wO 2008/030782 A2 |00 0 00 I

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization Vd”Ij

) IO O T OO RO O

International Bureau

(43) International Publication Date
13 March 2008 (13.03.2008)

(10) International Publication Number

WO 2008/030782 A2

(51) International Patent Classification:
HO04]J 14/02 (2006.01)

(21) International Application Number:
PCT/US2007/077476

(22) International Filing Date:
1 September 2007 (01.09.2007)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

60/842,008 5 September 2006 (05.09.2006) US
(71) Applicant (for all designated States except US): OE-
WAVES, INC. [US/US]; 1010 East Union St., Pasadena,

California 91106 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): MALEKI, Lut-
follah [US/US]; 1230 Glen Oaks Boulevard, Pasadena,
California 91105 (US). ELIYAHU, Danny [IL/US];
2495 Paloma Street, Pasadena, California 91104 (US).
SEIDEL, David [US/US]; 1010 East Union St., Pasadena,
California 91106 (US).

(74) Agent: AL Bing; Fish & Richardson P.C., P.O. Box 1022,
Minneaplis, Minnesota 55440-1022 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE, EG,
ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, 1L,
IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL,
PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, SY,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,
PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

(54) Title: WIDEBAND RECEIVER BASED ON PHOTONICS TECHNOLOGY

102

Tunable

Widband

Receiver
100

CW Laser Beam at fy
192
e

— —J Phase Locking Optical Filter
Control Control =1
[ 210 220 :
(
| ! 140
101 ! 110 ! Optical
! Y Coupler
i O o
Laser, MuduluuL \_/ P
193 Microrcsonator 194
191 130 . 195 150
CW Laser Beam at f, Modulated _Flltered Mixed
Light Beam } Light Beam Light
RT Input RT Output
160
120 Transmission (
Band Output
Input
of Baseband
Basoband Optical Filter RF
Signal Signal
— —— 1, ——
fre fifre friTeR e
=f,Har ret(fi-f2)
RF Frequency Optical Frequency Frequency

(57) Abstract: Tunable receivers and techniques for receiving an electrical oscillator signal in the RF, microwave or millimeter
spectral range based on phototonics technology to use both (1) phototonic or optical components and (2) electrical circuit compo-

nents.



10

15

20

25

WO 2008/030782 PCT/US2007/077476

WIDEBAND RECEIVER BASED ON PHOTONICS TECHNOLOGY
[0001] This application claims the benefit of U.S.
Provisional Patent Application No. 60/842,008 entitled
“Wideband Receiver Based on Photonics Technology” and filed on
September 1, 2006, which is incorporated herein by reference
as part of the specification of this application.

BACKGROUND

[0002] This application relates to electronic devices and
photonic devices for handling oscillation signals in a radio
frequency (RF), microwave or millimeter wave spectral range.
[0003] A baseband signal can be carried by a radio frequency
(RF) carrier signal to transmit either (1) wirelessly via air
or (2) through a cable or waveguide from an RF signal
transmitter or generator to an RF signal receiver. In many RF
systems, the RF signal receiver can be designed to filter the
received RF signal and to mix the filtered RF signal with an
RF local oscillator (LO) signal generated by an RF local
oscillator to convert the RF signal at the RF carrier
frequency to an intermediate frequency (IF) at a lower
frequency. The down-converted IF signal is then processed to
extract the baseband signal for various signal processing
operations.
[0004] In various RF applications, the RF receiver can be a

tunable wideband RF receiver to tune to a range of RF
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frequencies. Such a wideband RF receiver can be realized
using a bank of tunable RF filters to filter the received RF
signal to select an RF frequency of interest from the detected
input signal of an RF input port or circuit which can be, for
example, a wideband RF antenna. A tunable synthesizer can be
provided to mix the filtered RF signal output by the bank of
tunable RF filters with the RF LO signal to down-convert the
RF signal to IF. This approach requires many RF circuit
elements, including the bank of filters, synthesizers, mixers,
and various stages of signal amplification and thus the
wideband receiver can have complex receiver circuitry and
suffer losses at various stages in the circuitry. 1In
addition, the frequency tuning range of such RF wideband
receivers can be limited and narrow bandwidths can be
difficult to achieve in the RF range using RF electronic

filter designs.

SUMMARY
[0005] This application describes, among others, tunable
wideband receivers in the RF, microwave or millimeter spectral
range based on photonics technology to use both (1) photonic
or optical components and (2) electronic circuit components.
Such photonics-based tunable wideband receivers are designed

to have electronic input and output interfaces like an all-
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electronic wideband RF receiver but have an internal photonic
module to provide signal processing in the optical domain
using the photonic or optical components. For example, in one
implementation of a photonics-based wideband receiver, one
part of signal processing is performed in the RF, microwave or
millimeter domain and another part of the processing is
performed in the optical domain. Optical filtering can be
performed to select a desired signal component in the received
RF, microwave or millimeter signal and tuning of the receiver
frequency can also be performed in the optical domain. Signal
frequency conversion such as the RF to IF down conversion can
also be achieved wvia optical processing. Such optical
processing can be advantageous over electronic processing and
can be used to achieve receiver functions or characteristics
that may be difficult to achieve using some all-electronic RF,
microwave or millimeter wave receivers.

[0006] In one aspect, a device is described to include a
first laser to produce a first continuous-wave (CW) laser beam
at a first laser frequency; an optical modulator to receive
the first CW laser beam and the input signal and operable to
modulate the first CW laser beam in response to an electrical
oscillation signal to produce a modulated optical beam that
carries the electrical oscillation signal; a tunable optical

filter to filter the modulated optical beam from the optical
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modulator to select at least one spectral component in the
modulated optical signal while rejecting other spectral
components and to output a filtered modulated optical beam
that carries the at least one selected spectral component; a
filter control unit to tune a center frequency of the tunable
optical filter to tune the at least one selected spectral
component; a second laser to produce a second CW laser beam at
a second laser frequency; an optical detector to receive both
the filtered modulated optical beam from the tunable optical
filter and the second CW laser beam to produce a receiver
output signal at an output frequency; and a control unit to
lock the first and second lasers in phase relative to each
other and to control the first and the second lasers to tune a
difference between the first and the second laser fregquencies
in response to the tuning of the center frequency of the
tunable optical filter to maintain the output frequency of the
receiver output signal at a desired fixed fregquency.

[0007] In another aspect, a device is described to include an
electrical port to receive an input electrical oscillation
signal at an input carrier frequency in a radio frequency,
microwave, or millimeter wave spectral range; a first laser to
produce a first continuous-wave (CW) laser beam at a first
laser frequency; an optical modulator to receive the first CW

laser beam and the input signal and operable to modulate the
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first CW laser beam in response to the input signal to produce
a modulated optical beam that carries the input signal; a
tunable optical filter to filter the modulated optical beam
from the optical modulator to select at least one spectral
component in the modulated optical signal while rejecting
other spectral components and to output a filtered modulated
optical beam that carries the at least one selected spectral
component; a second laser to produce a second CW laser beam at
a second laser frequency; and an optical detector to receive
both the filtered modulated optical beam from the tunable
optical filter and the second CW laser beam to produce a
receiver output signal at an output frequency. In this
device, the first and second lasers are phase locked relative
to each other. A phase locking unit can be provided in this
device to lock the first and second lasers in phase and to
control a difference between the first laser frequency and the
second laser frequency to tune the output frequency of the
receiver output signal. The center frequency of the tunable
optical filter can be tuned to the input carrier frequency and
this use of the tunable optical filter can be used to achieve
a wide tuning range for the device to cover, e.g., one or more
spectral ranges in the radio frequency, microwave, and

millimeter wave spectra.
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[0008] In yet another aspect, a method is described to
include using an input electrical oscillation signal at an
input carrier fregquency in a radio frequency, microwave, or
millimeter wave spectral range to control optical modulation
of a first continuous-wave (CW) laser beam at a first laser
frequency from a first laser to produce a modulated optical
beam that carries the input electrical oscillation signal;
optically filtering the modulated optical beam to select at
least one spectral component in the modulated optical signal
while rejecting other spectral components to output a filtered
modulated optical beam that carries the at least one selected
spectral component; mixing the filtered modulated optical beam
with a second CW laser beam at a second laser freguency from a
second laser which is phase locked relative to the first laser
to produce a mixed optical signal; and using an optical
detector to convert the mixed optical signal into a receiver
output signal at an output frequency.

[0009] These and other implementations, features, and
associated various advantages are described in greater detail

in the drawings, the detailed description, and the claims.
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BRIEF DESCRIPTION OF DRAWINGS
[0010] FIG. 1 shows the design and operation of an exemplary
tunable wideband receiver for receiving an RF, microwave or
millimeter signal based on photonics technology, where two
phase-locked lasers are used.
[0011] FIG. 2 shows laser tuner, phase locking control and
optical filter control in the receiver in FIG. 1.
[0012] FIG. 3 illustrates one exemplary implementation of the
phase locking control in FIG. 2 using a tunable voltage
controlled oscillator.
[0013] FIG. 4 shows a tunable electro-optic whispering
gallery mode microresonator as an exemplary implementation of
a tunable optical filter in FIG. 1.
[0014] FIG. 5 shows a two-pole tunable optical filter with
two coupled whispering gallery mode microresonators, another
exemplary implementation of a tunable optical filter in FIG.
1.
[0015] FIG. 6 shows an optical ring resonator filter as an
exemplary implementation of a tunable optical filter in FIG.
1.
[0016] FIG. 7 shows an example of an electronic device that
uses the tunable wideband receiver in FIG. 1.
[0017] FIGS. 8, 9 and 10 illustrate three examples of an

input RF signal that can be processed by the device in FIG. 7.
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[0018] FIGS. 11A, 11B and 11C illustrate signal spectra of
signals at different processing stages to show the operation
of the tunable wideband receiver in the device in FIG. 7 in
processing the input signal in FIG. 8.

[0019] FIGS. 12A, 12B and 12C illustrate signal spectra of
signals at different processing stages to show the operation
of the tunable wideband receiver in the device in FIG. 7 in
processing the input signal in FIG. 9.

[0020] FIG. 13A, 13B and 13C illustrate signal spectra of
signals at different processing stages to show the operation
of the tunable wideband receiver in the device in FIG. 7 in
processing the input signal in FIG. 10.

[0021] FIG. 14 illustrates an example of a secured
communication system based on a tunable wideband receiver

using photonic technology.
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DETAILED DESCRIPTION
[0022] FIG. 1 shows an example of a tunable wideband receiver
100 which includes a first laser 101, a second laser 102, an
optical modulator 110, a tunable optical filter 130, an
optical coupler 140 and an optical detector 150. An
electrical port is provided to receive an input electrical
oscillation signal 120 at an input carrier frequency in a
radio frequency (RF), microwave, or millimeter wave spectral
range. Examples described in this application assume the
input signal 120 is an RF signal at an RF carrier frequency
frr. The output of the optical detector 150 is the receiver
output signal 160. Electronic components, such as amplifiers
and filters, may be included in the signal path of the signal
120 or 160. The optical modulator 110 provides the interface
between the input electrical signal and the optical part of
the receiver 100 and the optical detector 150 provides an
interface between the optical part of the receiver 100 and the
receiver output signal 160.
[0023] The first laser 101, e.g., a diode laser or a solid-
state laser, is used to produce a first continuous-wave (CW)
laser beam 191 at a first laser frequency fl. The second
laser 102, e.g., a diode laser or a solid-state laser, is used
to produce a second CW laser beam 192 at a second laser

frequency f2. These two laser frequencies fl and f2 are
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generally different in most operations and can be close to
each other or the same in some operations. At least one of
the two lasers 101 and 102 is tunable to allow for a phase
locking mechanism to be implemented to lock the lasers 101 and
102 to have a fixed phase relative to each other. The
frequency different between the two lasers 101 and 102 can be
tuned by tuning the one tunable laser or both tunable lasers
to set the carrier frequency of the receiver output signal
160. This use of two phase locked lasers 101 and 102 can
achieve up conversion and down conversion of the input carrier
frequency fxr.

[0024] The optical modulator 110 is used to receive the first
CW laser beam 191 and the input signal 120 as a modulation
control signal. The modulator 110 modulates the first CW
laser beam 191 in response to the input signal 120 to produce
a modulated optical beam 193 that carries the input signal
120. The modulator 110 can be a phase modulator or an
amplitude modulator. An electro-optic phase or amplitude
optical modulator, for example, can be used as the modulator
110. Another example of the modulator 110 is a semiconductor
optical modulator formed from a multiple quantum well
structure that responds to an electrical control signal to

perform optical modulation.

10
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[0025] Spectra of the input signal 120 and the optical
signals 191, 192 and 193 are illustrated by the inserts in
FIG. 1. The input signal 120 can be modulated to carry a
baseband signal that contains data and is generated by
modulating the baseband signal at a predetermined bit rate
onto an RF carrier signal at the RF carrier frequency fgr. As
one example, the modulated optical signal 193 can include
upper and lower modulation sidebands at (fl+fgrrs) and (fl-fgrr),
respectively, and the original optical carrier at fl. The
sidebands carry the baseband signal in the input signal 120.
[0026] The tunable optical filter 130 is placed downstream
from the modulator 110 in the optical path of the modulated
beam 193. The filter 130 is a bandpass filter with a tunable
center frequency frrprer Lo selectively transmit one selected
spectral segment in the input signal 120, who is carried by
the modulated optical beam 193, and to reject all other
components. For example, the center frequency frrrer 0f the
transmission band of the optical filter 130 can be tuned to
any desired part of the input signal, e.g., one of the
sidebands in the input signal 120, as the selected spectral
segment so that the spectral components within the bandwidth
of the optical filter 130 can be selected for output in the
output signal 160. The bandwidth of the optical filter 130 is

designed to be sufficiently broad to cover a desired spectral
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segment in the input signal 120 as the receiver output 160 and
is sufficiently narrow to reject the optical carrier and the
other sidebands. Therefore, if the baseband signal of the
input signal 120 shown in FIG. 1 is to be selected for the
receiver output signal 160, the bandwidth of the filter 130
can be set to be equal to or greater than the bandwidth of the
baseband signal in the input signal 120. Therefore, the
combination of the optical modulator 110 and the tunable
optical filter 130 allows the optical filter 130 to select a
spectral segment carried by the input electrical signal 120 in
the RF, microwave, or millimeter spectral range in the optical
domain. The selected spectral segment can be a portion of a
baseband signal carried by an RF, microwave or millimeter
carrier in the input signal 120, or an entire baseband signal
and its RF, microwave or millimeter carrier of out multiple
RF, microwave or millimeter carriers in the input signal 120.
The filter 130, therefore, outputs a filtered modulated
optical beam 194 that carries the selected spectral component.
The tunable optical filter 130 can be in various
configurations, such as a microresonator that supports one or
more whispering gallery modes, a micro ring resonator, or a
Fabry-Perot resonator. ©Notably, such an optical resonator can
be tuned over a wide range in the RF, microwave, and

millimeter wave ranges that is difficult to achieve by using
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electronic filters or electronic filter banks. This tunable
optical filter 130 can be tuned over the spectral range of
various optical sidebands carried by the modulated signal 193
to select a desired sideband or a portion of a sideband.
[0027] Downstream from the optical filter 130 is the optical
coupler 140 that is also optically coupled to receive the
second CW laser beam 192 from the second laser 102. The
optical coupler 140 is designed to combine the beams 192 and
194 together to produce a combined beam 195. The optical
detector 150 is used to receive the combined beam 195 and
converts the received light into the receiver output signal
160 at an output signal frequency fout. The optical detector
150 is a fast photodetector which detects the beat between the
two beams 192 and 194. As a result, the frequency of the
receiver output signal 160 is fout= frrorer—f2 when ferprer>f2 or
four= f2-fprrer when ferper<£f2. In the example in FIG. 1, frrrres=
fetfl and fop=fret (f1-£2).

[0028] Notably, the frequencies of the two lasers 101 and 102
can be controlled so that the difference (f1-f2) can be zero,
a positive number or a negative number to. When the two
lasers 101 and 102 are operated at the same laser frequency
(f1=f2), the receiver output signal 160 a filtered version of
the input baseband signal. When the two lasers 101 and 102

are operated at the different laser frequencies (fl1#f2), the

13
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receiver output signal 160 is a up-converted or down-converted
baseband signal with the spectral component selected by the
optical filter 130. As such, the difference (fl1-f2) can be
controlled to place the output frequency f.uw at any desirable
frequency desired in a particular application for the receiver
100. In the example shown in FIG. 1 when the filter 130 is at
frrorer= frrtfl, 1if the laser fregquency f2 of the second laser is
set to be higher than the first laser 101, a down conversion
can be achieved from DC where f,.+= 0 (when the frequency of
the laser 102 is higher than the laser 101 by fzr) to four= frr
(when two lasers are at the same frequency). Therefore, the
use of the two lasers 101 and 102 provides a flexible and easy
implementation of frequency up conversion and down conversion.
[0029] In some applications, the receiver 100 can be operated
to scan the optical filter 130 through the different spectral
components within the baseband signal carried by an RF,
microwave or millimeter carrier in the input signal 120 while
maintaining the output frequency f..+ of the receiver output
signal 160 at a fixed IF frequency to allow for a processing
circuit operated at the fixed IF frequency f.uw to process the
output signal 160 to extract information in the different
spectral components in the input signal 120. Referring to
FIG. 1, when the first laser 101 is operated at a fixed laser

frequency fl, as the optical filter 130 is tuned to change its
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center frequency frrrrer relative to the laser fregquency fl to
scan through different spectral components of the input signal
120 in the optical domain, the frequency f2 of the second
laser 102 must be tuned to track and synchronize with the
tuning of the filter center frequency frrrrer to maintain foue=
frerpmer—f2 or foue= f2-frrpmr at the fixed IF frequency. For
example, if the IF frequency fout is set to be 500 MHz, then
the laser lock will be at an offset corresponding to the
center frequency fprrrer 0f the filter 130 plus 500 MHz. The
laser 102 can be locked to be 500 MHz away from the center
frequency frrprer 0f the filter 130 and maintains this spacing
as the filter 130 tunes. This configuration allows generation
of the IF signal at the output of the photodetector 150
utilizing the photonic filter 130 and this second LO laser
102.

[0030] The above optical processing in the receiver 100 in
processing an RF, microwave, or millimeter wave signal avoids
use of electronic filters and components that tend to suffer
significant signal loss, a limited tuning range and other
limitations inherent in the electronic microwave or RF circuit
elements. In the receiver 100, both tuning and filtering of
an RF, microwave, or millimeter signal are performed optically

using optical components in the optical domain.
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[0031] Referring to FIG. 2, the receiver 100 in FIG. 1 can
include a phase locking control module 210 to lock the
relative phase between the two lasers 101 and 102 so that the
difference in their laser frequencies fl and f2 is controlled
at a fixed value and can be tuned to a different value if
needed. At least one laser is a tunable laser to allow for
this phase locking control. Hence, one implementation can use
one fixed laser (e.g., the laser 101) and one tunable laser
(e.g., the laser 102) and another implementation can use two
tunable lasers as the lasers 101 and 102. The phase locking
control module 210 may be configured to detect a drift in
frequency between the two lasers 101 and 102 and tune the
tunable laser to negate the drift so that a desired frequency
difference (fl1-f2) between the two lasers 101 and 102 is
maintained. As mentioned above, as the optical filter 130 is
tuned relative to the laser frequency fl from one spectral
component to another spectral component in the input signal
120, the laser frequency f2 of the laser 102 is also tuned in
synchronization with the filter 130 to maintain a fixed output
frequency four= frrorer—f2 or foue= f2-frrprer. This tuning of the
laser 102 to track the optical filter 103 changes the
frequency difference (f1-f2) from one desired value to
another. The phase locking control module 210 is designed to

ensure the frequency difference (fl-f2) is maintained or
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stabilized at each of these different desired values against
any drift or fluctuation between the two lasers 101 and 102.
[0032] FIG. 2 also shows an optical filter control 220 for
controlling the center frequency of the transmission band of
the tunable optical filter 130. A control voltage, for
example, may be generated by the control 220 to control and
tune the resonance of an electro-optic optical resonator of
the optical filter 130 so as to tune the center frequency
frirrer 0f the transmission band of the filter 130.

[0033] FIG. 3 shows an example of the phase locking control
210 in FIG. 2. In this example, a portion of the laser beam
191 from the laser 101 is split out as a first reference beam
301 for the control 201. Similarly, a portion of the laser
beam 192 from the laser 102 is split out as a second reference
beam 302 for the control 201. Such beam splitting can be
achieved using optical couplers or beam splitters. A beam
splitter, for example, can be placed in the optical path of
each laser output in FIG. 2 to produce the regpective
reference beam. A beam coupler 310 can be used to combine the
two reference beams 301 and 302 and directs the combined beam
to a photodetector 320. The photodetector 320 produces an RF
output signal 322 representing the beat between the two

reference beams 301 and 302.
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[0034] In addition, a voltage controlled oscillator 340 is
provided in this example for the phase locking control 210 to
produce a reference oscillation signal 342 at a reference
frequency fyeo. An electrical signal mixer 330 is coupled to
be in communication with the optical detector 320 to receive
the detector signal 322 and the voltage controlled oscillator
340 to receive the reference signal 342. The mixer 330 is
operable to mix the detector output 322 and the reference
oscillation signal 342 to produce an error signal 332
representing a deviation of the difference between the first
laser frequency fl1 and the second laser frequency f2 from the
reference frequency fvco. A control circuit 350 is provided
to receive the error signal 332 and, in response to the error
signal 332, controls one or both of the first and second
lasers 101 and 102 to minimize the deviation so that the
difference between the first laser frequency fl and the second
laser frequency f2 approaches the reference frequency fvco.

In this example, a control signal 352 is applied to the
tunable laser 102 to modify the laser frequency f2 so that the
difference (fl1-f2) is maintained at the reference freguency
fvco. In one implementation, for example, the circuit 350 can
be an integrator that integrates the error signal to produce

the control signal 352 which controls the laser frequency £f2
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to nullify the output of the mixer 330 so that fvco= fl1-£f2
assuming fl is greater than f2.
[0035] Under this phase locking condition, the frequency of

the receiver output signal 160 is

four= Lfrromer—£2= (Lerprertfvco) -f1, or

four= £2-ferprer.= £1- (frrppertiveo)

when fl1 is greater than f2; and

four= ferorer—£2= (Lerurer—-fvco) -f1, or

four= £2-ferprer= £1- (frromer —Lveco)

when f1 is less than f2. Hence, the frequency fvco can be
tuned to make (f1-f2) to follow the value of fvco in
synchronization with the tuning of the center frequency frrrrer
of the optical filter 130. This provides a mechanism to fix
the output frequency fout at a desired signal frequency in the
signal 160 for subsequent processing.

[0036] The tunable optical filter 130 in the receiver 100 may
be implemented in various configurations. For example, the
tuning may be achieved by thermal control of the resonator
whose index, dimension, or both change with temperature,

mechanical control of the resonator by changing the dimension
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of the resonator, electrical control, or optical control.
Electro-optic materials may be used to control and tune the
resonance frequency of the WGM resonator by an external
control signal For example, a single lithium niobate
microresonator that supports whispering gallery modes is a
tunable optical filter based on the electro-optic effect of
the lithium niobate material and can be used as the filter
130.

[0037] FIG. 4 shows an example of a tunable electro-optic WGM
resonator 400 having a WGM resonator 410. The electro-optic
material for the entire or part of the resonator 410 may be
any suitable material, including an electro-optic crystal such
as Lithium Niobate and semiconductor multiple quantum well
structures. One or more electrodes 411 and 412 may be formed
on the resonator 410 to apply a control electrical field in at
least the region where the WG modes are present to control the
index of the electro-optical material and to change the filter
function of the resonator. Assuming the resonator 410 has
disk or ring geometry, the electrode 411 may be formed on the
top of the resonator 410 and the electrode 412 may be formed
on the bottom of the resonator 410. In implementation, the
electrodes 411 and 212 may be in various geometries to apply a
control voltage to tune the resonator. For example, the

electrodes 211 and 412 may be microstrip line electrodes. A
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tuning control unit 430 such as a control circuit may be used
to supply the electrical control signal to the electrodes 411
and 412. The control voltage may be a DC voltage to set the
resonance peak of the resonator 400 at a desired spectral
location. The DC voltage may be adjusted by the control unit
430 to tune the spectral position of the transmission peak
when such tuning is needed. For dynamic tuning operations,
the control unit 430 adjusts the control voltage in response
to a control signal to, e.g., maintain the transmission peak
at a desired spectral position or frequency or to change the
frequency of the transmission peak to a target position.

[0038] For example, a Z-cut LiNbO, disk cavity with a diameter

of d=48mm and a thickness of 170 um may be used as the
resonator 210. The cavity perimeter edge may be prepared in
the toroidal shape with a 100 um radius of curvature. As an
alternative to the strip electrodes shown in FIG. 4, the top
and bottom surfaces of the disk resonator may be coated with
conductive layers for receiving the external electrical
control signal. A metal such as indium may be used to form
the conductive coatings. Tuning is achieved by applying and
adjusting a voltage to the top and bottom conductive coatings.
Each conductive coating may be absent on the central part of
the resonator and are present at the perimeter edge of the

resonator where WGMs are localized.
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[0039] Such a single-resonator filter has a Lorentzian
lineshape in its spectral transmission and presents a less
than ideal passband with a relatively slow roll-off from the
center transmission peak. When the signal spectral bands in
the input signal 101 are close to one another, the single-
resonator filter may not be sufficient to separate neighboring
bands. In various implementations, two or more such tunable
microresonators may be optically cascaded together in series
to create a multi-pole optical filter with a flatter passband
and sharper spectral roll-offs. Light can be evanescently
coupled between the closely-spaced (e.g., about 1 um) or
directly contacted microresonators.

[0040] The shape of the passband function for such a cascaded
multi-resonator filter may be controlled by adjusting a number
of device parameters. For example, the number of
microresonators sets the order of the filter and directly
determines how sharply the filter response rolls-off outside
the passband. The gquality factors of microresonators can
determine the natural linewidth of the filter function.
Tunable lithium niobate microresonators may be fabricated to
produce varying bandwidths, such as narrow linewidths of about
10 MHz or less, or broad linewidths at tens of MHz. The
physical gaps that separate the cascaded microresonators (and

the coupling prisms at either end of the series from the first
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and last microresonators) can be adjusted to control the
coupling strengths. The gaps may be fixed in certain
implementations and adjustable for maximum flexibility in
dynamically reconfiguring the filter function in other
implementations. Different control voltages to different
microresonators may be used to provide desired offsets of the
different filter poles relative to a selected center of the
filter passband to achieve a desired filter spectral profile.
The tuning control unit 144 may include an embedded logic unit
that dynamically adjusts the offsets of the filter poles.
Accurate placements of the poles can minimize ripple in the
final filter passband.

[0041] The design of multi-pole optical filters with
microresonators may be analogous to design multi-pole RF
filters to a certain extent but the design parameters are very
different. For example, the equivalent RF Q factors of
microresonators are much higher than many RF filters. The
equivalent RF Q factor a Microresonator is the optical Q
factor multiplied by a ration of the RF frequency over the
optical frequency. Hence, at the optical wavelength of 1550
nm, the ratio is about 5 x 107° and an optical Q factor of 10’
is equivalent to an RF Q factor of about 5 x 10°.

[0042] FIG. 5 shows an exemplary tunable two-resonator filter

having two cascaded WGM resonators 510 and 520. In some
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implementations, both resonators may have approximately the
same diameter or dimension to have similar quality factors.

In certain other implementations, it may be advantageous to
use different resonators 510 and 520 with different geometries
or physical dimension to use their difference in the spectral
profile to produce the desired composite filter function. The
resonators 510 and 520 are placed close to or in contact with
each other to allow for direct optical coupling under proper
resonance conditions. Alternatively, an optical coupling
mechanism may be placed between the resonators 510 and 520 to
assist and facilitate the inter-resonator optical coupling.

An input optical coupler 512 is placed near or in contact with
the first resonator 510 to couple an input optical signal 531
into the first resonator 510 of the filter. An output optical
coupler 522 is placed near or in contact with the second
resonator 520 to couple optical energy inside the second
resonator 520 out to produce an output optical signal 532 as
the transmission of the filter. A control unit 502 is
provided to control and tune at least one of the resonators
510 and 520 to make the filter tunable. In some
implementations, both resonators 510 and 520 may be tunable.
[0043] FIG. 6 shows an example of a ring resonator as the
optical filter 130 in FIGS. 1 and 2. A closed optical ring

620 is used as the filter which can be formed in a ring
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waveguide or a fiber loop. A resonator control 640 can apply
a control signal to change the resonance of the ring 620 via
electro-optic effect or other effects. An input waveguide 610
and an output waveguide 630 can be used to direct the input
light 193 and the output light 194, respectively. The
waveguides 610 and 630 can be fibers. The coupling between
each waveguide and the ring 620 can be evanescent coupling.
[0044] FIG. 7 shows an example of an RF device based on the
receiver 100. An antenna or circuit 710 is provided to direct
an RF signal 120 to the receiver 100. The receiver 100
processes the signal 120 to produce a receiver output signal
160 that is either up converted or down converted in frequency
to a desired carrier frequency suitable for processing by a
processing circuit 720. This design can be used in a wide
range of communication devices for wired and wireless
communications.

[0045] FIGS. 8, 9 and 10 illustrate three examples of an
input RF signal that can be processed by the device in FIG. 7.
FIG. 8 show the spectrum of the input signal 120 with two or
more RF carriers (e.g., fRF1 and fRF2) that carry different
signal baseband signals (e.g., No. 1 and No. 2). The upper
and lower sidebands of each baseband signal are close to its
RF carrier. The optical filter 130 can be designed to have a

bandwidth that covers a spectral segment that includes the RF
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carrier at fRF1 and the upper and lower bands for the baseband
signal No.l. The baseband signal No. 2 and its carrier at
fRF2 are rejected by the optical filter 130. FIG. 9 shows the
spectrum of the input signal 120 with a single RF carrier that
carries a baseband signal with upper and lower sidebands
sufficiently far from the RF carrier to allow the optical
filter 130 to select only one sideband of the baseband signal,
e.g., the lower sideband, for processing by the circuit 720.
FIG. 10 shows the spectrum of the input signal 120 with a
single RF carrier that carries a baseband signal with upper
and lower sidebands with a wide spectral range for an
application where the optical filter can be used to select
only one segment in the upper or lower sideband of the
baseband signal for processing by the circuit 720.

[0046] FIGS. 11A, 11B and 11C illustrate signal spectra of
signals at different processing stages to show the operation
of the tunable wideband receiver in the device in FIG. 7 in
processing the input signal in FIG. 8. The optical modulator
110 modulates the laser beam 191 at the optical carrier fl to
convert the input signal 120 from the RF domain into the
optical domain in order for the optical filter 130 to filter
the RF signal 120 (FIG. 11A). Next, the optical filter 130 is
tuned to fRF1 to select the first baseband signal No. 1

carried by the RF carrier fRF1 while rejecting all other
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spectral components in signal 120 and the optical carrier at
fl1. FIG. 11BR shows the spectrum of the filtered beam 194 and
the second laser 102. FIG. 11C shows the spectrum of the
frequency-converted receiver output signal 160 carrying only
the first baseband signal No. 1 and its RF carrier at fRFL.
The two lasers 101 and 102 can be controlled to adjust (f1-£f2)
to place the output frequency fout at any desired frequency.
[0047] FIGS. 12A, 12B and 12C illustrate signal spectra of
signals at different processing stages to show the operation
of the tunable wideband receiver in the device in FIG. 7 in
processing the input signal in FIG. 9. FIG. 12A shows the
spectrum of the modulated optical signal 193 output by the
optical modulator 110. The optical filter 130 is tuned to the
upper side of the optical carrier fl to select the lower
baseband signal in the input signal 120 while rejecting its
carrier at (f1+fRF), other sidebands and the optical carrier
at f1 (FIG. 12B). The laser 102 is used to beat with the
filtered optical signal 194 to produce the receiver output
signal in FIG. 12C. The two lasers 101 and 102 can be
controlled to adjust (fl1-f2) to place the output frequency
fout at any desired frequency.

[0048] In some applications, the baseband signal in FIG. 10
can be a composite signal that contains different baseband

signals transmitted by different wireless signal transmitters
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at the same RF carrier frequency. The device in FIG. 7 can be
a wireless receiver with an antenna or antenna array 710 that
receives such different signals that appear as the signal 120
shown in FIG. 10 at the output of the antenna 710. A
particular baseband signal from a particular transmitter is
buried or hidden in the received composite baseband signal in
FIG. 10. For example, a baseband signal shown in FIG. 9 can
be buried in the signal in FIG. 10. In this situation, the
device in FIG. 7 can be designed to use the tunable optical
filter 130 to scan through the composite baseband signal in
FIG. 10 to sample a particular baseband segment or different
baseband segments and use the processing circuit 720 to
extract a particular baseband signal or multiple baseband
signals that are hidden in the composite baseband signal.
[0049] FIGS. 13A, 13B and 13C illustrate the operation of the
device in FIG. 7 in processing the composite baseband signal
in FIG. 10. FIG. 13A shows the spectrum of the modulated
optical signal 193 and the spectral position of the tunable
optical filter 130 in one measurement. In this measurement,
the optical filter 130 is tuned to a segment in the lower
branch of the received baseband signal below the RF carrier at
fRF. FIG. 13B shows the spectrum of the filtered optical
signal 194 and the laser 102. FIG. 13C shows the spectrum of

the output signal 160.
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[0050] The two lasers 101 and 102 can be controlled to adjust
(f1-f2) to place the output frequency fout at any desired
frequency. For example, the output frequency fout can be
fixed at 1GHz and the processing circuit 720 of the device in
FIG. 7 is designed to process at 1 GHz. The optical filter
130 is tuned sequentially, one segment at a time, to scan over
the entire lower branch of the baseband signal to obtain
sampled signals for different segments at the same signal
frequency of 1 GHz. The processing circuit 720 process the
sampled signals to extract data from all segments in the lower
branch of the received baseband signal to recover data in each
baseband signal buried in the received baseband signal.

[0051] The above described tunable wideband receiver designs
and detection techniques can be used to construct a secured
communication system. FIG. 14 illustrates an example of a
secured communication system. This system includes a wireless
RF transmitter 1410 and a wireless RF receiver 1420. The
transmitter 1410 includes an RF signal monitor 1411 to receive
existing RF signals 1401 in the air generated by other sources
outside the system of the transmitter 1410 and the receiver
1420 and analyzes the spectral components in the RF signals
1401. A transmitter controller 1413 is provided in the
transmitter 1410 to receive the spectral information 1412 of

the existing signals 1401 from the RF signal monitor 1411.
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The existing signals 1401 may include, among other spectral
components, an RF signal as shown in FIG. 10. The transmitter
controller 1413 generates a transmission control signal 1414
to an RF generator 1415 which produces an RF transmission
signal 1402. The RF receiver 1420 in this system receives a
composite RF signal 1403 which includes the RF transmission
signal 1402 and other RF signals including the RF signals
1401.

[0052] The security in this system can be implemented in the
generation of the RF transmission signal 1402. 1In this
regard, the transmitter controller 1413 uses the spectral
information 1412 of the existing signals 1401 from the RF
signal monitor 1411 to select a frequency band offset from the
RF carrier of the composite baseband signal shown in FIG. 10
to create a transmission signal profile with a spectrum shown
in FIG. 9 where the upper and lower sidebands in FIG. 9 are
within the selected fregquency band selected by the transmitter
controller 1413. The transmitter controller 1413 commends the
RF signal generator 1415 to generate the RF transmission
signal 1403 based the transmission signal profile. This
signal 1402 has the same RF carrier with the existing signals
1401 and blends with existing signals 1401. It can be

difficult to separate the signal 1402 from other signals with
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the same RF carrier without detailed information on the
spectral properties of the signal 1402.

[0053] The receiver 1420 receives the signal 1403 with a
spectrum similar to that in FIG. 10 in which the signal 1402
with a spectrum similar to that in FIG. 9 is buried. The
receiver 1420 can be implemented, for example, with a
structure shown in FIG. 7. The optical filter 130 in the
tunable wideband receiver 100 is tuned to the selected
frequency band set by the transmitter controller 1413 to
extract the hidden signal. The selected frequency band set by
the transmitter controller 1413 may be varied by the
transmitter controller 1413 and this information is
transmitted through a communication channel 1430 to the
receiver 1420 so that the optical filter 1430 can be tuned to
the proper selected frequency band when a change to the
selected frequency band is made. The transmitter controller
1413 may also control the RF signal generator 1415 to generate
a modified version of the composite signal spectrum of the
existing RF signals 1401 in which the existing RF signals 1401
are replicated and the true signal in FIG. 9 with same RF
carrier is mixed with the replica with the existing signals
1401 to produce the RF transmission signal 1402. The receiver
1420, with the knowledge of the selected frequency band set by

the transmitter controller 1413, uses the tunable optical
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filter 130 to extract the true signal sent out by the RF
transmitter 1410.

[0054] While this specification contains many specifics,

these should not be construed as limitations on the scope of
an invention or of what may be claimed, but rather as
descriptions of features specific to particular embodiments of
the invention. Certain features that are described in this
specification in the context of separate embodiments can also
be implemented in combination in a single embodiment.
Conversely, various features that are described in the context
of a single embodiment can also be implemented in multiple
embodiments separately or in any suitable subcombination.
Moreover, although features may be described above as acting
in certain combinations and even initially claimed as such,
one or more features from a claimed combination can in some
cases be excised from the combination, and the claimed
combination may be directed to a subcombination or a variation
of a subcombination.

[0055] Only a few implementations are disclosed. However, it

is understood that variations and enhancements may be made.
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CLAIMS

What 1s claimed is:

1. A device, comprising:

an electrical port to receive an input electrical
oscillation signal at an input carrier frequency in a radio
frequency, microwave, or millimeter wave spectral range;

a first laser to produce a first continuous-wave (CW)
laser beam at a first laser freguency;

an optical modulator to receive the first CW laser beam
and the input signal and operable to modulate the first CW
laser beam in response to the input signal to produce a
modulated optical beam that carries the input signal;

a tunable optical filter to filter the modulated optical
beam from the optical modulator to select at least one
spectral component in the modulated optical signal while
rejecting other spectral components and to output a filtered
modulated optical beam that carries the at least one selected
spectral component;

a second laser to produce a second CW laser beam at a
second laser frequency, the first and second lasers are phase
locked relative to each other; and

an optical detector to receive both the filtered

modulated optical beam from the tunable optical filter and the
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second CW laser beam to produce a receiver output signal at an

output frequency.

2. The device as in claim 1, comprising:

a phase locking unit that locks the first and second
lasers in phase and controls a difference between the first
laser frequency and the second laser frequency to tune the

output frequency of the receiver output signal.

3. The device as in claim 2, wherein:
the phase locking unit controls the first and second
laser frequencies so that the output freguency is at or near

zerXo.

4. The device as in claim 2, wherein:

the phase locking unit controls the difference between
the first laser freguency and the second laser frequency to
make the output frequency higher than the input carrier

frequency of the input electrical oscillation signal.

5. The device as in claim 2, wherein:

the phase locking unit controls the difference between

the first laser freguency and the second laser frequency to
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make the output frequency lower than the input carrier

frequency of the input electrical oscillation signal.

6. The device as in claim 2, wherein:
the phase locking control unit comprises:
an optical detector that receives a portion of the
first CW laser beam and a portion of the second CW laser beam
to produce a detector output;
a voltage controlled oscillator to produce a
reference oscillation signal at a reference frequency;
an electrical signal mixer in communication with the
optical detector and the voltage controlled oscillator and
operable to mix the detector output and the reference
oscillation signal to produce an error signal representing a
deviation of the difference between the first laser frequency
and the second laser frequency from the reference frequency;
and
a control circuit that receives the error signal
and, in response to the error signal, controls one of the
first and second lasers to minimize the deviation so that the
difference between the first laser frequency and the second

laser frequency approaches the reference frequency.
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7. The device as in claim 6, wherein:
the voltage controlled oscillator tunes the reference

frequency to tune the output frequency of the receiver output

signal.
5
8. The device as in claim 1, wherein:
the tunable optical filter comprises a tunable whispering
gallery mode resonator.
10 9. The device as in claim 8, wherein:
the tunable whispering gallery mode resonator exhibits an
electro-optical effect.
10. The device as in claim 1, wherein:
15 the tunable optical filter comprises a tunable optical

ring resonator.

11. The device as in claim 1, wherein:
the tunable optical filter comprises two optical
20 resonators that are optically coupled to produce a filter

function of at least a second order.
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12. The device as in claim 11, wherein:
at least one of the two optical resonators exhibits an

electro-optic effect.

5 13. The device as in claim 1, wherein:
the tunable optical filter comprises a lithium niobate

optical resonator that is tuned via an electro-optic effect.

14. The device as in claim 1, wherein:

10 the optical modulator is an optical phase modulator.

15. The device as in claim 1, wherein:

the optical modulator is an optical amplitude modulator.

15 16. The device as in claim 1, wherein:
the input electrical oscillation signal carries a
baseband signal, and
the tunable optical filter has a filter bandwidth less
than a bandwidth of the baseband signal to select a portion of

20 the baseband signal carried by the receiver output signal.

17. A method, comprising:

using an input electrical oscillation signal at an input

carrier frequency in a radio frequency, microwave, or
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millimeter wave spectral range to control optical modulation
of a first continuous-wave (CW) laser beam at a first laser
frequency from a first laser to produce a modulated optical
beam that carries the input electrical oscillation signal;

optically filtering the modulated optical beam to select
at least one spectral component in the modulated optical
signal while rejecting other spectral components to output a
filtered modulated optical beam that carries the at least one
selected spectral component;

mixing the filtered modulated optical beam with a second
CW laser beam at a second laser frequency from a second laser,
which is phase locked relative to the first laser, to produce
a mixed optical signal; and

using an optical detector to convert the mixed optical
signal into a receiver output signal at an output frequency

that carries the least one selected spectral component.

18. The method as in claim 17, comprising:
tuning a difference between the first laser frequency and

the second laser frequency to tune the output frequency.

19. The method as in claim 17, comprising:

controlling the first and second laser frequencies to set

the output frequency at or near zero.
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20. The method as in claim 17, comprising:

controlling a difference between the first laser
frequency and the second laser frequency to make the output
frequency higher than the input carrier frequency of the input

electrical oscillation signal.

21. The method as in claim 17, comprising:

controlling a difference between the first laser
frequency and the second laser frequency to make the output
frequency lower than the input carrier frequency of the input

electrical oscillation signal.

22. The method as in claim 17, comprising:

using a tunable optical filter to optically filtering the
modulated optical beam;

tuning a center fregquency of the tunable optical filter
to tune the at least one selected spectral component; and

controlling the first and the second lasers to tune a
difference between the first and the second laser fregquencies
in response to the tuning of the center frequency of the
tunable optical filter to maintain the output frequency of the

receiver output signal at a desired fixed fregquency.
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23. The method as in claim 17, comprising:

producing a first RF signal that uses a first RF carrier
to carry a first baseband signal;

mixing the first RF signal with a second RF signal that
uses the first RF carrier to carry a second baseband signal to
produce the input electrical oscillation signal, wherein the
first baseband signal has a bandwidth less than the second
baseband signal and is located in middle of the second
baseband signal in frequency, and

wherein the at least one selected spectral component is

in the first baseband signal.

24. A device, comprising:

a first laser to produce a first continuous-wave (CW)
laser beam at a first laser frequency;

an optical modulator to receive the first CW laser beam
and the input signal and operable to modulate the first CW
laser beam in response to an electrical oscillation signal to
produce a modulated optical beam that carries the electrical
oscillation signal;

a tunable optical filter to filter the modulated optical
beam from the optical modulator to select at least one
spectral component in the modulated optical signal while

rejecting other spectral components and to output a filtered
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modulated optical beam that carries the at least one selected
spectral component;

a filter control unit to tune a center fregquency of the
tunable optical filter to tune the at least one selected
spectral component;

a second laser to produce a second CW laser beam at a
second laser frequency;

an optical detector to receive both the filtered
modulated optical beam from the tunable optical filter and the
second CW laser beam to produce a receiver output signal at an
output frequency; and

a control unit to lock the first and second lasers in
phase relative to each other and to control the first and the
second lasers to tune a difference between the first and the
second laser frequencies in response to the tuning of the
center frequency of the tunable optical filter to maintain the
output frequency of the receiver output signal at a desired

fixed frequency.

25. The device as in claim 24, wherein:
the tunable optical filter comprises a tunable whispering
gallery mode resonator which exhibits an electro-optical

effect.
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