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1. INTRODUCTION

The U.S. Army's new generation of advanced radar-guided antiarmor munitions will be required to
track low-angle targets on the battlefield. Such systems must deal with the potential problem of multipath
propagation. The development of munitions flying at longer ranges in many different environments has
created a need for more substantive data collected under a variety of conditions and over greater distances.

Various aspects of multipath propagation have been investigated over the years by the U.S. Army
Ballistic Research Laboratory (BRL),* Aberdeen Proving Ground (APG), MD. Two earlier studies will
be cited here for comparison with more recent results. One study (Kammerer and Richer 1964) at 68 GHz
found that angular pointing errors of less than 1/10th of the beamwidth could be achieved with null-type
conical scan pointing techniques. Another BRL investigation (Wallace 1979) at 140 GHz concluded that
multipath effects are less serious when propagating over vegetated surfaces than over surfaces such as
asphalt because the power of the undesired reflected signals will be reduced by absorption and the
reflected signals diffused by a relatively rougher surface.

A more recent measurement program was conducted to collect data on millimeter wave (MMW)
propagation over natural terrain with a variety of ground cover conditions (Stratton, Wallace, and Bauerie
1991). Measurements of tracking errors at 95 and 140 GHz were recorded with a conical scan antenna
tracking a trihedral corner reflector that was moved through a continuous range of heights between 0.4 m
and 3.6 m above the ground. Antenna diameters of 0.92 m (3 ft) and 0.61 m (2 ft) were used for
propagation paths of 2,850.0 m and 838.4 m, respectively. The results indicated that tracking error is
substantially higher when tracking over snow and ice than when tracking over grass.

This report describes the results of the most recent joint Army Research Laboratory (ARL) and Army
Missile Command (MICOM) program to measure the effects of multipath interference on the guidance
of a missile or projectile to a distant target. The radar instrumentation consisted of 95- and 140-GHz
monopulse radars set up for simultaneous measurements. This report includes the results of the ARL
140-GHz measurements. Results of the 95-GHz measurements are available in Christian, Wintler, and
Woods (1992).

* The U.S. Army Ballistic Research Laboratory was deactivated on 30 September 1992 and subsequently became a part of the
U.S. Army Research Laboratory on 1 October 1992.



2. INSTRUMENTATION

The radar system used in this test is a 139.5-GHz amplitude monopulse systém designed and fabricated
at the former BRL. Figure 1 is a block diagram of the complete radio frequency (RF) and intermediate
frequency (IF) sections of this radar. The monopulse antenna, comparator, and the local oscillator (LO)
distribution network were built under contract by the TRG Division of Alpha Industries. (The
antenna/comparator is a 0.61-m monopulse reflector-type antenna with amplitude sensing of the
multiplicative and additive sensing functions of the comparator.) The operational frequency of this unit
is 140 GHz 600 MHz. Figure 2 is an antenna pattemn in the vertical plane of this system measured at
the operational frequency of 139.5 GHz.

The LO distribution network distributes the 138.5-GHz LO signal to each of three mixers with equal
phase shift. A fourth mixer connected directly to the transmitting tube through a 30-dB directional coupler
is used for automatic frequency control (AFC). The LO is a Hughes continuous wave (CW) IMPATT
oscillator with an output power of +18 dBm. Each of the three receiver mixers operates with +5.5-dBm
LO drive. The noise figure of each mixer with this level of drive is 6 dB.

The transmitter tube is @ Varian Pulsed Extended Interaction Oscillator. The peak output power of
this tube is 260 W. An extemal modulator built into the radar is set up for 100-ns pulses at a
20 KHz-repetition rate. Ferrite switches in synchronism with the transmitted puises are used for receiver
protection. Failure of any one or all of these switches will shut down the transmitter. AFC is
implemented in the second conversion process. A 160-MHz discriminator samples the transmitter signal
and, through the gated integrator, controls the frequency of the second 1,160-MHz LO. This tracks the
received signals into the 20-MHz bandwidths of the 160-MHz (IF) amplifiers and monopulse processor.

The Monopulse Detector Subsystem is a complete unit that was purchased from RHG Electronics
Laboratory. This device is a complete three-channel monopulse IF processing subsystem. The unit

consists of an IF matrix, a detector matrix, and three matched limiter channels. This detector subsystem -

determines difference nulls by measuring the difference (A) to sum (¥) ratio. Each output error signal
is proportional to this ratio and to the cosine of the phase angle between the A and ¥ signals. The output
is of the form,

E = 1.4 (A/Z) cos ¢
o Y7 ’
(1 +2 (A/Z) sin & + (A/Z?)

b}
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Figure 2. 140-GHz two-way antenna pattern, elevation plane.

where
E, = difference output voltage,
A/Y, = voltage ratio between A and X, and
¢ = phase angle between A and ¥ .

