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RELATED APPLICATION

This application claims the benefit of U.S. Provisional Application

Serial No. 3 , filed April 1, 2010 and titled "Ma ta Low

Sidelobes in a Phased Array Antenna with Failed Antenna Elements." The

entire teachings of the above application are incorporated herein by

reference.

GOVERNMENT RIGHTS IN THE INVENTION

This invention was made with government support under grant

number FA8721-05-C-0002 awarded by the Air Force. The government has

certain rights in this invention.

FIELD OF THE INVENTION

The present invention relates generally to the operation of phased

array antennas. More particularly, the invention relates to methods of

operating a phased array antenna having one or more failed antenna

elements.

BACKGROUND OF THE INVENTION

In many systems employing phased array antennas, operation with a

low spatial sidelobe antenna pattern is required. By way of example these

systems include radar systems, communication systems and sonar systems

If one or more antenna elements fail to operate, satisfactory operation may

still be possible as long as the antenna patterns for each of the individual

elements in the array is known with sufficient accuracy. Accurate



knowledge of the individual antenna patterns permits a low spatial sidelobe

antenna pattern to be computed despite the presence of failed antenna

elements. f the array antenna patterns are not accurately known,

computation of the lo sidelobe antenna patterns cannot be performed and

satisfactory operation of the phased array antenna is typically not possible.

SUMMARY

In one aspect the invention features a method of modifying an

antenna pattern for a phased array antenna having a failed antenna

element. The method includes determining a plurality of proximate

beamformers in a proximate angular region about a beamformer that is

defined at an angle of interest and has at least one failed antenna element.

Each proximate beamformer has a proximate beamformer weight vector. A

corrected beamformer weight vector at the angle of interest is determined as

a linear combination of the proximate beamformer weight vectors. Each

element of the corrected beamformer weight vector that corresponds to one

of the failed antenna elements has a value of zero.

n another aspect, the invention features a method of modifying an

antenna pattern of a phased array antenna having a failed antenna element.

The method includes determining, for a beamformer having low sidelobes

and defined for an angular direction Θ, & corrected beamformer. At least one

antenna element in a plurality of antenna elements coupled to the

beamformer is a failed antenna element. The corrected beamformer has a

corrected beamformer weight vector w for the angular direction Θ defined

as

where vv ( represents a beamformer weight vector for each proximate

beamformer in a plurality of proximate beamformers that have low sidelobes



and are within a proximate angular region of the angular direction Θ. Each

element in the corrected beamformer weight vector that corresponds to

a one of the failed antenna elements has a value of zero.

In still another aspect, the invention features a method of determining

a modified beamformer for a phased array antenna. A target value for a

change in an average sidelobe estimate for the modified beamformer is

selected and a value for a maximum taper loss for the modified beamformer

is selected. The modified beamformer is determined as a linear combination

of a number of proximate beamformers defined in the absence of failed

antenna elements. A change in the average sidelobe estimate is determined

based on the modified beamformer. If the change in the average sidelobe

estimate for the modified beamformer exceeds the selected target value, the

steps of determining the modified beamformer and determining the change

i the average sidelobe estimate are repeated u ntil the change in the average

sidelobe estimate does not exceed the selected target value. The number of

proximate beamformers used to determine the modified beamformer is

increased for each repetition of the steps of determining the modified

beamformer and determining the change in the average sidelobe estimate. If

the taper loss for the modified beamformer exceeds the selected value for the

maximum taper loss, the steps of determining the modified beamformer,

determining the change in the average sidelobe estimate and determining if

the change in the average sidelobe estimate exceeds the selected target value

are repeated for an increased number of proximate beamformers until the

taper loss for the modified beamformer does not exceed the selected value

for the maximum taper loss.

In yet another aspect, the invention features a method of determining

a modified beamformer for a phased array antenna. A target value for a

taper loss for the modified beamformer is selected and a maximum value for

a change in an average sidelobe estimate for the modified beamformer is

selected. The modified beamformer is determined as a linear combination of

a number of proximate beamformers defined in the absence of failed



antenna elements. The taper loss is determined based on the modified

beamformer. If the taper loss for the modified beamformer exceeds the

selected target value, the steps of determining the modified beamformer and

determining the taper loss are repeated until the change in the average

sidelobe estimate does not exceed the selected target value. The number of

proximate bearnformers used to determine the modified beamformer is

increased for each repetition of the steps of determining the modified

beamformer and determining the taper loss. f the change in the sidelobe

estimate for the modified beamformer exceeds the maximum value, the steps

of determining the modified beamformer, determining the taper loss and

determining if the change in the sidelobe estimate exceeds the maximum

value are repeated for an increased number of proximate bearnformers until

the change in the sidelobe estimate for the modified beamformer does not

exceed the maximum value.

n yet emother aspect, the invention features a computer program

product for determining a modified antenna pattern for a phased array

emtenna having a failed antenna element. The computer program product

includes a computer read b le storage medium having computer readable

program code embodied therein. The computer readable program code

includes computer readable program code configured to determine a

plurality of proximate bearnformers in a proximate angular region about a

beamformer at an angle of interest and having at least one failed antenna

element. Each of the proximate bearnformers has a proximate beamformer

weight vector. The computer readable program code also includes computer

readable program code configured to determining a corrected beamformer

weight vector at the angle of interest as a linear combination of the

proximate beamformer weight vectors, each element of the corrected

beamformer weight vector corresponding to one of the failed antenna

elements having a value of zero.



BRIEF DESCRIPTION OF THE DRAWINGS

The above and further advantages of this invention may be better

understood by referring to the following description in conjunction with the

accompanying drawings, in which like numerals indicate like structural

elements and features in the various figures. For clarity, not every element

may be labeled in every figure. The drawings are not necessarily to scale,

emphasis instead being placed upon illustrating the principles of the

invention.

FIG. 1 is a block diagram of a digitally controlled beamformer.

FIG. 2 is a graphical representation of low sidelobe beamformers that

are a subset of beamformers within an n-dimensional vector space.

FIG. 3 shows a flowchart representation of an embodiment of a

method for modifying an antenna pattern of a phased array antenna

according to the invention.

FIG. 4 shows a flowchart representation of another embodiment of a

method for modifying an antenna pattern of a phased array antenna

according to the invention.

FIG. 5 shows examples of antenna patterns that result according to

four conditions for a 64 element linear array.

FIGS. 6A, 6B and 6C illustrate a antenna pattern for o failed

antenna elements, an optimum antenna pattern achievable with a single

failed element, #15, and a corrected antenna pattern achieved using the

method of FIG. 3, respectively.

FIGS. 7A, 7B and 7C illustrate an antenna pattern for no failed

antenna elements, an optimum antenna pattern achievable with a single

failed element, #32, and a corrected antenna pattern achieved using the

method of F G. 3, respectively.

FIGS. 8A, 8B and 8C show an original antenna pattern for no failed

antenna elements, an optimum antenna pattern achievable with three failed



elements, #15, 32, and 53, and a corrected antenna pattern resulting from

the method of FIG. 3, respectively.

FIG. 9A illustrates the amplitudes of each component of a weight

vector for a phased array having no failed elements.

FIGS. 9B, 9C and 9D illustrate the amplitudes for each component of

a corrected bearnforrner weight vectors and for each component of an

optimum weight vector for each of FIGS. 6B and 6C, FIGS. 7B and 7C, and

F GS. 8B and 8C, respectively.

FIGS. 0A and 106 show the antenna patterns for linear array

having no failed elements and having a single failed element, respectively,

based on application of the method of FIG. 4 .

FIGS. A shows the antenna pattern for no failed elements under

normal operation and FIG. 1 B shows the antenna pattern achieved using

the method of FIG. 4 to achieve a reduction in taper loss.

FIG . 12 shows an example of a low sidelobe pattern for a 16 x 16

array.

FIG. 13 shows an uncorrected antenna pattern for a 16 x 16 array

having two failed antenna elements.

FIG. 14 shows a corrected antenna pattern achieved according to the

method of FIG. 3 where the goa l is to match the origina l sidelobe levels for

the 6 x 16 array with no failed antenna elements.

FIG. 5 shows bearnforrner amplitudes for each element of the 16 x 16

array with no failed antenna elements.

FIG. 16 shows the bearnforrner amplitudes applied to the 16 x 16

array for the corrected antenna pattern of FIG . 4 with an "x" indicating the

location of the two failed elements.



DETAILED DESCRIPTION

The performance of a phased array antenna typically degrades

significantly when one or more of the antenna elements fail to operate. In

particular, it can be difficult to achieve spatial antenna patterns having low

sidelobes. Satisfactory operation may be possible if the array individual

antenna element patterns are accurately known so that low spatial sidelobe

antenna patterns can be computed and generated despite the presence of

failed antenna elements.

I some phased array antennas the individual antenna element

patterns are not accurately known; however, low sidelobe beamformers that

have no failed antenna elements are known. The following description is

directed primarily to a phased array antenna having a number n of antenna

elements and for which the array antenna element patterns are not

accurately known. Thus the true steering vector v 9 to an angle Θ is ot

accurately known. The unknown antenna calibration errors ε (β limit the

ability to compute low sidelobe antenna patterns to the desired level. An

assumed steering vector να θ) that is equal to the sum of the true steering

vector v t d and the antenna calibration error ε θ) for the angle Θ is known

n addition, a beamformer weight vector w(6 for a low sidelobe beamformer

is known, where the inner product {w(6), v ( +φ )) (unit normed vectors are

assumed) of the weight vector ( ) and true steering vector v , ( ) is small for

a value of φ in the sidelobe region. The sidelobe region encompasses the

angles i which low sidelobes are desired and is always outside the null-to-

null beamwidth of the mainlobe.

In brief overview, aspects of the invention relate to a method for

modifying an antenna pattern of a phased array antenna having at least one

failed antenna element. In various embodiments, the method enables

determination of a weight vector for a corrected beamformer to enable

generation of a lo spatial sidelobe antenna pattern despite the presence of

the one or more failed antenna elements. The method allows for computing

these low spatial sidelobe antenna patterns without requiring a recalibration



of the antenna thereby enabling uninterrupted operation of various types of

systems that employ phased array antennas. In other embodiments, the

method allows control of taper loss or sidelobe level for phased array

antennas having no failed antenna elements.

The method is particularly suited for a phased array antenna where

the failure of an antenna element has no significant effect on the antenna

patterns of neighboring antenna elements. For example, the phased array

antenna may be constructed to provide constant impedance at an antenna

element port regardless of whether or not the antenna element has failed.

Thus the mutual coupling between antenna elements is substantially

unaffected by the failure of antenna elements.

As will be appreciated by one skilled in the art, aspects of the present

invention may be embodied not only as a method, but also as a system or

computer program product. Accordingly, aspects of the present invention

may fake the form of an entirely hardware embodiment, an entirely software

embodiment (including firmware, resident software, micro-code, etc.) or an

embodiment combining software and hardware aspects that may all

generally be referred to as a "circuit," "module" or "system." Furthermore,

aspects of the present invention may take the form of a computer program

product embodied in one or more computer readable medium(s) having

computer readable program code embodied thereon.

Any combination of one or more computer readable mediuni(s) may be

utilized . The computer readable medium may be a computer readable signal

medium or a computer readable storage medium. A computer readable

storage medium may be, for example, bu not limited to, an electronic,

magnetic, optical, electromagnetic, infrared, or semiconductor system,

apparatus, or device, or any suitable combination of the foregoing. More

specific examples (a non-exhaustive list) of the computer readable storage

medium include the following: an electrical connection having one or more

wires, a portable computer diskette, a hard disk, a random access memory

(RAM), a read-only memory (ROM), an erasable programmable read-only



memory (EPROM or Flash memory), a optica l fiber, a portable compact disc

read-only rnem ory (CD-ROM), an optical storage device, a magnetic storage

device, or any suitable combination of the foregoing. In the context of this

document a computer readable storage medium may be any tangible

medium that can contain, or store a program for use by or in connection

with an instruction execution system apparatus, or device.

A computer readable signal medium may include a propagated data

signal with computer readable program code embodied therein, for example,

in baseband or as part of a carrier wave. Such a propagated signal may

take any of a variety of forms, including, but not limited to, electro

magnetic, optical, or any suitable combination thereof. A computer readable

signal medium may be any computer readable medium that is not a

computer readable storage medium and that can communicate, propagate,

or transport a program for use by or in connection with an instruction

execution system, apparatus, or device.

Program code embodied on a computer readable medium may be

transmitted using any appropriate medium, including but. not limited to

wireless, wire-line, optical fiber cable, RF, etc., or any suitable combination

of the foregoing.

Computer program code for carrying out operations for aspects of the

present invention may be written in any combination of one or more

programming languages, including an object oriented programming

language such as Java, Smalltalk, MATLAB, C++ or the like and

conventional procedural programming languages, such as the C"

programming language or similar programming languages. The program

code ay execute entirely on the user's computer, partly on the user's

computer, as a stand-alone software package, partly on the user's computer

and partly on a remote computer or entirely on the remote computer or

server. In the latter scenario, the remote computer may be connected to the

user's computer through any type of network including a local area network

(LAN) or a wide area network (WAN), or the connection may be made to an



external computer (for example, through the Internet using an Internet

Service Provider) .

Aspects of the present invention are described belo with reference to

flowchart illustrations and/ or block diagrams of methods, apparatus

(systems) and computer program products according to embodiments of the

invention t will be understood that each block of the flowchart

illustrations and/ or block diagrams, and combinations of blocks in the

flowchart illustrations and/ or block diagrams, can be implemented by

computer program instructions. These computer program instructions may

be provided to a processor of a general purpose computer special purpose

computer, or other programmable data processing apparatus to produce a

machine, such that the instructions, which execute via the processor of the

computer or other programmable data processing apparatus, create means

for implementing the functions / acts specified in the flowchart and/ or block

diagram block or blocks.

These computer program instructions may also be stored in a

computer readable medium that can direct a computer, other programmable

data processing apparatus, or other devices to function in a particular

manner, such that the instructions stored in the computer readable medium

produce an article of manufacture including instructions which implement

the function /act specified in the flowchart and/or block diagram block or

blocks.

The computer program instructions may also be loaded onto

computer, other programmable data processing apparatus, or other devices

to cause a series of operational steps to be performed on the computer,

other programmable apparatus or other devices to produce a computer

implemented process such that the instructions which execute on the

computer or other programmable apparatus provide processes for

implementing the functions/ acts specified in the flowchart and/ or block

diagram block or blocks.



The flowchart and block diagrams in the figures illustrate the

architecture, functionality, and operation of possible implementations of

systems, methods and computer program products according to various

embodiments of the present invention. In this regard, each block in the

flowchart or block diagrams may represent a module, segment, or portion of

code, which comprises one or more executable instructions for implementing

the specified logical functioii(s). t should also be noted that in some

alternative implementations, the functions noted in the block may occur out

of the order rioted in the figures. For example, two blocks shown in

succession may , in fact, be executed substantially concurrently , or the

blocks may sometimes be executed in the reverse order, depending upon the

functionality involved. t will also be noted that each block of the block

diagrams and/ or flowchart illustration, and combinations of blocks in the

block diagrams and/ or flowchart illustration, can be implemented b_y special

purpose hardware-based systems that perform the specified functions or

acts, or combinations of special purpose hardware and computer

instructions.

According to various embodiments of the method of the invention, the

weight vector for a low sidelobe beamformer for a phased array having one

or more failed elements, referred to herein as a corrected beamformer weight

vector w(O) , is determined as a linear combination of weight vectors for

certain low sidelobe beamformers ( ) , given by wW) = . .) where 2 k
i--k

+ 1 is the total number K of beamformers used to create the corrected

beamformer weight vector ν n W Q . a e proximate weight vectors for

beams with low sidelobes and no failed elements. Choosing an odd number

of beams symmetrically surrounding and including the direction of

interest generally achieves better performance. However, when these beams

are not available, K does not need to be odd and the beams do not need to

be symmetrically selected.



Methods for determining low sidelobe beamformers are described, for

example, in U.S. patent application no. 13/070,566, titled "iterative Clutter

Calibration (ICC) with Phased Array Antennas" and filed concurrently with

this application in which digitally-controlled analog beamformers in an

airborne phased array radar are iteratively adjusted during a calibration

ilight until sidelobe clutter power is minimized or reduced to an appropriate

level. Consequently, the beamformers are determined for low sidelobe

antenna patterns without accurately knowing the individual antenna

element patterns.

The method to achieve a low spatial sidelobe antenna pattern in the

presence of one or more failed antenna elements in a phased array antenna

according to principles of the invention will be shown to achieve a near

optimal solution even if the individual antenna element patterns are

accurately known. Thus for some systems, in particular where a rapid

recalculation of the beamformer weight vector with failed elements is

required, it may be preferable to use the method of the invention even if

v t Q is accurately known.

FIG. 1 is a block diagram illustrating how a digitally controlled

beamformer 0 processes the signals received at a number n of antenna

elements 1 in an array to effectively produce a single Σ ΒΕΑ corresponding

to a beam for an angle Θ The beamformer 0 is a fully-digital beamformer if

the n signals from the antenna elements 14 are digital signals. Conversely,

the beamformer 10 is an analog beamformer if the n signals are analog

signals.

The following method can be used if the antenna element patterns are

known with sufficient accuracy to achieve the desired sidelobe level. The

weight vector w ) for a low sidelobe beamformer with no failed antenna

elements can be determined as

(0) = µ ί v ) (la)



where ?( ) is a modeled covariance matrix with sidelobe interference given

by

R 9 (lb)

and where the modeled interference covariance with no noise M (0) is given

by

~ ∑ β (lc)

/ is an identity matrix representing the thermal noise, 0< <1 describes the

mixture of modeled interference to thermal noise, 2 ∆ is the width of the

mainlobe of the antenna pattern, L is the number of terms in the sum, µ is a

normalizing scale factor making unit norm and H denotes the

Hermitian transpose.

If the array has failed antenna elements. Equations l , l b and c can

be modified to delete the rows and columns of R ( and va ( ) corresponding

to the location of the failed elements. The method fails to achieve low

sidelobes regardless of whether or not failed antenna elements are present if

the individual antenna element patterns have significant calibration errors.

The methods of the invention described below primarily address situations

in which a combination of at least one failed element and large calibration

errors exist.

I one embodiment of a method for forming an antenna pattern with

an array antenna having a failed antenna element according to the

invention, a number of low sidelobe beamformers ( ) for i = 1,2, ... K

defined with no failed elements, and which are proximate to an angle of

interest Θ are determined. FIG. 2 graphically illustrates how the if low

sidelobe beamformers are a subset of beamformers determined from

beamformers within an n-dimensional vector space. Preferably, the

beamformers in the subset are closely spaced, for example, with



beamformers being separated from "adjacent beamformers" by less than a

beamwidth. I some embodiments, the spacing between adjacent

beamformers is one-half a beamwidth A matrix WK is formed with the

w (9i for i ----- 1,2, ... K as columns.

By way of example, J is a number of failed antenna elements where J

is an integer that is less than the number i of low sidelobe beamformers. D

is a vector describing the location of the failed elements. Within the space

spanned by WK is a subspace Sv of dimension K - J where all vectors in Sv

have a value of zero at the locations corresponding to the failed antenna

elements.

K(D, :) is a K matrix of only the rows of the matrix WK that have

failed antenna elements. The K (K- matrix, expressed in MATLAB

notation as null(W (_D, ;)), is an orthonormal basis for the null space of

W D, :) obtained from the singular value decomposition. Stated

alternatively, WK D, ) [r l(W D, :))] is a J (K - J) matrix of zeroes and thus

V = W \nuii( W ( / , : ) ) ( 2

is an n x (K-J) matrix with zeroes along the rows corresponding to the

location of the J failed elements. The subspace spanned by the columns of

V is the subspace Sv shown in FIG. 2 . The solution for the corrected

beamformer weight vector is constrained to the subspace Sv > thus

Equation can be modified as follows:

(0) = µν ν θ ν - V va ) 3

fiV [ l - Y)V V + γ ν Η Μ θ ν ]- 1ν Η να θ)

Equation 3 can be used directly if M(0) is known with sufficient

accuracy; however, if the calibration errors are too large to provide a good

estimate for the modeled interference covariance with no noise ( ) , the

term l M( ) can be shown to be well approximated by al where is the

average sidelobe leve l achieved by the beamformers in WK . Thus the



solution for the corrected beamformer weight vector w(ff) according to

Equation 3 can be expressed as

(0) = µ [( ί - Y V V + γ α1} ν να (θ) (4)

where, in the transformed space, is the correlated thermal noise and al

is the interference covariance estimate. To simplify the form of this equation

one can substitute γ — γ 1 — γ + ay), yielding

ν(0) = fiV[(l )V V + ί?/] _ 1 ν ( ) (5)

where µ = µ/(1 γ ! αγ ) is the new normalization constant n determining

the parameters K and γ it is useful to have an estimate for the change in the

taper loss and the average sidelobes. Without significant calibration errors,

the taper loss estimate expressed in dB is given by

iQlog
1 Q

\w ) α θ) \2 < 0 where both ( ) and να θ are unit normed. The

average sidelobes can be estimated based on ν (θ) —Vc where c is a K - J

vector of coefficients for combining the columns of matrix V. Thus the

change in the average sidelobe estimate ASLest is given by

ASLest (w(0)) w(0) M(0)w(G)/a

= c V )Vc/ a (6)

based on the approximeition V M 6 V = al.

As previously described, γ describes the amount of modeled

interference relative to thermal noise. A value of zero for γ in Equation 5

refers to a projection onto the space spanned by the columns of that can

yield low sidelobes because all columns of have relatively low sidelobes;

however, when combining several vectors, the sidelobes can increase. For a

fixed K, γ equal to zero yields the lowest taper loss and the highest

sidelobes. increasing the value of has the effect of regularizing the matrix

V reducing the contribution the eigenvectors corresponding to the



small eigenvalues of V V . The lowest sidelobes and greatest taper loss are

obtained for the value of equal to one. importantly when searching for a

good value for f , as the value of f increases the change in the average

sidelobe estimate ASLest monotonically decreases and the taper loss

monotonically increases (i.e., performance defined by taper loss degrades).

Tradeoffs can be made between taper loss, sidelobe level and/ or

mainbeam region when determining the corrected beamformer weights ) .

Parameter selections are determined in part according to the properties

most important to a particular application. Parameter selections are

simplified based on the monotonic properties discussed above. More

specifically, the value of K affects the width of the mainbeam region. The

coefficients of the linear combination of proximate beamformers are

approximately the corrected pattern gain at the corresponding look

directions. Consequently, a larger value for K results in a wider mainbeam

region evident as a wider mainlobe or increased first sidelobes.

Advantageously, even with antenna calibration errors, the shape of the

resulting mainbeam region is predictable and can be adjusted in some

instances according to the needs of the particular application.

Referring to FIG . 3, a flowchart representation of an embodiment of a

method 100 for modifying an antenna pattern of a phased array antenna

according to the invention is shown. A target value (i.e., a goal) δ for the

change in the average sidelobe estimate ASL e t. and a value for a maximum

acceptable taper loss (expressed as a positive number) are selected (steps

0 and 120, respectively). A value of one for the change δ corresponds to

no change in the average sidelobe estimate. The method 100 determines the

parameters corresponding to the narrowest mainbeam region that satisfies

the specified constraints. The number K of proximate beamformers to use

in calculating the corrected beamformer w is initialized (step 130) at the

smallest odd value of K that is greater than the number J of failed elements

and w y ----- 1) is determined (step 140). Although not required, limiting K to

an odd value ensures that symmetric proximate beamformers around the



beamformer of interest are used and the resulting beam pattern within the

mainlobe is more symmetric around the peak f it is determined (step 50}

that the change i the average sidelobe estimate ASL es exceeds the target

value ", the value of is increased (step 0) by two and w(y 1) is again

determined (step 140) until ASL es is determined (step 50) to be less than or

equal to the target value ". Once an appropriate K is determined, a single

variable search of a rnonotoriic function determines (step 170) a value for ,

0 < γ < 1, with ASLest equal to the selected change 5 . f the resulting

beamformer weights are determined (step 180) to satisfy the taper loss

requirement (i.e., the absolute value of the temper loss expressed in dB is less

than the maximum taper loss), the method 100 is complete, otherwise the

method 00 returns to step 0 to increase the value of K and the

subsequent steps are repeated.

Referring to FIG. 4, a flowchart representation of another embodiment

of a method 200 for modifying an antenna pattern of a phased array

antenna according to the invention is shown. A target value ζ for the taper

loss and a maximum value for the change in the average sidelobe estimate

SL t are selected (steps 2 10 and 220, respectively). The number K of

proximate beamformers to use in calculating the corrected beamformer is

initialized (step 230) at the smallest odd value of K that is greater than the

number J of failed elements and w(y = 0) is determined (step 240). Again,

an odd value for K ensures that calculations are made using symmetric

proximate beamformers around the beamformer of in terest f it is

determined (step 250) that the absolute value of the taper loss is greater

than ζ, i is increased (step 260) until the absolute value of the taper loss

equals or is less than the specified value ζ to meet the requirement. Once a

value for K is found that satisfies the taper loss requ irement a single

variable search of a moriotonic function determines (step 270) a value for γ ,

0 < γ < 1, for a taper loss that is equal to the specified value ζ. f the

resulting w is determined (step 280) to satisfy the average sidelobe estimate



ASLest requirement, the method 200 is complete, otherwise the method 200

returns to step 260 to increase the value of K.

f the selected values (steps 10 and 120 for method 100 or steps 2 10

and 220 for method 200) are too stringent, increases to an unacceptably

large value and an acceptable solution may not be found. In such instances

the method 100 or 200 is re-initiated with a selection of new parameter

values. Advantageously, the numerical solutions to find γ are efficiently

determined due to the monotonic relationships described above.

