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FOREWORD

The work r'wsorted herw is part of a larger study to deteraine the
technical options offered by millimeter wave systems. This study,
supportwd by Indeeendaut Exploratory Development funds, was completed
iu October 1974.

Th report has been reviewed for technical accuracy by D. J. White
and F. C. Issig. Because of the preliminary nature of this study,
rtel oament and M-411f.cat ions nay later be made in the methods and the
measurements discussed.
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(U) A 95-GHz radar was operated in a pulsed and

a conti.-ous-wave Doppler mode to demonstrate its

ability to map, detect, and identify specific targets.
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INIRODUCTI(.N

In the lart few yea i it has become increasingly apparent that

mixlimeter wave systems have important potential for use in future Navy
weapon systems. A 95-gigahertz (GHz) radar was brought to the Naval

Weapons Center from the Naval Air Developme t Center (NADC), Warminister,
Pa., in order to examine possible applications. The radar was operated
in a pulsed and a contiruous wave (CW) Doppler mode to demonstrate its

ability to %ap, detect, and identify specific targets. Tests were

designed to look into areas of application about which little or no work

has been published. Because of the limited time available for this
study, tie tests were of a preliminary nature.

The mapping potential of a ground-level radar to monitor vehicle
movements and returns from power lines, power poles, the muzzle blast
of a 155-mm howitzer, and varieva other targets was examined. In

addition, Doppler returns from various moving targets were recorded and
studi'ed .

95-GHz RADAR MODES OF OPERATION

The 95-GHz radar was operated as a pulsed radar and as a homodyne

CU Doppler radar. A 6-kilowatt magnetron was used as the transmitter
source in the pulsed mode and a 30-milliwatt klystron was used as the
tr.nsaitter in the CU Doppler mode. A telescope was used in all cases
for antenna alignment. Happing and return -;ignal strength measurements
were made with the pulsed radar. Target identification studies were

made with the Doppler radar.

Figure 1 is a block diagram of the mapping configuration. Since

the PPI scope was ditficult to photograph, a B-scope was used for the

map photographs. The 24-inch-diameter Casse3rainian antenna was horl-
zontally scanned through 60 degrees and could be vertically step-
scanned through a total of 10 degrees. Figure 2 is a block diagraam of
the pulsed radar set up to measure the return signal level. Itn this
mode the 24-inch antenna was replaced with a 36-inch Cassegrainian
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antenna. Table 1 gives the chatacteristics of the pulsed radar. Th::s
radar has been described in detail.'

SYNCHRO INFORMATION

ANTENN)A/ CIRCULATOR TRANSMITTER

______ I M VIDEOFFERRITE
F SWI TCH WTC

MIXER 'REAMPLIFEP --! DET ANDH VID AMP VIDVEO

FIGURE 1. Mapping Padar.

Naval Air Development Center. Mil•imenter Radar Investigation,

by M. J. Foral. Warminister, Pa., NADC, March 1973. (NADC-73013-20,
publication UNCLASSIFIED.) AD 910157L.
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ANTENNA CIRCULATOR SITTER TRIGGER

FERRITE FERRIT
SWITCHI SWITCH RIVER

ffPRECISION
VARIABLE

ATTENUATOR0

MIXER H PEMLFE IF ML FIR VIDEO SCOPIE

LOCAL
OSCILLAOR

FIGURE 2. Scope Display.

TABLE 1. NADC 95-GHz Radar System Characteristics.

Transmitter:
Frequency, GHz ... ............ .. 95
Peak power output, kW ....... ........ 6
Pulse repetition frequency, pps . . 1500

Fulse length, psec ............ .. 0.1
Duty cycle .... ............. ... 0.00015
Average power, W ............. .. -0.9

Receiver-balance mixer:
Intermediate frequency, MHz ... 120
Bandwidth, MHz ... ......... ... 40
Log receiver range, dB ........ 80

Antenna:
Beam widtl, deg .. ........... .. 0.38

Gain, d3. .... ............... ... 53

A simple design was used for the S' •z homodyne CV Doppler radar.
Figure 3 is a block diagram of the systeu including the data recording
eqt'i'ment. The 36-inch Cassegrainian antenna was kept in place and the
35-milliwatt klystron local oscillator of the pulsed radar was used for
the transmitter. The transmltcer power was set, using the attenuator,
at 3 miliiwatts. The energy leakfige past the circulator was used as
the local oscillator signal for the single-ended mixer. The output of

3
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CIRCULATOR ATTENUATOR KLYSTRON DECK

MIXER 11AMLIIE -SPEAKER M-1P 1o= .I FI
0

SCOPE

FTGURE 3. Homodyn2 Cl Doppler.

th, mixer was run to a preamplifier and then recorded on a magnetic
tape. The oscilloscope and the speaker were used to monritor the Doppler
signal.

