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ELECTRICALLY SMALL, SUPER
DIRECTIVE ANTENNAS

REFERENCE TO GOVERNMENT RIGHTS

This invention was made with government support under
1052074 awarded by the National Science Foundation. The
government has certain rights in the invention.

BACKGROUND

Electrically small antennas have been the subject of many
studies over the past few decades. An “electrically-small”
antenna refers to an antenna or antenna element with rela-
tively small geometrical dimensions compared to the wave-
length of the electromagnetic fields the antenna radiates. In
particular, a number of theoretical studies have examined the
relationship between the electrical dimensions (physical
dimensions normalized to the wavelength) of an antenna and
its radiation characteristics including gain, radiation effi-
ciency, bandwidth, and directional characteristics. These
studies point to a set of either fundamental or practical limi-
tations that govern the performance of such antennas. In
particular, as the electrical dimensions of an antenna are
decreased, the radiation efficiency and bandwidth also
decrease. As a result, these studies propose a set of funda-
mental limits that predict the upper bounds of these radiation
parameters.

Similar theoretical studies have been carried out to inves-
tigate the relationship between the directionality of an
antenna array or continuous aperture and its electrical size.
The results show that, in theory, achieving super-directivity is
possible from an antenna array or a continuous aperture. In
principle, such super-directive arrays can be used to precisely
resolve the direction of arrival of an electromagnetic (EM)
wave. However, when the overall electrical dimensions of the
antenna array decrease, the nearby elements of the array must
be excited with significantly oscillatory and widely varying
excitation coefficients to achieve super-directional character-
istics. Thus, though mathematically possible, the realization
of such excitation coefficients is not practical for small
antenna arrays due to problems such as mutual coupling
between the elements and the tolerances required in device
fabrication.

Studies have also been conducted in which the auditory
system of the parasitic fly, Ormia Ochracea, has been ana-
lyzed due to the ability of the female fly to accurately resolve
the call of the male fly despite the small distance between the
ears of the female fly in relation to the wavelength of the call.
Proposed antenna/signal processing designs based on the
anatomy of the ears of the fly have shown enhanced resolution
capabilities compared to regular antenna arrays that occupy
the same area. In this context, resolution capability refers to
the ability of the antenna array to detect the direction of arrival
of an electromagnetic wave. However, the improved resolu-
tion capability has not translated to a higher gain or directivity
for the antenna array. An inherent tradeoff exists between the
angular sensitivity of the system and its output signal to noise
ratio (SNR). In particular, as the angular sensitivity of the
antenna increases, its output SNR decreases. This tradeoff
exists in nature, where small animals that possess the sense of
directional hearing have traded the capability to hear over
long distances in favor of the capability of localizing the
sound source of interest to a smaller area.

SUMMARY

In an illustrative embodiment, an electrically small
receiver system is provided. The receiver system includes a
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plurality of antennas and a signal processing circuit. The
plurality of antennas includes a first antenna configured to
receive a first signal and a second antenna configured to
receive a second signal. The signal processing circuit includes
a phase shifter configured to apply a phase shift to the
received second signal. The phase shift applied by the phase
shifter is a function of an angle of incidence of the second
signal measured relative to a boresight direction of the plu-
rality of antennas. The signal processing circuit is configured
to form an output signal that is a combination of the received
first signal and the phase shifted second signal.

Other principal features and advantages of the invention
will become apparent to those skilled in the art upon review of
the following drawings, the detailed description, and the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Ilustrative embodiments of the invention will hereafter be
described with reference to the accompanying drawings,
wherein like numerals denote like elements.

FIG. 1 depicts a block diagram of a mechanical system
modeling a small insect auditory system in accordance with
an illustrative embodiment.

FIG. 2 depicts a first electrical circuit equivalent of the
mechanical system of FIG. 1 in accordance with a first illus-
trative embodiment.

FIG. 3 depicts a second electrical circuit equivalent of the
mechanical system of FIG. 1 in accordance with a second
illustrative embodiment.

FIG. 4 depicts a block diagram of a receiver system utiliz-
ing the electrical circuit equivalent of FIG. 2 or FIG. 3 in
accordance with an illustrative embodiment.

FIG. 5 depicts an electrical circuit of the receiver system of
FIG. 4 in accordance with an illustrative embodiment.

FIG. 6 depicts an output phase generated when not using
the electrical circuit of FIG. 5 and generated using the elec-
trical circuit of FIG. 5 as a function of incidence angle and for
different values of coupling capacitance in accordance with
an illustrative embodiment.

FIG. 7 depicts a phase difference comparison generated
when not using the electrical circuit of FIG. 5 and generated
using the electrical circuit of FIG. 5 as a function of incidence
angle in accordance with an illustrative embodiment.

FIG. 8 depicts a normalized sensitivity pattern comparison
generated when not using the electrical circuit of FIG. 5 and
generated using the electrical circuit of FIG. 5 as a function of
incidence angle in accordance with an illustrative embodi-
ment.

FIG. 9 depicts a normalized array factor comparison gen-
erated when not using the electrical circuit of FIG. 5 and
generated using the electrical circuit of FIG. 5 as a function of
incidence angle in accordance with an illustrative embodi-
ment.

FIG. 10 depicts a block diagram of an uncoupled receiver
system utilizing the electrical circuit equivalent of FIG. 2 or
FIG. 3 in accordance with an illustrative embodiment.

FIG. 11 depicts a phase response comparison as a function
of'incidence angle in accordance with an illustrative embodi-
ment.

FIG. 12 depicts a block diagram of a second receiver sys-
tem based on the principles of the electrical circuit equivalent
of FIG. 2 or FIG. 3 in accordance with an illustrative embodi-
ment.

FIG. 13 depicts a block diagram of a differential phase
shifter for use with the second receiver system of FIG. 12 in
accordance with an illustrative embodiment.
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FIG. 14 depicts a normalized array factor comparison gen-
erated by a regular array and generated using the second
receiver system of FIG. 12 with statistical errors as a function
of incidence angle in accordance with a first illustrative
embodiment.

FIG. 15 depicts an idealized normalized array factor com-
parison generated by a regular array and generated using the
second receiver system of FIG. 12 as a function of incidence
angle in accordance with a second illustrative embodiment.

FIG. 16 depicts a normalized array factor comparison gen-
erated by a regular array and generated using the second
receiver system of FIG. 12 with statistical errors as a function
of'incidence angle in accordance with the second illustrative
embodiment.

FIGS. 17a-17d depict coupled microstrip lines in accor-
dance with an illustrative embodiment.

