wo 2014/016681 A2 |11 N0FV 0O 0 OO A

(43) International Publication Date

Organization
International Bureau

—~
é

=

\

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)
(19) World Intellectual Property

(10) International Publication Number

WO 2014/016681 A2

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
1

31

International Filing Date:
20 June 2013 (20.06.2013)

Filing Language: English
Publication Language: English
Priority Data:

61/662,085 20 June 2012 (20.06.2012) US
61/726,099 14 November 2012 (14.11.2012) US
61/729,774 26 November 2012 (26.11.2012) US
61/747,132 28 December 2012 (28.12.2012) US

Applicant: MAGNACOM LTD. [IL/IL];, 128, 73115
Moshav Ben Shemen (IL).

Inventor; and
Applicant : ELIAZ, Amir [IL/IL]; 128, 73115 Moshav
Ben Shemen (IL).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

30 January 2014 (30.01.2014) WIPOIPCT
International Patent Classification:
H04J 1/16 (2006.01)
International Application Number:
PCT/IB2013/001923

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: JOINT SEQUENCE ESTIMATION OF SYMBOL AND PHASE WITH HIGH TOLERANCE OF NONLINEARITY

210

32 ; s
88,1887

3012
4

Candidate
Generation|

PS!

PSps--:

Su
Ps, wm

El “-EHM\(SLA\P 303b 306

307a >C_b/
”

307b
4

1 M SuxP
soaa, | SC.SCT |
1
. PS,
04y Candidate [
selection
232 Metrics 3;05_
PR1 |Calculation| D:].“DnMwsuxP &;
h
FiG. 3

Phase
adjust

228,

308

@
&
]

1
FPE],

(57) Abstract: A sequence estimation circuit may be operable to receive a sample of a received inter-symbol correlated (ISC) signal
corresponding to a transmitted vector of symbols, wherein each ot the symbols is one of a plurality of symbols in a particular con -
stellation. The sequence estimation circuit may be operable to generate an estimate of the transmitted vector of symbols using a re -
duced state sequence estimation (RSSE) process. Each iteration of the RSSE process may comprise generating a plurality of candid -
ate vectors. A first element of each of the candidate vectors may hold a respective one of the plurality symbols in the particular con -
stellation. The first element may be an estimate of a symbol of the transmitted vector of symbols other than a most-recent symbol of
the transmitted vector of symbols. A second element of each of said candidate vectors holds a respective one of a plurality of calcu -
lated filler values.
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JOINT SEQUENCE ESTIMATION OF SYMBOL AND PHASE WITH HIGH
TOLERANCE OF NONLINEARITY

CLAIM OF PRIORITY

[0001] This patent application makes reference to, claims priority to and claims

benefit from:

United States Provisional Patent Application Serial No. 61/662,085 entitled “Apparatus
and Method for Efficient Utilization of Bandwidth and filed on June 20, 2012;

United States Provisional Patent Application Serial No. 61/726,099 entitled “Modulation

Scheme Based on Partial Response” and filed on November 14, 2012;

United States Provisional Patent Application Serial No. 61/729,774 entitled “Modulation

Scheme Based on Partial Response” and filed on November 26, 2012; and

United States Provisional Patent Application Serial No. 61/747,132 entitled “Modulation
Scheme Based on Partial Response” and filed on December 28, 2012.

[0002] Each of the above-identified applications is hereby incorporated herein by

reference in its entirety.
INCORPORATION BY REFERENCE
[0003] This application makes reference to:

United States Patent Application Serial No.: 13/754,964 titled “Low-Complexity, Highly-

Spectrally-Efficient Communications,” and filed on the same date as this application;

United States Patent Application Serial No.: 13/754,998 titled “Design and Optimization

of Partial Response Pulse Shape Filter,” and filed on the same date as this application;
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United States Patent Application Serial No.: 13/755,001 titled “Constellation Map
Optimization For Highly Spectrally Efficient Communications,” and filed on the same

date as this application;

United States Patent Application Serial No.: 13/755,008 titled “Dynamic Filter
Adjustment for Highly-Spectrally-Efficient Communications,” and filed on the same date
as this application;

United States Patent Application Serial No.: 13/755,011 titled “Timing Synchronization

b

tor Reception of Highly-Spectrally-Efficient Communications,” and filed on the same

date as this application;

United States Patent Application Serial No.: 13/755,018 titled “Feed Forward
Equalization for Highly-Spectrally-Efficient Communications,” and filed on the same

date as this application;

United States Patent Application Serial No.: 13/755,021 titled “Decision Feedback
Equalizer for Highly-Spectrally-Efficient Communications,” and filed on the same date

as this application;

United States Patent Application Serial No.: 13/755,025 titled “Decision Feedback
Equalizer with Multiple Cores for Highly-Spectrally-Efficient Communications,” and

filed on the same date as this application;

United States Patent Application Serial No.: 13/755,026 titled “Decision Feedback
Equalizer Utilizing Symbol Error Rate Biased Adaptation Function for Highly-

Spectrally-Efficient Communications,” and filed on the same date as this application;

United States Patent Application Serial No.: 13/755,028 titled “Coarse Phase Estimation
tor Highly-Spectrally-Efficient Communications,” and filed on the same date as this

application; and
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United States Patent Application Serial No.: 13/755,039 titled “Fine Phase Estimation for
Highly Spectrally Efficient Communications,” and filed on the same date as this

application.

[0004] Each of the above stated applications is hereby incorporated herein by

reference in its entirety.
TECHNICAL FIELD

[0005]  Aspects of the present application relate to electronic communications. More
specifically, certain implementations of the present disclosure relate to joint sequence

estimation of symbol and phase with high tolerance of nonlinearity.
BACKGROUND

[0006]  Existing communications methods and systems are overly power hungry
and/or spectrally inefficient. Further limitations and disadvantages of conventional and
traditional approaches will become apparent to one of skill in the art, through comparison
of such approaches with some aspects of the present method and system set forth in the

remainder of this disclosure with reference to the drawings.
BRIEF SUMMARY

[0007] Methods and systems are provided for joint sequence estimation of symbol and
phase with high tolerance of nonlinearity, substantially as illustrated by and/or described

in connection with at least one of the figures, as set forth more completely in the claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a block diagram depicting an example system configured for low-

complexity, highly-spectrally-efficient communications.

[0009] FIG. 2 is a block diagram depicting an example equalization and sequence
estimation circuit for use in a system configured for low-complexity, highly-spectrally-

efficient communications.

[0010] FIG. 3 is a block diagram depicting an example sequence estimation circuit for
use in a system configured for low-complexity, highly-spectrally-efticient

communications.

[0011] FIG. 4 is a block diagram depicting an example metrics calculation circuit for
use in a system configured for low-complexity, highly-spectrally-efticient

communications.

[0012] FIGS. 5A-5E depict portions of an example sequence estimation process
performed by a system configured for joint sequence estimation of symbol and phase

with high tolerance of nonlinearity.

[0013]  FIG. 6 is a flowchart illustrating an example process for sequence estimation,

with high tolerance of nonlinearity, for reception of partial response signals.
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DETAILED DESCRIPTION

[0014]  As utilized herein the terms "circuits" and "circuitry" refer to physical
electronic components (i.e. hardware) and any software and/or firmware ("code") which
may configure the hardware, be executed by the hardware, and or otherwise be associated
with the hardware. As used herein, for example, a particular processor and memory may
comprise a first “circuit” when executing a first plurality of lines of code and may
comprise a second “circuit” when executing a second plurality of lines of code. As
utilized herein, "and/or" means any one or more of the items in the list joined by
"and/or". As an example, "x and/or y" means any element of the three-element set {(x),
(v), (x, y)}. As another example, "x, y, and/or z" means any element of the seven-
element set {(x), (v), (z), (X, V), (X, z), (V, 2), (X, ¥, z)}. As utilized herein, the terms
“block” and “module” refer to functions than can be performed by one or more circuits.
As utilized herein, the term “exemplary” means serving as a non-limiting example,
instance, or illustration. As utilized herein, the terms “for example” and “e.g.,” introduce
a list of one or more non-limiting examples, instances, or illustrations. As utilized herein,
circuitry is “operable” to perform a function whenever the circuitry comprises the
necessary hardware and code (if any is necessary) to perform the function, regardless of
whether performance of the function is disabled, or not enabled, by some user-

configurable setting.

