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METHODS AND SYSTEMS FOR IDENTIFYING
HIGH-QUALITY PHASE ANGLE
MEASUREMENTS IN AN INTERFEROMETRIC
RADAR SYSTEM

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH &
DEVELOPMENT

The United States Government has acquired certain rights in this
invention pursuant to Contract No. N00019-01-C-0033 issued by the Department of
the Navy.

BACKGROUND OF THE INVENTION

This invention relates generally to radar systems, and more specifically
to a radar system which is capable of determining the phase angle of radar return

signals

The proper navigation of an aircraft in all phases of its flight is based
to a large extent upon the ability to determine the terrain and position over which the
aircraft is passing. Pulse radar altimeters accurately determine altitude using leading
edge return signal tracking. Specifically, a pulse radar altimeter transmits a pulse of
radio frequency (RF) energy, and a return echo is received and tracked using a
tracking system. The interval of time between signal bursts of a radar system is
referred to as a pulse repetition interval (PRI). The frequency of bursts is referred to

as a pulse repetition frequency (PRF) and is the reciprocal of PRI.

A radar altimeter mounted on an aircraft transmits a signal that
impinges a ground patch bounded by an antenna beam. Radar return signals are
typically out of phase with the transmitted radar signal. A r‘nethod for determining the
phase angle of a radar return signal in an interferometric radar system has been
previously described. In this method the computed values are filtered in order to

improve signal-to-noise ratio. However, such filtering adds latency to the radar
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altimeter system, and does not take advantage of information available in the original

signal.
BRIEF SUMMARY OF THE INVENTION

In one aspect, a method for determining a mechanical angle to a radar
target utilizing a multiple antenna radar altimeter is provided. The method comprises
receiving radar return signals at the multiple antennas, and populating an ambiguity
resolution matrix with the electrical phase angle computations. The method further
comprises selecting a mechanical angle from the ambiguity resolution matrix that
results in a least amount of variance from the determined electrical phase and using at
least one other variance calculation to determine a quality associated with the selected

mechanical angle.

In another aspect, a radar processing system for determining a
mechanical angle to a target is provided. The radar processing system comprises a
plurality of radar antennas receiving radar return signals, and a phase processor
receiving the radar return signals from the plurality of radar antennas. The phase
processor determines electrical phases between the radar return signals received at
each respective pair of antennas. The radar processing system further comprises a
phase ambiguity processor receiving the determined electrical phases from the phase
processor. The phase ambiguity processor comprises an ambiguity resolution matrix
containing the determined electrical phases and a corresponding mechanical angle,
and the phase ambiguity processor is programmed to select a mechanical angle from
the ambiguity resolution matrix that varies the least from the determined electrical
phases and use at least one other variance calculation to determine a quality

associated with the selected mechanical angle.

In still another aspect a phase ambiguity processor is provided that
comprises a phase ambiguity resolver configured to receive electrical phase
differences between received radar return signals reflected from an object. The phase
ambiguity processor further comprises an ambiguity resolution matrix containing the

determined electrical phases and a corresponding mechanical angle to the object. The
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phase ambiguity processor is programmed to select a mechanical angle from the
ambiguity resolution matrix that varies the least from the determined clectrical phases
and use at least one other variance calculation to determine a quality associated with

the selected mechanical angle.
BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1a is a diagram illustrating swaths made by a radar.
Figure 1b is a diagram illustrating a radar transmit pattern.
Figure 2 is an illustration of radar signal waveforms over time.

Figure 3 is a diagram illustrating radar signals being received by three

antennas.

Figure 4 is an illustration of the three antenna radar system geometry

and angular relationships between a target and the three antennas.

Figure 5 illustrates electrical phase angle wrapping based on a

mechanical angle to a target.

Figure 6 is an ambiguity resolution matrix utilized to determine a

mechanical angle to a target based upon electrical phase.

Figure 7 illustrates the relation between electrical phase and

mechanical angle in a low noise environment.

Figure 8 illustrates the relation between electrical phase and

mechanical angle in a high noise environment.

Figure 9 is a chart illustrating the value of variances computed from all
possible combinations of measurements in an ambiguity resolution matrix for perfect

data.
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Figure 10 is a chart illustrating the value of variances computed from
all possible combinations of measurements in an ambiguity resolution matrix for an

environment known to be low in noise.

