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(57) ABSTRACT

A method of adjusting a position of an antenna to reduce a
position error comprises receiving first data associated with
first returns associated with a first portion of an antenna. The
method further comprises receiving second data associated
with second returns associated with a second portion of the
antenna, wherein the first portion is different than, intersects
with, or includes the second portion. The method further
comprises determining the angle to the terrain using the first
and second data, whereby the angle is used to adjust or com-
pensate for the position error of the antenna.
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1
RADAR ANTENNA STABILIZATION
ENHANCEMENT USING VERTICAL BEAM
SWITCHING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is related to U.S. Pat. No. 7,307,583,
entitled “ANTENNA ADJUSTMENT SYSTEM AND
METHOD FOR AN AIRCRAFT WEATHER RADAR SYS-
TEM?”, granted on Dec. 11, 2007 by Woodell, et al, U.S.
patent application Ser. No. 12/167,203, entitled “SYSTEM
FOR AND METHOD OF SEQUENTIAL LOBING USING
LESS THAN FULL APERTURE ANTENNA TECH-
NIQUES”, filed on an even date herewith by Woodell, and
U.S. patent application Ser. No. 12/167,200, entitled “LESS
THAN FULL APERTURE HIGH RESOLUTION PHASE
PROCESS”, filed on an even date herewith by Woodell, et al,
all assigned to the Assignee of the patent application and
incorporated in their entireties herein by reference.

BACKGROUND

The present disclosure relates generally to the field of radar
systems. More specifically, the present disclosure relates to
antenna position adjustment and/or calibration.

U.S. Pat. No. 6,424,288 invented by Daniel .. Woodell and
assigned to the assignee of the present invention discloses a
system for and methods of displaying radar information using
weather radar systems. Weather radar systems generally
include an antenna coupled to a receiver/transmitter circuit
and a tilt control system. The tilt control system can be an
entirely electronic system for directing radar signals from the
antenna by electronically configuring the antenna or can be an
electro-mechanical system that physically moves the
antenna.

The tilt control system and the receiver/transmitter circuit
are coupled to a processor. The processor provides transmit
signals through the receiver/transmitter circuit to the antenna
to transmit radar beams. The processor receives return signals
derived from radar returns received by the antenna. The return
signals are provided to the processor via the receiver/trans-
mitter circuit.

The processor also provides signals to the tilt control sys-
tem to control the position of the antenna. The position of the
antenna can be adjusted with respect to its tilt angle. In addi-
tion, the tilt control circuit can allow adjustments to the eleva-
tion and roll of the antenna.

Current generation weather radar systems use automatic
antenna tilt control to command antenna azimuth scans at
desired elevation angles relative to the horizon of the weather
radar system. As scans occur, aircraft orientation can change.
The weather radar system can accommodate random compo-
nents associated with aircraft orientation by receiving an
indication of the aircraft orientation from sensors or other
aircraft equipment. The radar system uses the aircraft orien-
tation to correct antenna position so that the azimuth scan
occurs across the horizon at a fixed elevation regardless of
aircraft orientation.

To provide the most effective radar operation, the radar
antenna should be positioned at known placements with
respect to the aircraft. For example, to provide the most effec-
tive weather sensing operation, the weather radar antenna
should be positioned at known placements with respect to the
aircraft. All classes of automatic airborne weather radar sys-
tems have performance that is dependent upon the quality of
the antenna beam position versus the environmental estimates
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of' that position. These classes of automatic airborne weather
radar systems include weather radar systems manufactured
by Rockwell Collins, Inc., Honeywell International, Inc. and
others.

Many factors can contribute to antenna placement or point-
ing errors (e.g., pointing errors with respect to the expected
bore sight angle). Errors can be relatively dynamic and/or
relatively constant. Some errors can be due to installation
issues and mounting hardware tolerances. These errors tend
to be relatively constant. Once detected, calibration with
respect to errors due to installation issues and mounting hard-
ware tolerances can be achieved.

Other pointing errors can be more dynamic. For example,
airframes associated with aircraft can change shape due to
pressurization, uneven heating, and loading. Applicants have
found that these changes in shape of the airframe can affect
the expected position of the antenna (especially the expected
elevation, pitch, and roll position of the antenna). Other errors
can be due to atmospheric phenomenon, such as the lensing
effect associated with the atmosphere. Dynamic pointing
errors and/or fixed errors can also occur due to errors associ-
ated with the sensing of the aircraft’s orientation.

Heretofore, adjustment to antenna position has been per-
formed in response to observed performance of the weather
radar system. According to one conventional technique, the
antenna or bore site is aimed from a known position to a
known fixed target position. The actual return is analyzed to
make adjustments to the antenna position. The antenna is
manually or electronically trimmed to a more accurate posi-
tion. According to another conventional technique, the
antenna is positioned using optical tools.

Some aircraft have attitude sources (e.g., such as anattitude
and heading reference system (“AHRS”)). However, some of
these sources are not accurate enough in a stand alone mode,
to support weather radar operations (e.g., a MultiScan
weather radar manufactured by Rockwell Collins, Inc.).

Thus, there is a need for a system for and a method of
adjusting the position of an antenna for optimum weather
radar performance. Further still, there is aneed for real time or
pseudo-real time adjustments to antenna position to compen-
sate for dynamic errors associated with weather radar sys-
tems. Yet further, there is a need for a weather radar system
optimized to determine antenna offset errors. Yet further still,
there is a need for a system that automatically detects antenna
offset errors and provides adjustment to the antenna. There is
also a need for a weather radar system that can determine
errors associated with the roll, elevation, and pitch of an
antenna. There is also a need for a system and/or method to
measure the angle from the aircraft to ground with high accu-
racy for weather radar operations.