[0015] FIG. 1 is a block diagram depicting an example system configured for low-
complexity, highly-spectrally-efficient communications. The system 100 comprises a
mapper circuit 102, a pulse shaping filter circuit 104, a timing pilot insertion circuit 105,
a transmitter front-end circuit 106, a channel 107, a receiver front-end 108, a filter circuit
109, a timing pilot removal circuit 110, an equalization and sequence estimation circuit

112, and a de-mapping circuit 114. The components 102, 104, 105, and 106 may be part
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of a transmitter (e.g., a base station or access point, a router, a gateway, a mobile device,
a server, a computer, a computer peripheral device, a table, a modem, a set-top box, etc.),
the components 108, 109, 110, 112, and 114 may be part of a receiver (e.g., a base station
or access point, a router, a gateway, a mobile device, a server, a computer, a computer
peripheral device, a table, a modem, a set-top box, etc.), and the transmitter and receiver

may communicate via the channel 107.

[0016] The mapper 102 may be operable to map bits of the Tx bitstream to be
transmitted to symbols according to a selected modulation scheme. The symbols may be
output via signal 103. For example, for an quadrature amplitude modulation scheme
having a symbol alphabet of N (N-QAM), the mapper may map each Log,(N) bits of the
Tx bitstream to single symbol represented as a complex number and/or as in-phase (I)
and quadrature-phase (Q) components. Although N-QAM is used for illustration in this
disclosure, aspects of this disclosure are applicable to any modulation scheme (e.g.,
amplitude shift keying (ASK), phase shift keying (PSK), frequency shift keying (FSK),
etc.). Additionally, points of the N-QAM constellation may be regularly spaced (“on-
grid”) or irregularly spaced (“oft-grid”). Furthermore, the symbol constellation used by
the mapper may be optimized for best bit-error rate performance that is related to log-
likelihood ratio (LLR) and to optimizing mean mutual information bit (MMIB). The
Tx_bitstream may, for example, be the result of bits of data passing through a forward
error correction (FEC) encoder and/or an interleaver. Additionally, or alternatively, the

symbols out of the mapper 102 may pass through an interleaver.

[0017]  The pulse shaper 104 may be operable to adjust the waveform of the signal 103
such that the waveform of the resulting signal 113 complies with the spectral
requirements of the channel over which the signal 113 is to be transmitted. The spectral
requirements may be referred to as the “spectral mask™ and may be established by a

regulatory body (e.g., the Federal Communications Commission in the United States or

6
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the European Telecommunications Standards Institute) and/or a standards body (e.g.,
Third Generation Partnership Project) that governs the communication channel(s) and/or
standard(s) in use. The pulse shaper 104 may comprise, for example, an infinite impulse
response (IIR) and/or a finite impulse response (FIR) filter. The number of taps, or
“length,” of the pulse shaper 104 is denoted herein as LTx, which is an integer. The
impulse response of the pulse shaper 104 is denoted herein as hTx. The pulse shaper 104
may be configured such that its output signal 113 intentionally has a substantial amount
of inter-symbol interference (ISI). Accordingly, the pulse shaper 104 may be referred to
as a partial response pulse shaping filter, and the signal 113 may be referred to as a partial
response signal or as residing in the partial response domain, whereas the signal 103 may
be referred to as residing in the symbol domain. The number of taps and/or the values of
the tap coefficients of the pulse shaper 104 may be designed such that the pulse shaper
104 1s intentionally non-optimal for additive white Gaussian noise (AWGN) in order to
improve tolerance of non-linearity in the signal path. In this regard, the pulse shaper 104
may offer superior performance in the presence of non-linearity as compared to, for
example, a conventional near zero positive ISI pulse shaping filter (e.g., root raised
cosine (RRC) pulse shaping filter). The pulse shaper 104 may be designed as described
in one or more of: the United States patent application titled “Design and Optimization of
Partial Response Pulse Shape Filter,” the United States patent application titled
“Constellation Map Optimization For Highly Spectrally Efficient Communications,” and
the United States patent application titled “Dynamic Filter Adjustment For Highly-
Spectrally-Efficient Communications,” each of which is incorporated herein by reference,

as set forth above.

[0018] It should be noted that a partial response signal (or signals in the *“partial
response domain”) is just one example of a type of signal for which there is correlation

among symbols of the signal (referred to herein as “inter-symbol-correlated (ISC)
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signals”). Such ISC signals are in contrast to zero (or near-zero) ISI signals generated by,
for example, raised-cosine (RC) or root-raised-cosine (RRC) filtering. For simplicity of
illustration, this disclosure focuses on partial response signals generated via partial
response filtering. Nevertheless, aspects of this disclosure are applicable to other ISC
signals such as, for example, signals generated via matrix multiplication (e.g., lattice
coding), and signals generated via decimation below the Nyquist frequency such that

aliasing creates correlation between symbols.

[0019] The timing pilot insertion circuit 105 may insert a pilot signal which may be
utilized by the receiver for timing synchronization. The output signal 115 of the timing
pilot insertion circuit 105 may thus comprise the signal 113 plus an inserted pilot signal
(e.g., a sine wave at 1/4xtbaud, where fbaud is the symbol rate). An example
implementation of the pilot insertion circuit 105 is described in the United States patent
application titled “Timing Synchronization for Reception of Highly-Spectrally-Efficient

Communications,” which is incorporated herein by reference, as set forth above.

[0020]  The transmitter front-end 106 may be operable to amplify and/or upconvert the
signal 115 to generate the signal 116. Thus, the transmitter front-end 106 may comprise,
for example, a power amplifier and/or a mixer. The front-end may introduce non-linear
distortion and/or phase noise (and/or other non-idealities) to the signal 116. The non-
linearity of the circuit 106 may be represented as FnlTx which may be, for example, a
polynomial, or an exponential (e.g., Rapp model). The non-linearity may incorporate

memory (e.g., Voltera series).

[0021] The channel 107 may comprise a wired, wireless, and/or optical
communication medium. The signal 116 may propagate through the channel 107 and

arrive at the receive front-end 108 as signal 118. Signal 118 may be noisier than signal
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116 (e.g., as a result of thermal noise in the channel) and may have higher or different ISI

than signal 116 (e.g., as a result of multi-path).

[0022]  The receiver front-end 108 may be operable to amplify and/or downconvert the
signal 118 to generate the signal 119. Thus, the receiver front-end may comprise, for
example, a low-noise amplifier and/or a mixer. The receiver front-end may introduce
non-linear distortion and/or phase noise to the signal 119. The non-linearity of the circuit
108 may be represented as FnlRx which may be, for example, a polynomial, or an
exponential (e.g., Rapp model). The non-linearity may incorporate memory (e.g., Voltera

series).

[0023]  The timing pilot recovery and removal circuit 110 may be operable to lock to
the timing pilot signal inserted by the pilot insertion circuit 105 in order to recover the
symbol timing of the received signal. The output 122 may thus comprise the signal 120
minus (i.e. without) the timing pilot signal. An example implementation of the timing
pilot recovery and removal circuit 110 is described in the United States patent application
titled “Timing Synchronization for Reception of Highly-Spectrally-Efficient

Communications,” which is incorporated herein by reference, as set forth above.

[0024] The input filter 109 may be operable to adjust the waveform of the partial
response signal 119 to generate partial response signal 120. The input filter 109 may
comprise, for example, an infinite impulse response (IIR) and/or a finite impulse response
(FIR) filter. The number of taps, or “length,” of the input filter 109 is denoted herein as
LRx, an integer. The impulse response of the input filter 109 is denoted herein as hRx.
The number of taps, and/or tap coefficients of the input filter 109 may be configured
based on: a non-linearity model, Fnl, signal-to-noise ratio (SNR) of signal 120, the
number of taps and/or tap coefficients of the Tx partial response filter 104, and/or other

parameters. The number of taps and/or the values of the tap coefficients of the input
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filter 109 may be configured such that noise rejection is intentionally compromised
(relative to a perfect match filter) in order to improve performance in the presence of
non-linearity. As a result, the input filter 109 may offer superior performance in the
presence of non-linearity as compared to, for example, a conventional near zero positive
ISI matching filter (e.g., root raised cosine (RRC) matched filter). The input filter 109
may be designed as described in one or more of: the United States patent application
titled “Design and Optimization of Partial Response Pulse Shape Filter,” the United
States patent application titled “Constellation Map Optimization For Highly Spectrally
Efficient Communications,” and the United States patent application titled “Dynamic

b

Filter Adjustment For Highly-Spectrally-Efficient Communications,” each of which is

incorporated herein by reference, as set forth above.