Figure 11 is a chart illustrating the value of variances computed from
all possible combinations of measurements in an ambiguity resolution matrix for an

environment known to be high in noise.
Figure 12 is a block diagram of a radar signal processing system.
Figure 13 is a block diagram of an interferometric angle resolver.
DETAILED DESCRIPTION OF THE INVENTION

Figure 1 shows an aircraft 2 with the Doppler effect illustrated by
isodops as a result of selection by the use of Doppler filters. For ease of description
aircraft 2 is assumed to have a vertical velocity of zero. As is known, if a vertical
velocity exists, the median 8 of the Doppler effect will shift depending on the vertical
velocity. If the aircraft 2 has a vertical velocity in a downward direction, the median
of the Doppler would shift to the right of the figure. If the aircraft 2 has a vertical
velocity in an upward direction, the Doppler would shift to the left of the figure.

There is herein described a combination Doppler radar/interferometer
to navigate an aircraft 2 with respect to terrain features below aircraft 2. As used
herein, aircraft is used to identify all flight platforms which may incorporate a radar
system, including, but not limited to, jets, airplanes, unmanned aerial vehicles,
missiles, and guided weapons. The radar also functions with an electronic map,
sometimes referred to herein as a digital elevation map (DEM), in determining a
position of aircraft 2. In addition to determining an altitude of aircraft 2, an XYZ
location of the nearest object to aircraft 2 on the ground, with respect to aircraft 2 in a
certain terrain area can be determined. As aircraft 2 is flying over terrain as shown in
Figures 1a and 1b, it is important to determine a position of aircraft 2 in accordance
with a map. A Doppler filter and range gate are used with a transmitted beam 10 from

a transmit antenna (not shown in Figure 1).
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In a general altitude range tracking radar (e.g. radar altimeter), range is
measured and indicated by measuring the time for transmitted energy to be reflected
from the surface and returned. With reference to Figure 2, a radar transmitter
repeatedly sends out bursts of electromagnetic energy at a predetermined repetition
rate from an antenna, as indicated by transmit pulse 20. Following a time delay which
is a function of the aircraft altitude, a ground return pulse 22 is received by a
receiving antenna feeding a receiver. A range gate 30 is utilized by the tracking radar

to view at least a portion of ground return 22.

Referring to Figure 3, three receive antennas, a left antenna (A1) 42, a
right antenna (A3) 44, and an ambiguous placed antenna (A2) 46 somewhere between
antennas 42 and 44, are used to receive information. Though not centered between
antennas 42 and 44, antenna 46 is sometimes referred to herein as the central antenna.
Along with the three antennas, three processing channels, referred to below as left,
right and ambiguous respectively, each include a receiver, a data acquisition device,
range gate, and a filter. Use of the three antenna system, along with the processing
described herein, provides a solution to ambiguous detected (cross-track) angle of the
nearest object. The ambiguous detected angle is due to the spacing of the antennas
being greater than the transmitted RF frequency wavelength. By receiving three
returns, the processing system is able to determine the unambiguous angle to the
nearest object on the ground, which in tumn is utilized to locate position of aircraft 2 in
body coordinates. Body coordinates are typically preferable than positioning as
determined by known systems, as those systems determine position as if the body
aircraft 2 is aligned with the line of flight. As aircraft 2 is prone to pitch, roll, and
yaw, the body of aircraft 2 is not necessarily aligned with the line of flight.

The method for determining the phase angle of a radar return signal
described herein reduces latency by using data available for each radar return
measurement to determine the quality of the measurement at the time it is first
computed. In a typical application, antennas 42, 44, and 46 are radar strip antennas
that are mounted side by side on the underside of an aircraft, with their long axes
oriented along the X-axis of the vehicle. In one embodiment, antenna 46 serves as the
transmission antenna, and all three antennas serve as receivers. The radar system
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tracks ground retumns by closing a control loop on the leading edge of the returned
radar pulses received by antenna 46. Antennas 42 and 44 are used, in conjunction

with antenna 46, to determine the cross-track angle of a first ground return.

Figure 3 illustrates aircraft 2 going into the Figure. During the phase
comparison portion of the time interval, the Doppler filters of the left, right and
central channels are set to select a swath 14 (shown in Figure 1) below aircraft 2.
Further, both range gates are set at a range directly on the nearest object 48 as
previously determined. From this range, right antenna 44 receives a signal from
object 48 at a distance of R1, ambiguous antenna 46 receives a signal from the object
48 at a distance of RA, and left antenna 42 receives the signal from object 48 at a
distance of R2 where the distance difference is a function of the antenna separation 50
between and amongst the three antennas. A phase processor (described below)
compares the phase difference between R1 and RA, R2 and RA, and R1 and R2 once
the return signals are received. As illustrated in the Figure, the exact range
differences (R2-R1), (RA-R1), and (R2-RA) result in phase differences between the
returns and simple trigonometry relations can be utilized to determine the exact

crosstrack distance to the object 48 in aircraft body coordinates.

