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FOREWORD

The work reverted here ie part of a larger study to detérmire the
technicsl options offersd by millimerer wave systems. This study,

\ supported by Indeyendeant Exploratory Development funds, was completed
iu October 1974.

Tha report has been reviewed for technical accurscy by D. J. White
d and F. C. Essig. Because of the preliminary nature of this study,

} rei .naments snd miifications may later be made in the methods and the
y maassurenents discusased.
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INTRODUCTIN

In the lart few yea s 1t has become increasingly apparent that
miilimeter 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 ¢ Center (NADC), Warminister,
Pa., in order teo exanine possible applications. The radar was operated
in a pulsed and a contiruous wave (CW) Doppler mode to demonstrate its
ability to mep, detect, and identify specific targets. TestLs were
designed to look into areas of application about which little or no werk
has been publigshed. 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 iines, power poles, the muzzle blast
of a 155-mm howitzer, and varicus other targets was examined. In
addition, Doppler returns from various moving targets were recorded and

PR, I e |
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95-GHz RADAR MODES OF OPERATION

The 95-GHz radar was operated as a pulsed radar and as a homodyne
CW Douppler radar. A 6-kilowatt magnetron was used as the transmitrer
source in the puleed mode and a 30-milliwatt klystron was used as the
transmitter in the CW Doppler mode. A telescope was used in all cases
for antenna alignment. Mapping and return signal strength measurements
vere 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 Cassegrainian antenna was hori -
zontally scamnned through 60 degrees and could be vertically step-
scanned through a total of 10 degrees. Figure 2 is a block diagram of
the pulsed radar set up to measure the return signal level. 1I= this
mode the 24-inch antenna was replaced with a 36-inch Cassegrzinian
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antenna. Table 1 gives the characteristics of the pulsed radar. Th:s
radar has been described in detail.'!
SYNCHRO iNFORMATION
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FIGURE 2. Scope Display.

i

TABLE 1. NADC 95-GHz Radar System Characteristics. ]

3

F

3

: Transmitter: i
Frequency, GHz . . . . . . . . . . . . 95
Peak power cutput, kW . . . . . . . . 6 j

i Pulse repetition frequency, pps . . . 1500

{ Fulsc length, usec . . . . . « . .« . . 0.1

{ Duty cycle . . . . . . . « . . .. 0.00015

§ Average power, W . . . . . . . . . .. ~0.9

¢ Receiver-balance mixer:

i Intermediate frequency, Mz . . . = . 120

b Bandwidth, MHz . . . . . . . . . . . . 40

: Log receiver rarge, dB . . . . . . . . 80 ]

' Antenna: |
Beam widttb, deg . . . . . . . . . .. 0.38
Gain, dB . . . . . . . . ¢ 0 e ... 53

A simple design was used for the % 5Pz homodyne CV Doppler radar. ]
Figure 3 18 a block diagram of the systes including cthe duta recording
eqnirment. The 36-inch Cassegrainian antenna was kept in place and the
35-milliwatt klystron local oscillator of the pulsed radar was used for 3
the transmitter. The transmi‘cer power was set, using the attenuator,
at 3 mil:iiwvatts. The energy leakage past the circulator was used as
the local oscillator signal for the single~ended mixer. The output of

3
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cmcuuroaH ATTENUATOR KLYSTRON r-i ;‘E‘gi
S ; AIJDIO
MIXER PREAMPLIFIER AP R ] SPEAKER

[ O

SCOPE

FIGUEE ). Homodynz CW Doppler.

thie mixer was run to a preamplifier and then recorded on a magnetic
tape. The oscilloscope and the speaker were used to monitor the Doppler

signal.

Figure 4 shows the radar with the 24-{nch antenna in operating
position in the back of a truck. Figure 5 shows the radar at a remote
site with the 36-inch antennz in vperation. The radar systewm was mobile
and once : a field gite 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 with

..... 1donmmnt mewaklama Teavrdomans thidac mawdad thia seadaw con.. b smancas_.t 2_
Y SYUVAPEGUL PLUVLGES VBT ATIR VA8 PETACT wie FTatual wab Lialidpui LTy il

the truck for approximately 150 miies, most of which was over unpaved
desert mountain roads. The system proved tc be very reliable.

