a2 United States Patent
Bisplinghoff et al.

US009270384B2

US 9,270,384 B2
Feb. 23, 2016

(10) Patent No.:
(45) Date of Patent:

(54) SUB-SAMPLED CARRIER PHASE

OTHER PUBLICATIONS

RECOVERY i i o
Gao et al “Low-Complexity Two-Stage Carrier Phase Estimation for
(71) Applicant: Cisco Technology, Inc., San Jose, CA 16-QAM Systems using QPSK Partitoning and Maximum Likeli-
US) hood Detection”, Optical Fiber Communication Conference, Mar.
2011, 3 pages.*
. o T Rasmussen et al., “Digital Coherent Receiver Technology for 100-
(72)  Inventors: 8;1];1)1"eg:n]'?;lssg‘llﬁldg;e(;ffi\giﬁﬁi;rﬁDE) GB/s Optical Transport Systems”, Fujitsu Sci. Tech, J. vol. 46, No. 1,
; ) pp. 63-71, Jan. 2010 *
. . Bisplinghoff, et al., “Carrier and Phase Recovery Algorithms for
(73)  Assignee: (C[}ssc)o Technology, Inc., San Jose, CA QAM Constellations: Real-time Implementations,” Signal Process-
ing in Photonic Communications (SPPCom), Jul. 2013, 3 pages.
Gao, et al., “Low-Complexity Two-Stage Carrier Phase Estimation
(*) Notice: Subject to any disclaimer, the term of this for 16-QAM Systems using QPSK Partitioning and Maximum Like-
patent is extended or adjusted under 35 lihood Detection,” Optical Fiber Communication Conference, Mar.
U.S.C. 154(b) by 79 days. 2011, 3 pages.
Rasmussen, et al., “Digital Coherent Receiver Technology for 100-
(21) Appl. No.: 14/154,674 Gb/s Optical Transport Systems,” Fujitsu Sci. Tech. J., vol. 46, No. 1,
pp. 63-71, Jan. 2010.
22) Filed: Jan. 14, 2014
(22) File a5 * cited by examiner
(65) Prior Publication Data
US 2015/0200731 Al Jul. 16, 2015 Primary Examiner — M. R. Sedighian
(74) Attorney, Agent, or Firm — Edell, Shapiro & Finnan,
(51) Imt.ClL LLC
H04B 10/06 (2006.01)
H04B 10/61 (2013.01)
HO4L 7/00 (2006.01) (57) ABSTRACT
HO4L 7/04 2006.01
(52) US.Cl ( ) Presented herein are sub-sampled carrier phase recovery
e ) techniques. In accordance with one example, a plurality of
CPC v Ho4B (12%/;531 %51 )(221103 421;}05124(5’071/30%?; consecutive symbols associated with a received optical signal
5%)  Field of Classificai S. ’h ’ is obtained. Carrier phase recovery of the optical signal is
(58) CII(: c o 3551Hc(;14tg) 111 0 /Z?ZCS' HO4B 10/079: HOAL performed using one or more carrier phase estimation stages.
""""""" > 7/0075: HO 4i 71048 At each of the one or more carrier phase estimation stages, a
’ subset of the plurality of consecutive symbols is selected for
[SJSPC 1 ..... ﬁlf ............. 1 .............. hh 398/208 use in Carrier phase eStimatiOn. The Subset Of Symbols
ee application file for complete search history. selected for use in carrier phase estimation at each of the one
. or more stages comprises symbols that provide the most
(56) References Cited phase recovery information for each of the one or more
U.S. PATENT DOCUMENTS stages.
8,693,897 B2* 4/2014 Moetal. ...ccecvevnnnn 398/208
2014/0169784 Al*  6/2014 Zhou ........ccooovvvvininnnn. 398/25 20 Claims, 8 Drawing Sheets
COHERENT OPTICAL
» . -~ RECENER 10
SPOLARIZATION | COFITER | | PHDALTER | 24 CARRIER FHASE &y FEC
HODULE RECOVERY HODULE _;g‘ o] PEconeR
oy | wpms || ] ||
‘M_éi % bd s
TERBIVITERBI] |{BG]UKELIO
STAGE 5 &l STAGE
2
N A
CPE )
— VITERBIVITERBI || TGJLIELIOOD :
smeE | . STAGE 7y
Y i
G el sz |l |

Y-POLARIZATION

\..._.Y....J
FILTERED DATA
DIGITAL INPUT DATA %

20

Y
COMPLEX-VALUED

N’
PHASE-RECOVERED
DATA®S



US 9,270,384 B2

Sheet 1 of 8

Feb. 23, 2016

U.S. Patent

I
cY1va 6
Q3370 ISVHd YLYQ q3M3LT
\l\rJ \|\[J
8-
/ % H e 9
1] 8k 0
EEEE )
B R ®©H
.- s o[ s o
aoorrmn[m][ | ieaunigsaun
ROADYR | o T
o
V1S \% IVIS
aookmn[®]| | isaunigaun L
WO | S 20
L saes | @ 0
ey
N by TINCOW AYIA0ITY
/
N34 fm IOVHd HIRUYD -
g

R = R
WOILO INFHIHOD

0
V¥1Ya LndNI TYLI9I
QEINYAXIINOD
\IrJ
NOILYZINYT0d-A
L A0
i
™
il
08
06 a
B— XX | | %00}
TINCON JINCON
VAL QN || H3LTH @D | NOLLYZINYIOd-X
bl



US 9,270,384 B2

Sheet 2 of 8

Feb. 23, 2016

U.S. Patent

0630viS
QOOHIT]AT <

WNAXYW OL

by

[Z- T
oz e

:

(R
4
£

&y
[2'4

LY

{L)g)

001 58 NOILONMA
NOILYL0Y o6 06  YIMOdHLY
T08WAS 02_&%&;2:

AN .
AIEA@E, /Bizel

(51 AI.XA ()d g —
a%ﬂl. S L _meI_ s%sﬁ/l_ (Jueze i}
i -XJE/ /gl
£1Y '.N‘ﬂm (joxa|=—] %_%s_ﬂr_ e,
=X Blzel
1 X‘:m (Joxa|=—] %_%s_ll/r_ (e
o -Nlog, /loize
o ()51 X‘lmm :gxm_‘l,_ %E%_Hl./r_ (Juee 11,
8 =X\ e

X[
Qo=

\ag

¥ ﬂ,.wea_i Qm_gcs_.nl/4 (Juese 1

=

AAdee

oy A.V%QTI_ %_\S%_Hl/._ (Juete 71

oy 396_31_ %_\s%_l!

JuBie 7}

-4\ {1
‘l 7\ /e

B\

" (o} ~—{ desmun| T

=

 SGNOLLOTIES
7 ONTdAVSENS g

EEREVC I |
N7 A /Vf}

| uege g3 =+

Kﬁ’em

——— ONINOLLLESYd
S N
=

Vo le—gy]
(8log)

(Lol

(9log1

7 {Shoet
[e}—a
T/ T frlogl
o F—a

Eeswsl

{glogt

{goe)

tilogt

g q
I i

LAE

.

N
Gy JOVLIS

IS LIA-1GHALIA



US 9,270,384 B2

Sheet 3 of 8

Feb. 23, 2016

U.S. Patent

18
NOX + N_x
<t be 8 NOISIDIa NOILYTNOTYD
NOILOTT3S ONIY HLONTTH0L03A
'd A N A N A Y mN.O_m
% [ )
®
]
®
g %074 F
/ NOILOTT3S -
E3
mml [}
P
eyl i T
\\ L emv@:@
<] @
L] @
] [
sy — = L & Va%_
L A v@%_
\// L 1y Y%e
& “~
L



U.S. Patent Feb. 23,2016 Sheet 4 of 8 US 9,270,384 B2

FIG.3




US 9,270,384 B2

Sheet 5 of 8

Feb. 23, 2016

U.S. Patent

{2y

a2

1174
NOILYLOY
ToarAS

S 927~

Ol
5¢¢ 652 08¢
1907140123713 NOILJFT3S ~ ~ ONINOILILYYd
ONITdWYS-8NS ONITdNYS-NS | ONIY
S o A~

94
"IN <l

X~

(ohez i
e f— s — N £

T-..

m P—
m%% L] i

> (elhozz

= =
= | l-A,E.% -1 3
5o~ Ehe
SE R ~] (Zhze
= J m TS & 29y
M=—IXIT" | BT | 29"
(elsez 3 =
= -3 3
3 | o =
w {hoze
5 X
4 (zez it
(1)sez
\ J N v
' Y
052 57
39Y.S COOHITINANNIXYI 39VLS I8ALIAIEALIA



US 9,270,384 B2

Sheet 6 of 8

Feb. 23, 2016

U.S. Patent

Rk
¥ 73 6z 082
NOLLY1OY OID0THOLOTTAS NOLLOTT3S - ONINOILILYd
T08HAS ONITAYS-aNS %:%%%WJ [ oNd
A G A
e 1 —an— ~ 1w
) | i 1]
,:mm — ¢ —{ £} v
= ~ = tloz
L0
E [t .
= ! =)
= &
= N =
mm Y mmm
S 2 mmm > (Zoze
2 S @
s Spugs
) 25
2 =
= (]
s | & K =
> Loz
2 ]
. v J AN v J
058 3
30V1S QOOHITIAHARAINYA 30V1S G LIMGILIA



US 9,270,384 B2

Sheet 7 of 8

Feb. 23, 2016

U.S. Patent

08 gy
JUYNILST QIAOLTONY  ogp

M) NOILIGaY b8y
NOILYLOY IVAILST  TONVCL-02A

9914 s
(TNOD X31dNOD)
NOILYOITAILINA pep
£8p 1y (3LYILST-M
EERT) mﬁ% NOISID3d  NOILYLOY

A A A
r N Al

L

58% NOILOIMOD

-n‘l

-All

Ol-AAIS8 O
GAse b

FANISE B n vo\.v
EInse
FANISE B Gvo@

A VE -

JAAISe b _ “““““ m
L Tase b
L Cuee

s o (o

05% 3OVLS COOHMIMIT-NARIXYW —

N A A

,,,,, i,> 159 0 T

: i oy

m L _.D._

me Tt RH gt
//

8 i%i
|




U.S. Patent Feb. 23,2016 Sheet 8 of 8 US 9,270,384 B2

600

605
OBTAINING A PLURALITY OF CONSECUTIVE SYMBOLS ASSOCIATED “J

WITH AN OPTICAL SIGNAL RECEIVED AT AN OPTICAL RECEIVER

PERFORMING CARRIER PHASE RECOVERY OF THE OPTICAL SIGNAL USING _/
ONE OR MORE CARRIER PHASE ESTIMATION STAGES

AT EACH OF THE ONE OR MORE CARRIER PHASE ESTIMATION STAGES, /
SELECTING A SUBSET OF THE PLURALITY OF CONSECUTIVE SYMBOLS FOR -
USE IN CARRIER PHASE ESTIMATION, WHEREIN THE SUBSET OF SYMBOLS
SELECTED FOR USE IN CARRIER PHASE ESTIMATION AT EACH OF THE ONE
OR MORE STAGES COMPRISES SYMBOLS THAT PROVIDE THE MOST PHASE
INFORMATION ABOUT THE OPTICAL SIGNAL THAT IS RELEVANT FOR PHASE

ERROR ESTIMATION IN EACH OF THE ONE OR MORE STAGES

FIG.7
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SUB-SAMPLED CARRIER PHASE
RECOVERY

TECHNICAL FIELD

The present disclosure relates to carrier phase recovery in
an optical receiver.

BACKGROUND

In recent years there has been an increase in the use of
optical fiber communication networks. In an optical fiber
communication network, an optical transmitter takes an elec-
trical input and converts it to an optical output using a light
source (e.g., laser diode, Light Emitting Diode (LED), etc.).
The light from the transmitter is coupled into an optical fiber
and is transmitted through the optical fiber to an optical
receiver. The optical receiver converts the light back into an
electrical signal.

Early optical fiber communication networks used trans-
mission of one bit of information per data symbol. However,
due to the need for high-capacity communications, there is an
increasing demand for higher bit rates. This has led to the use
of higher order modulation schemes for optical transmis-
sions. Modulation schemes that have been implemented
include, for example, Quaternary Phase Shift Keying (QPSK)
and M-Quadrature Amplitude Modulation (M-QAM),
wherein M is an integer with the power of 2 (i.e., 2, 4, 8, 16,
32, 64, etc.). In such modulation schemes, the optical trans-
mitter includes an optical modulator that modulates the opti-
cal signal to carry the additional data.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a block diagram of an optical receiver configured
to execute sub-sampled carrier phase recovery techniques in
accordance with examples presented herein.

FIG. 2A is a schematic diagram of a parallelized Viterbi-
Viterbi carrier phase estimation stage in accordance with
examples presented herein.

FIG. 2B is a schematic diagram illustrating sub-sampling
and symbol selection logic in accordance with examples pre-
sented herein.

FIG. 3 is a schematic diagram illustrating ring partitioning
in accordance with examples presented herein.

FIG. 4 is a schematic diagram of a two-stage carrier phase
estimation with sub-sampled Viterbi-Viterbi and Maximum-
Likelihood carrier phase estimation stages in accordance with
examples presented herein.

FIG. 5 is a schematic diagram of another two-stage carrier
phase estimation with sub-sampled Viterbi-Viterbi and Maxi-
mum-Likelihood carrier phase estimation stages in accor-
dance with examples presented herein.

FIG. 6 is a schematic diagram of still another two-stage
carrier phase estimation with sub-sampled Viterbi-Viterbi
and Maximum-Likelihood carrier phase estimation stages in
accordance with examples presented herein.

FIG. 7 is a flowchart of a sub-sampled carrier phase recov-
ery technique in accordance with examples presented herein.

DESCRIPTION OF EXAMPLE EMBODIMENTS

Overview

Presented herein are sub-sampled carrier phase recovery
techniques. In accordance with one example, a plurality of
consecutive symbols associated with a received optical signal
is obtained. Carrier phase recovery of the optical signal is
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2

performed using one or more carrier phase estimation stages.
At each of the one or more carrier phase estimation stages, a
subset of the plurality of consecutive symbols is selected for
use in carrier phase estimation. The subset of symbols
selected for use in carrier phase estimation at each of the one
or more stages comprises symbols that provide the most
phase information about the optical signal that is relevant for
phase error estimation in each of the one or more stages.

EXAMPLE EMBODIMENTS

FIG. 1 is a block diagram illustrating part of a coherent
optical receiver 10 configured to perform sub-sampled carrier
phase recovery techniques in accordance with examples pre-
sented herein. The illustrated portion of optical receiver 10
comprises a chromatic dispersion (CD) filter module 12, a
polarization-mode dispersion (PMD) filter module 14, a car-
rier phase recovery module 16, and a Forward Error Correc-
tion (FEC) decoder 18. The optical receiver 10 is a Polariza-
tion Multiplexed 16-Quadrature Amplitude Modulation (PM-
16-QAM) optical receiver. That is, optical receiver 10 is
configured to process and decode optical signals modulated
in accordance with a modulation scheme that uses four in-
phase (I) and four quadrature (Q) values that yield four bits
per symbol, creating 16 possible states.

Complex-valued digital input data 20 is received and pro-
cessed by the chromatic dispersion filter module 12 and the
polarization-mode dispersion filter module 14. As shown, the
complex-valued digital input data 20 comprises X-polarized
components in a scattered arrangement 22 and Y-polarized
components in a scattered arrangement 23. The chromatic
dispersion filter module 12 may comprise one or more filters
21 for application to the X-polarized and Y-polarized compo-
nents to compensate for the chromatic dispersion in the com-
plex-valued digital input data 20. Similarly, the polarization-
mode dispersion filter module 14 may comprise one or more
filters 30 for application to the X-polarized and Y-polarized
components to compensate for the polarization-mode disper-
sion in the complex-valued digital input data 20.

Filtered data 35 (i.e., data processed by the chromatic
dispersion filter module 12 and the polarization-mode disper-
sion filter module 14) is provided to the carrier phase recovery
module 16. The filtered data 35 includes X-polarized compo-
nents in a ring-shaped pattern 24 and Y-polarized components
in a ring-shaped pattern 25.

The carrier phase recovery module 16 comprises two car-
rier phase estimation (CPE) blocks 40 each of which are
associated with one of the X-polarized components and Y-po-
larized components. The X-polarized components and Y-po-
larized components may exchange phase estimation results to
increase the overall estimation accuracy. The carrier phase
estimation blocks 40 each comprise a Viterbi-Viterbi carrier
phase estimation stage (Viterbi-Viterbi stage) 45 and a Maxi-
mum-Likelihood carrier phase estimation stage (Maximum-
Likelihood stage) 50. The Viterbi-Viterbi stages 45 each com-
prise Viterbi-Viterbi sub-sampling selection logic 55, while
the Maximum-Likelihood stages 50 each comprise Maxi-
mum-Likelihood sub-sampling selection logic 60.

In general, phase error is induced by an optical channel and
phase noise associated with the finite line width of the trans-
mit laser and local-oscillator laser receiver. The carrier phase
recovery module 16 is configured to estimate the phase error
and use that phase error to generate phase recovered data 65.
That is, the carrier phase recovery module 16 is configured to
use the estimated phase error to convert the ring shaped pat-
terns 24 and 25 in the filtered data 35 to respective 16-QAM
constellations (i.e. constellations from which the phase error
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has been removed) 26 and 27. FIG. 1 illustrates the standard
16-QAM constellations 26 (corresponding to the X-polarized
components) and 27 (corresponding to the Y-polarized com-
ponents) forming part of the phase-recovered data 65. The
phase-recovered data 65 is provided to Forward Error Cor-
rection (FEC) decoder 18.

Certain conventional techniques perform carrier phase
estimation based on all received symbols. These conventional
methods are accurate and provide good tolerance to laser
phase noise, non-linear phase noise, and local oscillator
(LO)-frequency offset. However, these methods are also
complex and may consume significant amounts of power.
Presented herein are techniques that select a subset of sym-
bols for use in one or more carrier phase estimation stages in
order to reduce the power requirements associated with the
carrier phase recovery. The techniques presented herein
select the subset of symbols in a manner that substantially
maintains a high level performance achieved with techniques
that use all received symbols for carrier phase recovery.

More specifically, as described further below, the carrier
phase estimation blocks 40 of FIG. 1 are configured to imple-
ment sub-sampling selection techniques in which only certain
symbols (i.e., a subset of the received symbols) are used
during carrier phase recovery (e.g., in each of the Viterbi-
Viterbi carrier phase estimation stages 45 and the Maximum-
Likelihood carrier phase estimation stages 50). The symbols
selected for use in each stage are, in general, the symbols with
the highest ratio between the measured signal phase error and
additive noise. That is, the symbols that provide the most
phase information about the received optical signal that is
relevant for a specific stage are selected for use in that stage.
The “most phase information about the received optical sig-
nal that is relevant for a specific stage” refers to the most
available phase recovery information for a given stage. For
instance, the Viterbi-Viterbi carrier phase estimation is
unable to use constellation points in the 2¢ ring, whilst con-
stellation points in the outer rings give the minimum phase
error for a given amount of additive noise.

Reference is now made to FIGS. 2A, 2B, and 3. FIG. 2A is
a schematic diagram illustrating sub-sampling selection tech-
niques in an example Viterbi-Viterbi carrier phase estimation
stage 45 in accordance with examples presented herein. As
shown, the Viterbi-Viterbi stage 45 comprises a ring partition-
ing segment 80, the aforementioned sub-sampling selection
logic 55, a 4”-power function segment 85, an adder tree
segment 90 (for moving average filtering), an unwrapping
segment 95 (vector-to-angle conversion, unwrapping, phase-
to-vector conversion), and a symbol rotation segment 100.

In operation, optical signals are received at an optical
receiver at a high rate (e.g., at a rate of 32 giga-baud
(GBAUD), but the application-specific integrated circuit
(ASIC) of the optical receiver and/or other hardware compo-
nents are typically clocked at a lower rate (e.g., they operate
with a 500 Megahertz (MHz) clock). Therefore, the Viterbi-
Viterbi stage 45 operates on a plurality of symbols in parallel.
In the example of FIG. 2A, 16 symbols are received and
processed in parallel and are referred to as symbols R1
through R16. It is to be appreciated that the use of 16 symbols
is merely illustrative and that different numbers of symbols
(e.g., 12, 32, 96, 108, etc.) could be processed in parallel,
depending on the capabilities of the ASIC and/or other hard-
ware components.

The parallel processing of a plurality (e.g., 16) of symbols
through the entire Viterbi-Viterbi stage 45 may consume sig-
nificant power. The sub-sampling selection techniques pre-
sented herein reduce the number of symbols processed at
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4

various segments of the Viterbi-Viterbi stage 45, thereby
reducing the power consumed by the Viterbi-Viterbi stage 45.

A 4™_power function is an operation applicable to Quater-
nary Phase Shift Keying (QPSK) signals for phase error esti-
mation. The 4”-power function segment 85 is used to remove
the QPSK signals, thereby leaving only the phase error and
additive noise. That is, the 4”-power function segment 85
generates a vector from which the data has been removed. For
16-QAM the 4”-power function cannot be directly applied in
the same way as with QPSK signals. Therefore, a so-called
“ring partitioning” approach is used in which, as shown in
FIG. 3, a 16-QAM constellation is generally divided into
three rings, namely a first (inner) ring 110, a second (middle)
ring 115, and a third (outer) ring 120. The rings, sometimes
referred to herein as constellation radius rings, are used to
group constellation points (symbols) into classes based on
their distance from the center of the constellation.

More specifically, the first ring 110 is set a first distance
from the center of the constellation (i.e., the first ring has a
first radius representing the distance from the center of the
constellation to the first ring). A number of symbols posi-
tioned less than this first distance from the center of the
constellation will fall within the first ring 110. The second
ring 115 is set a second distance from the center of the con-
stellation (i.e., the second ring has a second radius represent-
ing the distance from the center to the second ring). A number
of' symbols positioned less than the second distance from the
center of the constellation, but greater than the first distance
will fall within the second ring 115. The third ring 120 is set
a third distance from the center of the constellation (i.e., the
third ring has a third radius representing the distance from the
center to the third ring). A number of symbols positioned less
than the third distance from the center of the constellation, but
greater than the second distance will fall within the third ring
120.

The first ring 110 and the third ring 120 are both QPSK-like
because they each include four symbol points. The second
ring 115 is not QPSK-like because it includes eight symbol
points (with unequal angular spacing). In the example con-
figuration of the Viterbi-Viterbi stage of FIG. 2A, the ring
partitioning is performed on the 16 received (original) sym-
bols R1 through R16 at ring partitioning segment 80. That is,
when a symbol is received, the ring partitioning segment 80
determines within which of the three rings 110, 115, or 120
the symbol falls.

As noted above, symbols R1 through R16 are received at
ring partitioning segment 80. FIG. 2A illustrates, in ring
partitioning segment 80, one box corresponding to each of
these received symbols R1 through R16 that includes a num-
ber “17, “2”, or “3” therein. The number within the box
indicates the ring to which the received symbol belongs. For
example, symbol R1 is associated with a box that includes the
number “3” therein, indicating that symbol R1 falls in the
third ring 120 (i.e., the ring partitioning segment 80 has clas-
sified symbol R1 as a member of the third ring 120). Symbols
R2 and R3 are associated with boxes that include the number
“2,” indicating that symbols R2 and R3 fall within the second
ring 115; symbol R4 is associated with a box that includes the
number “1,” indicating that symbol R4 falls within the first
ring 110; and so on. Table 1, below, illustrates the received
symbols of FIG. 2A and within which ring each of those
symbols fall.
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TABLE 1
Symbol Ring
Symbol R1 Third Ring
Symbol R2 Second Ring
Symbol R3 Second Ring
Symbol R4 First Ring
Symbol RS Second Ring
Symbol R6 Third Ring
Symbol R7 First Ring
Symbol R8 Third Ring
Symbol R9 Second Ring
Symbol R10 Second Ring
Symbol R11 Second Ring
Symbol R12 Third Ring
Symbol R13 Second Ring
Symbol R14 First Ring
Symbol R15 Second Ring
Symbol R16 Third Ring

The sub-sampling selection logic 55 is connected between
the ring partitioning segment 80 and the 4”-power function
segment 85. The sub-sampling selection logic 55 is config-
ured to select a subset of the received symbols R1 through
R16 for processing by the subsequent segments in the Viterbi-
Viterbi stage 45. In general, the symbols selected for subse-
quent use are the symbols that provide the most phase infor-
mation about the optical signal that is relevant for phase error
estimation in the subsequent Viterbi-Viterbi operations. More
specifically, the 4”-power function results in a vector of the
phase of a symbol. Additive Gaussian noise on a symbol will
cause a greater phase error for symbols which fall within
lower rings. Therefore phase estimates from symbols in outer
rings have more valuable information than those in inner
rings and should be selected preferentially. In addition, the 4%
power operation results in a longer vector for outer rings and
hence weights those phase estimations preferentially. Other
techniques involve normalizing the 4% power vectors so that
all are of the same length, and then applying a scaling (e.g. x2,
x3, x4) afterwards. The 4”-power function may only be used
with symbols that fall within the first ring 110 or the third ring
120 (i.e., cannot be applied to second ring symbols). As such,
with regards to the application of the 4”-power function to
received symbols, the most phase information about the opti-
cal signal that is relevant for phase error estimation in a
Viterbi-Viterbi stage can be obtained using third ring sym-
bols, while the second most phase information for phase error
estimation in a Viterbi-Viterbi stage can be obtained using
first ring symbols, and no information can be obtained from
second ring symbols.

In the example of FIG. 2A, the 16 received symbols R1
through R16 are organized (divided) into eight (8) groups
130(1)-130(8) that each comprises two sequential symbols
(i.e. pairs of symbols). For example, group 130(1) includes
symbols R1 and R2, group 130(2) includes symbols R3 and
R4, and so on. As such, FIG. 2A illustrates a sub-sampling
factor of 2 that has approximately half of the complexity of a
conventional approach that processes all parallel symbols.
The sub-sampling logic 55 is configured to evaluate the sym-
bols within a group to select the symbol in that group that,
when the 4”-power function is applied thereto, will provide
the most phase information about the optical signal that is
relevant for phase error estimation in a Viterbi-Viterbi stage
(i.e., identify the symbol with the highest ratio between the
measured signal phase error and additive noise and which is
useable in the Viterbi-Viterbi stage. For example, as noted,
group 130(1) comprises symbols R1 and R2. R1 falls within
the third ring 120, while R2 falls within the second ring 115.
Third ring symbols provide the most information for phase
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error correction (i.e., have the highest ratio between the mea-
sured signal phase error and additive noise). Second ring
symbols have the second highest ratio between the measured
signal phase error and additive noise, but cannot be used with
the 4”-power function and thus do not provide any informa-
tion for phase error correction in the Viterbi-Viterbi stage 45.
As such, from group 130(1) symbol R1 is selected for subse-
quent processing by the 4”-power function segment 85, while
symbol R2 is discarded (i.e., omitted for use in processing by
the 4”-power function segment 85).

As a further example, group 130(4) comprises symbols R7
and R8. R7 falls within the first ring 110, while R8 falls within
the third ring 120. Third ring symbols have the highest ratio
between the measured signal phase error and additive noise,
while first ring symbols have the lowest ratio between the
measured signal phase error and additive noise. As such, from
group 130(4), symbol R8 is selected for subsequent process-
ing by the 4”-power function segment 85, while symbol R7 is
discarded.

Furthermore, group 130(5) comprises symbols R9 and R10
that both fall within the second ring 115. As noted, second
ring symbols cannot be used with the 4”-power function and
thus do not provide any information for phase error correction
in the Viterbi-Viterbi stage 45. As such, no symbols from
group 130(5) are selected for subsequent processing by the
4% _power fanction segment 85. That is, both symbols R9 and
R10 are discarded.

The symbols that are selected from each group 130(1)-130
(8) are circled in FIG. 2A. Additionally, Table 2 below illus-
trates each of the groups 130(1)-130(8), the symbols in each
group, the symbol that is selected for subsequent Viterbi-
Viterbi stage operations, and the selected symbol ring classi-
fication.

First Group  Second Group — Selected Selected Symbol

Group Member Member Symbol Ring

130(1) SymbolR1  Symbol R2 Symbol R1 ~ Ring 3
130(2) SymbolR3  Symbol R4 Symbol R4  Ring 1
130(3) SymbolR5  Symbol R6 Symbol R6  Ring 3
130(4) SymbolR7  Symbol R8 Symbol R&  Ring 3
130(5) SymbolR9  Symbol R10 None None

130(6) SymbolR11 Symbol R12 Symbol R12  Ring 3
130(7) SymbolR13 Symbol R14 Symbol R14 Ring 1
130(8) SymbolR15 Symbol R14 Symbol R16 Ring 3

As noted above, the ring partitioning segment 80 deter-
mines within which ring a received symbol falls. The sub-
sampling selection logic 55 comprises one or more hardware
elements (e.g., switches, multiplexers, etc.) that use the ring
partitioning segment information to select the appropriate
symbols. Further details of the sub-sampling and symbol
selection logic 55 are provided below with reference to FIG.
2B. In essence, the sub-sampling selection logic 55 is config-
ured to perform a comparison of the symbols within a group
130(1)-130(8) to determine which one has the highest relative
ratio between the measured signal phase error and additive
noise and is useable for phase error estimation in the subse-
quent Viterbi-Viterbi operations.

FIG. 2A illustrates an example in which the groups 130(1)-
130(8) each have two members and where one symbol is
selected from each group. It is to be appreciated that these
examples are merely illustrative and that other group sizes
(e.g., groups of 4 symbols) are possible.

In the example of FIG. 2A, as a result of the sub-sampling
selection logic 55, seven symbols are selected for processing
by the 4”-power function segment 85. As noted, the 4”-
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power function segment 85 produces vectors from which the
original data has been removed. These vectors are then pro-
vided to the adder tree segment 90.

Each of the received symbols has some noise associated
therewith. The adder tree segment 90 is configured to use the
vectors provided by the 4”-power function segment 85 to
generate, for each group 130(1)-130(8), an averaged vector
over a sliding/moving window. This process reduces noise in
the vectors.

It should be noted that the group 130(5) associated with R9
and R10 does not provide any symbol to the 4”-power func-
tion segment 85. Accordingly, the 4”-power function seg-
ment 85 does not provide a vector to the adder tree segment
90. However, due to the averaging function of the adder tree
segment 90, an output for group 130(5) is still produced
(using the surrounding vectors) by the adder tree segment 90
that may be used for subsequent processing.

The averaged vectors for groups 130(1)-130(8) produced
by adder tree segment 90 are provided to the unwrap segment
95 to remove occasional phase jumps because of the 90
degree phase ambiguity (4” power function). Using the aver-
aged vectors, the unwrapping segment 95 generates a Viterbi-
Viterbi estimated phase correction (offset) 132(1)-132(8) for
each group. At the symbol rotation segment 100, the Viterbi-
Viterbi estimated phase corrections 132(1)-132(8) are then
applied to the original symbols in the respective group.

More specifically, at the symbol rotation segment 100, each
of the original symbols R1 through R16 are provided to an
associated processing block 135(1)-135(16). Each block also
receives a Viterbi-Viterbi stage phase error correction for the
corresponding group. For example, blocks 135(1) and 135(2)
receive the original symbols R1 and R2, respectively. The
blocks 135(1) and 135(2) also receive the Viterbi-Viterbi
stage phase error correction 132(1) corresponding to group
130(1) to which symbols R1 and R2 belong. That is, the
Viterbi-Viterbi stage phase error correction 132(1) generated
from R1 is used for the phase error correction of both symbols
R1 and R2 at the symbol rotation segment 100. Table 3,
below, illustrates the Viterbi-Viterbi stage phase error correc-
tion signal that is used to correct each of the symbols R1
through R16 at the symbol rotation segment 100.
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It should be noted that if the subsequent Maximum-Like-
lihood stage 50 is also sub-sampled, it is sufficient to apply the
symbol rotation segment only to those symbols that will be
used in the Maximum-Likelihood stage 50. This further
reduces complexity and power dissipation.

As noted, FIG. 2B is a schematic diagram illustrating fur-
ther details of the sub-sampling selection logic 55 and ring
portioning segment 80. As shown, symbols R1 through R16
are received and provided to the ring portioning segment 80
and a timing segment 57. The ring portioning segment 80
includes a vector length calculation block 81 that feeds a ring
decision block 82. The output from the ring decision block 82
is provided to selection block 58. The sub-sampling selection
logic 55 also comprises a multiplexer 59 connected to the
timing block 57 and the selection block 58 that uses the
signals from these blocks to generate an output (X_,,,.,) rep-
resenting the selected symbol for a group of symbols.

FIG. 4 is a schematic diagram illustrating sub-sampling
selection techniques in an example Maximum-Likelihood
stage 250 connected to a Viterbi-Viterbi stage 245. As noted
above, optical signals are received at an optical receiver at a
high rate (e.g., at a rate 0of 32 GBAUD, but the receiver ASIC
and/or other hardware components are typically clocked at a
lower rate (e.g., they operate with a 500 MHz clock). There-
fore, the Viterbi-Viterbi stage 245 and Maximum-Likelihood
stage 250 operate on a plurality of symbols in parallel. In the
example of FIG. 4, 12 symbols are received and processed in
parallel and are referred to as received (original) symbols R1
through R12. It is to be appreciated that the use of 12 symbols
is merely illustrative and that different numbers of symbols
(e.g., 12,32, 96, 108, etc.) could be processed in parallel,
depending on the capabilities of the ASIC and/or other hard-
ware components.

The parallel processing of a plurality (e.g., 12) symbols
through the Viterbi-Viterbi stage 245 and Maximum-Likeli-
hood stage 250 may consume significant power. The sub-
sampling selection techniques presented herein reduce the
number of symbols processed at various segments of both the
Viterbi-Viterbi stage 245 and the Maximum-Likelihood stage
250, thereby reducing the power consumed at the optical
receiver.

In the example of FIG. 4, the Viterbi-Viterbi stage 245
operates substantially the same as described above with ref-
erence to FIG. 2A to generate a plurality of Viterbi-Viterbi

TABLE S 45 phase error corrected signals, shown in FIG. 4 as symbols R1'
Symbol Correction Signal though R12'. More specifically, the Viterbi-Viterbi stage 245
includes a ring partitioning segment 280 configured to deter-
:zigg} E g;ﬁ; mine within which of the three rings 110, 115, or 120 (as
Symbol R3 132(2) shown in FIG. 3) each of the received symbols R1 through
Symbol R4 132(2) 50 R12 falls. FIG. 4 illustrates, in ring partitioning segment 280,
Symbol RS 132(3) one box corresponding to each of the received symbols that
:zigg} Eg g;g; includes anumber “17, “2”, or “3” therein. The number within
Symbol R8 132(4) the box indicates the ring to which the received symbol
Symbol R9 132(5) belongs. Table 4, below, illustrates the received symbols R1
Symbol R10 132(5) 55 through R12 of FIG. 4 and which ring each of those symbols
Smidn 120 Bl witin
Symbol R13 132(7)
Symbol R14 132(7) TABLE 4
Symbol R15 132(8)
Symbol R16 132(8) 6 Symbol Ring
Symbol R1 Third Ring
The symbol rotation segment 100 is configured to output a Symbol R2 Second Ring
plurality of Viterbi-Viterbi phase error corrected signals, Symbol R3 Second Ring
shown in FIG. 2A as symbols R1' though R16'. These sym- :yrrﬁgg} E‘; ggiﬁ%n
bols R1' through R16' may then be provided to the Maximum- 65 Szmbol R6 First Ring £
Likelihood stage 50 of the phase error correction module 40 Symbol R7 Second Ring

for additional phase correction, as described further below.
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TABLE 4-continued
Symbol Ring
Symbol R8 First Ring
Symbol R9 Second Ring
Symbol R10 Third Ring
Symbol R11 Third Ring
Symbol R12 First Ring

As shown, sub-sampling selection logic 255 is connected
between the ring partitioning segment 280 and a sub-sampled
Viterbi-Viterbi phase estimation and correction block 205.
The sub-sampling selection logic 255 is, similar to the sub-
sampling logic 55 of FIG. 2A, configured to select a subset of
the received symbols R1 through R12 for processing by the
subsequent segments in the Viterbi-Viterbi stage 245. In gen-
eral, the symbols selected for subsequent use are the symbols
that provide the most phase information about the optical
signal that is relevant for phase error estimation in the subse-
quent Viterbi-Viterbi operations.

More specifically, as noted above, the 4”-power function
results in a vector of the phase of a symbol. Additive Gaussian
noise on a symbol will cause a greater phase error for symbols
which fall within lower rings. Therefore phase estimates from
symbols in outer rings have more valuable information than
those in inner rings and should be selected preferentially. In
addition, the 4" power operation results in a longer vector for
outer rings and hence weights those phase estimations pref-
erentially. Other techniques involve normalizing the 4%
power vectors so that all are of the same length, and then
applying a scaling (e.g. x2, x3, x4) afterwards. The 4”-power
function may only be used with symbols that fall within the
first ring 110 or the third ring 120 (i.e., cannot be applied to
second ring symbols). As such, with regards to the application
ofthe 4”-power function to received symbols, the most phase
information about the optical signal that is relevant for phase
error estimation in a Viterbi-Viterbi stage can be obtained
using third ring symbols, while the second most phase infor-
mation for phase error estimation in a Viterbi-Viterbi stage
can be obtained using first ring symbols, and no information
can be obtained from second ring symbols.

In the example of FIG. 4, the 12 received symbols R1
through R12 are divided into three (3) groups 220(1), 220(2),
and 220(3) that each comprises four sequential symbols. For
example, group 220(1) includes symbols R1-R4, group 220
(2) includes symbols R5-R8, and group 220(3) includes sym-
bols R9-R12. The sub-sampling logic 255 is configured to
evaluate the symbols within each ofthe groups 220(1)-220(3)
to select the symbol in that group that, when the 4”-power
function is applied thereto, will provide the most information
for phase error correction. The symbols that are selected from
each group 220(1), 220(2), and 220(3) are circled in FIG. 4.
Additionally, Table 5 below illustrates each of the groups
220(1), 220(2), and 220(3); the symbols in each group, the
symbol that is selected for subsequent Viterbi-Viterbi stage
operations, and the selected symbol ring classification.
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The sub-sampled Viterbi-Viterbi phase estimation and cor-
rection block 205 represents the operations/functions that are
performed to generate Viterbi-Viterbi phase error corrected
signals, shown in FIG. 4 as symbols R1' though R12'. In this
example, the sub-sampled Viterbi-Viterbi phase estimation
and correction block 205 corresponds to the 4”-power func-
tion operations, the adder tree operations, the unwrapping
operations, and the symbol rotation operations described
above. As noted elsewhere herein, in certain examples only
symbols that will used for the sub-sampled Maximum-Like-
lihood stage 250 are rotated before the Maximum-Likelihood
stage 250 to reduce complexity.

As aresult of the processing described above, the plurality
of Viterbi-Viterbi phase error corrected symbols R1' though
R12' (or a subset thereof) are provided to the Maximum-
Likelihood stage 250. The Maximum-Likelihood stage 250
comprises sub-sampling selection logic 225, a sub-sampled
Maximum-Likelihood phase estimation block 226, and a
symbol rotation segment 234.

Sub-sampling selection logic 225 is configured to receive
the Viterbi-Viterbi phase error corrected symbols R1' though
R12' and is configured to select a subset of these symbols R1'
through R12' for processing by the subsequent segments in
the Maximum-Likelihood stage 250. The sub-sampling
selection logic 225 may be implemented in a manner similar
to the arrangement of FIG. 2B. In general, the symbols
selected for subsequent use are the symbols that provide the
most phase information about the optical signal that is rel-
evant for the subsequent Maximum-Likelihood operations.
More specifically, depending on the constellation symbol a
certain phase error (angle) translates into error vectors with
varying length. First ring symbols translate into the shortest
length vector, second ring symbols translate into a medium
length vector, and third ring symbols translate into the longest
vector. The Additive white Gaussian noise that impairs the
phase error estimation is independent of the constellation
symbol. Consequently, the ratio between the measured signal
phase error and additive white Gaussian noise varies with the
diameter of each ring, where first ring symbols provide a
weak phase estimate, second ring symbols provide a medium
phase estimate, and third ring symbols provide a strong phase
estimate. In other words, outer constellations have better
phase information.

Inthe example of F1G. 4, the 12 Viterbi-Viterbi phase error
corrected symbols R1' though R12' are divided into six (6)
groups 230(1)-230(6) that each comprise two sequential sym-
bols (i.e., symbol pairs). For example, group 230(1) includes
symbols R1' and R2', group 230(2) includes symbols R3' and
R4', and so on. The sub-sampling logic 225 is configured to
evaluate the symbols within a group to select the symbol in
that group that will provide the most phase information about
the optical signal that is relevant for the subsequent Maxi-
mum-Likelihood operations (i.e., the symbol having the high-
est ratio between the measured signal phase error and additive
noise). For example, as noted previously, group 230(1) com-

TABLE 5
First Second Third Fourth Selected
Group Group Group Group Selected Symbol
Group Member  Member Member Member Symbol Ring
220(1) SymbolR1 SymbolR2  SymbolR3  SymbolR4  Symbol R1  Ring3
220(2) SymbolR5 Symbol R6  SymbolR7  SymbolR8  Symbol R6 Ringl
220(3) Symbol R9 Symbol R10 Symbol R11 Symbol R12 Symbol R10 Ring3
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prises symbols R1' and R2'. R1' falls within the third ring 120,
while R2' falls within the second ring 115. Third ring symbols
have the highest ratio between the measured signal phase
error and additive noise, while second ring symbols have the
second highest ratio between the measured signal phase error
and additive noise. As such, symbol R1' is selected from
group 230(1) for subsequent processing, while symbol R2'is
discarded (i.e., omitted for use in processing by the sub-
sampled Maximum-[.ikelihood phase estimation block 226).

As a further example, group 230(2) comprises symbols R3'
and R4'. R3' falls within the second ring 115, while R4' falls
within the third ring 120. Second ring symbols have the
second highest ratio between the measured signal phase error
and additive noise, while first ring symbols have the lowest
ratio between the measured signal phase error and additive
noise. As such, from group 230(2) symbol R3' is selected for
subsequent processing, while symbol R4' is discarded.

The symbols that are selected from each group 230(1)-230
(6) are circled in FIG. 4. Additionally, Table 6 below illus-
trates each of the groups 230(1)-230(6), the symbols in each
group, and the symbol that is selected for subsequent Maxi-
mum-Likelihood stage operations, and the selected symbol
ring classification.

TABLE 6
First Group  Second Group  Selected Selected Symbol

Group Member Member Symbol Ring

230(1) SymbolR1'" Symbol R2’ Symbol R1' Ring3
230(2) SymbolR3" Symbol R4’ Symbol R3' Ring?2
230(3) SymbolR5' Symbol R6’ Symbol RS’ Ring 2
230(4) SymbolR7" Symbol RS’ Symbol R7'  Ring 2
230(5) SymbolR9" Symbol R10’ Symbol R10" Ring 3
230(6) Symbol R11' Symbol R12’ Symbol R11' Ring3

The sub-sampling selection logic 225 comprises one or

more hardware elements (e.g., switches, multiplexers, etc.)
that use the ring partitioning segment information to select the
appropriate symbols. In essence, the sub-sampling selection
logic 225 is configured to perform a comparison of the sym-
bols within a group 230(1)-230(6) to determine which one
has the relative highest ratio between the measured signal
phase error and additive noise. If both the Viterbi-Viterbi and
Maximum-Likelihood stages are sub-sampled, the vector-
length and ring decisions do not need to be made again within
the sub-sampling logic 225 (as they were already completed
in sub-sampling logic 255). In such examples, only the sym-
bol selection block changes.

FIG. 4 illustrates an example in which the groups 230(1)-
230(6) each have two members and where one symbol is
selected from each group. It is to be appreciated that these
examples are merely illustrative and that other group sizes
(e.g., groups of 4 symbols) are possible.

In the example of FIG. 4, as a result of the sub-sampling
selection logic 225, six symbols are selected for processing
by the sub-sampled Maximum-Likelihood phase estimation
block 226. In general, the sub-sampled Maximum-Likeli-
hood phase estimation block 226 is configured to perform
Maximum-Likelihood operations using the six selected sym-
bols (symbols R1', R3', R5', R7', R10', and R11') to generate
a Maximum-Likelihood phase estimates (offset) 232(1)-232
(6) for each group. Details of an example Maximum-Likeli-
hood phase estimation block are provided below with refer-
ence to FIG. 6.

At the symbol rotation segment 235, the Maximum-Like-
lihood phase estimates 232(1)-232(6) are applied to the Vit-
erbi-Viterbi phase error corrected symbols R1' though R12'in
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the respective group. More specifically, at the symbol rotation
segment 235, each of the Viterbi-Viterbi phase error corrected
symbols R1' though R12' are provided to an associated pro-
cessing block 235(1)-235(12). Each block 235(1)-235(12)
also receives a Maximum-Likelihood phase estimate for the
corresponding group. For example, blocks 235(1) and 235(2)
receive the Viterbi-Viterbi phase error corrected symbols R1'
and R2', respectively. The blocks 235(1) and 235(2) also
receive the Maximum-Likelihood phase estimate 232(1) cor-
responding to group 230(1) to which symbols R1' and R2'
belong. That is, the Maximum-Likelihood phase estimate
232(1) generated from R1' is used for the phase error correc-
tion of both symbols R1' and R2' at the symbol rotation
segment 235. Table 7 below illustrates the Maximum-Likeli-
hood phase estimate that is used to correct each of the sym-
bols R1' through R12' at the symbol rotation segment 235.

TABLE 7
Symbol Correction Signal
Symbol R1’ 232(1)
Symbol R2' 232(1)
Symbol R3' 232(2)
Symbol R4’ 232(2)
Symbol R’ 232(3)
Symbol R¢' 232(3)
Symbol R7' 232(4)
Symbol R8' 232(4)
Symbol R9’ 232(5)
Symbol R10’ 232(5)
Symbol R11' 232(6)
Symbol R12' 232(6)

In certain embodiments, to reduce the overall complexity
of the two stage carrier recovery, the Viterbi-Viterbi phase
estimate is only applied to symbols that will be considered in
the Maximum-Likelihood stage (R1', R3', RS, R7', R10' and
R11") behind the Viterbi-Viterbi stage. And after Maximum-
Likelihood phase error estimation the sum of the Viterbi-
Viterbi estimate and the Maximum-Likelihood estimate is
applied to all corresponding uncorrected symbols (R1-R12).
Such an arrangement is shown below in FIG. 6.

The symbol rotation segment 235 is configured to output a
plurality of complete phase error corrected signals, shown in
FIG. 4 as symbols R1" though R12". These symbols R1"
through R12" represent fully phase recovered symbols (i.e.,
symbols that have undergone both Viterbi-Viterbi and Maxi-
mum-Likelihood phase error recovery). The fully phase
recovered symbols may be provided to a Forward Error Cor-
rection decoder for subsequent processing.

FIG. 5 is a schematic diagram illustrating alternative sub-
sampling selection techniques in a Maximum-Likelihood
stage 350 connected to Viterbi-Viterbi stage 245. Viterbi-
Viterbi stage 245 operates as described above with reference
to FIG. 4 to generate the plurality of Viterbi-Viterbi phase
error corrected symbol R1' though R12'. As a result, the
plurality of Viterbi-Viterbi phase error corrected symbols R1'
though R12' are provided to the Maximum-Likelihood stage
350. The Maximum-Likelihood stage 350 comprises sub-
sampling selection logic 325, a sub-sampled Maximum-
Likelihood phase estimation block 326, and a symbol rotation
segment 334.

Similar to sub-sampling selection logic 225 of FIG. 4, the
sub-sampling selection logic 325 is configured to select a
subset of the received symbols R1' through R12' for process-
ing by the subsequent segments in the Maximum-Likelihood
stage 350. In general, the symbols selected for subsequent use
are the symbols that have the highest ratio between the mea-
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sured signal phase error and additive noise. However, in addi-
tion to selecting the symbols that have the highest ratio
between the measured signal phase error and additive noise,
the sub-sampling selection logic 325 is also configured to
only select symbols for which a precursor to that symbol was
not used in the Viterbi-Viterbi stage operations. In other
words, if a symbol is used in the Viterbi-Viterbi stage 245, the
sub-sampling selection logic 325 is configured to eliminate
the Viterbi-Viterbi phase error corrected version of that sym-
bol for use in the Maximum-[.ikelihood stage 350. In essence,
the sub-sampling selection logic 325 performs a two-stage
selection process that eliminates Viterbi-Viterbi phase error
corrected versions of symbols used in the Viterbi-Viterbi
stage 245 and that, from the remaining symbols, selects the
one that has the highest ratio between the measured signal
phase error and additive noise. This guarantees maximum
utilization of the available information about the actual phase
error, since the previously unused symbols will contain the
phase-error and an uncorrelated noise component which can
be averaged.

In the example of FIG. 5, the 12 Viterbi-Viterbi phase error
corrected symbols R1' though R12' are divided into six (6)
groups 330(1)-330(6). The groups 330(1)-330(6) in this each
comprise two sequential symbols (i.e., a pair of symbols). For
example, group 330(1) includes symbols R1' and R2', group
330(2) includes symbols R3' and R4', and so on.

As noted, the sub-sampling logic 325 performs a two-stage
selection process to evaluate the symbols within a group to
select a symbol in that group that will provide the most phase
information about the optical signal that is relevant for phase
error estimation in the subsequent Maximum-Likelihood
operations. For example, group 330(1) comprises Viterbi-
Viterbi phase error corrected signals symbols R1'and R2'. R1'
falls within the third ring 120, while R2' falls within the
second ring 115. Again, third ring symbols have the highest
ratio between the measured signal phase error and additive
noise, while second ring symbols have the second highest
ratio between the measured signal phase error and additive
noise. However, symbol R1 (the precursor to symbol R1') was
selected from group 220(1) in the Viterbi-Viterbi stage 245.
As such, sub-sampling selection logic 325 eliminates symbol
R1' from use in the Maximum-Likelihood stage 350. Accord-
ingly, sub-sampling selection logic 325 selects symbol R2'
for subsequent processing.

As a further example, group 330(2) comprises symbols R3'
and R4'. R3' falls within the second ring 115, while R4' falls
within the third ring 120. Neither of the precursors for sym-
bols R3' or R4' (i.e., symbols R3 or R4) were used in the
Viterbi-Viterbi stage. As such, since second ring symbols
have the second highest ratio between the measured signal
phase error and additive noise, while first ring symbols have
the lowest ratio between the measured signal phase error and
additive noise, symbol R3' is selected from group 330(2) for
subsequent processing and symbol R4' is discarded.

In another example, group 330(5) comprises symbols R9'
and R10'. R9' falls within the second ring 115, while R20' falls
within the third ring 110. Third ring symbols have the highest
ratio between the measured signal phase error and additive
noise, while second ring symbols have the second highest
ratio between the measured signal phase error and additive
noise. However, symbol R10 (the precursor to symbol R10")
was selected from group 220(3) in the Viterbi-Viterbi stage
245. As such, sub-sampling selection logic 325 eliminates
symbol R10' from use in the Maximum-Likelihood stage 350.
Accordingly, sub-sampling selection logic 325 selects sym-
bol R9' for subsequent processing.

10

15

20

25

30

35

40

45

50

55

60

65

14
The symbols that are selected from each group 330(1)-330
(6) are circled in FIG. 5. Additionally, Table 8 below illus-
trates each of the groups 330(1)-330(6), the symbols in each
group, the symbol that is selected for subsequent Maximum-
Likelihood stage operations, and the selected symbol ring
classification.

TABLE 8
First Group  Second Group — Selected Selected Symbol

Group Member Member Symbol Ring

330(1) SymbolR1' Symbol R2' Symbol R2' Ring 2
330(2) SymbolR3'  Symbol R4’ Symbol R3' Ring 2
330(3) Symbol RS  Symbol R6’ Symbol RS'  Ring 2
330(4) SymbolR7'" Symbol R&' Symbol R7"  Ring 2
330(5) SymbolR9'" Symbol R10' Symbol R9'  Ring 2
330(6) Symbol R11' Symbol R12' Symbol R11' Ring 3

The sub-sampling selection logic 325 comprises one or
more hardware elements (e.g., switches, multiplexers, etc.)
that use the ring partitioning segment information to select the
appropriate symbols. In essence, the sub-sampling selection
logic 325 is configured to perform a two-stage analysis of the
symbols within a group 330(1)-330(6). First, the sub-sam-
pling selection logic 325 eliminates any symbols for which a
precursor of the symbols was used in the Viterbi-Viterbi stage
245. Second, the sub-sampling selection logic 325 selects,
from any remaining symbols, the symbol that have the highest
ratio between the measured signal phase error and additive
noise.

FIG. 5 illustrates an example in which the groups 330(1)-
330(6) each have two members and where one symbol is
selected from each group. It is to be appreciated that these
examples are merely illustrative and that other group sizes
(e.g., groups of 4 symbols) are possible.

In the example of FIG. 5, as a result of the sub-sampling
selection logic 325, six symbols are selected for processing
by the sub-sampled Maximum-Likelihood phase estimation
block 326. In general, the sub-sampled Maximum-Likeli-
hood phase estimation block 326 is configured to perform
Maximum-Likelihood operations using the six selected sym-
bols (symbols R2', R3', R5', R7", R9', and R11") to generate a
Maximum-Likelihood phase estimates (offset) 332(1)-332
(6) for each group.

At the symbol rotation segment 334, the Maximum-Like-
lihood phase estimates 332(1)-332(6) are then applied to the
Viterbi-Viterbi phase error corrected symbols R1' though
R12' in the respective group. More specifically, at the symbol
rotation segment 334, each of the Viterbi-Viterbi phase error
corrected symbols R1' though R12' are provided to an asso-
ciated processing block 335(1)-335(12). Each block 335(1)-
335(12) also receives a Maximum-Likelihood phase estimate
for the corresponding group. For example, blocks 335(1) and
335(2) receive the Viterbi-Viterbi phase error corrected sym-
bols R1'and R2', respectively. The blocks 335(1) and 335(2)
also receive the Maximum-Likelihood phase estimate 332(1)
corresponding to group 330(1) to which symbols R1'and R2'
belong. That is, the Maximum-Likelihood phase estimate
332(1) generated from R2' is used for the phase error correc-
tion of both symbols R1' and R2' at the symbol rotation
segment 334. Table 9, below, illustrates the Maximum-Like-
lihood phase estimate that is used to correct each of the
symbols R1' through R12' at the symbol rotation segment
335.
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TABLE 9
Symbol Correction Signal
Symbol R1' 332(1)
Symbol R2' 332(1)
Symbol R3' 332(2)
Symbol R4’ 332(2)
Symbol R5' 332(3)
Symbol R6’' 332(3)
Symbol R7' 332(4)
Symbol R8' 332(4)
Symbol R’ 332(5)
Symbol R10’ 332(5)
Symbol R11' 332(6)
Symbol R12’ 332(6)

The symbol rotation segment 334 is configured to output a
plurality of complete phase error corrected signals, shown in
FIG. 5 as symbols R1" though R12". These symbols R1"
through R12" represent fully phase recovered symbols.

FIG. 6 is a schematic diagram of another two-stage carrier
phase estimation with sub-sampled Viterbi-Viterbi and Maxi-
mum-Likelihood carrier phase estimation stages in accor-
dance with examples presented herein. More specifically,
FIG. 6 illustrates an arrangement where the Viterbi-Viterbi
phase estimate is only applied to symbols that will be consid-
ered in the Maximum-Likelihood stage behind the Viterbi-
Viterbi stage. After the Maximum-Likelihood phase error
estimation, the sum of the Viterbi-Viterbi estimate and the
Maximum-Likelihood estimate is applied to all correspond-
ing uncorrected symbols (R1-R12).

FIG. 6 illustrates a Viterbi-Viterbi stage 445 that is sub-
stantially similar to the Viterbi-Viterbi stage 245 of FIG. 4.
That is, the Viterbi-Viterbi stage 445 operates as described
above to generate the plurality of Viterbi-Viterbi estimated
phase corrections from the symbols selected through the sub-
sampling techniques, in this case symbols R1, R6, and R10.
The generated Viterbi-Viterbi estimated phase corrections
generated from R1, R6, and R10 are shown in FIG. 6 as
Viterbi-Viterbi estimated phase corrections 432(1), 432(6),
and 432(10), respectively.

Unlike in the above example of FIG. 4, the Viterbi-Viterbi
stage 445 does not apply the Viterbi-Viterbi estimated phase
corrections 432(1), 432(6), and 432(10) to the original sym-
bols R1-R12. Instead, the Viterbi-Viterbi estimated phase
corrections 432(1), 432(6), and 432(10) are provided to a
rotation segment 434 coupled to sub-sampling logic 455. The
symbols R1-R12 are grouped in six (6) pairs. The sub-sam-
pling logic 455 operates to select the symbol from each pair
that, as detailed above, has highest ratio between the mea-
sured signal phase error and additive noise (outmost ring).
Only the six symbols selected by the sub-sampling logic 455
receive Viterbi-Viterbi phase correction at rotation segment
434.

The rotation segment 434 generates six Viterbi-Viterbi
phase error corrected symbols, namely R1', R3', R5', R7',
R10', and R11' that correspond to the symbols selected by the
sub-sampling logic 455. These Viterbi-Viterbi phase error
corrected symbols are provided to Maximum-Likelihood
stage 450 that comprises a decision segment 481, multiplica-
tion segment 482, an adder tree segment 483, and a vector-
to-angle conversion segment 484. The segments 481, 482,
483, and 484 collectively operate to generate six Maximum-
Likelihood estimated phase corrections, shown in FIG. 6 as
470(1), 470(3), 470(5), 470(7), 470(10), and 470(11) that
correspond to Viterbi-Viterbi phase error corrected symbols,
namely R1', R3', R5', R7', R10', and R11', respectively.
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Also shown in FIG. 6 is a correction block 485 that com-
prises an estimate addition segment 486, an angle-to-vector
conversion segment 488, and a rotation segment 490. The
estimate addition segment 484 sums the Viterbi-Viterbi esti-
mated phase corrections 432(1), 432(6), and 432(10) and the
corresponding Maximum-Likelihood estimated phase cor-
rections 470(1), 470(3),470(5), 470(7),470(10), and 470(11)
(i.e., generates combined estimated phase corrections). After
angle-to-vector conversion segment 488, the combined esti-
mated phase corrections are applied to all corresponding
uncorrected symbols (R1-R12) at rotation segment 490 to
generate fully phase recovered symbols R1"-R12".
FIG. 7 is a flowchart of a method 600 in accordance with
examples presented. Method 600 begins at 605 where a plu-
rality of consecutive symbols associated with an optical sig-
nal received at an optical receiver is obtained. For example,
the optical signal was transmitted over an optical fiber span by
a transmitter and received at the optical receiver. At 610,
carrier phase recovery of the optical signal is performed using
one or more carrier phase estimation stages. At 615, a subset
of the plurality of consecutive symbols is selected for use in
carrier phase estimation. The subset of symbols selected for
use in carrier phase estimation at each of the one or more
stages comprises symbols that provide the most phase infor-
mation about the optical signal that is relevant for phase error
estimation in each of the one or more stages.
In certain examples, the one or more carrier phase estima-
tion stages include a Viterbi-Viterbi carrier phase estimation
stage that generates Viterbi-Viterbi phase error corrected
symbols. In such embodiments, the selection of the subset of
the plurality of consecutive symbols for carrier phase estima-
tion may include performing ring partitioning of the symbols
to determine within which of a first, second, or third constel-
lation radius ring each of the symbols falls, organizing the
plurality of consecutive symbols into a plurality of groups,
and selecting, from each of the plurality of groups, a symbol
that has the highest ratio between the measured signal phase
error and additive noise and is useable in a given phase error
estimation stage.
The above description is intended by way of example only.
What is claimed is:
1. A method comprising:
obtaining a plurality of consecutive symbols associated
with an optical signal received at an optical receiver;

performing carrier phase recovery of the optical signal
using one or more carrier phase estimation stages to
generate a phase recovered signal; and

at each of the one or more carrier phase estimation stages,

selecting a subset of the plurality of consecutive symbols
for use in carrier phase estimation, wherein the subset of
symbols selected for use in carrier phase estimation at
each of the one or more stages comprises one or more
symbols having a highest ratio of measured signal phase
error to additive noise.

2. The method of claim 1, wherein performing carrier
phase recovery of the optical signal using one or more carrier
phase estimation stages comprises:

performing carrier phase recovery using a Viterbi-Viterbi

carrier phase estimation stage to generate Viterbi-Viterbi
phase error corrected symbols.

3. The method of claim 2, wherein selecting a subset of the
plurality of symbols for carrier phase estimation comprises:

performing ring partitioning of the symbols to determine

within which of a first, second, or third constellation
radius ring each of the symbols falls;

organizing the plurality of symbols into a plurality of

groups of symbols consecutive in time;
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discarding any symbols which fall in the second ring and

are not usable in a 4”-power function; and

selecting, from the symbols remaining in each of the plu-

rality of groups, a symbol that has the highest ratio
between measured signal phase error and additive noise.

4. The method of claim 2, wherein performing carrier
phase recovery of the optical signal using one or more carrier
phase estimation stages comprises:

performing carrier phase recovery using a Maximum-

Likelihood carrier phase estimation stage, wherein the
Maximum-Likelihood carrier phase estimation stage
operates using a subset of the Viterbi-Viterbi phase error
corrected symbols.

5. The method of claim 4, wherein selecting a subset of the
plurality of symbols for carrier phase estimation comprises:

organizing the plurality of Viterbi-Viterbi phase error cor-

rected symbols into a plurality of groups of symbols
consecutive in time; and

selecting, from each of the plurality of groups of Viterbi-

Viterbi phase error corrected symbols, a symbol with the
highest ratio between measured signal phase error and
additive noise.

6. The method of claim 4, wherein selecting a subset of the
plurality of symbols for carrier phase estimation comprises:

organizing the plurality of Viterbi-Viterbi phase error cor-

rected symbols into a plurality of groups;

discarding any Viterbi-Viterbi phase error corrected sym-

bols for which a precursor of the Viterbi-Viterbi phase
error corrected symbols was used in the Viterbi-Viterbi
carrier phase estimation stage; and

selecting, from the one or more symbols remaining in each

of the plurality of groups of Viterbi-Viterbi phase error
corrected symbols, a Viterbi-Viterbi phase error cor-
rected symbol with the highest ratio between the mea-
sured signal phase error and additive noise.

7. The method of claim 1, further comprising:

decoding the phase recovered signal with a forward error

correction decoder.
8. An apparatus comprising:
a phase recovery module configured to perform carrier
phase estimation using one or more stages; and

sub-sampling logic configured to receive a plurality of
consecutive symbols associated with an optical signal
and configured to select a subset of the plurality of
consecutive symbols for use in carrier phase estimation
to obtain a phase recovered signal, wherein the subset of
symbols selected for use in carrier phase estimation at
each of the one or more stages comprise one or more
symbols having a highest ratio of measured signal phase
error to additive noise.

9. The apparatus of claim 8, wherein the phase recovery
module comprises a Viterbi-Viterbi carrier phase estimation
stage configured to generate Viterbi-Viterbi phase error cor-
rected symbols.

10. The apparatus of claim 9, wherein the sub-sampling
logic is configured to:

perform ring partitioning of the symbols to determine

within which of a first, second, or third constellation
radius ring each of the symbols falls;

organize the plurality of symbols into a plurality of groups

of symbols consecutive in time;

discard any symbols which fall in the second ring and are

not usable in a 4”-power function; and

select, from the symbols remaining in each of the plurality

of groups, a symbol that has the highest ratio between
measured signal phase error and additive noise.
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11. The apparatus of claim 9, wherein the phase recovery
module further comprises a Maximum-Likelihood carrier
phase estimation stage, wherein the Maximum-Likelihood
carrier phase estimation stage operates using a subset of the
Viterbi-Viterbi phase error corrected symbols.

12. The apparatus of claim 11, wherein the sub-sampling
logic is configured to:

organize the plurality of Viterbi-Viterbi phase error cor-

rected symbols into a plurality of groups of symbols
consecutive in time; and

select, from each of the plurality of groups of Viterbi-

Viterbi phase error corrected symbols, a symbol with the
highest ratio between measures signal phase error and
additive noise.

13. The apparatus of claim 11, wherein the sub-sampling
logic is configured to:

organize the plurality of Viterbi-Viterbi phase error cor-

rected symbols into a plurality of groups;

discard any Viterbi-Viterbi phase error corrected symbols

for which a precursor of the Viterbi-Viterbi phase error
corrected symbols was used in the Viterbi-Viterbi carrier
phase estimation stage; and

select, from the one or more symbols remaining in each of

the plurality of groups of Viterbi-Viterbi phase error
corrected symbols, a Viterbi-Viterbi phase error cor-
rected symbol with the highest ratio between the mea-
sured signal phase error and additive noise.

14. The apparatus of claim 8, further comprising a forward
error correction decoder configured to decode the phase
recovered signal.

15. A method comprising:

obtaining a plurality of consecutive symbols associated

with an optical signal received at an optical receiver;
grouping the plurality of consecutive symbols into a plu-
rality of groups of symbols consecutive in time; and
from each of the plurality of groups, selecting the symbol
having a relative highest ratio between measured signal
phase error and additive noise to generate a subset of
received symbols; and
performing carrier phase recovery at one or more carrier
phase estimation stages using the subset of received
symbols to obtain a phase recovered signal.

16. The method of claim 15, wherein performing carrier
phase recovery of the optical signal using one or more carrier
phase estimation stages comprises:

performing carrier phase recovery using a Viterbi-Viterbi

carrier phase estimation stage to generate Viterbi-Viterbi
phase error corrected symbols.

17. The method of claim 16, wherein selecting the symbol
having the relative highest ratio between the measured signal
phase error and additive noise to generate a subset of received
symbols comprises:

performing ring partitioning of the symbols to determine

within which of a first, second, or third constellation
radius ring each of the symbols falls;

organizing the plurality of symbols into the plurality of

groups of symbols consecutive in time; and

selecting, from each of the plurality of groups, a symbol

that that has the highest ratio between the measured
signal phase error and additive noise and is useable in a
4"_power function.

18. The method of claim 16, wherein performing carrier
phase recovery of the optical signal using one or more carrier
phase estimation stages comprises:

performing carrier phase recovery using a Maximum-

Likelihood carrier phase estimation stage, wherein the
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Maximum-Likelihood carrier phase estimation stage
operates using a subset of the Viterbi-Viterbi phase error
corrected symbols.

19. The method of claim 18, further comprising:

organizing the plurality of Viterbi-Viterbi phase error cor-
rected symbols into a plurality of groups;

discarding any Viterbi-Viterbi phase error corrected sym-
bols for which a precursor of the Viterbi-Viterbi phase
error corrected symbols was used in the Viterbi-Viterbi
carrier phase estimation stage; and

selecting, from the one or more symbols remaining in each
of the plurality of groups of Viterbi-Viterbi phase error
corrected symbols, a Viterbi-Viterbi phase error cor-
rected symbol with the highest ratio between the mea-
sured signal phase error and additive noise.

20. The method of claim 15, further comprising:

decoding the phase recovered signal with a forward error
correction decoder.
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