It would be desirable to provide a system and/or method
that provides one or more of these or other advantageous
features. Other features and advantages will be made appar-
ent from the present specification. The teachings disclosed
extend to those embodiments which fall within the scope of
the appended claims, regardless of whether they accomplish
one or more of the aforementioned needs.

SUMMARY

One embodiment of the present disclosure relates to a
method of adjusting a position of an antenna to reduce a
position error. The method comprises receiving first data
associated with first returns associated with a first portion of
the antenna. The method further comprises receiving second
data associated with second returns associated with a second
portion of the antenna, wherein the first portion is different
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than, intersects with, or includes the second portion. The
method further comprises determining the angle within the
beam to the terrain using the first data and second data,
whereby the angle is used to adjust or compensate for antenna
position error.

Another embodiment of the present disclosure relates to a
radar system coupled to a radar antenna for receiving radar
returns and a radar control system for adjusting a position of
the radar antenna. The radar system comprises a processor
coupled to receive data associated with the radar returns. The
processor receives first data associated with a first portion of
the antenna and second data associated with a second portion
of the antenna, wherein the first portion can be within, inter-
sect with, or be exclusive of the second portion. The processor
calculates the angle within the beam to the terrain using the
first data and the second data, wherein the angle is used to
adjust or compensate for antenna position error

Yet another embodiment of the present disclosure relates to
an apparatus. The apparatus comprises a radar antenna for
receiving radar returns from a target. The apparatus further
comprises means for receiving first data associated with first
returns associated with a first portion of an antenna. The
apparatus further comprises means for receiving second data
associated with second returns associated with a second por-
tion of an antenna, wherein the first portion includes, inter-
sects, or is exclusive of the second portion. The apparatus
further comprises means for determining an angle within the
beam to the terrain using the first and second data and using
the angle to adjust or compensate for antenna position error.

Alternative exemplary embodiments relate to other fea-
tures and combinations of features as may be generally
recited in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will become more fully understood from the
following detailed description, taken in conjunction with the
accompanying drawings, wherein like reference numerals
refer to like elements, in which:

FIG. 1is anillustration of an aircraft control center, accord-
ing to an exemplary embodiment;

FIG. 2 is an illustration view of the nose of an aircraft
including the aircraft control center of FIG. 1, according to an
exemplary embodiment;

FIG. 3 is a block diagram of a radar system and radar
antenna, according to an exemplary embodiment;

FIG. 4 is a flow diagram of a method of using the radar
system of FIG. 3 to adjust the radar antenna of F1G. 3, accord-
ing to an exemplary embodiment;

FIG. 5 is a flow diagram of a method of using the radar
system to determine new offsets, according to an exemplary
embodiment;

FIG. 6 is a flow diagram of a method of using an antenna
calibration circuit, according to an exemplary embodiment;

FIG. 7 is amore detailed flow diagram of a method of using
an antenna calibration circuit, according to an exemplary
embodiment;

FIG. 8 is a block diagram of a radar system and radar
antenna, according to an exemplary embodiment;

FIG. 9 is a flow diagram of a method of determining an
angle within the beam to terrain to use to determine an
antenna adjustment, according to an exemplary embodiment;
and

FIG. 10 is a flow diagram of a method of using complex
conjugation, according to an exemplary embodiment.
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DETAILED DESCRIPTION OF THE
EXEMPLARY EMBODIMENTS

Before describing in detail the particular improved system
and method, it should be observed that the invention includes,
but is not limited to, a novel structural combination of con-
ventional data/signal processing components and communi-
cations circuits, and not in the particular detailed configura-
tions thereof. Accordingly, the structure, methods, functions,
control and arrangement of conventional components soft-
ware, and circuits have, for the most part, been illustrated in
the drawings by readily understandable block representations
and schematic diagrams, in order not to obscure the disclo-
sure with structural details which will be readily apparent to
those skilled in the art, having the benefit of the description
herein. Further, the invention is not limited to the particular
embodiments depicted in the exemplary diagrams, but should
be construed in accordance with the language in the claims.

Referring to FIG. 1, an illustration of an aircraft control
center or cockpit 10 is shown, according to one exemplary
embodiment. Aircraft control center 10 includes flight dis-
plays 20 which are used to increase visual range and to
enhance decision-making abilities. In an exemplary embodi-
ment, flight displays 20 may provide an output from a radar
system of the aircraft.

In FIG. 2, the front of an aircraft is shown with aircraft
control center 10 and nose 100, according to an exemplary
embodiment. A radar system 102 (e.g., a weather radar sys-
tem) is generally located inside nose 100 of the aircraft or
inside a cockpit of the aircraft. According to other exemplary
embodiments, radar system 102 may be located on the top of
the aircraft or on the tail of the aircraft. Radar system 102 may
include or be coupled to an antenna system.

Referring to FIG. 3, a block diagram of radar system 102
(e.g., a weather radar system) is shown, according to an
exemplary embodiment. Radar system 102 may be similar to
the system described in U.S. Pat. No. 6,388,608 configured to
include an antenna position error correction system as shown
and described. The type of weather radar system is not dis-
closed in a limiting fashion. The principles of the present
disclosure are applicable to any aircraft weather radar system
or other radar system in which adjustments to an antenna
position are desirable.