FIGURE 4. Radar With 24-inch Antenna
in Operating Position in Truck.
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PULSED MODE DATA 1

The ability of millimeter wave pulsed radars to make detailed maps
has heen demonrtrated.’ The mapping reaults given here are not intended
to compete with those of Wil:ox as his range resclution is about five
times betver than ours.
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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 3
from south to north faciig west at this site. Figure 10 is a combined
set of B-scope photographs displaying the area shown in Figures 6. 7, 1
and 8. The maxiwmum range shown in Figure 10 i{s 6 miles. All ot
targets in Figure 10 can easily be identified with Lnown 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 voad and a golf
course; here the maximum range is 2 miles.

3
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FIGURE 5. Radar With 16-inch Antenna 4
i at a Field Site,
¢
§
%
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° Wilcox, F. P. 'Development and Test¢ of a 95 Giz Terrain Imaging
Radar," in 1974 Millimeter Wave Techniques Conference.  San Diego,
Calif., Naval BElectronics Laboratory Center, 1974. (NELC/TD 308,

Vol., 7, publication UNCLASSIFIED.)
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FIGURE 6.

FIGURE 7.
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Site One, Southern View.

Site One,

Southwestern View.
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| FIGURE 9. Site One, Northwestern View.
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GOLF COURSE RAILROAD TRACK

FIGURE 10. Cocmpesite B-Scope Display of Avea Shown in
7

resnan

FICURE 1'. B-Scope Display of Parking Area North of
Site One. Maximum range shown is 1.5 miles.

8

it N b at i oo s e

ke




e Ry v m s

e S P S T O

— ore - N, T Y T P e T e eryg \a — b by
e e erin e A ——— 7 e
! . .-, .
» e ¢ i i e : - el it e
3

NWC TP 5803

FIGURE 12. B-~Scope Display of Road

aad Golf Course South of Site One,

The radar was then moved down to the desert floor to a site 2 miles
ves: 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 l-mile-range
B-scope display with no vehicles on the roada. 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
pover 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 tu demonstrate this more compietely a series
of B-scope displays was recorded in which the radar beam was stepped
dowmward 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 irtersection. Figure 18 is the B-scope display when the beam
had been lowered the first step. Here we are starting to pick up the
pover lines. In Figures 19 through 22 the radar beam steps down across
the power lines and picks 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
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the pole (see arrow) near the lcft center of Figure 22 it goes under-

ground. During these tests one of the power pole returns was found to

be jittering; upon investigation the pole was found to be vibrating in

the wind. ' :

E ESTeRSveRE ~ :
9

FIGURE 13. B-Scope Display of a FIGURE 14. Same Intersection Showm ﬁ

Road Intersection. There is no in Figure 13 but With Vehicle in i

traffic on the roads. Road (at Bottom of Figure). :

"
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(a) (b)

FIGURE 16. B-Scope Display of Intersection Power Lines and Hills.
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FIGURE 17. B-Scope Display of FIGURE 18. Same as Figure 17
Top of Power Lire Poles. Except Radar Beam Lowered :
1/4 Deg:ee. ]
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FIGURE 19. Same as Figur

Except Rauar Beam Lowered
1/2 Desres

i LUURKTT.,

NWC TP 5803

e 17 FIGURE 20. Same as Figure 17
Except Radar Beam Lowered
3/4 Degree.
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FIGURE 21. Sawc as Figure 17 FIGURE 22. Same ac Figure 17
Except Radar Beam Lowered Except Radar Beam Lowered
1 Degree. 1 1/4 Degrees.

¢ ot g A

The radar was then nodified (see Figure 3) to measure the relative
return from various targets. No attempt was made to determine target
cross sections, The radar was positioned to detect the firing of a
155-mm howitzer. Figures 23a and 23b show the position of the howitzer
and the 95-GHz radar. The howitzer was fired into a dirt vank approxi-
mately 100 feet from the muzzle. The radar was positioned so that the
center of ic» “eam was 10 feet in front of the muzzle., Figure 24 shous
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 245. The
shell gave a large signal that could Le seen on the A-scope but which
was of toc short a duration to be photographed with the available
equipment. Because iime was limited and only three rounds were avail-
able for this test, no attempt was made to lmprove the vrecording
equipment.