The difference and sum channel outputs, still in the form of a 100-ns pulse, are passed on to the gated
integrator modules (Evans Electronics Modules Model 4130A). Each unit is a fast, low-leakage integrator
with an input-isolative gate that is opened under external control, which is a function of the range to the
target. The output voltages of these devices closely approximates 1/RCx, the time integral of the input
voltage, with integration proceeding only during the open gate intervals. The integral is held constant
while the gate is closed. Figure 3 is an example of sum and vertical difference voltage outputs of the
radar.

Initial alignment of the radar was accomplished with precise adjustments of the antenna, comparators,
and phase shift adjustments in the first 1-GHz IF sections at the mixer outputs. Phase stability was
maintained by temperature stabilizing all of the electronic components and the comparator.

The computer system used with this radar is a Hewlett-Packard (HP) Series 6900 Multiprogrammer
with an HP 9000 CPU board and sufficient I/O cards for radar control functions and data input and output.



5 3
~ . il
) IM
: ~~
>° 3 .._V_’ a
<, g
- o/ h[w‘]‘
g 1 o 3 .V.I
. o g
i 7 5
o -1 V,"\/ 2 2
0
£ _, A £
o ] 5
n
3 -3 1
ot
O -4
-5 [¢]
-2.0 o 2.0 -2.0 o 2.0
Probe Angle (mrad) Probe Angle (mrad)
(o) Difference Voltage OQutput (b) Sum Voltage Output

Figure 3. Typical measured vertical difference and sum outputs.

The vertical probe used for this test was designed and fabricated at the former BRL. The object of
this device was to move a trihedral reflector through the fixed monopulse antenna beam at extended ranges
from the radar. The probe shown in Figure 4 was mounted on a four-wheel trailer for ease of
transportation and positioning. A radar reflector could be moved from near ground to a height of 5.36 m.
The tower was constructed such that it had very low radar cross section. The vertical position of the
reflector was continuously monitored and telemetered back to the transmitter trailer.

3. TEST SETUP AND TEST PROCEDURES

The radar was set up on an elevation over azimuth positioning mount located in the rear of an
instrumentation trailer. The mount was attached to a special floor rack assembly that was detachable from
the trailer and secured directly to the ground under the trailer. This was necessary to maintain the stability
required for precise angular error measurements. The elevation axis of the positioning mount was
instrumented for angle readout into the computer. The antenna was located 3 m above the ground for all

the tests.
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The site for this series of measurements was Test Area 3 at Redstone Arsenal, AL. These tests were
designed to represent a radar lz)cked on to a target at a range of S km and height above the ground of
1.5 m. The vertical probe was used to measure the effects multipath reflections would have on the
guidance of a missile or projectile directed at the target.

A line of sight was set up between the radar and a target board at a range of 5 km. This line of sight
was held constant, in both azimuth and elevation, for all but one of the measurements along the 5-km path.
This optical boresight varied between 1 m and 3.6 m above the ground, depending on the terrain.

A calibrated comer reflector was set up at a range of 422 m at a height of 9 m. This point source was
out of the antenna nearfield and high enough to ensure there were no multipath effects. The radar was
boresighted with a television and Questar telephoto lens system. This high-resolution optical system was
parallax aligned in the monopulse azimuth null plane and on the true elevation null. All subsequent
multipath measurements were made relative to this optical boresight. The optics were boresighted to
within 0.05 mrad of the true vertical null of the monopulse antenna. Figure 5 is a television still frame
of a comer reflector at a range of 4 km.

Prior 10 each test, a series of calibration measurements was recorded using the calibration reflector.
A complete vertical difference pattern was recorded. This was accomplished by sweeping the antenna
beam, in the vertical plane, across the calibration reflector. One of these calibration patterns is shown in
Figure 6. Long-term noise measurements of the vertical difference null signal were also recorded. This
difference noise signal is calibrated in terms of angle offset from the zero null in the vertical difference
channel. This angular variation is caused by receiver noise and atmospheric perturbations in the
propagation path. Atmospheric noise was very low in the calibration measurements but was evident

during subsequent long-range measurements.

The vertical probe was used for all the multipath measurements recorded during this series of tests. .
The probe 'was set up at various ranges out to 4.8 km in the direct line of sight to the target board. The
boresighted optics were used to align the probe within the line of sight. Vertical error signals were
recorded as the comer moved up through the antenna beam. Variations in these error signals are a
measure of specular multipath. The measure of diffuse multipath error was the difference between the true
optical calibration null and the apparent electrical null measured with the vertical probe. Long-term
angular error noise was also recorded with the probe reflector adjusted to the electrical null of the antenna.




Figure 5. Television still frame of comer refiector at 4 km.
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This noise was only recorded 1n the vertical error channel. The sum channel output was also recorded
during each test. A comer reﬂ;actor was set up approximately 20 m in front of the probe for each test.
The sum range gate was altemately switched between this reflector and the probe to measure signal
stability during each test. This precluded any errors associated with instabilities within the radar system
or some momentary obstruction within the propagation path.

The test area, Redstone Arsenal Test Area 3, is a relatively flat field with a medium level of grass
covering most of the propagation path. The terrain profile for part of the path is shown in Figure 7. Note
that the vertical scale is significantly larger than the horizontal scale, to show that the profile is not
perfectly flat. The profile was surveyed using a laser over the first 2,770 m of the propagation path. This
short range was the limit of the laser system. The remaining 2,230 m of the path did not differ
significantly in character from the measured path.

100.0
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Figure 7. Terrain profile for the Redstone Arsenal Test Area 3.

Figure 8 is a photograph of the radar mounted in the trailer. The second antenna mounted on the
tripod was the telemeter receiver used to transfer probe position data to the computer.






4. DATA COLLECTED

Data was recorded on 11, 12, 13, 16, 17, and 18 September 1991. Measurements were made at six
different ranges between 0.4 and 4.8 km. Additional measurements were made of static angular errors
as a function of atmospheric weather conditions. A total of 18 usable measurements were made with the
vertical probe. The total number of multipath tests was limited due to problems encountered with the
95-GHz monopulse radar system. The overall test plan called for simultaneous 95- and 140-GHz
measurements. In one test, TR53, the optical boresight was raised 1.3 mrad above the normal optical
boresight to determine if the multipath error would be reduced if there was a fixed vertical offset in the
target track.

5. ANALYSIS OF MULTIPATH PROPAGATION DATA

Figure 9 shows typical difference and sum channel signals vs. probe position before calibration and
filtering. Processing the raw error signal data was a three-step process that consisted of 1) converting
angular vertical difference voltages to apparent angular difference in milliradians; 2) converting the probe
position units to probe angle in milliradians; and 3) filtering the data with a smoothing algorithm.

The angular difference voltage was calibrated to give apparent angular difference by using information
derived from the calibration S-curves recorded before each trial. The straight-line section in the middle
of each S-curve was used to compute a slope. The slope is in units of volts/mrad, as can be seen in
Figure 6. Digitized values of the angular difference voltage were scaled by this slope value, resulting in
angular difference in milliradians.

Next, the position axis of the raw data was calibrated. The pulse-generated output from the vertical
probe contained position information in terms of uncalibrated oscillator period "units,” that changed
linearly as the position along the probe pole changed. The maximum and minimum raw values were
assumed to correspond to the highest and lowest positions of the probe in meters. The conversion to
position in angle (with respect to the optical boresight) was accomplished by first converting the period
value to probe distance from the boresight in meters using this linear relationship and then computing the
angle by using the simple geometric relationship between the range and the probe height:

(probe height) x (datafreq - nullfreq) ]
(range to probe) x (maxfreq - minfreq) )

11

angle (from boresight) = arctan [
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Figure 9. Typical difference and sum signals vs. probe position.
The last step in reducing the multipath probe data was smoothing to get rid of the noise that may have
otherwise obscured the specular multipath variations. The bandwidth of the integrated signal was

calculated to be 0.025 Hz by using the formula associated with the gated integrators (Evans Electronics),

Noise factor = —RC) _ « 0025 Hz ,

n(t2-tl)

where

= integrator resistance = 10 x 10°

R

C = integrator capacitance = 10 x 10° F
n = repitition rate = 20 x 10° Hz, and
2

- tl = integration time = 200 ns .

12




With a noise factor of 0.025_}{z, a smoothing constant can be determined using Shannon’s Law of
Sampling, (i.e., freq (sampling) 22 x signal BW). The sampling rate used in this experiment was
approximately 160 Hz; therefore, it was well within acceptable bounds to use a three-point moving average
to smooth the data without introducing any aliasing effects. The resulting calibrated apparent angular error
vs. true (or probe) angular error curves are shown in Appendix A (A-1 through A-18). Note that the x-
axis scale is not constant over the entire set of data. The axis was expanded with increasing path length
to allow the features of the difference curves to be seen more easily. At the longer distances, the length
of the probe pole subtends a smaller angle than at the shorter distances, making for a smaller measured

angular error curve.

The vertical difference-axis of the atmospheric noise plots shown in Appendix B (B-1 through B-20)
was calibrated in the same way as the difference-axis of the plots in Appendix A. The difference data was
calibrated with the S-curve taken closest in time to the noise run. The sum voltage was calibrated with
the voltage calibration curve recorded on the day of the noise run. The points of the calibration curve
were used as a lookup table to convert the sum voltages to decibels. Linear interpolation was used for

voltage values that fell between points on the calibration curve.
6. MULTIPATH DIFFUSE AND SPECULAR ANGULAR VARIATIONS

Computations of all the probe measurements of diffuse and specular multipath vertical channel
difference variations are shown in Table 1. All multipath tests were set up so the optical boresight, which
was the center null of the antenna beam, was aligned with the boresight mark on the target board. The
vertical probe was then set up along the propagation path within the optical boresight. The radar reflector
was moved up the probe until it was aligned with the optical boresight. This point on the probe was noted
as the zero null or crossover point of the antenna. The reflector was then lowered to the bottom of the
vertical beam probe and slowly raised to the top, while sum and vertical difference channels were
recorded. If there were no multipath effects, the zero crossover in the vertical difference channel would
occur at the optical boresight level. Diffuse multipath causes the measured null or crossover to be biased
below the optical boresight. The computed measure of diffuse multipath is noted in Table 1 as the mean

difference calibrated in terms of angle.

Specular multipath would cause cyclical variations in the vertical difference channel output as the
vertical probe reflector is moved through the antenna monopulse beam. The period of this variation is

13



Table 1. Mean and Standard Deviation of Angular Error for Path Lengths of 1, 2, 3, 4, and S km

Target Reflector Calibration Reflector
Trial No Distance Mean Std. Dev. Trial No. Mean Std. Dev.
(km) (mrad) (m:ad) 7 B (mra@) ne (mrad)
TR 24 0.8 -0.14 0.36 TR 22 0.00 0.05
TR 25 0.8 -0.07 0.43 TR 22 0.00 0.05
TR 29 0.8 -0.06 0.25 TR 27 002 0.03
TR 17 1.8 -1.03 0.56 18 -0.07 0.06
TR 20 1.8 0.01 0.23 TR 18 -0.07 0.06
ITR 21 1.8 -0.52 0.54 TR 18 -0.07 0.06
TR 53 1.8 -0.13 0.15 TR 51 -0.02 0.06
TR 54 1.8 -0.12 0.23 TR 51 -0.02 0.06
TR 3 2.8 -0.18 0.38 TR 5 0.0 0.03
TR 6 2.8 -0.07 0.32 TR 5 0.01 0.03
TR 11 2.8 -0.45 0.48 TR 9 0.01 0.03
TR 14 2.8 0.08 0.16 TR 9 0.01 0.03
TR 32 2.8 -0.05 0.15 TR 30 0.00 0.03
TR 36 2.8 -0.38 0.39 TR 34 0.06 0.03
TR 44 2.8 -0.04 0.15 TR 37 -0.06 0.02
TR 47 2.8 -041 0.26 TR48 |  0.10 0.09
2TR 39 3.8 —_ 0.25 TR 37 -0.06 0.02
2TR 42 4.8 — 0.13 TR37 | 006 0.02

! Data probably bad, probe sitting below optical boresight.
2 Optical boresighting impossible at these lengths due to haze, so no mean error has been calculated.

a function of range 1o the probe (Barton and Ward 1984). The computed measure of specular multipath
variations is noted in Table 1 as the standard deviation, calibrated in terms of angle. The data was filtered
so that atmospheric angular variations were removed. This set of multipath data is shown in Appendix A.

Four separate plots are shown for each trial. Plot "a" (difference vs. probe angle) is the raw data
(voltages) out of the vertical difference channel vs. the position of the vertical probe reflector in terms of
angle—negative angle below the optical boresight and positive angle above the optical boresight. In
Figure A-1, the specular and diffuse multipath-induced difference signals are apparent. Plot "b" (sum vs.
angular probe position) shows the sum signal amplitude as a function of the vertical probe reflector
position. This sum data is not filtered and shows the atmospheric signal amplitude variations. Plot "c"
(difference voltage vs. vertical angle antenna mount position) is the raw data output (voltages) of the

vertical difference channel when the monopulse antenna beam is swept vertically past the calibration
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reflector. The calibration curve is used to calibrate the vertical difference channel in terms of angular
difference. Plot "d" (appareﬁi angle vs. probe angle) shows the calibrated multipath-induced vertical
differences in terms of angle, plot "a,"” calibrated with plot "c," along with the theoretical straight-line
difference curve that would have been achievable if there were no multipath errors. The mean difference
from the theoretical straight line is the diffuse angular difference. The cyclical amplitude variations are
the specular multipath differences.

At the longest ranges, 3.8 km and 4.8 km, haze conditions due to the hot, humid air limited the range
of the optical boresight. Diffuse multipath at these ranges could not be measured with any degree of
accuracy. Appendix C contains tabular data on water vapor values that were computed from meterological
data measure during the testing.

For Trial 53, the optical boresight was raised 1.3 mrad in the vertical plane above the target board.
This is approximately one-quarter of the sum of the antenna beam pattem beamwidth. This test was
performed to measure the difference in multipath-induced errors if a slight bias in the vertical plane was
applied to the tracking loop. Trials 53 and 54 were run for direct comparison at 1.8 km (Figures A-7 and
A-8). There is a definite difference in the data sets. Trial 54, with boresight on the target board, shows
both specular and diffuse multipath-induced errors. When the antenna beam was raised for Trial 53, there
was no trace of specular multipath and the diffuse error at 0° probe angle is very small. In Trial 54, the
lower optical boresight allows more of the antenna beam to intercept the ground, causing a stronger
surface-reflected signal that can interfere with the direct radar-target-radar signal. The error is less in
Trial 53 because the higher boresight implies less illumination of the ground, hence a weaker surface-
reflected signal.

7. ATMOSPHERIC NOISE

The weather pattern during this series of tests consisted of extremely high temperatures with high
levels of relative humidity. Large variations in difference channel and sum channel noise were noted
throughout the course of this measurement program. It has been noted in other measurement programs
(McMillan, Wiltse, and Snider 1979) that atmospheric noise and phase front distortions increase as the
moisture content of the atmosphere increases. Water vapor is a continuously changing medium with areas
of variable concentrations (scale sizes 10~100 m and strata of approximately 1 m). MMWs traveling
through changing media are subject to random variations in both amplitude and phase (Deepak, Wilkerson,
and Ruhnke 1980).
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A series of measurements was made to ascertain the effects of this atmospheric noise on monopulse
tracking accuracies. The ameﬁné monopulse boresight was set up on the probe with the comer reflector
set at the height of the target board boresight. Static measurements of the sum and vertical difference
channels were recorded at all the measurement ranges out to 4.8 km, as a function of time. These static
measurements were also recorded on the 0.4-km calibration reflector prior to or after each long-range

measurement. Direct comparisons are shown in the data set which is in Appendix B.

Computations of all the static noise measurements are shown in Table 2. The vertical difference
channel output was calibrated in terms of angular differences. The sum channel outputs are calibrated in
terms of decibels. The measurements at 0.4 km of the calibration reflector are essentially system noise.
This data is shown for comparison. The amplitude of the difference channel angular noise increases with
range out t0 2.8 km. The standard deviations of the data sets, shown in Table 2, characterize the relative
magnitudes of the noise in terms of angular error. The number of measurements made at the longer

ranges, 3.8 and 4.8 km, were not enough to indicate any further trend.

Phase front distortions and signal amplitude fluctuations could cause the angular difference fluctuations
noted in both the vertical and horizontal difference channels. The RHG monopulse processor in this
system employs hard limiters in the sum and delta processing channels. The return signal levels out to
ranges of 3 km were of such amplitude to be hard limited; thus, signal amplitude fluctuations would not
be a dominant factor in the processed difference channel outputs. The static angular variations measured
out to 2.8 km in range are believed to be caused by phase front distortions. The sum channel outputs
shown in Appendix B were not hard limited.

8. CONCLUSIONS

The measurements made during this test characterize errors that can affect the guidance of a missile
or projectile to a distant target. Consider a missile that flies within a radar monopulse anienna beam. The
monopulse radar tracking a target would measure the instantaneous position of the missile relative to the
target, and guidance commands would be issued to the missile to correct its flight path to the target.
There are three major sources of missile position error other than the tracking accuracies associated with

the radar system: 1) atmospheric noise, 2) diffuse multipath, and 3) specular multipath.
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Table 2. Mean and Standard Deviation of Angular Error for Noise Runs Over Path Lengths of
422 m, and 1, 2,'3, 4, and 5 km

Trial No. Distance Mean Std. Dev.
(km) (mrad) (mrad)
TR § 04 0.01 0.03
TR 8 0.4 -0.01 0.04
TR 9 0.4 0.01 0.03
TR 12 04 0.00 0.04
TR 15 04 0.04 0.08
TR 18 0.4 -0.07 0.06
TR 22 0.4 0.00 0.05
TR 27 0.4 0.02 0.03
TR 30 04 0.00 0.03
TR 34 04 0.06 0.03
TR 37 0.4 -0.06 0.02
TR 45 04 -0.02 0.02
TR 48 0.4 0.10 0.09
TR 51 04 -0.02 0.06
TR 23 0.8 -0.01 0.07
TR 28 0.8 -0.01 0.07
TR 16 1.8 0.00 0.22
TR 19 1.8 0.00 0.06
TR 52 1.8 -0.02 0.06
TR 55 1.8 0.00 0.08
TR 4 2.8 0.02 0.12
TR 7 2.8 0.04 0.25
TR 10 2.8 -0.01 0.05
TR 13 2.8 -0.02 0.13
TR 31 2.8 -0.08 0.15
TR 33 28 0.00 0.04
TR 35 2.8 -0.01 0.11
TR 43 2.8 0.05 0.10
TR 46 2.8 0.09 0.09
TR 49 2.8 0.00 0.12
TR 38 3.8 -0.04 0.06
TR 26 4.8 -0.04 0.08
TR 40 438 0.01 0.04
TR 41 4.8 0.00 0.05
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Atmospheric noise, which manifests itself in signal amplitude and phase front distortions, is a variable
factor dependent on the watc.r v-apor continuum. In the damp atmosphere of summer, this angular
variation was measured to be as great as £0.15 mrad. Atmospheric noise can be reduced through closed
loop bandwidth reduction when tracking a slow-moving distant target. Position tracking of a missile or

projectile requires a very wide open loop bandwidth, which would include atmospheric noise.

Diffuse multipath error is variable depending on terrain features and surface moisture conditions. This
source of error manifests itself in a negative bias error below the radar aimpoint. Diffuse errors measured

during this test were as great as -0.45 mrad.

Specular multipath errors are also dependent on terrain and surface moisture conditions. The
magnitude of this error increases as diffuse bias errors increase. Specular multipath is coherent in nature
and will cycle with range. The error is impressed on the diffuse bias; thus, it will add to or subtract from
the bias error. Specular multipath errors measured during this test had an average magnitude of
0.25 mrad.

Both diffuse and specular multipath errors can be reduced by introducing a small positive bias in the
antenna boresight so that less of the beam intercepts the ground. This was shown to be the case in
Trials 53 and 54. This simple method of reducing multipath error can be exploited to allow for more
accurate tracking at low elevation angles.
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Figure A-5. Trial 21, 1.8 km.
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Figure A-10. Trial 6, 2.8 km.
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Figure A-13. Trial 44, 2.8 km.
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Figure A-14. Trial 47, 2.8 km.
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Figure A-15. Trial 11, 2.8 km.
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Figure A-16. Trial 14, 2.8 km.
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Figure A-17. Trial 39, 3.8 km.
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Figure B-2. Noise measurement at 0.4 km and 3 km, Trials 8 and 7.




114

(mrad) | Difference Signal (mrad)

Difference Signal

-

.0 15
12
N
[14]
T
A
_ 9
ey LA 2 A
4 C 4
0.0 hatid o)) H=TYY '
n
£
3
noo,
.0 o
o 150 300 o 150 300
Time (sec) Time (sec)
TR9, 12Sep91, 0817 hours TR9, 12Sep91, 0817 hours
.0 15
12
~
[14]
T
A
- 9
o)
u j‘ } Cc l i 1 l
0.0 W .9 m
)] 4
¢ 1
£
3J
"o
.0 o
o 150 300 o 150 300
Time (sec) Time (sec)
TR10, 12Sep91, 0830 hours TR10, 12Sep91, 0830 hours

Figure B-3. Noise measurement at 0.4 km and 3 km, Trials 9 and 10.

45



(mrad) i Difference Signal (mrad)

Difference Signal

|
-

150
Time (sec)

300

12Sep91, 1207 hours

.0 15
12
Fan
[14]
Ne)
g
0
i . M M c
0.0 var' WY 9
n
£
3
0o,
.0 °
o 150 300 o
Time (sec)
TR12, 12Sep91, 1207 hours TR12,
° 15
12
7~
14}
T
A
. 9
i g
0.0 c
o
v 0 [
£ J
3
0
.0 o
o 150 300 o
Time (sec)
TR13, 12Sep91, 1220 hours TR13,

150
Time (sec)

12Sep91, 1220

Figure B-4. Noise measurement at 0.4 km and 3 km, Trials 12 and 13.

46

300

hours



(mrad)

Difference Signal

|
-

(mrad)

Difference Signal

1
-

.0 15
12
~\
o
T
o/
i - 9 .
il 0
0.0 ok %“ c -
i o T
N s
£
3
oo
.0 o
o 150 300 ) 150 300
Time (sec) Time (sec)
TR1S5, 12Sep9t, 1425 hours TR1S, 12Sep91, 1425 hours
.0 15
12
-~
m
pe)
N’
l N )
0
c.0+ | c
[ o
~ .| Y 7] 64
H'l L g i 1
v,
.0 o
o 150 300 o 150 300
Time (sec) Time (sec)
TR16, 12Sep91, 1430 bhours TR16, 12Sep91, 1430 hours

Figure B-5. Noise measurement at 0.4 km and 2 km, Trials 15 and 16.

47



(mrad)

Difference Signal

!
-

(mrad)

Difference Signal

|
a

.0
OO T P A
otV Webrd

.0

° 150 300

Time (sec)

TR18, 13Sep91, 0828 hours
.0
0.0 !Wﬁ nod Al
: ML AR M UAL
.0

TR19,

150 300
Time (sec)

13Sep91, 0840 hours

(aB)

Sum Signal

(aB)

Sum Signal

15
12
1 Y orw sl .
3
3
°
o 150 300
Time (sec)
TR18, 13Sep91, 0828 hours
15
12

o 150 300
Time (sec)

TR19, 13Sep91, 0840 hours

Figure B-6. Noise measurement at 0.4 km and 2 km, Trials 18 and 19.

48




1.0 = 15
~~
Ry
0
| 12
£ ~
> g
_O o/
c -6 o
.9 0.0 iy o C
" P o
n
()] 6 -
¥
c ; oy
o 3
"
S 3
>
[a]
-1.0 0

o 150 300 o 150 300
Time (sec) ’ Time (sec)
TR22, 13Sep91, 1054 hours TR22, 13Sep91, 1054 hours
\
1.0 15
a |
U i
o |
£ 2
~ 1]
T
— N
0 9
c -
o)
_@ 0.0 h W 4 Ak c
w - T I v v\ m
0 N 6
O
c £
o 3
7]
g
(a]
-1.0 o
o 150 300 o 150 300
Time (sec) Time (sec)
TR23, 13Sep91, 1110 hours TR23, 13Sep91. 1110 hours

Figure B-7. Noise measurement at 0.4 km and 1 km, Trials 22 and 23.
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Figure B-12. Noise measurement at 0.4 km and 3 km, Trials 34 and 35.
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Figure B-14. Noise measurement at 0.4 km and 5 km, Trials 37 and 40.
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Figure B-15. Noise measurement at 0.4 km and S km, Trials 37 and 41.
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Figure B-16. Noise measurement at 0.4 km and 3 km, Trials 37 and 43.
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Figure B-17. Noise measurement at 0.4 km and 3 km, Trials 45 and 46.
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Figure B-18. Noise measurement at 0.4 km and 3 km, Trials 48 and 49.
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Figure B-19. Noise measurement at 0.4 km and 2 km, Trials 51 and 52.
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Table C-1. Meteorological Data Recorded at 2-km Mark of Test Area 3

Date Time Visibility Temp. Rel. Hum. | Water Vapor Density
(hr) (mi) CF) (%) (g/m’)
11 Sep 0745 24 68.2 89 0.1549
0800 4.0 69.6 89 0.1620
) 0815 42 71.5 88 0.1703
0830 42 73.0 86 0.1746
0845 5.1 73.7 83 0.1723
‘ 0900 6.3 74.7 81 0.1735
0915 8.3 75.3 78 0.1703
1330 11.7 91.7 54 0.1941
1345 120 90.7 55 0.1920
1400 12.6 91.7 53 0.1905
1415 13.1 91.8 52 0.1875
1430 13.5 92.6 50 0.1845
1445 13.6 92.1 50 0.1818
1500 13.3 92.2 50 0.1824
12 Sep 0800 2.9 75.4 88 0.1927
0815 43 771 86 0.1987
0830 4.8 78.3 82 0.1966
0845 57 79.9 79 0.1990
0900 7.2 81.4 76 0.2005
1200 15.0 90.4 61 0.2110
1215 13.0 91.3 59 0.2096
1230 13.8 90.9 59 0.2071
1245 134 91.3 59 0.2096
1300 129 93.4 55 0.2078
1400 144 93.0 54 0.2016
1415 14.8 94.7 50 0.1961
1430 14.1 94.7 50 0.1961
1445 154 95.1 48 0.1905
1500 12.7 96.5 46 0.1901
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Table C-1. Meteorological Data Recorded at 2-km Mark of Test Area 3 (continued)

;

Date Time Visibility Temp. Rel. Hum. 1 Water Vapor Density

(or) (mi) CF) ® | (g/m’)

13 Sep 0800 2.7 75.1 88 0.1909

0815 4.2 71.6 87 0.2041

0830 4.6 79.9 83 0.2091

0845 54 81.2 79 0.2072

0900 7.0 83.8 75 0.2129

0915 8.2 85.1 71 0.2097

0930 7.6 85.6 70 0.2099

1030 12.9 88.9 62 0.2052

1045 13.2 89.9 60 0.2045

1100 9.3 90.8 58 0.2030

1115 104 91.8 57 0.2055

1130 11.9 92.3 55 0.2012

1145 14.3 92.2 54 0.1970

1500 9.9 95.6 41 0.1651

1515 12.9 95.7 41 0.1655

‘ 16 Sep 1115 7.6 93.2 52 0.1953
1130 7.2 93.4 52 0.1964

‘ 1145 7.8 93.5 51 0.1932
| 1200 7.7 92.7 51 0.1888
‘ 1415 95 96.2 a1 0.1679
| 1430 9.9 96.4 40 0.1648
‘ 1445 10.0 96.4 40 0.1648
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Table C-1. Meteorological Data Recorded at 2-km Mark of Test Area 3 (continued)

Date Time Visibility Temp. Rel. Hum. { Water Vapor Density
() (mi) CF) (%) (g/m’)
17 Sep 0700 0.1 69.5 89 0.1615
» 0715 2.1 70.2 89 0.1652
0730 1.0 71.0 89 0.1695
0830 2.7 78.7 83 0.2015
0845 3.0 80.0 79 0.1997
0900 5.1 81.1 75 0.1961
0915 4.8 71.8 44 0.0860
1045 8.8 87.6 48 0.1528
1100 8.6 88.3 46 0.1495
1115 10.3 89.1 45 0.1498
1130 10.1 89.3 44 0.1473
1145 9.6 90.5 42 0.1457
1300 10.8 93.5 36 0.1364
1400 11.0 94.7 33 0.1294
1415 11.3 93.8 33 0.1261
1500 11.0 94.1 31 0.1195
1515 10.8 93.8 30 0.1146
1530 11.6 94.1 27 0.1041
18 Sep 0845 5.8 76.6 15 0.1706
9000 6.7 78.2 70 0.1673
0915 7.1 79.7 67 0.1678
0930 7.6 80.9 64 0.1663
0945 7.8 82.5 61 0.1665
1000 8.1 84.2 58 0.1667
1015 8.5 85.4 54 0.1609
1030 9.2 87.0 51 0.1595
1415 13.6 94.7 32 0.1255
1430 14.6 95.4 31 0.1241
- 1445 11.9 95.6 28 0.1127
1500 15.6 95.3 28 0.1118
1515 15.7 94.9 28 0.1105
1530 15.8 94.8 28 0.1102
1545 15.8 949 28 0.1105
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Table C-2. Meteorological Data Recorded at S-km Mark of Test Area 3

Date Time Visibility Temp. Rel. Hum. Water Vapor Density
(r) (mi) CP) @ | @mh
11 Sep 0745 N/A 68.6 85 0.1498
0800 N/A 69.6 85 0.1547
0815 N/A 71.2 85 0.1629
0830 N/A 722 84 0.1662
0845 N/A 73.0 84 0.1705
0900 N/A 74.0 83 0.1739
0915 N/A 74.6 82 0.1751
1330 N/A 90.7 55 0.1920
1345 N/A 92.2 53 0.1933
1400 N/A 92.2 53 0.1933
1415 N/A 91.2 53 0.1877
1430 N/A 92.0 51 0.1849
1445 N/A 91.7 51 0.1833
1500 N/A 91.4 51 0.1817
12 Sep 0800 N/A 74.1 84 0.1766
0815 N/A 76.2 83 0.1864
0830 N/A 77.6 82 0.1924
0845 N/A 79.4 81 0.2010
0900 N/A 79.9 79 0.1991
1200 N/A 91.2 59 0.2090
1215 N/A 91.7 58 0.2085
1230 - N/A 91.6 58 0.2079
1245 N/A 92.1 57 0.2073
1300 N/A 93.7 55 0.2096
1400 N/A 92.8 54 0.2004
1415 N/A 93.5 52 0.1970
1430 N/A 94.2 51 0.1972
1445 N/A 95.0 49 0.1939
1500 N/A 95.2 48 0.1910
13 Sep 0800 N/A 74.6 84 0.1794
0815 N/A 76.1 83 0.1858
0830 N/A 78.1 82 0.1954
0845 N/A 79.6 82 0.2047
0900 N/A 81.4 79 0.2085
0915 N/A 83.1 77 0.2140
0930 N/A 84.9 74 0.2172
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Table C-2. Meteorological Data Recorded at 5-km Mark of Test Area 3 (continued)

Date Time Visibility Temp. Rel. Hum. Water Vapor Density

(hr) (mi) °F) (%) (g/m>)

13 Sep 1030 N/A 88.4 62 0.2021

(continued) 1045 N/A 89.5 60 0.2021

1100 N/A 90.2 59 0.2029

1115 N/A 91.1 57 0.2013

1130 N/A 92.0 55 0.1994

1145 N/A 923 54 0.1975

1500 N/A 96.1 41 0.1675

1515 N/A 97.3 39 0.1649

16 Sep 1115 N/A 91.9 55 0.1988

1130 N/A 92.5 54 0.1987

1145 N/A 922 54 0.1970

1200 N/A 92.3 54 0.1975

1415 N/A 95.6 44 0.1771

1430 N/A 96.9 41 0.1714

1445 N/A 96.8 40 0.1667
17 Sep N/A
18 Sep N/A
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