Radar system 102 may be coupled to radar antenna 302 via
a receiver/transmitter circuit 304. Radar system 102 is opti-
mized to adjust or refine pitch and roll associated with radar
antenna 302. Radar system 102 advantageously provides
antenna position calibration or adjustments by using mea-
surements of angle to ground and comparing those measure-
ments with known aircraft position and altitude.

Radar control system 306 may be a mechanism that can
adjust radar antenna 302 in accordance with signals from
antenna calibration circuit 312 of processor 310. Radar con-
trol system 306 may include controls for manually or auto-
matically controlling the tilt angle, elevation, and pitch of
radar antenna 302. Radar control system 306 may implement
changes to radar antenna 302 via electronic configuration or
via mechanically moving radar antenna 302. The particular
technique for adjusting or trimming the position of radar
antenna 302 and/or the direction at which radar antenna 302
is aimed is not discussed in a limiting fashion.

Antenna calibration circuit 312 is shown within processor
310. However, according to other exemplary embodiments,
circuit 312 may be a separate circuit or separate software.
Circuit 312 may be operated in conjunction with the opera-
tions of processor 310 or separately from the operations of
processor 310. Circuit 312 may be embodied as its own soft-
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ware routing operating on its own platform. According to
other exemplary embodiments, other processing electronics
may be used in place of circuit 312. Antenna calibration
circuit 312 preferably calculates errors associated with the
position of radar antenna 302 and adjusts the position of radar
antenna 302 in accordance with the errors. Circuit 312 may
compensate for at least one of an elevation error, trim control
error, pitch error, and/or roll error. Alternatively, circuit 312
may calculate other types of positioning errors and provide
the appropriate adjustment via radar control system 306.

According to yet another alternative, circuit 312 can com-
pensate for positioning errors without mechanically adjusting
antenna 302. In one embodiment, thresholds associated with
returns are adjusted according to the positioning errors. Other
signal and return parameters can also be adjusted to correct
for positioning errors. According to one example, return
power levels can be adjusted to compensate for positioning
errors. Alternatively, adjustments can be made when graphi-
calimages are displayed to compensate for positioning errors.
In this way, circuit 312 can compensate for positioning errors
without requiring mechanical adjustment.

According to one embodiment, circuit 312 receives radar
returns and determines a range to the Earth’s surface (e.g.,
ground). In one exemplary embodiment, the range calculated
is based upon a ratio of radar beams from a multiple tilt angle
radar system. Circuit 312 calculates the ratio of return power
between two antenna beams. The ratio of return power is used
to estimate the angles to the average range of the sample
region. Circuit 312 additionally determines angles to the aver-
age range of the sample region to the FEarth’s surface based
upon geographic parameters (e.g., information not derived
from the radar returns utilized to determine the range to the
Earth’s surface). Geographic parameters may include loca-
tion and altitude. Geographic parameters may be derived
from a terrain database 320, altimeter 322, a GPS or inertial
navigation system 324, Earth models, other navigational aids,
or any combination thereof. Preferably, the angles to the
average range of the sample region derived from the geo-
graphic parameters are expressed as a function of the ratio of
more than one radar return.

Circuit 312 compares the two radar return ratios to deter-
mine an error associated with the position of radar antenna
302. The error may be expressed in terms of offsets to antenna
position. In one embodiment, the offsets are an elevation
offset, a pitch offset, and a roll offset (collectively, offset
data). The offset data is stored in memory 314 and provided to
radar control system 306 to adjust the position of radar
antenna 302. In a preferred embodiment, processor 310 can
receive the offset data and provide the position control signals
to radar control system 306 with adjustments made to the
position control signals in accordance with the offset data. In
an alternative exemplary embodiment, the offset data may be
provided directly to radar antenna 302.

Circuit 312 may periodically determine the error and cal-
culate the offset data for radar control system 306. According
to one exemplary embodiment, the offset data can be calcu-
lated every four seconds and stored in memory 314 after each
calculation. Alternatively, circuit 312 may calculate the offset
data at every radial, at the end of an entire scan, every two
seconds, or at other events when data is complete enough for
the error functions and yet the calculations do not interfere
with the other functions of system 102. Alternatively, the
error data can be stored rather than the offset data.

In one embodiment, a running average of the offset data is
stored in memory 314. If circuit 312 determines that an error
calculation or offset calculation is invalid or disqualified,
circuit 312 can use a stored error or offset stored data from
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memory 314. In this way, antenna calibration circuit 312
ensures that radar antenna 302 has its position adjusted in
accordance with the most recent valid offset data or a running
average of valid offset data. The offset data and/or error data
can also be provided to display 316 for viewing by the pilot,
maintenance personnel, or others. The offset data or the error
data provided can be display 316 as display 316 provides
graphical images associated with weather radar data. In one
embodiment, the graphical images are adjusted according to
the offset data or error data so the positioning of antenna 102
does not need adjustment. In this embodiment, the offset or
errors can be corrected by offsetting or correcting the position
of'the graphical images on the display to correct or compen-
sate for the positioning errors associated with antenna 102.

Processor 310 may be a weather radar return processing
unit configured to receive radar returns and determine an
angle from the aircraft to ground with high accuracy, among
other tasks. According to an exemplary embodiment, the
radar returns received may be weather radar returns. Proces-
sor 310 may receive first data associated with a first portion of
the antenna and second data associated with a second portion
of the antenna. Further, according to some exemplary
embodiments, processor 310 may receive third data associ-
ated with the first portion of the antenna and fourth data
associated with the second portion of the antenna. Processor
310 is coupled to a display 316 (e.g., a display such as or
similar to display 20 of FIG. 1). Processor 310 may be con-
figured to calculate standard deviations of wind velocities, to
generate turbulence alerts, and to provide a display signal to
display 316.

In a preferred embodiment, processor 310 and circuit 312
are implemented in software subroutines. The subroutines
can be executed on one or more digital signal processors
associated with radar system 102.

In operation, processor 310 provides signals, either
directly to receiver/transmitter circuit 304 or indirectly
through memory 314, to provide radar beams at radar antenna
302. Preferably, processor 310 is configured to operate radar
system 102 as a multi-scan, multi-tilt angle radar system, or a
volumetric radar system in which radar beams are produced at
more than one tilt angle. Processor 310 receives radar returns
directly through receiver/transmitter circuit 304 or indirectly
through memory 314. Receiver/transmitter circuit 304 may
be a single path or may have separate circuits for a receive
path and transmit path.

Display 316 may be configured to provide a graphical
representation of radar returns received by processor 310.
According to one exemplary embodiment, display 316 may
provide color graphical images corresponding to the intensity
of the radar returns. The graphical images may represent
weather regions, rainfall densities, turbulence regions, etc.
Display 316 may also include an additional signal scan
smoothing memory. The memory is used to store one scan and
limit the display of radically different data on the next sweep
which is done at the same tilt angle.

Memory 314 may refer to a single or several storage
devices configured for storing data and/or computer code for
completing and/or {facilitating the various processes
described in the present disclosure. Memory 314 may include
volatile memory and/or non-volatile memory. Memory 314
may be memory included with the hardware platform asso-
ciated with radar system 102. Memory 314 may be any dis-
tributed and/or local memory device of the past, present, or
future. Memory 314 is communicably connected to processor
310.

The details of radar system 102 are provided in an exem-
plary fashion. The principles of the present disclosure are
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applicable to any radar system (e.g., a weather radar system)
utilizing radar data for a display. The various components and
circuits as described may be implemented in various hard-
ware and software configurations depending upon design
parameters and system criteria. The embodiment of FIG. 3
may be used for methods 400-700 of FIGS. 4-7 to adjust the
radar antenna for sufficient use.

Referring to FIG. 4, a flow diagram of a method 400 of an
exemplary operation of radar system 102 is shown, according
to an exemplary embodiment. An estimate of the angle from
the bore site of the radar antenna to a fixed target is made (step
402). The estimate is based upon radar returns and the fixed
target may be a location on the surface of the Earth. An
estimate of the angle from the bore site to the fixed target is
made based upon non-radar data (step 404). Non-radar data
can be geographical data (e.g., altitude and position data from
database 320, altimeter 322, systems 324, etc.). The estimate
of the angle from the bore site to the fixed target based upon
radar returns is compared to the estimate of the angle from the
bore site to a fixed target based upon non-radar data and an
error is calculated (step 406). The position of the radar
antenna is adjusted via radar control system (step 408).

Referring to FIG. 5, a flow diagram of a method 500 of
using radar system 102 to determine new offsets is shown,
according to an exemplary embodiment. An error associated
with antenna position is calculated (step 502) (e.g., via step
406 of FIG. 4 or otherwise). The error data is validated (step
504). Preferably, the error is validated by comparing the error
with respect to reasonable inferences of error. In addition,
portions of the error can be compared to other portions to
determine the legitimacy of the error. For example, the error
may be expressed as vector data. Data within the vector data
may be compared to determine legitimacy of the data.

If'the data is deemed to be valid at step 504, new offsets are
calculated utilizing the error data and used by processor 310
to position antenna 302 or provided directly to radar control
system 306 to adjust antenna 302 (step 506). If the data is not
validated at step 504, radar system 102 utilizes stored offset
data or values (such as a running average or the last previous
validated data) to adjust the position of radar antenna 302
(step 508).

By continually operating method 500, the error is continu-
ously analyzed and accommodated. In this way, a single
sample of data does not adversely affect the operation of radar
system 102 during an entire flight. Radar system 102 prefer-
ably operates in real time or near real time.

Referring now to FIG. 6, a flow chart of a method 600 of the
operation of antenna calibration circuit 312 is shown, accord-
ing to an exemplary embodiment. Circuit 312 determined
estimated radar returns based upon inputs regarding the lati-
tude, longitude, and altitude of the aircraft (step 602). The
altitude may be a corrected altitude, an above ground level
(“AGL”) parameter derived from altimeter 322 or another
source (e.g., GPS), etc. Radar return samples are received
from receiver/transmitter circuit 304 (step 604). The radar
return samples are performed at a scan angle across a radial,
according to an exemplary embodiment. The estimated radar
returns from step 602 are associated with the samples of step
604 and may be compared together to determine an error in
the form of vector error data (step 606).

The vector error data is filtered and qualified (step 608). All
available data points within the error vector are averaged to
produce a single low variance mean error value. At the same
time, the variance of the error vector is computed. Variance is
used as a quality control term that allows good data vectors to
be used in the antenna adjustment process and poor error
vectors to be excluded from the process. According to one
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exemplary embodiment, step 608 may include comparing the
error data associated with a number of sectors in each scan. If
anumber of sectors in the scan quality, that data is utilized. If
not, the data from the entire scan is not utilized.

The filtered and qualified error data is translated into azi-
muth angles and stored (step 610). The filtered and qualified
error data is merged into a model of tilt angle error versus
azimuth angle. Alternatively, the model can be in any coor-
dinate system (e.g., Cartesian, Rho and Theta, etc.).

Roll, pitch, and elevation errors may be predicted using the
data from step 610 (step 612) by solving the tilt error model at
+/-90 degree and 0 degree scan angle locations. The roll error
equals %2 of the tilt error model solved at 90 degrees minus %2
the roll error solved at —90 degrees. The elevation error equals
4 the roll error solved at 90 degrees and % the error solved at
-90 degrees. The pitch error equals the elevation error minus
the tilt error solved at 0 degrees.

The roll, pitch, and elevation error predictions are filtered
(step 614). The filtered error predictions are stored in a non-
volatile memory (step 616). The stored error predictions may
be utilized when radar system 102 is initialized (e.g., at start-
up, at the beginning of each flight, etc.). In addition, the error
predictions are provided as roll, pitch, and elevation offset
vectors to radar control system 306 (step 618). Alternatively,
the offset vectors may be provided to processor 310 which
adjusts control signals to radar control system 306 in accor-
dance with the offsets.

Referring now to FIG. 7, a flow diagram of a method 700 of
using antenna calibration circuit 312 is shown, according to
an exemplary embodiment. An upper beam power vector and
a lower beam power vector is received (steps 702 and 704).
According to one exemplary embodiment, the power vectors
may be read from XY memory from memory 314 of radar
system 102. XY memory refers to a mechanism where radar
return power estimate data may be stored in a Cartesian form.
The power vectors are provided to a vector adder 706 and
compared to determine a power ratio. Preferably, the upper
beam power vector and lower beam power vector are pro-
vided as data in a logarithmic form (decibel (dB) reference).
Subtracting the upper beam power vector from the lower
beam power vector in vector adder 706 results ina power ratio
(e.g., delta dB). The power ratio is indicative of the angle
within the beam to the terrain.

Preferably, steps 702-704 utilize ranges in accordance with
a relationship with altitude. For example, at an altitude from
10,000 feet to 20,000 feet, ranges of 33-65 nautical miles are
utilized. For altitudes of 20,000 feet to 30,000 feet, ranges of
65-90 nautical miles are utilized, and for altitudes of 30,000
feet to 50,000 feet, ranges of 90-166 nautical miles are uti-
lized.

Inone exemplary embodiment, radar system 102 is a multi-
scan weather radar system that utilizes dual beam operation to
differentiate weather from ground clutter by computing the
difference in power vectors from an upper and lower beam
according to steps 702-704. Advantageously, these dual beam
processes are driven from the difference in return power from
two or more beams, thereby reducing sensitivity to the abso-
lute level of power (only the ratio between the two beams is
utilized). According to another embodiment, a volumetric
radar scan using multiple beams to probe the environment can
be utilized to determine angle to ground targets.

A delta dB vector associated with an Earth model is pro-
vided to vector adder 712 (step 708). According to one exem-
plary embodiment, the Earth model is a 4/3 diameter Earth
model which corrects for index of refraction due to the atmo-
sphere. The Earth model uses the latitude and longitude and
the altitude of the aircraft.
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A delta dB vector associated with local terrain is provided
to vector adder 712 (step 710). The delta dB vector may be
provided from a local terrain database (e.g., database 320).
Step 710 advantageously reduces errors in the estimation of
antenna errors when steps 702-704 sense ground clutter pro-
duced by non-flat ground clutter. In one embodiment, local
terrain database 320 provides offsets associated with hills,
valleys, or other small deviations associated with the Earth’s
surface. Alternatively, other devices can be utilized to provide
an indication of local terrain.

The delta dB vector associated with the local terrain is
provided to vector adder 712. The delta dB vector associated
with local terrain is combined with the delta dB vector for the
Earth model and provided to a vector adder 714 which
receives the difference of the upper beam power vector and
the lower beam power vector from vector adder 706.

The difference of the ratio of the upper beam to the lower
beam and the difference of the delta dB vector for the Earth
model and the delta dB vector from local terrain is provided to
steps 716 and 718. Utilizing the upper beam power vector, the
square sum dB error over the range is averaged (step 716) and
the delta dB error corrected for terrain over the sample range
is averaged (step 718).

The variance of the corrected delta dB error vector is com-
puted in step 716. The computed variance is used as a quality
control term. The amount of variation in the delta dB error
data is minimized in steps 716-718. The delta dB error vector
is preferably averaged in range with a first order least mean
square (“LMS”) fit over a fixed sample range.

The average square sum dB error over the range is provided
to vector adder 720. Vector adder 720 additionally received an
input from the usable sum square error threshold. Vector
adder 720 removes unwanted radials for step 722.

A curve fit delta dB versus azimuth is computed (step 722)
both as alow pass filter function operating across azimuth and
as an input to a final quality control function that computes the
square sum error between the fit and the input data. Data sets
that produce large square summed residuals between the fit
and the input data are disallowed from modifying the current
antenna adjustment set since large sum squared errors are
indicative of a poor quality curve fit or weather contamina-
tion. The output of step 722 can be expressed as fit coeffi-
cients.

The decision to use or not to use the average delta dB error
is done by comparator or vector adder 720 by comparing the
information variance of the corrected delta dB error from step
716 to a threshold. The threshold is set to a level that allows
normal variations associated with clutter to be used in step
722. Radials that are contaminated by weather generally pro-
duce large variances of the corrected delta dB vector. Con-
taminated vectors are preferably excluded from the antenna
adjustment process when their estimate variance exceeds a
threshold value. The threshold value is preferably set to not
disqualify returns that exhibit the normal variation in terrain
returns.

A second order LMS fit across azimuth is utilized (in step
722). Errors due to beam elevation position are generally
fixed or slowly varying and can be reasonably modeled by a
second order fit. The second order fit in azimuth both averages
in azimuth and models the typical errors found in elevation.

Roll, pitch and elevation errors are predicted from the fit
coefficients produced in step 722 by solving the delta dB line
fit at +/-90 degree and 0 degree scan angle locations (step
724). The roll error equals V2 of the tilt error model solved at
90 degrees minus Y2 the roll error solved at —90 degrees. The
elevation error equals %2 the roll error solved at 90 degrees and
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4 the error solved at —90 degrees. The pitch error equals the
elevation error minus the tilt error solved at zero degrees.

These errors are low pass filtered to slow down changes
(step 728) and provided to radar system 102. A loop filter
update control for controlling the filtering in step 728 may be
provided by a step 726. Step 726 is utilized with maneuver
information to provide control of step 728. A running average
of the error vectors are calculated (step 730). The running
average is stored in memory (e.g., non-volatile memory of
memory 314) (step 732).

Methods 400-700 of FIGS. 4-7 may be used to adjust the
radar antenna of the radar system, according to an exemplary
embodiment. The methods use an estimated angle within the
beam to the ground to determine an adjustment for an antenna
position based off of errors. Referring generally to FIGS.
8-10, systems and methods for determining or calculating the
angle within the beam to the ground are shown, according to
various exemplary embodiments. The angle may be used in
various steps of methods 400-700 to determine errors and
antenna adjustments as described in the methods.

Referring now to FIG. 8, a block diagram of weather radar
system 102 coupled to radar antenna 302 is shown, according
to an exemplary embodiment. Radar antenna 302 includes a
first portion 330 of antenna 302 and a second portion 332 of
antenna 302. Radar antenna 302 may receive radar returns
from a target. In an exemplary embodiment, the radar returns
received by radar antenna 302 can be separated into two or
more portions 330 and 332. First portion 330 of the returns
may relate to data from one area, while second portion 332 of
the returns may relate to a second area. For example, second
portion 332 may be a bottom half or top halfof the antenna. As
another example, second portion 332 may be any half of the
antenna, or other sized portion of the antenna. Similarly, first
portion 330 can be the entire antenna or other sized portion.
According to an exemplary embodiment, second portion 332
includes first portion 330.

According to other exemplary embodiments, the first and
second portion may be a bottom half, a top half, a left half, a
right half, or a whole of the antenna. For example, the first
portion may relate to transmitting on the full aperture (sum)
and the second portion may relate to transmitting on a half
aperture. As another example, the first portion may relate to a
half aperture and the second portion may relate to a full
aperture. As yet another example, both the first portion and
second portion may be either a full aperture or half aperture.
Further still, the half aperture can be any other fraction of a
full aperture and the full aperture can be any fraction of the
full aperture so that the combination gives an apparent change
of the phase center. Any combination of the first portion and
second portion that gives an apparent change in the phase
center may be used. The first portion is preferably not iden-
tical to the second portion. The first portion can intersect,
include, or be exclusive of the second portion.

A first pulse may be provided before sampling the first
returns associated with first portion 330, and a second pulse
may be provided before sampling the second returns associ-
ated with second portion 332. This cycle of pulse and returns
can be repeated. The first and second pulses can be full aper-
ture pulses. The full aperture receive data may be used to
allow full aperture and half aperture data to be separated.

According to one embodiment, a full aperture coded pulse
may be provided for the first data and a half aperture coded
pulse may be provided for the second data. The first data and
second data received may be associated with full aperture
received data, according to an exemplary embodiment.
According to another exemplary embodiment, a one third
aperture may be used instead of a half aperture. According to
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yet another exemplary embodiment, a two thirds aperture
may be used instead of a half aperture. According to yet other
exemplary embodiments, the aperture may be separated in
various ways other than a top half and a bottom half or a left
half and a right half, and the aperture may be separated
unevenly (e.g., not in two halves).

Radar system 102 may include a receive circuit 334 or
other circuit configured to receive first data from first portion
330 and second data from second portion 332 and to provide
the data to processor 310. In this embodiment, the first data
and second data are associated with the first and second
portion, respectively, because the first data and second data
are derived from returns received by the first and second
portion, respectively. Alternatively, the first data and second
data can be associated with the first and second portion,
respectively, because the first data and second data are derived
from returns associated with transmissions from the first and
second portion, respectively.

According to one exemplary embodiment, the first data and
second data may be derived from coded radar pulse transmis-
sions. According to another exemplary embodiment, coding
is not required. For example, one system may transmit on the
sum and receive on the sum, followed by an independent
transmit on the sum and receive on the half aperture, where
the pulse sample time does not overlap. Therefore, coding is
not required for the transmissions. In “busier” radars, the
limited scan time may lead to overlapping of sampling the
different portions of the aperture, therefore requiring the use
of different coded transmissions.

According to one exemplary embodiment, a third data
associated with third returns associated with first portion 330
may be received. Additionally, a fourth data associated with
fourth returns associated with second portion 332 may be
received. An angle within the beam to the target may be
calculated using the first return vector determined using first
data, the second return vector determined using second data,
the third return vector determined using third data, and the
fourth return vector determined using fourth data. A third
pulse may be provided before sampling the third returns, and
a fourth pulse may be provided before sampling the fourth
returns. The first, second, third, and fourth pulses may be full
aperture pulses or otherwise. The number of pulses are not
disclosed in a limited fashion. Various numbers of pulses can
be utilized.