Examples based on a 64 element uniform linear array

The following examples show the results from applying the method of

the invention to a variety of test cases. Each test case is based on an

assumed array of steering vectors, from a perfect uniform linear array

having 64 array elements indexed sequentially by position and referred to as

elements 1 to 64. The vector of calibration errors ε(θ changes with Θand

results in the true array steering vectors having perturbations from the

perfect uniform linear array. The calibrations errors ε(θ) limit the

beamformer sidelobes based solely upon the assumed steering vectors να(θ

to -30 dB. t is assumed that beamformer weight vectors w ( ) that can

achieve -50 dB sidelobes are available. The beams i WK are spaced by one

half beamwidth.

FIG. 5 depicts the antenna patterns that result according to four

conditions for the 64 element linear array: no failed antenna elements,

element 15 failed, element 32 failed and elements 15, 32 and 53 failed. The

taper loss values shown for each condition are relative to the true array

steering vectors vt (0 .

FIGS. 6A, 6B and 6C show the original antenna pattern for no failed

antenna elements, the optimum antenna pattern than can be achieved with

a single failed element (15) and the corrected antenna pattern that is

achieved using the method 100 of FIG. 3, respectively. The optimum



beamformer corresponding to the antenna pattern of FIG. 6B is defined as a

beamformer according to Equation 1 where να (θ) ----- v( ), γ is selected to

maintain the sidelobe levels at -50 dB and 2 ∆ is chosen to be the angular

width of the i beams used by the method to determined the corrected

beamformer. In this example, the corrected antenna pattern is determined

for K = 3 and γ = 0.05, and results in a taper loss of -3.0 dB. n a similar

manner, FIGS. 7A, 7B and 7C show the original antenna pattern for no

failed antenna elements, the optimum antenna pattern that can be achieved

with a single failed element (32 and the corrected antenna pattern that is

achieved using the method 100, respectively. The corrected antenna pattern

is determined for K = 9 and γ = 0.24, and results in a taper loss of -2.2 dB.

FIGS. 8A, 8B and 8C show the original antenna pattern for no failed

antenna elements, the optimum antenna pattern achievable with three failed

elements ( 5, 32, 53} and the corrected antenna pattern resulting from the

method 00, respectively. In this example, the corrected antenna pattern is

determined for K - 15 and f 0 .14 , and results in a taper loss of -3.5 dB.

FIG. 9A shows the amplitudes of each component of the weight

vector w for no failed elements. The jagged nature of the amplitudes as a

function of element index number is a result of the modeling of the antenna

element errors.

FIGS. 9B, 9C and 9D show the amplitudes for each component of the

corrected beamformer weight vectors w and for each component of an

optimum weight vector for each of FIGS. 6B and 6C, FIGS. 7B and 7C, and

FIGS. 8B and 8C, respectively. In each case, it can be seen that the

amplitude for a component of the weight vector that corresponds to a failed

antenna element is zero and that the amplitudes of the components of the

corrected beamformer weight vectors w are similar to the amplitudes of the

components of the optimum weight vectors.

FIG. 0A shows the antenna pattern for a linear array having no failed

elements and FIG. OB shows an example in which element 5 of the linear

array is a failed antenna element. In this example, application of the



method 200 of FIG. 4 results in minor degradation of the taper loss to -2.3

d 6 . This example can be contrasted with the antenna pattern shown in F G .

6 for the same single dead element ( 5) in the linear array in which the

method 100 of FIG. 3 is applied t can be seen in FIG. 0B that the taper

loss has been "improved" by 0.7 dB; however, the corrected antenna pattern

has high first sidelobes arid a 3 dB increase in the average sidelobe level.

Although the examples above relate primarily to applications of the

methods to arrays having one or more failed antenna elements, the methods

can be applied in other applications in which no failed antenna elements are

present in the array n particular, it may be desirable to dynamically

control the taper loss or sidelobe level according to the local environment.

FIG. A shows the antenna pattern for no failed elements under normal

operation while FIG. 1 B shows the antenna pattern achieved using method

200 of FIG. 4 to achieve a reduction of 0.9 dB in the taper loss. The

antenna pattern has high sidelobe levels near the mainlobe while the

sidelobe levels farther away from the mainlobe are substantially unchanged

t will be appreciated that other values of K and f result in different changes

to the antenna pattern.

Example based on a 16 x 16 element array

The following example illustrates the application of an embodiment of

the method to 16 x 16 array. Array errors are modeled i the same

manner as the one-dimensional examples described above with errors

correlated i both dimensions. Referring to FIG. 12, a low sidelobe pattern

for the array has values of -39 dB o the cardinal axes and -52 dB off the

cardinal axes.

