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OPTOELECTRONIC FILTER

FIELD

[001]  This disclosure relates generally to optoelectronic devices and, more
particularly, to the use of optoelectronic filters, techniques, and circuits for signal

suppression.
BACKGROUND

[002] As is known in the art, noise degrades the spectral purity of oscillators,
such as those commonly found radar systems, communication systems (e.g.,
including but not limited to cellular communication systems), metrology systems
and the like. Due to feedback mechanics of oscillators and to inherent resistance
of a saturated oscillator to amplitude fluctuations, noise (e.g., phase noise) can
become a significant limitation (and in some cases a dominant limitation) to
oscillator performance. Phase noise can, for example, result in spectral
broadening of the oscillation line profile of an oscillator across a distribution of
frequencies. For many systems (e.g., receiver systems in a communication
system), the phase noise of a relatively strong signal (e.g., background noise) can
obstruct the detection of comparatively weaker signals (e.g., signals of interest) at
nearby frequencies. In essence, the weaker signal is buried beneath the phase
noise of the stronger signal. Ideally, a system is capable of filtering out the
stronger signal leaving behind the desired, weaker signal. However, such a
filtering operation cannot typically be accomplished using conventional all-
electronic filters for at least two reasons. First, the bandwidth of the pass band in
such a conventional filter is insufficiently narrow to separate one signal from
another (e.g., the stronger signal from the weaker signals). Second, even with an
appropriate bandwidth, such conventional filters are unable to distinguish the

weaker signals from phase noise.

SUMMARY
[003] The present disclosure relates generally to an optoelectronic filter

configured to detect weaker signals in the presence of noise of a stronger signal.

1
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In one embodiment, the optoelectronic filter is provided as a nonlinear
optoelectronic filer capable of resolving a weaker signal beneath the phase noise
of a stronger signal when both received signals are passed through the filter. This
filter differs from conventional microwave-photonic (MWP) filters as it exploits
nonlinearity rather than linear finite impulse response (FIR) or infinite impulse

response (lIR) filtering techniques.

[004] In one embodiment, a nonlinear optoelectronic filter has the configuration
of a traditional MWP link comprising a laser whose output is intensity modulated
by a Mach-Zehnder modulator and subsequently detected by a photodetector. An
RF input voltage applied to the modulator varies a refractive index of electro-optic
material embedded within the modulator. The Mach-Zehnder interferometer
converts this linear change in refractive index into a precise sinusoidal variation in
the optical intensity. The stored RF information is recovered upon detection of the
optical envelope. Under certain ranges of applied RF voltage, this MWP link
exhibits properties similar to a filter, but with functionality unachievable by ordinary
filters. In particular, when two signals, one strong and one weak, are passed
through the optoelectronic filter, the filter acts to suppress the stronger signal

relative to the weaker signal, independent of their separation in frequency.

[005] In one aspect, an optoelectronic filter having at least one input and an
output includes a modulator circuit having at least first and second inputs with a
first one of the modulator circuit inputs adapted to couple to a respective one of
the at least one input of the optoelectronic filter. The modulator circuit is
configured to receive at least one of first and second radio frequency (RF) signals
at the first one of the modulator circuit inputs. The first and second RF signals
have different power levels and in response thereto the modulator circuit
generates a modulated signal at an output thereof. By appropriately adjusting the
signal levels of at least one of the first or second RF signals, one of the RF signals
can be suppressed relative to the other. In particular, when the ratio of the
quantity v4/Vy, (in which v is a voltage level of a first signal and V;, is the voltage
level required to transition one signal from constructive to destructive interference
in the modulator circuit) is in the range of about 3.7 to about 3.9 (and ideally 3.83)
2
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one RF signal is substantially suppressed and the other RF signal is proximate a

local maximum. Thus, the purpose of the level control is to make the ratio mv4/Vy,

equal to a value of 3.83.

[006] In some embodiments, the first RF signal is suppressed relative to the
second RF signal in the modulated signal. In some embodiments, the first RF
signal has a power level which is greater than the power level of the second RF
signal. In other embodiments, however, the second RF signal may have a power
level which is greater than the power level of the first RF signal. The
optoelectronic filter additionally includes a light source adapted to couple to a
second one of the modulator circuit inputs. The light source is configured to

provide a beam having an optical intensity to the second one of the modulator

circuit inputs.

[007] The conversion of electrical signals into modulated optical waves and
back into electrical signals provides the capacity for low-loss radio-frequency (RF)
signal transfer over optical fiber and the unique properties of this microwave-
photonic link also enable the manipulation of RF signals beyond what is possible
in conventional systems. Such capabilities are achieved by realizing a nonlinear
optoelectronic filter, which acts to suppress a stronger RF signal in the presence
of a weaker signal independent of their separation in frequency. Using such an
optoelectronic filter, a relative suppression of 56 dB for a stronger signal having a
1-GHz center frequency, uncovering the presence of otherwise undetectable
weaker signals located as close as 3.5 Hz away has been achieved. The
capabilities of the optoelectronic filter described herein break the conventional
limits of signal detection, opening up new possibilities for radar and
communication systems, and for the field of precision frequency metrology.

[008] In one embodiment, the optical intensity of the beam is selected to
provide gain to the modulated signal. in another embodiment, the optoelectronic
filter further includes a signal level control circuit having an input adapted to
couple to the respective one input of the optoelectronic filter and the first one of
the modulator circuit inputs. The signal level control circuit is configured to

3
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receive the first and second RF signals, attenuate or amplify the first power level
of the first RF signal and/or the second power level of the second RF signal, and
provide an appropriately level adjusted (e.g. attenuated or amplified) signal to the
first one of the modulator circuit inputs. In one embodiment, the signal level
control circuit attenuates the power levels of one of the first or second signals

using a respective plurality of attenuation factors.

[009] In another embodiment, the optoelectronic filter further includes a signal
level control circuit having an input adapted to couple to the modulator circuit
output. The signal level control circuit is configured to receive the modulated
signal, appropriately level adjust one or more respective portions of the modulated
signal representative of the first power level of the first RF signal and/or the
second power level of the second RF signal such that the first RF signal is further
suppressed relative to the second RF signal, and provide an attenuated signal at

an output thereof.

[0010] In one embodiment, the optoelectronic filter additionally includes a detector
circuit having an input coupled to the modulator circuit output. The detector circuit
is configured to receive the modulated signal at the input thereof and to provide a
detected signal at an output thereof. In one embodiment, phase noise of the first
RF signal is substantially suppressed from the modulated signal. In one
embodiment, a ratio of the first RF signal level to a voltage level required to
transition the first RF signal from constructive to destructive interference in said
modulator circuit is given by mv4/Vy, where vy is the first power level and V;, is the
voltage level. In one embodiment, the ratio produces an interference pattern
having a generally sinusoidal shape. In one embodiment, the ratio is in the range
of about 3.7 to about 3.9, the first RF signal is substantially suppressed and the
second RF signal is proximate a local maximum. In one embodiment, the ratio is
about 3.83 the transmission characteristic of the first RF signal from the respective
input of the optoelectronic filter to a respective output of the optoelectronic filter is
about zero and the transmission characteristic of the second RF signal from the
respective input of the optoelectronic filter to the respective output of the
optoelectronic filter is proximate a local maximum.

4
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[0011] In one embodiment, the modulator circuit is provided as a Mach-Zehnder

modulator. In other embodiments, other types of modulator circuits may be used.

[0012] In some embodiments, the light source is provided as any of: a
photodiode, a light emitting diode (LLED), and/or a laser diode. It should, however,
be appreciated that other types of light sources may be used and one of ordinary

skill in the art will appreciate how to select a light source for use in a particular

application.