[0025] As utilized herein, the “total partial response (h)” may be equal to the
convolution of hTx and hRx, and, thus, the “total partial response length (L)’may be
equal to LTx + LRx — 1. L may, however, be chosen to be less than LTx + LRx — 1
where, for example, one or more taps of the Tx pulse shaper 104 and/or the Rx input
filter 109 are below a determined level. Reducing L. may reduce decoding complexity of

the sequence estimation. This tradeoff may be optimized during the design of the system

100.

[0026] The equalizer and sequence estimator 112 may be operable to perform an
equalization process and a sequence estimation process. Details of an example
implementation of the equalizer and sequence estimator 112 are described below with
respect to FIG. 2. The output signal 132 of the equalizer and sequence estimator 112 may
be in the symbol domain and may carry estimated values of corresponding transmitted
symbols (and/or estimated values of the corresponding transmitted information bits of the

Tx bitstream) of signal 103. Although not depicted, the signal 132 may pass through an

10
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interleaver en route to the de-mapper 114. The estimated values may comprise soft-

decision estimates, hard-decision estimates, or both.

[0027] The de-mapper 114 may be operable to map symbols to bit sequences
according to a selected modulation scheme. For example, for an N-QAM modulation
scheme, the mapper may map each symbol to Log,(N) bits of the Rx bitstream. The
Rx_bitstream may, for example, be output to a de-interleaver and/or an FEC decoder.
Alternatively, or additionally, the de-mapper 114 may generate a soft output for each bit,
referred as LLR (Log-Likelihood Ratio). The soft output bits may be used by a soft-
decoding forward error corrector (e.g., a low-density parity check (LDPC) decoder). The
soft output bits may be generated using, for example, a Soft Output Viterbi Algorithm
(SOVA) or similar. Such algorithms may use additional information of the sequence

decoding process including metrics levels of dropped paths and/or estimated bit

probabilities for generating the LLR, where LLR(b) = log( Po ), where Py is the
b

1-P

probability that bit b=1.

[0028] In an example implementation, components of the system upstream of the
pulse shaper 104 in the transmitter and downstream of the equalizer and sequence
estimator 112 in the receiver may be as found in a conventional N-QAM system. Thus,
through modification of the transmit side physical layer and the receive side physical
layer, aspects of the invention may be implemented in an otherwise conventional N-
QAM system in order to improve performance of the system in the presence of non-

linearity as compared, for example, to use of RRC filters and an N-QAM slicer.

[0029] FIG. 2 is a block diagram depicting an example equalization and sequence
estimation circuit for use in a system configured for low-complexity, highly-spectrally-

efficient communications. Shown are an equalizer circuit 202, a signal combiner circuit

11
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204, a phase adjust circuit 206, a sequence estimation circuit 210, and non-linearity

modeling circuits 236a and 236b.

[0030] The equalizer 202 may be operable to process the signal 122 to reduce ISI
caused by the channel 107. The output 222 of the equalizer 202 is a partial response
domain signal. The ISI of the signal 222 is primarily the result of the pulse shaper 104
and the input filter 109 (there may be some residual ISI from multipath, for example, due
to use of the least means square (LMS) approach in the equalizer 202). The error signal,
201, fed back to the equalizer 202 is also in the partial response domain. The signal 201
is the difference, calculated by combiner 204, between 222 and a partial response signal
203 that is output by non-linearity modeling circuit 236a. An example implementation of
the equalizer is described in the United States patent application titled “Feed Forward
Equalization for Highly-Spectrally-Efficient Communications,” which is incorporated

herein by reference, as set forth above.

[0031] The carrier recovery circuit 208 may be operable to generate a signal 228
based on a phase difference between the signal 222 and a partial response signal 207
output by the non-linearity modeling circuit 236b. The carrier recovery circuit 208 may
be as described in the United States patent application titled “Coarse Phase Estimation for
Highly-Spectrally-Efficient Communications,” which is incorporated herein by reference,

as set forth above.

[0032] The phase adjust circuit 206 may be operable to adjust the phase of the signal
222 to generate the signal 226. The amount and direction of the phase adjustment may be
determined by the signal 228 output by the carrier recovery circuit 208. The signal 226 is
a partial response signal that approximates (up to an equalization error caused by finite
length of the equalizer 202, a residual phase error not corrected by the phase adjust circuit

206, non-linearities, and/or other non-idealities) the total partial response signal resulting

12
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from corresponding symbols of signal 103 passing through pulse shaper 104 and input
filter 109.

[0033] The buffer 212 bufters samples of the signal 226 and outputs a plurality of
samples of the signal 226 via signal 232. The signal 232 is denoted PR1, where the
underlining indicates that it i1s a vector (in this case each element of the vector
corresponds to a sample of a partial response signal). In an example implementation, the

length of the vector PR1 may be Q samples.
[0034] Input to the sequence estimation circuit 210 are the signal 232, the signal 228,
and a response h. Response h is based on h (the total partial response, discussed above).

For example, response h may represent a compromise between h (described above) and a

filter response that compensates for channel non-idealities such as multi-path. The

response h may be conveyed and/or stored in the form of LTx + LRx - 1 tap coefficients

resulting from convolution of the LTx tap coefficients of the pulse shaper 104 and the

LRx tap coefficients of the input filter 109. Alternatively, response h may be conveyed
and/or stored in the form of fewer than LTx + LRx — 1 tap coefficients—for example,
where one or more taps of the LTx and LRx is ignored due to being below a determined
threshold. The sequence estimation circuit 210 may output partial response feedback
signals 205 and 209, a signal 234 that corresponds to the finely determined phase error of
the signal 120, and signal 132 (which carries hard and/or soft estimates of transmitted
symbols and/or transmitted bits). An example implementation of the sequence estimation

circuit 210 1s described below with reference to FIG. 3.

[0035]  The non-linear modeling circuit 236a may apply a non-linearity function Fnl (a
model of the non-linearity seen by the received signal en route to the circuit 210) to the

signal 205 resulting in the signal 203. Similarly, the non-linear modeling circuit 236b

13
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may apply the non-linearity function Fnl to the signal 209 resulting in the signal 207.
Fnl may be, for example, a third-order or fifth-order polynomial. Increased accuracy
resulting from the use of a higher-order polynomial for Fnl may tradeoff with increased
complexity of implementing a higher-order polynomial. Where FnlTx is the dominant
non-linearity of the communication system 100, Fnl modeling only FnlTx may be
sufficient. Where degradation in receiver performance is above a threshold due to other
non-linearities in the system (e.g., non-linearity of the receiver front-end 108) the model

Fnl may take into account such other non-linearities

[0036] FIG. 3 is a block diagram depicting an example sequence estimation circuit for
use in a system configured for low-complexity, highly-spectrally-efticient
communications. Shown are a candidate generation circuit 302, a metrics calculation
circuit 304, a candidate selection circuit 306, a combiner circuit 308, a buffer circuit 310,
a buffer circuit 312, a phase adjust circuit 314, and convolution circuits 316a and 316b.
The sequence estimation process described with respect to FIG. 3 is an example only.
Many variations of the sequence estimation process are also possible. For example,
although the implementation described here uses one phase survivor per symbol survivor,
another implementation may have PSu (e.g., PSu < Su) phase survivors that will be used

commonly for each symbol survivor.

[0037] For each symbol candidate at time n, the metrics calculation circuit 304 may be

operable to generate a metric vector D!..DMS"Pbased on the partial response signal

PRI, the signal 303a conveying the phase candidate vectors PC!..PCM™S" ~and the

n

Mx SuxP
n

signal 303b conveying the symbol candidate vectors &l& , where underlining
indicates a vector, subscript n indicates that it is the candidate vectors for time n, M is an
integer equal to the size of the symbol alphabet (e.g., for N-QAM, M is equal to N), Su is

an integer equal to the number of symbol survivor vectors retained for each iteration of

14
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the sequence estimation process, and P is an integer equal to the size of the phase
alphabet. In an example implementation, the size of phase alphabet is three, with each of
the three symbols corresponding to one of: a positive shift, a negative phase shift, or zero
phase shift, as further described below with respect to FIGS. SA-5E and in the United
States patent application titled “Fine Phase Estimation for Highly Spectrally Efficient
Communications,” which is incorporated herein by reference, as set forth above. In an
example implementation, each phase candidate vector may comprise Q phase values and
each symbol candidate vector may comprise Q symbols. An example implementation of

the metrics calculation block is described below with reference to FIG. 4.