As illustrated in Figure 3, after the range differences (R2-R1), (RA-
RI), and (R2-RA) are determined and knowing the antenna separations 50, and
measured range R1, then the crosstrack distance (Y) and vertical distance (Z) can also
be computed in aircraft body coordinates. It is important that the precise location of
nearest object 48 in each swath is determined so correlation can be made with the
electronic maps which will accurately locate the aircraft 2 on the electronic map. For
example, at typical high speed aircraft cruising velocities, a radar, configured with
reasonably sized Doppler filters, has swath widths of approximately 10 feet at 5000
feet altitude. The resulting incidence angle formed by the intersection of R1 and a
vertical line 27 will then be on the order of less than 3 degrees. Basic trigonometry
relations show that even with a typical error (for example 1%) on the radar range gate
measured distance R1, (50 feet at 5000 feet altitude), knowing the precise antenna
separation 50, and precise range differences (R2-R1), (RA-R1), and (R2-RA) , the
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crosstrack distance (Y) will be precise due to the very small incidence angle

encountered.

Figure 4 is a further illustration of the three antenna radar system
geometry, and the angular relationships between target 48 and the three antennas (A1)
42, (A2) 46, and (A3) 44. As illustrated, the three radar antennas, Al, A2, and A3,
are arranged side-by-side, with the center (A2) antenna closer to Al than to A3.
These antennas represent the baseline of a triangulation system that measures the
electrical phase angle for a reflected radar pulse between each pair of antennas: Al-
A2, A1-A3, and A2-A3. The relationship between the measured electrical phase
angle and the mechanical angle of the return, as measured from the antenna
centerline, is determined by the wavelength of the radar signal and the separation of
the two antennas in each pair. For any given return each pair of antennas will detect a
different phase angle, due to the differing separations of the antennas. In the
illustration, where, Al, A2, and A3 are the three antennas, the mechanical angle to the
target is ¢, and the wavelength of the radar signal is A. Separation between the
electrical centers of antennas 1 and 2 is Sj;, and separation between the electrical
centers of antennas 2 and 3 1s Sy3. The electrical phase angle between antennas 1 and
2 is 8 13, the electrical phase angle between Antennas 1 and 3 is 8 13, and the electrical

phase angle between Antennas 2 and 3 is § »3.

Due to the geometry of such a radar system, it is possible for the
electrical phase angle to exceed 360 degrees, so that a radar return far from the
antenna centerline may have the same electrical phase angle as a return that is nearer
to the antenna centerline. This produces ambiguity when trying to determine a
mechanical angle to a radar target when only electrical phase angles are known. For
example, with a 1-foot separation between antennas Al and A3 and a 4.3 GHz radar
signal (wavelength = 0.2291 feet), the electrical phase angle will increase from 0 to
+180 degrees as the ground return moves from a mechanical angle of 0 degrees
(straight below the aircraft) to an angle of 6.55 degrees. As the mechanical angle
increases, the electrical phase angle will wrap back to 0 degrees at a mechanical angle

of 13.1 degrees. Therefore, with a 2-antenna system it would be impossible to tell the
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difference between a ground return directly below the aircraft and a ground return

13.1 degrees to either side of the aircraft.

Figure 5 provides an example of the wrapping of electrical phase angle
due to mechanical angle and Figure 6 is an ambiguity resolution matrix which is
utilized to determine a physical angle to a target based upon electrical phase
differences. Referring to the ambiguity resolution matrix, K1, K2, and K3 are scale
factors that convert electrical phase angle to mechanical angle. The scale factors are
computed based on the separation of the antennas and the wavelength of the signal.
For any given antenna pair the conversion factor is computed as K = 27S/\, where S
is the separation of the two antennas and A is the wavelength of the radar signal, both

expressed in the same units.

A calculated electrical angle phase difference, 6, is equivalent to
[(360%S)/\]*sin(®) or Kxsin(®), where ® is the physical angle of the target in aircraft
coordinates, S is a separation between the two antenna elements in feet, and \ is a
wavelength of the radar signal in feet. In one particular embodiment, separation
between the right antenna and the ambiguous antenna is 0.2917 feet (3.5 inches),
separation between the ambiguous antenna and the left antenna is 0.7083 feet (8.5
inches), and the separation between the left antenna and the right antenna is 1 foot (12
mches). In the embodiment, the wavelength of the radar is 0.2291 feet. Therefore, in
the embodiment, and referring to Figure 6, K1 is (360%0.2917)/0.2291, or about
458.4, K2 is (360x0.7083)/0.2291, or about 1113.25, and K2 is (360x1)/0.2291, or
about 1571.64.