As 2 result
lines while the
relative return
tioned 1/2 mile
copper stranded
diameter alumin

L.ﬂmw.u‘.m,,__m i

of the observation of a strong return from the power
mapping radar was in operation, measurement of the
from a power line was also made. The radar was posi-
from a power line that consisted of three Ne. 1-0
cables and two No. 4 soliid copper wires. A 6-inch-
um sphere was also puilticned at the same range. The

15
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return from the spheare was 28 decibels above the system nuise. The
return trom “he power lines was 25 decibels above the noise when the
radar beam w pointed perpendicular to the power lina. The power
lines could L. detected above the noise for angles cut to 130 degrees
from the normal to the lines. Table 2 lists the return signal 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
rover poles as a function of range. From these tests it would seem
that a millimeter wave radar may prove to be a good obstanle-avoidance
radar for low-flying aircraft.

(a) (b)

FIGURE 23. Relative Positions of 155-mm Howitzer and 95-GHz Radar.
(a) Looking past the howitzer toward rad.ar, {b) looking from radar
toward howltzer.
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. 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

h-n--___..._...___ . A o s it oo )




E ot

e gy vy e

P et e W e s e mempve—— o

WY ST

NWC TP 5803

TABLE 2. Radar Signal Strength of Various Targets at Specifi: Ranges.

——— —— e o it amn et

Range, Signal
Object miles level, dB Remarks
Power lines 1/2 35 Visible 130 deg to normal
Al sphere 1/2 28 -
5-in.-diam.
Juap positions: Positinns
1 1/2 45 |
2 1/2 52 1 " <+
3 1/2 55
4 1/2 44 z' 4 w®
5 1/2 53 3 4
B-29 1/2 >60 B-29, 6 beam widths long
vamera station 8 21 Three targets within ~100 ft
of each other
Man in wet 1/3 50 Clutter signal ~25 dB
desert

FIGURE 25. View From 95-GHz R:.dar Showing Two Power
Lines Used for Measurements of Return From Power Line
Poles.
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TABLE 3. Radar Signal Strength of Power lLine
Pole for Ranges From 0.25 to 2 Miles.

Signal level sbove

i,
i
!
4

Range, wmiles system noise, dB
0.25 57 !
0.40 51 {
0.65 55 ;
0.80 36 ’
1.0 35
1.25 33
1.50 30 i
2.0 24 {

PrISS

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

buildings and treec. During the checkout procedure 3 building was

uuuuuuuuuuuuuu Vv MMVL. O Ul AU LY WOOD

located that gave a large Doppler signal at a range of 1/2 mile. Upon
investigation the huilding was found to contain air conditioners and
other rotating equipment. The vibrations caused by this equioment
were transmitted to the outside walls of the building. Thus it is
possible to determine from A distance which buildings contain rotating #
' machinery.

il v it . il

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 the 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 ahout 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 deveral 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

| 3
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until, at 35 seconde, its rpm's were incrrased to a cruise level and
held there until 53 geconds, when it was again allowed to idle. At

73 seconds the engine speed was again increased for 10 seconds and then
shut off. Figure 26 shows that the resulting Doppler shi’ts sre
centered about 8 hertz. "his band extends from about 2 hertz to preater
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 vpm ranges, and then shut off. The engine war
atarted 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:tween 46 to 60.5 seconds and then again allcwed to
idle. At t = 71.' seconds the engine was shut off. The rich Doppler
spectrum from the {ront of the jeep is the result of the radar looking

through the radiator at the fan and various other rotating parts on the
engine.

The millimeter wave Doppler radar proved to be sensitive to moving
targets, such as reotating antennas, bicycle wheels, men walking, and
other small vibrating objects. Men walking produced a characteristic
Doppler. Figure 29 is the Doppler frequancy versus time of a man walk-
ing away fyom the radar in the radsr 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 sei of legs.
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FIGURE 28. Doppler Return From Front of Jeep.
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FIGURE 29. Doppler Return of Man Walking Parallel to Radar Beam.
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CONCLUSIONS

A millimeter wave pulse radar will be effective in the near-ground-
ievel environwent as clutter does not seem to be as much of a problem
as it does at lower 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 GHe), 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

+d4 target identification. Targets that move in the 1- to 50-mph range

'vduce Doppler shiftn that are in the audio range. Thus the operator

* a pulse Doppler security radar would not need to continually monitor

¢ 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 mil;imeter wave Doppler radar studies
are planned to determine the extent o which this technique can be used
t: entify man-made targets.
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