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HIGH-SPEED LOW-JITTER
COMMUNICATION SYSTEM

5 CLAIM OF PRIORITY
Benefit of priority is hereby claimed to Wilkinson et al., U.S. Provisional
Patent Application Serial Number 61/594,655, titled “High-Speed Low-Jitter
Communication System,” filed on February 3, 2012, and benefit of priority is
also hereby claimed to Wilkinson et al., U.S. Patent Application Serial Number
10 13/469,650, filed on May 11, 2012, titled “High-Speed Low-Jitter
Communication System,” each of which is hereby incorporated by reference

herein in its respective entirety.

BACKGROUND
15 Orthogonal frequency division multiplexing (OFDM) is an example of a
broader class of multi-carrier data transmission techniques. OFDM can be used
as a physical-layer interface in wireless communications, such as to combat
multipath fading or frequency-selective fading. For example, OFDM has been
incorporated into numerous wireless communication standards such as including
20 IEEE 802.11a/g (“Wilii”), HiperLAN2, and IEEE 806.16 (“WiMAX”), as well
as in the digital audio and video broadcasting standards, DAB and DAB-T, used

in Asia, Australia, and Europe.

OVERVIEW

25 A high-speed data stream can be transmitted, such as optically, using two
or more subcarrier channels, such as using an OFDM technique. The subcarrier
channels can operate at a lower transmission rate and in combination can provide
the high-speed data stream. Fach subcarrier can be at a different frequency and
together the subcarriers can form a regularly spaced frequency comb, such as

30  similarly achieved using dense wavelength division multiplexing (DWDM).
However, in OFDM there is a mathematical orthogonality between subcarriers,

unlike DWDM. Such an orthogonality property allows spectral overlap between

1



WO 2013/116644 PCT/US2013/024338

10

15

20

25

30

subcarriers such as without causing inter-channel interference (ICI), as shown in
the example of FIG. 1, such as resulting in improved spectral efficiency, and
hence supporting an increased data rate as compared to DWDM.

Generally, generating an OFDM information signal includes modulating
both amplitude and phase of the subcarrier signal (e.g., complex modulation),
and receiving an OFDM information signal includes coherently demodulating
the subcarrier signal. Thus, various synchronization techniques can be used to
synchronize an OFDM receiver with an OFDM transmitter to maintain such
coherency. In an example, one or more portions of an OFDM transmitter can be
locked to a reference frequency provided by a first local optical oscillator
included as a portion of the OFDM transmitter apparatus. Similarly, one or
more portions of an OFDM receiver can be locked to a reference frequency
provided by second local optical oscillator included as a portion of the OFDM
receiver apparatus.

In an example, a local optical oscillator can be configured to provide the
reference frequency at least in part using one or more of atomic energy level
transition or a molecular energy level transition. Use of such a local optical
oscillator can decrease an amount of communication overhead consumed in
periodically training or synchronizing an OFDM transmitter with an OFDM
receiver. For example, a duration over which the transmitter and receiver can
remain synchronized can be extended to several seconds between training
intervals.

In an example, such as for optical communication, apparatus and
techniques can include providing the reference frequency derived from an
atomic energy level transition or a molecular energy level transition, generating
at least two specified optical carrier signals at least in part using the reference
frequency, and coherently modulating the specified optical carrier signals using
respective baseband information signals to provide respective coherently-
modulated optical subcarriers. A combined optical information signal
comprising the optical subcarriers can be transmitted to a receiver, such as via a

fiber optic cable. In an example, a received optical information signal can be
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optically Fourier transformed to provide respective coherent outputs, which can
be coherently downconverted.

In an example, such communication as discussed above (e.g., multi-
carrier OFDM communication) need not be optical. A communication channel
can include a microwave link, a radio-frequency (RF) link, a conductive
communication link such as using one or more of a coaxial conductor
arrangement, a twisted pair arrangement, a conductive waveguide configuration,
or can include communication using one or more other media or techniques. For
example, an information signal (e.g., an OFDM information signal), such as
including one or more complex-modulated subcarriers, can be provided such as
using an electronic arbitrary waveform generator or other electronic source using
a reference frequency provided by a first local optical oscillator. Upon receipt,
such an information signal can then be coherently demodulated, such as using
one or more of a mixer or an analog-to-digital converter, such as referenced to a
second local optical oscillator. As in other examples above, the first and second
local optical oscillators can provide respective reference frequencies derived

from an atomic energy level transition or a molecular energy level transition.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, which are not necessarily drawn to scale, like numerals
may describe similar components in different views. Like numerals having
different letter suffixes may represent different instances of similar components.
The drawings illustrate generally, by way of example, but not by way of
limitation, various embodiments discussed in the present document.

FIG. 1 illustrates generally a comparison between wavelength division
multiplexing (WDM) and orthogonal frequency division multiplexing (OFDM).

FIG. 2 illustrates generally an example of a communication system that
can include first and second local optical oscillators, a complex modulator, and a
coherent demodulator.

FIG. 3 illustrates generally an architectural view of an illustrative

example of communication system.



WO 2013/116644 PCT/US2013/024338

FIGS. 4A and 4B illustrate generally examples of coherent demodulators
that can include a heterodyne configuration in FIG. 4A and a homodyne
configuration in FIG. 4B.

FIG. 5 illustrates generally an example of at least a portion of an optical

5  oscillator that can be referenced to an atomic energy level transition or a
molecular energy level transition and FIG. 6 illustrates generally an example of a
frequency comb generator, such as referenced to a signal provided by the

apparatus of the example of I'IG. 5.

10 DETAILED DESCRIPTION
FIG. 1 illustrates generally a comparison between wavelength division

multiplexing (WDM) and orthogonal frequency division multiplexing (OFDM).
In DWDM a frequency guard-band is inserted between each subcarrier to
prevent inter-channel interference (ICI). In contrast, OFDM subcarriers are

15  orthogonal and can overlap significantly without causing ICI. In OFDM data
transmission is achieved by parallel modulation two or more subcarriers, and can
include a large number of subcarriers. Prior to transmission, the subcarriers are
multiplexed, a process mathematically equivalent to performing the inverse
discreet Fourier transform (IDEFT) of the subcarrier group. The resulting time

20  domain baseband signal can be represented by:

oo Ny

sit) = z Z M{t — nT,) c,, g2 "Ta)fi
EQN 1 == =0
1, (0<t<T,) k—1
Ime) = { = =
FON. 2 W=l ¢t>1lt<0) fe=—¢

25  where ¢, and f, can represent the n'™ information symbol and frequency of
subcarrier k, respectively, T, can represent the symbol period, and N, can
represent the total number of subcarriers. Calculation of the inner-product

between two arbitrary subcarriers, can be represented by,
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and can demonstrate that if the condition,

1
EQN. 4 femhi=my,

is satisfied for any integer m, then the two subcarrier are orthogonal to each
other. This means that if subcarriers are spaced by multiples of the inverse data
modulation rate, significant spectral overlap is possible without causing inter-
carrier interference. Spectral efficiency can be maximized when the modulation
rate is equal to the spacing between subcarrier channels, (e.g., when s — 1),

Subcarrier spectral overlap makes the separation of channels at the
receiver using conventional frequency filtering (e.g. narrowband filtering of each
subcarrier) impractical. Rather, subcarriers can be demultiplexed via a discrete
Fourier transform (DFT) of the time domain signal. This can be carried out
electronically if the received signal is detected at a sufficiently high bandwidth,
or it can be carried out optically prior to detection. Optical DFT techniques can
remove the electronic bottleneck of high speed detection and subsequent DFT
calculation.

In addition to its improved spectral efficiency over DWDM, two
strengths of OFDM over other transmission techniques, such as DWDM or time-
division multiplexing (TDM), include OFDM’s inherent robustness to chromatic
and polarization mode dispersion. For example, polarization mode dispersion
can be a particularly large impediment to wide-spread data transmission at rates
of 40 gigabits per second (Gb/s) and higher using in-ground fiber optics.
Mitigation of these channel impairments can be accomplished via the insertion
of a temporal guard interval of duration that can be represented by A, satisfying

the relation,
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EON. S f% |D,|N AF +DGD,,,. < A
where ¢ can represent the speed of light, fcan represent the center subcarrier
frequency, D, can represent the total accumulated chromatic dispersion in units

5 ofgs/pm, Af canrepresent the frequency spacing between subcarriers, and
bGP, ... can represent a budgeted differential group delay (e.g., a maximum),
which, for example, can be about 3.5 times larger than the mean polarization
mode dispersion. In an example, satisfaction of the condition of the example
above can insure that fiber dispersion does not lead to temporal overlap between

10 symbols.

FIG. 2 illustrates generally an example of a communication system 100
that can include first and second local optical oscillators 102 A through 102B, a
complex modulator 106, and a coherent demodulator 110. In an example, a
baseband information signal can be provided to an input 104 of a complex

15  modulator 106. The complex modulator 106 can be synchronized or otherwise
“locked” to a first reference frequency provided by a first local optical oscillator
102A. The complex modulator 106 can be configured to modulate one or more
of an amplitude or a phase of one or more carrier signals, such as to provide an
OFDM information signal coupled to a coherent demodulator 110 via a

20  communication channel 108.

The communication channel 108 can include one or more of an optical
communication link, a wireless electromagnetic communication link, or a
conductive communication link. The coherent demodulator 110 can recover the
baseband information signal (or a detected approximation of the baseband

25  information signal), such as provided by a baseband information output 112. In
order to demodulate the information signal provided by the complex modulator
106, the coherent demodulator 110 can be coupled to a second local optical
oscillator 102B, and the coherent demodulator 110 can be synchronized or can
otherwise use a second reference frequency provided by the second local optical

30  oscillator 102B. For example, the coherent demodulator can include one or

more mixers, and the one or more mixers can be coupled to respective local
6
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oscillators derived from the second reference frequency provided by the second
local optical oscillator 102B.

In an example, if both the first and second optical oscillators provide
respective reference frequencies derived from an atomic energy level transition
or a molecular energy level transition, a frequency offset between the first
reference frequency and the second reference frequency can be specified to
provide a symbol error rate of received information below a specified threshold
for a duration of at least one second or more of information transfer without
requiring a resynchronization between the transmitter and the receiver. In this
manner, as discussed below, a greater overall data transfer rate is possible
because less communication overhead is needed in sending synchronization
information via the communication channel 108 rather than useful data.

FIG. 3 illustrates generally an architectural view of an illustrative
example of communication system 300 (e.g., a transceiver). In FIG. 3,
connections that can be electrical are shown as broken lines, and connections
that can be optical are shown with solid lines. Multiple subcarriers can be
generated by an optical carrier generator 314 (e.g., optical frequency comb
phase-locked to a precision frequency reference 302, such as an RF source such
as derived from a local optical oscillator). The frequency spacing between
subcarriers can establish an upper limit upon data transmission rate per
subcarrier such as to maintain channel orthogonality. Flectronic detector speeds
can establish an upper limit on channel spacing, and optical waveguide size
restrictions and resolution requirements can establish a corresponding lower
limit. In an example, the optical carrier generator 314 can include one or more
of a mode-locked laser, a phase-modulated CW laser, a recirculating frequency
shifter, or one or more other techniques or apparatus can be used, such as to
provide an optical frequency comb comprising optical subcarriers. The
subcarriers can be demultiplexed prior to data modulation, such as using an
arrayed waveguide grating (AWG), or using one or more other techniques. For

example, by selecting an AWG with a free spectral range equal to a multiple of



WO 2013/116644 PCT/US2013/024338

10

15

20

25

30

the spacing between subcarriers, the number of independent data streams can be
chosen.

Following subcarrier demultiplexing, independent data channels can be
coherently modulated such as using a complex modulator 306. In an example, a
complex modulator driver can be coupled to a baseband information source 304
to provide baseband information signals such as for driving the in-phase and
quadrature inputs of a parallel array of I/Q modulators. The array can include a
respective complex modulator 306 for each respective subcarrier. The OFDM
time domain signal can be formed by combining the subcarriers into a single
multiplexed optical information signal using an optical combiner (e.g., an optical
multiplexer), such as including a second arrayed waveguide grating, or other
apparatus. This combining can be treated as equivalent to taking the inverse
discrete Fourier transform of the subcarrier group, such as to provide an optical
information signal output 316A for transmission through an optical fiber.

In an example, such as at a far end of such an optical fiber, or otherwise
at a receiving end of the communication link at a receiver input 316B, the
subcarriers can be coherently detected, such as using an optical mixer 310 (e.g.,
an optical hybrid) coupled to respective balanced detectors, and then digitally
sampled.

A discrete Fourier transform (DFT), such as provided by an optical
Fourier transform module 320, can be used to demultiplex and recover the
individual subcarriers from the optical information signal. The temporal
window over which the receiver-end DFT is carried out is generally
synchronized to the symbol arrival rate and symbol duration. A frequency offset
between the transmitter LLO and the local oscillator used in the receiver’s optical
hybrids can be measured and compensated, such as via digital signal processing.

In an example, one or more optical carriers can be coupled from a
transmitter block 330 of the system 300 to one or more portions of a receiving
block 340 of the system 300, such as using an optical coupling 318. In addition,
or instead, in an example, one or more portions of the receiving block 340 can be

electrically coupled to the local optical oscillator 302, such as to use one or more
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reference frequencies provided by the local optical oscillator 302 (e.g., the local
optical oscillator 302 can transfer the stability of its optical oscillator into the RF
frequency range for use by other portions of the system 300).

In one approach, initial synchronization can be performed using a
Schmidl-Cox technique, such as using pilot-tones and test symbols, but resulting
in a reduction of useful transmission bandwidth. The duration over which useful
synchronization is maintained can be limited by the stability of the frequency
references used in the transmitter and receiver (e.g, provided by a local optical
oscillator 302). Such a duration can be limited to a time scale of microseconds
in the absence of a high-stability frequency reference, after which time
resynchronization is generally performed. Integration of ultra-stable frequency
references such as derived from an integrated (e.g., local) optical clock in both
the transmitter and receiver, can increase duration of useful synchronization up
to several seconds or more. In an example, the local optical oscillator 302, such
as shown in the examples of FIGS. 5 through 6, can provide such an ultra-stable
reference frequency.

A frequency offset between the transmitted optical carrier and the local
optical oscillator 302 used at the receiver for coherent detection can break the
orthogonality between subcarriers, such as resulting in detrimental inter-channel
interference (ICI). To mitigate the potential offset, in one approach, lasers used
in telecommunication can be frequency locked to an International
Telecommunication Union (ITU) frequency standard with approximately 2.5-
GHz accuracy. This configuration results in a frequency offset between the two
optical sources as large as 5 GHz. The down-converted baseband electronic
signal can be shifted by at least this frequency offset amount, necessitating
higher bandwidth, and more expensive, electronics in the receiver than dictated
by the bandwidth of the transmitted data alone. The present inventors have
recognized, among other things, that integrated optical clocks in the transmitter
and receiver locked to the same atomic or molecular frequency reference can

reduce such a frequency offset between transmitter and receiver from about
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GHz-range to about Hz-range, eliminating a need for unnecessary electronic

bandwidth for baseband processing, and decreasing subcarrier separation.

Coherent Optical Detection

5 FIGS. 4A and 4B illustrate generally examples of coherent demodulators
that can include a heterodyne configuration in FIG. 4A and a homodyne
configuration in FIG. 4B. Such coherent demodulators can be included as a
portion of the communication systems shown in the examples of FIGS. 2
through 3, such as included as a portion of the optical mixer 310 and

10 corresponding photo-detectors.

Digital information transfer generally involves efficient use of the finite
available bandwidth. TFor example, an optical fiber can support data transfer
rates at or in excess of terabit per second ('1b/s) rates. The Shannon capacity
generally places an upper limit on the number of bits per symbol that can be

15  successfully transmitted in the presence of additive white Gaussian noise

(AWGN) for a given signal-to-noise ratio per symbol, and can be represented by

.
LT

EQN. 6 Broge = Iog: {1+ 4.0
20
This limit, in turn, can govern the achievable spectral efficiency, which
can be represented in bit/s/Hz. In an illustrative example, if &_; channels are
available for data transmission, and the power of the transmitter (e.g., a
transmitting laser) is divided equally among them, the total bit capacity of the

25  system can be given by,

N F A

i
3. —_— R T . N
&o0e = N loge il +

EQN. 7

which is a monotonically increasing function of N,. Therefore, one

30  transmission strategy can be to distribute a given signal among all available

10
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channels, including all degrees of freedom (DOF) of the transmitted optical
field, such as including amplitude and phase. Data modulation techniques
utilizing optical phase (e.g., quadrature amplitude modulation (QAM)) can be
referred to as coherent. In addition to increasing spectral efficiency, modulation
5 of both the amplitude and phase, or equivalently the in-phase (I) and quadrature
(Q) components of a signal, can provide great flexibility in terms of available
modulation formats.
Coherent modulation formats are generally received using coherent
detection of the transmitted signal for symbol recovery. In an illustrative
10 example, down-conversion of a received optical passband signal to an electronic
baseband signal can be performed such as through mixing the optical passband
signal (e.g., a modulated optical subcarrier signal that can be represented by
E_{t}), with a local oscillator (LO) such as using a square-law photodetector.
In an example, a receiver can be implemented in either a homodyne or a
15  heterodyne configuration, or using one or more other configurations or
techniques. In a homodyne configuration, the frequency of the LO is matched to
the frequency of the carrier so that the electronic output of the photodetector is at
baseband. In a heterodyne configuration, the LLO and carrier can differ in
frequency, resulting in a down-converted signal at an intermediate frequency
20  (IF) rather than at baseband. In such a heterodyne example, a subsequent down-
conversion from IF to baseband can be performed in the electrical domain such
as using mixing with an electronic LO.
In an illustrative example of a heterodyne receiver configuration, an
output current of a balanced photodetector can be represented by,

25
EQN. 8 Taeill) = RUE S — &M

where & can represent the responsivity of each matched photodiode, and E; can
represent the electric field produced such as by mixing E,,;{} and E;g {2} in the

30 ¢ photodiode. The values of &; and E, can be related to the input signal and
LO through the relations,

11
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such as where a 2 x 2 fiber coupler transfer function is assumed,

1 [1

EQN.11 2l L

and the field of the local oscillator can be represented by,
EQN. 12 E,pa{8) = 4/ Prgy @0

where ({ P,y ., wirg, and ggq can respectively represent the average power, the
angular frequency, and the phase of the LO. Insertion of the expressions for &5,

and &; into Jy ., . {£1 yields,

fnees{8) =< £1— 1B 8]

LIS

3}[ {

Lol ti] B+ Ezaz{f}}}

EQN. 13.

R : [ i i oa
which after algebraic simplification becomes,
EQN. 14 Freeal) = 2R Im{E (8B (1)} + Lo o)

where & ({¢can represent the LO shot noise. The in-phase (I) and quadrature
(Q) components of . ;{£} can be found explicitly, such as by substitution of

E_.{t} and E}, {t) into the above expression, yielding

EQN. 15 freeelt) = 2R (/B Prg; 2y (05 + B (80, (0} + L,

B

12
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where

. . - N : teid e
¥z {."} - E T uCaull — & ?:r} aiwE,
EQN 16 o om=d

and

5 EQN. 17 @it} = ¢ {1 — dp {20

The real and imaginary parts of & # and ¥z, can be represented explicitly,

EQN. 18 e = cos{) — fsin{d)

10
EQN. 19 Yoy =¥+ I ¥o
and the imaginary part of the resulting expression can be represented by,
15
20
where
EQN. 21 Gy = tug T g
20
can represent the intermediate frequency and
EQN. 22 E, 0= ;ﬁz{_g@sg{g}gﬁmmﬁ #a0 \:}
25 In this heterodyne receiver configuration example, subsequent mixing at

5z Will separate the in-phase and quadrature component of the transmitted
signal. This information can be used to recover the transmitted symbol.
In an example of a homodyne receiver configuration, the current at the

outputs of the balanced photodetectors can be represented by,

13
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which can be used in the receiver-side symbol decision process. In an example,
Bayesian estimation or one or more other estimation or decision techniques can
be used for resolving symbol levels.

In an example, a transceiver can include both a coherent optical mixer,
such as one or more of the heterodyne or homodyne configurations discussed
above, and an optical transmitter including an optical carrier generator (e.g., an
optical frequency comb generator). Individual optical carriers from the optical
frequency comb generator can be coupled to the coherent optical mixer such as

to provide a synchronized and stable local oscillator for downconversion.

Optical Discrete Fourier Transform

Data modulation can lead to spectral overlap between OFDM subcarriers
(as shown in FIG. 1), such as precluding the use of optical narrowband filtering
for individual subcarrier extraction, as is done in DWDM. Instead, a discrete
Fourier transform (DFT) performed on the OFDM optical information signal can
be used to demultiplex an individual subcarrier included in the OFDM optical
information signal. In one approach, such a Fourier transform can be

accomplished via processing the OFDM signal electronically. Such an

14
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electronic bottleneck effectively limits communication to Gigabit per second
(Gb/s) data communication rates using generally-available electronic techniques.

The present inventors have recognized, among other things, that such an
electronic bottleneck can be circumvented such as performing DFT in the optical
domain (e.g., using an optical Fourier transform module 320 such as shown in
the example of FIG. 3), demultiplexing individual subcarriers for subsequent
parallel electronic processing at a lower single-carrier symbol rate. All-optical
discrete Fourier transforms (ODFT), not to be confused with continuous Fourier
transforms performed by lenses or free space propagation, can be performed
with suitable single-mode star networks or using one or more other techniques or
apparatus.

Optical discrete Fourier transforms operate continuously, as opposed to
those implemented electronically. Therefore, to obtain the spectral components
of a time series (e.g., the demultiplexed sub-carries of an OFDM signal), N time
samples of the signal during a symbol period T can be input in parallel into the
optical DFT circuit. This can be achieved such as using optical serial-to-parallel

conversion using amplitude splitters, delay lines, and fast optical gating.

Local Optical Oscillator

FIG. 5 illustrates generally an example of at least a portion of an optical
oscillator that can be referenced to an atomic energy level transition or a
molecular energy level transition and FIG. 6 illustrates generally an example of
at least a portion of a frequency comb generator, such as referenced to a signal
provided by the apparatus of the example of FIG. 5. In an example, a local
optical oscillator such as including the apparatus of FIGS. 5 and 6 can be used to
provide a reference frequency (e.g., 10 MHz, or one or more other frequencies)
such as having a specified phase noise and stability.

One or more local optical oscillators can be integrated into a common
hardware platform with either (or both) an optical transmitter or receiver, such as
discussed in the examples above (e.g., one or more portions of the examples of

FIGS. 5 through 6 can be used as a first local optical oscillator 102A as a portion

15
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of transmitter, a second local optical oscillator 102B as a portion of a receiver, or
in a transceiver as a local optical oscillator 302). Such local optical oscillators
can be configured to provide a reference frequency having specified phase noise,
short-term, and long-term stability, such as reducing a frequency offset between
a transmitter and a receiver, or reducing a need to correct for such offsets
electronically. For example, one or more of an optical carrier generator 314
(e.g., an optical frequency comb generator), a complex modulator driver, an
optical mixer 310, an optical Fourier transform module 320, an electronic mixer,
an analog-to-digital converter, or one or more other portions of a communication
system can be referenced (e.g., “locked”) to a reference frequency coupled
electrically or optically from the local optical oscillator.

In an example, the one or more local optical oscillators can provide the
reference frequency using one or more of an atomic energy level transition or a
molecular energy level transition. Such atomic or molecular transitions can
include using one or more species such as hydrogen, magnesium, ytterbium,
mercury, silver, indium, aluminum, calcium, strontium, rubidium, iodine (L),
acetylene (C2Hy), carbon dioxide (COs»), or one or more other materials.

For example, I, CoH,, or CO; can be used in molecular form, atomic
species such as Hg+, Yb+, Sr+, Ca+, In+, and Al+ can be used in an ionic form,
and hydrogen, magnesium, ytterbium, mercury, calcium, rubidium or silver can
be used in a neutral atomic form. In an example, the one or more local optical
oscillators can be configured to generate a 10MHz reference frequency signal
output for respective portions of the communication system, or including one or
more other reference frequencies.

The frequency of transition of energy states of atomic or molecular
material in the local optical oscillator can be used for long term stabilization.

For example, the following transition can be used,

EQN. 27 SRD3S, o {F = 2) = 505 (F' = 4)

o

which can represent a two-photon transition frequency. An error signal
suitable for top-of-fringe locking can be derived from the transition profile. For

example, such as shown in FIG. 5, a fiber coupled acousto-optic (AO) modulator
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can be coupled to an input of an Erbium-doped Fiber Amplifier (EDFA), such as
driven with a frequency modulated (IF'M) signal from an FM source to impart a
frequency dither on a spectroscopic probe beam. An output of EDFA can be
provided to a fiber doubler that can be coupled to a Rubidium cell (or a cell
including one or more other species from which an energy level transition will
be probed). In an illustrative example, such an AO modulator can include an
AMF-55-1550-2FP+ such as available from Brimrose Corporation of America
(Sparks, MD, USA).

In an illustrative example, a driving signal can be centered at about 55
MHz, with modulation frequency and depth of 5 kHz and 150 kHz, respectively.
A voltage output of Photo-multiplier Tube (PMT) can be used to detect a
fluorescence at a first wavelength (e.g., about 420.3 nm). Such a detected signal
indicative of fluorescence can be demodulated such as using a lock-in amplifier
(e.g., an SR510® provided by Stanford Research Systems, Inc. of Sunnyvale,
CA, USA, or using one or more other apparatus or techniques). The lock-in
amplifier can be referenced to a modulation frequency of AO modulator, such as
to provide an error signal used to lock the frequency of a fiber laser. Such a
technique can improve a long-term frequency stability of the local optical
oscillator.

In addition (or instead), the local optical oscillator can also be stabilized
using a dimensionally-stable high finesse optical cavity to measure its frequency
fluctuations which can then be removed via a high speed feedback loop, such as
shown in the lower portion of FIG. 5. Such cavity-based stabilization can be
used to provide short-term stability, complementing the atomic or molecular
stabilization techniques discussed above.

A laser’s output can be routed to an AO modulator, such as driven by a
voltage-controlled oscillator (VCO) and RF amplifier electronics, such as to
correct for frequency fluctuations measured by the ultra-low expansion (ULE)
cavity. In an example, a portion of the AO modulator output can be provided to
a phase modulator (e.g., a fiber optic Lithium Niobate phase modulator), such as

to place sidebands of the output of laser at a desired offset (e.g., in an illustrative
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example, at about 8.3 MHz). The phase-modulated optical energy can be
coupled into a ULE glass Fabry Perot cavity of length about 7.75 centimeters
(cm) and Finesse of about 150,000 (or more), although other types of cavities
with different lengths and finesse values can be used. The transmission through
cavity can be monitored, such as using a low speed monitor photodiode for
diagnostic purposes. The reflected light from the ULE cavity can be coupled to
high speed photodiode (e.g., in an illustrative example, a New Focus 1811
photodiode provided by Newport Corporation of Irvine, CA, USA), such as
using a fiber optic circulator.

An error signal can be derived, such as by mixing an output of fiber optic
circulator with the drive signal of the phase modulator , such as to produce a
dispersion shape signal. The dispersion shape signal can be fed back to the laser,
such as with a bandwidth up to or beyond about 10 kHz, such as after filtering
(e.g., using a low pass filter). In an example, a portion of the error signal can be
provided to the AOM drive electronics such as for fast frequency correction with
a bandwidth up into the MHz range or beyond.

In the illustrative example of FIG. 6, an output of an optical frequency
comb (e.g., a fiber comb) can be used to provide a supercontinuum of optical
energy peaks. In FIG. 6, connections that can be electrical are shown as broken
lines, and connections that can be optical are shown with solid lines. The output
of the optical frequency comb can be stabilized, such as by locking to the optical
output provided from the apparatus of FIG. 5 (“to Comb Laser”), such as to
provide a highly stable, low-jitter reference frequency for use in the
communication system discussed in the examples above. The fiber comb need
not be the optical frequency comb generator of the example of FIG. 3, but can
instead be a portion of the “precision optical oscillator” shown in FIG. 3. The
fiber comb transfers the stability of the stabilized optical oscillator from the
optical frequency regime into the RF frequency regime.

Stabilization can be performed, for example, such as using a carrier
envelope offset (CEQO) stabilization loop. The CEO can be used to stabilize the

comb output relative to a specified frequency (e.g., zero frequency). An octave
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spanning supercontinuum can be generated through a nonlinear fiber. Such a
supercontinuum has a characteristic that a beat tone between a fundamental
portion of the spectrum and the second harmonic of the octave of the
fundamental can represent an offset of the frequency comb spectral components
from “zero.” Such a tone output by the frequency doubling interferometer can
be mixed, such as using a digital phase detector, with an RF tone generated from
disciplined arbitrary waveform generator. A mixed signal output by the digital
phase detector can be fed into a controller, such as a Proportional-Integral-
Derivative (PID) controller. The PID controller can adjust the pump power to
the mode-locked laser of optical frequency comb generator to stabilize the offset
of the optical frequency comb spectral components.

A second control loop can be used to stabilize the frequency comb
spacing of the optical frequency comb generator. Such stabilization can be
achieved, for example, by stabilizing the cavity length of a mode-locked fiber
laser of the optical frequency comb generator. The frequency comb can be
coupled with a stabilized laser (e.g., the optical output provided from the
apparatus of FIG. 5 (“to Comb Laser”)), which can result in an RF beat tone
signifying the frequency difference between the comb line and the stabilized
laser. The RF beat tone can be detected, such as using an InGaAs photoreceiver.
This resulting RF beat can be mixed against a second disciplined arbitrary
waveform generator in a digital phase detector. The output from the digital
phase detector can be routed to a second controller, such as a PID controller,
which can generate an error signal for adjusting the comb spacing. The error
signal can be used, such as to control a piezo-actuated mirror inside a mode-
locked laser of the optical frequency comb generator. In an illustrative example,
such a piezo-actuated mirror can provide approximately 10kHz of control
bandwidth.

The present inventors have also recognized, among other things, that the
use of local oscillator stabilization techniques and apparatus above can improve
duration of useful synchronization between an optical transmitter and optical

receiver. For example, such a synchronized duration can be extended to
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durations as long as several seconds (or longer), such as using a combination of
short-term and long-term stabilization techniques. As a result, a better
utilization of transmission bandwidth over the optical channel can be possible
because data communication can be interrupted less frequently by
5 synchronization signals sent over the channel. It is believed that such

stabilization enables optical information transfer at rates approaching or
exceeding hundreds of terabit per second (Tb/s) rates through a single generally-
available single mode optical fiber, such as when used to provide one or more
reference frequencies for a coherent optical OFDM (CO-OFDM) communication

10 system.

In an example, synchronization information can be transferred between

two or more nodes in an optical communication system. For example, a
communication link such a free-space or fiber optic link can be used to transfer
time or other synchronization information such as using pulses or temporal

15  markers according to a specified communication protocol. In one approach, a
pulse or marker arrival time can be measured or otherwise determined, and a
temporal interval (e.g., a duration) between when the information (e.g., a marker
or pulse) was transmitted and when the information was received. Applications
for such synchronization can include government or civilian communications,

20  such as telecommunications. Such synchronization can be accomplished either
using a free-space or fiber-optic link, or using one or more other communication
media such as a wireless electromagnetic link. In an example, one or more
optical carriers or channels can be used for such synchronization, such as one or
more carriers or channels in a CO-OFDM communication system.

25

Various Notes & Examples

The above detailed description includes references to the accompanying
drawings, which form a part of the detailed description. The drawings show, by
way of illustration, specific embodiments in which the invention can be

30  practiced. These embodiments are also referred to herein as “examples.” Fach

of the non-limiting examples included herein can stand on its own, or can be
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combined in any permutation or combination with any one or more of the other
examples. Such examples can include elements in addition to those shown or
described. However, the present inventors also contemplate examples in which
only those elements shown or described are provided. Moreover, the present
inventors also contemplate examples using any combination or permutation of
those elements shown or described (or one or more aspects thereof), either with
respect to a particular example (or one or more aspects thereof), or with respect
to other examples (or one or more aspects thereof) shown or described herein.

In the event of inconsistent usages between this document and any
documents so incorporated by reference, the usage in this document controls.

In this document, the terms “a” or “an” are used, as is common in patent
documents, to include one or more than one, independent of any other instances
or usages of “at least one” or “one or more.” In this document, the term “or” is
used to refer to a nonexclusive or, such that “A or B” includes “A but not B,” “B
but not A,” and “A and B,” unless otherwise indicated. In this document, the
terms “including” and “in which” are used as the plain-English equivalents of
the respective terms “comprising” and “wherein.” Also, in the following claims,
the terms “including” and “comprising” are open-ended, that is, a system,
device, article, composition, formulation, or process that includes elements in
addition to those listed after such a term in a claim are still deemed to fall within
the scope of that claim. Moreover, in the following claims, the terms “first,”
“second,” and “third,” etc. are used merely as labels, and are not intended to
impose numerical requirements on their objects.

Method examples described herein can be machine or computer-
implemented at least in part. Some examples can include a computer-readable
medium or machine-readable medium encoded with instructions operable to
configure an electronic device to perform methods as described in the above
examples. An implementation of such methods can include code, such as
microcode, assembly language code, a higher-level language code, or the like.
Such code can include computer readable instructions for performing various

methods. The code may form portions of computer program products. Further,
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in an example, the code can be tangibly stored on one or more volatile, non-
transitory, or non-volatile tangible computer-readable media, such as during
execution or at other times. Examples of these tangible computer-readable
media can include, but are not limited to, hard disks, removable magnetic disks,
removable optical disks (e.g., compact disks and digital video disks), magnetic
cassettes, memory cards or sticks, random access memories (RAMs), read only
memories (ROMs), and the like.

The above description is intended to be illustrative, and not restrictive.
For example, the above-described examples (or one or more aspects thereof)
may be used in combination with each other. Other embodiments can be used,
such as by one of ordinary skill in the art upon reviewing the above description.
The Abstract is provided to comply with 37 C.F.R. §1.72(b), to allow the reader
to quickly ascertain the nature of the technical disclosure. It is submitted with
the understanding that it will not be used to interpret or limit the scope or
meaning of the claims. Also, in the above Detailed Description, various features
may be grouped together to streamline the disclosure. This should not be
interpreted as intending that an unclaimed disclosed feature is essential to any
claim. Rather, inventive subject matter may lie in less than all features of a
particular disclosed embodiment. Thus, the following claims are hereby
incorporated into the Detailed Description as examples or embodiments, with
each claim standing on its own as a separate embodiment, and it is contemplated
that such embodiments can be combined with each other in various
combinations or permutations. The scope of the invention should be determined
with reference to the appended claims, along with the full scope of equivalents to

which such claims are entitled.
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THE CLAIMED INVENTION IS:

1. A communication system, comprising:

a local optical oscillator configured to provide a reference frequency
derived from an atomic energy level transition or a molecular energy level
transition;

an optical carrier generator configured to generate at least two specified
optical carrier signals at least in part using the reference frequency provided by
the local optical oscillator;

a complex modulator coupled to the optical carrier generator and
configured to coherently modulate the at least two specified optical carrier
signals using respective baseband information signals to provide at least two
respective coherently-modulated optical subcarriers;

a optical combiner coupled to the complex modulator and configured to
combine the at least two respective modulated optical subcarriers to provide a

combined optical information signal.

2. The communication system of claim 1, wherein the local optical
oscillator is stabilized using a cavity mode supported by an optical cavity, and

using one or more of an atomic or a molecular energy level transition.
3. The communication system of claim 1, wherein the respective baseband
signals are specified to provide orthogonality between the respective coherently-

modulated optical subcarriers.

4. The communication system of claim 3, wherein respective spectra of

adjacent coherently-modulated optical subcarriers overlap.
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5. The communication system of claim 1, wherein the optical carrier
generator comprises an optical frequency comb generator configured to provide
an optical frequency comb comprising at least two specified frequency peaks,
the at least two specified frequency peaks are separated by a specified frequency

offset.

6. The communication system of claim 1, comprising an electrical coupling
between the local optical oscillator and the optical carrier generator; and
wherein the optical carrier generator is configured to receive the

reference frequency via the electrical coupling.

7. The communication system of claim 1, comprising a complex modulator
driver configured to provide the respective complex baseband information
signals to the complex modulator, including respective in-phase and quadrature
signals; and

an electrical coupling between the local optical oscillator and the
complex modulator driver; and

wherein the complex modulator driver is configured to receive the

reference frequency via the electrical coupling.

8. The communication system of claim 1, wherein the local optical
oscillator is configured to provide a reference frequency derived from an atomic

energy level transition.
9. The communication system of claim 1, wherein local optical oscillator is

configured to provide a reference frequency derived from a molecular energy

level transition.
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10. A communication system, comprising:

a local optical oscillator configured to provide a reference frequency
derived from an atomic energy level transition or a molecular energy level
transition;

an optical Fourier transform module configured to receive an optical
signal comprising at least two coherently-modulated optical subcarriers and
configured to provide at least two coherent outputs respectively corresponding to
the at least two coherently-modulated optical subcarriers, at least in part using
the reference frequency; and

an optical mixer coupled to the optical Fourier transform module and
configured to coherently downconvert the at least two coherent outputs
corresponding to the at least two coherently-modulated optical subcarriers to
provide at least two respective coherently-downconverted signals, at least in part

using the reference frequency.

11. The communication system of claim 10, wherein the local optical
oscillator is stabilized using a cavity mode supported by an optical cavity, and

using one or more of an atomic or a molecular energy level transition.

12. The communication system of claim 10, wherein respective spectra of

adjacent coherently-modulated optical subcarriers overlap.

13. The communication system of claim 10, wherein the optical Fourier

transform module comprises an optical discrete Fourier transform module.

14. The communication system of claim 10, comprising a balanced detector
coupled to the optical mixer and configured to provide at least two respective
electrical signals corresponding to at least two coherently-downconverted

signals.
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15. The communication system of claim 14, wherein the optical mixer and
the balanced detector comprise a direct-conversion receiver configured to
provide a respective in-phase electrical signal and a respective quadrature

electrical signal for each of the at least two respective electrical signals.

16. The communication system of claim 14, comprising an electrical mixer
coupled to the balanced detector and configured to provide a respective in-phase
electrical signal and a respective quadrature electrical signal for each of the at

least two respective electrical signals.

17. The communication system of claim 14, comprising a processor
configured to receive information indicative of the at least two respective
electrical signals and configured to reconstruct respective baseband information
signals;

wherein the respective baseband signals are specified to provide
orthogonality between the respective coherently-modulated optical subcarriers

comprising the optical signal received by the optical Fourier transform module.

18. The communication system of claim 10, wherein the local optical
oscillator is configured to provide a reference frequency derived from an atomic

energy level transition.
19. The communication system of claim 10, wherein local optical oscillator

is configured to provide a reference frequency derived from a molecular energy

level transition.
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20. A method, comprising:

providing a reference frequency derived from an atomic energy level
transition or a molecular energy level transition;

generating at least two specified optical carrier signals at least in part
using the reference frequency;

coherently modulating the at least two specified optical carrier signals
using respective baseband information signals to provide at least two respective
coherently-modulated optical subcarriers; and

combining the at least two respective modulated optical subcarriers to

provide the combined optical information signal.

21. The method of claim 20, wherein providing the reference frequency
includes stabilizing a local optical oscillator using a cavity mode supported by an
optical cavity, and using one or more of an atomic or molecular energy level

transition.

22. The method of claim 20, wherein the respective baseband signals are
specified to provide orthogonality between the respective coherently-modulated

optical subcarriers.

23. The method of claim 22, wherein respective spectra of adjacent

coherently-modulated optical subcarriers overlap.

24, The method of claim 20, wherein generating at least two specified optical
carrier signals includes generating an optical frequency comb comprising at least
two specified frequency peaks, the at least two frequency peaks separated by a

specified frequency offset.
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25. A method, comprising:

providing a reference frequency derived from an atomic energy level
transition or a molecular energy level transition;

optically Fourier transforming a received optical signal comprising at
least two coherently-modulated optical subcarriers to provide at least two
coherent outputs respectively corresponding to the at least two coherently-
modulated optical subcarriers, at least in part using the reference frequency; and

coherently downconverting the at least two coherent outputs
corresponding to the at least two coherently-modulated optical subcarriers to
provide at least two respective coherently-downconverted signals, at least in part

using the reference frequency.

26. The method of claim 25, wherein providing the reference frequency
includes stabilizing a local optical oscillator using a cavity mode supported by an
optical cavity, and using one or more of an atomic or molecular energy level

transition.

27. The method of claim 25, wherein respective spectra of adjacent

coherently-modulated optical subcarriers overlap.

28. The method of claim 25, wherein the optically Fourier transforming the

received optical signal includes using a discrete optical Fourier transform.
29. The method of claim 25, comprising providing at least two respective

electrical signals corresponding to at least two coherently-downconverted signals

using a balanced detector.
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30. The method of claim 29, comprising receiving information indicative of
the at least two respective electrical signals; and

reconstructing respective baseband information signals;

wherein the respective baseband signals are specified to provide
orthogonality between the respective coherently-modulated optical subcarriers

comprising the optically-Fourier-transformed optical signal.

31. A system, comprising:

a local optical oscillator configured to provide a reference frequency
derived from an atomic energy level transition or a molecular energy level
transition;

a carrier generator configured to generate at least two specified carrier
signals at least in part using the reference frequency provided by the local optical
oscillator;

a complex modulator coupled to the carrier generator and configured to
coherently modulate the at least two specified carrier signals using respective
baseband information signals to provide at least two respective coherently-
modulated subcarriers;

wherein the respective baseband signals are specified to provide
orthogonality between the respective coherently-modulated subcarriers; and

wherein respective spectra of adjacent coherently-modulated subcarriers

overlap.

32. A method, comprising:

providing a reference frequency derived from an atomic energy level
transition or a molecular energy level transition;

generating at least two specified carrier signals at least in part using the

reference frequency provided by the local optical oscillator;
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coherently modulating the at least two specified carrier signals using
respective baseband information signals to provide at least two respective
coherently-modulated subcarriers;

wherein the respective baseband signals are specified to provide
orthogonality between the respective coherently-modulated subcarriers; and

wherein respective spectra of adjacent coherently-modulated subcarriers

overlap.

33. A system, comprising:

a transmitter configured to generate a modulated information signal
synchronized to a first reference frequency provided by a first local optical
oscillator, the first local optical oscillator configured to provide the first
reference frequency at least in part using an atomic energy level transition or a
molecular energy level transition; and

a receiver configured to receive the modulated information signal at least
in part using a second reference frequency provided by a second local optical
oscillator, the second local optical oscillator configured to provide the second
reference frequency at least in part using an atomic energy level transition or a
molecular energy level transition;

wherein a frequency offset between the first reference frequency and the
second reference frequency is specified to provide a symbol error rate of a
received information signal below a specified threshold for a duration of at least
one second of information transfer without requiring a resynchronization

between the transmitter and the receiver.

34, The system of claim 33, wherein the transmitter is coupled to the receiver

using at least one of a fiber optic link, a wireless link, or a conductive link.

35. The system of claim 34, wherein the transmitter is coupled to the receiver

using a wireless link including a free-space optical link.
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36. A method, comprising:

at a first location, generating a modulated information signal
synchronized to a first reference frequency provided by a first local optical
oscillator, the first local optical oscillator configured to provide the first
reference frequency at least in part using an atomic energy level transition or a
molecular energy level transition;

at a second location, receiving the modulated information signal at least
in part using a second reference frequency provided by a second local optical
oscillator, the second local optical oscillator configured to provide the second
reference frequency at least in part using an atomic energy level transition or a
molecular energy level transition; and

wherein a frequency offset between the first reference frequency and the
second reference frequency is specified to provide a symbol error rate of a
received information signal below a specified threshold for a duration of at least
one second of information transfer without requiring a frequency offset
estimation between the first reference frequency and the second reference

frequency.

37. The method of claim 36, wherein the receiving the information signal
includes receiving the information signal via at least one of a fiber optic link, a

wireless link, or a conductive link.
38. The method of claim 37, wherein the receiving the information signal

includes receiving the information signal via a wireless link including a free-

space optical link.
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“L” document which may throw doubts on priority claim(s) or which is - step when the document is taken alone
cited I]o establish the ptl_lb‘ljlcatlon date of another citation or other “Y” document of particular relevance; the claimed invention cannot be
special reason (as specified) . considered to involve an inventive step when the document is
“0” document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

“P” document published prior to the international filing date but later than  «g,» H
the priority date claimed &” document member of the same patent family

Date of the actual completion of the international search Date of mailirllg of the international search report
22 May 2013 (22.05.2013)
.Name and mailing address of the ISA/US ' Authorized officer:
Mail Stop PCT, Aftn: ISA/US, Commissioner for Patents Shane Thomas
P.0. Box 1450, Alexandria, Virginia 22313-1450
.. . PCT Helpdesk: 571-272-4300
Facsimile No.  571-273-3201 PCT OSP: 571-272-7774
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This intemnational search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

E:l Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with' the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. I:l Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No.III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet) -

This International Searching Authority found multiple inventions in this international application, as follows:
Group I: Claims 1-9 and 20-24; Group II: Claims 10-19 and 25-30; Group Hli: Claims 31 and 32; Group IV: Claims 33-38

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fee must be paid.

Group |: Claims 1-9 and 20-24 are directed toward a communication system, comprising: a local optical oscillator configured to provide a
reference frequency derived from an atomic energy level transition or a molecular energy level transition; an optical carrier generator
configured to generate at least two specified optical carrier signals at least in part using the reference frequency provided by the local
optical oscillator; a complex modulator coupled to the optical carrier generator and configured to coherently modulate the at least two
specified optical carrier signals using-respective baseband information signals to provide at least two respective coherently-modulated
optical subcarriers; a optical combiner coupled to the complex modulator and configured to combine the at least two respective
modulated optical subcarriers to provide a combined optical information signal.

-***-Continued Within the Extra Page-***-

. As all required additional search fees were timely paid by the applicant, this international search report covers all. searchable
claims.

2. L—_I As all searchable claims could be searched without effort justifying additional fees, this Authority did-not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this mtematlonal search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.: .

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I:I The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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-Continued from Box No. Ill: Observations where unity of invention is lacking-

Group II: Claims 10-19 and 25-30 are directed toward a communication system, comprising: a local optical oscillator configured to
provide a reference frequency derived from an atomic energy level transition or a molecular energy. leveltransition; an optical Fourier
transform module configured to receive an optical signal comprising at least two coherently-modulated optical subcarriers and configured
to provide at least two coherent outputs respectively corresponding to the at least two coherently-modulated optical subcarriers, at least
in part using the reference frequency; and an optical mixer coupled to the optical Fourier transform module and configured to coherently
downconvert the at least two coherent outputs corresponding to the at least two coherently-modulated optical subcarriers to provide at
least two respective coherently-downconverted signals, at least in part using the reference frequency.

Group IIi: Claims 31 and 32 are directed toward a system, comprising: a local optical oscillator configured to provide a reference
frequency derived from an atomic energy level transition or a molecular energy level transition; a carrier generator configured to

generate at least two specified carrier signals at least in part using the reference frequency provided by the local optical oscillator; a
complex modulator coupled to the carrier generator and configured to coherently modulate the at least two specified carrier signals using
respective baseband informiation signals to provide at least two respective coherently modulated subcarriers; wherein the respective
baseband signals are specified to provide orthogonality between the respective coherently-modulated subcarriers; and wherein
respective spectra of adjacent coherently-modulated subcarriers overlap.

Group IlI: Claims 33-38 are directed toward a system, comprising: a transmitter configured to generate a modulated information signal
synchronized to a first reference frequency provided by a first local optical oscillator, the first local optical oscillator configured to provide
the first reference frequency at least in part using an atomic energy level transition or a molecular energy level transition; and a receiver
configured to receive the modulated information signal at least in part using a second reference frequency provided by a second local )
optical oscillator, the second local optical oscillator configured to provide the second reference frequency at least in part using an atomic
energy level transition or a molecular energy level transition; wherein a frequency offset between the first reference frequency and the
second reference frequency is specified to provide a symbol error rate of a received information signal below a specified threshold for a
duration of at least one second of information transfer without requiring a resynchronization between the transmitter and the receiver.

The common technical feature shared by Groups |, Il, il and IV are a communication system, comprising: an optical carrier generator
configured to generate at least two specified optical carrier signals at least in part using the reference frequency provided by the local
optical oscillator. However, this common feature is previously disclosed by US 7,577,367 B2 (Way). Way discloses a communication
system, comprising: an optical carrier generator configured to generate at least two specified optical carrier signals at least in part using
the reference frequency provided by the local optical oscillato (an optical techniques for combining duobinary modulation and optical
subcarrier multiplexing in optical communications applications, abstract).

Since the common technical feature is previously disclosed by the Way reference, this common feature is not special and so Groups |, I,
llland IV lack unity. . o : :
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