By using the electrical phase measurement from each of the three
antenna pairs, with the center antenna closer to Al than to A3, the ambiguity can be
resolved, since the different separations guarantee that the electrical phase angle for
each of the three possible antenna pairings will wrap around through 360 degrees at

different mechanical angles.

By populating the ambiguity resolution matrix (ARM) of Figure 6 with

the measured electrical phases, along with the possible electrical phases that are
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multiples of 360 degrees of the measured electrical phases, and then forming all the
possible combinations of these electrical phases and the mechanical phases that would
have produced these electrical phases, it is possible to unambiguously identify the one
mechanical phase angle that has produced the observed electrical phase angles. As
varying electrical phase differences between the three antenna pairings are charted, a
single mechanical (physical) angle can be determined from the varying electrical
phase difference plots for each antenna pairing. That is, for a physical angle, there 1s
one solution which provides a phase difference for each radar channel grouping which

is approximately equivalent to the calculated phase differences for the channel

groupings.

For a system capable of computing mechanical angles over the range
-40 to +40 degrees, there are 75 possible combinations of phase measurements, as
shown in the matrix of Figure 6. As utilized herein, negative mechanical angle values
refer to mechanical angles that are on the left side of the aircraft, and positive
mechanical angle values refer to mechanical angles that are on the right side of the
aircraft. In at least one known radar altimeter configuration, the combination of phase
measurements with the lowest variance is selected and all other measurements are

ignored.

However, with respect to the embodiments described herein, use of the
other 74 variance computations is made in order to determine the quality of the
received signal by comparing the best variance to the second best variance. In a high
signal-to-noise environment, the best variance will be significantly lower than all
other variances (and equal to zero in a perfect system). In a low signal-to-noise

environment, the variances will be more nearly equal.

If a radar altimeter receiver could be fabricated that had an infinite
signal-to-noise ratio, the variances of the electrical phase measurements at the correct
mechanical angle would be zero, and all other variances would be large. However, in
a noisy real-world environment, the difference between the variances for the correct
mechanical angle solution and the 74 other possible mechanical angle solutions is

reduced. A comparison of the lowest variance to the next lowest variances therefore
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provides an indication of the quality of the measurement. This quality term is
available at the time the solution is determined, and is utilized to apply a weighting to
the solution or to reject the solution outright. A graphical representation of the effect
of noise in the electrical phase measurement on the computed variance for a low noise
and high noise environment is shown in Figures 7 and 8 where Figure 7 illustrates the
relation between electrical phase and mechanical angle in a low noise environment

and Figure 8 illustrates the same in a high noise environment.

As illustrated in Figure 7, there is a significant quantitative difference
between the best variance and the second best variance in a low-noise environment,
making it possible to assign high confidence to the computed mechanical angle. As
illustrated in Figure 8, the situation changes in a high-noise environment. As noise
increases any difference between the best variance and the second best variance is
reduced, leading to a lower confidence that the computed mechanical angle is the true
mechanical angle. In a sufficiently noisy environment the lowest variance may

actually lead to selecting the wrong mechanical angle.

Figure 9 illustrates the value of the 75 variances computed from all
possible combinations of measurements in the ambiguity resolution matrix for perfect
data. As can be seen, the minimum variance has a value of zero, and no other
variance is less than 0.01. Figures 10 and 11 utilize real world data to generate the 75
variances which demonstrate the nature of the problem addressed by this disclosure.
Specifically, Figure 10 illustrates the value of the 75 variances computed from all
possible combinations of measurements in the ambiguity resolution matrix solution
for an environment known to be low in noise. In this example, there is good
separation between the best variance of 0.0001 and the second best variance of 0.003.
This 30:1 ratio leads to a high degree of certainty that the computed solution is the
correct solution, and that noise effects are not likely to have resulted in an incorrect

solution from the ambiguity resolution matrix.

However, now referring to Figure 11, which illustrates the value of the
75 variances computed from all possible combinations of measurements in the

ambiguity resolution matrix solution for an environment known to be high in noise,
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there is little difference between the best variance of 0.0026 and the second best
variance of 0.0027. This nearly 1:1 ratio leads to a low degree of certainty that the
computed solution is the correct solution. The noise effects have made it impossible

to determine which of the two solutions is the correct solution.

The contrast in the results shown in Figures 10 and 11 illustrate that by
making use of data already computed for the ambiguity resolution matrix, it is
possible to determine the quality of the solution, allowing low-quality solutions to be

rejected.