[0038] The candidate selection circuit 306 may be operable to select Su of the symbol

candidates SC!..SCY**Pand Su of the phase candidates PC!..PCM"*"based on the

. .D:}]AXSUXP .

metrics D, The selected phase candidates are referred to as the phase

1 S

survivors @l@f“ Each element of each phase survivors may

correspond to an estimate of residual phase error in the signal 232. That is, the phase

error remaining in the signal after coarse phase error correction via the phase adjust
circuit 206. The best phase survivor @:] i1s conveyed via signal 307a. The Su phase

survivors are retained for the next iteration of the sequence estimation process (at which

time they are conveyed via signal 301b). The selected symbol candidates are referred to
as the symbol survivors SS'..8S5Y. Each element of each symbol survivors
SS!..8S°" may comprise a soft-decision estimate and/or a hard-decision estimate of a
symbol and/or information bits of the signal 232. The best symbol survivorﬁl 1s

conveyed to symbol buffer 310 via the signal 307b. The Su symbol survivors are
retained for the next iteration of the sequence estimation process (at which time they are

conveyed via signal 301a). Although, the example implementation described selects the
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same number, Su, of phase survivors and symbol survivors, such is not necessarily the
case. Operation of example candidate selection circuits 306 are described below with

reference to FIGs. 5D and 6A—6B.

[0039] The candidate generation circuit 302 may be operable to generate phase

candidates &;...@gﬂxsuxp and symbol candidates gl..&g“s“xp from phase survivors

Su

-1, wherein the index n-1 indicates that

PS! ,..PSSY and symbol survivors SS! ,..SS
they are survivors from time n-1 are used for generating the candidates for time n. In an
example implementation, generation of the phase and/or symbol candidates may be as,
for example, described below with reference to FIGS. 5A-5C and/or in the United States
patent application titled “Low-Complexity, Highly-Spectrally-Efficient

Communications,” which is incorporated herein by reference, as set forth above.

[0040]  The symbol buffer circuit 310 may comprise a plurality of memory elements
operable to store one or more symbol survivor elements of one or more symbol survivor
vectors. The phase buffer circuit 312 may comprise a plurality of memory elements
operable to store one or more phase survivor vectors. Example implementations of the
bufters 310 and 312 are described in the United States patent application titled “Low-
Complexity, Highly-Spectrally-Efficient Communications,” which is incorporated herein
by reference, as set forth above.

[0041] The combiner circuit 308 may be operable to combine the best phase survivor,
@:], conveyed via signal 307a, with the signal 228 generated by the carrier recovery
circuit 208 (Fig. 2) to generate fine phase error vector E:], conveyed via signal 309,
which corresponds to the finely estimated phase error of the signal 222 (Fig. 2). At each

time n, fine phase error vector FPE:]_1 stored in phase bufter 312 may be overwritten by

FPE!

ne
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[0042] The phase adjust circuit 314 may be operable to adjust the phase of the signal
315a by an amount determined by the signal 234 output by phase buffer 312, to generate
the signal 205.

[0043]  The circuit 316a, which performs a convolution, may comprise a FIR filter or
IIR filter, for example. The circuit 316a may be operable to convolve the signal 132 with

response , resulting in the partial response signal 315a. Similarly, the convolution circuit
316b may be operable to convolve the signal 317 with response h , resulting in the partial

response signal 209. As noted above, response ﬁmay be stored by, and/or conveyed to,
the sequence estimation circuit 210 in the form of one or more tap coetficients, which
may be determined based on the tap coefficients of the pulse shaper 104 and/or input

filter 109 and/or based on an adaptation algorithm of a decision feedback equalizer

(DFE). Response h may thus represent a compromise between attempting to perfectly
reconstruct the total partial response signal (103 as moditied by pulse shaper 104 and
input filter 109) on the one hand, and compensating for multipath and/or other non-
idealities of the channel 107 on the other hand. In this regard, the system 100 may
comprise one or more DFEs as described in one or more of: the United States patent
application titled “Decision Feedback Equalizer for Highly-Spectrally-Efficient
Communications,” the United States patent application titled “Decision Feedback
Equalizer with Multiple Cores for Highly-Spectrally-Efticient Communications,” and the
United States patent application titled “Decision Feedback Equalizer Utilizing Symbol
Error Rate Biased Adaptation Function for  Highly-Spectrally-Efficient

Communications,” each of which is incorporated herein by reference, as set forth above.

[0044]  Thus, signal 203 is generated by taking a first estimate of transmitted symbols,
(an element of symbol survivor gj] ), converting the first estimate of transmitted

symbols to the partial response domain via circuit 316a, and then compensating for non-
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linearity in the communication system 100 via circuit 236a (FIG. 2). Similarly, signal

207 is generated from a second estimate of transmitted symbols (an element of symbol
survivor g}) that is converted to the partial response domain by circuit 316b to generate
signal 209, and then applying a non-linear model to the signal 209b to compensate for

non-linearity in the signal path.

[0045]  FIG. 4 1s a block diagram depicting an example metrics calculation circuit for
use in a system configured for low-complexity, highly-spectrally-efticient
communications. Shown is a phase adjust circuit 402, a convolution circuit 404, a cost
function calculation circuit 406, and non-linear modeling circuit 408. The phase adjust
circuit 402 may phase shift one or more elements of the vector PR1 (conveyed via signal

232) by a corresponding one or more values of the phase candidate vectors

pc!..PCMS"P  The signal 403 output by the phase adjust circuit 402 thus conveys a
plurality of partial response vectors PR2:]...PR2¥'XS“XP, each of which comprises a

plurality of phase-adjusted versions of PR1.

[0046]  The circuit 404, which performs a convolution, may comprise a FIR filter or

IIR filter, for example. The circuit 404 may be operable to convolve the symbol
candidate vectors gl...ggﬂxsuxp with h. The signal 405 output by the circuit 404 thus

conveys vectors SCPR:]...SCPR',\]"XS“XP, each of which is a candidate partial response

vector. The disclosure, however, may not limited to application of convolution during
sequence estimation, which (the convolution) be only a particular approach used in
instances where the system is configured for partial response based communication. In

general, linear combination may be applied (e.g., in the form of matrix multiplication)

Mx SuxP

between the candidate vectors &l&n

and a corresponding plurality of linear

combination weights. In other words, linear combination (e.g., matrix multiplications)
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may be associated with use ISC signals at large, while convolution may be particularly
associated with partial response signals. This claim covers ISC signals—i.e. the
convolution of symbols with partial response taps may be equivalent to an application of

linear combination of symbols with the filter taps being the linear combination weights.

[0047]  The non-linear modeling circuit 408 may apply the non-linearity function Fnl
(e.g., model of the non-linearity seen by the received signal en route to the circuit 210) to

the signal 405 resulting in the signal 407. The signal 407 output by the circuit 408 thus

conveys vectors SCPRNL!.SCPRNLY™S*P each of which is a non-linear adjusted

candidate partial response vector.

[0048] Metrics related to the sequence estimation candidates may be accumulated at
each iteration with the candidate branch metric being calculated for the new received
sample. In instances where the non-linear model incorporates memory (e.g., the outcome
of the model output may be a function of previous partial response samples) the metric
may be updated regressively. For example, assuming that the non-linear model has
memory of order 1 (i.e. the output of the non-linear model depends on the current input
and the previous one), the metric update may need to regressively modity the previous
branch metric to reflect the memory depth on 1. In other words, in instances where the
memory depth of the non-linear model is m, at each iteration the metric associated with
any given candidate should be updated such that to regress m previous branch metrics

along with the new metric related to the new coming sample.

[0049]  The cost function circuit 406 may be operable to generate metrics indicating

MxSuxP
n

the similarity between one or more of the partial response vectors PR2:]...PR2 and

one or more of the vectors SCPRNL'.SCPRNLYW®“Fto generate error metrics
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D! .DMS"P " In an example implementation, the error metrics may be Euclidean

distances calculated as shown below in equation 1.

2

EQ. 1

DI = ‘(SCPRNLL)—(PR2L)

for 1 <1< MxSuxP.

[0050] FIGS. 5A-5E depict portions of an example sequence estimation process
performed by a system configured for joint sequence estimation of symbol and phase
with high tolerance of nonlinearity. In FIGS. SA-5E it is assumed, for purposes of
illustration, that M=4 (a symbol alphabet of a, B, ¥, ), Su=3 (three symbol survivors are
selected each iteration), Psu=Su (three phase survivors are selected each iteration), P=3 (a

phase alphabet of plus, minus, and zero), and that Q (vector length) is 4.

[0051] Referring to FIG. 5A, there is shown phase and symbol survivors from time n-
1 on the left side of the figure. The first step in generating symbol candidates and phase
candidates from the survivors, with high tolerance of nonlinearity, is to duplicate the
survivors, shift the contents in each of the resulting vectors called out as 502 on the right
side of FIG. 5A, and additionally, for each of the symbol vectors, insert ‘0’ in the vacant
element(s). In the example implementation depicted, the survivors are duplicated M*P-1
times and shifted one element, with ‘0’ inserted in the right-most elements of the symbol

vectors.

[0052] Referring to FIG. 5B, the next step in generating the candidates is inserting

symbol values in the symbol vectors and phase values in the phase vectors, resulting in
the vectors, @n , and phase candidates, PC  for time n (called out as 504 in FIG. 5B).

In this regard, for the phase vectors, the phase values are inserted in the vacant elements
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of the phase vectors. For the symbol vectors, however, the symbol values are inserted in

the [n-1] element rather than the [n] element of the symbol vectors.

[0053] Insertion of the symbol values into the [n-1] elements rather than the [n]
element of the symbol vector may enhance estimation process in light of the use of partial
response pulse shaping, and in light of the presence of nonlinearities in the transmitter
and/or receivers. In this regard, because partial response signals are generated by
applying a convolution function between the partial response filter taps and the mapped
symbols, any symbol may typically affect a number of samples equal to the length of the
partial response. The (unknown) most-recent symbol which may be up for estimation,
however, may affect only the most-recent received sample. The contribution of the most-
recent symbol is factored by the earliest partial response filter tap which may be
configured to have relatively low amplitude in order to allow optimal pulse shaping as
described, for example, in the United States patent application titled “Design and
Optimization of Partial Response Pulse Shape Filter,” which is incorporated herein by
reference, as set forth above” which is hereby incorporated herein by reference in its
entirety. Therefore, the impact of the most-recent symbol on the most-recent sample of
the received signal may be small. Consequently, estimation of the most-recent symbol
may be susceptible to even low levels of noise or interference—e.g., even a low level of
AWGN may cause error in estimating the most-recent symbol. Errors in estimating the
most-recent symbol may, in turn, impact the estimation of subsequent symbols and lead
to an error burst. Thus, due to the possible low reliability in estimating the most-recent
symbol, and the fact that the sequence estimation may be limited to M*Su candidates,
which are very small subset of the state space, M™(L-1), the survivors selection may lead
to error bursts that may not otherwise occur with full MLSE search. Accordingly, to
improve sequence estimation performance without increasing number of survivors

(which would increase complexity), the branch metrics may calculated for the 2™
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element (i.e. the [n-1] element) in each symbol candidate, which may actually be the
previous unknown symbol. In order to calculate such metrics, however, a “filler” value
may need to be populated in the 1% element of the candidate vectors such that the metrics
are a fair comparison between the candidates. Accordingly, the filler values may be
determined using, for example, inverse calculation for each survivor candidate to satisfy
the cost function. The filler values may be calculated by, for example, the sequence
estimation circuit 112. Inverse calculation is described in more detail with respect to
FIG. 5C (below). Because inverse calculation may perform lower than the Maximum
Likelihood (thus may cause degradation to the overall error rate), it may be necessary to
repeat the estimation of symbol (for the 1* element) using a search. In other words, the
filler value is used only for calculating the branch metric during this iteration and then is

discarded and/or overwritten in the next iteration. For example, in FIG. 5A, the o in the

1*" element of SS._,, the o in the 19 element of SS:_, and Bin the 1 element of SS. |

22n-1» 22n-1»

may have each been filler values which are then discarded in FIG. 5B.

[0054] In the example implementation depicted, each of the M possible symbol values
is inserted into Su*P symbol candidates at element [n-1] of the symbol vectors, and each
of the P phase values may be inserted into M*Su candidates, at the vacant [n] element. In

this regard, in the example implementation depicted, 85 i1s a reference phase value

calculated based on phase survivor P_Slll_l. For example, 65 may be the average (or a

weighted average) of the last two or more elements of the phase survivor P_Slll_1 (in the

example shown, the average over the last two elements would be (65+0)/2). In the
example implementation depicted, 64 = 05 — A, and 66 = 65 + AO, where A 1s based
on: the amount of phase noise in signal 226 , slope (derivative) of the phase noise in
signal 226, signal-to-noise ratio (SNR) of signal 226, and/or capacity of the channel 107.

Similarly, in the example implementation shown, 68 is a reference phase value calculated
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based on phase survivorP_Si_l, 07 = 08 — AB, 69 = 68 + A0, 011 is a reference phase

value calculated based on phase survivor P_Si_1 ,010=011-A6, and 62 =611 + A6.

[0055]  Referring to FIG. 5C, the next step is generating filler values for the n™
elements in the symbol vectors (i.e. for insertion into elements [n] in the symbol vectors),
resulting in the symbol candidates SC!...SCY****F and phase candidates PC’..pCM<S"F
(shown as 506 in FIG. 5C). In this regard, the symbol estimates for the n™ elements may

be calculated based on best match with the received signal for purposes of making a fair

comparison between the candidates.

[0056] The generation of the symbol estimates may be calculated to minimize cost
function, using inverse calculation (per each candidate). In this regard, the symbol
estimate calculation may be based on, for example, the symbols, partial response, and
noise. For example, assuming a linear channel, the partial response received signal can

be expressed by:

where x, i1s the received signal at the receiver at instant n, h is a vector of the tap
coefficients of the Tx partial response, al is the transposed transmitted symbols vector

(i.e. the transmitted symbols resulting in x,), and w,, is the noise (e.g., additive white

Gaussian noise or AWGN).

[0057] For the linear channel case, the sequence estimation may be configured to

. = 2 - :
minimize the squared error: |@h-h — x,|", where @ is the estimated symbols vector
which provides the minimal value and h is the partial response filter used by the sequence

estimation. Assuming candidate symbol vector @l = [@,,d,, ..., @y], which has its most-
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recent element (dy) set to zero and its 2™ element (@y_4) set to one of the possible

values of the symbol to be estimated (i.e. assuming a candidate symbol vector that is the
transpose of one of the symbol vectors in EHFIG. S5B) , a missing contribution

parameter related to @y may be determined to be:

Xn — Eﬂ ) E
hy
where h; correspond to the coefficient of the 1st tap of the partial response used for

sequence estimation.

[0058]  Accordingly, the inverse calculation for n™ element of the estimated symbols
vector, dy , assuming a linear channel, may be determined by, for example, slicing the
contribution parameter according to the symbol constellation used for the transmitted
symbols, as expressed in equation 2 (EQ. 2):

n- @5 ) E}

R . (x
ay = slice =
1

[0059] In the presence of non-linearities, however, symbol candidate estimation may
need to be configured to specifically account for nonlinearities. Thus, assuming that the
distortion (e.g., nonlinear) experienced by the received signal is known to the receiver, a
model of the non-linear distortion may be used during sequence estimation such that the
non-linear distortion may be tolerated almost without any degradation (e.g., as
determined by SER). In the presence of nonlinearity, The received signal may be

expressed as:
x, = Fnl{al - h} + w,
where Fnl{} is the non-linear function. The non-linear model may, for example, be

expressed as: Fnl{al -h, al_, - h,..,a’_, - h}.
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[0060] The estimation algorithm may be, for example, configured to minimize squared
distance (Euclidian) cost function. The distance may be calculated between the received
(equalized) signal samples and the reconstructed signal candidates. The candidate which
may minimize the cost function (i.e. the best metrics) becomes the estimation solution
(i.e. 1s selected as a survivor). If the generation of the symbol candidate does not
consider the actual response of the signal (e.g., including non-linearities), the sequence
estimation may converged to wrong solution(s). Accordingly, in an example

embodiment, the non-linear model may be applied for each of the partial response

MxSuxP
n

reconstructed candidates (SCPR}I...SCPR ) prior to applying the cost function

calculation (as shown in FIG. 4). Thus, the reconstructed candidates may experience the
same response (e.g., including non-linearity) as the received signal and the cost function
minimization may be precise and achieve solutions comparable to Maximum Likelihood
(ML) solutions.

