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NARROWBAND BEAMFORMER USING 
NONLINEAR OSCILLATORS 

FIELD OF THE INVENTION 

[0001] The present invention pertains generally to beam 
formers. More particularly, the present invention pertains to 
narroWband beamformers. The present invention is particu 
larly, but not exclusively, useful as a narroWband beam 
former for sonar and radiofrequency applications. 

BACKGROUND OF THE INVENTION 

[0002] Abeamformer is a spatial ?lter that operates on an 
array of sensors to enhance the amplitude of a coherent 
Wavefront relative to background noise and directional inter 
ference. One type of beamformer, the narroWband beam 
former, is used to increase resolution in a given direction 
(mainbeam direction) over a narroW frequency range, and 
suppress sidelobe signals Within the narroW frequency range 
(directional interference). 
[0003] Conventional narroWband beamformers use essen 
tially linear components and suffer from several drawbacks. 
To eXplore these drawbacks, consider the operation of a 
conventional narroWband beamformer. Generally, in con 
ventional narroWband beamformers, delays are provided to 
beamsteer each sensor in the direction of the mainbeam. 
Once the sensor array is beamsteered, a signal travelling 
along the mainbeam path Will create a plurality of sensor 
outputs that are all substantially in-phase. In contrast, side 
lobe signals Will create a plurality of sensor outputs that are 
out-of-phase. Conventional narroWband beamformers then 
separate the in-phase signals from the out-of-phase signals 
to isolate the mainbeam. Speci?cally, conventional narroW 
band beamformers integrate the sensor output signals to 
obtain the signal poWer as a function of phase lag. FIG. 1 
shoWs a graph of signal poWer as a function of phase lag for 
a conventional narroWband beamformer, shoWing the main 
beam and sidelobes. Unfortunately, for high mainbeam 
resolution, lengthy signal processing times are often 
required to integrate the sensor outputs. 

[0004] Because the use of phase lag to discriminate 
betWeen mainbeam and sidelobe signals often provides 
insuf?cient resolution, several data processing techniques 
have been developed to increase resolution including 1) 
Eigenvector Techniques, 2) a Constant Modulus Algorithm, 
or 3) Least Squares Techniques. Unfortunately, these tech 
niques share a common shortcoming in that strong, highly 
correlated multi-path components introduce a positive bias 
that a conventional narroWband beamformer is unable to 
correct. Alternatively, increased resolution can be obtained 
by increasing the spacing betWeen sensor elements. HoW 
ever, increased space is not alWays available, and for sys 
tems that are prepared to utiliZe eXisting sensor arrays, 
retro?tting the arrays to increase sensor spacing can be 
costly. 

[0005] In light of the above, it is an object of the present 
invention to provide devices suitable for the purposes of 
beamforming the output of an array of sensors to increase 
mainbeam resolution and suppress sidelobe signals. It is 
another object of the present invention to provide a narroW 
band beamformer capable of sidelobe suppression in a high 
clutter environment. It is yet another object of the present 
invention to provide a receiver that incorporates a narroW 
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band beamformer for the purpose of reducing the distance 
required betWeen sensors in the sensor array. Yet another 
object of the present invention is to provide a narroWband 
beamformer Which is easy to use, relatively simple to 
manufacture, and comparatively cost effective. 

SUMMARY OF THE PREFERRED 
EMBODIMENTS 

[0006] The present invention is directed to a receiver for 
receiving a mainbeam signal of approximate frequency, Q, 
in an environment containing directional interference sig 
nals that also have an approximate frequency, Q. For the 
present invention, the receiver includes a sensor array hav 
ing a plurality of sensors. Each sensor in the array preferably 
has a linear response. A plurality of individual adjustable 
delays are respectively connected to the sensor array to 
beamsteer the sensor array in the direction of the mainbeam. 
Speci?cally, a separate delay is connected to each sensor in 
the sensor array. As such, a delay output that includes all of 
the signals exiting the plurality of delays is established. With 
this cooperation of structure, a mainbeam signal that is 
received by the sensor array Will be processed through the 
delays to create a plurality of signals in the delay output that 
are all substantially in-phase. Further, With this cooperation 
of structure, a sidelobe signal (i.e. a signal caused by 
directional interference) that reaches the sensor array Will be 
processed through the delays to create a plurality of signals 
in the delay output that are substantially out-of-phase. It is 
to be appreciated that the spacing and con?guration of the 
sensor array Will dictate the magnitude of each time delay 
required to beamsteer the sensor array in the direction of the 
mainbeam signal. 

[0007] It is an important aspect of the present invention 
that the receiver includes a beamformer having a plurality of 
nonlinear oscillators, a summer and a matched ?lter. For the 
present invention, each nonlinear oscillator is connected to 
a separate delay to thereby interpose each delay betWeen one 
sensor and one nonlinear oscillator. Accordingly, a plurality 
of branches is established With each branch containing, in 
sequence, a sensor, a delay and a nonlinear oscillator. Within 
each branch, the nonlinear oscillator operates on signals 
received from a delay to produce a nonlinear oscillator 
output. 

[0008] A summer is connected to each of the nonlinear 
oscillators to receive and sum the output from each nonlin 
ear oscillator. This creates a summer output. The matched 
?lter is connected to the summer to receive the summer 
output and eXtract signals from the summer output having a 
predetermined frequency. 

[0009] Another important aspect of the present invention 
is that each nonlinear oscillator is coupled to at least one 
other nonlinear oscillator. As such, the oscillation state of 
each nonlinear oscillator depends on the oscillation state of 
at least one other nonlinear oscillator. This combination of 
coupled nonlinear oscillators is hereinafter referred to as the 
coupled oscillator array. For the present invention, the 
nonlinear oscillators are coupled to each other to create a 
signal in the summer output having a frequency of approxi 
mately, Q, in response to a mainbeam signal being received 
by the beamsteered sensor array. Further, When coupled in 
this manner, the nonlinear oscillators create a spectrum of 
signals in the summer output that is centered about a 
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frequency of approximately, (I), in response to a sidelobe 
signal being received by the sensor array. The frequency, (1), 
corresponds to the average of the natural frequencies for all 
of the nonlinear oscillators. 

[0010] In operation, the sensors are ?rst beamsteered in 
the direction of the mainbeam by adjusting the delays. Next, 
a critical phase lag, Alpc is selected. As explained further 
beloW, the siZe of the critical phase lag, Alpc Will determine 
the Width of the mainbeam that is extracted by the beam 
former. Once the critical phase lag, Alpc is selected, the 
coupling strength betWeen the coupled nonlinear oscillators 
is adjusted to con?gure the coupled oscillator array to have 
the folloWing tWo characteristics. First, the coupled oscilla 
tor array is con?gured to synchroniZe in response to signals 
in the delay output that are in-phase. More speci?cally, the 
coupled oscillator array is con?gured to synchroniZe for 
signals in the delay output having a phase lag that is less than 
the selected critical phase lag, Alpc. Second, the coupled 
oscillator array is con?gured to de-synchroniZe for signals in 
the delay output that are out-of-phase (i.e. signals in the 
delay output having a phase lag exceeding the critical phase 
lag, 

[0011] With the coupling strength betWeen the coupled 
nonlinear oscillators adjusted to con?gure the coupled oscil 
lator array as described above, the matched ?lter can be used 
to extract the mainbeam from the sidelobe beams. Speci? 
cally, as described above, receipt of a mainbeam having an 
approximate frequency, Q, by the sensor array Will create a 
plurality of in-phase signals of approximate frequency, Q, in 
the delay output. Because the phase lag, A11), betWeen these 
signals Will be less than the critical phase lag, Alpc, these 
signals Will cause the coupled oscillator array to synchroniZe 
and create a signal having approximate frequency, Q, in each 
of the nonlinear oscillator outputs. These signals created in 
the nonlinear oscillator outputs Will be in-phase and have 
approximate frequency, Q. Since the signals in the nonlinear 
oscillator outputs are in-phase, the effect of the summer Will 
be to create a signal in the summer output having approxi 
mate frequency, Q. 

[0012] Additionally, as described above, receipt of a side 
lobe signal having an approximate frequency, Q, by the 
sensor array Will create a plurality of out-of-phase signals 
having an approximate frequency, Q, in the delay output. 
Because the phase lag, A11), betWeen these signals Will 
exceed the critical phase lag, Alpc, these signals Will not 
cause the coupled oscillator array to synchroniZe. Rather, 
out-of-phase signals in the delay output Will cause the 
coupled oscillator array to produce signals in the nonlinear 
oscillator outputs that are out-of-phase. Since the signals in 
the nonlinear oscillator outputs are out-of-phase, the effect 
of the summer Will be to create a spectrum of signals 
centered on the frequency, (1), in the summer output. 

[0013] It is to be appreciated that the receiver Will simul 
taneously process both mainbeam and sidelobe signals. 
Speci?cally, the mainbeam Will be processed as described 
above producing a signal in the summer output having a 
frequency, Q, While the sidebeam Will be processed to 
produce a spectrum of signals in the summer output centered 
on the frequency, (1). Accordingly, the matched ?lter can be 
used to isolate the frequency, Q, to thus extract the main 
beam from the sidelobe. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] The novel features of this invention, as Well as the 
invention itself, both as to its structure and its operation, Will 
be best understood from the accompanying draWings, taken 
in conjunction With the accompanying description, in Which 
similar reference characters refer to similar parts, and in 
Which: 

[0015] FIG. 1 is a graph shoWing the relationship betWeen 
phase angle and poWer obtained With a typical beamformer 
that uses conventional linear components; 

[0016] FIG. 2 is a general overvieW of the environment in 
Which the beamformer of the present invention operates; 

[0017] FIG. 3 is a schematic layout of a receiver in 
accordance With the present invention shoWing the beam 
former and the interaction of the beamformer With the other 
components of the receiver; 

[0018] FIG. 4 is a functional block diagram setting forth 
the sequential steps performed during operation of a receiver 
in accordance With the present invention; 

[0019] FIG. 5 is a graph shoWing the relationship betWeen 
frequency and poWer obtained With a beamformer in accor 
dance With the present invention; 

[0020] FIG. 6 is a series of graphs shoWing the beam 
former output for a mainbeam signal computed for a coupled 
oscillator array having eight nonlinear oscillators; 

[0021] FIG. 7 is a series of graphs shoWing the beam 
former output for a sidelobe signal computed for a coupled 
oscillator array having eight nonlinear oscillators; and 

[0022] FIG. 8 is a graph shoWing the beam pattern cor 
responding to the response of the nonlinear oscillator beam 
former to a given amplitude plane Wave signal as the angle 
of incidence of the signal is varied. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0023] Referring initially to FIG. 2, a receiver in accor 
dance With the present invention is shoWn positioned in a 
typical signal environment and designated 10. As shoWn in 
FIG. 2, the environment in Which the receiver 10 operates 
generally includes a mainbeam signal 12 having an approxi 
mate frequency, Q, that is generated by a mainbeam source 
14. Also shoWn, the environment contains directional inter 
ference signals 16 from source 18 that also have an approxi 
mate frequency, Q. To receive the signals 12, 16, the receiver 
10 includes a sensor array 20. 

[0024] Referring noW to FIG. 3, it can be seen that the 
sensor array 20 includes a plurality of sensors 22 that are 

designated H1)2 _ _ _ N. For the present invention, the sensors 
22 can be hydrophones, radiofrequency (rf) antennas or any 
other sensor knoWn in the pertinent art capable of receiving 
a signal from an environment such as that shoWn in FIG. 2. 
Further, the sensors 22 can be arranged in any suitable 
manner knoWn in the pertinent art such as a linear array or 
a planar array. Although three sensors 22 are shoWn in FIG. 
3, it is to be appreciated that any number of sensors can be 
used in accordance With the present invention. Preferably, 
each sensor 22 is a linear response type sensor, and as such, 
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upon receiving signals 12, 16, a plurality of sensor output 
signals 24a-c are created that have a linear relationship to the 
received signals 12, 16. 

[0025] Referring back to FIG. 2, the sensor array 20 as 
shoWn, is physically oriented in the direction of line 26. 
Further, as shoWn, the mainbeam signal 12 propagates from 
the mainbeam source 14 to the receiver 10 substantially 
along a line 28 that is located at an angle 30 from line 26. 
Thus, it is to be appreciated that for an arbitrarily located 
mainbeam source 14, the mainbeam signals 12 reach the 
sensor array 20 at a nonZero angle of incidence, and as such, 
a phase lag Will be created betWeen sensors 22 for each 
mainbeam signal 12 received at the sensor array 20. 

[0026] As further shoWn in FIG. 3, adjustable delays 
32a-c are provided to beamsteer the sensor array 20 in the 
direction of the mainbeam signal 12 (for the present disclo 
sure, the magnitude of each delay 32 is designated "5L2 _ _ _ N). 
For example, as shoWn, delay 32a is connected to sensor 22a 
to receive sensor output signals 24a from the sensor 22a. 
The delays 32a-c then create a delay output 34 that includes 
all of the signals exiting all of the delays 32. With this 
cooperation of structure, a mainbeam signal 12 that is 
received by the sensor array 20 Will be processed through the 
delays 32 to create a plurality of signals in the delay output 
34 that are substantially in-phase. Further, With this coop 
eration of structure, a directional interference signal 16 that 
reaches the sensor array 20 Will be processed through the 
delays 32 to create a plurality of signals in the delay output 
34 that are substantially out-of-phase. It is to be appreciated 
that the geometry of the sensor array 20 Will dictate the 
magnitude of each time delay 32a-c required to beamsteer 
the sensor array 20 in the direction of the mainbeam signal 
12. 

[0027] Importantly, the receiver 10 includes a beamformer 
36 having a plurality of nonlinear oscillators 38a-c, a 
plurality of coupling circuits 39, a plurality of Weighting 
circuits 40a-c, a summer 42 and a matched ?lter 44. In FIG. 
3, the state vector X of each nonlinear oscillator 38 is 
designated x1)2 _ _ _ N, and the Weight applied by each 
Weighting circuit 40 is designated W12 _ _ _ N. Also in FIG. 3, 
it can be seen that for the present invention, each nonlinear 
oscillator 38 is connected to a delay 32 to thereby interpose 
each delay 32 betWeen a sensor 22 and a nonlinear oscillator 
38. Accordingly, as shoWn, a plurality of N branches is 
established With each branch containing a sensor 22, a delay 
32, a nonlinear oscillator 38 and a Weighting circuit 40. For 
example, the Nth branch contains sensor 22c, delay 32c, 
nonlinear oscillator 38c and Weighting circuit 40c. Within 
each branch, the nonlinear oscillator 38 operates on signals 
received from the delay 32 to produce a nonlinear oscillator 
output 46. For example, for the Nth branch shoWn in FIG. 3, 
the nonlinear oscillator 38c operates on signals in the delay 
output 34 from delay 32c to produce a nonlinear oscillator 
output 46c. An optional Weighting circuit 40 in each branch 
operates on the nonlinear oscillator output 46 to produce a 
Weighed output 48. For example, for the Nth branch shoWn 
in FIG. 3, the Weighting circuit 40c operates on the non 
linear oscillator output 46c to produce Weighted output 48c. 

[0028] As shoWn, a summer 42 is connected to each of the 
Weighting circuits 40 to receive and sum the Weighted 
outputs 48 from each of the Weighting circuits 40, thus 
creating a summer output 50. For example, the nonlinear 
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oscillator outputs 46 may be Weighted and summed accord 
ing to the folloWing equation: 

[0029] Where Wi is the Weight of the ith Weighting circuit 
40, xi is the state vector of the ith nonlinear oscillator 38 and 

is a linear combination of the components of the state 
vector xi. As such, the optional Weighting circuits 40 can be 
used to taper the sensor array 20 if desired. As further 
shoWn, a matched ?lter 44 is connected to the summer 42 to 
operate on the signal s(t) created in the summer output 50 to 
thereby create a matched ?lter output 52 that includes only 
signals of a predetermined frequency. When Weighting cir 
cuits 40 are not used, the nonlinear oscillator outputs 46a-c 
are summed directly by the summer 42. 

[0030] In the preferred embodiment of the present inven 
tion, each nonlinear oscillator 38 is coupled to at least one 
other nonlinear oscillator 38 by a coupling circuit 39. As 
such, the state vector, xi, of the ith nonlinear oscillator 38 is 
made to depend on the state vector, X, of at least one other 
nonlinear oscillator 38. For example, the dynamics of each 
nonlinear oscillator 38 may be governed by the system of 
nonlinear ordinary differential equations of the form: 

dXi/dl=F(Xi)+K(Xi+1+Xii1—2Xi) 
[0031] Where is a nonlinear function of xi and K is the 
coupling strength. In this example, each nonlinear oscillator 
38 is coupled to each nearest nonlinear oscillator 38, but it 
is to be appreciated that other coupling schemes Wherein the 
nonlinear oscillators 38 are coupled to nonadjacent nonlin 
ear oscillators 38 may be suitable for certain applications. 

[0032] As shoWn in FIG. 3, the combination of coupled 
nonlinear oscillators 38a-c constitutes a coupled oscillator 
array 56. Preferably, the coupled oscillator array 56 is 
implemented on compact, loW cost, loW poWer, analog VLSI 
chips. For operation at high radio-frequencies, the coupled 
oscillator array 56 may be implemented using microWave 
oscillators. For the present invention, the nonlinear oscilla 
tors 38 are coupled to each other to create a signal in the 
summer output 50 having a frequency of approximately, Q, 
in response to a mainbeam signal 12 being received by the 
sensor array 20. Further, When coupled in this manner, the 
nonlinear oscillators 38 create a spectrum of signals in the 
summer output 50 centered about a frequency of approxi 
mately, (1), in response to a directional interference signal 16 
being received by the sensor array 20. The frequency, (1), 
corresponds to the average of the natural frequencies for all 
of the nonlinear oscillators 38. 

[0033] Referring noW to FIG. 4, the receiver 10 for the 
present invention can be setup for operation by ?rst selecting 
the frequency, Q, for the mainbeam signal 12 of interest 
(block 58). Next, the sensors 22 are beamsteered in the 
direction of the mainbeam signal 12 by adjusting the mag 
nitudes "5L2 _ _ _ N of the delays 32 (block 60). Additionally, the 
coupling strength, K, betWeen nonlinear oscillators 38 in the 
coupled oscillator array 56 is adjusted to establish a critical 
phase lag, Alpc (block 62). For the present invention, the siZe 
of the critical phase lag, Alpc Will determine the Width 63 of 
the mainbeam signal 12 (shoWn in FIG. 2) that is extracted 
by the beamformer 36. Further, the receiver 10 setup 
includes adjusting the optional Weighing circuits 40 to 
selectively Weight each nonlinear oscillator output 48 (block 
64). Finally, the matched ?lter 44 is con?gured to isolate the 
frequency, Q (block 66). 
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[0034] Once the receiver 10 is properly setup following 
the ?owchart in FIG. 4, the mainbeam signal 12 can be 
processed through the components of the receiver 10 (shoWn 
in FIG. 3). Speci?cally, the coupling relationship betWeen 
the nonlinear oscillators 38 is established by the correct 
design of the coupling circuits 39 to con?gure the coupled 
oscillator array 56 to have the folloWing tWo characteristics. 
First, the coupled oscillator array 56 is con?gured to syn 
chroniZe in response to signals in the delay output 34 that are 
in-phase. More speci?cally, the coupled oscillator array 56 
is con?gured to synchroniZe for signals in the delay output 
34 having a phase lag that is less than the selected critical 
phase lag, Alpc. Second, the coupled oscillator array 56 is 
con?gured to de-synchroniZe for signals in the delay output 
34 that are out-of-phase (i.e. signals in the delay output 34 
having a phase lag exceeding the critical phase lag, Alpc). 

[0035] With the coupling strength, K, betWeen the coupled 
nonlinear oscillators 38 adjusted to con?gure the coupled 
oscillator array 56 as described above, the matched ?lter 44 
can be used to extract the mainbeam signal 12 from the 
directional interference signals 16. Speci?cally, as described 
above, receipt of a mainbeam signal 12 having an approxi 
mate frequency, Q, by the sensor array 20 Will create a 
plurality of in-phase signals of approximate frequency, Q, in 
the delay output 34. Because the phase lag, A11), betWeen 
these signals Will be less than the critical phase lag, Alpc, 
these signals Will cause the coupled oscillator array 56 to 
synchroniZe and create a signal having approximate fre 
quency, Q, in each of the nonlinear oscillator outputs 46. The 
Weighting circuits 40a-c Will not alter the frequency, Q, or 
phase of the nonlinear oscillator outputs 46, thus the 
Weighted outputs 48 Will be in-phase and have approximate 
frequency, Q. Since the signals in the Weighted outputs 48 
are in-phase, the effect of the summer 42 Will be to create a 
signal in the summer output 50 having approximate fre 
quency, Q. 

[0036] Additionally, as described above, receipt of a direc 
tional interference signal 16 having an approximate fre 
quency, Q, by the sensor array 20 Will create a plurality of 
out-of-phase signals having an approximate frequency, Q, in 
the delay output 34. Because the phase lag, A11), betWeen 
these signals in the delay output 34 Will exceed the critical 
phase lag, Alpc, these signals Will not cause the coupled 
oscillator array 56 to synchroniZe. Rather, out-of-phase 
signals in the delay output 34 Will cause the coupled 
oscillator array 56 to produce signals in the nonlinear 
oscillator outputs 46a-c that are out-of-phase. As mentioned 
above, the Weighting circuits 40a-c Will not alter the fre 
quency, Q, or phase of the nonlinear oscillator outputs 46. 
Thus signals Will be created in the Weighted outputs 48 that 
are out-of-phase, and the effect of the summer 42 Will be to 
create a spectrum of signals centered on the frequency, (1), in 
the summer output 50. 

[0037] It is to be appreciated that the receiver 10 Will 
simultaneously process both the mainbeam signal 12 and 
directional interference signals 16. Speci?cally, the main 
beam signal 12 Will be processed as described above pro 
ducing a signal in the summer output 50 having a frequency, 
Q, While the directional interference signals 16 Will be 
processed to produce a spectrum of signals in the summer 
output 50 centered on the frequency, (1). Thus, a poWer 
spectrum such as the poWer spectrum shoWn in FIG. 5 is 
obtained in the summer output 50. Accordingly, the matched 
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?lter 44 can be used to isolate the frequency, Q, to limit the 
matched ?lter output 52 to the mainbeam signal 12. Note 
that if it is found to be necessary or advantageous for the 
natural frequencies, 00, of the nonlinear oscillators 38 to be 
much higher than the frequency, Q, of the mainbeam signal 
12, the signal s(t) in the summer output 50 can be demodu 
lated before being sent to the matched ?lter 44. (i.e., the 
nonlinear oscillators 38 in this case are acting as carrier 
signals Which are modulated by the mainbeam signal 12). 

EXAMPLE 

[0038] Computational validation of the nonlinear oscilla 
tor beamformer concept has been conducted using MAT 
LAB simulations. A system of N nonlinear oscillators With 
nearest-neighbor coupling Was simulated. The dynamics 
obeyed by each oscillator Were chosen to be that of a forced, 
Weakly nonlinear Van der Pol oscillator: 

dZ;/dl=(0t+i(b)2;—|Z;|2Z;+K(Z;+1+Z;’1—2Zi)+fCKQHwi), 

[0039] Where Zi is a complex quantity describing the state 
of the ith oscillator, 0t is the excitation coef?cient, K is the 
coupling coef?cient, f, Q, and 1])i are the input signal 
amplitude, frequency, and phase, respectively. The ?rst (i=1) 
and last (i=N) elements obeyed the equations: 

[0040] respectively. Note that these equations are dimen 
sionless but can be put into dimensional form With appro 
priate scaling. 

[0041] Each oscillator had a separate input corresponding 
to the input coming from its respective sensor via its delay. 
The variation of the angle of incidence, 0 of an incoming 
plane Wave Was modeled by appropriate selection of the 
phase lag, A1p=1pi+1-1pi, betWeen inputs at adjacent oscilla 
tors using the formula A1p=kd sin 0, Where k is the Wave 
number of the incoming plane Wave and d is the spacing 
betWeen sensor elements. For the folloWing results, the 
delays have been set to Zero so that the array is steered to 
broadside. 

[0042] FIGS. 6 and 7 shoW the simulation results for a 
beamformer With eight elements. In FIG. 6 the incoming 
plane Wave is incident just off the beam axis. The phase 
difference is A1p=0.2 radians Which corresponds to an angle 
of incidence of 0=3.7° for half-Wavelength spacing betWeen 
elements. The input signals, as a function of time, to each of 
the eight oscillators are shoWn in the bottom panel and the 
phase difference betWeen inputs can be seen in the offset of 
the curves. The frequency of the input signal Was Q=1.2. 
The output of each of the oscillators (taking the real part of 
Zi) is shoWn in the top panel. The oscillators start out With 
random initial conditions but they quickly synchroniZe and 
maintain this synchroniZation as can be seen by the constant 
phase difference betWeen curves. Note that this phase dif 
ference is less than for the input signals Which enables the 
mainbeam of the nonlinear beamformer to have a ?atter 
response than the equivalent linear beamformer (see FIG. 
8). The middle panel shoWs the natural frequencies (x’s) of 
the oscillators, chosen to be (I)=1.0 for all, and the measured 
frequencies (circles) from the simulation. It can be seen that 
all the elements have measured oscillation frequencies of 
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1.2, equal to that of the incident plane Wave input. Therefore, 
the power spectrum of the summed output Will be sharply 
centered on the input frequency. Accordingly, this signal 
Would be classi?ed as being in the mainbeam of the non 
linear oscillator beamformer. 

[0043] FIG. 7 shoWs the beamformer dynamics in 
response to a signal that lies in the sidelobe of the nonlinear 
oscillator beamformer, but Would be in the mainbeam of the 
equivalent linear beamformer. The phase difference betWeen 
the inputs to adjacent oscillators is A1p=05 corresponding to 
an angle of incidence of 0=9.2° assuming half-Wavelength 
spacing. All other parameters are the same as in FIG. 6. The 
input signals shoWn in the bottom panel have a Wider 
spacing betWeen them than in FIG. 6 due to the larger input 
phase difference. The top panel shoWs the oscillator outputs 
Which, as can clearly be seen, do not remain synchroniZed— 
the phase difference betWeen outputs changes With time. The 
measured frequencies (circles) are centered around the natu 
ral frequencies (x’s) of (I)=1.0 rather than being all equal to 
the input frequency of Q=1.2 as Was the case in FIG. 6. 
Therefore, the poWer spectrum of the summed output Will be 
distributed around the natural frequency. Accordingly, this 
signal Would be classi?ed as being outside the mainbeam of 
the nonlinear oscillator beamformer. Note that the angle of 
incidence of 0=9.2° is Within the mainbeam of the equiva 
lent, untapered, eight-element linear beamformer Whose ?rst 
null is located at 14.5°. This indicates the improved resolu 
tion possible With the nonlinear oscillator beamformer. 

[0044] FIG. 8 shoWs the beam pattern corresponding to 
the response of the nonlinear oscillator beamformer (solid 
line) to a given amplitude plane Wave signal as the angle of 
incidence (assuming half-Wavelength spacing betWeen ele 
ments) is varied. The array is steered to broadside. Also 
shoWn is the beam pattern Which Would be produced by the 
equivalent, untapered, conventional linear beamformer 
(dashed line). The response is found from the output poWer 
spectrum at a given angle of incidence by calculating the 
poWer contained in a small interval around the input fre 
quency Q. The plotted beam patterns are normaliZed so that 
the response at 0=0° is equal to one (0 dB on the plot). It can 
be seen that the nonlinear oscillator beamformer possesses a 
narroWer and ?atter mainbeam and loWer sidelobe levels 
than does the conventional beamformer. The critical angle of 
incidence, above Which the coupled oscillator array Will not 
synchroniZe, can be identi?ed by the sharp corner on the 
mainbeam of the nonlinear oscillator beam pattern. It is 
approximately 5° Which corresponds to a critical phase 
difference of Alpc=0.27 radians. 

[0045] While the particular NarroWband Beamformer 
Using Nonlinear Oscillators as herein shoWn and disclosed 
in detail is fully capable of obtaining the objects and 
providing the advantages herein before stated, it is to be 
understood that it is merely illustrative of the presently 
preferred embodiments of the invention and that no limita 
tions are intended to the details of construction or design 
herein shoWn other than as described in the appended 
claims. 

What is claimed is: 
1. A receiver for receiving a mainbeam signal of approxi 

mate frequency, Q, in an environment containing directional 
interference signals of approximate frequency, Q, said 
receiver comprising: 
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a sensor array having a plurality of sensors; 

a means for beamsteering said sensor array in the direc 
tion of the mainbeam; 

a plurality of nonlinear oscillators, each said nonlinear 
oscillator connected to a said sensor to produce a 
nonlinear oscillator output; 

a summer connected to each said nonlinear oscillator for 
receiving and summing said nonlinear oscillator out 
puts and creating a summer output; 

at least one coupling circuit for coupling each said non 
linear oscillator to at least one other said nonlinear 
oscillator to cause a summer output having a frequency 
of approximately, Q, in response to receipt of the 
mainbeam signal by the sensor array and to cause a 
summer output having a frequency of approximately, 
(I), in response to receipt of a directional interference 
signal by the sensor array; and 

a matched ?lter connected to said summer for receiving 
said summer output and separating said summer output 
into signals having an approximate frequency of Q and 
signals having an approximate frequency of (I). 

2. Areceiver as recited in claim 1 Wherein said sensors are 
radiofrequency antennas. 

3. Areceiver as recited in claim 1 Wherein said sensors are 
hydrophones. 

4. A receiver as recited in claim 1 Wherein said sensor 
array is a linear array. 

5. A receiver as recited in claim 1 Wherein said sensor 
array is a planar array. 

6. Areceiver as recited in claim 1 Wherein said means for 
beamsteering said sensor array in the direction of the main 
beam comprises a plurality of delays, each said delay 
connected betWeen a said sensor and a said nonlinear 
oscillator. 

7. Areceiver as recited in claim 1 Wherein said frequency, 
(1), is the average of the natural frequencies for all said 
nonlinear oscillators. 

8. A receiver as recited in claim 1 Wherein said plurality 
of nonlinear oscillators are implemented on an analog VLSI 
chip. 

9. A receiver as recited in claim 1 Wherein the mainbeam 
signal has an approximate wavelength, A and Wherein said 
sensors are spaced apart by a distance of approximately M2. 

10. AnarroWband beamformer for operation on the output 
of a sensor array having a plurality of sensors, the sensor 
array being beamsteered in the direction of a mainbeam 
signal, each sensor for receiving the mainbeam signal of 
approximate frequency, Q, and sidelobe signals of approxi 
mate frequency, Q, said narroWband beamformer compris 
mg: 

a plurality of nonlinear oscillators, one said nonlinear 
oscillator connected to each sensor, each said nonlinear 
oscillator coupled to at least one other said nonlinear 
oscillator to alloW each said nonlinear oscillator to 
create an output having a frequency of approximately, 
Q, in response to receipt of the mainbeam signal by the 
sensor array and to simultaneously alloW each said 
nonlinear oscillator to create an output in a frequency 
spectrum that is centered on a frequency of approxi 
mately, (1), in response to receipt of a sidelobe signal by 
the sensor array; 
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a summer connected to each said nonlinear oscillator for 
receiving and summing said nonlinear oscillator out 
puts and creating a summer output; and 

a matched ?lter connected to said summer for receiving 
said summer output and separating said summer output 
by frequency to distinguish the mainbeam signal from 
the sidelobe signals. 

11. A narroWband beamformer as recited in claim 10 
Wherein said frequency, (1), is the average of the natural 
frequencies for all said nonlinear oscillators. 

12. A narroWband beamformer as recited in claim 10 
Wherein said plurality of nonlinear oscillators are imple 
mented on an analog VLSI chip. 

13. A narroWband beamformer as recited in claim 10 
Wherein the plurality of sensors are arranged linearly in the 
sensor array With a second sensor juxtaposed betWeen a ?rst 
sensor and a third sensor; and Wherein a ?rst said nonlinear 
oscillator having state vector, x1, is connected to said ?rst 
sensor, a second said nonlinear oscillator having state vector, 
x2, is connected to said second sensor, and a third said 
nonlinear oscillator having state vector, x3, is connected to 
said third sensor; and Wherein said second nonlinear oscil 
lator is coupled to said ?rst nonlinear oscillator and said 
third nonlinear oscillator according to the folloWing rela 
tionship: 

14. A narroWband beamformer as recited in claim 10 
further comprising a plurality of Weighting circuits, each 
said Weighting circuit for multiplying each said nonlinear 
oscillator output by a Weighing factor selected for each 
nonlinear oscillator prior to summation by said summer. 

15. Amethod for beamforming the output of a plurality of 
beamsteered sensors comprising the steps of: 
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setting a critical phase lag, Alpc; 

providing a plurality of nonlinear oscillators; 

connecting a separate said nonlinear oscillator to each 
beamsteered sensor; 

coupling each said nonlinear oscillator to at least one 
other said nonlinear oscillator; 

connecting each said nonlinear oscillator to a summer; 
and 

adjusting the coupling strength betWeen said coupled 
oscillators to cause said summer to output a signal 
having an approximate frequency, Q, in response to 
receipt of a signal having an approximate frequency, Q, 
by said beamsteered sensors When the phase lag, A11), 
betWeen any tWo beamsteered sensors is less than said 
critical phase lag, Alpc, and to output a spectrum of 
signals centered on an approximate frequency, (1), in 
response to receipt of a signal of frequency, Q, by said 
beamsteered sensors When the phase lag, A11), betWeen 
any tWo beamsteered sensors is greater than said criti 
cal phase lag, Alpc. 

16. Amethod as recited in claim 15 further comprising the 
step of: 

separating said summer output into signals having an 
approximate frequency Q, and signals centered on an 
approximate frequency, (1). 

17. A method as recited in claim 16 Wherein said sepa 
rating step is performed using a matched ?lter. 

18. A method as recited in claim 15 Wherein said fre 
quency, (I), is the average of the natural frequencies for all 
said nonlinear oscillators. 

* * * * * 