Figure 12 is one embodiment of a doppler radar processing system 200
configurable to compute a variance for each of the 75 ambiguity resolution matrix
calculations described above. System 200 incorporates three radar antennas which
receive reflected radar pulses, the pulses having originated from a radar source. A left
antenna 202 receives the pulses and forwards the electrical signal to receiver 204,
Receiver 204 forwards the received radar signal to a data acquisition unit 206. A right
antenna 208 receives the pulses, at a slightly different time than left antenna 202, and
forwards the electrical signal to receiver 210. Receiver 210 forwards the received
radar signal to a data acquisition unit 212. An offset central (or ambiguously placed)
antenna 214 also receives the reflected radar signal, and passes the received signal to
a circulator 216. Circulator 216 functions to direct the transmit signal to the antenna,
and to direct the received signal from the antenna to receiver 220, thereby allowing a
single antenna to be used for both transmitting and receiving. Receiver 220 forwards

the received signal to a data acquisition unit 222.

Data acquisition unit 206 provides a digital signal representative of the
signal received at left antenna 202 to a left phase pre-processing unit 224. Similarly,
representative signals are received at pre-processing units 226 and 228 from data
acquisition units 222 and 212, respectively. Data acquisition units 206, 212, and 222
are configured, in one embodiment, to sample received signals, and thereby reduce
the data to a rate which allows a relatively low speed computer to process digitized
radar data. In one embodiment, pre-processing units 224, 226, and 228 perform a gate

ranging function.
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A phase processor 230 receives gated, filtered signals, representative
of left, right, and central signals received at the antennas, and determines a phase
relationship between each of the left and central signal, the right and central signals,
and the right and left signals. The phase relationships between the signals are used,
along with slant range, velocity and attitude readings in a phase ambiguity processing
unit 232 to determine an interferometric (mechanical) angle, ®, to a target. A body
coordinate processor 233 utilizes the interferometric angle, ¢, to determine an XYZ
position of, for example, an aircraft employing system 200 with respect to a current

aircraft position, sometimes referred to herein as aircraft body coordinates.

A signal from data acquisition unit 222 is also received at an automatic
gain control (AGC) unit 234. A signal from AGC unit 234 is passed to pre-processing
units 236, 238, and 240. A filtered signal from pre-processing unit 236 is passed to
range track processor 242 which provides a slant range signal to phase ambiguity
processing unit 232 and altitude information. Pre-processing unit 238 passes a
filtered signal to a range verification processor 244. Pre-processing unit 240 passes a
filtered signal to a range level processor 246, which also provides a feedback signal Fo

AGC 234.

Figure 13 is a block diagram of phase processor 230 (also shown in
Figure 12). Phase processor 230 includes three phase detectors 510, 512, and 514. In
one embodiment, phase detectors 510, 512, and 514 are configured with an input and
a reference input, and further configured to determine a phase difference between the
input and the reference input. Phase processor 230 is configured to receive processed
radar return data for all of a left channel, a right channel, and an ambiguous channel.
Determination of the electrical phase difference in return data for the three channels
allows for an accurate position determination for an object from which radar data was
returned and for determination of the mechanical angle between the vehicle and the

object that has reflected the radar signals.

In the embodiment shown, phase detector 510 is configured to receive
ambiguous channel return data as input, with left channel return data as a reference,

and further configured to determine and output a phase difference between the left
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and ambiguous channels. Phase detector 512 is configured to receive right channel
return data as input, with ambiguous channel return data as a reference, and further
configured to determine and output a phase difference between the ambiguous and
right channels. Phase detector 514 is configured to receive right channel return data
as input, with left channel return data as a reference, and further configured to

determine and output a phase difference between the left and right channels.

Once phase differences between the right, left, and ambiguous
channels has been determined, as described above, the electrical phase differences are
used, in one embodiment, to compute the variance of each of the 75 ambiguity
resolution matrix computations, and upon determining the solution with the least
variance, provide the mechanical angle to the target. Figure 13 further includes a
block diagram of phase ambiguity processing unit 232. In one embodiment, phase
ambiguity processing unit 232 is configured to receive an electrical phase difference
between the ambiguous channel and the left radar channel from phase detector 510, an
electrical phase difference between the right channel and the ambiguous radar channel
from phase detector 512, and an electrical phase difference between the right channel

and the left radar channel from phase detector 514.

Phase ambiguity processing unit 232 includes a phase bias adjust unit
570 which provides a phase shift value which compensates for phase shifts which
occur in the routing of the radar signals, from receipt at an antenna and through
cabling and processing areas within aircraft 2. It is accepted that most phase shifting
of signals occurs due to cabling for the routing of signals. Phase bias adjust 570
compensates for the ambiguous channel with respect to the left radar channel. Phase
bias adjust 572 compensates for the right channel with respect to the ambiguous radar
channel. Phase bias adjust 574 compensates for the right channel with respect to the

left radar channel.

