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(57) ABSTRACT 

Systems and methods are described for circular superdirec 
tive receive antenna arrays. A method includes calculating 
an minimum array ef?ciency of the superdirective circular 
receive array, calculating a maximum superdirective gain of 
the superdirective circular receive array, determining an 
amplitude Weight or a phase Weight for an array element in 
the superdirective circular receive array based on the mini 
mum array ef?ciency and the maximum superdirective gain, 
and determining number of array elements in the superdi 
rective circular receive array and a radius of the superdirec 
tive circular receive array. 
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CIRCULAR SUPERDIRECTIVE RECEIVE 
ANTENNA ARRAYS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The invention relates generally to the ?eld of 
radars. More particularly, the invention relates to radar 
receive antenna arrays. Speci?cally, a preferred implemen 
tation of the invention relates to an optimiZed design for 
radar receive antenna arrays. 

[0003] 2. Discussion of the Related Art 

[0004] MF (medium frequency)/HF (high frequency)/ 
VHF (very high frequency) radars and radios remain in 
demand even With the advent of satellites that eXtend the 
range of communication to global scales. HF signals have 
the advantage of spanning distances beyond the horiZon 
limits of UHF and higher-frequency signals. TWo modes 
account for this. Re?ection of HF signals from the iono 
sphere is called the skyWave mode, and permits radio signals 
to traverse half Way around the World. In the surface-Wave 
mode, the spherical earth diffracts vertically polariZed sig 
nals beyond the visible horiZon—even in the absence of an 
atmosphere or ionosphere. For surface Wave propagation, 
the sea is better than land because of its higher conductivity. 

[0005] The draWback of MF/HF/VHF systems is the large 
antenna siZe needed for high gain and/or ef?ciency. High 
gain is achieved With conventional antenna design by requir 
ing aperture siZes many Wavelengths. For eXample, When 
ships are to be detected beyond the horiZon by an HF surface 
Wave radar, best results are obtained if a receive antenna can 
maximize the echo energy captured from a bearing point on 
the sea surface, thereby realiZing a high directive gain With 
a narroW beam focused along that bearing. At 5 MHZ, for 
eXample, the Wavelength is 60 meters. To achieve 20 dB 
directive gain, a linear monopole array has at least 32 
elements spaced 30 meters apart, spanning one kilometer 
and achieving an aZimuth beamWidth of about 4° (although 
the elevation beamWidth is 45°). If element amplitude taper 
ing is employed to reduce sidelobes that may be unWanted, 
then even more elements over a longer aperture are needed 
to achieve the same directive gain. 

[0006] Mathematical solutions have shoWn that one can 
form very narroW beamed patterns With closely spaced array 
elements by employing phasings that nearly cancel the 
incoming signals after beamforming. This concept is knoWn 
as superdirective gain—or often just supergain, Which is a 
type of directive gain. If the pattern beamWidth is small and 
sidelobe levels are loW, then its directive gain is large. 
HoWever, the efficiency of these arrays is loW. That is, the 
summed output signal after applying the element phasings is 
much smaller than the signal into each element. Thus, While 
the directive gain is high, the poWer gain is loW. This has 
been the primary source of criticism and lack of acceptance 
of superdirective arrays in practice. 

[0007] Another case occurs Where near-cancellation is 
desirable in HF surface-Wave radars because overhead iono 
spheric layers occasionally re?ect—like a mirror—the sig 
nal back to the radar. This occurs at ranges from 100 to 350 
km, depending on the layer height. These very intense 
echoes destroy the ability to see surface targets at the same 
ranges as the layer heights. Although many receive antenna 
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systems employ vertical dipole or monopole antennas that 
theoretically have an overhead null, in practice this is not 
nearly enough to eliminate all vestiges of the intense over 
head echo. Another undesirable feature of conventional 
phased array antennas is the variation and degradation of 
pattern characteristics as one steers the beam to different 
bearings. In linear phased arrays, for eXample, steering more 
than 45° from the optimal broadside direction results in 
unacceptable main-beam broadening and increase in side 
lobe levels. 

[0008] As shoWn in US. Pat. No. 5,361,072, incorporated 
herein by reference in its entirety, single antenna elements 
can be made more compact and less costly at the eXpense of 
efficiency. A design criterion Was developed and revealed to 
guide the siZe reduction so that external noise alWays 
dominated internal noise. Optimal signal-to-noise ratio 
(SNR) Was thereby alWays ensured. HoWever, such tech 
niques Were applied to single antenna elements only, and an 
implementation of the theory has not been realiZed for 
antenna arrays. 

[0009] Accordingly, the requirements of a compact 
antenna array that possesses the signal-to-noise ratio of the 
arrays of the prior art (or similar thereto) have not been fully 
met. What is needed is a solution that simultaneously 
addresses these requirements. 

SUMMARY OF THE INVENTION 

[0010] There is a need for the folloWing embodiments. Of 
course, the invention is not limited to these embodiments. 

[0011] According to one aspect of the invention, a method 
includes calculating an minimum array efficiency of the 
superdirective circular receive array, calculating a maXimum 
superdirective gain of the superdirective circular receive 
array, determining an amplitude Weight or a phase Weight for 
an array element in the superdirective circular receive array 
based on the minimum array efficiency and the maXimum 
superdirective gain, and determining number of array ele 
ments in the superdirective circular receive array and a 
radius of the superdirective circular receive array. 

[0012] According to another aspect of the invention, a 
method for calculating an overhead null in synthesiZed 
patterns of received signals of a circular array includes 
receiving signals V1, V2, and V3, and calculating the syn 
thesiZed patterns in accordance With the equations 

[0013] Where S A, SB, and SC are the synthesiZed patterns. 

[0014] According to yet another aspect of the invention, 
an apparatus for an antenna system includes a plurality of 
dipole elements located in a circular arrangement of a radius 
that is less than a detected Wavelength to receive a plurality 
of analog signals, an analog-to-digital converter to convert 
the plurality of analog signals to a plurality of digital signals, 
a memory storage to store calculated amplitude and phase 
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Weights, a computer to calculate amplitude and phase cor 
rections, a processor to apply calculated Weights and ampli 
tude and phase corrections to the plurality of digital signals, 
and an output device Which produces at least one output 
signal from the plurality of digital signals. 

[0015] These, and other, embodiments of the invention 
Will be better appreciated and understood When considered 
in conjunction With the folloWing description and the 
accompanying draWings. It should be understood, hoWever, 
that the folloWing description, While indicating various 
embodiments of the invention and numerous speci?c details 
thereof, is given by Way of illustration and not of limitation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The draWings accompanying and forming part of 
this speci?cation are included to depict certain aspects of the 
invention. The invention may be better understood by ref 
erence to one or more of these draWings in combination With 
the description presented herein. 

[0017] FIG. 1 is a ?oWchart illustrating the steps for 
designing a circular superdirective receive antenna array, in 
accordance With an embodiment of the invention. 

[0018] FIG. 2 illustrates an example of a 7-element super 
directive circular dipole receive antenna array With the 
pattern it achieves above it, in accordance With embodi 
ments of this disclosure. Also it shoWs an exemplary signal 
processing block-diagram embodiment that can create and 
steer this pattern to desired directions. 

[0019] FIG. 3 illustrates techniques by Which a circular 
3-element dipole receive array produces overhead cancella 
tion—in addition to the dipole null—to eliminate unWanted 
ionospheric echoes, While simultaneously forming ?xed 
crossed-loop/monopole beam patterns for sea surface moni 
toring. Three patterns are shoWn above the antenna. The 
equations for combining the signals to create the patterns are 
given for each of the three cases. An exemplary signal 
processing block-diagram is shoWn that can achieve these 
patterns. 

DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0020] The invention and the various features and advan 
tageous details thereof are explained more fully With refer 
ence to the nonlimiting embodiments that are illustrated in 
the accompanying draWings and detailed in the folloWing 
description. Various substitutions, modi?cations, additions 
and/or rearrangements Within the spirit and/or scope of the 
underlying inventive concept Will become apparent to those 
of ordinary skill in the art from this disclosure. 

[0021] Techniques of the present disclosure can include 
providing a compact, circular array of antenna elements that 
realiZes any directive gain. 

[0022] Techniques of the present disclosure can also 
include maximiZing compaction of an antenna array While 
maintaining the same signal-to-noise ratio. 

[0023] Phasing schemes like the ones disclosed here sup 
ply additional overhead nulling While offering minimal to no 
sensitivity penalty to desired signals from elseWhere. In this 
sense, it can be considered an improvement to the superdi 
rective class of arrays discussed above. 
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[0024] When internal noise dominates, as at microWave 
frequencies, loW antenna ef?ciency and poor noise ?gure 
results in receive systems having loW signal-to-noise ratios. 
BeloW UHF, hoWever, ultimate receive antenna ef?ciency is 
not required, because external noise from atmospheric and 
galactic sources dominates internal noise. Less ef?ciency in 
the antenna and receiver front end means the desired signal 
is loWer, but so also is the external noise. When ef?ciency 
drops to the point Where internal noise dominates, then 
signal-to-noise ratio begins to be negatively impacted. 

[0025] The array geometries and methodologies revealed 
here completely overcome this limitation of present practice. 
By equi-angular arrangement of any odd number of identical 
omni-directional elements (e.g., dipoles), a pattern may be 
produced Whose beamWidth and sidelobe structure remain 
absolutely invariant of any angle to Which one desires to 
steer the beam over the entire 360° bearing space. This 
pattern invariance does not occur for an even number of N 
elements on a circle; in that case, only N-fold angular 
symmetry can be obtained. 

[0026] The invention has application to both radio receive 
systems as Well as HF/V HF radars. An example of the latter 
case has been the proliferation of coastal HF surface Wave 
radars that map ocean currents, Wave?elds, and detect ships, 
all beyond the visible horiZon. The limitation of conven 
tional HF receive antenna technology (e.g., large phased 
arrays) has been their siZe. This has led to non-proportion 
ately increased initial capital costs, operating costs, as Well 
as strong resistance to permitting such obtrusive structures 
on pristine, ecologically sensitive, and/or heavily populated 
coastal locations. This is an utilitarian motivation that has 
led to the inventions revealed in the present patent. 

[0027] FIG. 1 is a ?oWchart illustrating the steps for 
designing a circular superdirective receive antenna array, in 
accordance With an embodiment of the invention. To design 
the receive array, a desired minimum acceptable array 
ef?ciency of the superdirective circular receive array is 
calculated 101. A maximum superdirective gain of the 
superdirective circular receive array is then calculated 102. 
Once the minimum ef?ciency 101 and the maximum super 
directive gain 102 have been calculated, an amplitude 
Weight or a phase Weight for an array element in the 
superdirective circular receive array is determined 103. The 
amplitude/phase Weight may be based on the minimum array 
ef?ciency and the maximum superdirective gain. Once the 
amplitude/phase Weight(s) 103 have been determined, the 
number of array elements in the superdirective circular 
receive array and a radius of the superdirective circular 
receive array may be determined 104. These steps are 
discussed in more detail in the folloWing sections. 

[0028] Advantages of the present invention include a 
focus on reducing the siZe and cost of conventional HF/V HF 
receive antenna arrays by disclosing an alternative, compact 
array system that has the same directive gain and achieves 
the same signal-to-noise ratio as the former conventional 
linear arrays. Also, it Will become apparent that any odd 
number of antenna array elements symmetrically arranged 
on a circle produce a pattern that is invariant With steer angle 
over 360°. 

[0029] A principal obstacle overcome by the present 
invention is the siZe and cost of conventional MF/HF/V HF 
receive antenna arrays that has been a severe handicap to 
their Widespread acceptance in radar and radio systems. 
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[0030] It Would be highly useful to have a compact 
antenna that could form the same narrow beam With high 
directive gain as a large phased array. Or alternatively, to 
point a null in an undesired direction While having a chosen 
pattern for angular sectors of interest, also With a compact 
circular rather than large linear array. The present invention 
provides techniques that alloW an optimal ef?ciency upon 
receiving a signal so that additional efficiency does not 
improve the signal-to-noise ratio or the radar sensitivity. 

[0031] Superdirective OptimiZation Procedure 

[0032] In one embodiment, a ?rst step is to determine the 
optimal Weights for the selected odd number of antenna 
elements arranged in a circle. “Weights” mean the ampli 
tudes and phases to be set into each element’s signal before 
summing to produce a desired beam pattern. In a conven 
tional, linear HF phased array, for example, the phases 
determine the beam direction, and the amplitudes control the 
sidelobe level. Harrington outlines a general procedure 
suitable for this purpose. (See Field Computation by 
Moment Methods, MacMillan Co.: NeW York, Chapter 10, 
Which is incorporated by reference in its entirety) Other 
procedures are utiliZed and applied here to elements 
arranged at equal angular steps on a circle. An example is 
given beloW for perfect antenna patterns for each of the array 
elements. 

[0033] A general quantity to be maximiZed is the antenna 
directive gain. This is de?ned as: 

PM» #10) (Eq- 1) 

[0034] Where G(0O, (1)0) is de?ned as the directive gain 
(dimensionless), to be maximiZed in the desired direction 00, 
(1)0, Where angles are expressed in a standard spherical 
coordinate system. The quantity P(0, (1)) is the far-?eld poWer 
in any arbitrary units. 

[0035] Normally, the far-?eld poWer for an array is given 
by: 

2 (Eq- 2) 

[0036] Where Wn is the amplitude/phase Weighting for the 
n-th element, and gn(0, (1)) is the complex far-?eld radiation 
in direction 0, (1) produced by the n-th element as determined 
by its geometrical location With respect to a local origin for 
the array. The matrices [Wn] and [gn(0, (1))] above are 
considered roW vectors, With superscript “T” denoting a 
complex conjugate transpose. 

[0037] As an optimiZation problem, the directive gain can 
be considered to be the solution to an eigen-analysis prob 
lem With an arbitrary far-?eld directive gain function G(0, (1)) 
With arbitrary Weights The corresponding, arbitrary 
far-?eld poWer function is noW shoWn as: 
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[0038] The product of the inner vectors above is a square 
N><N Hermitian matrix. The Weights vvn are to be selected so 
that the arbitrary directive gain function is maximiZed. This 
arbitrary gain function may be represented by: 

ces. Eq. 4 is another Way to express eq. 2 before it is 
optimiZed. Cast in the above form, one differentiates 
G(0O, (1)0) With respect to each of the arbitrary 
Weights vvn, and sets the resulting equations to Zero. 
The slopes represented by the derivatives are Zero at 
the function maximum, and this therefore optimiZes 
the resulting Weights to provide maximum directive 
gain. The system of equations to be solved in matrix 
form becomes: 

[Nm,n][Wn]=GQ[Dm,n][Wn] (Eq- 7) 
[0041] Where Wn noW represents the “optimal” Weights 
based on solution of the above equation (instead of before, 
Where vvn referred to any arbitrary Weights). Also, G0 is the 
desired, optimal directive gain in the direction 00, (1)0, after 
one sets the Weights Wn on the antenna array outputs. The 
Weights are applied to steer the beam to any desired direction 
in three-dimensional space. 

[0042] The above matrix equation system is a classic 
eigenvalue problem, With one non-Zero eigenvalue Which is 
the maximum gain GO. The optimal Weights (i.e., amplitudes 
and phases) are referred to as the eigenvector corresponding 
to the non-Zero eigenvalue GO. Solutions of eigenvalue 
problems like this are available in any standard mathemati 
cal subroutine libraries, like commercially available MAT 
LABTM ((The MathWorks, Inc.; Natick, Mass.) used for the 
examples here) or MathematicaTM (Wolfram Research, Inc.; 
Champaign, Ill.). 
[0043] To relate this to a circular array With idealiZed short 
vertical dipole elements, the far-?eld complex radiation 
function is assumed to be gn(0, (1)) in the direction (0, (1)) for 
the n-th element on the circle. The array starts With the n=0 
element falling on the x-axis and go up to N, Where N is an 
even integer so that the total number of elements is odd, i.e., 
N+1. With the origin at the center of the circle, this is given 
by: 

[0044] Where 0=0 is the upWard direction of the dipole 
vertical axis and (1)=0 corresponds to the direction along the 
x-axis. The elements are spaced in radians counterclockWise 
around the circle of radius d, and the radio Wave number is 
given by 
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[0045] 
[0046] If the pattern of an individual n-th array element is 
not the idealized form represented by the above equation, it 
can be measured as a function of 6, q) (or actually, just 4) 
around the horiZon plane), and this can be substituted for the 
above expression. This Would be done With all of the array 
elements in place on the circle, in order to account for 
mutual interactions among them. This is especially impor 
tant When they are closely spaced, because the mutual 
interaction becomes signi?cant in that case, and Will be 
accounted for in the measurement process. 

Where 7» is the Wavelength. 

[0047] A bene?cial feature of superdirective patterns cal 
culated by the above method is their insensitivity to fre 
quency as the element spacing from center (the circle radius) 
becomes less than a quarter Wavelength. In other Words, the 
pattern stays the same. This is not true of a conventional 
linear phased array Whose elements are nearly alWays 
spaced a half Wavelength apart: in that case, the pattern gain 
and beamWidth vary directly With the frequency. 

[0048] In an embodiment of the present invention, the 
consequence of making the antenna smaller (or reducing the 
frequency for a ?xed siZe) is not felt on the directive gain or 
antenna pattern—it impacts the array ef?ciency, Which is 
dealt With in the next section. 

[0049] Finally, note that the pattern and directivity for an 
odd number of elements on the circle is substantially invari 
ant With steer direction. In other Words, When one uses the 
above procedure to ?nd and apply the required Weights to 
steer to a given direction, the pattern is substantially the 
same at each and every angle, not just multiples of the array 
angle symmetry. 

[0050] Designing an Array to RealiZe a Given Array 
Ef?ciency 

[0051] As one moves elements closer together by decreas 
ing the radius of the array circle, the ef?ciency of the array 
decreases While the pattern and directive gain remain the 
same. The decrease in ef?ciency is understood in the fol 
loWing Way. The solution of the above equations for optimal 
Weights reveals that the array signal sum—after Weighting— 
tends to nearly cancel the signals arriving from all direc 
tions. The differences among signals on the array elements 
tends to Zero as the array siZe decreases because they sample 
over a smaller fraction of the incoming sinusoidal radio 
Waveform. Even though a signal’s sum arriving in the lobe 
of the synthesiZed array pattern Will be stronger than the 
summed signals from other directions, it is still much Weaker 
than the signals impinging on the individual elements before 
Weighting and summing. 

[0052] On the other hand, noise beloW UHF in radio/radar 
receivers may come from outside the system. Such noise 
may be due to atmospheric sources (thunderstorms around 
the World) and cosmic sources. At 10 MHZ, for example, this 
external noise is typically 55 dB (nearly six orders of 
magnitude in poWer) greater than internal receiver noise that 
dominates at microWave frequencies. This “external noise” 
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is in reality a multitude of uncorrelated, random signals 
arriving from all directions. Thus, as the array siZe decreases 
causing desired summed target signals to Weaken, so also 
does external noise diminish in the same proportion. Thus, 
signal-to-noise ratio remains the same. Only When external 
noise falls so loW that internal (front-end receiver) noise 
dominates does one incur a penalty of diminution of SNR. 
Adesign objective of the present invention is to provide hoW 
one may select the minimum efficiency so that one is sure 
that external noise Will dominate, While achieving maximum 
compactness and hence loWest cost. 

[0053] This process may be illustrated With the folloWing 
example. Suppose at 10 MHZ external noise is typically 55 
dB above internal and dipole elements are each connect to 
a high-impedance preampli?er With a noise ?gure of 10 dB. 
Finally, suppose if a 10 dB “cushion” is to be maintained 
betWeen external and internal noise, i.e., after encountering 
the array inef?ciency and front-end noise ?gure, the external 
noise may still dominate internal noise by 10 dB. Then the 
array at 10 MHZ must be designed to have an ef?ciency of 
—35 dB, based on these example numbers. 

[0054] The design equation used for array ef?ciency is: 

[0055] The meaning of the numerator is the folloWing. It 
represents the noise poWer coming from the entire sphere of 
space from 0<6<rc and 0<<|><2rc, equally distributed (i.e., 
isotropic) after the noise signals pass through the superdi 
rective N-element array and are summed With the selected 
Weights. Thus, it includes noise coming into the main lobe 
of the array pattern as Well as into all of the sidelobes. 

[0056] The denominator is the noise poWer into each of 
the individual antenna array elements from the entire sphere 
of space, Where the poWer is summed over the N antenna 
elements. The denominator is bigger than the numerator, 
because the summing With Weights causes most of the 
incoming noise signal poWer to cancel. The denominator is 
the poWer received on the individual elements before can 
cellation. One must in general assume the external noise is 
isotropic, in the absence of other knowledge. If one prefers 
a different noise distribution that is knoWn, it can be 
included under both integrals to give a revised ef?ciency. 

[0057] For the example at 10 MHZ that has been consid 
ered, the efficiency should be no Worse than —35 dB, i.e., 
Eff=0.000316, according to the equation —35 dB=10>< 
Log10(0.000316). So using this calculated ef?ciency, the 
array may be designed With a certain number of elements, 
spacing, and Weights so that this ef?ciency is achieved. 

[0058] Circular Arrays at 10 MHZ 

[0059] To illustrate the dependencies and properties of 
superdirective circular receive arrays With an odd number of 
elements, a example of the characteristics of various antenna 
arrays at 10 MHZ is given. It is assumed that an array 
ef?ciency of —35 dB is to be achieved in this example. Using 
the above equations, the physical dimensions and pattern 
properties of several circular arrays that meet this speci?ed 
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ef?ciency are examined. Table 1 below highlights these 
properties. 

TABLE 1 

Number of Elements 3 5 7 9 15 

0.12 m 1.15 m 3.0 m 5.7 m 15.0 m 

Directive Gain 10.2 dB 12.8 dB 14.6 dB 15.9 dB 18.3 dB 
3-dB Bearing BeamWidth 153.6° 130.0° 121.9° 115.9° 19.2° 
1st Null Bearings 1113° 165° 145° 135° 119.7° 
1st Sidelobe Bearings 1180° 1102° 174° 155° 132.3° 
1st Sidelobe Levels —7.5 dB —9.5 dB —9.4 dB —9 dB —8 dB 

Radius of Array 

[0060] In Table 1, the top roW gives the odd number of 
elements that are arranged symmetrically in a circle. The 
next roW gives the radius of the array in meters that achieves 
the speci?ed —35 dB ef?ciency. The superdirective gain is 
given in the next roW; here the array is positioned over a 
perfect ground plane so that its gain is increased by 3 dB 
over its free-space gain. The next roW gives the bearing 
beamWidth at the 3-dB points on the beam. The ?nal roWs 
give ?rst bearing null positions, along With the maximum 
sidelobe bearings and sidelobe levels. 

[0061] Practical Implementation of the Superdirective 
Array 

[0062] Referring to FIG. 2, the 7-element circular array 
shoWn is considered in this example. Its properties are as 
described in the middle column of the Table 1. The circular 
array is shoWn to be mounted on a post above a ground 
plane; in one embodiment of the present invention, the 
mounted array height could be slightly more than a quarter 
Wavelength of the signals being measured. The seven ele 
ments are positioned every 360°+7=51.43° around the 
circle, With Element #1 located on the x-axis, rotated in this 
case to the left side of the ?gure. Weights Were calculated 
With the equations discussed previously to form a beam 
directed along the x-axis, and the resulting pattern is shoWn 
above the antenna sketch. The pattern plots the absolute 
amplitude of the far-?eld strength. 

[0063] An embodiment of the present invention may have 
high-impedance preampli?ers for each dipole element near 
the feedpoints. The seven signals from these elements come 
doWn the post and—after digitiZation—have pre-calculated 
Weights applied in processing block 20 by a processor. A 
processor is any device Which performs calculations or 
mathematical functions. The pre-calculated Weights have 
been stored in memory, block 10. They are based on and 
indexed to the desired beam steer directions. In addition, 
they may include the actual array-element antenna patterns 
measured after installation of the circular array, gn(0, (1)). 

[0064] Finally, the computer of block 30 calculates in real 
time any amplitude and phase corrections necessary to 
balance the element signals; these account for any hardWare 
channel parameter drifts caused by time, temperature, aging, 
etc. Such corrections are obtained from radar echoes that 
come from the background, such as scatter from the sea 
surface itself. All of these are applied to the signals digitally, 
in block 20. From block 20, the seven signals are summed 
in block 40, to represent the signal 0 that constitutes the 
output When the superdirective narroW beam is pointed in 
direction 00, (1)0. 
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[0065] Nulling Overhead Signals 

[0066] A procedure for use With existing crossed-loop/ 
monopole receive antenna-based coastal radars is shoWn 
here. In a system called a SeaSonde® (CODAR Ocean 
Sensors; Los Altos, Calif.), coastal ocean currents are 
mapped using MUSIC direction-?nding principles (US. Pat. 
No. 5,990,834, Which is incorporated by reference in its 
entirety) applied to this three-element receive antenna’s 
signals. In this case, the tWo crossed loops have cosine 
pattern responses to incoming vertically polariZed signals, 
With their lobes at right angles to each other. The monopole 
passing through the co-located loops has an omni-directional 
response. All three elements share the same phase center, yet 
are geometrically and electrically orthogonal. This con?gu 
ration has proven very effective for mapping of sea surface 
currents based on Bragg scatter from the decameter-length 
ocean Waves. 

[0067] The crossed-loop/monopole arrangement has a 
severe impediment When target distances exceed 90 km. At 
HF, an overhead ionospheric E-layer, a layer of the iono 
sphere betWeen 90 and 200 km in altitude, often specularly 
re?ect strong echoes that mask entire radar range cells. The 
loops are especially sensitive to these echoes because they 
do not have a null in the Zenith direction. Even a monopole 
does not produce a perfect vertical null because of nearby 
obstacles and imperfections (like cables feeding the 
antenna). Therefore, it Would be desirable to: devise a 
compact three-element antenna that can be mounted on a 
pole out of reach, similar to the original crossed-loop/ 
monopole unit; (ii) be able to achieve an overhead null at 
Zenith by some combination of the signals from the three 
elements; (iii) end up With three responses to vertically 
polariZed signals in the horiZon plane that are identical to the 
original crossed-loop system’s cosine and omni-directional 
patterns. 

[0068] An example of hoW this is done is shoWn here, 
using the same superdirective near-canceling scheme, Where 
three closely spaced vertical dipoles are arranged in a circle. 
Resembling a triangle, this arrangement on a post is shoWn 
in FIG. 3. 

[0069] In FIG. 3, the signals from the three individual 
dipole elements, V1, V2, and V3 pass into block 20. Mea 
sured patterns and/or pattern corrections that serve as cali 
bration are stored in memory, block 10, and read out, passing 
into block 20. Finally, any real-time amplitude and phase 
adjustment Weight factors being calculated from the radar 
data in the digital computer 30 are also applied in block 20. 
The output voltages after these adjustments then pass into a 
summing device, 40, from Which the three desired crossed 
loop/monopole-resembling signals S A, SB, and Sc are out 
putted at the right. 

[0070] SynthesiZing crossed-loop/monopole patterns also 
overcomes a dif?culty of other potential Zenith-canceling 
schemes. For instance, suppose one obtained the difference 
of the signals betWeen adjacent elements: Va=V2—V1; 
Vb=V2—V1; VC=V1—V3. These neW voltage patterns produce 
array cancellation of overhead signals and three cosine 
resembling patterns (for small array radius) at 120° bearing 
spacings. Unfortunately, these patterns lack the robustness 
required of the MUSIC DF algorithm to alloW resolution of 
tWo signals from different directions. The covariance matrix 
among the synthesiZed loop signals in this case has “rank 
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one”, meaning only one bearing can be found. The crossed 
loop/monopole pattern, on the other hand, produces a cova 
riance matrix of “rank-two”, meaning it can handle both 
single-angle and dual-angle target scenarios. 

[0071] When the radius to the three elements from center 
is small (less than a quarter Wavelength), the equation that 
provides an array overhead null as Well as crossed-loop/ 
monopole patterns is given beloW. The signals S A, SB, and 
Sc are the synthesiZed patterns of the tWo crossed loops (A 
and B) and the monopole (C) respectively. The patterns they 
produce are shoWn above the antenna in FIG. 3. As is 
evident, signals in the overhead direction are deeply sup 
pressed. To reiterate, this is a result of tWo effects: the natural 
null of a vertical dipole overhead and the added array null 
produced by cancellation. 

[0072] The equations used above and the desired patterns 
they produce may depend on the assumption of ideal, 
omni-directional patterns for the individual dipoles. In prac 
tice, this assumption may be approximately met. The post, 
feedlines, and the adjacent antennas themselves may distort 
the dipole patterns so they are not omni-directional. This can 
be handled by measuring the array element patterns after 
installation, and using the post-installation measurements 
instead in the synthesis procedure outlined here. The equa 
tions above Will then need multiplicative Weights or cali 
bration adjustment correction constants attached to the volt 
ages on the right side of the equation to produce the desired 
overhead null by accommodating drifts and imperfections. 
The measured antenna gain patterns gn(0, (1)) are used in the 
previous equations instead of the idealiZed dipole patterns to 
calculated the Weights. The actual distorted horiZon patterns 
that result are used in the MUSIC DF algorithm to get 
bearing, just like the procedure presently used With an actual 
crossed-loop/monopole patterns that are distorted by the 
local environment. 

[0073] It may be desirable to periodically re-calculate the 
null-producing Weights and resulting horiZon patterns dur 
ing radar operations. This Will accommodate drifts or deg 
radations in the antennas, cabling, and hardWare channels. It 
can also track changing ionospheric conditions that may 
move the specular re?ecting region aWay from Zenith by a 
feW degrees due to layer tilts, alloWing the null to folloW in 
the direction of the strongest overhead signal. 

[0074] The patterns synthesiZed in this manner and shoWn 
in FIG. 3 remain invariant With frequency and/or array 
radius, as long as the array radius is less than approximately 
1A1 Wavelength. The limit on minimum array radius and 
desirable compactness folloWs the same criterion given 
above. The array ef?ciency must be kept high enough that 
external noise dominates over internal noise. For example, 
Table 1 shoWs that a 10-MHZ three-element circular array 
can be as small as 12 cm in radius and still have —35 dB 
ef?ciency, Which is sufficient to see external noise at that 
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frequency. In reality, a someWhat larger spacing (e.g., 50 cm) 
is recommended to avoid undesirable effects of severe 
mutual coupling. 
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1. A method for making a superdirective circular receive 
array With an odd number of elements comprising: 

calculating a minimum array efficiency of the superdirec 
tive circular receive array; 

calculating a maximum superdirective gain of the super 
directive circular receive array; 

determining an amplitude Weight or a phase Weight for an 
array element in the superdirective circular receive 
array based on the minimum array efficiency and the 
maximum superdirective gain; and 

determining a number of array elements in the superdi 
rective circular receive array and a radius of the super 
directive circular receive array. 

2. The method of claim 1, Wherein angle spacings 
betWeen elements of the superdirective circular receive array 
are equal. 

3. The method of claim 1, Wherein the array efficiency is 
determined in accordance With an equation 

Where gn(0, (1)) is a complex far-?eld radiation in direction 0, 
q), [Wn] is an amplitude/phase Weighting of the elements of 
the superdirective circular receive array, the numerator of 
the equation representing a noise poWer coming from a 
sphere of space from 0<0<7c and 0<<|><27c, and the denomi 
nator is a summation of a noise poWer of each of the 
elements of the circular array. 

4. The method of claim 1, Wherein the superdirective gain 
is determined in accordance With an equation 
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Where P(6, (1)) is a far-?eld power, and G(6O, (1)0) is de?ned 
as a directive gain to be maximized in the desired direction 
60, (1)0, Where angles are expressed in a standard spherical 
coordinate system. 

5. The method of claim 4, Wherein P(6, (1)) is determined 
in accordance With an equation 

2 

where Wn is an amplitude/phase Weighting for an nth ele 
ment of the circular array and gn(6, (1)) is a complex far-?eld 
radiation in direction 6, (1) produced by the nth element as 
determined by a geometrical location of the nth element With 
respect to a local origin for the circular array. 

6. The method of claim 1, Wherein an amplitude Weight or 
a phase Weight for an array element is determined in 
accordance With an equation 

[Nm,n][Wn]=GQ[Dm,n][Wn] 
Where Nm)n is determined in accordance With an equation 

G0 is the superdirective gain, [WU] is the amplitude Weight 
or the phase Weight, and Dm)n is determined in accor 
dance With an equation 

7. A method for determining an overhead null in synthe 
siZed patterns of received signals of a circular array, com 
prising 

receiving signals V1, V2, and V3; and 

calculating the synthesiZed patterns in accordance With 
the equations 

sA=v1- 2 

Where S A, SB, and SC are the synthesiZed patterns. 
8. The method of claim 7, further comprising calculating 

calibration adjustment correction constants for the received 
signals. 

9. An apparatus for an antenna system, comprising 

a plurality of dipole elements located in a circular 
arrangement of a radius that is less than a detected 
Wavelength to receive a plurality of analog signals, 
Wherein the plurality of dipole elements is an odd 
number of dipoles; 
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an analog-to-digital converter to convert the plurality of 
analog signals to a plurality of digital signals; 

a ?rst processor con?gured to calculate amplitude and 
phase corrections based on a minimum array ef?ciency 
and a maximum superdirective gain; and 

a second processor to apply calculated phase and ampli 
tude Weights and amplitude and phase corrections to 
the plurality of digital signals. 

10. The apparatus of claim 9, further comprising a 
memory to store calculated amplitude and phase Weights. 

11. The apparatus of claim 9, Wherein the plurality of 
short dipoles is 3 dipoles. 

12. The apparatus of claim 11, further comprising high 
impedance ampli?ers coupled to each of the plurality of 
dipole elements. 

13. The apparatus of claim 9, Wherein the ?rst processor 
calculates the amplitude and phase Weights. 

14. The apparatus of claim 13, Wherein the amplitude and 
phase Weights are determined in accordance With an equa 
tion 

Where Nrn n is determined in accordance With an equation 

G0 is the superdirective gain, [WU] is the amplitude Weight 
or the phase Weight, and Dm)n is determined in accor 
dance With an equation 

15. The apparatus of claim 9, Wherein the ?rst processor 
also calculates an overhead null in synthesiZed patterns of 
received signals of the antenna system. 

16. The apparatus of claim 15, Wherein the overhead null 
is determined in accordance With equation 

sA=v1- 2 

Where S A, SB, and SC are the synthesiZed patterns. 

17. The apparatus of claim 9, Wherein the minimum 
ef?ciency as determined in accordance With equation 

fjwwfo” wsinwrgnw. wllgnw, (a)? Eff 

Where gn(6, (1)) is a complex far-?eld radiation in direction 6, 
(1), [WU] is an amplitude/phase Weighting of the elements of 
the superdirective circular receive array, the numerator of 
the equation representing a noise poWer coming from a 
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sphere of space from 0<6<rc and 0<(1)<2J'|§, and the denomi 
nator is a summation of a noise power of each of the 

elements of the circular array. 

18. The apparatus of claim 9, Wherein the superdirective 
gain of the antenna system is determined in accordance With 
an equation 

R190, $00) 

Where P(6, (1)) is a far-?eld poWer, and G(6O, (1)0) is de?ned 
as a directive gain to be maXimiZed in the desired direction 

60, (1)0, Where angles are expressed in a standard spherical 
coordinate system. 
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19. The apparatus of claim 18, Wherein P(6, (1)) is deter 
mined in accordance With an equation 

2 

Where Wn is an amplitude/phase Weighting for an nth ele 
ment of the circular array and gn(6, (1)) is a complex far-?eld 
radiation in direction 6, (1) produced by the nth element as 
determined by a geometrical location of the nth element With 
respect to a local origin for the circular array. 

20. The apparatus of claim 9, Wherein the ?rst and second 
processors are the same processor. 

21. The apparatus of claim 10, Wherein the ?rst and 
second processors and the memory are part of a computing 
device. 

22. (Canceled) 