Figure 4 shows the radar with the 24-inch antenna in operating
position in the back of a truck. Figure 5 shows the radar at a remote
site with the 36-inch antenna in operation. The radar system was mobile
and once i a field site the radar could be back in operation within 15
to 20 minutes. The radar was operated for 35 hours in the pulsed mode
and for 18.5 hours in the Doppler mode during a 4 1/2-week period uith
no equipmaent probale~. fluring th~is period the raudar was t.ransport~ed in
the truck for approximately 150 miles, most of which was over unpaved
desert mountain roads. The sastem proved tc be very reliable.

FIGURE 4. Radar With 24-inch Antenna
in Operating Position in Truck.
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FIGURE 5, Radar With 36-inch Antenna

at a Field Site.

I PULSED MODE DATA

The ability of millimeter wave pulsed radars to make detailed maps
has been 'mbonrtrated. 2 The mapping results O1ven here are not intended
to compete with those of Wil:ox as his range resolution Is about five
times bet'•er than ours.

The first radar test site was located on a hill 400 feet above the
desert floor. Figures 6, 7, 8, and 9 together give a panoramic view
from south to north factig west at this site. Figure 10 is a conhined
set of B-scope photographs displaying the area shown in Figitres 6. 7,
and 8. The maximum range shown in Figure 10 is 6 miles. All ot
targets in Figure 10 can easily be Identified with known objects.
Figure 11 is the B-scope view of a parking lot at a range of 1 mile.
Figure 12 is a composite view, looking south, of a road and a golf
course; here the maximum range is 2 miles.

2 Wilcox, F. P. "Development and Test of a 95 Gliz Terrain ImagIng
Radar," in 1974 Millimeter Wao"t T'i.ohn•h•,eu (ConforV'hen. San Diego,
Calif., Naval Electronics Laboratory Center, 1974. (NELC/TD 308,
Vol. 2, publication UNCLASSIFIED.)
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FIGURE 6. Site One, Southern View.

FIGURE 7. Site one, Southwestern View.
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I I S
F IGURE 8. Site One, Westeru View.

t7

ti FI(GURE 9. Site One, Northwestern View.
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II
IM ,

6OLF COURSE ZOMS ýRAILROAD TRACK

FIGURE 10. Composite B-Scope Display of A-ea Shown in
Figur -.-0 .

C .L IJL O U"--OLI. __EJI..

FIGURE 1.. B-Scope Display of Parking Area North of
Site One. Maximum range shown Is 1.5 miles.

8
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-t

FIGURE 12. B-Scope Display of Road
and Go7lf Course South of Sire One.

The radar was then moved down to the desert floor to a site 2 miles
west of .:he first site. At this location the radar was 1,506 feet from
a road intersection. The image of the Intersection was centered near
the bottom of the radar B-scope display. Figure 13 is a 1-mile-range
B-scope display with no vehicles on the roads. Figure 14 shows a motor-
cycle entering the intersection and turning right. Figure 15 shows two
cars in the road parallel with the radar beam. The radar was then
scanned vertically 10 degrees in order to pick up the hills and the
power poles. Figure 16 is two B-scope photographs taken in this mode.

The power poles give a strong return and these pictures confirm that
, the power lines, approximately perpendicular to the beam, also give a

strong return. In order to demonstrate this more completely a series
of B-scope displays was recorded in which the radar beam was stepped
downward 1/4 degree at a time. The first photograph, Figure 17, was
taken with the radar just picking up the tops of the power line poles
at the intersection. Figure 18 is the B-ccope display when the beam
had been lowered the first step. Here we are starting to pick up the
power lines. In Figures 19 through 22 the radar beam steps down across
the power lines and picka up the power poles that run parallel to the
beam. In Figures 21 and 22 the bright line that appears in :he lower
left-hand side is a telephone cable located below the power lines. At

9
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the pole (see arrow) near the 1ft center of Figtre 22 it goes under-
ground. During these tests one of the power pole returnas was found to
be Jittering; upon investigation the pole was found to be vibrating in
the wind.

-- -1

FIGURE 13. B-Scope Display of a FIGURE 14. Same Intersection Shown
Road Intersection. There is no in Figure 13 but With Vehicle in
traffic on the roads. Road (at Bottom of Figure).

"10
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FIGURE 15. Same Intersection Shown
in Figure 13 but With Two Vehicles

II ~as Indicated.
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I

SUSTATUO L. LESS

(b)IFIGURE 16. B-Scop' Display of Intersection Power Lines and Hills.
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FIGURE 17. B-Scope Display of FIGURE 18. Same s Figure 17
Top of Power Line Poles. Except Radar Bean Lawered

- 1/4 Deg-ee.

Sii

,I. .- L,! . 1
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A

FIGURE 19. Same as Figure 17 FIGURE 20. Same ais Figure 17
Except Rauar Beam Lowered Except Radar Beam Lowered

-I,-|
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FIGURE 21. Saýiic as Figure 17 FIGURE 22. Same ac. Figure 17I

h iExcept Radar Beam Lowered Except Radar Beam Lowered
1 Degree. 1 1/4 Degrees.

The radar was then w~odified (see iigure 3) to measure the relative
return f roma various targets. No attempt was made to determine target
cross sections. The radar was positioned to detect the firing of a
155-umm howitzer. Figures 23a and 23b show the position of the howitzer
and the 95-GHz radar. The howitzer was fired into a dirt 1,ank approxi-
mately 100 feet from the muzzle. The radar was positioned so that the
"center of ic, 'ear was 10 feet in front of the muzzle. Figure 24 sho1.s
the A-scope displays before (Figure 24a), during (Figure 24b), and
after (Figure 24c) the firing of the 155-mm howitzer. The muzzle blast
caused the signal level to increase, as is recorded in Figure 24b. The
shell gave a large signal that could Tie seen on the A-scone but which
was of too short a duration to be photographed with the available
equipment. Because time was limited and only three rounds were avail-

able foi- this test, no attempt was made to Improve the recording *
As a re'sult of the observation of a strong return from the power

lines while ýhe mapping radar was in operation, measurement of theI
relative return from a power line was also made. The radar was posi-
tioned 1/2 mile from a power line that consisted of three No. 1-0
copper stranded cables and two No. 4 solid copper wires. A 6-inch-
diameter alumtinum sphere was alopuz;f(-edathsmern .Te

15
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return from the sphire *as 28 decibels above the system noise. The
return from -he power lines was 35 decibels above the noise when the
radar beam w pointed perpendicula' to the power line. The power
lines could L. detected above the noise for Angles Dut to ±30 degrees
from the normal to the lines. Table 2 lists the return signas) of
various targets, including the power lines.

Figure 25 is the view from the radar locking along two power lines
that extend for 2 miles. Table 3 lists the return signal from the
power poles as a function of range. From these testq it would seemu
that a millimeter wave radar may prove to be a good obsta,le-avoidance
radar for low-flying aircraft.

II

(a) (b)
FIGURE 23. Relative Positions of 155-mm Howitzer and 95-GHz Radar.

(a) Looking past the howitzer toward rad.ir, (b) looking from radar
toward howitzer.

16]
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(a)

(b)

(c)

FIGURE 24. Scope Display of Radar Return
From 155-mm Howitzer Tests. (a) Return
before firing, (b) during firing, and (c)
after firing of howitzer.

17
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TALE 2. Radar Signal Strength of Various Targets at Specifl", Ranges.

Range, Signal
Object miles level, dB Remarks

Power lines 1/2 35 Visible ±30 deg to normal

Al sphere 1/2 28
6-in.-diam.

JLep position8: Positions

1 1/2 45
2 1/2 52 1-01 J1N
3 1/2 554 1/2 44 2•

5 1/2 53 3 4

B-29 1/2 >60 B-29, 6 bean widths long

Camera station 8 21 Three targets within -100 ftof each other

Man in wet 1/3 50 Clutter signal -25 dB
desert

FIGURE 25. View From 95-Gliz R;,dar Showing Two Power
Lines Used for Measurements of Return From Power Line
Poles.

18
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TABLE 3. Radar Signal Strength of Power Line
Pole for Ranges From 0.25 to 2 Miles.