FIG. 18 depicts a block diagram of a third receiver system
based on the principles of the electrical circuit equivalent of
FIG. 2 or FIG. 3 in accordance with an illustrative embodi-
ment.

FIG. 19 depicts a block diagram of'a fourth receiver system
based on the principles of the electrical circuit equivalent of
FIG. 2 or FIG. 3 in accordance with an illustrative embodi-
ment.

FIG. 20 depicts a block diagram of a fifth receiver system
based on the principles of the electrical circuit equivalent of
FIG. 2 or FIG. 3 in accordance with an illustrative embodi-
ment.

DETAILED DESCRIPTION

An analogy can be drawn between the problem of super-
resolving electrically small antennas and the sense of direc-
tional hearing in insects and small vertebrates. Many animals
use sound waves for communication and sensing. The audi-
tory system of such animals has evolved and adapted to be
able to detect sound waves of interest and to localize their
source. To achieve this, most animals use two ears, which act
as pressure sensitive receivers excited by the pressure of an
incoming sound wave. Based on the direction of incidence,
the sound wave arrives at one ear earlier than the other. Addi-
tionally, the amplitude of the vibrations at the two ears is
generally different due to the scattering caused by the ani-
mal’s body. These differences in the time of arrival and the
amplitude of the two received signals are the main cues used
by the auditory system of most animals to determine the
location of the sound emitting source.

In large animals and humans, the separation between the
two ears is physically large and significant scattering of sound
is created by the large head separating the two ears. This
results in the large interaural time and intensity differences
between the two received signals that can be easily detected
by the animal’s central nervous system. As the size of the
animal decreases, however, these differences become smaller
and smaller. Therefore, one would think that smaller animals
and especially insects are inherently at a disadvantage when it
comes to directional hearing. However, some small animals
and insects demonstrate hyperacute directional hearing capa-
bilities.

In these small animals/insects, the auditory organ is com-
posed of two ears separated by a very small distance com-
pared to the wavelength of the sound. Due to this small
separation and the small size of the animal’s head, there is
little or no intensity difference between the level of sound that
arrives at the two ears. Therefore, the only cues available for
locating the source of sound are the small differences in the
time of arrival of the sound between the two ears. The audi-
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tory systems of these animals amplify the minute differences
in the time of arrival of sound and increase them to detectable
levels to determine a direction of the sound source. Thus, the
auditory system of these small animals/insects measures a
pressure difference at each ear. For example, in the parasitoid
fly Ormia Ochracea,the separation between the two ears is so
small that the ears are physically connected together using a
flexible mechanical lever. This coupled ear mechanism
enhances the minute difference in the time of arrival of the
sound wave between the two ears and amplifies it to a level
that is detectable by the fly’s simple nervous system.

With reference to FIG. 1, a mechanical model 100 of the
fly’s ear is shown in accordance with an illustrative embodi-
ment, which has been shown to be capable of predicting the
measured frequency response of the fly’s ear with a reason-
able degree of accuracy. Mechanical model 100 includes a
second-order coupled resonator mechanical system with a
first input 102, f,(w), and a second input 104, f,(w), which
represent the forces exerted on each tympanal membrane by
the sound wave, and a first output 106, y, (), and a second
output 108, v, (w), which represent the vibration amplitudes
of each tympanal membrane. A first ear 110 is modeled as a
first spring 112 and first damper 114 mounted in parallel from
afirstend 116 of a lever 118. Lever 118 connects first ear 110
with a second ear 120. Second ear 120 is modeled as a second
spring 122 and second damper 124 mounted in parallel from
a second end 126 of lever 118. A third spring 126 and a third
damper 128 mounted in parallel across lever 118 couple first
input 102 and second input 104 to generate first output 106
and second output 108.

Using the equivalency between the basic mechanical ele-
ments (mass, damper, and spring) and electrical circuit ele-
ments (inductor, resistor, and capacitor), an electrical circuit
200 of mechanical model 100 can be derived from mechani-
cal model 100 as shown with reference to FIG. 2. Electrical
circuit 200 is obtained when considering force in a mechani-
cal system to be analogous to voltage in an electric circuit and
velocity in a mechanical system to be analogous to current.
Electrical circuit 200 is a second-order coupled resonator
network with a first input signal 202, v,(w), a second input
signal 204, v, (), a first output signal 206, 1, (»), and asecond
output signal 208, i,(w). First input signal 202, v,(w) and
second input signal 204, v,(w), are the input voltages, and
first output signal 206, i,(®») and second output signal 208,
i,(w), are the currents in each resonate loop. Because the two
input signals 202, 204 of electrical circuit 200 represent the
input signals at each ear, under sinusoidal excitation, the two
input signals 202, 204 have the same magnitude and only a
small phase difference between them caused by the difference
in time of arrival of sound between the two ears. This phase
difference can be expressed as ®,,(0)=2nd sin 6/A,, where
d<<,, d is the spacing between the two ears, 6 is the inci-
dence angle, and A is a free space sound wavelength.

Electrical circuit 200 may include a first resonant loop 210
and a second resonant loop 212. First resonant loop 210 may
include a first resistor 214, a first inductor 216, a first capaci-
tor 218, a second resistor 220, and a second capacitor 222.
Second resonant loop 212 may include a third resistor 224, a
second inductor 226, a third capacitor 228, second resistor
220, and second capacitor 222. First resistor 214, first induc-
tor 216, and first capacitor 218 are mounted in series. Third
resistor 224, second inductor 226, and third capacitor 228 are
mounted in series. Second resistor 220 and second capacitor
222 are mounted in series to each other and parallel between
first capacitor 218 and third capacitor 228 and couple first
input signal 202 and second input signal 204 to generate first
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output signal 206 and second output signal 208. Thus, elec-
trical circuit 200 includes coupled, series RL.C resonant cir-
cuits.

By properly choosing the values of the circuit elements,
electrical circuit 200 can be designed to increase the phase
difference between the two output signals 206, 208, even
though the two input signals 202, 204 are almost identical.
Assuming that the two inputs are represented as v,=1 and
v,=e“®9_ the outputs can be represented as i,=A(0)e/*1®
and i,=B(0)e’®*®, where ®,,(0) represent the input phase,
A(0) and B(8) represent the output amplitudes, and @, (8) and
@,(0) represent the output phases. The output phase difter-
ence can be defined as ®_,,,)=(0)=®,(0)-D,(0).

Using the equivalency between the basic mechanical ele-
ments (mass, damper, and spring) and electrical circuit ele-
ments (inductor, resistor, and capacitor), a second electrical
circuit 300 of mechanical model 100 can be derived from
mechanical model 100 as shown with reference to FIG. 3.
Second electrical circuit 300 is obtained when considering
force in a mechanical system to be analogous to current in an
electric circuit and velocity in a mechanical system to be
analogous to voltage. Second electrical circuit 300 is a
coupled resonator network with a first input signal 302, 1, (m),
a second input signal 304, i,(w), a first output signal 306,
v,(w), and a second output signal 308, v,(w). First input
signal 302, i, (w), and second input signal 304, i,(w), repre-
sent the input current, and first output signal 306, v,(®), and
a second output signal 308, v,(m) represent the output voltage
across each parallel RLC circuit. Because the two input sig-
nals 302, 304 of second electrical circuit 300 represent the
input signals at each ear, under sinusoidal excitation, the two
input signals 302, 304 have the same magnitude and only a
small phase difference between them caused by the difference
in time of arrival of sound between the two ears. This phase
difference again can be expressed as ®,,(0)=2nd sin 0/A,,
where d<<,, d is the spacing between the two ears, 0 is the
incidence angle, and }, is a free space sound wavelength.

Second electrical circuit 300 may include a first RLC cir-
cuit 301, a second RLC circuit 303, a third resistor 322, and a
third inductor 324. First RLC circuit 301 may include a first
inductor 310, a first resistor 312, and a first capacitor 314.
Second RLC circuit 303 may include a second inductor 316,
a second resistor 318, and a second capacitor 320. First induc-
tor 310, first resistor 312, and first capacitor 314 are mounted
in parallel. Second inductor 316, second resistor 318, and
second capacitor 320 are mounted in parallel. Third resistor
322 and third inductor 324 are mounted in parallel to each
other and in series between first RLC circuit 301 and second
RLC circuit 303 and couple first input signal 302 and second
input signal 304 to generate first output signal 306 and second
output signal 308. Thus, second electrical circuit 300 includes
coupled, parallel RLC resonant circuits. Again, by properly
choosing the values of the circuit elements, electrical circuit
300 can be designed to increase the phase difference between
the two output signals 306, 308, even though the two input
signals 302, 304 are almost identical.

With reference to FIG. 4, a block diagram of a receiver
system 414 utilizing the electrical circuit equivalent of FIG. 2
or FIG. 3 in accordance with a first illustrative embodiment is
depicted. Receiver system 414 includes an antenna array 400
shown in accordance with an illustrative embodiment and a
signal processing circuit 412. Antenna array 400 may include
a first antenna 402 and a second antenna 404 though a fewer
or a greater number of antennas may be used. First antenna
402 and second antenna 404 are separated by a distance 406,
d, where d<<A,-A, is the free space wavelength of an incident
plane electromagnetic (EM) wave received from a source 407

5

20

25

30

35

40

45

55

60

65

6

positioned at an incidence angle 408, 6, measured relative to
aboresight direction 410 of antenna array 400. A.,=c/{,, where
c is the speed of light and {; is the carrier frequency of the
incident plane electromagnetic (EM) wave. The antenna out-
put signals x; and x, of antenna array 400 have the same
magnitude and a phase difference of ®,, (6)=2nd sin 6/A, and
are input to signal processing circuit 412, which generates
output signals y, and y,, which have a significantly larger
output phase difference, which varies as a function of inci-
dence angle. Even if distance 406, d, is not significantly
smaller than the wavelength, A, signal processing circuit 412
generates output signals y, and y, having a significantly
larger output phase diftference. For example, if d<<j/2, sig-
nal processing circuit 412 provides a better resolution than
that which is achieved using a regular array architecture with-
out signal processing circuit 412.

To quantify this, a dimensionless quantity denoted Sensi-
tivity Factor (SF) can be defined for antenna array 400 with-
out and with further processing using signal processing cir-
cuit 412:

®

X2 i,
SFuipoa®) = [1 + | == 11+ SO
X2

2 .
P =1+ 2] =11+ 4@) Bere Fou] @

where SF ;... refers to the sensitivity factor of antenna array
400 without further processing using signal processing circuit
412 and SF,,,,(0) refers to the sensitivity factor of antenna
array 400 with further processing using signal processing
circuit 412. The angular variations of sensitivity factor are
henceforth referred to as the sensitivity pattern. The sensitiv-
ity pattern is a dimensionless quantity, which can be used as
a measure for quantifying the capability of a receiving array,
composed of two closely spaced isotropic antennas, in deter-
mining the direction of arrival of an incoming EM wave.
SF,,;(0) 1s the ratio of the power of the two output signals y,
(0) and y,(0), i.e, SF,,,,(0)l;5~10 log(ly 2y, */ly,I?).

The sensitivity pattern is different from the traditional
array factor, which is an indication of the amount of power
received by an array. For antenna array 400 before processing
using signal processing circuit 412, the sensitivity pattern and
the normalized array factor have the same angular depen-
dency. On the other hand, the angular variation of the sensi-
tivity pattern after processing using signal processing circuit
412 is considerably different from those of its array factor. A
comparison of equations (1) and (2) reveals thatif @, (0) can
be approximated as a linear function of ®,,(6) with a slope of
m>1, the sensitivity pattern of antenna array 400 after pro-
cessing using signal processing circuit 412 is equivalent to
that of a regular two-element array with a spacing of mxd
between the two elements. In other words, as far as spatial
resolving capabilities of a receiving array are concerned, the
effective aperture size of antenna array 400 after processing
using signal processing circuit 412 is m times its maximum
physical size, d. However, due to the nonlinear relationship
between ®_,,(0) and ®,,(0), this virtual aperture amplifica-
tion is even more significant allowing antenna array 400 to
have a sensitivity pattern equivalent to a multi-element array
with significantly larger aperture dimensions and half-wave-
length spacing between the elements. The outputs can be
measured using receivers.

With reference to FIG. 5, a schematic of receiver system
414 including signal processing circuit 412 is shown in accor-
dance with an illustrative embodiment. Signal processing
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circuit 412 may be based on electrical circuit 200 or second
electrical circuit 300. In the illustrative embodiment of FIG.
5, signal processing circuit 412 is based on electrical circuit
200. A first resistor 502, a first transformer 504, a first induc-
tor 506, and a first capacitor 508 receive a first signal x, from
first antenna 402. A second resistor 512, a second transformer
514, a second inductor 516, and a second capacitor 518
receive a second signal x, from second antenna 404. A third
resistor 522 and a third capacitor 524 are mounted in series to
each other and parallel between first capacitor 508 and second
capacitor 518. Third resistor 522 and third capacitor 524
couple first signal x,; received from first antenna 402 and
second signal x, received from second antenna 404 such that
a first output signal y, and a second output signal y, are
generated as a function of first signal x, and second signal x,,.
First output signal y, is generated across a first output resistor
510, and second output signal y, is generated across a second
output resistor 520. First transformer 504 and second trans-
former 514 simplify the sampling of the output loop currents,
and first output resistor 510 and second output resistor 520
convert the sampled output loop currents to output voltages. If
signal processing circuit 412 based on second electrical cir-
cuit 300 is used, first transformer 504 and second transformer
514 are not needed.

With reference to FIG. 6, the phase difference as a function
of incidence angle 408 was calculated for antenna array 400
including first antenna 402 and second antenna 404 com-
prised of two isotropic receiving elements spaced 0.05A,
apart and with A(6)=B(0). First resistor 502 and second resis-
tor 512 were defined as 1.1 Ohms (€2). Third resistor 522 was
defined as 0Q. First capacitor 508 and second capacitor 518
were defined as 1.75 pico Farad (pF), and first inductor 506
and second inductor 516 were defined as 82 nano Henry (nH).
The values of third capacitor 524, also referenced as the
coupling capacitor, were varied (0.4 pF, 0.2 pF, 0.1 pF, 0.05
pF, and 0.01 pF) to show the effect of this parameter on the
output phase difference between the two output signals y, (0)
and y,(0). Additionally, the phase difference between output
signals x; and x, of antenna array 400 as a function of inci-
dence angle 408 was calculated for comparison and is
denoted @,,,/,.imm0. Adjustment of third capacitor 524 results
in a change in how rapidly the phase difference saturates to a
level close to 180° as incidence angle 408 increases from
boresight to 90°. Thus, third capacitor 524 may be a varactor
that allows adjustment of a capacitance to change a response
of'the phase difference as a function ofincidence angle 408 of
source 407.

As expected, the phase difference is significantly magni-
fied using signal processing circuit 412. The phase difference
output from signal processing circuit 412 shown in FIG. 6 has
the form of an inverse tangent function, ®,,,(6)=2 tan™*(6/
0,), where 8, is a constant defined based on the circuit param-
eters of signal processing circuit 412. For example, 0, varies
as a function of the value of third capacitor 524 such that as
the value of third capacitor 524 becomes smaller the value of
0, becomes smaller resulting in sharper phase variations as
shown with reference to FIG. 6. In contrast, ¢_,,,.;s0.. has the
form 27td sin 6/A,.

With reference to FIG. 7, the phase difference as a function
of incidence angle 408 was calculated for antenna array 400
including first antenna 402 and second antenna 404 com-
prised of two isotropic receiving elements spaced 0.05),
apart and with A(6)=B(0). First resistor 502 and second resis-
tor 512 were defined as 1.1Q. Third resistor 522 was defined
as 0Q. First capacitor 508, second capacitor 518, and third
capacitor 524 were defined as 0.1 pF, and first inductor 506
and second inductor 516 were defined as 82 nH. A first phase
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difference output curve 700 shows the output from signal
processing circuit 412. Additionally, the phase difference
between output signals x; and x, of antenna array 400 as a
function of incidence angle 408 was calculated for compari-
son and is shown as a second phase difference output curve
702. Again, the phase output from signal processing circuit
412 has the form of an inverse tangent function, @, (0)=2
tan~'(6/8,), and the phase difference between output signals
x, and X, has the form 2rtd sin 0/A,, which is that for a regular
array.

The sensitivity pattern can be directly measured by SF, ,,;,
(0)=1y,(0)+y,(0)*/ly,(8)I>. With reference to FIG. 8, the nor-
malized sensitivity pattern as a function of incidence angle
408 was calculated for the antenna array described with ref-
erence to FIG. 7 and is shown by a first sensitivity pattern
curve 800 output from signal processing circuit 412. For
comparison, a second sensitivity pattern curve 802 for the
regular array is shown. First sensitivity pattern curve 800
shows that signal processing circuit 412 provides a more
directional signal.

The array factor can be defined as AF(0)=ly,(6)+y,(6)I%.
With reference to FIG. 9, the array factor as a function of
incidence angle 408 was calculated for the antenna array
described with reference to FIG. 7 and is shown by a first
array factor curve 900 output from signal processing circuit
412. For comparison, a second array factor curve 902 for the
regular array is shown. As expected, first array factor curve
900 is identical to second array factor curve 902. Thus, the
improved resolution capability provided by signal processing
circuit 412 does not translate to a higher gain or directivity for
the antenna array because the antennas do not collect more
power from the wave compared to a normal size aperture as
shown by the array factor curves 900, 902.

In evaluating the operation of receiver system 414 as an
uncoupled system, signal processing circuit 412 acts as an
angle of incidence (AOI) dependent attenuator 1000 and an
AOI dependent phase shifter 1002 as shown with reference to
FIG. 10. If AOI attenuator 1000 is absent and AOI dependent
phase shifter 1002 provides a phase shift ®(0)=m2nd sin
/), the array factor AF=1+e 72+ 1sin@® The array factor
for a regular array without AOI dependent phase shifter 1002
=1+g 72 sm(© Thys, the effect of AOI depen-
dent phase shifter 1002 is an aperture that has been expanded
by a factor of (m+1). Inclusion of AOI dependent phase shifter
1002 effectively results in a phase response that is the differ-
ence between first phase difference output curve 700 and
second phase difference output curve 702 and is shown as a
third phase difference output curve 1100 as shown with ref-
erence to FIG. 11. A shaded area 1102 indicates the region of
maximum sensitivity of the phase response relative to the
AQI, which in the illustrative embodiment is an AOI of ~15°
for two isotropic receiving elements spaced 0.05h.,.

Eliminating AOI dependent attenuator 1000 and including
AOI dependent phase shifter 1002 into a receiver system
1200, as shown with reference to FIG. 12, thus, results in a
virtual aperture expansion. As a result, receiver system 1200
has both improved resolution capability and a higher gain or
directivity.

With reference to FIG. 13, a first AOI dependent phase
shifter 1002a is shown in accordance with an illustrative
embodiment. First AOI dependent phase shifter 1002a may
include a 90° phase shifter 1300, a first mixer 1302, a second
mixer 1304, a first low pass filter 1306, a second low pass
filter 1308, and a controlled phase shifter 1310. A first signal
1312 is received at first antenna 402, and a second signal 1314
is received at second antenna 404. The received signals are
assumed to be plane waves that can be represented as cosine
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functions. Balanced amplifiers may be used so that the ampli-
tude, A, is the same for both first signal 1312 and second
signal 1314. Thus, first signal 1312 may be represented as A
cos wt, and second signal 1314 may be represented as A
cos(wt-9), where o is the frequency of the received signal, t
is the time, and 9 is the phase difference between first signal
1312 and second signal 1314. First signal 1312 and second
signal 1314 are input to first mixer 1302 and the mixed signal
is input to first low pass filter 1306 resulting in a first filtered
signal 1316. First signal 1312 is also input to 90° phase shifter
1300 forming a shifted signal 1318. Shifted signal 1318 and
second signal 1314 are input to second mixer 1304 and the
mixed signal is input to second low pass filter 1308 resulting
in a second filtered signal 1320. First filtered signal 1316 has
the form A%/2 cos(d) and second filtered signal 1320 has the
form A*/2 sin(3). As aresult, the phase difference, 8, between
first signal 1312 and second signal 1314 can be determined
based on the two inputs, first filtered signal 1316 and second
filtered signal 1320. The output signal from controlled phase
shifter 1310 is a controlled signal 1322 denoted as y, (),
which is a phase shifted version of second signal 1314. First
signal 1312 is y, (w). First signal 1312 and controlled signal
1322 are summed by a summer 1324 to form an output signal
1326 that is y, (w)+y, ().

Controlled phase shifter 1310 may be a voltage controlled
phase shifter that applies a phase shift of either 0 or +® to
second signal 1314 that is input to controlled phase shifter
1310. The phase shift applied is determined based on the
incidence angle (also referenced herein as the angle of inci-
dence or AOI), which is determined from the phase differ-
ence, d, as O=sin'A,8/2nd. For example,

-0y O< 8 (3)
OB = 0 —b0y <6 <8,
Dy, 0>06,

where 0, is an incidence angle threshold value and @, is a
phase shift threshold value. In an illustrative embodiment, 6,
is selected based on the desired beam width of the antenna’s
array factor as 6,=0; _5/2. For example, for a given applica-
tion, an array with a beamwidth of 10° may be needed based
on receiver design criteria based on the application of the
receiver, which results in 6,=5°. Thus, the choice of 6,
depends on the desired directionality level needed from the
antenna array.

Once the value of 6, is chosen, the value of @, can be
determined by calculating the array factor for antenna array
400. The goal in this case is to obtain an array factor which is
almost constant in the range of -0,<0<0, and has a small
value outside of this range. The value of @, is then chosen
such that the array factor outside of this range —-0,<0<0, is
minimum. Thus, the value of @, can be determined using
basic mathematical calculations based on the desired
attributes of the array factor or antenna receiving pattern as
understood by a person of skill in the art.

For example, given receiver system 1200, which is a two
element array, the array factor is

AF—] 4ekd sin 8,50(®)

where ®(0) is the phase shift provided by controlled phase
shifter 1310 and k=27t/A. is the wavenumber. Given the goal of
a directive radiation pattern in the range of —-30°<6<30° with
the direction of maximum radiation oriented towards 0° with
the array factor a very small number in the region outside this.
Ideally, the array factor would be zero outside the range, but

20

25

30

35

40

45

50

55

60

65

10

this is not practical. So, instead, the array factor is minimized
in the region outside the desired range. For simplicity, con-
trolled phase shifter 1310 has three states, a phase shift of 0 or
+®,,. In this case, the array factor for receiver system 1200 has
three different forms as shown below:

L+ #0530
AF =1 1+ _30°<9<30°
L+ e endei®  g<_30°

A phase shift of 0 for -30°<8<30° ensures that the direc-
tion of maximum radiation is toward 0=0°. Within
-30°<6<30°, receiver system 1200 behaves like a regular
array with a spacing of d. Outside of this region, the array
factor is modified by having a phase shift of either @, or —D,,.
@, is selected to minimize the amplitude of | 1 +e7*< 5 9P|
within the angular range 6>30° or |1+e 74" ®/®9| within the
angular range of 8<-30° using a computing device including
a handheld calculator.

For example, for two isotropic receiving elements spaced
0.05A, apart, a comparison between the normalized array
factor is shown with reference to F1G. 14. A third array factor
curve 1400 shows the array factor as a function of AOL 6,
calculated based on applying a phase shift according to equa-
tion (3) using controlled phase shifter 1310. 0, is chosen to be
15°, which is half the desired beam width of 30°. In the case
of this example, this process results in an optimum value of
®,=170°, which minimizes the antenna’s array factor outside
of -8,<6<8,,.

Third array factor curve 1400 assumes an accurate deter-
mination of 0. If a standard deviation error of 5° is applied to
the determination of 0, for 100 samples, the statistical aver-
age of the array factor is shown in FIG. 14 by a fourth array
factor curve 1402. If a standard deviation error of 10° is
applied to the determination of 6, for 100 samples, the statis-
tical average of the array factor is shown in FIG. 14 by a fifth
array factor curve 1404. Second array factor curve 902 for the
regular array is shown for comparison in FIG. 14. As
expected, the array factor that results from application of a
phase shift according to equation (3) using controlled phase
shifter 1310 results in a substantially more directive receiver
system.

As another example, for two isotropic receiving elements
spaced A,/8 apart, a comparison between the normalized
array factor is shown with reference to FIG. 15. A sixth array
factor curve 1500 shows the array factor as a function of AOI,
0, calculated based on applying a phase shift according to
equation (3) using controlled phase shifter 1310. A beam
width of 60° is chosen resulting in 6,=30°. @, is determined
to be 145° because ®,=145° is found to be optimum to ensure
that antenna array 400 is directional. Sixth array factor curve
1500 assumes an accurate determination of 8. If a standard
deviation error of 5° is applied to the determination of 6, for
100 samples, the statistical average of the array factor is
shown in FIG. 16 by a seventh array factor curve 1600. If a
standard deviation error of 10° is applied to the determination
ot'6,, for 100 samples, the statistical average of the array factor
is shown in FIG. 16 by an eighth array factor curve 1602.
Second array factor curve 902 for the regular array is shown
for comparison in FIGS. 15 and 16.

As an alternative to first AOI dependent phase shifter
10024, a second AOI dependent phase shifter 10025 (shown
with reference to FIG. 18) can be used. Second AOI depen-
dent phase shifter 10025 exploits the difference between even
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and odd mode phase velocities of differential microwave
circuits. With reference to FIG. 17(a), a side view of a first
microstrip line 1700 and a second microstrip line 1702 are
shown. First microstrip line 1700 and second microstrip line
1702 are coupled to each other. If both first microstrip line
1700 and second microstrip line 1702 are excited with the
same voltage (+1 and +1), hence in the even mode, as shown
with reference to FIG. 17(b), first microstrip line 1700 and
second microstrip line 1702 have the same effective capaci-
tance per unit length as indicated by C with reference to FI1G.
17(b). If one of first microstrip line 1700 and second micros-
trip line 1702 is excited with an excitation coefficient of +1
and the other of first microstrip line 1700 and second micros-
trip line 1702 is excited with an excitation coefficient of -1,
hence in the odd mode, there is an additional capacitance per
unit length C' between the two lines as shown with reference
to FIG. 17(c). This means that the phase velocity of the line in
the even mode is different than that of the line in the odd
mode. This different phase velocity can be exploited to design
second AOI dependent phase shifter 10025, which provides a
total phase shift that is a function of the phase difference
between the two excitation signals. Again, of course, the
incidence angle is a function of the phase difference. Thus,
second AOI dependent phase shifter 10025 provides a total
phase shift that is a function of the incidence angle.

A mechanism for doing this is shown with reference to
FIG. 17(d). In FIG. 17(d), a nonlinear capacitor 1704 is used
to periodically load first microstrip line 1700 and second
microstrip line 1702 along their lengths. Nonlinear capacitor
1704 serves two purposes. First, nonlinear capacitor 1704
allows a change in the phase velocity of the odd mode and
achieves a desired phase velocity difference between the even
and odd modes (i.e., different phase shifts per unit length).
This phase velocity determines the overall phase shift that is
introduced to the signal which is passed through the line.
Second, the nonlinear nature of nonlinear capacitor 1704
means that the exact value of the capacitance depends on the
voltage difference between the two transmission lines.

For example, there are a number of types of different non-
linear capacitors that can be used for this application. One
exampleis a BST capacitor which has anonlinear capacitance
function of the type:

where C, is a fixed capacitance value that is the capacitance
when the voltage difference is zero. V, is a threshold voltage
value that can be dependent on the type and composition of
the materials used and the exact topology of the capacitor. C
is the device’s capacitance at a given voltage and V is the
applied voltage at the capacitor’s two terminals.

With reference to FIG. 18, second AOI dependent phase
shifter 100256 may include a first amplifier 1800, a second
amplifier 1802, and a differential phase shifter 1804. Difter-
ential phase shifter 1804 may include first microstrip line
1700, second microstrip line 1702, and nonlinear capacitor
1704. First signal 1312 is received at first antenna 402 and
amplified by first amplifier 1800 to form a first amplified
signal 1806. Second signal 1314 is received at second antenna
404 and amplified by a second amplifier 1802 to form a
second amplified signal 1808. First amplifier 1800 and sec-
ond amplifier 1802 boost the level of first signal 1312 and
second signal 1314 to ensure that the nonlinear effect of
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nonlinear capacitor 1704 is significant enough. If the direc-
tion of arrival of the signal is away from boresight 410, the
outputs of first amplifier 1800 and second amplifier 1802
contain both even mode and odd mode signals. The level of
the odd mode signal increases as the incidence angle
increases. Thus, second AOI dependent phase shifter 10025
provides a phase shift that is a function of the amplitude of the
odd mode signal, which is a function of the angle of incidence
of the electromagnetic wave.

First amplified signal 1806 and second amplified signal
1808 are input to differential phase shifter 1804. Differential
phase shifter 1804 provides a different phase shift for the
common mode and the differential mode. So, when first
amplified signal 1806 and second amplified signal 1808 are
fed to differential phase shifter 1804, both first amplified
signal 1806 and second amplified signal 1808 receive a phase
shift. As a result, differential phase shifter 1804 forms a first
output signal 1810, denoted y, (w), that is a phase shifted
version of first amplified signal 1806 and a second output
signal 1811, denoted y, (w), that is a phase shifted version of
second amplified signal 1808.

First microstrip line 1700 is coupled to receive first ampli-
fied signal 1806, and first output signal 1810 is the resulting
signal that propagates through first microstrip line 1700. Sec-
ond microstrip line 1702 is coupled to receive second ampli-
fied signal 1808, and second output signal 1811 is the result-
ing signal that propagates through second microstrip line
1702. Nonlinear capacitor 1704 couples first microstrip line
1700 and second microstrip line 1702 along their lengths.
First output signal 1810 and second output signal 1811 are
summed by a summer 1812 to form an output signal 1814 that
sy, (0)+y, (w).

Second AOI dependent phase shifter 10025 can be used in
the RF path or in the RF path after the two signals have been
down converted to an intermediate frequency (IF). Since the
intermediate frequency signal is usually at a significantly
lower frequency compared to the RF signal, high quality
components can be used to implement second AOI dependent
phase shifter 10025.

With reference to FIG. 19, a third AOI dependent phase
shifter 1002¢ is shown in accordance with an illustrative
embodiment. Third AOI dependent phase shifter 1002¢ may
include a differential amplifier 1900, an amplitude detector
1902, and a voltage controlled phase shifter 1904. First signal
1312 is received at first antenna 402, and second signal 1314
is received at second antenna 404. First signal 1312 and
second signal 1314 are input to differential amplifier 1900 to
form an amplified differential signal 1906. Amplified difter-
ential signal 1906 is input to amplitude detector 1902 where
it is rectified and converted to DC to form a rectified differ-
ential signal 1908. Rectified differential signal 1908 is input
to voltage controlled phase shifter 1904 and used as a control
signal to control voltage controlled phase shifter 1904. The
output signal from voltage controlled phase shifter 1904 is a
controlled signal 1910 denoted as y, (w), which is a phase
shifted version of second signal 1314. First signal 1312 and
controlled signal 1910 are summed by a summer 1912 to form
an output signal 1914 that is y, (0)+y, ().

As theincidence angle of second signal 1314 (or first signal
1312) increases, the difference between first signal 1312 and
second signal 1314 also increases. As a result, the output of
differential amplifier 1900 increases and rectified differential
signal 1908 changes. Because rectified differential signal
1908 is a function of the incidence angle of second signal
1314, the response of voltage controlled phase shifter 1904 is
also a function of the incidence angle of second signal 1314.
Therefore, third AOI dependent phase shifter 1002¢ acts as a
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single phase shifter that provides a phase shift that is a func-
tion of the incidence angle of second signal 1314.

With reference to FIG. 20, a fourth AOI dependent phase
shifter 10024 is shown in accordance with an illustrative
embodiment. Fourth AOI dependent phase shifter 10024 may
include a first analog-to-digital converter (ADC) 2000, a sec-
ond ADC 2002, and a digital filter 2004. First ADC 2000 and
second ADC 2002 may be high speed ADCs. First signal 1312
is received at first antenna 402, and second signal 1314 is
received at second antenna 404. First signal 1312 is input to
first ADC 2000, which converts first signal 1312 to a first
digital signal 2006. Second signal 1314 is input to second
ADC 2002, which converts second signal 1314 to a second
digital signal 2008. First digital signal 2006 and second digi-
tal signal 2008 are input to digital filter 2004. Digital filter
2004 may be a two-input, two-output digital filter configured
to provide the phase response illustrated by third phase dif-
ference output curve 1100 shown with reference to FIG. 11.

The response of the system model shown in FIG. 10 is
described with two linear differential equations. Similarly, if
the AOI dependent attenuators are removed from the block
diagram shown in FIG. 10, the response of the resulting
system is also represented with a system of two linear differ-
ential equations. In all of the implementations that we have
discussed so far, the system of two differential equations was
represented using analog components (mixers, phase shifters,
detectors, amplifiers, etc.). However, once the data is avail-
able digitally, the desired system response can be imple-
mented mathematically by digital filter 2004 to generate a
first filtered signal 2010 and a second filtered signal 2012.
First filtered signal 2010 and second filtered signal 2012 have
the same amplitude, but digital filter 2004 may provide an
output phase difference ®(0)=m2nd sin 6/A. First filtered
signal 2010 and second filtered signal 2012 are summed by a
summer 2014 to form an output signal 2016 thatis y, (w)+y,
().

As another example, digital filter 2004 may provide an
output phase difference

9
oG =2 tan’l(@) —2%d sinf/A

where 05 5 is the desired 3 dB beamwidth and 27td sin 6/A is
the phase difference between two signals received by two
closely spaced antennas with a spacing of d between them and
d<<\, which results in third phase difference output curve
1100.

With reference to FIG. 20, first signal 1312 and second
signal 1314 are converted to digital signals directly. In alter-
native embodiments, first signal 1312 and second signal 1314
may first be processed by an RF front end and converted to a
lower intermediate frequency signal after which the signals
are sampled and converted to digital signals before input to
digital filter 2004.

As used in this disclosure, the term “mount” includes join,
unite, connect, associate, insert, hang, hold, affix, attach, fas-
ten, bind, paste, secure, bolt, screw, rivet, solder, weld, glue,
form over, layer, etch, and other like terms. The phrases
“mounted on” and “mounted to” include any interior or exte-
rior portion of the element referenced. As used herein, the
mounting may be a direct mounting between the referenced
components or an indirect mounting through intermediate
components between the referenced components.

The word “illustrative” is used herein to mean serving as an
example, instance, or illustration. Any aspect or design
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described herein as “illustrative” is not necessarily to be con-
strued as preferred or advantageous over other aspects or
designs. Further, for the purposes of this disclosure and unless
otherwise specified, “a” or “an” means “one or more”. Still
further, the use of “and” or “or” is intended to include “and/
or” unless specifically indicated otherwise. The illustrative
embodiments may be implemented as a method, apparatus, or
article of manufacture using standard programming and/or
engineering techniques to produce software, firmware, hard-
ware, or any combination thereof to control a computer to
implement the disclosed embodiments.

The foregoing description of illustrative embodiments of
the invention has been presented for purposes of illustration
and of description. It is not intended to be exhaustive or to
limit the invention to the precise form disclosed, and modifi-
cations and variations are possible in light of the above teach-
ings or may be acquired from practice of the invention. The
embodiments were chosen and described in order to explain
the principles of the invention and as practical applications of
the invention to enable one skilled in the art to utilize the
invention in various embodiments and with various modifi-
cations as suited to the particular use contemplated. It is
intended that the scope of the invention be defined by the
claims appended hereto and their equivalents.

What is claimed is:

1. A receiver system comprising:

a plurality of antennas comprising

a first antenna configured to receive a first signal; and

a second antenna configured to receive a second signal; and

a signal processing circuit comprising a phase shifter con-
figured to apply a phase shift to the received second
signal, wherein the phase shift applied by the phase
shifter is a function of an angle of incidence of the
second signal measured relative to a boresight direction
of the plurality of antennas,

wherein the signal processing circuit is configured to form
an output signal that includes the phase shifted second
signal.

2. The receiver system of claim 1, wherein the phase shifter
is controlled by a phase difference determined between the
received first signal and the received second signal.

3. The receiver system of claim 2, further comprising:

a ninety degree phase shifter configured to receive the
received first signal and to form a phase shifted first
signal;

a first mixer configured to receive the received first signal
and the received second signal and to form a first mixed
signal;

a second mixer configured to receive the received second
signal and the phase shifted first signal and to form a
second mixed signal;

a first low pass filter configured to receive the first mixed
signal and to form a first filtered signal;

a second low pass filter configured to receive the second
mixed signal and to form a second filtered signal;

wherein the phase difference is determined based on the
first filtered signal and the second filtered signal.

4. The receiver system of claim 3, wherein the phase shift,

@D(0), applied by the phase shifter is

—(I)o 0 < 00
[WOE] 0 -0y <0<8
@y 0>6,,
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where 0=sin~" A3/2ntd is the angle of incidence, where 8 is the
determined phase difference, A is the wavelength of the
received second signal, d is the distance between the first
antenna and the second antenna, 60, is half of a selected 3 dB
beamwidth, and @, is defined such that an array factor,
AF=14e 7™ sn®2g~ gutside of the range —0,<0<0, is
minimum.

5. The receiver system of claim 4, further comprising a
summer configured to form the output signal as a sum of the
received first signal and the phase shifted second signal.

6. The receiver system of claim 2, wherein the phase shift,
®D(0), applied by the phase shifter is

-, 9<b
O(O) = 0 -0y <8<8
[

where 0=sin~* A8/2td is the angle of incidence, where 8 is the
phase difference determined between the received first signal
and the received second signal, A is the wavelength of the
received second signal, d is the distance between the first
antenna and the second antenna, 60, is half of a selected 3 dB
beamwidth, and @, is defined such that an array factor,
AF=14e 72 sn®2e~ gutside of the range —0,<0<0, is
minimum.

7. The receiver system of claim 1, wherein the phase shift,
d(0), applied by the phase shifter is ®(0)=m2nd sin 6/A,
where 0 is the angle of incidence, A is the wavelength of the
received second signal, d is the distance between the first
antenna and the second antenna, and m>1.

8. The receiver system of claim 1, wherein the phase shift,
®D(0), applied by the phase shifter is

YA .
@) =2 tan (@)—Zﬂd sind/2,

where 0 is the angle of incidence, 65 5 is a selected 3 dB
beamwidth, A is the wavelength of the received second signal,
and d is the distance between the first antenna and the second
antenna.

9. The receiver system of claim 1, wherein the phase shifter

comprises a direct differential phase shifter.

10. The receiver system of claim 9, wherein the direct

differential phase shifter comprises:

a first microstrip line coupled to receive the received first
signal and configured to form a first output signal that is
a phase shifted version of the received first signal;

a second microstrip line coupled to receive the received
second signal and configured to form the phase shifted
second signal;

anonlinear capacitor coupling the first microstrip line and
the second microstrip line along their lengths; and

a summer configured to form the output signal as a sum of
the first output signal and the phase shifted second sig-
nal.

11. The receiver system of claim 9, wherein the direct

differential phase shifter comprises:

a first amplifier coupled to receive the received first signal
and configured to form a first amplified signal;

a first microstrip line coupled to receive the first amplified
signal and configured to form a first output signal that is
a phase shifted version of the first amplified signal;
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a second amplifier coupled to receive the received second
signal and configured to form a second amplified signal;

a second microstrip line coupled to receive the second
amplified signal and configured to form the phase
shifted second signal;

a nonlinear capacitor coupling the first microstrip line and
the second microstrip line along their lengths; and

a summer configured to form the output signal as a sum of
the first output signal and the phase shifted second sig-
nal.

12. The receiver system of claim 9, wherein the direct

differential phase shifter comprises:

a first down converter coupled to receive the received first
signal and configured to form a first down converted
signal at a lower frequency;

a first amplifier coupled to receive the first down converted
signal and configured to form a first amplified signal;

a first microstrip line coupled to receive the first amplified
signal and configured to form a first output signal that is
a phase shifted version of the first amplified signal;

a second down converter coupled to receive the received
second signal and configured to form a second down
converted signal at the lower frequency;

a second amplifier coupled to receive the second down
converted signal and configured to form a second ampli-
fied signal;

a second microstrip line coupled to receive the second
amplified signal and configured to form the phase
shifted second signal;

a nonlinear capacitor coupling the first microstrip line and
the second microstrip line along their lengths; and

a summer configured to form the output signal as a sum of
the first output signal and the phase shifted second sig-
nal.

13. The receiver system of claim 1, wherein the phase

shifter comprises:

a differential amplifier coupled to receive the received first
signal and the received second signal and configured to
form an amplified differential signal;

an amplitude detector coupled to receive the amplified
differential signal and configured to rectify the amplified
differential signal and to convert the rectified differential
signal to DC to form a DC signal; and

avoltage controlled phase shifter coupled to receive the DC
signal and the received second signal and configured to
use the DC signal to control the phase shift applied to the
received second signal to form the phase shifted second
signal.

14. The receiver system of claim 13, further comprising a
summer configured to form the output signal as a sum of the
received first signal and the phase shifted second signal.

15. The receiver system of claim 1, wherein the phase
shifter comprises a digital filter configured to provide a phase
difference, ®(0)=m2nd sin 6/A between a first digital version
of'the received first signal and a second digital version of the
received second signal, where 0 is the angle of incidence, A is
the wavelength of the received second signal, d is the distance
between the first antenna and the second antenna, and m>1.

16. The receiver system of claim 1, wherein the phase
shifter comprises a digital filter configured to provide a phase
difference,

9
@) =2 tan*l(@) —2%d sin/A
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between a first digital version of the received first signal and
a second digital version of the received second signal, where
0 is the angle ofincidence, 8, 4 is a selected 3 dB beamwidth,
A is the wavelength of the received second signal, and d is the
distance between the first antenna and the second antenna.

17. The receiver system of claim 1, wherein the signal

processing circuit further comprises:

afirstanalog-to-digital converter (ADC) coupled to receive
the received first signal and configured to form a first
digital signal;

a second ADC coupled to receive the received second
signal and configured to form a second digital signal;
and

a digital filter configured to provide a phase difference,

YA .
@) =2 tan (@)—Zﬂd sind/2,

between the first digital signal and the second digital signal to
form a first filtered signal and the phase shifted second signal,
where 0 is the angle of incidence, 0, 5 is a selected 3 dB
beamwidth, A is the wavelength of the received second signal,
and d is the distance between the first antenna and the second
antenna.

18. The receiver system of claim 17, further comprising a
summer configured to form the output signal as a sum of the
first filtered signal and the phase shifted second signal.

19. The receiver system of claim 1, wherein signal process-
ing circuit further comprises:

a first down converter coupled to receive the received first
signal and configured to form a first down converted
signal at a lower frequency;

afirstanalog-to-digital converter (ADC) coupled to receive
the first down converted signal and configured to form a
first digital signal;
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a second down converter coupled to receive the received
second signal and configured to form a second down
converted signal at the lower frequency;

a second ADC coupled to receive the second down con-
verted signal and configured to form a second digital
signal; and

a digital filter configured to provide a phase difference,

) =2 tan’l(ee

—) —2%d sind/2,
3dB

between the first digital signal and the second digital signal to
form a first filtered signal and the phase shifted second signal,
where 0 is the angle of incidence, 0 .5 is a selected 3 dB
beamwidth, A is the wavelength of the received second signal,
and d is the distance between the first antenna and the second
antenna.

20. The receiver system of claim 1, wherein the signal

processing circuit further comprises:

afirstanalog-to-digital converter (ADC) coupled to receive
the received first signal and configured to form a first
digital signal;

a second ADC coupled to receive the received second
signal and configured to form a second digital signal;
and

a digital filter configured to provide a phase difference,
D(0)=m2nd sin 0/A, between the first digital signal and
the second digital signal to form a first filtered signal and
the phase shifted second signal, where 6 is the angle of
incidence, A is the wavelength of the received second
signal, d is the distance between the first antenna and the
second antenna, and m>1.

#* #* #* #* #*
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