[0061] For example, assuming that @’ is a candidate symbol vector (e.g., one of the

symbol candidates SC!..SCM™S“P) then applying the non-linear model to that vector
n n pplying

would result in: , Fnl{@® - h}, the reconstructed partial response signal incorporating the

non-linear model (e.g., a most-recent sample of one of SCPRNL,..SCPRNL. "), The

MxSuxP
.DY

squared error signal (e.g., one of D ) may then be revised to the form: |x, —

Frifal - B

[0062] In an example implementation, the combination of the revised sequence
estimation process described above and the incorporation of the non-linear model may be
further adjusted. For example, because the candidates initially (after 504 of FIG. 5B)

have zeros instead of the most-recent symbol, the execution of the non-linear model may

incorporate some error in comparison to a fully symbol populated candidates. Assuming
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that the error is sufficiently small (because of the small contribution of the most-recent
symbol due to the substantial ISI in PR implementations), the error may be corrected

using, for example, linear extrapolation:

i +48y) = fu () + fa () - Ay

_ iy +Ay) — fu ()
far )

Where fy, (y) is the slope of the non-linear model fy,(y), both are known to the receiver.

Ay

[0063] Assuming that Ay = @, - h;, which is the contribution of the unknown most-
recent symbol candidate @y, and y = &% - h is the known contribution of candidate vector
a}, then the unknown most-recent symbol under the non-linear model may be
determined, as expressed in equation 3 (EQ. 3), to be:

Av = @ i\l =xn_fNL{Q1’I;'ﬁ}
Yo E e )

[0064] Therefore, the value of the most-recent symbol may be the value obtained by

slicing,(according to the symbol constellation in use), the value obtained from equation 3,

as shown in equation 4 (EQ. 4), which to generate the filler values used in FIG. 5C.

Xn — fNL{QZ ) ﬁ}
f]\,IL{QE ﬁ} ) El ]

ay = slice[
Where:
5Y —_[qY 7Y y
a’ =[aj,ay,...,a; ,0]

[0065]  Accordingly, the y™ symbol vector candidate (e.g., as shown in 506) used to

generate the metrics may be expressed as:
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SC, =[a{,....Sym”,4;]
where Sym” may be one of the M possible symbol
values inserted for the search (e.g., the shifted nth element of the same candidate in the

previous iteration)

[0066] Referring to FIG. 5D, with reference to FIG. 4. The symbol candidates are
then transformed to the partial response domain via a convolution (e.g., in circuit 404)
and the non-linear model may then be applied to all the candidates (e.g., by non-linearity

function Fnl in circuit 408), the reference signal PR1 is phase adjusted, and then the

1 MxSuxP
D!..D"

metrics are calculated based on the partial response signals

PR2!. PR2YS“*" and SCPRNL!...SCPRNLM*S"P

[0067] Referring to FIG. SE, the metrics calculated in FIG. 5D are used to select
which of the candidates generated in FIG. 5C are selected to be the survivors for the next
iteration of the sequence estimation process. FIG. SE depicts an example implementation
in which the survivors are selected in a single step by simply selecting Su candidates

corresponding to the Su best metrics. In the example implementation depicted, it is

assumed that metric D}* is the best metric, that D'® is the second best metric, and that
D30 is the third-best metric. Accordingly, symbol candidate &:]4 is selected as the best
symbol survivor, @:]4 is selected as the best phase survivor, symbol candidate &:]6 1s
selected as the second-best symbol survivor, PC!° is selected as the second-best phase

survivor, symbol candidate gﬁo 1s selected as the third-best symbol survivor, and @20

is selected as the third-best phase survivor. The survivor selection process of FIG. SE
may result in selecting identical symbol candidates which may be undesirable. An
Example of survivor selection process that prevents redundant symbol survivors is

described in FIG. 6 and in the United States patent application titled “Low-Complexity,
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Highly-Spectrally-Efficient Communications,” which is incorporated herein by reference,

as set forth above.

[0068] FIG. 6 is a flowchart illustrating an example process for sequence estimation,
with high tolerance of nonlinearity, for reception of partial response signals. The process
begins with block 602 in which a first partial response vector (e.g., PR1) is input to a
vector calculation circuit (e.g., circuit 402). In block 604, a plurality of second partial

MxSuxP

response phase vectors (e.g., P_RZIllP_RZn

) are generated based on the first partial

MxSuxP

response vector and a plurality of phase candidate vectors (e.g., P_CrllP_Cn

). In block

MxSux

P :
n ) are convolved with a

606, a plurality of candidate symbol vectors (e.g., gig

plurality of tap coefficients (e.g., tap coefficients corresponding to response ﬁ) to

).

Furthermore, in some instances the non-linearity model, Fnl, may be applied to the

generate a plurality of third partial response symbol vectors (e.g., SCPRi...SCPREAXSUXP

plurality of third partial response symbol vectors to generate a plurality of non-linear

adjusted candidate partial response vector SCPRNL:]...SCPRNL&"XS“XP ). In block 608,

metrics (e.g., Euclidean distances between the vectors) are generated based on the second
partial response phase vectors and the third partial response vector are generated (e.g., by
circuit 406). In block 610, one or more of the candidate vectors is selected based on the
metrics generated in block 608. In block 612, a symbol a best one of the survivor vectors
(e.g., survivor vector corresponding to the lowest metric) is output to as an estimated

transmitted symbol to a de-mapper.

[0069] In an example implementation of this disclosure, a receiver may receive a
single-carrier inter-symbol correlated (ISC) signal (e.g., signal 68 or signal 120) that was
generated by passage of symbols through a non-linear circuit (e.g., circuit 106 and/or

circuit 108). The receiver may generate estimated values of the transmitted symbols
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using a sequence estimation process (e.g., implemented by circuit 62) and a model of
non-linear circuit (e.g., implemented by circuit(s) 236a and/or 236b). The ISC signal
may be a partial response signal generated via a partial response filter (e.g., a partial
response filter comprising filter(s) 104 and/or 109). The receiver may generate an ISC
teedback signal (e.g., signal 203), and control an equalizer of the receiver based on the
ISC feedback signal. The receiver may generate an ISC feedback signal (e.g., signal

207), and control a carrier circuit based on the ISC feedback signal.

[0070] The sequence estimation process may comprise convolving each one of a

MxSuxP
n

plurality of candidate symbol vectors (e.g., each one of vectors gig ) with a

plurality of tap coefficients to generate a corresponding one of a plurality of first ISC

MxSuxP

N ). Furthermore, in some instances non-

vectors (e.g., one of vectors SCPRlll...SCPR
linearity model, Fnl, may be applied to the plurality of first ISC vectors to generate a

plurality of non-linear adjusted ISC vectors SCPRNL!.. SCPRNLMS"*) The sequence

estimation process may comprise generating a plurality of metrics (e.g., metrics

Drll...DfXSuXP ), each one of the metrics corresponding to the result of a cost function

calculated using one of the first ISC vectors (e.g., SCPRi) and a second ISC vector (e.g.,
P_RZIll). The plurality of tap coefficients may be based on tap coefficients of a partial

response filter (e.g., tap coefficients of filter(s) 104 and/or 109). The sequence estimation

process may comprise selecting one of the candidate symbol vectors ( g}l) based on the

plurality of metrics. The sequence estimation process may comprise outputting a symbol

of the selected candidate symbol vector (e.g., the symbol at index g2 of symbol candidate

gi) as one of the estimated values of the transmitted symbols.
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[0071] Other implementations may provide a non-transitory computer readable
medium and/or storage medium, and/or a non-transitory machine readable medium
and/or storage medium, having stored thereon, a machine code and/or a computer
program having at least one code section executable by a machine and/or a computer,
thereby causing the machine and/or computer to perform the processes as described

herein.

[0072] Methods and systems disclosed herein may be realized in hardware, software,
or a combination of hardware and software. Methods and systems disclosed herein may
be realized in a centralized fashion in at least one computing system, or in a distributed
tashion where different elements are spread across several interconnected computing
systems. Any kind of computing system or other apparatus adapted for carrying out the
methods described herein is suited. A typical combination of hardware and software may
be a general-purpose computing system with a program or other code that, when being
loaded and executed, controls the computing system such that it carries out methods
described herein. Another typical implementation may comprise an application specific
integrated circuit (ASIC) or chip with a program or other code that, when being loaded

and executed, controls the ASIC such that is carries out methods described herein.

[0073] While methods and systems have been described herein with reference to
certain implementations, it will be understood by those skilled in the art that various
changes may be made and equivalents may be substituted without departing from the
scope of the present method and/or system. In addition, many modifications may be
made to adapt a particular situation or material to the teachings of the present disclosure
without departing from its scope. Therefore, it is intended that the present method and/or
system not be limited to the particular implementations disclosed, but that the present
method and/or system will include all implementations falling within the scope of the

appended claims.
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CLAIMS

What is claimed is:
1. A method, comprising:
receiving, in a sequence estimation circuit, a sample of a received inter-symbol
correlated (ISC) signal corresponding to a transmitted vector of symbols,
wherein each of said symbols is one of a plurality of symbols in a particular
constellation; and
generating an estimate of said transmitted vector of symbols using a reduced state
sequence estimation (RSSE) process, wherein:
a model of non-linear distortion experienced by said ISC signal is used
during said sequence estimation process;
each iteration of said RSSE process comprises generating a plurality of
symbol candidate vectors;
a first element of each of said symbol candidate vectors holds a respective
one of said plurality of symbols in said particular constellation; and
said first element is an estimate of a symbol of said transmitted vector of
symbols other than a most-recent symbol of said transmitted vector

of symbols.

2. The method of claim 1, wherein a second element of each of said symbol

candidate vectors holds a respective one of a plurality of calculated filler values.

3. The method of claim 2, wherein said second element is a more-recent element

than said first element.
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4. The method of claim 2, comprising:

calculating a contribution of said most-recent symbol of said transmitted vector of
symbols to said received sample of said received ISC signal; and

calculating said filler value by slicing said contribution according to said particular

constellation.

5. The method of claim 4, wherein said calculating said contribution comprises
generating a plurality of zero-filled symbol candidate vectors wherein said first element
of each of said zero-filled symbol candidate vectors holds a respective one of said
plurality of symbols in said particular constellation and elements of said zero-filled

symbol candidate vectors more-recent than said first element hold zeroes.

6. The method of claim 1, comprising generating, when said received ISC signal is
a partial response signal, a plurality of partial response symbol candidate vectors by

convolving said plurality of symbol candidate vectors with a plurality of tap coefficients.
7. The method of claim 6, comprising generating a plurality of reconstructed
partial response symbol candidate vectors by applying a non-linear model to each of said
plurality of partial response symbol candidate vectors.
8. The method of claim 7, comprising generating said plurality of metrics based on
said plurality of reconstructed partial response symbol candidates and said sample of said

received partial response signal.

9. The method of claim 1, wherein:
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said most-recent symbol 1s a first symbol of said transmitted vector of symbols;
and
said symbol other than said most-recent symbol is a second symbol of said

transmitted vector of symbols.

10. The method of claim 1, wherein each iteration of said RSSE process comprises

generating a plurality of phase candidate vectors.

11. A system comprising:
a sequence estimation circuit operable to:
receive a sample of a received inter-symbol correlated (ISC) signal
corresponding to a transmitted vector of symbols, wherein each of
said symbols is one of a plurality of symbols in a particular
constellation; and
generate an estimate of said transmitted vector of symbols using a reduced
state sequence estimation (RSSE) process, wherein:

each iteration of said RSSE process comprises generating a plurality
of symbol candidate vectors;

a first element of each of said symbol candidate vectors holds a
respective one of said plurality of symbols in said particular
constellation; and

said first element is an estimate of a symbol of said transmitted
vector of symbols other than a most-recent symbol of said

transmitted vector of symbols.
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12. The system of claim 11, wherein a second element of each of said symbol

candidate vectors holds a respective one of a plurality of calculated filler values.

13. The system of claim 12, wherein said second element is a more-recent element

than said first element.

14. The system of claim 12, wherein said sequence estimation circuit is operable
to:
calculate a contribution of said most-recent symbol of said transmitted vector of
symbols to said received sample of said received ISC signal; and
calculate said filler value by slicing said contribution according to said particular

constellation.

15. The system of claim 14, wherein said calculation of said contribution
comprises generation of a plurality of zero-filled symbol candidate vectors wherein said
first element of each of said zero-filled symbol candidate vectors holds a respective one
of said plurality of symbols in said particular constellation and elements of said zero-

filled symbol candidate vectors more-recent than said first element hold zeroes.

16. The system of claim 11, wherein said sequence estimation circuit is operable
to generate, when said received ISC signal is a partial response signal, a plurality of
partial response symbol candidate vectors by convolving said plurality of symbol

candidate vectors with a plurality of tap coefficients.

17. The system of claim 16, wherein said sequence estimation circuit is operable

to generate a plurality of reconstructed partial response symbol candidate vectors by
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application of a non-linear model to each of said plurality of partial response symbol

candidate vectors.

18. The system of claim 17, wherein said sequence estimation circuit is operable
to generate said plurality of metrics based on said plurality of reconstructed partial

response symbol candidates and said sample of said received partial response signal.

19. The system of claim 11, wherein:

said most-recent symbol is a first symbol of said transmitted vector of symbols;
and

said symbol other than said most-recent symbol is a second symbol of said

transmitted vector of symbols.

20. The system of claim 11, wherein each iteration of said RSSE process

comprises generating a plurality of phase candidate vectors.

21. A method comprising:
in a sequence estimation circuit:
receiving a sample of an inter-symbol correlated (ISC) signal
corresponding to a vector of transmitted symbols, said vector of
symbols comprising at least a first symbol transmitted during a first
symbol time and a second symbol transmitted during a second
symbol time that immediately preceded said first symbol time;
calculating one or more branch metrics based on said received sample; and
generating an estimated value of said second symbol based on said

calculated one or more branch metrics.

35



PCT/IB2013/001923

WO 2014/016681

1/10

L Ol
urewop m urewop m m ulrewop m urewop
ng | loqufs | ' |loquAg L oug
| | (1S] @48n88) | |
! ! ulewop asuodsay |eiled ! |
| | | |
| | | |
| | | W
i i i |
SHG XY ] ETINEY] ia ¢ pug pug uasul N SHG XL
< Bmmam_\,_ me_. bas j011d (YT chv Juol4 [uyon Juol4 1011d AQ._.._ X14) Jaddep j¢—
d ® 03 Buiwi L Jayji4 Induy X < X1 Buiwi | Jadeys ss|nd
7 7 7 7 7 204 /= S S S
il | cll | oLl 601 801 90l GOl I 10l I 20l
| | | |
L zel -zl ozl 6Ll gLl all GLI eLl , 0] |

00l



PCT/IB2013/001923

WO 2014/016681

2/10

¢ Old

\
162 v
ug T Alanoooy
—~ Jalien
< <
q9ec 80¢
3 6oz \gze
H .
¢ Nﬂmr uonewnsy Tad Isnlpy b
<« | soyng &< < uonezienby e
<« | ®ouenbes 2554 gzz | °Seud | zzz zd)
vz < < < <
o0L¢c cle 90¢ 20¢
G0c
Ud 2
€0c 102
NWMN ¥0¢

495



PCT/IB2013/001923

3/10

N E |

WO 2014/016681

60¢
y——»| "AUOD Y
j
q9le
qGLeN]
U= U—...u
< soyng | ,SS < angxd 1 d uonenoen| tdd
Ner [oquAS DNmm mﬁmu SoBA NW z
< uolo8|les
ore y e ajepipue) A A vrom
e, || ese Y + c \
vee Ud 60€ €08 Uag-Ung eg0g
- 80€ S SISy L
cle 90€ qeos’  |axngpd T, 0d
8¢¢C
! 7
l-Us—--- - Uz
UGS 4 qLoe  “hgSd ,Sd uolnelsuss
< sjepipued
o -~ I-Uaa - -Uaa
EQLE e
ecLe 10E ngSS ,SS Mom
Jsnlpe
aseyd

le A

G0Z 0Le



PCT/IB2013/001923

WO 2014/016681

4/10

v "Old

ud
J
u e
gy INUAOS ™ TNYADS gy 34087 ¥dOS
S [ud O UoNN|OAUOD fa—
0% SOy ngqe0S [0S GE0E
- el
80 14\0%
<z | e S e
Go¢ mx5mx§ﬁ— HQ ey QXSmXZNM—m HNM—Q \ 282
0¥
a0
Us T UR7 ~
s dd " 0d egos

4/

¥0€



PCT/IB2013/001923

WO 2014/016681

5/10

502

y

M

y

MxP

y:

0] 0]61l

0] 0]61l

0]0]6l

0] 0]61l

0] 0]61l

0] 0]61l

0]0]6l

0] 0]61l
0] 0]61l

0] 0]61l

0]0]6l
0] 0]61l

d|lala|0
d|lala|0
d|lala|0
d|la|lal0
d|lala|0
d|lala|0
d|lala|0
d|la|lal0
d|lala|0
d|lala|0

dlalal0
d|alal|0

1
+

o

3 .

I

>

O[O | [ [ [N
DD |D|D|D (DD |D|D|D|D|D
oo ooooo|o|o|o
oo ooooo|o|o|o
oo ooooo|o|o|o
T|IB|B|IB|B|B|IB|B|B|T|T|T
R R R R R R R R R R R=
T|IB|B|IB|B|B|IB|B|B|T|T|T

MxSuxP

y:Y:

00|63

00|63
00|63

0]0)63

00|63

00|63

00|63

0]0)63

00|63

00|63

00|63

0]0)63

a|la|pB|O0
oa|la|pB|O
oa|la|pB|O
ala| B0
a|la|pB|O0
oa|la|pB|O
oa|la|pB|O
ala| B0
a|la|pB|O0
oa|la|pB|O
oa|la|pB|O
ala| B0

-1

ss!
o8 ]afa]

1
n-1

[0[0]o]ér]

PS

Duplicate

shift, and

n-1

sS
(afalx]a]

PS
(0/0]0/02]

n-1

-1

583
(alafalp]

-1
(0/0/0]63]

FiG. 5A



PCT/IB2013/001923

WO 2014/016681

6/10

4 (OL, B’ X 8):

M

504
)]

Su=3;P=3;

S | (v wv v v oo oo ~ |0~ [~ [~ |00 |0 |0 |0 (o [o | | Sl Doz DA
DD |D|D|D|D|D|D|D IO |D DD DD |D|D olololalo|a|a o o a|o|o
=R Bl Bl Bl Bl B Bl Bl Bl B sl Bl e [\ NiaNiaRiaBaNeNaRioRaNIe RN RNIe Al it it Bl B sa N st N lsa Nl st B sa N Esa B aa R an}
Sl sl ool |D|D oolcee|le|o|o|o|o ||
Allolololoolololololololo ooooolojlolo|o|o oo ooooolojlolo|o|o oo
ooooolojlolo|o|o oo ooooolojlolo|o|o oo ooooolojlolo|o|o oo
ooooolojlolo|o|o oo ooooolojlolo|o|o oo ooooolojlolo|o|o oo
o Bl Rw | B R | B || R B Rw |3 || Rw | B || R B Rw |3 || Rw | B || R
@)
NSaaaaaaaaaaaa R R| R R| R R R R R R R R I|I3|3|3|3|3|13|13|3|3[3|3
OO [0 [ [ [ [ [ [ W | | I|I3|B|IB|B|B3(B3|3|3|3|3|3 TITIT B3T3 |TIT|IT|ITB|T
K
G 2 0
rae [))
Bom 2w
O »n
Sn|un_ru ©
fulie R ©
0o £ 9 c
w3 O @©
o ©
< _ﬁ ||||||||| I
1 | |
S | _
o | 2 _
[ )] | Yo |
d_ | w |
) |
3 g
I LL
o | ~— “
I I |
I _ |
Q - N

FiIG. 5B



PCT/IB2013/001923

WO 2014/016681

7/10

©
o cloflolo/—m [~ [x
T S| v v | v |v o~ [~ |~ |~ [0 oo o || ||
B\ | DD D DD DD D |D|D|D T T ||| |D|D|D|D|D|D oo ol o o olc|lo|o | oo
— == e e e e | | = | [\ NEa NN NEe e IEe NEe\ NN NN NN\ NN onen joen N |onenenen e on o0 | on
olololo|lo|o|o |||l | ool o | | o ||| o|lo || D o lololo|lo|o|o ||| ||l
=
NOOOOOOOOOOOO olojlojlo|jlo|o|lo|jlo|lo |o|o|o olojlojlojlojo|jlo|jlo|o|o oo
olojlojlojlojo|lo|jlo|lo|o|o|o olojlojlo|jlo|o|lo|jlo|lo |o|o|o olojlojlojlojo|jlo|jlo|o|o oo
— gled gen sl gl sho s mho g 2 o= g o D g g2 g8 g 4R A K AR AN a8 A4S o QoS 2R R 2D 2R 2 g9 2 g 2R A4S =
@D | <R | <R | <@ | <R | <R <R B (<R | (3| R |« @ @R R R | @D | B | R | R || 3| <« 3 | <3 |« [«RB |« |3 | <R | R | R | R | 3|«
B R w | 8| R w |8 || R w B R Nw |8 R w |8 R w B R w | 8| R w |8 || R w
=
()]
»n (33|33 B|IB|3|3|3|3|3|3 R R R R | R R R R R R R = IIB|B |3 3|3|3|13|3|B|B |3
2 RN R R R N7 N 7 N 7R Y B 7 o B 7 R 7 R o) (3|3 (3| 3|3 3|3 3|3 3|3 I |I3I3 (3| 3|33 3| 3|3 3|3
e n
wn
o3 O
© O QO = —
- 0 O ® __
ermm
C -
QBTG
Gm 3
<t r—————>"77- |
I _ _
. - |
© B ! ~
) _ 28] I
- 0-
o uw - Ble
= w | LL |
(oO..P | ~ |
4__H | I
LI _ I
=nC L .



WO 2014/016681

Convert to
candidates to
PR domain

(e.g., convolve
with h), then
apply Fnl

8/10

508
Z

SCPRNL },

SCPRNL ¥

SCPRNL !

SCPRNL MxP

SCPRNL M=P+1

PCT/IB2013/001923

Calculate

metrics

SCPRNL Y xSuxP

FiG. 5D




WO 2014/016681

PCT/IB2013/001923
9/10
S5, Ps,
lalpla] [ofo]o] o]
Select Su ) )
survivors SS, PS,
corresponding a|x |8]alf] Jo]o002] 07 |
to the Su
lowest
i
metrics 5§’ bl
la o | Blad| 0[]0 03] 01|

FiIG. 5E



PCT/IB2013/001923

WO 2014/016681

10/10

9 Ol

[OQWAS paniwsuel)

pajewl}ss Ue Se SI0J08A JOAIAINS 8] JO BUO 1S8q € JO [oquwiAs e IndinO

y

5 \

S80UE)SIp paje|nojes sy} Uo
paseq SI0}09A JOAIAINS SE SI0J0SA 3)epIpued sy JO 8JoW Jo 8UO J09[8S

019

y

5 \

$J0)09A asuodsal |elued puod

8s ples pue SI0)o9A asuodsal

[ensed puooss ples Jo Yoes Usamlaq SSoUEB)SIp Ueapljong sjejnojed)

y

5 \

$10J08A 8] 0] [spow Ajuesulj-uou Adde
‘s10J09A asuodsal [ented payy Jo Ajjeln|d e syelsush 0] sJUSIoIYS00
dey Jo Ajjeinid e yum siojosa joquiAs sjepipuen Jo Alljelnid e aAjoAUOD

y

5 \

1IN2JID UoIje|No[eD JL1BW 0 Jojoaa asuodsal [eied sy induj

809

909

¥09

\

4/

009

c09



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings

