parameters. For a system domi-
nated by multipath effects, either 140 or 220 GHz appears to be the preferred choice for
operating frequency; whereas, without the presence of multipath effects, 94 GHz is a better
choice for development of first generation millimeter guidance systems. This result is to
be expected for performance dominated by propagation effects, since the absorption due to
water vapor is much higher at 140 and 220 GHz than at 94 GHz. On the other hand, it would
seem that tracking accuracy would favor 140 or 220 GHz in view of the reduced beam diver-
gence at shorte avelengths. or a conscan tracker, the tracking error due to thermal
noise is ¥ #g/v5/N, and the /N decreases faster than 6y as the wavelength goes to 2.14 mm
(140 GHz) and 1.36 mm (220 GHz) due to the increase in mixer noise figure and atmospheric
attenuation coefficients at the shorter wavelengths. Even for projections based on extrapo-
lation of available source power and improved performance of quasi-optical components, the
94 GHz window is still slightly preferable in terms of tracking accuracy for a system in
which multipath is not a consideration.

On the other hand, if the multipath model adopted is valid, there are indications that
94 GHz will not provide adequate angle tracking error over typical types expected to be
encountered in tactical operations in adverse environments. If the trend of these calcu-
lations is consistent with projected performance from realistic terrain models, operation
at 220 GHz may also be necessary to insure an adequate accuracy for missile impact over
the desired clear weather range of 3 km. If this is the case, a reduced low visibility
operating range will be incurred. Thus, among the trade-offs to be considered will be
that of adequate clear weather operation against maximum range of low visibility operation.
A 94 GHz system, for example, might perform reasonably well over a 1.5 - 2 km range interval
in a wide range of adverse meteorological and terrain conditions, whereas a 220 GHz system
might extend the clear weather operating range to 2.5 = 3 km while restricting the adverse
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Figure 16. Projected performance levels for Figure 17. Projected performance levels
acquisition under different weather for tracking under different
conditions for a 1 kW source. The ; weather conditions. The con-
conditions are: moderate rain ditions are the same as those

4 mm/hr, 80°F; heavy fog, 30 m given in Figure 16.
visibility, 40°F.

Preliminary system studies have shown that millimeter guidance systems offer a poten-
tially significant improvement in penetration of adverse environments which limit the
visibility of electro-optical guidance systems. Further, there is the potential for im-
proved accuracy with adequate penetration under adverse environmental conditions when com-
pared to guidance systems operating in the microwave frequency band.

The state-of-the-art will currently support the development of operational breadboard
beamrider or command auidance systems at 94 or 140 GHz. One such breadboard system has
been developed at BRLZ20, and tests performed at both BRL and MIRADCOM on tracking and
guidance link operational simulations were found to be supportive of this millimeter
guidance concept. MIRADCOM is also supporting several contractor-developed millimeter
guidance systems which will involve development and testing of both differential guidance
and beamrider concepts. As a part of these efforts, the evolutionary development of cri-
tical subsystems such as the tracking radar and guidance link will provide a means for
performing operational tests to determine multipath effects, measure target signatures,
and assess various schemes which have been proposed for missile capture; however, a very

significant concern is the development of an appropriate target acquisition concept for -

an autonomous millimeter guidance system, and this and other critical technology issues
are addressed in Table 9.

A basic deficiency in the current millimeter technology base is the lack of measured
target, terrain and atmospheric data. Without these data, accurate quantitative estimates
of system performance in realistic tactical environments cannot be made with any degree
of confidence. Thus, the development of millimeter measurement systems operating in the
windows at 94, 140 and 220 GHz is a critical step in establishing their operational limi-
tations in terms of meteorological conditions and reduced visibility situations resulting
from smokes and other battlefield-generated aerosols. The acquisition of these data should
be a major part of a program to develop millimeter guidance systems.

-
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acquisition, and guidance. Among the systems that have been identified as potential NMMW
applications are:
battlefield ground-to-ground target acquisition;
airborne surveillance by RPV radars of land-based targets;
long-range surveillance and target acquisition;
target acquisition for NMMW airborne missile seeker systems;
horizon search radars;
shipboard surveillance radars;
track-while-scan systems for short-range self-defense systems
(point defense);
restricted scan target acquisition for missile systems.

A large number of equipment and technique developments are necessary to ascertain the
applicability of I'i1 waves. Techniques for search, recognition and classification have
been identified [3] but more detailed investigations are needed to implement these tech-
niques. Greater transmitter power, improved receiver sensitivity, new low-loss components
and light-weight rapid-scan antennas are necessary. Source stability for coherent oper-
ation must be greatly improved. For implementation of the recognition/classification
techniques, target characteristics, clutter effects and atmospheric effects are among the
phenomenology that must be thoroughly documented.

Boost phase plume detection

Calculations have been performed to determine the feasibility of detecting missile
plumes during the boost phase of the vehicle [22]. 1In the altitude regime of 30-100 km,
it has been shown that, for a solid propellant system, molecular species, e. g. H,0 and
H Cl, emit to permit radiometric detection from aircraft or satellites. Airborne“radio-
metric observations are required to confirm predictions. The necessary passive technology
is developing but must be extended to wavelengths as short as -350 um. Independent
analysis of the bus stage indicate that spectral line opacity is sufficiently high to be
detectable in occultation against the earth's radiation.

Conclusions

From the studies which have been performecd, it can be concluded that the NMMW region
offers a compromise for good resolution under adverse propagation conditions. Most sys-
tems, which have bhe2n investigated, profit from the narrow antenna beams available at NMM
wavelengths, but are limited by atmospheric conditions. 1In some cases, the range limita-
tions imposed by the atmosphere serve as an advantage for convert operation.

In order to utilize the NMMW spectral recion properly, considerable technology must
be developed. Hich-nower sources, low loss components, precision antennas, sensitive
receivers and stable local oscillators are priority devices to allow systems operations
to be performed at ‘1"l wavelengths. For manv systems, highly coherent transmitters are
required. This necessitates development of shase-locking and injection-locking technology
for high-power sources. A driving force in extending military operation to NMM wavelengths
is the prospect of srall-size systems where space and antenna apertures are limited. Low
cost, which is not a current characteristic of NMMW components, is expected to be an ulti-
mate achievable goal.

One cannot exnect to achieve everythino that a system demands by employing NMM waves,
and those working in tlhe field are not doinc this. Phenomenology in the form of atmos-
pheric, terrain/clutte:, target, and materials characteristics must be thoroughly developed
for comparison with oneration at other wavelencths. Thus far, studies have estimated
certain characteristics and projected reasonable operational parameters for devices. From
the considerations that have been made, ontimun operation can be expected from hybrid
IR/NMMW systems which 17ill utilize the best 2% both spectral regions.

This work has been sponsored in part b’ the Harry Diamond Laboratories through the
Army Research Office Contract No. DAAG29-77-C-2026.
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