[0013] The optoelectronic filter described herein differs from conventional
microwave-photonic (MWP) filters as it exploits nonlinearity rather than linear finite
impulse response (FIR) or infinite impulse response (IIR) filtering techniques. The
nonlinear optoelectronic filter has the configuration of a traditional MWP link (e.g.
comprising a laser having an output intensity modulated by a modulator — e.g. a
Mach-Zehnder modulator/interferometer) and subsequently detected by a detector
(e.g. in one example embodiment, a photodetector). The RF input voltage applied
to the modulator varies the refractive index of the electro-optic material embedded
within the modulator. The modulator converts this linear change in refractive index
into a precise sinusoidal variation in the optical intensity. The stored RF
information is recovered upon detection of the optical envelope. It had been
discovered that under certain ranges of applied RF voltage, this MWP link exhibits
properties similar to a filter, but with functionality unachievable by ordinary filters.
When two signals, one strong and one weak, are passed through the
optoelectronic filter, the filter acts to suppress the stronger signal relative to the
weaker signal, independent of their separation in frequency. The nonlinearity of
the system also results in an additional third-order intermodulation product at the
filter output which may be filtered with an additional filter (including, but not limited

to a conventional all-electronic filter), if desired.

[0014] In another aspect, a method of filtering received signals in an

optoelectronic filter includes receiving first and second radio frequency (RF)

signals at an input of the optoelectronic filter, wherein the first RF signal is
5
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provided having a first power level and the second RF signal is provided having a
second, lower power level. The method additionally includes attenuating the first
power level of the first RF signal and/or the second power level of the second RF
signal to produce an attenuated signal. The method also includes generating a
modulated signal from the attenuated signal at an output of a modulator circuit,
wherein the first RF signal is suppréssed relative to the second RF signal in the

modulated signal.

[0015] In another aspect, in a communication system, a receiver coupled to
receive first and second radio frequency (RF) signals from one or more remote
locations, wherein the first RF signal is provided having a first power level and the
second RF signal is provided having a second, lower power level includes an
optoelectronic filter having at least one input and an output. In one embodiment,
the optoelectronic filter includes a modulator circuit having at least first and
second inputs with a first one of the modulator circuit inputs adapted to couple to a
respective one of the at least one input of the optoelectronic filter. The modulator
circuit is configured to receive at least the first and second RF signals at the first
one of the modulator circuit inputs and in response thereto said modulator circuit
generates a modulated signal at an output thereof. The first RF signal is
suppressed relative to the second RF signal in the modulated signal. The
optoelectronic filter additionally includes a light source adapted to couple to a
second one of the modulator circuit inputs. The light source configured to provide

a beam having an optical intensity to the second one of the modulator circuit

inputs.

[0016] In one embodiment, the optical intensity of the beam is selected to
provide gain to the modulated signal. In another embodiment, the optoelectronic
filter further includes a signal level control circuit having an input adapted to
couple to the respective one input of the optoelectronic filter and the first one of
the modulator circuit inputs. The signal level control circuit is configured to
receive the first and second RF signals, level adjust the power level of the first RF
signal and/or the power level of the second RF signal, and provide a level
adjusted signal (e.g. either an attenuated or amplified signal) to the first one of the
6
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modulator circuit inputs as the first and second RF signals. In one embodiment,
the signal level control circuit attenuates the first power level and/or the second
power level using a respective plurality of attenuation factors. In some
embodiments, the signal level control circuit may amplify (i.e. provide gain) to
signals provided thereto. As will become apparent from the description provided
hereinbelow, the purpose of the signal level control circuit is to achieve a ratio of

Tv1/Vy Which ideally, is equal to a value of 3.83.

[0017] In one embodiment, the optoelectronic filter further includes a signal level
control circuit having an input adapted to couple to the modulator circuit output. In
one embodiment, the signal level control circuit is configured to receive the
modulated signal, attenuate one or more respective portions of the modulated
signal representative of the power level of the first RF signal and/or the power
level of the second RF signal such that the first RF signal is further suppressed
relative to the second RF signal, and provide an attenuated signal at an output
thereof. In one embodiment, the optoelectronic filter further includes a detector
circuit having an input coupled to the modulator circuit output. The detector circuit
is configured to receive the modulated signal at the input thereof and to provide a

detected signal at an output thereof.

[0018] With the above arrangement, an optoelectronic filter which acts to
suppress a stronger RF signal in the presence of a weaker RF signal independent
of their separation in frequency is provided. The capabilities of the optoelectronic
filter thus break the conventional limits of signal detection, opening up new

possibilities for many systems.

[0019] The optoelectronic filter and techniques described herein find use in a
wide variety of applications including, but not limited to, radar systems,
communication systems, metrology systems and the like. For example, an
optoelectronic filter having the characteristics described herein is suitable for use
in radar systems by allowing comparatively weaker signals to be detected over the
phase noise of a relatively strong background signal. Also, an optoelectronic filter
having the characteristics described herein is suitable for use in communication

7



WO 2015/017653 PCT/US2014/049141

systems by allowing for more efficient use of a spectral bandwidth. More efficient
use of a spectral bandwidth can be achieved by “stacking” different channels (i.e.,
transmitting multiple channels over a single carrier frequency or over multiple
closely spaced carrier frequencies) and selectively tuning the filter to arrange a
pass band on a desired channel (or “pick out” a desired channel). In some
applications, the modulated information of multiple channels can overlap with one
another. Thus, the filter circuit and techniques described herein enable efficient
use of a spectral bandwidth since using the filter circuit and techniques described
herein it is possible to suppress one channel’s information relative to another
channel independent of their separation in frequency. In this way, one can stack
many channels close to each other (i.e. in close proximity in the frequency domain
— for example, within less than several Hertz in the frequency domain) and
transmit the information and still be able to recover the information in a receiving
system which utilizes the nonlinear optoelectronic filter circuit and techniques
described herein. Finally, the optoelectronic filter described herein may enhance
the capabilities of metrology systems improving limits of signal detection,
particularly in cases where detection is limited by a large signal interferer.

[0020] The asymmetric transmission for the individual signals through the
nonlinear optoelectronic filter allow for unique capabilities in the control of
electrical signal behavior. It has been demonstrated that by operating at the
transmission null, a stronger input and its corresponding phase fluctuations or
frequency modulation can be selectively suppressed relative to a weaker input.
This suppression is independent of the frequency separation between the stronger
and weaker signals and is not limited by the propagation time through a filter
resonance. Furthermore, the optoelectronic filter can even provide net gain given
sufficient optical power from the laser. These properties are especially useful in
radar and precision metrology applications for detecting minute traces of a desired
target over a large interferer signal. In communication systems, the ability to
selectively suppress a modulated channel would allow for information packing at
greater densities and gives rise to the possibility of sending hidden signals

detectable only by the optoelectronic filter.
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[0021] The simplicity of the scheme makes the optoelectronic filter amenable to
photonic integration. Automatic gain control can be employed to lock the stronger
input to its transmission null. In addition, techniques of sampling and digital signal
processing or RF downconversion and analog filtering can be employed to
remove unwanted intermodulation products. It should be noted that because the
modulator V;; varies slightly with frequency, the condition mv4/V,; = 3.83 becomes
more difficult to maintain when the modulation sidebands become too far
separated from the center. In these cases, the suppression of the sidebands
becomes reduced. However, these issues can be mitigated through the use of
modulators having wider bandwidth. The additional functionality provided by the
nonlinear optoelectronic filter over conventional filters significantly enhances the

ability of systems to detect weak signals.