Referring to FIG. 9, a flow diagram of a method 900 of
determining an angle within the beam to the terrain is shown,
according to an exemplary embodiment. Advantageously,
method 900 reduces the busy radar problem associated with
solutions that mechanically “dip” the antenna at several azi-
muths to measure angle to the ground. Preferably, method 900
utilizes the sub-aperture techniques to electronically switch
beams in the vertical axis or uses electronically scanned
antenna (“ESA”) techniques to electronically switch the
antenna beams in the vertical axis. The phase differences
from these beams can be used to measure the angle with a
high degree of accuracy as explained in the disclosure. The
angles are used to provide refinements to pitch and roll to
stabilize the antenna sufficiently for volumetric or multi-
scanning radar operations.

According to method 900, first data associated with first
returns associated with a first portion of the antenna is
received by the radar system of an aircraft (step 902). Second
data associated with second returns associated with a second
portion of the antenna is received (step 904).

The returns can be associated with a particular portion
because they are received or transmitted by that portion. For
example, a pulse may be transmitted by a half aperture and
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received by a full aperture or be transmitted by a full aperture
and received by a half aperture with the same effect according
to the principles of the embodiments of present invention.

According to an exemplary embodiment, the first portion is
different than, intersects with, or includes the second portion.
According to one exemplary embodiment, the data received
in steps 902-904 is representative of a range derived from a
ratio of an upper radar beam and a lower radar beam. Accord-
ing to an exemplary embodiment, the first data and second
data may be received for different azimuth angles (e.g., the
antenna angle to the terrain is different for the first data and
second data). Using the first data and second data, an angle
within the beam to the terrain may be determined (step 906).
Using the resulting angle, the position of the antenna may be
adjusted to reduce or eliminate a position error (step 908).

Step 906 of method 900 may include determining a vector
associated with the first data and second data and using a
complex conjugate method to determine an angle within the
beam to the terrain. The calculations of step 906 is shown in
greater detail in FIG. 10. According to other exemplary
embodiment, methods other than the complex conjugate
method may be used to determine the angle within the beam
to the terrain.

Referring now to FIG. 10, a flow diagram of a method 1000
of using complex conjugate calculations to determine an
angle is shown, according to an exemplary embodiment. First
data through fourth data may be received by the processor of
the radar system (steps 1002-1008) on a first pulse through
fourth pulse. According to one exemplary embodiment, the
radar system may transmit on the full aperture and receive on
the sum beam on the first pulse, followed by transmitting on
the full aperture and receiving on the half aperture for the
second pulse, followed by transmitting on the full aperture
and receiving on the sum beam for the third pulse, followed
by transmitting on the full aperture and receiving on the half
aperture for the fourth pulse. According to other exemplary
embodiment, various patterns of transmitting on full aperture
and half apertures may be used (e.g., the system may alterna-
tive transmitting on the full aperture and half aperture, while
the system receives on the full aperture). Additionally, any
less-than-full aperture may be used instead of a half aperture.
Alternatively, a three pulse pattern or other pattern may be
used instead of the four pulse pattern of method 1000 of F1G.
10.

In step 1002, on the first pulse, the system may receive a
power vector Vg (for the full aperture) and an angle ¢. The
sampled return from the first pulse may be represented by the
equation (in polar coordinates): P1=(V, £(¢)). The nomen-
clature represents a voltage signal associated with the energy
of the received return. The voltage signal is expressed as a
vector and represents power associated with the radar return.
V is the magnitude of the vector while O is the argument or
phase of the vector.

In step 1004, on the second pulse, a half aperture power
vector V; is received (for the half-aperture or upper beam).
Also received is the same arbitrary angle ¢ of step 1002 plus
a change in the phase due to movements between the pulses
(represented by the variable “PhiDoppler”) and a change in
the phase due to the shift in the phase center (represented by
the variable “PhiOffset”). The change in phase of PhiDoppler
is caused by relative movement of the target between the
pulses. The sampled return from the second pulse may be
represented by the equation:

P2=(Vy,Z (¢+PhiDoppler+PhiOffset)).

In step 1006, on the third pulse, a power vector Vg is
received. The power vector received is equal to the power
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vector received in step 1002. The Doppler continues to rotate
through because phase changes are being accumulated from
the Doppler. For the third pulse, the change in phase due to the
Doppler may be doubled compared to the change in the sec-
ond pulse of step 1004. Therefore, the sampled return from
the third pulse may be represented by the equation:

P3=(Vg,/(¢+2*PhiDoppler)).

In step 1008, a power vector V, may be received which is
equal to the power vector received in step 1004. The fourth
pulse may be similar to the second pulse, except the Doppler
continues to rotate. For the fourth pulse, the change in phase
due to the Doppler may be tripled compared to the change in
the second pulse of step 1004. The sampled return from the
fourth pulse may be represented by the equation: P4=(V,,
Z(p+3*PhiDoppler+PhiOffset)). The four pulses of steps
1002-1008 may be closely spaced such that high correlation
between the pulse returns is maintained.

Complex conjugate processing is performed (step 1010). A
value P, may be found by multiplying P1 times the conjugate
of P2 (the first and second pulse):

P =Pl*conj(P2)=(1Vs*| Vg,
Z(-PhiDoppler-PhiOffset)).

A value Pz may be found by multiplying P2 times the
conjugate of P3 (the second and third pulse): Pz=P2*conj
(P3)=(IV g4 *IV4l, £(-PhiDoppler+PhiOffset)).