FIG. 3 shows the uncorrected antenna pattern for two failed antenna

elements (4 8) and (8, 12). FIG. 14 shows the corrected antenna pattern

achieved according to the method 100 of FIG. 3 in which the goal is to

match the original sidelobe levels (i.e., δ is set to a value of one) n this

example, a two-dimerisiorial grid of 13 proximate beamformers having a one-



half beamwidth spacing are used with γ = 0.43. The sidelobe levels are

substantially unchanged off the cardinal axes and are raised by

approximately 2 dB on the cardinal axes. The taper loss is increased from -

1.8 dB to -3.0 dB. The taper loss can be reduced by using a greater number

K of proximate beamformers. For example, a taper loss of - 1.9 dB is

achieved with similar sidelobe levels for K = 25; however, greater "near in"

sidelobe levels are present.

FIG. 5 depicts the beamformer amplitudes for each element of the 16

x 16 array without any failed elements. The jagged structure of the

amplitudes is due to the nature of the antenna element errors.

FIG. 16 depicts the beamformer amplitudes applied to the array for

the corrected antenna pattern for the failed elements {4,8) and (8, 12). "x"

denotes the location of each failed antenna element. The method 100

results in generally greater amplitudes for antenna elements in the upper

right portion of the array.

Embodiments of the methods described above have been described

with respect to antenna arrays having one or more failed antenna elements.

The invention also includes a method of obtaining low Doppler sidelobe

operation for a pulse-Doppler radar. More specifically, when one or more

pulses subject to severe interference must be dropped, low Doppler sidelobe

levels are desired to be maintained. In a mathematical sense, the one or

more missing pulses are analogous to the failed antenna elements and

Doppler filters are analogous to the low sidelobe beamformers previously

described. The method applied to the pulses allows for rapid and

predictable results for taper loss and Doppler sidelobe level. Moreover, as

calibration is generally not an issue for a pulse-Doppler application, it may

be preferable to apply Equation 3 instead of the approximation given by

Equation 6 for the covariance matrix.

Alternatively, it should be appreciated that temporal samples in the

range domain can experience interference and low range sidelobes can be

required even though one or more temporal samples may be dropped. In



this embodiment, the pulse compression filter is the mathematical

equivalent of the low sidelobe beamformers.

Alternative Embodiments of the Methods

1) f the calibration errors ε θ ) are significantly large so that the

assumed steering vector να (θ is effectively unknown, the weight vector w (6

can be used to replace va ) in Equation 5 . n this instance, knowledge of

the steering vectors is not needed.

(2) Equation 5 can be interpreted wherein γ regularizes the matrix

d decreases the contribution of the eigenvectors corresponding to the

small eigenvalues. An alternative means to accomplish the same result is to

set γ equal to zero so that ( ) V[V V] V va 6 . The matrix V Vcan be

modified such that the eigenvectors are unchanged but the small

eigenvalues are increased.

(3) The matrix V can be defined as

V ----- L principal singular vectors[WKn ll WK (_D, ))] where L is less than K - J.

The columns of re orthonorma l thus Equation 6 can be simplified to

(0) VVH v a 0

(4) A matrix U is defined with columns that are the L principal

singular vectors of WK . Matrix V is then defined as = Unull D, :)) for

Equation 5 .

(5) For a plurality of failed antenna elements the correction can be

determined on a one element at a time basis by setting J equal to one arid

repeating the correction a number of times according to the total number of

failed antenna elements. For each iteration, the number of failed antenna

elements is effectively reduced by one. n this manner, different values of K

and γ are allowed for correcting for the different failed antenna elements.

While the invention has been shown and described with reference to

specific embodiments, it should be understood by those skilled in the art



that various changes in form and detail may be made therein without

departing from the spirit and scope of the invention.

What is claimed is:



CLAIMS

. A method of modifying an antenna pattern for a phased array antenna

having a failed antenna element, the method comprising:

determining a plurality of proximate beamformers in a proximate

angular region about a beamformer at an angle of interest where each of the

proximate beamformers having a proximate beamformer weight vector with

no failed elements;

determining a corrected beamformer weight vector at the angle of

interest as a linear combination of the proximate beamformer weight

vectors, each element of the corrected beamformer weight vector

corresponding to one of the failed antenna elements having a value of zero.

2 . The method of claim 1 wherein determining a corrected beamformer

weight vector comprises determining a coefficient for each of the proximate

beamformer weight vectors.

3 . The method of claim 1 wherein the proximate angular region

comprises a plurality of low sidelobe beamformers each having a spacing to

at least one of the other beamformers of less than a beamwidth.

4 . The method of claim 1 wherein the beamformer and the proximate

beamformers are each defined for a respective plurality of antenna elements

in a phased array antenna.

5 . The method of claim 4 wherein the phased array antenna comprises a

subsystem in one of a radar system, a communication system and a sonar

system.

6 . The method of claim 1 wherein the determination of a corrected

beamformer weight vector at the angle of interest is based on satisfying a

target value for a change in an average sidelobe estimate and a

predetermined maximum acceptable taper loss.



7 . The method of claim 1 wherein the determination of a corrected

beamformer weight vector at the angle of interest is based on satisfying a

target value for a taper loss and a predetermined maximum value for a

change in an average sidelobe estimate.