Signal lesel above
Range, miles system noise, dB

0.25 57
0.40 51
0.65 55
0.80 36
1.0 35
1.25 33
1.50 30
2.0 24

DOPPLER RETURN DATA

During the initial phase of the millimeter Doppler radar study, the
radar operation was checked by detecting moving vehicles and persons
walking out to a range of 3/4 of a mile. The CW transmitter power was
3 milliwatts and the range was shadow-limited to 3/4 of a mile by
buildinaq and trees- During the chekou -rcdr ... bul-n was •,, ...

located that gave a large Doppler signal at a range of 1/2 mile. Upon
investigation the building was found to contain air conditioners and
other rotating equipment. The vibrations caused by this equinment
were transmitted to the ouiside walls of the building. Thus it is

possible to determiine from a distance which buildings contain rotating
machinery.

In order to determine if the millimeter Doppler radar could detect
when a vehicle engine is running, a jeep was parked first with its
back toward the radar and then turned to face the radar. Figures 26
and 27 are frequency versus time plots of the radar output when the
rear of the jeep was in the radar beam. Figure 26 was made using a
low gain setting on the plotter in order to show tihe structure of the
main vibration modes of the back of the jeep. The gain was increased
for Figure 27 in order to display the spread of the spectrum about the
main mode. For the first 18 seconds of the test the engine was off.
The Doppler displayed during the first 12 seconds was caused by the
driver rocking the jeep from the inside. The driver was still and no
Doppler was produced for the interval between 12 and 18 seconds. At
18 seconds the engine was started and after several seconds the vibra-
tions of the jeep settled down to display the vibrational modes
characteristic of this vehicle at idle. The engine was allowed to idle

19
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until, at 35 seconds, its rpm's were increased to a cruise level and
held there until 53 seconds, whan it was again allowed to idle. At
73 seconds the engine speed was ,gain increased for 10 seconds and then
shut off. Figure 26 shows that the resulting Doppler shi'ts ere
centered about 8 hertz. 'his band extend, from about 2 hertz to greater
than 24 hertz (see Figure 27).

The Doppler signal from the front of the jeep had a completely dif-
ferent character. The audio from the speaker (see Figure 3) was similar
to the actual sound of the engine. Figure 28 shows Doppler frequency
shift versus time (t) for data taken while the engine was started,
cycled through several rpm ranges, and then shut off. The engine war1
started at t - 0 and allowed to idle for 18 seconds, at which time the
engine speed was increared and held. At t - 36.5 seconds the engine
was dropped back to idle. The engine speed was again increased and held
for the interval b:etween 46 to bO.5 seconds and then again allowed to
idle. At t - 71.'" seconds the engine was shut off. The rich Doppler
spectrum from the front of the Jeep is the result of the radar looking
through the radiator at the fan and various other rotatirng parts on the
engine.

The millimeter wave Doppler radar proved to be sensitive to moving
targets, such as rotating antennas, bicycle wheels, men walking, and
other small vibrating objects. Men walking produced a characteristic
Doppler. Figure 29 Is the Doppler freqnency versus time of a man walk- I
inS away, f rom the rad-ar in tt.-W ra.dar beam. The man walked at a rate of

one step every 0.5 second and produced a Doppler shift that ranged
almost to 4 kilohertz with every step. A similar plot of the Doppler
caused by a four-legged animal should have more structure because of
the movement of the other seL of legs.

20
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FIGURE 28. Doppler Return From Front of Jeep.
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CONCLUSIONS

A millimeter wave pulse radar will be effective in the near-ground-
level environment as clutter does not seem to be as much of a problem
as it does at lover frequencies. This is probably due to two effects
(1) the very narrow beams that can be produced with small antennas (a
2-foot dish gives a 0.4-degree beam width at 95 GHz), and (2) clutter
targets in general are more diffuse in reflecting properties at 95 GHz
than at X-band. The terrain-avoidance possibilities of millimeter wave
radars should be closely investigated.

The ability of the 95-GHz Doppler radar to detect vibrations and

slowly moving objects has such possible Epplications as area security
A target identification. Targets that move in the 1- to 50-mph rangse
'oduce Doppler shiftn that are in the audio range. Thus the operator

a pulse Doppler security radar would not need to continually monitor
a display, as a simple audio alarm could be a basic part of the system.

The CW Doppler return from the jeep (see Figures 26, 27, and 28) sug-
gests that powered targets could be identified by their vibrational
Dop, ,er spectrum. More extensive milimeter wave Doppler radar studiesare planned to determine the extent to which this technique can be used
t tentify man-made targets.
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