The compensated phase difference signals are received at a phase
ambiguity resolver 576. In one embodiment, phase ambiguity resolver 576 is
implemented using software, and provides the above described variance computations

to determine the physical (interferometric) angle to a target which originally reflected
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the radar signals received. In one embodiment, the physical angle signal is filtered
utilizing a low-pass filter 578, and an angular position of the target with respect to
aircraft body coordinates (X,Y,Z) is determined from the physical angle to the target

using body coordinates processor 233.

As antenna separation, radar wavelength, and aircraft position may all
affect a timing of radar signals received at the various antennas, phase differences,
which are determined as described above, will change at varying rates. In the
embodiments described herein, physical angles are calculated for multiple electrical
phase differences, and the true physical angle is a solution which provides
approximately the same physical angle calculation (e.g., the smallest variance), in
each of the three rows (within a couple of degrees). Using the first antenna pairing
(left and ambiguous), and based on antenna separation, three possible physical angles
are determined from the electrical phase difference received from phase detector 510.
As the second antenna pairing (ambiguous and right) are further apart, five possible
physical angles are determined. The last antenna pairing (left and right) are the
furthest apart, therefore seven possible physical angles are determined. As described
above, one of the physical angles from each group of physical angle calculations, will
be roughly equivalent, thereby providing an unambiguous physical angle solution. In
such a system it is important to note that separation in antenna pairing cannot be a

multiple of radar wavelength.

While the invention has been described in terms of various specific
embodiments, those skilled in the art will recognize that the invention can be

practiced with modification within the spirit and scope of the claims.
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WHAT IS CLAIMED IS:

L. A radar processing system (200) for determining a mechanical

angle to a target, said processing system comprising:

a plurality of radar antennas (202, 208, 214) receiving radar return

signals;

a phase processor (230) receiving the radar return signals from said
plurality of radar antennas, said phase processor determining electrical phases

between the radar return signals received at each respective pair of said antennas; and

a phase ambiguity processor (232) receiving the determined electrical
phases from said phase processor, said phase ambiguity processor comprising an
ambiguity resolution matrix containing the determined electrical phases and a
corresponding mechanical angle, said phase ambiguity processor programmed to
select a mechanical angle from the ambiguity resolution matrix that varies the least
from the determined electrical phases and use at least one other variance calculation

to determine a quality associated with the selected mechanical angle.

2. A radar processing system (200) according to Claim 1 wherein
said phase ambiguity processor (232) is programmed to utilize said ambiguity
resolution matrix to determine a corresponding mechanical angle to a target based
upon the determined electrical phases and at least one of a beamwidth of the radar
altimeter, a separation between said antennas (202, 208, 214), and a wavelength of the

radar signal.

3. A radar processing system (200) according to Claim 1 wherein
plurality of radar antennas (202, 208, 214) receiving radar return signals (204)
comprises receiving radar return signals at a left antenna, a right antenna, and a third
antenna (214) therebetween, the third antenna closer to one of the right and left

antennas.

4. - A radar processing system (200) according to Claim 1 wherein

said phase ambiguity processor (232) is programmed to calculate a mechanical angle

-15-
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according to 8 = [(360xS)/N]xsin(®), where 0 is a calculated electrical angle phase
difference, ® is the physical angle of the target, S is a separation between two of said
plurality of antennas (202, 208, 214), and A is a wavelength of the radar signal.

5. A radar processing system (200) according to Claim 1 wherein
said radar antennas (202, 208, 214) have a separation therebetween such that the
electrical phase angle for each pair of said plurality of radar antennas will pass

through a 360 degree electrical phase at a plurality of mechanical angles.

6. A radar processing system (200) according to Claim 1 wherein
to determine a quality associated with the selected mechanical angle, said phase
ambiguity processor (232) is programmed to compare the mechanical angle
computation resulting in the least variance with the mechanical phase computation

resulting in the second least variance.

7. A radar processing system (200) according to Claim 1 wherein
said phase ambiguity processor (232) is programmed to compare variances of all the
mechanical angle computations within the ambiguity resolution matrix to determine

the quality factor associated with any one mechanical angle computation.
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000000000000000000000000000000

FIG. 1B



WO 2008/054347

PCT/US2006/024779

212

g

TRACK

TRANSMIT PULSE

THRESHOLD 2
REFERENCE } /C[/ 22
/i [ %7 > GROUND RETURN
'30/ TRACK RANGE GATE
To r’/ _ TIME OR
RADAR RANGE
ALTITUDE
¢——— ABOVE ——»
GROUND
FIG. 2
46 ANT AMB (A2)
50
(il
ANTL [\ 2
(A1) ANT A (A3)
) 44
bHom LINE OF FLIGHT
A1 INTO PAPER
(2)
VERTICAL
DISTANCE
AIRCRAFT (Y)
ALTITUDE CROSS- 48
<—TRACK /7

DISTANCE

FIG.3



WO 2008/054347 PCT/US2006/024779

312

[Distance S12|  [Distance Sa3]
TN

N
IAm 45
s ”;
912 )5l | ¢
| Returning
|

. 02 Wavefronts

44

| Wavelength 7 | <>

48

FIG. 4



PCT/US2006/024779

WO 2008/054347

4/12

Gl

0l

S

G 'old

0

—‘l

(seaibop) Johie] 0) m_m=< jestueyospy

gl-

s

Pal

yiL

b

/
/i

e |

>
ey

s LR

g<g Uy
o<y

S

-

5

P —

e el st sl e

B

—
~

o~
E=s

‘
T, TS TP T = T

o, o

ugh-

- 0GL-

0Zl-

09

- 06

0ci
0s1
08}

siled euusjuy ¢ 1o} Jabie) o) ajbuy |eotueyssyy *sA ojbuy aseyd [ea199]3 | Heyo

(seaubap) ajbuy aseyd jesii3os|3



PCT/US2006/024779

WO 2008/054347

5/12

99l

(E3/,0)mSY = mi (EX/ OISV = m; (EWQuwsy = 0]  {(eWQusv=29] (W HUSY =0
(0TL +€'9) = | (09 + i) = mmi C'o=0] (o-"'®=.0] Gozz-T'®=.06] 6
(@v,0usv = | @y ey =9 T Qusv=294 @reusv=29 @IQusv=,0
£
) ) ) ) ) 8
(c0ZL + F %9) = Nag (c09¢ + £ 70) = 9] (f%) =0 (c09¢- %) =0 (0ZL-*%0) =8
(weusy = o] (T BUSY =,0 (13, p)usy = ¢ )
YIN ) _ N VIN “'p
(o09¢€ + % 1) = _mr t'e)=,0 (09¢-2'9) =0
sueipeirp sujd]l  sueiperrg snd sue[pel X7 snuiw|  suwiper tp snuw
3[8uy pamseay| 9j3uy pamsesiyf ojSuy pamsesjy]  o1Buy pomswoy]  ofuy pommsespy| meg
BUUSY




PCT/US2006/024779

6/12

WO 2008/054347

suoynjos g<-} Juy 2qissod L9l

(saaubap) ajbuy aseyd jeaiyoe|g

SUOIN|OS £<-Z JUY 3|qISSO m (seaibiap) jobie) o 8|Buy [eatueydspy
suopnjos Z<-} Juy 8|qissod _mocm_ﬁﬁmm;o.: | soueuep 1semo7 puz |
| 10B1e} 03 uoydauip ani ] |-} | 10b.e) 0} UOPDALIP B|qISSOY ..W., ] .
s€ 0 Sz 0c Sl ol g 0 g 0~ SI- 02 g¢-| ot mm.cw_..
s. 1 ”
; 4\— ’ ua \ ¥ m ! .\,_— 0St-
. :
_\u 2 \\ , .). “ \\ 0Z1| eseyd *o9fe
- §(¢ ¥ R £ q e £<-Z Uy
, , painseay
\ yw \ \\ _. L4 1 09-
7 # 0¢- aseyd "a9)o
3‘ \ ....... £ ! mm €<} Yy
€<l WY p t 0 painseajy
E<ZIY . / 1/ /! ot
- u._._ - o P b '
2oL Uy V1t / / / ” \8
4
sT \\ _\ ._ “ 406 aseyd "o9je
. \ \Aww % f...d : X - 7<) Wy
1 ST \ ﬁw:\ 0Cl painsesyy
[T, ! MY
i
\ 1, | L Ly \ y‘ ; [ m_\ \ 08l

JUBLUOJIAUS 3SI0U-MO] U] 8|Buy *yoa|y pue aseyd ‘09|37 usamjaq uonejdy 'z Jey)



PCT/US2006/024779

WO 2008/054347

712

8 "old

suonnjog g<-| juy 9|qissod (O
suonnjog £<-Z Juy e|qissod m
SUoNN|oS Z<-| JUY 8[qIssod | sdueLIEA J59MOT |

(seaiBap) Jebure] 0} a|Buy [eaueyayy

| 8oueleA 350M07 7 |

| 1861e) 0} uonoalp 81q1sS0d |- - - -

| 30613 03 uoyoaip eni |- 1 4 1
¢ Sz 0z s m “_ \m 0 & 0 S+ 0z s n"%. st
t } ’ \ aseya
. | v . yd -o9je
1 \N . 2 S u% “ / mr £<-7 Juy
! \ F. -
\ Q \ -\ i rAR Uw._zmmws
s |
7 A A
4 i ]
i \ r j 9-
w . 4 ’ o8- aseyd *o9j0
cvessBorssndee [ - £<=) Uy
€< JUY e 4 _ 0 painseajy
E<TIUY = ! ’ \ ; ! - ¢
Z<luy = = | | \ Iy ./,
! / L4
1 [, ~\ T 09
1 & 4
7 _s |,~_ #4906 [seyd oop
| RRhad fefBunssercasafrrssnersrarssboniborredleibiarongoneanthravenrensacflbons: /A Nyl
» Y SO S N W A s <} Wy
] \_ / .”sf —_MW o painsesjy
i 7 } \—\- 0G1
|7 Vo VY

Justuuodiaue astou-ybiy ul ajbuy "yssp pue aseyd *9a]3 usamjaq uone|ay ‘¢ Pey)

(sea1Bap) a|buy aseyd jeauysalg



PCT/US2006/024779

WO 2008/054347

8/12

6 'Old
# UONRUIWIOD WYY
0L 09 05 o7 0¢ 02 0 0
s 00—/ 4?/o -
Y - I / . o 50'0
‘ % — + 10
-
| | A e
| :
,,..:s , - g Y L Y S Z0
, / o — : | et 57D
e - e e s s e e SOPRSN— A 5 |
|

5€°0

saaibap gg'g- Je ejep Joayiad Joj suonendwod (NYY §/ 83 Jo aaueueA payndwo)

aouelep



PCT/US2006/024779

WO 2008/054347

9/12

0} "Old
# Uoeulquiod WYY

saalBap $6'9- e ejep asiou-mo| Joj suopendwos WYY G2 8Y) o aduelieA payndwo)

L4

G0'0

1’0

- 8170

A

S0

- €0

- GE€'0

14

av'o

g0

aJueLeA



PCT/US2006/024779

WO 2008/054347

10/12

Ll Ol
# UOREUIQUIOD WYY
0

l

0. 09

o

05 o
M > 1200 \»1

GL°0

A

T
i §

1A

L/ S -

Al

»

soueLie

-1 SE0

RaY

soaibap /¢ 9- Je eyep asiou-ybiy Joj suopendwos WYY G2 ayj o aduelep pandwio)

&0



PCT/US2006/024779

WO 2008/054347

¢l "Old

ZAX <

11112

80¢
A

"OSSID0Ud NOLLISINDOV
JANLILLY
‘ALIDOT3A a3 >
P 87z~ AN
¥0SS300Ud | | ONISSIV0Nd [ | mm¢_zwz<E I%\ESQN__O
JLYNIQHOO0D [+ ALINDIBY Am«%wmwmmmn_ AN e~ Sk
2008 3SYHd | | "oss300yd NOILISINDDY
= sl Vi A4 a1 viva NETNERENRRE Y
0zt
SNONSIaNY
:
- mOm.wwwoma zo_w_w_\wo% NETEREY
JONVY F - E 0z
02 ¥ez 902 AAAEES
INYS : —
oz 40853008 | ossao0ud IV
A |H O -
N 34d
JONVY \/
oz ¥0SS300¥d 40SSI00U4 00¢
| NOILYOIIHIA - SN o IO5T]
JONVY = A
¢ Maossaooud A AN
N | [ 40ss3008d ||
MOVHL d
30NLILTY JONYY




PCT/US2006/024779

WO 2008/054347

12/12

€l "Old

ZAX <

S3a1VYNIQJ00D
AdOg

¢z

@ FTONY snray | (LNANI 43¥) e—1
JlYLINOHILAIINI T syig3SYHd | 1130 3SYHd  [=—y

pis & W\

All

B 0 | N oy 1< 15nQY [ 1ll (1t 43w =—
! SYIg3SVHd [ ([|1303SVHd ey

SSYd-MOT ISVH [ T |

85~ 9/6~ ¢ls

|| isnrav | 1]l (LNdNi 43%) 1
SYig3SYHd | |[|1303SYHd  fe—V

057 & V|c”

27 0cz -




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - claims
	Page 18 - claims
	Page 19 - drawings
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings

