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(57) Abstract: This disclosure provides systems, methods, and apparatus for improving spectral efficiency of a communication sys-
tem. The communication system can include a transmitter, a receiver and a communication link for communicating data between the
transmitter and the receiver. The transmitter can employ a multi-carrier technique to transmit data to the receiver. The transmitter can
generate a plurality of carrier signals using a receiver-side comb generator, one of which is sent to the transmitter as a pilot carrier
signal combined with modulated carrier signals over an optical link. At the receiver the receiver-side comb generator uses the pilot
carrier signal to generate a plurality of receiver-side carrier signals, which are used for detecting the modulated carrier signals. As the
phase noise in the modulated carrier signals and the phase noise in the receiver-side carrier signals have the same characteristics, the
phase noise is cancelled at the receiver, resulting in improved detection.
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SYSTEMS FOR IMPROVED SPECTRAL EFFICIERCY INMULTI-CARRIER
COMMUNICATION SYSTEMS

TECHNICAL FIELD

{0001]  Ths disclosure relates to the field of communication networks, and in particular to

communication links and systems.

BESCRIPTION OF THE RELATED TECHMNOLOGY

{09602  Comvounication systerns, such as optical communication systems, nclude transmutiers
and recervers for commurucating data over communication hinks. High bandwidth data
transmission communication systems typically employ higher order modulation technigques for
transmitting data to the recerver. The communication ink may introduce nose and other

undesirable artifacts n the data ransmtied between the transmitter and the receiver,

SUMMARY
{8083]  According to one aspect, the subject matter described in this disclosure relates to an
optical transcetver including an optical transmuitter and an optical recetver coupled 1o an optical
fink. The opiical transmitter mcludes a transmuiter-side optical comb generator configured to
generate a plurality of transomtter-side carrier signals, the plurality of transmutter-side carrier
signals being equally spaced m frequency. The optical transmutter further includes a modulator
configured to modulate data over each of a {irst subset of the phurality of transmitter-side carrier
signals to generate a plurality of transmitter-side modulated carrier signals. The optical
transmitter 1s 18 configured to transmit the plurality of transmtter-side moduldated carrier signals
and a second subset of the plurality of transmutter-side carrier signals over the optical link, where
the second subset 15 disjoint from the first subset. The optical recetver 1s configure to receive a
pilot carrier signal and a plurality of recetved modulated carrier signal. The optical receiver
mncludes a receiver-side optical comb generator configured to utilize the pilot carrier signal to
generate a plurality of receiver-side carrier signals, where the plurality of receiver-side carrier
signals are equally spaced in frequency, and where each of the plurality of receiver-side carrier

signals has the same frequency as one of the plurality of received modulated carrier signals. The
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optical receiver further includes a plurality of optical mixers, each optical mixer configured to
nix one of the plurality of receiver-side carrier signals with a corresponding one of the plurality
of recetved modulated carrier signals to generate a set of output signals. The optical recetver
further includes a demodulator configured to demodulate the set of output signals to generate
output data.

[0084] According to another aspect, the subject matter described in this disclosure relates to an
optical receiver coupled to an optical link and receiving a plurality of modulated carrier signals
and a pilot carrier signal over the optical ok, The optical receiver includes a receiver-side
optical comb generator configured to utilize the pilot carrer signal to generate a plurality of
recetver-side carrier signals, where each of the plurality of receiver-side carrier signals has the
sarne frequency as a carrier frequency of one of the plurality of modulated carrner signals. The
optical recetver further inchudes a plarabity of optical mixers, each optical nuxer configured to
mix one of the plurahity of receiver-side carnier signals with a correspondmng one of the plurahity
of modulated carrier signals to generate a set of output signals, and a demodulator configured to
demodulate the set of oufput signals to generate output data.

{8083]  According to another aspect, the subject matter deseribed in this disclosure relates to a
method for communicating optical signals. The method inchides receiving a plurality of
modulated carrier signals over an optical link. The method further inclhudes recetving an
unmodudated carrier signal over the optical link. The method also inchudes generating a plurality
of recetver-side carrier signals using a comb generator, which in turn uses the unmodulated
carrier signal as a seed signal. The method further inclodes demodulating the plurality of
modulated carrier signals using the plurality of receiver-side carrier signals.

{0086] According to another aspect, the subject matter described in this disclosure relates to a
method for communicating data over communication system inchiding an optical transmitter and
an optical receiver communicating over a conununication link. The method includes

{80071 Details of one or more implementations of the subject matter described in this
specification are set forth in the accompanying drawings and the description below. Other
features, aspects, and advantages will become apparent from the description, the drawings, and

the claims. Note that the relative dimensions of the following figures may not be drawn to scale.

fas
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BRIEF DESCRIPTION OF THE DRAWINGS
{8008]  Figure 1 shows an example communication system.

{0089] Figure 2 shows another example communication system.

{8016}  Figure 3 shows a block diagram of an example the receiver.

{0011} Figure 4 shows an exarople block diagram of a processor shown 1o Figure 3.

{B012] Figuwre 5 shows a flow diagrarn of an example process for execution by a receiver, such
as the receiver shown in Figure 2.

{0013] Like reference nurmbers and designations i the various drawings mdicate like elements.

DETAILED DESCRIPTION

[0014] The various concepts introduced above and discussed in greater detail below may be
mplemented in any of numerous ways, as the described concepts are not lmted to any
particolar manner of unplementation. Examples of specific implementations and applications are
provided primarily for tustrative purposes.

{8018] Figure 1 shows an example commumnication system 100, In particular, the
communication system 100 mclades a first transcerver 102 communicating with a second
transceiver 104 over a commumication hnk 106, Hach of the first transceiver 102 and the second
transceiver 104 can be coupled to their respective devices, such as network switches, computers,
data~storage devices, network mterface cards, hosi-bus adapters, etc. The first and the second
transceivers 102 and 104 can provide communication between their respective devices. In some
implementations, the communication hink 106 can include wired or wireless communication
links. In some implemeniations, the communication link 106 can inchude optical links,

{8016]  The first transcetver 102 can nchude a first transmutter 108 and a first receiver 110.
Simularly, the second transceiver 104 can mclude a second transmitter 112 and a second receiver
114. The first transmitter 108 can communicate with the second recerver 114 over a first
communication link 116, while the second transmitier 112 can communicate with the first
receiver 110 over a second communication link 118, In some implementations, the first
transceiver 102 and the second transceiver 104 can communicate over out-of-band hinks. For
example, first transceiver 102 can communicate with the second transceiver 104 over a first out-
of-band communication link 120 and over a second out-of-band communication link 122, In

some implementations, the first and the second out-of-band commurucation links 120 and 122

¥
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can be utilized to communicate management data associated with the communication system
100,

{8617]  In some implementations, the communication link 106 can be an optical communication
iink. For example, the first communication link 116 and the second communication link 118 can
inchude optical fibers for carrying optical signals. The fust transmitter 108 and the second
transmitier 112 can each include curcutry for transnutiing optical signals representative of the
data being transnutied over the commurication links 116 and 118 respectively. Similarly, the
first recerver 110 and the second recerver 114 can include circuitry for receiving and processing
the optical signals transmitied by the first transmuter 108 and the second transmtiter 112,
respectively, to extract the data.

{0018] The spectral efficiency of a communication system s generally described in terms of
data throughput divided by the bandeidth used to transmut that data. In some implementations,
the spectral efficiency of a communication system can be improved by using multi-carrier
transmission systems. In multi-carrier transmussion systems, multiple carriers at different
frequencies can be mdividually modualated with separate data streams and transmitted to the
recetver simultaneously. Generally, the multiple carners are spaced at regular wntervals i the
frequency domain. In some mmplementations, to minimize inter-channel-interference between
adjacent carriers, the carners are separated by at least the baud rate of the data being transmitted
on the carriers. In some implementations, the channel separation can be maintained at or below
the baud rate {also known as Nyquist or sub-Nyquist spacing) to further improve the spectral
efficiency. For example, carrier signals generated by comb generators, which exhibit good
stability in maintaming substaniially constant frequencies of the carrier signals, can be spaced
with sub-Nyquist spacing without sigmificant increase in imter-channel-interference. However,
factors such as noise, chromatic dispersion, and non-linearity, can contribute in limiting the
extent to which the channel separation can be reduced. The communication systems discussed
below in Figures 2—4 mitigate the effects of phase noise on optical transmission signals, thereby
allowing improvement in the spectral efficiency of the communication systems.

{#019]  Figure 2 shows another example communication system 200. In particular, the
communication system 200 includes a transmutter 202, a receiver 204, and an optical link 206

communicably connecting the transmutter 202 and the receiver 204, The transmitter 202 includes
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a transmitter-side comb generator 208, a modulator 210, and a multiplexer 212, The receiver
204 can include a demultiplexer 214, a demodulator 216, and a receiver-side comb generator
218, As discussed in further detail below, the transmitter-side comb generator 208 generates a
plurality of equally spaced optical carrier signals, which are modulated by the modulator 210.
The modulated carrier signals can be moultiplexed by the multiplexer 212 nto a transmutier
optical signal 220 for transnussion over the optical hink 206, One of the optical carrier signals
generated by the transnutier-side comb generator 208 (referred 1o as a “pilot carrier signal”} also
can be included 1o the transmitter optical signal 220 to be transmitted over the optical link 206
At the receiver 204 side, the pilot carrier signal 18 used to seed the receiver-side comb generator
218 to generate g plurality of frequency locked optical signals having the same set of frequencies
as that generated by the transmutter-side comb generator 208, The optical sigoals generated by
the recetver-side comb generator 218 are fed to the demodulator 216, which uttlizes these optical
signals to demodulate the received modulated carner signals. As the seed signal used by the
recetver-side comb generator 218 includes the same phase nowse as the recetved carner signals,
this phase noise can be substantially canceled 1n the demodulated signal. Additional details of
the transmutter 202 and the receiver 204 are discussed below,

{0028} The transmutter-side comb generator 208 receives a seed frequency signal f§ as an mput
and generates a plurality of equally spaced carrier signals f1-£,. In some implementations, the
seed frequency signal can be provided using a single laser source, such as a laser diede. Uneor
more of the phuality of carrier signals £, are selected as pilot signals to be transmutted to the
receiver 204 end without being modulated by the modulator 210, For example, as shown in
Figure 2, carrier signals £~y are fed to the modulator 210, while the carrier signal f, (the “pilot
carrier signal”) 1s fed directly to the muitiplexer 212 mstead of being fed to the moduiator 210,

It is understood that any of the plurality of carrier signals fi—f,, can be sent unmodulated as pilot
carrier signals to the multiplexer 212 for transmission over the optical link 206, In some
mmplementations, the transmitter-side comb generator 208 can generate and feed the carrier
signals £;—f, onto a single waveguide or fiber to the modulator 210, In some such
mmplementations, a demultiplexer can be utilized to separate the carrier frequencies onto multiple
optical fibers, each fiber providing the carrier signal to the modulator 210, In some

mmplementations, the transmitter-side comb generator 208 can be implemented using technigues
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such as external injection of gain swiiched {directly modulated} laser dicdes, such as Fabry-Perot
iaser diodes. In some other implementations, the transmitter-side comb generator 208 can be
mmplemented using techrniques utilizing multistage parametric mixer designs seeded by a single
master laser.

{8621]  The modulator 210 can mclude a plurality of modulators for modulating the optical
carrier signals fi—f,.; with data signals. For example, each modulator can modulate each of the
optical carrier signals £1—£,.; with one of n-1 data signals recetved by the transmitter 202, Thus,
the modulator 210 can generate n-1 modulated optical carrier signals. The n-1 data signals can
represent the data to be transnutted to the receiver 204, In some implementations, the n-1 data
signals can represent n-1 separate and independent data streams, respectively. In some
implementations, the n-1 data signals may be denived from a single data stream. In some
maplementations, at least two of the u-1 data signals can represent the same data stream. In some
mplementations, electro-optic modulators, such as, for example, Mach-Zehnder modulators
{MZMs), can be utilized for modulating each of the carrier signals §i-fi.1 with a data signal. In
some other implementations, the modulator 210 can inchude resonant ring oscillators based
modulators, or any other sustable optical or eleciro-optical modulator. In some implementations,
modulators other than eleciro-optic modulators, such as, without limitation, acousto-optic
modulators, magneto-optic modulators, mechano-optic modulators, thermo-optic modulators, or
combinations thereof, also can be utilized. In some implementations, the modulator 210 can
uithize techniques such as guadrature amplitide modulation {QAM) and phase shift keving (PSK}
for modulating the carrier signals.

{8622] The muluplexer 212 can multiplex the n-1 modulated optical carrier signals provided by
the modulator 210, and the unmodulated pilot carrier signal §, into a single transmitter optical
signal 220, which is transmitted over the optical link 206 to the receiver 204, In some
implementations, the multiplexer 212 can be iraplemented using an optical signal combiner that
combines the n-1 modulated signals, and the pilot carrier signal £, into a transnutter optical signal
220 for transnussion over the optical link 206,

{8023]  In some implementations, the combiner can be a dichroic combiner, which combines
optical signals of different frequencies into a single optical beam. In some 1mplementations, an

optical add-drop multiplexer can be utilized for combining the n-1 modulated carrier signals and

6
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the pilot carrier signals into the transmitter optical signal 220, In some implementations, any
device that can combine the two or more optical signals info a single optical signal can be
utilized to implement the combiner. In some implementations, the combiner can include filters
to selectively combine a portion of the spectrum of the mput optical signals to generate a
combined optical signal,

{0024] The optical link 206 can be simular to the communication hink 106 discussed above i
relation to Figure 1. In some implementations, the optical link 206 can be implemented using
optical fibers such as single ruode fibers (SMFs), routti-roode fiber (MMFs), etc. Insome
implementations, the optical link 206 can ntroduce undesired signal loss, nonlinear effects, and
dispersion i the optical signals that are transmitted over it In particular, the optical link 206 can
introduce non-linear phase noise in the modulated carrier signals and the unimodulated pilot
carrier signal £, As both the transmitter optical signal 220 and the pilot carrier signal are
transmitted over the same optical hink 206, the non-linear phase noise miroduced 10 modulated
carrier signals can have the substantially same characterstics as the non-linear phase noise
miroduced in the unmodulated pilot carrier signal £,

{8025] The transmutier optical signal 220 transmitted over the optical hink 206 15 recetved as a
received optical signal 222 at the receiver 204, The demuliiplexer 214 demultiplexes the
received optical signal 222 mto the n-1 modulated optical carrier signals and the pilot carier
signal £, The demultiplexing technigues uitfized by the demultiplexer 214 can complement the
multiplexing techniquies used at the transnutter 202 to multiplex the modulated carrier signals
and the unmodulated pilot carrier signal {for example, by the multiplexer 212 shown in Figure
2). Insome implementations, an arrayed waveguide grating (AW) can be utilized for
demultiplexing received optical signal 222, In some other implementations, a reconfigurable
optical add-drop demultiplexer can be utilized for demultiplexing the signals. In some
implementations, an optical splitter can be utilized for separating the recetved modulated signals
and the pilot carrier signal  The demultiplexed n-1 modulated optical carrier signals can be
provided to the demodulator 216 while the demultiplexed pilot carrier signal £, can be provided
to the recetver-side comb generator 218

{0026} The recerver-side comb generator 218 can be similar to the transmitter-side comb

generator 208, shown m Figure 2, in that the recetver-side comb generator 218 generates optical

~3
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carrier signals having the same set of frequencies as the optical carrier signals generated by the
transmitter-side comb generator 208, However, the receiver-side comb generator 218 generates
the set of optical carrier signals using the recetved pilot carrier signal £ as a seed optical signal.
Specifically, the recetver-side comb generator 218 generates at least a set of recetver carrier
signals Fy—F ., using the pilot carnier signal £, The recewver carnier signals F1—F, have
frequencies that are equal to the frequencies of the carrier signals fi— £,.1, respectively, generated
by the transnutier-side comb generator 208, Further, the set of carrier signals Fi— Fy. generated
by the receiver-side comb generator 218 have the same phase noise characteristics as the
received pilot carrier signal £y,

[0027] The demodulator 216 recetves the n-1 modulated carrier signals from the demultiplexer
214 and the carrier signals Fi— Fy. from the receiver-side comb generator 218 In some
maplementations, the demodulator 216 can utihize coherent detection techmques for detecting and
demodulating the received modulated carrier signals. Coherent detection technigues allow
detection of both amplitude and phase of the modulated optical signal, as opposed to direct
detection techniques which only detect the amplitude of the modulated optical signal. The
additional information on the phase of the modulated optical signal in coherent detection aliows
mproved recovery of the modulated optical signal. One example of such a receiver 15 discussed
below in relation with Figure 3.

{0028} Figure 3 shows a functional block diagram of an example demodulator 300, The
demoduiator 300 can be used for implementing a demodulator i, for example, the receivers 110
and 114 shown in Figure 1. The demoduiator 300 also can be used for implementing the
demoduiator 216 shown in Figure 2. In particular, the demodulator 300 includes a plurality of
optical mixers Hi-H,., and a plurality of processors PPy The demodulator 300 can receive
demultiplexed n-1 modulated carrier signals: My—M,,.; from a demultiplexer 302, The
demultiplexer 302 can be similar to the demultiplexer 214 shown in Figure 2.

{8029]  In some implementations, where the receiver-side comb generator 218 1s configured to
output the carrier signals F1—Fy.1 1n a multiplexed manner, a carrier demultiplexer 304 can be
utthized. The carrier demultiplexer 304 can receive multiplexed comb carnier signals Fy—Fgq
from a comb generator, such as the receiver-side comb generator 218 shown in Figure 2, and can

demultiplex these carrier signals to output demulitiplexed carrier signals ¥—F,.;. The carrier
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demultiplexer 304 can be implemented using any suitable technique that complements the
multiplexing technique used by the receiver-side comb generator 218 for generating the carrier
signals Fi— Fy. In some implementations, the carrier demultiplexer 304 can be implemented
using an AWG. In some other implementations, where the receiver-side comb generator 218
generates the carrier signals Fi—F . on separate optical fibers, the carrer demuluplexer 304 may
not be needed.

{8638] The outputs of the demultiplexer 302 and the carrier demultiplexer 304 are provided to
the pluraliy of optical mixers Hi—Hy.. For example, the fust modulated carrier signal M1 and
the first carrier signal Fl are provided to the first optical muxer H1, the second modulated carrier
signal My and the second carrer signal ¥, are provided to the second optical rowxer Ho, and so on,
Fach optical nuxer Hy—H,.; mixes a modulated carrier signal with a respective comb generated
carrier signal to determine the amplitude and phase of the modulated carrier signal. Specifically,
two of the four optical output signals generated by an optical muxer can be represented by a sum
and a difference of the real portions of the modulated carner signal and the comb generated
carrier signal, and the remamder two of the four output signals can be represented by a sumand a
difference of the imaginary portions of the modulated carrier signal and the comb generated
carrier signal. As the phase noise characteristics of both the modulated carrier signal and the
comb generated carrier signal are the same, the mixing operation of the optical mixer will cancel
the phase noise when generating the output signals, as discussed i detail below. The output
signals generated by the optical mixers Hy—-Hy.q are provided to processors PPy, which
process the received signals to generate data. In some implementations, the optical mixers can
be inplemented using optical hybrids, such as 90° optical hybrids or 1807 optical hybrids.
{0031} In some implementations, 3 modulated carrier signal received at the receiver 204 (such

as any one of the n-1 modulated carrier signals transmitted by the transnutter 202 and received at

the receiver 204 over the optical link 206} can have a phase noise v expressed, for example, by
the following equation:

= @:x,t g+ ‘éi'}(,ﬁ' + @y (1)

¢:> L

where represents a limewidth phase noise component, Pros represents a frequency

dependent phase noise component {whuch 18 a function, 10 part, of the frequency stability of the
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iight source, and which is typically improved n a frequency comb), and P represents a

nonhnear phase noise component. The linewidth phase noise component Prerw gug the

e : F - : ) :
frequency dependent phase noise component Pox s are generally associated with the transmitter-

side comb generator 208 and the laser used for seeding the transmitter-side comb generator 208,

The non-linear phase noise component 2 is generally associated with the non-linear phase
noise itroduced by the optical link 206,

[0032] As mentioned above, the recerver-side comb generator 218 generates the carrier signals
Fi—F,.; based on the pdot carrier signal £, received over the optical link 206, As the piot carrier

signals £, also 1s generated by the same laser and cornb generator (ransnutter-side comb

generator 208) as the carnier signals of the n-1 modulated carrier signals, the phase noise P of
the piot carrier signal will have the same noise components as the phase noise of the modulated
carrier signal received at the receiver 204, The receiver-side comb generator 218 uses the
recetved piot carrier signal 7 as a seed for generating the carrier signals Fi—F,.;. Assuning that

the phase noise ntroduced by the comb generation process of the receiver-side comb generator

@

218 1s denoted by Tromimerecss the phase noise rs-caanitk assoctated with each of the carner

signals Fi—F .y can be expressed, for example, by the followng equation:

Nnns’

¢R,X'-~(i2-5!».‘fx‘,’,€i‘ﬂ = ¢7l¥,£ w T ‘53/’1:&',5' + ‘ﬂ\l + Q:-um&u,vrau:-m (2
Different comb generation processes can have different phase nowse et prrcess associated with
them. For example, the phase noise associated a process utihizing external mjection of gam
switched laser diode can be different from the phase noise associated with a process utilizing
multistage parameter mixer designs seeded by a single master laser for generating comb
frequencies.

[0033] At the demodulator 216, the optical muxers Hi—H,.; nux the carnier signals Fi— Fpy with

thetr corresponding modulated carrier signals Mi-M,.1. The phase notse Bricer 35 an output

signal of the optical mixers Hi-H,1 can be expressed, for example, by the following equations:

-
¢.-r.~r‘.1‘.-‘».r = fr’ﬁ..t-f g}ii\’%i‘.-‘:miﬁi:‘?ﬁﬂ ()}
Prsr = Py pie F iy p Ty~ Frx o iy T P From oo (4

10
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qﬁmixer A —(i (53

7,
W eotmb - process

¢ij rE

As the phase noige termg 7V cand P are correlated, most of these phase noise terms

cancel out, resulting in the phase noise Griser at the output of the mixer (o be approximately equal

¢

to the phase noige Tromi-epewes troduced by the comb generation process,

{0034] In contrast, in noplementations where the recetver-side comb generator 218 generates
the carnier frequencies Fi— Fp.y based not on the puot carnier signal Fy, recerved from the
transmitter 202, but mstead on a locally generated seed signal, the resulting phase noise i the
output signals of the mixers Hi—H,,. can be relatively larger. For example, the phase nowse

@ ay-comin associated with any one of the carrier signals Fi— Fiu.p generated by the recerver-side

comb generator 218 using a tocally generated seed signal, can be expressed by the following

equation:
gé‘ RY ~CARRIER T ¢R‘H + gé}\’;\':l*' + ¢’mm.‘,>« RSy (6\"

Pay o Prxr

where , and in Equation {0} represent the linewidth phase noise component and the

frequency dependent phase noise component, respectively, associated with the laser and the

¢

r
receiver-side comb generator 218, As a result, the phase noise ¥ »w at an output of the mixers

H—H,.1 can be expressed, for example, by the following equation:

s i
fé"mm:.‘- = ‘.f:’s-f - 415‘ RY ~CARRIER {')
¢}m}.\:er = gs;f:;('.{ﬂff" + Qsﬁl'ﬁ(’.ﬂ + 95.-\73: - {;{5,'!\';\“,1.&1" - ‘féza.«‘;‘.{-‘ - éﬂil’ﬁ:‘b“{h‘(’(({‘cs (8)

As the phase noise terms Prvar gnd Pres are associated with the transmutter-side laser and

i
P . . s . b/ S
comb generator 208, these noise terms are uncorrelated with the phase noise terms Prvas and

B . . ) ) .
¥ReF which are associated with the receiver-side laser and comb generator 218 As aresult,

unlike 1n Equation (4), these phase terms will not cancel out in Equation {8}, Instead, these

1
phase noise terms will result 1o an increase the vanance of the phase noise e {corpared to

¢

P shown i Equation (3)). Thus, comparing Equation {8) to Equation {5}, it

the phase noise
can be seen that the net phase noise at the output of the muxers Hi-H, when the recerver-side

comb generator 218 uses the pilot casrier signal ', recetved from the transmitter 202 as a seed
11
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signal is relatively smaller than that when the receiver-side comb generator 218 uses a locally
generated seed signal. The resulting improvement in the phase noise can result inan
mprovement in the signal quality of the demodulated signals and, in turn, improvement in the
error rates of the data generated from the demodulated signals.

{0035] Figure 4 shows an example block diagram of a processor Py shown in Figure 3. In
particular, the processor Py includes a photo-detector module 402, an analog-to~digital converter
{ADC) 404, a digutal signal processor (DSP) 406, and a forward error correction module (FEC)
408, The remainder of the processors PP,y shown 1o Figure 3 can be sinular to the processor
Py shown in Figure 4. The photo-detector module 402 mncludes at least two balanced photo
detectors that convert the optical signals output by the hybrid mixer into electrical signals. The
electrical signals generated by the photo-detector module 402 are digitized by the ADC module
404 and provided to the DISP 406, The DSP 406 processes and demodulates the digitized signals
received from the ADC module 404 using demodulation algorithms that complement the
modulation schemes used at the transmatter 202, Tn some implementations, the DSP 406 can
further process the digital data to compensate for the effects of chromatic dispersion prior to
demodulation. In some implementations, the DISP 406 can carry out additional filtering
operations that may be needed to effectively generate the data transmitted by the transnutter 202,
{8636]  In some implementations, 1o control errors in data transmission the transmitter 202 can
encode the data intended for transmussion. For example, the transmitter 202 can utilize forward
error correction {(FEC) codes such as block codes or convolutional codes to encode the data to be
transmitted. In some such implementations, the output of the DSP 406 would also include
encoded data. The FEC module 408 can decode the encoded data using the particelar FEC codes
used for encoding the transmitted data to detect any errors.

{80371 Referring again to Figure 2, in some implementations, one of the carrier signals
generated by the recetver-side comb generator 218 can be transmitied to the transmitter 202 side
to be used as a seed signal f for the transmitter-side comb generator 208, In some
implementations, seeding each of the transmitter-side comb generator 208 and the receiver-side
comb generator 218 with carriers generated by the other can improve synchronization of the
carriers generated by these comb generators. This synchronization further improves recovery of

the optical signal at the transmitter 202, and allows more room to reduce carrier separation,

12
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thereby improving the spectral efficiency of the communication system. {n some
implementations, where an optical network includes multiple optical links, a transmitter-receiver
pair associated with each of a plurality of optical links can be synchronized. For example, in
some implementations, a transceiver at one network node in the optical network can melude a
receiver that 1s synchronized with an up-link transnutter at g second node in the optical network,
and mclude a transmatter that s synchronized with a down-hink receiver at the second node.
Optical hinks between other pairs of nodes can be synchronized sinularly, As mentioned above,
synchronization over an optical hink can iaprove the spectral efficiency of the optical link. For
an optical network, synchronization of multiple links within the optical network can improve the
overall spectral efficiency of the optical network, thereby providing additional room to increase
the bandwidth of the optical network.

{B038] Figure S shows flow diagram of an example process SO0 for execution by a receiver,
such as the receiver 204 shown m Figure 2. The process mcludes receiving a plurality of
modulated carrier signals over an optical ink (stage 502}, recerving an unmodalated carrier
signal over the optical link (stage 504), generating a plurality of receiver-side carner signals
using a comb generator, which m turn uses the unmodulated carrier signal as a seed signal (stage
5063, and demodulating the plurality of modulated carrier signals using the plurality of receiver-
stde carrier signals {stage 508).

{0038} The process 500 includes recetving a plurality of modulated carner signals over an
optical link {stage 502). This process stage has been discussed above with reference to Figure 2.
For example, Figure 2 shows a demultiplexer 214 receiving a multiplexed recetved optical signal
222 over the optical link 206, The multiplexed recerved optical signal 222 includes n-1
modulated carrier signals modulated by the modulator 210 at the transmutter 202, The process
S00 further includes recetving an unmodulated carrier signal over the optical hink {(stage 304).
One example, of this process stage has been discussed above in relation to Figure 2. For
example, as shown in Figure 2, the receiver 204 receives the received optical signal 222, which
mncludes an unmaodulated carnier signal £y,

{8046]  The process 500 further includes generating a plurality of recetver-side carrier signals
using a comb generator, which in turn uses the unmodulated carrier signal as a seed signal {stage

506}, As discussed above in relation to Figure 2, the receiver-side comb generator 218 generates

13
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receiver carner signals Fi—F, ; using the recerved unmodulated carrier signal £, as a seed signal
The process SO0 also includes demodulating the plurality of modulated carrier signals using the
plurality of receiver-side carrier signals {stage 508}, One example of thus process stage has been
discussed above in relation to Figure 3. For example the demodulator 300 shown in Figure 3
demodulates each of the modulated carvier signals My—M,,, using the receiver carrier signals Fy—
Fo.: generated by the recewver-side comb generator. The demodulator processes the demodulated
signals to generate output data.

[0041] Vanous modifications to the tnplementations described in this disclosure may be
readily apparent to those skilled 1o the art, and the generic principles defined herein may be
apphed to other implementations without departing from the spirit or scope of thus disclosure.
Thus, the claims are not intended to be limuted to the implementations shown heremn, but are to
be accorded the widest scope consistent with this disclosure, the principles and the novel features

disclosed herein.

14
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CLAIMS

What s claimed is:

1. An optical transceiver comprising:
an optical transmitier coupled to an optical link, 1ncluding:

a transmitter-side optical comb generator configured to generate a plurality of
fransmitter-side carrier signals, the plurality of transotter-side carrier signals being
equally spaced m frequency,

a modulator configured to modulate data over each of a first subset of the plurality of
transnutter-side carrier signals 1o generate a plurality of transmitter-side modulated
carrier signals,

wherem the transmitter 1§ configured to transrot the plurahty of transmutter-side
modulated carvier signals and a second subset of the plurality of transmatter-side
carrier signals over the optical link, wherein the second subset 15 digjoint from the
first subset;

an optical receiver coupled to the optical hink configured to receive a pilot carrier signal and a
plurality of received modulated casrier signals, including:

a receiver-side optical comb generator configured to uttiize the pilot carrier signal to
generate a plurality of receiver-side carrier signals, wherein the plurahity of recetver-
side carrier signals are equally spaced in frequency, and wherein each of the plurality
of receiver-side carrier signals has the same frequency as one of the plurality of
recetved modulated carrier signals,

a plurality of optical mixers, each optical mixer configured to mix one of the plurality of
receiver-side carrier signals with a corresponding one of the plurality of recerved
modulated carrier signals to generate a set of cutput signals, and

a demodulator configured to demodulate the set of output signals to generate output data.

2. The optical transceiver of claim 1, wherein the optical transmitter further includes a

multiplexer configured to multiplex the plurality of transmutter-side modulated carrier signals

and the second subset of the plurality of transmutter-side carrier signals over the optical hink,

15
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The optical transcerver of claim 1, wherein the optical receiver further includes a
demuitiplexer for demultiplexing the pilot carrier signal and the plurality of received

modulated carrier signals.

The optical transcerver of clawn 1, wherein the frequency spacing between any two adjacent
transmitter-side carrier signals from the plurality of transmitier-side carrier signals 1s less

than a baud rate of the data modulated by the modulator.

The optical transcerver of clawn 1, wherein the demodulator s further configured to digitize
the set of output signals and process the digitized set of output signals for chromatic

dispersion compensation prior to demodulation.

The optical transcerver of claim 1, wheremn the transmitter-side optical comb generator
atilizes at least one received pilot signal to generate the plurality of transoutter-side carrier
signals, wherem at least one received piot signal 18 received from a transceiver to which the

plurality of transmitter-side modulated carrier signals are transmiited.

An optical recetver coupled to an optical link and receiving a phurality of modulated carrier

signals and a pilot carrier signal over the optical hink, comprising:

a recerver-side optical comb generator configured to utilize the pilot carrier signal to generate
a plurality of receiver-side carrier signals, wherein each of the plurality of receiver-side
carrier signals has the same frequency as a carrier frequency of one of the plurality of
modulated carrier signals,

a plurality of optical mixers, each optical mixer configured to mix one of the plurality of
recetver-side carrier signals with a corresponding one of the plurality of meodulated
carrier signals to generate a set of output signals, and

a demodulator configured to demodulate the set of output signals to generate output data.

16
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8 The optical recetver of claim 7, further mcluding a demultiplexer for demultiplexing the

plurality of modulated carrier signals.

9. The optical recetver of claim 7, wherein the frequency spacing between any two adjacent
carrier signals from the plurabity of receiver-side carrier signals 13 less than a baud rate of
data used for modulating at least one of the plurality of modulated carrier signals recerved

over the optical hok

10, The optical receiver of claim 7, further comprising a carrier signal demoultiplexer for
demultiplexing the plurality of receiver-side carrier signals generated by the receiver-side

optical comb generator.

11, The optical recerver of claim 7, wheremn the demodulator 1s further configured to process the

set of output signals for chromatic dispersion compensation priot to demodulation

12. The optical recerver of claim 7, wherein the receiver 15 configured to communicate at least
one of the plurality of recetver-side carrier signals {0 a transmitter transmitiing the plarality

of modulated carnier signals and the piot carrier signal over the optical link.

13. A method for communicating optical signals, comprising:
recesving a plurality of modulated carrier signals over an optical fink;
recetving an unmodulated carrier signal over the optical hink;
generating a plurality of receiver-side carrier signals using a comb generator, which in
turn uses the unmodulated carrier signal as a seed signal; and
demodulating the plurality of modulated carrier signals using the plurality of receiver-

side carrier signals.

14 The method of claim 13, wherein recetving a plurality of modulated carrier signals over an
optical link includes receiving the plurality of modulated carrier signals equally spaced in

frequency.

17
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The method of claim 13, wherein generating a plurality of receiver-side carrier signals using
a comb generator includes generating the plurality of recetver-side carrier signals such that
each of the plurality of receiver-side carrier signals has the same frequency as one of the

plurality of modulated carrier signals.

. The method of claum 13, wherein a frequency spacing between any two adjacent receiver-

side carrier signals from the plurabity of recerver-side carner signals 15 less than a baud rate

of data streams modulated on the plurality of modulated carrier signals.

. The method of claun 13, further comprising demultiplexing the plurality of receiver-side

carrier signals generated by the comb generator,

The method of claim 13, wheren demodulating the plurality of modulated carrier signals
using the plurality of receiver-side carrier signals mcludes mixing the each of the plarality of
modulated carrier signals with a corresponding one of the phurality of recerver-side carner

signals using an optical mixer.
The method of claim 13, further comprising communicating at least one of the plurality of

receiver-side carrier signals 10 a transmutier transmitting the plurality of modulated carrier

signals.

18
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