BRIEF DESCRIPTION OF THE DRAWINGS
[0022] Features and advantages of the concepts, systems and techniques
disclosed herein will be apparent from the following description of the

embodiments taken in conjunction with the accompanying drawings in which:

[0023] FIG. 1 is a block diagram of an example receiving system having an

optoelectronic filter;

[0024] FIG. 1A is a plot of a relatively weak signal embedded within the noise of

a comparatively stronger signal;

[0025] FIG. 2 is a block diagram of another example receiving system having an

optoelectronic filter;
[0026] FIG. 3 is a block diagram of an example optoelectronic filter;

[0027] FIG. 4 is a plot of measured and theoretical magnitudes of the normalized
voltage transmission for a comparatively stronger signal through an optoelectronic

filter which is the same as or similar to the example optoelectronic filter of FIG. 3;
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[0028] FIG. 4A is a plot of the voltage transmission for the stronger signal of FIG.

4 near a null transmission point of the stronger signal;

[0029] FIG. 4B is a plot of measured and theoretical magnitudes of the
normalized voltage transmission for a relatively weak signal through an

optoelectronic filter which is the same as or similar to the example optoelectronic

filter of FIG. 3;

[0030] FIG. 5 is a plot of a signals measured at an input and output of an
optoelectronic filter which is the same as or similar to the example optoelectronic

filter of FIG. 3;

[0031] FIG. 5A is another plot of a signals measured at an input and output of an
optoelectronic filter which is the same as or similar to the example optoelectronic

filter of FIG. 3;

[0032] FIG. 6 is a plot of a power vs. frequency for stronger and weaker
frequency modulated signals before and after passing through an optoelectronic

filter;

[0033] FIG. 7 is a plot of frequency modulated signals measured at an input and
output of an optoelectronic filter which is the same as or similar to the example

optoelectronic filter of FIG. 3; and

[0034] FIG. 7A is another plot of frequency modulated signals measured at an
input and output of an optoelectronic filter which is the same as or similar to the

example optoelectronic filter of FIG. 3.

DETAILED DESCRIPTION
[0035] The features and other details of the concepts, systems, circuits and
techniques sought to be protected herein will now be more particularly described.
It will be understood that any specific embodiments described herein are shown
by way of illustration and not as limitations of the disclosure. The principal

10
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features of this disclosure can be employed in various embodiments without
departing from the scope of the concepts sought to be protected. Embodiments of
the present disclosure and associated advantages may be best understood by

referring to the drawings, where like numerals are used for like and corresponding

parts throughout the various views.

Definitions
[0036] For convenience, certain introductory concepts and terms used in the

specification are collected here.

[0037] As used herein, the term “noise” is generally used to describe unintended,
and/or undesirable signals or fluctuations in signals that can obscure or hinder the
detection of one or more signals of interest. The characteristics of the noise,
including its frequency content (e.g. frequency, broadband, etc...), its intensity
range, and its temporal nature (constant versus intermittent) can individually or
collectively affect the detection of the signals of interest. Phase noise is the result
of small, random fluctuations or uncertainty in the phase of a signal. Frequency

errors inherently present in imperfect oscillators can contribute to phase noise.

[0038] As used herein, the term “processor” is used to describe an electronic
circuit that performs a function, an operation, or a sequence of operations. The
function, operation, or sequence of operations can be hard coded into the
electronic circuit or soft coded by way of instructions held in a memory device. A

“processor” can perform the function, operation, or sequence of operations using

digital values or using analog signals.

[0039] In some embodiments, the “processor” can be embodied, for example, in
a specially programmed microprocessor, a digital signal processor (DSP), or an
application specific integrated circuit (ASIC), which can be an analog ASIC or a
digital ASIC. [0040] [0041] Additionally, in some embodiments the “processor”
can be embodied in configurable hardware such as field programmable gate
arrays (FPGAs) or programmable logic arrays (PLAs). In some embodiments, the
“processor” can also be embodied in a microprocessor with associated program
11
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memory. Furthermore, in some embodiments the “processor” can be embodied in

a discrete electronic circuit, which can be an analog or digital.

[0042] Referring now to FIG. 1, an example receiving system in accordance with
the concepts, systems, circuits and techniques sought to be protected herein
includes receiver circuitry 130 coupled to a nonlinear optoelectronic filter 140 as
shown. ***In the example embodiment shown, the receiver system, which may be
a receiver system in a communication system, is coupled to receive first and
second radio frequency (RF) signals (e.g., via free space, optical fiber or another
transmission medium) at one or more inputs thereof. The signals received by the
receiver circuitry 130 may originate from one or more remote locations. A first one
of the RF signals received by receiver circuitry 130 corresponds to a stronger
signal 112 having a first power level and a second one of the RF signals received
by receiver circuitry 130 corresponds to a weaker signal 122 having a second
power level which is lower than the power level of the signal 112. The stronger
sighal 112 and/or the weaker signhal 122 are, for example, received from first and
second communication channels 110, 120, respectively. It should, of course, be
appreciated that the system described herein may operate with any number of
signals having different power levels (e.g. multiple weaker signals) without limit. A
single weaker signal is discussed herein to promote simplicity, clarity and
understanding in the description of the concepts, circuits, systems and techniques
sought to be protected herein and is not intended to be, and should not be

construed, as limiting.

[0043] In one embodiment, the stronger signal 112 is inherently stronger than the
weaker signal 122. In another embodiment, the stronger signal 112 is stronger
due to favorable transmission characteristics of the first communication channel
110 with respect to the receiver system in comparison to the second
communication channel 120 with respect to the receiver system. Many
reasons/scenarios may exist as to why one signal is stronger than another. For
example, the first communication channel 110 may have a more favorable line-of-
sight propagation and/or a higher rated power than the second communication
channel 120, resulting in the first one of the input signals being received by the

12
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receiver system as the stronger signal 112. In such instances, the first
communication channel 110 is representative of a first, stronger communication

channel and the second communication channel is representative of a second,

weaker communication channel.

[0044] In the example embodiment shown, in response to the RF signals 112, 122
provided thereto, the receiver circuitry 130 generates a combined signal 132
comprising the stronger signal (here, 133) and the weaker signal (here, 134) at an
output thereof. In such an embodiment (and as most clearly shown in Fig. 1A), the
weaker signal 134 is masked (or buried) beneath noise (including phase noise) of

the stronger signal 133.

[0045] The weaker signal 134 is not detectable via conventional all-electronic
filtering systems and techniques at least because the bandwidth of the pass band in
such a conventional filter is insufficiently narrow to separate the stronger signal from
the weaker signal. Furthermore, conventional filtering techniques cannot
distinguish noise from the underlying signal. The foregoing may be found
undesirable, for example, in instances where the weaker signal 134 is a “signal of

interest” and the stronger signal 133 is unwanted noise (e.g., background noise).

[0046] However, in accordance with the concepts, systems, circuits and
techniques sought to be protected herein, the optoelectronic filter 140, which is
described in further detail in subsequent figures, is operable to receive and
modulate the combined signal 132 such that the stronger signal 133 is substantiaily
suppressed or even eliminated relative to the weaker signal 134 in a modulated
signal generated at an output of the optoelectronic filter 140. This allows the
weaker signal 134 to be recognized, received, and processed by circuitry 150

coupled to the optoelectronic filter output.

[0047] Referring now to FIG. 1A, an example plot of power vs. frequency

illustrating the combined signal 132 described above in conjunction with FIG. 1

has a horizontal axis with a scale in frequency units of hertz (Hz) and a vertical

axis with a scale in normalized power units of decibels (dB). As illustrated in FIG.
13
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1A and described above, the weaker signal 134 is masked by (or “buried
beneath”) noise (including phase noise) associated with the stronger signal 133 in
the combined signal 132 (e.g., as would be received at an input of the
optoelectronic filter in FIG. 1). It is to be appreciated that although units are shown

in FIG. 1A, FIG. 1A is used for illustration purposes and may not be drawn to

scale.

[0048] Referring now to Fig. 2, another example receiver system 200 in
accordance with the concepts, systems, circuits and techniques sought to be
protected herein includes receiver circuitry 230 and a nonlinear optoelectronic
filter 240 coupled as shown. Similar to optoelectronic filter 140, optoelectronic
filter 240 is capable of resolving a weaker signal beneath the phase noise of a
stronger signal for reasons to be discussed. The receiver system 200, which may
be a receiver system in a mobile communication system, for example, has an
input adapted to couple to one or more transducers 228. In the example
embodiment shown, the transducers 228 include a plurality of antennas, such as

those typically found in multiple-input multiple-output (MIMO) systems.

[0049] The transducer 228 is coupled to receive first and second radio frequency
(RF) signals from one or more remote locations (e.g., from free space or another
transmission medium) at inputs thereof with a first one of the input signals
corresponding to a stronger signal having a first power level and a second one of
the input signals corresponding to a weaker signal having a second, lower power
level. In one embodiment, the stronger and weaker input signals of FIG. 2 are the
same as or similar to stronger and weaker signals 112, 122 of FIG. 1. The
transducer 228, in response to receiving the stronger and weaker signals,

provides the stronger and weaker signals to the receiver system input.

[0050] The receiver circuitry 230, which may include a processor and may be the

same as or similar to receiver circuitry 130 of FIG. 1, has an input adapted to

couple the receiver system input. In the example embodiment shown, the

receiver circuitry 230 receives the stronger and weaker signals and in response

thereto generates a combined signal 232, which may be the same as or similar to
14
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combined signal 132 of FIG. 1, at an output thereof. As illustrated, combined
signal 232, like combined signal 132, comprises a stronger signal (here, 233) and
a weaker signal (here, 234) with the weaker signal 234 buried beneath phase noise
of the stronger signal 233. In another embodiment, the receiver circuitry 230
receives the stronger and weaker signals 233, 234 and in response thereto
generates first and second receiver signals representative of the stronger and

weaker signals 233, 234 at the output thereof.

[0051] The optoelectronic filter 240, which may be the same as or similar to the
optoelectronic filter 140 of Fig. 1 and the optoelectronic filter 340 of Fig. 3, as will
be discussed, has an input adapted to couple to the receiver circuitry output. In
the example embodiment shown, the optoelectronic filter 240 receives the
combined signal 232 at the input thereof and in response thereto generates a
modulated signal at an output thereof. In another embodiment, the optoelectronic
filter 240 receives the stronger and weaker signals 233, 234 at the input thereof
and in response thereto generates a modulated signal at the output thereof. [n
either of the above embodiments, the stronger signal 233 is substantially
s.uppressed (or ideally eliminated) relative to the weaker signal 234 in the
modulated signal. In one embodiment, the optoelectronic filter 240, having an
output adapted to couple to an output of the receiver system 200, provides the

modulated signal to the receiver system output.

[0052] The circuitry 250, which may comprise digital signal processing (DSP)
circuitry in one embodiment, has an input adapted to couple to the receiver
system output. In the example embodiment shown, the circuitry 250 receives the
modulated signal at the input thereof and in response thereto generates an
appropriately processed signal at an output thereof. The appropriately processed
signal may, for example, be received by subsequent circuitry in the receiver

system 200 (e.g., display in mobile communication system).

[0053] Additional aspects of the concepts, systems, circuits and techniques
described herein, with particular focus on optoelectronic filters, will be apparent

from the subsequent figures.
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[0054] Referring now to FIG. 3, an example optoelectronic filter 340 of the type
which may be the same as or similar to the optoelectronic filter 140 of FIG. 1
and/or the optoelectronic filter 240 of FIG. 2, and which may have a configuration
similar to that of a traditional microwave-photonic (MWP) link, includes a light
source 343 and a modulator circuit 345 coupled as shown. The optoelectronic
filter 340 may also include a signal level control circuit 341 and a detector circuit
347 coupled as shown or in other functionally similar arrangements, as will be
apparent. In the example embodiment shown, the signal level control circuit 341
and the detector circuit 347 are not properly a part of the optoelectronic filter 340
and are thus shown in phantom. In some applications, one or both of the signal
level control circuit and detector circuit may be provided as part of the filter 340
and in other embodiments, one or both of the signal level contro! circuit and

detector circuit maybe external to the filter 340.

[0055] The optoelectronic filter 340, which has at least one input and an output, is
coupled to receive one or more input signals (generally denoted 332 in FIG. 3) at an
input thereof. In one embodiment, the input signals 332 are received from
receiver circuitry, which may be the same as or similar to receiver circuitry 130 of
FIG. 1 and/or receiver circuitry 230 of FIG. 2. In another embodiment, the input
signals 332 are received from one or more communication channels (e.g.,

communication channels 110 and/or 120 of FIG. 1).

[0056] In the example embodiment shown, the input signals 332 are provided as
the same as or similar to the combined signal 132 of FIG. 1A and/or the combined
signal 232 of FIG. 2. The input signals 332 comprise first and second RF signals
with a first one of the RF signals corresponding to a stronger signal (here, 333)
having a first power level and a second one of the RF signals corresponding to a
weaker signal (here, 334) having a second, lower power level. As illustrated, the
weaker signal 334 is buried beneath phase noise of the stronger signal 333. For at
least the reasons discussed above, the weaker signal 334 is not detectable via

conventional all-electronic filtering systems and technigues.
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[0057] In another embodiment, the input signals 332 are provided as the same as
or similar to input signals 112 and 122 of Fig. 1A, with a first one of the signals
corresponding to a stronger signal having a first power level and a second one of
the signals corresponding to a weaker signal having a second, lower power level.
In such embodiment, the input signals 332 may, for example, be combinable in
the optoelectronic filter 340 and/or in circuitry (e.g., combiner circuitry) exterior to
the optoelectronic filter 340 to form a signal the same as or similar to the
combined signal 132 of FIG. 1A and/or the combined signal 232 of FIG. 2 with the
signal comprising a stronger signal (here, 333) having a first power level and a

weaker signal (here, 334) having a second, lower power level.

[0058] In one embodiment, the stronger and weaker signals of input signals 332
are provided as time-varying RF signals which can, for example, be represented
by v1 sin (w4f) and v, sin (wot), respectively, where v4 and w4 are the amplitude
(i.e., voltage level) and frequency of the stronger signal and v, and w; are the

amplitude (i.e., voltage level) and frequency of the weaker signal.

[0059] The signal level control circuit 341, having an input adapted to couple to the
optoelectronic filter input, receives the input signals 332 at the input thereof. In
response thereto, the signal amplitude attenuator circuit 341 generates an
appropriately level adjusted input signal 342 at an output thereof. In one
embodiment, in generating the input signal 342, the signal level control circuit 341
attenuates the stronger signal and/or the weaker signal such that the relative phase
noise of the stronger signal is reduced with respect to the weaker signal. The level
control circuit functions to ensure the stronger input amplitude is operated at the
condition so that the stronger sighal and its phase noise is suppressed relative to
the weaker signals. In one embodiment, the signal level control circuit 341
appropriately level adjusts the first power level and/or the second, power level using

a respective plurality of attenuation and/or gain factors.

[0060] The modulator circuit 345, which according to one embodiment is provided

as a Mach-Zehnder modulator, has at least first and second inputs with a first one

of the modulator circuit inputs adapted to couple to a respective one of the at least
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one input of the optoelectronic filter 340. In the example embodiment shown, the
first one of the modulator circuit inputs is coupled to the signal level control circuit
output with the signal level control circuit 341 having an input coupled to the
respective one of the at least one input of the optoelectronic filter 340. A second
one of the modulator circuit inputs is adapted to couple to an output of the light
source 343. In one embodiment, the second modulator input is coupled to the light
source output via an optical fiber or another optical transmission medium with a light
beam 344 emitted by the light source 343 traveling along the optical fiber (or other

optical transmission medium) to the second modulator input.

[0061] Coupling of an output of a light source (e.g., light source 343) to an input of
a modulator circuit (e.g., modulator circuit 345) is conventional in the art and,

therefore, is not described in detail herein.

[0062] [n one embodiment, the light source 343 is provided as one or more of a

light emitting diode (LED), or laser diode.

[0063] The modulator circuit 345 receives the appropriately level controlled input
signal 342 and the light beam 344, which has an optical intensity, at the first and
second inputs, respectively. In response thereto, the modulator circuit 345
generates a modulated signal 346 at an output thereof with the stronger signal 333
being substantially suppressed or even eliminated relative to the weaker signal 334
in the modulated signal 346. In one embodiment, the modulated signal 346 is
generated upon detection of an optical envelope of the attenuated input signal 342
and the light beam 344 propagating through the modulator circuit 345. The light
beam 344 may, for example, be intensity modulated in response to an applied
voltage source and/or the attenuated input signal 342 such that by adjusting the
applied voltage source the amplitude and/or phase of the modulated signal 346,
and the suppression of the stronger signal 333 relative to the weaker signal 334 in
the modulated signal 346, may be controlled. In one embodiment, the optical
intensity of the light beam is selected to provide gain to the modulated signal 346.
Additionally, the modulator circuit 345 can substantially suppress or even eliminate
the stronger signal 333 relative to the weaker signal 334 in the modulated signal
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346 by exploiting the transmission null of MWP links, as discussed further in

conjunction with FIGS. 4-4B.

[0064] In one embodiment, the modulator circuit 345 is provided having an electro-
optic material embedded within the modulator circuit 345. In one embodiment, the
attenuated input signal 342, specifically the stronger and weaker signals of the
attenuated input signal 342, is capable of varying the refractive index of this electro-
optic material. The modulator circuit 345 can, for example, convert this change in
the refractive index into a sinusoidal variation in optical intensity (or optical power
P(t)) of the modulated signal 346 generated at the modulator circuit output. The
optical power P(t) can, for example, be expressed as

=2 sl )| (1)

T

In which:

Py is the optical power of the light source 343;

Vr is the voltage required to transition the stronger signal from
constructive to destructive interference in the modulator circuit 345; and

v(t) is a sum of the stronger and weaker signals.

[0065] In one embodiment, due to high linearity characteristics exhibited by the
electro-optic effect, the variation in optical power P(f) as a function of input voltage

(i.e., the sum of the stronger and weaker signals, v(t)) is substantially a perfect

sinusoid.

[0066] The detector circuit 347, which according to some embodiments is
provided as a photo-detector, has an input adapted to couple to the modulator
circuit output. The detector circuit 347 receives the modulated signal 346 at the
input thereof and in response thereto generates a detector signal 348 at an output
thereof. The detector circuit 347 may, for example, sense light energy of the
modulated signal 346 and generate the detector signal (e.g., photocurrent) 348 in
response thereto. In one embodiment, the detector circuit 347 includes a load
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resistor R. In such embodiment, the detector signal 348 has a photodetected

voltage V(t) which is given by the equation
V(1)=P(t)RR (2)

in which:

P(t) is the optical power of the modulated signal 346;

R is a responsivity characteristic which is the ratio of the generated
photodetector current to the incident optical power; and

R is the resistance of the load resistor.

[0067] As will be shown in detail below, Equation (2) can be expanded into a
series of Bessel functions from which the optoelectronic filter transmission can be
evaluated for each of the individual inputs. In summary, however, the resulting
transmission for each input exhibits saturation depending on the amplitudes of
both v and v,, and significantly this behavior is asymmetric if v4 # vo.

[0068] The photodetected voltage V(t) can also be given by the equation

V(t)= E);RR {1 .cos[l"0 4—5—(\/1 sin (@t ) +v, sin(a)zt))J} (3)

n

in which
P,, P(t), ®, R, are as defined above;

', is the modulator bias point of the modulator circuit 345,

V;; is the voltage required to transition the strong signal from constructive to
destructive interference in the modulator circuit (e.g. modulator circuit 345);
vy is the amplitude (i.e. voltage level), of the stronger signal;
w1 is the radian frequency of the stronger signal;
v, is the amplitude of the weaker signal; and

wy is the frequency of the weaker signal.
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[0069] Equation (3), for example, allows for analysis of the photodetected voltage
V(1) at an arbitrary point along the response curve of the modulated signal, which

according to one embodiment is a sinusoidal modulation response.

[0070] Equations (2) and (3) can, for example, be expanded through a series of
Bessel functions such that the photodetected voltage V(t) can be evaluated over
a range of first and second RF signals which may be received at the input of the
optoelectronic filter 340. Equation (3), for example, can be expanded through a

series of Bessel functions as follows:

cos [I‘o + ;,"; (v sin(w4t) + v, sin a)zt))]

v, v,
COSFO]O (-'V;')]O (7;:) n=m=20
= Z (+£1)™ 2cosTy), (-T—[{,V—l) Im (%V—E> cos ((nw; + mw;)t) n + meven

n,m20 ) " v, " V,\ .
—(£1)™*1 2sinl,, (——) I (———) sin ((nw; + mw,)t) n+modd
Vi Vi
(4)
where o, Vi V2 @ @ 504 Ve retain the definitions set forth above.

[0071] The contributions of frequencies D D2 0f the stronger signal and the
weaker signal, respectively, to the photodetected voltage V(t) of the detector
signal 348 can be determined from the foliowing equation:

V(ayt) = BRRsinT,J, (%1—) J, (fV"—ZJSm(m)

T e

()
V(w,t) = BRRsinT o J, [%i),fl [”—;’Ajsin(a)zz)

n I3

corresponding to the cases of (#=1, m=0)and (=0 m=1) respectively.

[0072] In one embodiment, the photodetected voltage V(t) of the detector signal
348 exhibits saturation depending on the amplitudes (i.e., the first and second,
lower power levels) of the stronger and weaker signals and, as noted above, this

behavior is asymmetric.

21



WO 2015/017653 PCT/US2014/049141

[0073] In the example embodiment shown, the detector signal 348 is received at
the optoelectronic filter output. In another embodiment, the detector signal 348
may be received by an optoelectronic receiver capable of converting the detector
signal 348 into an appropriate signal format (e.g., digital or analog signal) for the
detector signal 348 to be received by subsequent circuitry (e.g., processing

circuitry in a receiver system).

[0074] In another example embodiment, the signal level control circuit 341 may
be provided having an input adapted to couple to the modulator circuit output and
an output adapted to couple to the detector circuit input. In such embodiment, the
modulator circuit 345 receives the input signals 332, or an associated signal, at
the first modulator input and the signal level control circuit 341 attenuates the
modulated signal 346 such that the power level of the weaker signal in the

moduiated signal 346 is attenuated.

[0075] In one embodiment, the filtering behavior of the optoelectronic filter 340
(i.e., the ability of the optoelectronic filter 340 to suppress the first, stronger RF
signal relative to the second, weaker RF signal) described above is a
consequence of asymmetry in the transmission and propagation of the first and
second RF signals over the optoelectronic filter 340 as a result of the respective

first and second power levels being different.

[0076] Under other ranges of operation, however, the optoelectronic filter 340
exhibits filtering characteristics that are unachievable by conventional filters such
as suppressing the first RF signal relative to the second RF signal independent of
the separation in frequency between the first and second RF signals (e.g., as
shown in FIGS. 5 and 5A).

[0077] As illustrated in FIGs. 4-4B discussed below, assuming the case of a
strong signal (v4) and a weak signal (v2), the magnitude of the voltage
transmission for each input can be plotted as a function of v4 to determine the
saturation induced by the stronger input. In Figs. 4-4B, the transmission
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characteristics are normalized to unity and v4 is normalized to V;; so that the
plotted characteristics remain general across all operating conditions. The voltage
transmissions are initially equal for both inputs at low v but undergo different
behaviors as the optoelectronic filter saturates. The transmission behaviors were
also verified through measurement, as shown. It should be noted that at the point
where rv4/V;; = 3.83 in Fig. 4, the theoretical transmission is identically zero for
the stronger signal but reaches a local maximum for the weaker signal. The
functionality of the optoelectronic filter depends critically on operating at this point.
A finer scan around the point of zero transmission is shown in Fig. 4A, where
measurements verify substantial nulling of the stronger signal. Although the
optoelectronic filter behavior was specifically found assuming low levels of vy, it is
important to note that the nulling of the transmission for input signal 1 occurs

regardless of the value of v,

[0078] Referring now to FIG. 4, a plot 410 of normalized voltage transmission vs.
strong signal voltage for measured and theoretical magnitudes of a stronger signal
(e.g., stronger signal 333 of FIG. 3) through an optoelectronic filter (e.g.,
optoelectronic filter 340 of FIG. 3) has a horizontal axis with a scale in strong
signal voltage units of (1rv4/Vy), where vq is the amplitude (i.e., power level) of the
stronger signal and V/; is the voltage required to transition the stronger signal from
constructive to destructive interference in a modulator circuit (e.g., modulator
circuit 345 of FIG. 3) of the optoelectronic filter. The plot also has a vertical axis
with a scale in normalized voltage units where a maximum normalized voltage is
achieved when the normalized voltage of the stronger signal received by the
optoelectronic filter over the normalized voltage of the stronger signal in the
modulated signal (e.g., modulated signal 345 of FIG. 3) is one. As noted above,
in the plot shown, v4 is normalized to V; such that the plotted characteristics
shown in FIG. 4 remain substantially the same across a plurality of operating
conditions of the optoelectronic filter. These operating conditions include but are
not limited to, for example, changes in the modulator bias point, changes in optical
power, and/or changes in modulator V. The normalized plot of figure 4 is true for
any modulator exhibiting a sinusoidal interference pattern despite having different
operating conditions.
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[0079] Referring briefly to FIG. 4B, a plot 420 of normalized voltage transmission
vs. strong signal voltage for measured and theoretical magnitudes of a weaker
signal 422 (e.g., weaker signal 334 of FIG. 3) through an optoelectronic filter (e.g.,
optoelectronic filter 340 of FIG. 3) has the same vertical axis and horizontal axis

as FIG. 4.

[0080] In the example embodiment shown, a ratio of the first power level of the
stronger signal 412 of FIG. 4 to a voltage level required to transition the stronger
signal 412 from constructive to destructive interference is given by v4/Vy, as
indicated by the horizontal axis of FIGS. 4 and 4B. In one embodiment, when the
ratio is in the range of about 3.7 to about 3.9, the stronger signal 412 is
substantially suppressed relative to the weaker signal 422 of FIG. 4B in the
modulated signal. In the example embodiment shown, when the ratio is about
3.83 the transmission characteristic of the stronger signal 412 from a respective
input of the optoelectronic filter to a respective output of the optoelectronic filter is
substantially zero (i.e., substantially zero transmission for the stronger signal), as
denoted by the null pointin FIG. 4. As illustrated in FIG. 4A, which is a
substantially magnified plot 415 of the plot 410 of FIG. 4 having the same
horizontal axis and vertical axis, a null point exists when the ratio is about 3.83.
Additionally, in the example embodiment shown, when the ratio is about 3.83 the
transmission characteristic of the weaker signal 422 from a respective input of the
optoelectronic filter to a respect output of the optoelectronic filter is at a proximate
maximum (i.e., a point of maximum transmission for the weaker signal), as

denoted by the local maximum in FIG. 4B.

[0081] In accordance with the concepts, systems, circuits and techniques sought
to be protected herein, operating the stronger signal 412 at the point of zero
transmission (i.e., the null point) allows for unique capabilities in the control of RF
signals. In the example embodiment shown in FIG. 3, for example, where the
optoelectronic filter 340 receives input signals 332 comprising first and second RF
signals with a first one of the RF signals corresponding to a stronger signal 333
having a first power level and a second one of the RF signals corresponding to a
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weaker signal 334 having a second, lower power level, when the stronger signal
333 is operating at the point of zero transmission, the stronger signal 333 can be
selectively suppressed relative to the weaker signal 334 independent of their
frequency separation. Moreover, the phase noise of the stronger signal 333 can
be selectively suppressed relative to the weaker signal 334 regardless of the
amplitude (i.e., power level) of the weaker signal. In one embodiment, the
response characteristic of the optoelectronic filter (e.g., 340 of FIG. 3) is
adjustable in near real-time (limited only by the speed of the modulator and

detector) since its operation does not depend on a resonance effect, in contrast to

conventional filters.

[0082] Itis recognized that in some embodiments it is difficult for amplitude (i.e.,
power level) fluctuations of the stronger signal (e.g., 333 of FIG. 3) to be nulled
relative to the weaker signal (e.g., 334 of FIG. 3) if the amplitude of the stronger
signal wavers around the zero transmission point. However, since phase noise is
generally many orders of magnitude larger than the amplitude noise in oscillators,
the effects of the amplitude of the stronger signal wavering is substantially

negligible.

[0083] As will be described in conjunction with FIG s. 5 and 5A, the properties of
an optoelectronic filter manufactured and operating in accordance with the
concepts described above were experimentally verified through measurements of
its output electrical spectrum over a span of 100 Hz. In FIG. 5, the stronger signal
was centered at 1 GHz, while the weaker signal is located at a frequency larger by
3.5 Hz. The two inputs were operated independently from one another. With both
inputs on, the spectrum exhibits the appearance of a single input since the weaker
signal is 81.5 dB below the peak of the stronger signal and >10 dB below its
phase noise. If the stronger signal is turned off, the weaker signal becomes clearly

visible.

[0084] It should be noted that conventional all-electronic filters cannot be used
here as they lack both the narrow bandwidth and the ability to reject only the
stronger input. However, upon passing both inputs through the nonlinear
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optoelectronic filter, the stronger signal is selectively suppressed by an additional
56 dB thus uncovering the presence of the weaker signal. A third-order
intermodulation product is also visible on the other side of the spectrum. The total
RF loss of the weaker signal was 22.7 dB here corresponding to operation at a
photocurrent of ~4 mA. Since the optoelectronic filter has the dual functionality of
a nonlinear filter and an electronic amplifier, net gain can be achieved passing

through the filter given a large enough optical power.

[0085] FIG. 5A shows a similar measurement but with the weaker signal located
35 Hz away from the stronger signal and with a RF power that is 96.6 dB lower.
The weaker signal is also amplitude modulated at a frequency of 10 Hz. The
spectrum of both inputs again yields the appearance of the stronger input alone
since the presence of the weaker signal is masked by phase noise. However,
after passing both inputs through the optoelectronic filter, the stronger signal
receives an additional 55.4 dB suppression revealing the underlying weaker signal

and its modulation sidebands.

[0086] Turning now to FIG. 5, a plot 510 of power vs. frequency illustrating an
example combined signal 532, a weak signal 534, and an output signal 548. Plot
510 has a horizontal axis with a scale in frequency units of hertz (Hz) and a
vertical axis with a scale in power units of dBm measured at a frequency spectrum
over a 100 Hz span. The combined signal 532, which may be the same as or
similar to combined signal 332 of FIG. 3, comprises a stronger signal having a first
power level and the weaker signal 534 having a second, lower power level. In the
example embodiment shown, the stronger signal of the combined signal 532 has
a center frequency of 1 gigahertz (GHz). The weaker signal 534 is offset by the
stronger signal by 3.5 hertz (Hz).

[0087] As illustrated, the weaker signal 534 is buried beneath (here, 81.5 dB
below) the noise of the stronger signal in the combined signal 532. After being
received by and processed by an optoelectronic filter, which may be the same as or
similar to optoelectronic filter 340 of FIG. 3, however, the stronger signal is

substantially suppressed (here, selectively suppressed by an additional 56 dB)
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relative to the weaker signal 534 in the output signal 548. In the example
embodiment shown, the weaker signal 534 becomes visible in the output signal
548 at a frequency 3.5 Hz offset from the stronger signal. As noted above,
conventional all-electronic filters would not be suitable here as they lack both the

narrow bandwidth and the ability to reject only the stronger input.

[0088] In the example embodiment shown, the optoelectronic filter is provided
having the functionality of a nonlinear filter and of an electronic amplifier. In one
embodiment, gain for the optoelectronic filter can be achieved by adjusting the
optical intensity of the light beam (e.g., 344 of FIG. 3) generated by the light
source (e.g., 343 of FIG. 3) of the optoelectronic filter.

[0089] Referring now to FIG. 5A, a plot 550 of power vs. frequency illustrating
another example combined signal 532a, a weak signal 534a, and a modulated
signal 548a has a horizontal axis with a scale in frequency units of hertz (Hz) and
a vertical axis with a scale in power units of decibels (dB). In the example
embodiment shown, the stronger signal of the combined signal 532a has a center
frequency of 1 gigahertz (GHz). The weaker signal 534a is offset by the stronger

signal by 35 Hz.

[0090] As illustrated, the weaker signal 534a is buried beneath (here, 96.6 dB
below) the noise of the stronger signal in the combined signal 532a. Upon the
weaker sighal 534a of the combined signal 532a being amplitude modulated (here
by 10 Hz) and processed by an optoelectronic filter, which may be the same as or
similar to optoelectronic filter 340 of FIG. 3, however, the stronger signal and its
corresponding phase noise is substantially suppressed (here, selectively
suppressed by an additional 55.4 dB) relative to the weaker signal 534a in the
output signal 548a. In one embodiment, the phase-noise suppression is a
consequence of relatively small fluctuations in frequency of the stronger signal not
changing the voltage amplitude of the stronger signal from operating the null point
discussed above in conjunction with FIGS. 4-4B (e.g., mv4/V; being about 3.83 in

one embodiment).
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[0091] The above discussion has highlighted the unique capabilities of an
optoelectronic filter provided and operated in accordance with the concepts
described herein, resulting in the selective suppression of a stronger input and its
corresponding phase noise. The phase-noise suppression is a result of the fact
that relatively smail fluctuations in frequency do not change the voltage amplitude
from operating at mv4/Vy; = 3.83. It is next shown that the above-described
properties also apply to the case of deterministic phase or frequency modulation.
For two phase- or frequency-modulated inputs, one strong and one weak, applied
to the optoelectronic filter, the operation of the filter acts to suppress the stronger

signal and its modulation sidebands (e.g. see FIG. 6).

[0092] Referring now to FIG. 6, a plot 610 of power vs. frequency illustrating a
combined signal 632 is shown. Plot 610 has a horizontal axis with a scale in
frequency units of hertz (Hz) and a vertical axis with a scale in normalized power
units of decibels (dB) and a plot 660 of power vs. frequency illustrating a
modulated signal 648 generated by an optoelectronic filter 640 has a horizontal
axis with a scale in frequency units of hertz (Hz) and a vertical axis with a scale in
normalized power units of decibels (dB). As shown, the combined signal 632
comprises a stronger signal 633 having a first power level and a weaker signal
634 having a second, lower power level. Additionally, there is a frequency
difference between the stronger signal 633 and the weaker signal 634, with the
stronger signal 633 having a center frequency of f1 and the weaker signal 634
having a center frequency of f2. The optoelectronic filter 640, which may be the
same as or similar to optoelectronic filter 340 of FIG. 3, receives the combined
signal 632 at an input thereof and generates the output signal 648 at an output
thereof. In the example embodiment shown, the optoelectronic filter 640
attenuates the first power level of stronger signal 633 (e.g., through a signal level
control circuit which is the same as or similar to signal level control circuit 341 of
FIG. 3) and generates the output signal 648 such that the stronger signal 633 and
its modulation sidebands are suppressed relative to the weaker signal 634. In
embodiments in which the RF signal levels can be directly controlled, the signal
level control circuit would not be required. In one embodiment, the spurious
signals are a consequence of a third-order (e.g. 2f; - f,) intermodulation product.
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It is to be appreciated that spurious signals, including spurious signals generated
at intermodulation products of f;, and f;, can, for example, be further removed
through conventional RF filtering (e.g. filtering through digital signal processing or

just simply bandpass filtering.

[0093] Referring now to FIG. 7, a plot 710 of power vs. frequency illustrating an
example combined signal 732 and an example output signal 748 at an input and
output of an optoelectronic filter over a 20 kilohertz span, respectively, has a
horizontal axis with a scale in frequency units of kilohertz (KHz) and a vertical axis
with a scale in power units of dBm. In the example embodiment shown, the
stronger signal of the combined signal 732 is located at a frequency of 1 GHz (f;).
Additionally, in the example embodiment shown the weaker signal of the
combined signal 732 has a power level (i.e., second, lower power level) that is
66.4 dB lower and a frequency offset from that of the stronger signal by 6 kHz (f,).

[0094] The weaker signal is frequency modulated at a rate of 1 kHz, generating
spurs at a 7 kHz offset (+fn2) and a 5 kHz offset (—fn2). The stronger signal is
frequency modulated at a rate of 5.6 kHz placing a large modulation sideband
(+fn,1) near the middle of the weaker signal, obstructing detection of the weaker
signal. Upon sending both the combined signal 732 through the optoelectronic
filter, which may be the same as or similar to optoelectronic filter 340 of FIG. 3,
the stronger signal and its modulation sidebands decrease uncovering the weaker
signal and its modulated information. As illustrated, the nonlinearities of the
optoelectronic filter result in the generation of various spurious tones on the other

side of the spectrum. However, as discussed above, these various spurious tones

can be removed by additional filtering.

[0095] Referring now to FIG. 7A, a plot 720 shows a similar measurement to that
of FIG. 7 with a similar horizontal axis (here, MHz vs. kHz in FIG. 7) and same
vertical axis to that of FIG. 7. Here, however, the combined signal 732a and
modulated signal 748a are measured over a 2 MHz span with the second
sideband of the stronger signal (+2f, ) initially blocking the detection of the

weaker signal.
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[0096] In the example embodiment shown, the weaker signal is located 66.5 dB
below the stronger signal. The stronger signal remains centered at 1 GHz, while
the weaker signal is offset in frequency by 600 kHz and frequency modulated at a
rate of 100 kHz. The stronger signal is frequency modulated at a rate of 280 kHz,
generating multiple sidebands (£, 1 through +3f, 1) within the 2 MHz span. The
+2fn,1 sideband is located near the center of the weaker signal, obstructing the
ability to detect the modulated information of the weaker signal. However, after
passing both inputs (i.e., the combined signal 732a) through the optoelectronic
filter, which may be the same as or similar to the optoelectronic filter 340 of FIG.
3, only a small remnant of the +2f, 1 sideband and the remaining modulation

sidebands of the stronger signal are visible in the output signal 748a.

[0097] In one embodiment, the components of the optoelectronic filter comprised
a JDS Uniphase CQF935 distributed feedback laser (P; = 20 mW), a 14 GHz
EOSPACE intensity modulator (V,; = 2.66 V at 1 GHz), and a 4.7 GHz Discovery
Semiconductors DSC50 photodiode ( ® = 0.77 A/W). Polarization paddies were
used before the modulator for control of the input polarization, and two optical

isolators were employed to prevent unwanted reflections, one after the laser and

one before the photodetector.

[0098] In one embodiment, measurements were performed by modulating the
laser power with an RF input consisting of two signals produced from independent
RF frequency synthesizers. The RF power and frequency of each signal was
controlled by setting each synthesizer with no additional locking required. The
photodetected output of the optoelectronic filter was then sent through a DC block
and into an Agilent E4440A spectrum analyzer for processing. By measuring the
traces at both the input and output of the link, the transmission can be determined
for both inputs. The spectrum measurement also captures the presence of
nonlinear intermodulation products. A total of three RF sources were used to
generate the desired signals transmitted through the optoelectronic filter. For the
measurements that did not require frequency modulation, an Agilent E8241A
signal generator served as the stronger input while a HP 8665B signal generator
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served as the weaker input. For the measurements employing frequency
modulation, the HP 8665B signal generator with its internal modulation capabilities
served as the stronger input amplified by a Mini-Circuits ZHL-42W RF amplifier. A
HP 8340B signal generator served as the weaker input externally modulated by a

Tektronix FG504 function generator.

[0099] Having described preferred embodiments, which serve to illustrate various
concepts, structures and techniques, which are the subject of this patent, it will
now become apparent to those of ordinary skill in the art that other embodiments
incorporating these concepts, structures and techniques may be used.
Accordingly, it is submitted that that scope of the patent should not be limited to
the described embodiments but rather should be limited only by the spirit and

scope of the following claims.
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CLAIMS

1. An optoelectronic filter having at least one input and an output, the
optoelectronic filter comprising:

a modulator circuit having at least first and second inputs with a first one
of the modulator circuit inputs adapted to couple to a respective one of the at
least one input of the optoelectronic filter, said modulator circuit configured to
receive at least a first radio frequency (RF) signal having a first power level and
a second RF signal having a second, different power level at the first one of the
modulator circuit inputs and in response thereto said modulator circuit generates
a modulated signal at an output thereof, wherein the first RF signal is
suppressed relative to the second RF signal in the modulated signal; and

a light source adapted to couple to a second one of the modulator circuit
inputs, said light source configured to provide a beam having an optical intensity

to the second one of the modulator circuit inputs.

2. The optoelectronic filter of claim 1 wherein the optical intensity of the beam is

selected to provide gain to the modulated signal.

3. The optoelectronic filter of claim 1 further comprising:

a signal level control circuit having an input adapted to couple to the
respective one input of the optoelectronic filter and the first one of the modulator
circuit inputs, said signal level control circuit configured to receive the first and
second RF signals, attenuate the first power level of the first RF signal and/or the
second power level of the second RF signal, and provide a level-adjusted signal

to the first one of the modulator circuit inputs as the first and second RF signals.

4. The optoelectronic filter of claim 3 wherein the signal level control circuit
attenuates or amplifies the first power level and/or the second power level using

a respective plurality of level control factors.
5. The optoelectronic filter of claim 1 further comprising:
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a signal level control circuit having an input adapted to couple to the
modulator circuit output, said signal level control circuit configured to receive the
modulated signal, attenuate one or more respective portions of the modulated
sighal representative of the first power level of the first RF signal and/or the
second power level of the second RF signal such that the first RF signal is
further suppressed relative to the second RF signal, and provide an attenuated

signal at an output thereof.

6. The optoelectronic filter of claim 1 further comprising:
a detector circuit having an input coupled to the modulator circuit output,
said detector circuit configured to receive the modulated signal at the input

thereof and to provide a detected signal at an output thereof.

7. The optoelectronic filter of claim 1 wherein phase noise of the first RF signal is

substantially suppressed from the output signal.

8. The optoelectronic filter of claim 1 wherein a ratio of the first power level of the
first RF signal to a voltage level required to transition the first RF signal from
constructive to destructive interference in said modulator circuit is given by

nv1/Vy, where vy is the first power level and Vy, is the voltage level.

9. The optoelectronic filter of claim 8 wherein the ratio produces an interference

pattern having a generally sinusoidal shape.

10. The optoelectronic filter of claim 8 wherein when the ratio is in the range of
about 3.7 to about 3.9, the first RF signal is substantially suppressed and the

second RF signal is proximate a local maximum.

11. The optoelectronic filter of claim 8 wherein when the ratio is about 3.83 the
transmission characteristic of the first RF signal from the respective input of the
optoelectronic filter to a respective output of the optoelectronic filter is about zero

and the transmission characteristic of the second RF signal from the respective
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input of the optoelectronic filter to the respective output of the optoelectronic filter

is proximate a local maximum.

12. The optoelectronic filter of claim 1 wherein the modulator circuit is a Mach-

Zehnder moduliator.

13. The optoelectronic filter of claim 1 wherein the light source comprises a light

emitting diode (LED), and/or a laser diode.

14. A method of filtering received signals in an optoelectronic filter, the method
comprising:

receiving first and second radio frequency (RF) signals at an input of the
optoelectronic filter, wherein the first RF signal is provided having a first power
level and the second RF signal is provided having a second, lower power level;

adjusting the first power level of the first RF signal and/or the second
power level of the second RF signal to produce a level adjusted signal; and

generating a modulated signal from the level adjusted signal at an output
of a modulator circuit, wherein the first RF signal is suppressed relative to the

second RF signal in the modulated signal.

15. In a communication system, a receiver coupled to receive first and second
radio frequency (RF) signals from one or more remote locations, wherein the first
RF signal is provided having a first power level and the second RF signal is
provided having a second, different power level, said receiver comprising:

an optoelectronic filter having at least one input and an output, the
optoelectronic filter comprising:

a modulator circuit having at least first and second inputs with a
first one of the modulator circuit inputs adapted fo couple to a respective
one of the at least one input of the optoelectronic filter, said modulator
circuit configured to receive at least the first and second RF signals at the
first one of the modulator circuit inputs and in response thereto said

modulator circuit generates a modulated signal at an output thereof,
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wherein the first RF signal is suppressed relative to the second RF signal
in the modulated signal; and

a light source adapted to couple to a second one of the modulator
circuit inputs, said light source configured to provide a beam having an

optical intensity to the second one of the modulator circuit inputs.

16. The receiver of claim 15 wherein the optical intensity of the beam is selected

to provide gain to the modulated signal.

17. The receiver of claim 15 wherein the optoelectronic filter further comprises:
a signal level control circuit having an input adapted to couple to the
respective one input of the optoelectronic filter and the first one of the modulator
circuit inputs, said signal level control circuit configured to receive the first and
second RF signals, adjust the ffrst power level of the first RF signal and/or the
second power level of the second RF signal, and provide a level adjusted signal

to the first one of the modulator circuit inputs as the first and second RF signals.

18. The receiver of claim 17 wherein the signal level control circuit adjusts the
first power level and/or the second power level using a respective plurality of

level control factors.

19. The receiver of claim 15 wherein the optoelectronic filter further comprises:

a signal level control circuit having an input adapted to couple to the
modulator circuit output, said signal level control circuit configured to receive the
input signal and adjust signal levels of one or more respective portions of the
input signal representative of the first power level of the first RF signal and/or the

second power level of the second RF signal.

20. The receiver of claim 15 wherein the optoelectronic filter further comprises:
a detector circuit having an input coupled to the modulator circuit output,
said detector circuit configured to receive the modulated signal at the input
thereof and to provide a detected signal at an output thereof.
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