A value P may be found by multiplying P, times the
conjugate of P:

P =P *conj(Pg)=(1V; 211V | L(2*PhiOffset))

In the previous equation, for the angle component of P,
the values for ¢ and PhiDoppler cancel out, and the only
variable of the angle component remaining is two times the
phase center shift. The variable PhiOffset may be solved for
using the equation

1
PhiOffset = (5 ® arctan(PC)).

The remaining value of the angle component may be used
as a parameter for computing the angle to target relative to the
antenna pointing angle (step 1012). The phase shift is a direct
function of the steering angle inside the real beam. For
example, for a 12 inch antenna operated at 9.3 GHz, in the
value of the phase of P, 10 degrees of phase shift represents
one degree of target angle change. In other words, for every
degree by which the phase change is off, the beam center is off
by Vio” of a degree (e.g., Vi0” of a degree from normal to the
surface of the antenna). This may be represented by the equa-
tion: PhiBeam=PhiOffset+10, where PhiBeam is simply the
target angle change.

Still referring to step 1012, the output of the set of conju-
gate multiplications of step 1010 produces a scaled version of
the angle from the antenna pointing angle (the angle refer-
ences to a vector normal to the surface of the antenna flat
plate). Once scaling (via multiplication) is performed, the
antenna pointing angle may be added to produce the angle
within the beam to the target. If the antenna pointing angle is
referenced to the local horizon (e.g., ground), the final angu-
lar value provided by method 1000 is the angle within the
beam to the target referenced to the local horizon.

The resultant vector of the multiplications of step 1010 is in
a full rectangular form, which allows the vector to be in a
usable form to allow coherent integration (the addition of
multiple vector estimates to produce a better final estimate)
with similar vectors.
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According to various exemplary embodiments, the process
flow of FIGS. 4, 5, 6, 7, 9, and 10 may be embodied as
hardware and/or software. In exemplary embodiments where
the processes are embodied as software, the processes may be
executed as computer code on any processing or hardware
architecture or in any radar system.

The correlated responses associated with system 102 allow
system 102 to require less filters and less latency. The
responses are correlated because they are much closer
together in time then conventional systems.

While the detailed drawings, specific examples, detailed
algorithms, and particular configurations given describe pre-
ferred and exemplary embodiments, they serve the purpose of
illustration only. The inventions disclosed are not limited to
the specific forms shown. For example, the methods may be
performed in any of a variety of sequence of steps or accord-
ing to any of a variety of mathematical formulas. The hard-
ware and software configurations shown and described may
differ depending on the chosen performance characteristics
and physical characteristics of the radar and processing
devices. For example, the type of system components and
their interconnections may differ. The systems and methods
depicted and described are not limited to the precise details
and conditions disclosed. The flow charts show preferred
exemplary operations only. The specific data types and opera-
tions are shown in a non-limiting fashion. Furthermore, other
substitutions, modifications, changes, and omissions may be
made in the design, operating conditions, and arrangement of
the exemplary embodiments without departing from the
scope of the invention as expressed in the appended claims.

What is claimed is:

1. A method of adjusting a position of an antenna to reduce
a position error, the method comprising:

receiving first data associated with first returns associated

with a first portion of an antenna;

receiving second data associated with second returns asso-

ciated with a second portion of the antenna, wherein the
first portion is entirely different than, intersects with or
includes the second portion, the first portion and the
second portion not being the same, wherein the first
portion includes all of the antenna or a portion of the
antenna; and

determining an angle to terrain using the first and second

data, whereby the angle is used to compensate or adjust
the position of the antenna to reduce the position error.

2. The method of claim 1, wherein the second returns
associated with the second portion are associated with a half
aperture and the first returns associated with the first portion
are associated with a full aperture.

3. The method of claim 1 further comprising determining a
first vector associated with a target on the terrain using the
first data and a second vector associated with the target using
the second data.

4. The method of claim 3 wherein the complex conjugate
between the first vector and the second vector is used to
determine an angle within a beam to the terrain with known
Doppler.

5. The method of claim 1 further comprising:

providing a first pulse before sampling the first returns; and

providing a second pulse before the sampling the second

returns.

6. The method of Claim 1 further comprising:

receiving third data associated with third returns associated

with the first portion of the antenna;

receiving fourth data associated with fourth returns asso-

ciated with the second portion of an antenna; and
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determining the angle using the first data, the second data,

the third data and the fourth data.

7. The method of claim 6, further comprising;

providing a first pulse before sampling the first return;

providing a second pulse before sampling the second

returns;

providing a third pulse before sampling the third returns;

and

providing a fourth pulse before sampling the fourth returns.

8. The method of claim 7, wherein the first and third pulses
are full aperture pulses.

9. The method of claim 8, wherein V1 represents a vector
associated with the first data, V2 represents a vector associ-
ated with the second data, and the angle is an angle within a
beam to the terrain is represented by: arctan(VC)/2, where
VC=V1 times the conjugate of V2.

10. The method of claim 9 wherein VC is in a rectangular
form to allow coherent integration with other vectors.
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11. The method of claim 1 wherein the first data and the
second data are received for different azimuth angles.

12. An apparatus, comprising:

a radar antenna for receiving radar returns from a target;

means for receiving first data associated with first returns
associated with a first portion of an antenna;

means for receiving second data associated with second
returns associated with a second portion of an antenna,
wherein the first portion includes the second portion,
intersects the second portion, or is exclusive of the sec-
ond portion; and

means for determining an angle within a beam to the terrain
using the first and second data and using the angle to
adjust or compensate antenna position to reduce radar
antenna position errors.