8 . The method of claim 1 wherein a odd number of the proximate

beamformers are linearly combined.

9 . The method of claim 1 wherein the number of proximate beamformers

that are linearly combined is greater than a total number of the failed

antenna elements.

10. A method of modifying an antenna pattern of a phased array antenna

having a failed antenna element, the method comprising:

for a beamformer having low sidelobes and defined for an angular

direction Θ, wherein at least one antenna element in a plurality of antenna

elements coupled to the beamformer is a failed antenna element,

determining a corrected beamformer having a corrected beamformer weight

vector w for the angular direction Θ as

= ∑
= k

where denotes a beamformer weight vector for each proximate

beamformer in a plurality of proximate beamformers having low sidelobes

and being within a proximate angular region of the angular direction Θ, each

element of the corrected beamformer weight vector ) corresponding to a

respective one of the failed antenna elements having a value of zero.

. A method of determining a modified beamformer for a phased array

antenna, the method comprising:



(a) selecting a target value for a change in an average sidelobe

estimate for a modified beamformer for a phased array antenna;

(h selecting a value for a maximum taper loss for the modified

beamformer;

(c) determining the modified beamformer as a linear combination of a

number of proximate beamformers defined according to an absence of failed

antenna elements;

(d) determining the change in the average sidelobe estimate based on

the modified beamformer;

(e) if the change in the average sidelobe estimate for the modified

beamformer exceeds the selected target value, repeating steps c and d )

until the change in the average sidelobe estimate does not exceed the

selected target value, wherein the number of proximate beamformers used

to determine the modified beamformer is increased for each repetition of

steps c and (d); ar d

(f) if the temper loss for the modified beamformer exceeds the selected

value for the maximum temper loss, repeating steps (c) to (e) until the taper

loss for the modified beamformer does not exceed the selected value for the

maximum taper loss, wherein the number of proximate beamformers used

to determine the modified beamformer is increased for each repetition of

steps (c to (e).

12. The method of claim 1 wherein the phased array antenna has at

least one failed antenna element cou pled to a beamformer to be modified.

13. The method of claim 12 wherein the number of proximate

beamformers in the linear combination is greater than the number of failed

antenna elements.

14. The method of claim 1 wherein the number of proximate

beamformers in the linear combination is an odd number.



5. The method of claim wherein each of the proximate beamformers is

spaced from at least one of the other beamformers by less than a

beamwidth.

. The method of claim wherein the phased array antenna is a

subsystem in one of a radar system, a communication system arid a sonar

system.

7 . A method of determining a modified beamformer for a phased array

antenna, the method comprising:

(a) selecting a target value for a taper loss for a modified beamformer

for a phased array antenna;

(b selecting a maximum value for a change in an average sidelobe

estimate for the modified beamformer;

(c) determining the modified beamformer as a linear combination of a

number of proximate beamformers defined according to an absence of failed

antenna elements:

(d determining the taper loss based on the modified beamformer; and

(e) if the taper loss for the modified beamformer exceeds the selected

target value, repeating steps c and d ) until the taper loss does not exceed

the selected target value, wherein the number of proximate beamformers

used to determine the modified beamformer is increased for each repetition

of steps c and (d); and

(f) if the change in the sidelobe estimate for the modified beamformer

exceeds the maximum value, repeating steps c to (e until the change in the

sidelobe estimate for the modified beamformer does not exceed the

maximum value, wherein the number of proximate beamformers used to

determine the modified beamformer is increased for each repetition of steps

c to (e) .

7



18. The method of claim 17 wherein the phased array antenna has at

least one failed antenna element coupled to a beamformer to be modified.

. The method of claim 8 wherein the number of proximate

beamformers in the linear combination is greater than the number of failed

antenna elements.

20. The method of claim 7 wherein the number of proximate

beamformers in the linear combination is an odd number.

. The method of claim 7 wherein each of the proximate beamformers is

spaced from at least one of the other beamformers by less than a

beamwidth.

22. The method of claim 17 wherein the phased array antenna is a

subsystem in one of a radar system, a communication system and a sonar

system.

23. A computer program product for determining a modified antenna

pattern for a phased array antenna having a failed antenna element, the

computer program product comprising:

a computer readable storage medium having computer readable

program code embodied therewith, the computer readable program code

comprising:

computer readable program code configured to determine a plurality

of proximate beamformers in a proximate angular region about a

beamformer at an angle of interest and having at least one failed antenna

element, each of the proximate beamformers having a proximate

beamformer weight vector; and

computer readable program code configu red to determining a

corrected beamformer weight vector at the angle of interest as a linear

combination of the proximate beamformer weight vectors, each element of



the corrected beamformer weight vector corresponding to one of the failed

antenna elements having a value of zero.

24. The computer program product of claim 23 wherein the computer

readable program code configured to determine a corrected beamformer

weight vector is configured to satisty a target value for a change i an

average sidelobe estimate arid a predetermined maximum acceptable taper

loss.

25. The computer program product of claim 23 wherein the computer

readable program code configured to determine a corrected beamformer

weight vector at the angle of interest is configured to satisfy a target value

for a taper loss and a predetermined maximum value for a change in an

average sidelobe estimate.
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