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SYSTEM AND METHOD UNIFYING LINEAR AND NONLINEAR
PRECODING FOR TRANSCEIVING DATA

FIELD OF THE DISCLOSED TECHNIQUE
The disclosed technique relates to communication systems and
methods in general, and to a system and method for employing linear and

nonlinear precoding, in particular.

BACKGROUND OF THE DISCLOSED TECHNIQUE

In multi-user communications where a centralized transmitter
transmits data to a plurality of independent (e.g., non-cooperative)
receivers (users), the transmitted data may be subject to inter-user noise,
known as crosstalk, which interferes with the communication between
different communication entities. Attaining an effective contrivance to
eliminate or at least partially reduce crosstalk is therefore of high
importance. Crosstalk may generally occur in both wireless and wire-line
communications systems, that utilize linear precoding (LP) and nonlinear
precoding (NLP) techniques, and particularly, in the Gigabit Internet
"G.fast" wire-line standard.

Crosstalk cancellation techniques that employ precoding of
data prior to its transmission are known in the art as "vectoring". Crosstalk
cancellation typically requires taking into account of power restrictions,
which often involve hardware-related considerations. Additionally, the
number of bits is limited to predefined constellation sizes. The linear
precoder may eliminate crosstalk in part or fully by using an inverse of a
channel matrix. Linear precoding, however, may typically require
equalization of gains introduced by the inversion operation (i.e., the gains
must be suppressed to satisfy power restrictions, which in turn cause a
diminished bitrate). The NLP schemes avoid this problem by use of

Tomlinson-Harashima Precoding (THP) scheme working through the

-
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modulus operation or by seeking a perturbation vector associated with
transmission symbols, thereby reducing power consumption. NLP
schemes work seamlessly at the receiver after application of the modulus

operation.

o

Systems and method that combine linear precoding and
nonlinear precoding, in general, are known in the art. A World Intellectual
Property Organization (WIPO) Patent Cooperation Treaty (PCT)
international Publication Number WO 2014/054043 A1 to Verbin et al. to
the same present Applicant, entitled "Hybrid Precoder” is directed to a
10 hybrid precoder system and method employing linear precoding and

nonlinear precoding to provide far-end crosstalk (FEXT) cancellation that
enhances performance and lowers complexity during transmission and
reception of data between transmitters and receivers of the
communication system. The hybrid precoder system and method employs
15 linear precoding and non-linear precoding for transmitting data between at
least two transmitters and a plurality of receivers via a plurality of
communication channels over a plurality of subcarrier frequencies. The at
least two transmitters are communicatively coupled, respectively, with the
plurality of receivers. The hybrid precoder system includes a linear
20 precoder, a non-linear precoder, a controller, and an input selector. The
linear precoder is for linearly precoding the data. The non-linear precoder
is for non-linearly precoding the data. The controller is coupled with the
linear precoder, and with the non-linear precoder. The input selector as
well, is coupled with the linear precoder and with the non-linear precoder.
25 The controller at least partly evaluates channel characteristics of at least
part of the communication channels. The controller further determines a
precoding scheme selection that defines for at least part of the
communication channels, over which of the subcarrier frequencies the
data to be transmitted shall be preceded using either one of linear

30 precoding and non-linear precoding, according to determined channel
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characteristics. The input selector selects which of the linear precoded
data and the non-linear precoded data is outputted by the hybrid precoder
system, according to the precoding scheme selection.

U.S. Patent Application Publication No.: US 201 7/0279490
A1 to Maes, entitled "Non-linear Precoding with a Mix of NLP Capable and
NLP Non-capable Lines" is directed at a method for achieving crosstalk
mitigation in the presence of nonlinear precoding (NLP) non-capable and
NLP capable multiple customer premises equipment (CPE). Maes
provides a particular solution to the general interoperability problem of
using different precoding-capable CPE units where the number active

CPE units, is equal to the total number of CPE units.
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SUMMARY OF THE DISCLOSED TECHNIQUE
It is an object of the disclosed technique to provide a method for
preceding an information symbol conveying data for transmission between

a plurality of transmitters and a plurality of receivers via a plurality of

o

communication channels over a subcarrier frequency, where the number
of transmitters (N) is different than the number of active receivers (K) for
that subcarrier frequency. The method includes the following steps. The
method initiates with a step of receiving by the transmitters, information
pertaining to supportabilities of the receivers to decode non-linearly
10 preceded data. The method continues with a step of determining a
precoding scheme defining for which of the receivers the data to be
transmitted by the transmitters shall be precoded using at least one of
linear precoding and non-linear precoding, according to the
supportabilities. The method continues with a step of constructing a
15 signal by applying a reversible mapping to the information symbol, where
the reversible mapping includes elements each respectively associated
with a particular one of the receivers, such that those receivers supporting
the decoding of non-linearly precoded data are capable of reversing the
reversible mapping to the information symbol, while for those receivers not
20 supporting the decoding of non-linearly precoded data the information
symbol is unaffected by the reversible mapping. The method continues
with a step of constructing a precoder characterized by N # K such that
the precoder is configured to perform regularized generalized inversion of
a communication channel matrix.
25 It is a further object of the disclosed technique to provide a hybrid
precoder system for precoding an information symbol conveying data for
transmission between a plurality of transmitters and a plurality of receivers
via a plurality of communication channels over a subcarrier frequency,
where the number of transmitters (N) is different than the number of active

3o receivers (K) for that subcarrier frequency. The hybrid precoder system
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includes a controller and a processor (coupled therebetween). The
controller is configured for receiving information pertaining to
supportabilities of the receivers to decode non-linearly precoded data, and
for determining a precoding scheme defining for which of the receivers the
data to be transmitted by the transmitters shall be precoded using at least
one of linear precoding and non-linear precoding, according to the
supportabilities. The processor is configured for constructing a signal for
transmission, according b the determined precoding scheme, by applying
a reversible mapping to the information symbol, where the reversible
mapping includes elements each respectively associated with a particular
one of the receivers, such that those receivers supporting the decoding of
non-linearly precoded data are capable of reversing the reversible
mapping to the information symbol, while for those receivers not
supporting the decoding of non-linearly precoded data the information
symbol is unaffected by the reversible mapping. The processor is further
configured for constructing a precoder characterized by N # K such that
the precoder is configured to perform regularized generalized inversion of
a communication channel matrix.

It is a further object of the disclosed technique to provide a method
for nonlinear precoding of an information symbol at a given precoder
input. The information symbol is in a symbol space having a given symbol
space size. The nonlinear precoding involves modulo arithmetic and
having a plurality of inputs. The method includes the following steps. The
method includes an initial step of determining a reference symbol space
size which is common to all of the inputs. The method continues with the
steps of determining a modulus value according to the reference symbol
space size, adapting the given symbol space size according to the
reference symbol space size, and nonlinearly precoding the information

symbol according to the modulus value, common to all of the inputs.
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It is a further object of the disclosed technique to provide a
system for nonlinear precoding of an information symbol at a given
precoder input, where the information symbol is in a symbol space having

a given symbol space size. The nonlinear precoding involves modulo

o

arithmetic and having a plurality of inputs. The system includes a
controller and a processor (coupled therebetween). The controller is
configured for determining a reference symbol space size that is common
to all of the inputs, and for determining a modulus value according to the
reference symbol space size. The processor is configured for adapting
10 the given symbol space size according to the reference symbol space
size, and for nonlinearly precoding the information symbol according to
the modulus value, common to all of the inputs.
fn is another object of the disclosed technique to provide a
method for nonlinear precoding an information symbol conveying data for
15 transmission between a plurality of transmitters and a plurality of receivers
via a plurality of communication channels defining a channel matrix H over
a particular subcarrier frequency. The method includes the steps of
determining a weighting matrix G, whose number of rows is equal to the
number of transmitters; then determining a modified channel matrix equal
20 to EG; and constructing a nonlinear precoder for performing nonlinear
precoding of the modified channel matrix.
it is a further object of the disclosed technique to provide a
system for nonlinear precoding an information symbol conveying data for
transmission between a plurality of transmitters and a plurality of receivers
25  via a plurality of communication channels defining a channel matrix H over
a particular subcarrier frequency. The system includes a processor
configured for determining a weighting matrix G, whose number of rows is
equal to the number of transmitters; for determining a modified channel
matrix equal to EG; and for constructing a nonlinear precoder for

a0 performing nonlinear precoding of the modified channel matrix.
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BRIEF DESCRIPTION OF THE DRAWINGS

The disclosed technique will be understood and appreciated
more fully from the following detailed description taken in conjunction with
the drawings in which:

Figure 1 is a schematic diagram illustrating an overview of a
communication system, showing a system of the disclosed technique,
constructed and operative according to an embodiment of the disclosed
technique;

Figure 2A is schematic diagram illustrating a prior art
zero-forcing (ZF) linear precoding scheme;

Figure 2B is a schematic diagram illustrating a prior art ZF
nonlinear vector precoding scheme;

Figure 2C is a schematic diagram illustrating a prior art QR
nonlinear precoding scheme, generally referenced 50;

Figure 3A is a schematic diagram illustrating an overview of a
general hybrid-interoperability precoding scheme supporting both linear
and nonlinear precoding, constructed and operative according to the
embodiment of the disclosed technique;

Figure 3B is a schematic diagram illustrating an overview of
another general hybrid-interoperability precoding scheme including
permutations supporting both linear and nonlinear precoding, constructed
and operative according to the embodiment of the disclosed technique;

Figure 3C is a schematic diagram illustrating an overview of a
further general hybrid-interoperability —precoding scheme including
permutations supporting both linear and nonlinear vector precoding,
constructed and operative according to the embodiment of the disclosed
technique;

Figure 4 is a schematic diagram illustrating an example of a

specific implementation of the general hybrid-interoperability precoding
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scheme, utilizing a QR nonlinear precoder and permutations, configured
and operative in accordance with the disclosed technique;

Figure 5 is a schematic diagram illustrating a partition of vector
variables into two groups, one group associated with linear precoding (LP)
and the other group associated with nonlinear precoding (NLP);

Figure 6 is a schematic diagram illustrating an example
permutation configuration in the specific implementation of the general
hybrid-interoperability precoding scheme of Figure 4;

Figure 7 is a schematic diagram illustrating an example
configuration of an internal structure of the permutation block in Figure 6;

Figure 8 is a schematic illustration detailing a partition of a
lower-diagonal matrix L having the dimensions (K, + K,) x {K; + K,) into
three matrices;

Figure 9 is a schematic illustration detailing an example
configuration of an internal structure of the preprocessing block in Figure
6:

Figure 10 is a schematic illustration detailing an example
configuration of an internal structure of preprocessing block and
permutation block in Figure 6, shown in a particular 5-user configuration;

Figure 11 is a schematic illustration showing a particular
implementation of NLP/LP control mechanisms in an internal structure of
preprocessing block;

Figure 12 is a schematic illustration showing another particular
implementation of the preprocessing block of Figure 6;

Figure 13 is a schematic illustration showing further particular
implementation of the preprocessing block of Figure 6;

Figure 14A is a table showing a database of supportabilities and
activity levels of each CPE unit at a particular point in time, constructed

and operative in accordance with the disclosed technique;

PCT/IL2017/051402
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Figure 14B is a schematic diagram showing a graph of a
particular example of activity levels of CPE units ordered according to
(relative) communication link quality as a function of subcarrier frequency
at a particular point in time, in accordance with the disclosed technique;

Figure 15 is a schematic block diagram illustrating a specific
implementation of the general hybrid-interoperability precoding scheme,
specifically showing delineation into two paths, constructed and operative
in accordance with the disclosed technique;

Figure 16 is a schematic block diagram illustrating another
specific implementation of the general hybrid-interoperability precoding
scheme, specifically showing delineation into two paths, constructed an
operative in accordance with the disclosed technique;

Figure 17A is a schematic diagram illustrating an example of a
specific implementation of the general hybrid-interoperability precoding
scheme, utilizing different scalar factors, configured and operative in
accordance with the disclosed technique;

Figure 17B is a schematic block diagram of a method for a
specific implementation of nonlinear precoding utilizing different scalar
factors, configured and operative in accordance with the disclosed
technique; Figure 18 is a schematic block diagram of a method for a
hybrid-interoperability precoding scheme supporting both linear and
nonlinear precoding, constructed and operative according to the
embodiment of the disclosed technique;

Figure 19 is a schematic block diagram of a system for nonlinear
precoding exhibiting a modulus size that is constellation-independent,
constructed and operative in accordance with another embodiment of the
disclosed technique;

Figure 20 is a schematic illustration detailing an example

configuration of an internal structure of a vectoring processor in the

PCT/IL2017/051402
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system of Figure 19, constructed and operative in accordance with an
embodiment of Figure 19 of the disclosed technique;

Figure 21 is a schematic diagram of is a schematic illustration of
Tomlinson-Harashima precoding used per subcarrier frequency being
applied to chosen users only, constructed and operative in accordance
with an embodiment of Figure 19 of the disclosed technique;

Figure 22A is a schematic diagram showing an example of a
non-scaled 4-QAM constellation, constructed and operative in accordance
with the disclosed technique;

Figure 22B is a schematic diagram showing an example of
non-scaled 16-QAM constellation;

Figure 22C is a schematic illustration showing a boundary of a
modulo operation representing a square of size 1;

Figure 22D is a schematic diagram showing an example of
T = 8 = 23 chosen as a constant modulo for all constellations; and

Figure 23 is a schematic block diagram of a method for
nonlinear precoding where the modulus size is constellation-independent,
constructed and operative in accordance with the embodiment of Figure

19 of the disclosed technique.

40
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
The disclosed technique overcomes the disadvantages of the
prior art by proposing a general solution to the interoperability problem

between a data providing entity communicatively coupled with multiple

o

data subscriber entities in a communication network, where part of the
data subscriber entities do not support nonlinear precoding {NLP) while
another part does. The disclosed technique generally relates to multi-user
multiple input multiple output (MIMO) communications systems in which
there is a data provider side, typically embodied in the form of a data
10 providing entity, such as a distribution point (DP) that is interconnected via
a plurality of communication channels to a plurality of data subscriber
entities (i.e., a data subscriber side), typically embodied in the form of
multiple corresponding customer premises equipment (CPE) units. The
terms "data provider side", "data provider", "transmitter side", "distribution
15 point", and "distribution point unit" (DPU) used herein are interchangeable.
The terms "data subscriber side", "data subscriber”, "receiver side", "CPE",
"CPE unit", and "CPE receiver unit" used herein are interchangeable. The
disclosed technique proposes a system and a method configured and
operative to unite or unify linear and nonlinear schemes, for a particular
20 subcarrier frequency, at the data provider side, in such a way that enables
interoperability in the use of nonlinear precoding for CPE units supporting
nonlinear precoding and linear precoding for CPE units not supporting
nonlinear precoding.
The system and method of the disclosed technique is configured
25 and operative for precoding an information symbol conveying data for
transmission between a plurality of transceivers at the data provider side
(i.e., operating in the downstream (DS) direction as transmitters) and a
plurality of transceivers at the data subscriber side (i.e., operating in the
DS direction as receivers) via a plurality of communication channels over

30 a subcarrier frequency (denoted herein interchangeably ‘tone’). A symbol

-11-
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generally refers b a waveform, a signal, or a state of a communication
medium (e.g., link, channel) that transpires over a particular time period
(e.g., a time slot). A symbol typically encodes bits (i.e., "information

symbol”). According to one (typical) implementation the communication

o

channels are wire-lines (e.g., physical wire conductors such as twisted

pairs). According to another implementation the communication channels

are realized by the transmission and reception of signals (e.g., via

antennas in wireless communication techniques) propagating through a

wireless medium (e.g., air). The communication channels whether wired

10 orwireless are susceptible to interference known as crosstalk between the
communication channels, more specifically known as far-end crosstalk
(FEXT). The communication channels may as be susceptible to near-end
crosstalk (NEXT). Preceding is used for mitigating the effects of FEXT,
while adaptive filtering may be used for mitigating the effects of NEXT.

15 The prior art teaches a specific solution, limited to a very special
case where the number of transmitters at the transmitter side is equal to
the number of active receivers at the receiver side at any particular
subcarrier frequency. The disclosed technique offers a solution to the
general case, where the number of transmitters is not necessarily equal b

20 the number of active receivers at the receiver side at a particular
subcarrier frequency. An 'active receiver' (e.g., an active CPE unit) is a
receiver that (i) is switched on and is ready to receive data or in a process
of receiving data; (ii) is switched on and is ready to receive data or in a
process of receiving data at a particular subcarrier frequency (or plurality

z5 thereof) and not for other subcarrier frequencies (i.e., the receiver is

'active’ at particular subcarrier frequencies and ‘inactive' at other

subcarrier frequencies) or (iii) is either one of (i) and (ii) stipulated by a

decision rule determined by at least one criterion related ©

communication performance (e.g., max-mean rate, max-min rate, minimal

30 bit loading value, etc). Examples for (i) include situations where a

12
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particular active CPE unit is unable to receive information at high
subcarrier frequencies due to a low signal-to-noise ratio (SNR), or due to
the peculiarity of the communication channel or binder structure, etc.
Thus, a CPE unit may be active at some subcarrier frequencies, and
inactive at others. The system and method of the disclosed technique
provide a general solution to the more difficult interoperability problem for
the general case, where the number of transmitters (N) is not necessarily
equal to the number of active receivers (K). The general solution also
solves the special case where N is equal to K.

The following is a succinct summary of the system and method
of the disclosed technique; the summary is followed by a comprehensive
description. The system includes a controller and a processor
implemented at the transmitter side (e.g., in the DPU). The controller is
typically embodied in the form of, and interchangeably denoted herein, a
'vectoring control entity' (VCE). The processor is typically embodied in the
form of, and interchangeably denoted herein, a Vectoring processing
entity' (VCE). The controller is configured and operative for receiving
information pertaining to supportabilities of the receivers (i.e., CPE units)
to decode nonlinearly precoded data. In general, a 'supportability’ of a
receiver defines whether that receiver supports the decoding of
nonlinearly precoded data (and linear precoded data). It is assumed
herein that if a particular receiver does not support the decoding of
nonlinearly precoded data, then its default supportability is the capability
to decode linearly precoded data. The controller is further configured and
operative for determining a precoding scheme defining for which of the
receivers {at the receiver side) the data to be transmitter by the
transmitters (at the transmitter side) shall be precoded using at least one
of linear precoding (LP) and nonlinear precoding (NLP) according to the

supportabilities of the receivers.

PCT/IL2017/051402
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The processor is configured and operative for constructing a
signal for transmission, according to the determined precoding scheme,
by applying a reversible mapping (i.e., a reversible transformation) to the
information symbol. A reversible mapping is a function or algorithm that
can be reversed (i.e., reversibility yields the operand that is, the object of
the mapping operation). As will be described in greater detail
heresnbelow, a reversible mapping can be realized by various entities and
techniques. Several such techniques include use of modulo arithmetic, a
use of a perturbation vector, use of transformations in a lattice reduction
technique, and the like. The reversible mapping includes elements (e.g.,
represented by matrix elements) each respectively associated with a
particular one of the receivers, whereby those receivers supporting the
decoding of nonlinearly precoded data are capable of reversing the
reversible mapping to the information symbol, while for those receivers not
supporting the decoding of nonlinearly precoded data the information
symbol is unaffected by the reversible mapping. The processor is then
configured and operative to construct a precoder characterized by N # K
such that the precoder is configured to perform regularized generalized
inversion of a communication channel matrix. =~ The communication
channel matrix (or simply "channel matrix") represents the channel
information conveyed between transmitter side and receiver side.
Regularized generalized inversion, which will be discussed in greater
detail hereinbelow and used in the context of the disclosed technique,
relates to a generalization of generalized inversion. Basically, generalized
inversion of the channel matrix essentially involves finding a matrix that
serves as an inverse of the channel matrix that is not necessarily
invertible. An example of generalized inverse includes the
Moore-Penrose pseudoinverse. Regularization of the generalized inverse,

known herein as "regularized generalized inversion” involves use of the

14~
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principles of regularization by introducing a regularization term to the
mathematical expression representing the generalized inverse.
According to the disclosed technique there is thus provided a

method for preceding an information symbol conveying data for

o

transmission between a plurality of transmitters (i.e., defining a transmitter
side) and a plurality of receivers (i.e., defining a receiver side) via a
plurality of communication channels over a subcarrier frequency. The
number of transmitters (N) is different than the number of active receivers
(K) for that subcarrier frequency. The method includes the following steps
10 including an initial step of receiving by the transmitter side (e.g.,
transmitters), information pertaining to supportabilities of the receivers to
decode nonlinearly precoded data. The method proceeds with the step of
determining a precoding scheme defining for which of the receivers the
data to be transmitted by the transmitters shall be precoded using at least
15 one of linear precoding and nonlinear precoding, according the
supportabilities. The method proceeds with the step of constructing a
signal by applying a reversible mapping to the information symbol. The
reversible mapping includes elements each respectively associated with a
particular one of the receivers, such that those receivers supporting the
20 decoding of nonlinearly precoded data are capable of reversing the
reversible mapping to the information symbol, whereas the information
symbol is unaffected by the reversible mapping for those receivers not
supporting the decoding of the nonlinearly precoded data. The method
proceeds with the step of constructing a precoder characterized by N # K
25  such that the precoder is configured to perform regularized generalized
inversion of a communication channel matrix. The method proceeds with
the step of transmitting the signal by the transmitters.
At the receiver side, the CPE units are configured and operative
to receive the signal from the transmitters. Both types of CPE units,

30 namely, those supporting the decoding of linearly precoded data as well

15~
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as those supporting the decoding of nonlinearly precoded data are
configured and operative to perform equalization by multiplication of the
received signal by a scalar (i.e., not necessarily the same scalar for each

CPE wunit). The CPE units supporting the decoding of nonlinearly

o

precoded data are further configured and operative to reverse the
reversible mapping (e.g., by applying modulo operation in accordance with
the selected reversible mapping).
fn other words, users who have hardware (e.g., DSL modems),
software, firmware, and the like supporting nonlinear precoding (e.g.,
10 modulo arithmetic capable) may choose to use at least one of nonlinear
precoding and linear precoding, whereas users who don't have hardware
(software, firmware, etc.) supporting nonlinear precoding may still use
linear precoding. A particular CPE unit whose supportability includes
nonlinear precoding is not necessarily limited only to nonlinear precoding
15 as that CPE unit may opt to employ linear precoding for the benefit of
system performance, or alternatively, for the reduction of nonlinear
precoder  dimensionality (consequently reducing  computational
complexity).
Particularly, in the case of the system employing orthogonal
20 frequency-division multiplexing (OFDM) for encoding data on multiple
subcarriers, all users (corresponding to CPE units) may be divided into
three groups at every tone: (1) a group of CPE unit(s) (user(s)) employing
nonlinear precoding; (2) a group of CPE unit(s) employing linear
precoding; and (3) a group of CPE unit(s) that are inactive (i.e., are not
25 precoded at that particular tone and are thus excluded from the
transmitted signal). There are also derivative logical groups, e.g., a group
that is an intersection of groups (1) and (2), and the like. The
communication channels (e.g., lines) of the inactive CPE unit(s), at a
specific tone, are exploited to transmit information for the benefit of other

30 CPE unit(s). The division of CPE unit(s) (user(s)) between these three
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groups may vary from tone to tone since the channel matrix and the
signal-to-noise ratio (SNR) are usually frequency dependent. For the
above mentioned group (2) of users which employ linear precoding,

modulo arithmetic (e.g., the modulus operation) is not utilized (applied) at

o

the receiver side (CPE units).

The ability to allocate CPE units that support nonlinear
precoding among linear and nonlinear precoding schemes also improves
system performance by diverting nonlinear precoding enabled CPE units
exhibiting large power and coding gain losses (typically belonging b small
10 bit constellations) © utilize linear precoding. in addition, this allocation

enables part of the CPE units to process data via linear precoding, while
enables the remaining (active) CPE units to utilize techniques of nonlinear
precoding, such as vector precoding, which reduces the dimensionality of
the search space for a perturbation vector (i.e., given that the complexity
15 of such a search is known to lie between polynomial and exponential in
dimension size). Consequently, the allocation of the CPE units into three
groups for every tone (i) effectively facilitates attainment a solution of the
interoperability problem between different CPE units, which either have or
don't have nonlinear precoding supporting hardware, and (ii) serves as an
20 instrument to achieve system performance optimization.
Where reversible mapping is implemented via use of modulo
arithmetic, the disclosed technique also proposes an option of utilizing a
constant modulus size for NLP, and particularly for Tomiinson-Harashima
precoding (THP) schemes. This brings about a constant power
25 requirement b be satisfied automatically, facilitating an increase in
hardware efficiency involving execution of the modulus operation, as well
as averts the need for different modulus values for different constellation
sizes. The disclosed technique is implementable b any number of CPE
units that may be split arbitrarily between NLP-supporting CPE units and
3o CPE units not supporting NLP.
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Notation: The notation used herein for the operation diag{A)
applied to a matrix A yields a vector equal to its diagonal, and the
operation diagia) applied to a vector @ yields a matrix with a diagonal a
and all other non-diagonal elements are zeroes. The notation for the
component-wise multiplication (also known as the Hadamard product)
ise (O b, which signifies that every component of the product, ¢, is
constructed by multiplication of components & and b: ¢ = akbk. The
Hermitian conjugation of a matrix R (i.e., matrix transpose and complex
conjugation of every element) is denoted by RM. The notation R™# is used
herein to denote 2717, in the Figures and Detailed Description, the

prime symbol, ', denotes the Hermitian conjugation: e.g., H' signifies a
Hermitian conjugation of matrix H. The inverse of a diagonal matrix D is

also a diagonal matrix given by simple inversion of the diagonal

components: for G= Lnv(D}, G; = Di" and all non-diagonal components

being zero. Vectors and matrices are represented in bold-italics.

Without loss of generality, the disclosed technique will be
described in the context of a wire-line communication system, though the
principles of the disclosed technique likewise apply for wireless
communication systems. Reference is how made to Figure 1, which is a
schematic diagram illustrating an overview of a communication system,
generally referenced 100, showing a system of the disclosed technique,
generally referenced 102, constructed and operative according to an
embodiment of the disclosed technique. Figure 1 shows a distribution
point unit (DPU) 104 (also denoted herein interchangeably as "network
side entity”, and "distribution point* (DP)), communicatively coupled to at
least one (typically a plurality of) customer premises equipment (CPE)
106 106

unit(s) 106-, 106 106y (also denoted herein

2 3ree NRE)

interchangeably as a "node" or "nodes" in plural, where N > 1 is an

integer) via a plurality of N communication lines (also denoted herein

interchangeably as "communication channels”) 108i, 1082, 1083,...,

-1 8-~
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108N-1 , 108y (typically and at least partially passing through a binder 110,
in the wire-line case). DPU 104 includes a controller 112, a processor 114
embodying the system of the disclosed technique, generally referenced
102. DPU 104 further includes a plurality of N network-side fast
transceiver unit (FTU-O) transceivers (XCVRs) 116, 116,, 116,,...,1 16y ;,
116,

At the receiver side, each one of CPE units 106, 106,
106,,...,1064 4, 106y respectively includes a corresponding transceiver
(XCVR), also denoted herein interchangeably as "remote-end fast
transceiver unit" (FTU-R) 118,, 1182, 1183,...,118‘\,-1) 118. Particularly,
each transceiver (XCVR) 1164, 116,, 1"363,.. . 116;\;_1' 1‘16N at the network
side is communicatively coupled with its respective CPE unit 1064, 106,

106 106N-1 106y via its respective communication line 108, 108

grer o 21
108,,.. ., 108N_1' 108y (i.e., index-wise). Each remote-end fast transceiver
unit is configured and operative to receive and to transmit data to-and-fro
its respective FTU-O at the DPU 104. Specifically, each transceiver at the
network side, i.e., FTU-O; (where / is an integer running index) is
configured to be in communication with a corresponding transceiver at the
receiver side, i.e., FTU-R].

The terms "communication channel", “"communication line",
"communication link" or simply "link" are interchangeable and are herein
defined as a communication medium (e.g., physical conductors, air)
(whether wired or wireless) configured and operative to communicatively
couple between DPU 104 and CPE units 106-,, 106,, 106,.. ., 106y 1,106y
The communications channels are configured and operative to be
propagation media for signals (information symbols) for wireless as well
as wire-line communication methods (e.g., xDSL, G.fast services). DPU
104 is typically embodied as a multiple-link enabled device (e.g., a

multi-port device) having a capability of communicating with a plurality of

nodes (e.g., CPE units). Alternatively, DPU 104 is a single-link device

-18-
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(not shown) having a capability of communicating with one node (e.g., a
CPE unit). A transmission from DPU 104 to at least one of CPE units
1064, 106,, 106 5,.. .1 06N-1, 106N is defined herein as a downstream (DS)

direction. Conversely, a transmission from at least one of CPE units 106,

o

106,, 106,,..., 106N-1 106N to DPU 104 is defined herein as an upstream
(US) direction.
Each one of CPE units 1064, 106,, 106,,..., 106_4,106  is partly

characterized by its respective inherent supportability 120i, 120,, 120

” 3 o
120p.1,120y to decode at least one type of precoded data, namely, linear
10 preceded (LP) data, and nonlinear precoded (NLP) data (or both linear
and nonlinear precoded data). It is assumed that if a particular CPE unit
does not support the decoding of NLP data it supports by default the
decoding of LP data. In a typical case, it is assumed that all CPE units
possess supportability to decode LP data. The point is which of the CPE
15 units further possess supportability to decode NLP data. The system and
method of the disclosed technique are configured and operative to receive

information pertaining to supportabilities 120i, 120,, 120 120N-1 ,120N

3iee
to decode LP and especially NLP data (represented in Figure 1 as
"N/LP").  Information pertaining to the supportabilities of CPE units is
20 typically acquired in an initialization process, in which initial
communication parameters are determined between the DPU and the
CPE units. Initialization typically involves a plurality of steps or phases,
such as a handshake and discovery phase, a training phase, and a
channel evaluation and analysis phase. The Iinitialization phase, and
25  specifically the handshaking and discovery phase, involves the CPE units
communicating to DPU 104 information pertaining to their supported
capabilities to decode nonlinear precoded data. For example, DPU 104 is
configured and operative to send a message (request) to each of the CPE
units to report their respective supportability. In response, the CPE units

30 are configured and operative to reply in a return message, specifying

(-
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information pertaining to their respective supportability (e.g., 'NLP
supported/'NLP not supported’). Once initialization has been completed
communication system 100 enters a data exchange phase and in

particular, when bearer data (e.g., payload data) is being transmitted, this

o

is what is typically known as "showtime". Alternatively, information

pertaining to the supportabiities of the CPE units is determined

independently from the CPE units (e.g., in an initial setup of system 100,

by controller 112 receiving information such as a lookup table of

supportabiiities, and the like).

10 DPU 104 (controller 112 thereof) is further configured and
operative to continually determine activity levels 122, 122,, 122,,.. .,
122,122y (represented "ACT./INACT." in Figure 1) of each of CPE units
1064, 106,, 1064,..., 106y ,106, The activity level generally defines a
current degree of operation or function of a CPE unit. An 'active receiver'

15 (interchangeably denoted herein as an "active CPE unit") is a receiver that
is switched on and ready to receive data or in a process of transceiving
(i.e., receiving and/or transmitting) data per tone. An Inactive receiver'
(interchangeably denoted herein as an "inactive CPE unit") is a receiver
that is not ready to receive data or otherwise unable to communicate with

20 the network side (e.g., switched off, not functioning, malfunctioning, not
initialized, not connected, etc.). The activity level will be discussed in
greater detail hereinbelow in conjunction with Figures 14A and 14B. The
maximum number of active receivers (K) is as the total number of CPE
units (N) per tone. Typically, in the routine operative state of system 100,

25  at any particular time, the number of active receivers may usually be less

than the total number of CPE units (K < N) per tone.

Following the determination of the supportabiiities (and
activity levels) of the CPE units, the system and method of the disclosed
technique are configured and operative to determine a precoding scheme

3o defining for which of the CPE units the, data transmitted by the DPU shall

21~



WO 2018/122855

o

10

20

30

be precoded using at least one of linear preceding and nonlinear
precoding, according to the determined supportabiliies (and activity
levels). In other words, signals transmitted from transceivers 116, 1162,
11e3,..., 116,4,116 of DPU 104 to respective transceivers 11s,, 118,,
1183,..., 118N-1,118, of CPE units 106s, 106,, 106,..., 106,.,106
(respectively) have to take into account respective supportabilities120i,
120,, 120;,..., 120,,1205 and respective activity levels 122,, 122,
1225,..., 122y54,122y. As will be described in greater detail hereinbelow,
the preceding scheme defines how a transmitted signal by the DPU is
precoded given the supportabilities and activity levels of the CPE units.

At this stage, for the purpose of highlighting the differences
between the solution of the disclosed technique and known solutions of
the prior art, reference is now further made to Figures 2A, 2B, and 2C.
Figure 2A is schematic diagram illustrating a prior art zero-forcing (ZF)
linear precoding scheme, generally referenced 10. Figure 2B is a
schematic diagram illustrating a prior art ZF nonlinear vector precoding
scheme, generally referenced 30. Figure 2C is a schematic diagram
illustrating a prior art QR nonlinear precoding scheme, generally
referenced 50. Figures 2A, 2B, and 2C show a transmitter side, a
communication channel (represented by block H), and a receiver side.
The precoding scheme shown in Figures 2A, 2B, and 2C are described in
the context of vector precoding that utilizes a perturbation vector, c.

With reference to linear precoding scheme 10 of Figure 2A, at
the transmitter side, information symbols denoted by a vector s, constitute
an input 12 intended for precoding. All components of a perturbation
vector 13, c, which are all zero for the linear precoding (LP) scheme, are
added 14 with vector s (i.e., which remains the same) and inputted 15 into
a linear precoder block 16. Hence, for LP a perturbation is not added, and
Cis equal b the zero vector. The linear precoder (linear precoder block

16) is denoted by F, which is given by: P ~ pinv(#) *D. The operator

22
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inv() denotes an inverse of a matrix (inscribed between parentheses),
pinvQ denotes a pseudoinverse of a matrix (inscribed between
parentheses). LP block 16 applies a pseudoinverse operation to a
channel matrix Hand calculates a product with a diagonal matrix D.
Diagonal matrix D is used to scale the precoding matrix. LP block 16
yields a signal or group of signals as preceded information symbols
denoted by an output 17, @, which is then communicated via a
communication channel 18 to a receiver side. Output 17 from the
transmitter side, o, to the communication lines, may further be scaled by a
scalar gain factor, a (not shown). Signals received at the receiver side
denoted by a received vector 22, r, is a sum of a vector 19, Y, and an
additive noise vector 20, n, denoting that the precoded information
symbols propagated through the communication channel includes additive
21 noise 20. Scaling at the receiver side is performed independently for
every component by an inv(D) block 24, the result of which is an
estimated output symbol 26, §. No modulus operation is performed at the
receiver side.

With reference to nonlinear precoding scheme 30 of Figure 2B,
a perturbation vector 33, c, is determined and added 34 to input
information symbols 32 denoted by a vector s, constituting an input 35
intended for precoding. Perturbation vector C is a nonzero vector, which
forms an essential part of a nonlinear precoder (NLP). Perturbation vector
c is constructed as an (signed) integer (i.e., or for complex constellations it
is a pair of two signed complex integers i, +j * i, where j is the imaginary
component) multiplied by a modulus component, having different values
per component (as is common in the case when NLP is the
Tomlinson-Harashima precoder (THP). A nonlinear precoder (NLP block
36), denoted by P is given by P = inv(H) *D. NLP block 36 applies an
inverse operation to a channel matrix H and calculates a product with a

diagonal matrix D. Diagonal matrix D is used to scale the precoding

33
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matrix and is predefined for THP. NLP block 36 yields a signal or group of
signals as precoded information symbols denoted by an output 37, o,
which then is communicated via a communication channel 38 to a receiver
side. An output 37 to communication channel (e.g., the communication
lines) is denoted by 0 representing the precoded symbols. Output vector
¢ has N components: o ¢ C**! (where C denotes the complex field). The
received vector 42, r, is the sum of a vector 39, y, and an additive noise
vector 40, n, denoting that the precoded information symbols propagated
through the communication channel includes additive 41 noise 40.
Scaling at the receiver side is performed independently for every
component by an inv(D) block 44, an output 45 of which is provided to a
modulus operation block 46. The notation mod() denotes the modulo
operation (also interchangeably denoted "modulus” operation) applied to
an operand (inscribed between parentheses) per component (i.e., real and
imaginary parts). The modulus operation, with its corresponding modulus
value, is determined by the constellation (i.e., via simultaneous
transmission of constellations of different sizes for different users for
different moduli values). The output of modulus operation block 46 results
in a estimated symbol 48, §.

With reference to the nonlinear precoding scheme 50 of Figure
2C, at the transmitter side, information symbols denoted by a vector s,
constitute an input 52 intended for precoding. Figure 2C illustrates a
Tomlinson-Harashima precoder. All components of the perturbation
vector 53, c¢, which are not all zero for the nonlinear precoding (NLP)
scheme, are added 54 with vector s (i.e., which remains the same) and
inputted 55 into a nonlinear precoder block 56. The nonlinear precoder
(NLP block 56), denoted is given by inv(R) *D. NLP block 56 applies
an inverse operation to a matrix R and calculates a product with a
diagonal matrix D (i.e., D is the diagonal of a matrix R (i.e.D =

diag(diag(R 1))). Diagonal matrix D is used to scale the precoding matrix

D
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and is predefined for THP. An output 57 of NLP block 56, m, is inputted
to a block 58, Q{\.e., of the QR decomposition process) which yields a
signal or group of signals as precoded information symbols denoted by an
output 59, o = Q* inv(R#) * D, which in turn then is communicated via a
communication channel 60 to a receiver side. An output 59 to
communication channel (e.g., the communication lines) is denoted by s
representing the precoded symbols.

The QR preceding scheme in Figure 2C employs QR
decomposition of a channel matrix H which symbolizes a communication
channel (denoted by block 60), mathematically represented by H = {QR)’
= R'* Q. Matrix Q is an orthonormal matrix and s> is an upper triangular
mati x. A received vector 65,r, at the receiver side is the sum of a vector
62, Yy, and an additive noise vector 63, n, denoting that the precoded
information symbols propagated through the communication channel
includes additive 64 noise 63. Scaling is performed independently for
every component by an inv{D) block 66, an output 68 of which is provided
to a modulus operation block 70. The output of modulus operation block
70 results in a estimated output symbol 72, 5.

in conjunction with Figure 1, reference is now further made to
Figures 3A, 3B, and 3C. Figure 3A is a schematic diagram illustrating an
overview of a general hybrid-interoperability precoding scheme supporting
both linear and nonlinear precoding, generally referenced 150A,
constructed and operative according to the embodiment of the disclosed
technique. Figure 3B is a schematic diagram illustrating an overview of
another general hybrid-interoperability precoding scheme including
permutations supporting both linear and nonlinear precoding, generally
referenced 150B, constructed and operative according to the embodiment
of the disclosed technique. Figure 3C is a schematic diagram illustrating
an overview of a further general hybrid-interoperability precoding scheme

including permutations supporting both linear and nonlinear vector

25
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precoding, generally referenced 150C, constructed and operative
according to the embodiment of the disclosed technique. Figures 3A, 3B,
and 3C illustrate different implementations of hybrid-interoperability
precoding constructed and operative in accordance with the principles
disclosed technique. Similarly numbered reference numbers in Figures
3A, 3B, and 3C differentiated respectively by suffixes A, B and C
represent similar {but not necessarily identical) entities. Since the
different implementations shown in Figures 3A, 3B, and 3C are similar in
some respects and dissimilar in others, for the purpose of simplifying the
explanation of the principles and particulars of the disclosed technique
reference is specifically made to general hybrid-interoperability precoding
scheme 150A of Figure 3A with further reference being made to Figures
3B and 3C pertaining to differences in implementation.

In hybrid-interoperability precoding scheme 150A information
symbols (represented by vector s) are inputted to a reversible mapping
block 154A. Reversible mapping block 154A is configured and operative
to apply a reversible mapping to the information symbols. A reversible
mapping (i.e., a reversible transformation) is defined as a function or
algorithm that can be reversed so as to yield the operand that is, the
object of the reversible mapping. For example, a reversible mapping is an
association between two sets S; and S, in which to every element of S,
there is an associated element in S,, and to every element in S, there is
the same associated element in S*. Reversible mapping block 154A may
be implemented by various techniques, such as dirty paper coding
techniques of applying modulo operation to the information symbols,
vector precoding by the use of a perturbation vector, lattice precoding
techniques, and the like.

The reversible mapping includes elements, each of which is
respectively associated with a particular one of receivers (CPE units)

1064, 106,, 106,....,106y~ 106y. For example, a reversible mapping is

-26~
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represented by a vector of rank N: W = {w;,w,, W5 ...%1%\}, Where
each i-th vector element, w;, is associated with the i-th CPE unit (i.e.,
index-wise). An example of a simple reversible mapping is an offset
function, where information symbol vector s is vector added (i.e.,
element-wise) with an offset function (vector), i.e. s + W. For a NLP
supporting CPE unit, its associated reversible mapping element (of the
reversible mapping (vector)) is offset by a nonzero set value (e.g., an
integer value). For example, for CPE unit 108,, its associated reversible
mapping element w, # 0 equals the reversible offset integer. For a CPE
unit not supporting NLP, its associated reversible mapping element is
zero. For example, if CPE unit 106 does not support NLP, its associated
reversible mapping elementw; = 0. In general, for those CPE units
supporting NLP, their respectively associated (e.g., index-wise) reversible
mapping elements (e.g., of a reversible mapping vector) are nonzero,
while for those CPE units not supporting NLP, their respectively
associated reversible mapping elements are zero.

According to one implementation, hybrid-interoperability
precoding scheme 150A employs dirty paper coding techniques in which
case the reversible mapping is an offset function typically represented by
a vector whose integer elements are nonzero for those NLP-supporting
CPE units, and zero for those CPE units not supporting NLP (as
exemplified above). According to another implementation,
hybrid-interoperability precoding scheme 150A employs vector precoding
in which case the reversible mapping is a perturbation vector whose
elements are nonzero (i.e., at least one vector element or component is
nonzero) for those NLP-supporting CPE units, and zero for those CPE
units not supporting NLP. According to yet another implementation,
hybrid-interoperability precoding scheme 150A employs lattice techniques
for precoding in which symbols are reversibly mapped to lattice points

having known boundaries. According to this implementation, lattice

27~
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precoding (or lattice dirty-paper coding) is employed. Generally, a lattice

is a regular arrangement of a set of distanced-apart points (a discrete

subgroup of E"(n-dimensional field of rational numbers). A symbol

constellation S is a subset of size 2° of a D-dimensional lattice.

5 information symbols are reversibly mapped b the symbol constellation.

Lattice precoding involves performing modulo reduction in relation b a

precoding lattice Ap into a fundamental (e.g., Voronoi) region fR(Ap) of

precoding lattice A, (practical for a finite number of points). The symbol

constellation is an intersection of the lattice symbol space (e.g., 2%2,

1o where D=2) and R of precoding lattice A,, namely R(A;). (A Voronoi

region of a lattice is a region having a Voronoi site, where all points are

distanced closer to the Voronoi site than b another Voronoi site in the

lattice.) The symbol constellation is extended in a periodic manner via

addition (or other reversible mapping or transformation) as: V =S+ A, =

15 {s+d\s ESn R(Ap), d EA)}, where each point ve&V is equivalent

modulo A,. Thus, symbols propagating via the communication channel

("channel symbols”) from transmitter side to receiver side consequently

fall within R{A,}. At the receiver side NLP supporting CPE units reverse

the reversible mapping by reducing the received signal to the region 7¢ via

20 the modulo operation: vuod(AP). Generally, reversible mapping block

154A is configured and operative b apply a reversible mapping to input

information symbols 154A as described, and to output a result 156A to a
precoding matrix block 158A, P.

Precoding matrix block 158A, P, is configured and operative b

25 perform regularized generalized inversion (hereby denoted "reg.-gen.-

inv.") of a channel matrix H. Regularized generalized inversion is a

generalization of general inversion, which in turn is a generalization of

inversion. Inversion of a matrix or "matrix inversion" of an invertible matrix

A is a procedure of finding a matrix B such that AB = {, where
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I represents the n x n identity matrix. In the simplest (and less typical)
case where the number of transmitters (N) is equal to the number of active
receivers (K) (i.e., N = K) the preceding matrix 158A is reduced to a

conventional inverse of the channel matrix. At any point in time, however,

2]

there is no assurance that the number of active receivers (users) would be

equal to the total number of transmitters. This case can be encapsulated

by N # K. In this case (A/ # K) channel matrix H is noninvertible by

conventional inversion, as non-square matrices (i.e., m x n, where m # n)

don't have a conventional inverse. (Conventional matrix inversion is
10 limited to regular (non-generate square n x n, and non-singular) matrices.)

Generalized inversion of the channel matrix H essentially

involves finding a matrix that serves as an inverse of the channel matrix

that is not necessarily invertible. An example of a generalized inverse is

generally given by:

15 P = AY(HAH) ! (14),

where H ¢ ¢¥*N and A €C*¥*N, in the case for channel matrix H where:

A =H an example of generalized inverse can be a pseudoinverse
(notation: pinv(H)}, such as the Moore-Penrose pseudoinverse given by:

P=HHMHHM-1 (1B),

20 employed when the total number of active receivers (users), K, is less

than (also viable when equal to) the total number of transmitters N: K < N

where H ¢ C¥*N_ This case is reduced to the simple case when K = N

thus we obtain pinv(#) = inv(#), ie., the pseudoinverse is a

conventional ("simple") inverse of channel matrix H. It is noted that for the

26 case K < N, the construction of the pseudoinverse is not unique. For

11 1

example, given Hz( \) there may be found matrices P,y =

0 0 1/

0.5 —0.5 i -2 10
05 —05) and Pp={0 1 | such that HP, = HP, :('- ). s
g L
{ 1 SERN |
emphasized that the disclosed technique is not restricted b the specific

0.



WO 2018/122855

10

20

pseudoinverse or to the method of pseudoinverse construction. In
general, one may observe that for the case K < N there may be an infinite
number of pseudoinverses satisfying the relation HP = |, where H &€ CXxN |
P e ¢N*K and { is the identity matrix (K x K). To demonstrate this
let: P = A" (HA") 1, where Mg €N and A e C&N . A is an arbitrary
matrix such that the matrix (HA #) whose dimension is K x K is invertible.
Invertibility implies:

HP = HA" {HA"}-1= | (2).
It may be seen that an arbitrary matrix A is a generality of a matched filter
(for the Moore-Penrose pseudoinverse 4 = H) while the term HAH is a
generality of a correlator (for the Moore-Penrose pseudoinverse this term
\s HH¥), and consequently the term (HA") ! is a generality of a
de-correlator. Since there are an infinite number of possible matrices A e
CKN there may be an infinite number of generalized inverses. For the
case of K = A the relation of generalized inverse reduces b the

conventional inverse matrix: A" (HA") ~1 = A"(A") “Y(H) "1=H"1

Returning to the above-presented purely illustrative example, for H

(111 1 11
0 0 1 6 0 1

particular case of the Moore-Penrose pseudoinverse, and we obtain Py by

), we obtain P4 by taking 4 :( ) which leads to a

taking A = (J ,];‘ J).

Regulanzation of the generalized inverse, known herein as
"regularized generalized inversion" involves use of the principles of
regulanzation by introducing a regulanzation term to the mathematical
expression representing the generalized inverse. A regularized
generalized inverse is generally given by:

p = A"(HA" +fn)t (3A),
where the scalar (>0} is the regulanzation factor, and 1 is the

regulanzation term (in this case, the identity matrix, also interchangeably
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denoted herein /). A typically employed regularized generalized
pseudoinverse of the disclosed technique, for A = H is given by:

P= HFHHY + B1)™? (3B),
The regularization factor controls the impact of the regularization term,
and can be selected to optimize (e.g., maximize) the
signal-to-interference-plus-noise ratio (SINR) at the receiver side. Note
that the case where (=Q reduces equation {3) into the Moore-Penrose
pseudoinverse of equation (1B). In an analogous manner regarding the
selection of the pseudoinverse, the disclosed technique is likewise not
limited to a particular regularized generalized inverse. Precoding matrix
block 158A is configured and operative to perform precoding in the sense
of the disclosed technique, i.e., regularized generalized inversion of the
channel matrix according to equation {3B) and to produce an output 160A,
denoted by output vector o representing preceded symbols,
thenceforward communicated via communication channel 162A to the
receiver side.

At the receiver side, a received vector 180A, r, is the sum of a
vector 164A, y, and an additive noise vector 166A, n, denoting that the
precoded information symbols propagated through the communication
channel include additive 168A noise 186A. For each one of CPE units
1064, 1062, 1063,.. ., 106, 1, 106y (Figure 1) received vector 180A (Figure
3A) can follow one of two different paths: 184A ("a") or 188A ("b"),
according to its respective supportability 120Q;, 120,, 120,..., 120y-,120y.
Specifically, for a CPE unit supporting the decoding of NLP data, received
vector 180A follows path 184A and enters an inverse mapping block
186A, otherwise (i.e., CPE unit not supporting the decoding of NLP data)
received vector follows path 188; this is illustratively shown by a receiver
supportability-dependent pseudo-block 182A (i.e., not a true operational
block).

PCT/IL2017/051402



WO 2018/122855

o

10

20

25

Inverse mapping block 186A is configured and operative to
"reverse" the reversible mapping applied at the transmitter side by
reversible mapping block 154A. For example, for a reversible mapping
that is a function, the inverse mapping is a corresponding inverse function.
If hybrid-interoperability precoding scheme 150A employs dirty paper
coding and vector precoding techniques, inverse mapping block 186 is
typically embodied as a modulo operation block (e.g., a modulus operation
applied to an operand (e.g., an integer offset)). In the case
hybrid-interoperability precoding scheme 150A employs lattice techniques
it is as aforementioned.

For a CPE unit supporting the decoding of NLP data, the output
of inverse mapping block 186A (following path 184A ("a")) results in an
estimated output symbol 190A, 3. For a CPE unit not supporting the
decoding of NLP data, received vector 180A follows path 188A ('b") the
output of which is an estimated output symbol 190A, s.

With reference now to hybrid-interoperability precoding scheme
150B of Figure 3B, information symbols 152B are inputted to a reversible
mapping block 154B, which is the same as 154A of Figure 3A. Reversible
mapping block 154B is configured and operative b apply a reversible
mapping to input information symbols 154B and to output a result 156B to
a permutation block 157B, which in turn is configured and operative to
permute information symbol elements in vector s according b a
permutation matrix I3'. Vector s includes vector elements each of which is
associated with a particular CPE unit. The permutation introduces
additional degrees of freedom which facilitates the optimization of
performance. A particular example permutation that will be hereinafter
discussed in greater detail in conjunction with Figures 6 and 7 involves
grouping information symbol elements associated with different CPE units

according to their respective supportability such to form two successive
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aggregate groups. Alternatively, arbitrary permutations of information
symbol elements are also viable.

Precoding matrix block 158B, P, is configured and operative to
perform regularized generalized inversion of a permuted channel
matrix W = iI"H , where N7 represents the transpose of permutation
matrix M and H represents the channel matrix (in accordance with the
principles of equations (3A) and (3B)). The precoding matrix is denoted by
P = reg. - gen.-inv(W)D, where D represents a scaling matrix that
depends on the permutation used. Precoding matrix block 158B is
configured and operative to perform precoding thereby producing an
output 160B that is communicated via a communication channel 162B that
is represented by a block 162B and given by H = TIW, to the receiver
side.

At the receiver side, a received signal 180B, represented by a
vector, r, is a sum of a vector 164B, y, and an additive 168B noise vector
166B, n (respectively similar to 180A, 164A, and 166A of Figure 3A).
Received signal 180B is inputted to a block 181B configured and
operative to perform scaling by inverting the permuted diagonal vector [D,
(i.e., inv(>)) where) o) = DT and to output a signal to a receiver
supportability-dependent pseudo-block 182B (whose operation is identical
to 182A). Two paths184B ("a") or 188B ("b"), including inverse mapping
block 186B are respectively identical with paths 184A, 188A and inverse
mapping block 186A (of Figure 3A). Receiver supportability-dependent
pseudo-block 182B outputs an estimated output symbol 190B, s.

In an alternative optional implementation to
hybrid-interoperability precoding scheme 150B, reversible mapping block
154B and permutation block 157B are in reversed order (i.e., information
symbols 152 are inputted first to permutation block 157B an output of

which is provided to reversible mapping block 154B) (not shown).
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According to a different implementation, with reference being
made to hybrid-interoperability preceding scheme 150C of Figure 3C,
information symbols 152C are inputted to a permutation block 157C
configured and operative to permute information symbol elements in
vector S according to a permutation matrix II7 and to output permuted
information symbols 153C. Vector s includes vector elements each of
which is associated with a particular CPE unit. An adder 155C is
configured and operative to combine a vector of permuted information
symbols 153C with a perturbation vector 154C, denoted by c, an output
156C of which is inputted to a precoding block 158C. Perturbation vector
154C constitutes as a reversible mapping in the nonlinear vector
precoding scheme of Figure 3C. The reversible mapping, in this case
implemented by a perturbation vector C includes vector elements each
respectively associated with a particular one of the receivers, such that
those receivers supporting the decoding of noniineariy precoded data are
configured to apply an inverse mapping to the reversible mapping,
whereas for i-th vector elements of C associated with receivers not
supporting the decoding of noniineariy precoded data information symbol
are unaffected by the reversible mapping (i.e., G = 0).

The following operational blocks and procedures of general
hybrid-interoperability = precoding scheme 150C in Figure 3C are
substantially similar to those respectively in general hybrid-interoperability
precoding scheme 150B in Figure 3B. Precoding matrix block 158C, F, is
configured and operative to perform regularized generalized inversion of a
permuted channel matrix W = 7iTH ,where IiT represents the transpose of
permutation matrix N and H represents the channel matrix (in accordance
with the principles of equations (3A) and (3B)). The precoding matrix is
given by P = reg. -gen. —inv(W3D, where D represents a scaling matrix
that depends on the permutation used. Precoding matrix block 158C is

configured and operative to perform precoding thereby producing an

R
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output 160C that is communicated via a communication channel 162B that
is represented by a block 162C and given by H = [iw, to the receiver
side.

At the receiver side, a received signal 180C, represented by a
vector, r, is a sum of a vector 164C, y, and an additive 168C noise vector
166C, n (respectively similar to 180B, 164B, and 166B of Figure 3B).
Received signal 180C is inputted to a block 181C configured and
operative to perform scaling by inverting the permuted diagonal vector o),
(i.e., inv(O)) where @ = fIDIT’) and to output a signal to a receiver
supportability-dependent pseudo-block 182C (whose operation is identical
to 182B). Two paths184C ("a") or 188C ("b"), including inverse mapping
block 186C are respectively identical with paths 184B, 188B and inverse
mapping block 186B (of Figure 3B). Receiver supportability-dependent
pseudo-block 182C outputs an estimated output symbol 190C, s.

To explicate the particulars of the disclosed technique in greater
detail, an example of a specific implementation will nhow be described.
Reference is now made to Figures 4 and 5. Figure 4 is a schematic
diagram illustrating an example of a specific implementation of the general
hybrid-interoperability precoding scheme, utilizing a QR nonlinear
precoder and permutations, generally referenced 200. Figure 5 is a
schematic illustration of a partition of vector variables into two groups,
linear precoding (LP) and nonlinear precoding (NLP), generally referenced
250. The example specific implementation of the disclosed technique
involves dividing users (CPE units) into two groups at every frequency
tone (given, without loss of generality the use of orthogonal
frequency-division multiplexing (OFDM) transmission or flat fading
environment): those which use LP (linear precoder) and those which use
NLP (nonlinear precoder). We herein denote information symbols for
these groups =, and s,, respectively. The following description discusses

the disclosed technique in the context of one particular subcarrier

A5~
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frequency (interchangeably herein "frequency tone" or simply "tone").
Generally, the partition of users into different groups (linear and nonlinear)
may differ at different frequency tones (e.g., in consideration with
performance optimization issues). It is emphasized that the general
precoding scheme according to the disclosed technique involving NLP
supporting CPE units and NLP non-supporting CPE units, does not
necessitate any specific ordering of the CPE units (e.g., general
hybrid-interoperability precoding scheme 150A, Figure 3A).

As an example to the dynamic nature of this division, users with
relatively small constellation sizes are assigned b a first group (e.g., 1 or
2 bits) employing LP, while remaining users of relatively larger
constellation sizes are assigned to a second group employing NLP.
Alternatively, constellations are not assigned for those users having a low
signal-to-noise ratio (SNR) thus not allowing the loading of constellations
of larger size than the predetermined value (e.g., the bit loading is less
than one bit). This state effectively corresponds to the case wherek <N .
The precoder employed in this case is determined according to the
regularized generalized inverse of the channel matrix (utilizing
communication channels of inactive CPE units at a specific tone).
Noteworthy also in this case is the analogous wireless implementation
where the number of transmitting antennas is greater than the number of
receiving antennas.

The dynamic division of users into groups involves allocating:
group 1 for users employing LP and having no supportability for inverse
mapping (e.g., modulo operation capable) functionality (e.g., hardware,
software, firmware) or having such functionality but preferably using linear
precoding due b optimization issues; and group 2 for users employing
NLP having supportability for inverse mapping functionality. This dynamic
division merges system optimization (i.e., according to different criteria,

such as, max-mean rate, max-min rate, etc.) with resolution of the

A6~
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interoperability issues. This issue is elaborated further hereinbelow. In
the description that follows, the operation per frequency tone is described,
assuming principles of an OFDM system.

With reference to Figure 4, implementation of general

o

hybrid-interoperability preceding scheme 200 initiates by information
symbols 202, S, being inputted into a permutation block 204 , which is
configured and operative to permute information symbol elements in
vector s, according to a permutation matrix §f'. Each information symbol
element in vector S is associated with a particular CPE unit. The
i permutation takes into consideration the division of CPE units into two
groups (those that employ LP and those that employ NLP). In its general
form, the permutation arbitrarily intermixes between information symbol
elements. Alternatively, permutation block 204 permutes the information
symbol elements into two successive aggregate groups, namely, a first
15 aggregate group of symbol elements § successively followed by a
second aggregate group of symbol elementss,. These information
symbols are described in terms of a complex vector per user, represented

as:

S= iSS}I , Where S e CKi#l S, € CKa ¥t J(_I-_'_P%ZK @),
20
With further reference to Figure 5, which shows different vector

variables (shown also in Figure 4), whose vector elements are partitioned
into two distinct and separate aggregate groups, where each group is
associated with either one of NLP supporting CPE units (a "NLP group”
25 and NLP non-supporting CPE units (a "LP group"). Specifically, Figure 5
illustrates the partitioning of vectors c, S, m, y, r (which are all complex
vectors of ((#1+% 1) into two groups of sizes K, and K,. Partitioning of a
vector into groups means that a vector's elements (also known as
components) are allocated to these groups. Their first K, components are

30 associated with the LP group (i.e., the group of CPE units employing LP
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and not supporting NLP), whilst the second remaining K, components are
related to the NLP group (i.e., the group of CPE units supporting NLP).

To elucidate the role of permutations in the system and method
of the disclosed technique, reference is now further made to Figure 6,
which is a schematic diagram illustrating an example permutation
configuration in the specific implementation of the general
hybrid-interoperability precoding scheme of Figure 4, generally referenced
300. Figure 6 shows a particular example of a permutation configuration
for five users. Permutation block 304 (Figure 6) is a particular example of
permutation block 204 (Figure 4), in which there are a total of five CPE
units (users): {1,2,3,4,5} (in "natural ordering”) where the group of users
{1,3,5} are the LP group and group of users {2,4} are the NLP group.
Similarly to permutation block 204 (Figure 4), permutation block 304
(Figure 6) is configured and operative to permute CPE units (users) into
two aggregate groups according to supportability, e.g.: {1 ,3,5},{2,4}}.

Further detail of permutation block 304 is described in
conjunction with Figure 7, which is a schematic diagram illustrating an
example configuration of an internal structure of the permutation block of
Figure 6. Permutation block 304 includes two permutation stages: a stage
1 referenced 330 and a stage 2 referenced 332. Input Information
symbols 302,, 302,, 302,, 302,, and 302; (collectively denoted "302"")
are inputted into permutation block 304 (specifically, into stage 1). As
shown in Figure 7, input information symbols s(1), s(2), s(3), s(4), s(5) are
in the natural ordering. Stage 1 330 is configured and operative b divide
the input information symbols into two aggregate groups: the LP group
and the NLP group.

Generally, an arbitrary permutation of information symbol
elements is achieved by permuting their indices via a permutation matrix
ng, i.e:

[sT, 521" = Tijs (5).

AR
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The example given in Figures 6 and 7, shows 5 users of whom the group
of users {2,4} (i.e., CPE units 106,, 106,) support the decoding of NLP
data, while the group of users {1,3,5} (i.e., CPE units 106i, 106, 106;)
don't support the decoding of NLP data (i.e., the LP group of users). The
permutation i} permutes the natural ordered list of users 1 through 5
{1,2,3,45} into two successive aggregate groups of different
supportabilities, thusly: {1,3,5,2,4} (i.e., {{LP},{NLP}}). Stage 2 includes
permutation blocks 334 and 336. In stage 2 each of these two aggregate
groups of users may be further permuted within each group by employing
permutation blocks 334 and 336 respectively implementing permutation
matrices I} and [, namely:

s = s, and s = nls, {6).
The following short notations are hereby introduced: x, = sf_“\l and

()

e}
rg

X, = § In general, the permutation matrix corresponding to the
operation of permutation block 204 (Figure 4) and by permutation block
304 (in the particular example shown in Figure 6) is:

I, GKixI(Z)
01{2 XK, i1,

Hyax = I ( (7).

Permutation block 204 (Figure 4) outputs a signal 206 (i.e., permuted
information symbols represented in Figure 7 as a
vector x = [x (1), x(2), x(3), x(4),x(5)] " in the 5-user example) in which
the outputted permuted symbols can generally be represented by:
iy T

o, %) = [sg‘-il)igénz“’_]r =TTx = ( :; &EE{"’) lx ).
Output signal 206 (Figure 4) having permuted information

symbols (Figure 7) are added 210 with a perturbation vector 208, c.
Perturbation vector 208, c, for the first K; components, denoted as ¢, are
zeroes: ¢; = 0, signifying that no perturbation is added 210 to the K,
components of output vector 206. The remaining K, components, are

denoted as c, # 0, signifying that a perturbation value is added 210 b the

30
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K, components output vector 206. Vector c is defined by the following
expressions: ¢ = [c],c]]”, c¢; = 0 means 0, ¢, e C%*' where
Ky + K, = K. Vector x is defined by the following expressions x =
xl. xI17, x, € CKX1 0 x, e CK*1 where ky + K, =K.

The perturbation vector, which can be any addition that may
be eliminated by modulo arithmetic operations at the receiver, is one
particular example of a reversible mapping. The employment of the
perturbation vector approach effectively connotes that for every k-th index
the point (s, + c,) belongs to an expanded constellation set for the k-th
user. Generally, various algorithms may be used to determine the
perturbation vector. Particularly, perturbation vector c is attained by taking
into account system constraints that serve several objectives. An
example objective involves minimizing the output power of the precoder
signal (thus aiding to avoid intensive pre-scaling of the transmitted signal,
consequently increasing the SNR at the receiver). Another example
objective concerns the minimization of the bit error rate (BER) of the
received signal.

Alternatively, the permutation matrix is applied directly to the
vector sum of the symbol vector and the perturbation vector, s + ¢, since
c+x=c+MTs=n¥(s+Hc)=n¥(s+c) where & represents an
auxiliary perturbation vector. The perturbation vector and auxiliary
perturbation vector are related thusly: ¢ = ¢ = fiz. Arranging c as c =
[c],c5Y we obtain:

¢ = 1] el (9).
Perturbation vector ¢,, whose components are all zero, is added tos,.
ci“l) is also a zero vector. Obtaining an implicit expression to perturbation
vector ¢ in terms of the auxiliary perturbation vector ¢ (by multiplying the
auxiliary vector by [T from the left and using the identity nTn) yields:
c = [T8. An output 212 (Figure 4) from adding operation 210, x + c,
constitutes as an input to a block 214 configured and operative to perform

A0~
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the pseudo-inversion operation: pinv(R’) *D, and b output a signal 218
(Figure 4) represented by a vector m referenced 256 in Figure 5. In the
5-user example of Figure 6, a pre-processing block 306 performs the

same operation as block 214 (note that L = R'). Outputted signal 216,

]

represented by vector m is partitioned (Figure 5) into two sub-vectors 256

and 256, of vector 256 corresponding to two aggregate groups of vector

elements, namely, a first aggregate group, sub-vector mi,, successively

followed by a second aggregate group, sub-vector m,. Block 214 (Figure

4) in conjunction with a Q block 218, a permutation block 204, and a

10 perturbation vector 208, c, collectively constitute a precoder 220, denoted

by £, which in turn is configured and operative © perform

pseudo-inversion of a communication channel matrix H, in accordance

with a ZF (zero-forcing) scheme involving permutations. Analogously, in

the 5-user example of Figure 6, permutation block 304, a pre-processing

15 block 306, an orthonormal matrix "Q" block 308, and a plurality of scalar

power gain blocks 310, ; collectively constitute a precoder 312, which in

turn is configured and operative to perform inversion of a communication
channel 314.

Block 214 (Figure 4) and pre-processing block 306 (in the

20 5-user example in Figure 6) utilize a diagonal matrix De C¥ (ie.,

D = diagid)) configured and operative to perform power scaling for

precoder 220 (e.g., for meeting power constraints). Vector d is defined by

the following expressions: d =-[df,d}]T, where d; e C%*!, and d, £

C2** | and where K, + K, = K. Q block 218 (Figure 4) and a Q block 308

26 (in the 5-user example in Figure 6) are configured to perform the following

QR decomposition for a Hermitian conjugated and permuted channel
according to:

H" = QRH' hence H = NIR¥QH (10),

signifying that the QR decomposition is constructed from:

41~
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HPf —QR (11,
where H e C*N is the channel matrix, R e C%*K is an upper triangular
matrix, Q£ C'*K is an orthogonal matrix such that Q*Q = | ,,;, and
fl e CK is a permutation matrix. The multiplication expression X
permutes the rows of a matrix X; the multiplication expression xn7”
permutes the columns of matrix X. In particular, the determination of
matrix R in the QR factorization process depends not only on the channel
matrix but also on the permutation matrix ff. Permutation matrix N
consists of K elements, such that all elements but one is zero and just one
element is equal to 1, for each row and each column of ff. The position
(i.e., index value) of this element (the 1) is different for every row and
column so that these positions determine the permutation sequence. With
reference to the 5-user example of Figures 6 and 7, let us consider the
following a 5-dimensional vector (1,2,3,4,5) and its 5-element permutation

into {2,4,1 ,3,5}, represented by the following matrix:

01 06 0 0 diy [l
0 0 0 1 0 a | lag

=11 0 0 0 1} M&aj=ith (12},
0 0 1 0 0 7} a3
0 00 0 1 asd  Las

fn particular, this also demonstrates an example of:
— I, 6,
E-H — 4
(05, 1r)

where the 2 x 2 permutation matrix fi, permutes the first two indices and

(13),

the 3 x 3 permutation matrix i, permutes last three indices.

The construction of precoder a P represented by precoder
matrix P & CN*K (referenced 220 in Figure 4 and 312 in Figure 6) is
achieved according to the following equations:

P = aQR-“DXT o = P(s + ¢), (14).
P e ¢\*K is a generalized vector precoder matrix, s is the information
symbol vector and c is the perturbation vector. For the LP group of CPE

units the respective components of ¢ are zero, while for the NLP group of
W
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CPE units the respective components of ¢ are nonzero. Alternatively,
there might be NLP supporting CPE units whose respective components
of ¢ are constrained (forced) to be zero for the purposes of optimization
(e.g., dimensionality reduction in decreasing the number of nonzero
components of ¢, thus reducing computational load), effectively treating
NLP supporting CPE units as part of the LP group of CPE units. The
perturbation vector is added for the NLP group of CPE units for example
via search-based criteria, implicitly via the THP scheme, and the like.

Scalar power gain blocks 3104, 310,, 3105, 310,, and 310,
(collectively denoted 310, ;) (Figure 6) apply a scalar « factor, which is
common to all users (may be used optionally), matrices Q and R are
determined according to equation (11), and matrix D is used for power
scaling.  Specifically, matrix Rf is a lower triangular matrix hereby
denoted interchangeably byL, (i.e., L= R"). The input to block 218 in
Figure 4 and block 308 in Figure 6, matrix Q, is given by:

o = R7#Dil T(s +¢) = L7'Dn"(s + ¢) (16),
which means that:
i O, o V. . - T s o T T
Lm = l}( t I;{;&f) Nis+c)=D (sf‘“) ,(sl}ng)) + e {(17).
Ko XKy 2 : -
Since L is lower diagonal, for the LP group we obtain:
Lim, = Dlsgnl} (18),
or equivalently,
- 1) .
m, = L;*D;s;" (18%),

where D, = diag(d,).

Reference is now further made b Figure 8, which is a schematic
illustration, generally referenced 350, detailing a partition of a
lower-diagonal matrix L having the dimensions (% + K,) x (K; + K,) into

three matrices L,, L2, and M;;, and a zero matrix & having

KIxK2
zero-valued elements. Matrices L;*, £, ,D, ,U; are of size K; X X; and

vectors m siﬁv, d, are of dimension K, X 1. Note that permutation

43
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matrix fi; has only K; non-zero elements and is defined by the vector of
size K, specifying the permutations. Matrix D, has K; non-zero elements
on its principal diagonal. Matrix L7* is a lower diagonal matrix whose
inverse is matrix £,, the latter of which is also a lower diagonal matrix
consisting of ¥, first rows of matrix L.

Diagonal scaling vector d, can represent the degrees of
freedom for optimization under constraints. Optimization involves use of
the diagonal scaling vector d, in conjunction with the degrees of freedom
afforded by the permutation. The elements of the diagonal (power) scaling
vector d (D = diag{d)) are typically selected to be real-valued and
non-negative (although it is not a required restriction). It is noted that
different precoder outputs may be scaled by gains of different values (not
shown in Figure 6). The corresponding degrees of freedom rendered by
the diagonal of the corresponding components of matrix D are chosen to
satisfy and ensure that power constraints are met per communication
channel (e.g., line, antenna), as well as to optimize the performance (e.g.
affect communication rates: mean or max-min (maximum-minimum) or
max-min with constraints etc). For example, the optimization, may seek
maximization of the average rate, the max-min rate, or alternatively other
multi-criterion optimizations. Typical constraints include the power density
mask (PSD), and the minimal bit loading value.

Following determination of diagonal scaling vector d,, vector
m, is calculated directly via equation (18*), or sequentially via equation
(18). The direct path allows calculation of the components of 22%
independently from each other, thus allowing for parallel processing to be
employed.

The NLP scheme for the NLP group of CPE units (users) will
now be described in greater detail. Reference is now made to Figure 9,
which is a schematic illustration detailing an example configuration, of an

internal structure of the preprocessing block in Figure 6, generally

dd-
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referenced 370. Figure 9 shows an internal structure of preprocessing
block 306 in Figure 8, for the 5-user example. Also shown is permutation
block 304 of Figures 6 and 7, configured and operative b provide
permutated information symbols (vector x) as input to preprocessing block
306. Preprocessing block 306 includes a plurality of gain blocks 3724,
3722, 3723, 3724, and 3725, a plurality of NLP/LP control mechanisms
374, 3742, 3743, 3744, and 3745, a plurality of adders 3762, 3763, 3764,

2]

and 3765, and a plurality of modular arithmetic calculation units 378i,

378 3784, and 3785. Permuted information symbols x =

21 31
10 {x(),x(2),x(3), X(4), x(5)} are respectively inputted into gain blocks 372-,,
372,, 372,, 372,, and 372, (index-wise). The gain blocks are configured
and operative to multiply the permuted information symbols by respective
gain components /(I), /(2), /'(3), f(4), and f(5) of a gain vector /.

NLP/LP control mechanisms are each 374, 3742, 3743, 374 ,, and 3745

2

15 are configured and operative to control application of reversible mapping

154A (Figure 3), for example, a modulo-Z adder (where Z e Z, i.e., a

whole number), according to the respective supportabilities of the CPE

units. For the LP group of users, NLP/LP control mechanisms 374, 3742,

3744, 374,, and 374 are configured and operative b direct relevant input

20 signals in(1), in(2), in(3), in(4), in(5) to the output of preprocessing block

306, thereby respectively bypassing modular arithmetic calculation units

378!, 3782, 3783, 3784, and 3785. For the NLP group of users, NLP/LP

control mechanisms 374-j, 3742, 3743, 374, and 3745are configured and

operative to direct relevant input signals in(1), in(2), in(3), in(4), in(5)

25 respectively b modular arithmetic calculation units 378i, 3782, 3783, 3784,
and 378..

The operation of adders 376, 3763, 3764, and 3765, and that of

modular arithmetic calculation units 378, 3785, 3783, 3784, and 3785,

which are relevant to the group of NLP users, will now be described in

45~
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detail. Analogously to equation (18) relating to the LP group of users, for
all LP and NLP groups of users we have:
Lm = Dil{s + ¢) (19).
Referencing Figure 8, which shows a partition of the lower-diagonal L
5 matrix into (sub)matrices, where the lower-diagonal matrix is denoted L,,
the rectangular matrix is denoted M,,, and the lower-diagonal is denoted
L,. All elements above the main diagonal are zeroes. The dimensions
ofL, ,M,, and L, areK; x K, K, x K;, and K, x K, respectively. From
equation (19) we obtain:
10 l,m, + My 1 = BonJ(s, +Cy) (20).
The following notations are hereby defined: b, = diag(d,), where
d, = diag(£;). The objective now is to construct a unit diagonal matrix L;:
Ly = DI (21),
where D, = diag{d;), and d, = [diag(L,)",diag(L,)’"]". The modular
15 arithmetic calculation units are configured and operative to facilitate

construction of the diagonal matrix L, in a recursively manner according

L{kn)

tO LU (k, n;) = LER) .
Particularly, multiplication of equation (17) the left side by D;?
results in:
@ )T r
20 Lym = K‘fm O s, 1") .85 2T 4 cg} (22),

where Q denotes the component-wise multiplication, and / is a gain

vector calculated as according to:

-1
diag(fey) = ~diag(diag(L,))) "D, (23)
hence:
. - ’1' ) F
25 filk) =533, :j(:;) o x = ooy, {24)

According to equation (20) the first a x a elements of the scaled matrix:
L, =diag(diag(l ;))L .1 (25).
Thus:
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L7l =L\ "diag(diag(Ll)))“l (26).
By using equation (23) we may rewrite equation (18*) as:

m, = 17D, s}t = Lj! (diag(diag (Li)))“lg,sg‘“ 27),
then obtain an expression for m, by means of the scaled matrix, L1, and
gain vector f:

B, = L} diag(f,)s;™ (28),
(which is an alternative expression for MY,
We observe that a sequential solution of the system of equations
L,m — b +¢ can be given by:
m(l) = h{1) + c(l)

m(fo) = b(k) + &(k) - X1 Lyge,n)m(n) for k = 2, .. K (29),
where we denote:
b = diag(f)fis = diag(f)s™ (30),
and discuss the following general scheme derived from equation (19):
| jm = diag(f)s™ + & (31).

From equations (29) and (30) we arrive at:

m() =f£(1)sW) + c(V)

ni(K) =/ (k)s™ k) + o(K) - Sk 1,0k, N)my(n) for k = 2, ..., K
(32).

For any index k we may choose an auxiliary perturbation vector c(fc) to be
proportional to the modulus size such that:
m(fc) = Med{f (K)STxk) — Tk21 L, (K,n)my(n)) (33).
Reference is now made to Figure 10, which is a schematic
illustration detailing an example configuration of an internal structure of
preprocessing block and permutation block in Figure 6, shown in a
particular 5-user configuration, generally referenced 400. Figure 10
shows an example internal structure of permutation block 304 of Figure 6,
including permutation sub-blocks 334 and 336 (Figure 7). As described in

conjunction with Figure 7, permutation sub-blocks 334 and 336 each

A7~
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respectively permute the two aggregate groups LP and NLP of users.
Preprocessing block 306 employs equation (22) for the NLP group of

users such that:

(1) The first K, permuted information symbols sl(nlj(k) (i.e., x(1), x(2),

]

x(3)) are inputted to preprocessing block 306 and gain blocks 372-,,
372,, 372, apply (e.g., multiply by) gain vector components f (k)
ie., as fu,(K)s(k) (e, f(1), f(2), f(3)). The rest of K, permuted
information symbols, corresponding to the NLP users enter directly
as sénﬂ(k) (i.e., gain blocks 372,, and 372 don't apply gains, i.e.,
10 f(4) = 1,f(5) = 1). For the LP group of users, outputs from gain
blocks 372i, 3722, 3723 correspond to respective inputs in(1), in(2),
in(3) to respective modular arithmetic calculation units 378i, 378,
378, (i.e., effectively bypassed), which in turn correspond to
respective outputs m(1), m(2), m(3). For the NLP group of users,
15 outputs from gain blocks 3724, 372 correspond to respective inputs
in(4), in(5) to respective modular arithmetic calculation units 378,,
378, which in turn correspond to respective outputs m(4), and m(5).
374

(2) NLP/LP  control mechanisms 3744, 374 control  the

2’ 3’

application of modulus operations, which are not applied for the A;
20 first equations corresponding to the LP users. NLP/LP control
mechanisms 374, and 374, control the application of modulus
operations applied to the subsequent K, equations corresponding
to the NLP users. The perturbation vectors are implicitly calculated

via modulus operations according to:

26 m (1) =/, () s () (34)

m(k)} f(i)(k)sml)(k) - Y81,k n)m(n),fore = 2,..., A, (35)

i

m {k} = mod (%HZ)(k)) - yriLy (e, m)m(n))  Jiork = Ky + 1, ., K,

(36).
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The gains, represented by vector /, are calculated according to:
f(k)=d {(k)/L(k,k), where d; represents (pre-calculated) diagonal
coefficients for the linear precoder.

The presented scheme is a convenient way to embed the LP
and NLP groups of users together into the THP structure, concomitantly
with NLP/LP control mechanisms configured and operative to respectively
apply modulus arithmetic operations to groups of users classified
according to supportability. The implementation of permutations by
permutation block 304 is achieved via equation (8) such that the

permutation  block matrix can be represented in the form of

07 0 .0 S
( ! ‘{“;K“) acting on [S],s7]7 as its input. Alternatively, the
D, ke, e

permutation block may also include a matrix Hj (see equation (8)) acting
on the natural order of information symbols, which can be represented
bw< m ﬂ&?ﬁ>n§
(}KZXIQ H;

There are various implementations to preprocessing block 306
(Figure 6), several of which are hereby given by the following examples.
Reference is now further made to Figure 11, which is a schematic
illustration showing a particular implementation of NLP/LP control
mechanisms in an internal structure of preprocessing block, generally
referenced 410. Particular implementation 410 of preprocessing block
306 is the same as particular implementation 400 of processing block 306,
apart from Figure 11 showing another particular implementation of
NLP/LP control mechanisms. Specifically, NLP/LP control mechanisms
374, 3742, 3743, 3744, and 3745 are implemented as electronic switches
configured and operative to route input signals in(1), sn(2), in(3), in(4),
in(5) either to respective modular arithmetic calculation units 378i, 378,,
3785, 3784, and 378, or directly to respective outputs m(1), m(2), m(3),

m(4), m(5), thereby controlling the application of the modulo operation

40
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(i.e., the reversible mapping) according to the respective supportabilities
of the CPE units.

fn accordance with another example implementation of
preprocessing block 306, reference is now further made to Figure 12,
which is a schematic illustration showing another particular
implementation of the preprocessing block of Figure 6, generally
referenced 420. Figure 12 is similar to Figure 10, apart from
implementation of a calculation block 422 for the LP group of users. For
those LP group of users, permuted information symbols x(I), x(2), and
X(3) are inputted into calculation block 422, which is configured and
operative to calculate inv(L,,) * diag(f), (i.e., using the scaled to unit
diagonal L, matrix and the scaled gains /') the respective outputs of which
are m{l ),m(2), and m(3). Forthe NLP group of users, modular arithmetic
calculation units 378,, and 378; are used. Figure 12 shows a combination
of a united direct non-sequential action for the LP group of users, in
conjunction with a sequential THP preprocessing action for the NLP group
of users. Alternatively, according b another implementation {not shown),
calculation block 422, is configured and operative to calculate: inv(L,} *
D,. For both implementations, it is emphasized that only (k) for the
NLP group of users is calculated sequentially. For the LP group of users,

m(/0 is calculated either sequentially or directly according to equation

(18*), namely: m, = |_1‘1D1s§nlr’ or alternatively, by opting to use the

(1)

4
1

scaled matrix: m; = L7 diag(/ ;))s

In accordance with another example implementation of
preprocessing block 306, reference is now further made to Figure 13,
which is a schematic illustration showing further particular implementation
of the preprocessing block of Figure 6, generally referenced 430. Figure
13 is generally similar to Figure 12, apart from a different configuration of
modular arithmetic calculation units 378,, and 378 and the inclusion of a
calculation block 432 that includes a plurality of recursive calculation

B~

PCT/IL2017/051402



WO 2018/122855 PCT/IL2017/051402

blocks and adders 434 and 436. The example implementation shown in
Figure 13 is configured and operative to reduce the real-time precoding
complexity, due to preprocessing block 306 requiring the execution of

fewer computations involving the sequential part of the computation

o

process (i.e., as compared with the configuration shown in Figure 12).

In particular, preprocessing block 306 performing the sequential
calculations for determining the k-th output, m{fk}, given in equation (36),
may be viewed as follows. Subsequent b determining #t; we may

calculate:

10 & () =55, Ly (k, mm(n) (37).

n=1
Then, the remaining K, sequential equations may be represented by:

m (k) = mod (s (/0)) + 5, (fe) = T4k .1 1yl m)m(n))  (38),
for k = K, +1,.. Ky, where & is an offset vector, which may be
represented in the vector form as:

15 &= —My, my {38},
where matrix M 4, is based on partition of the scaled unit diagonal matrix
L, (i.e., My, = Ly{rows:Ki + 1toK,columns: 1toK,)). Offset vector &
may also be written in terms of D, as:
5 = ~ D,*M, m,, where D, = diag(diag(l ,)) (40).
20 Since the offset vector & is known, it may be separately calculated
(independently of the sequential calculations). The outputs of adders 434
and 436 constitute outputs of calculation block 432 represented by offset
vector s, whose two components are d; (inputted to adder 376,) and &,
(inputted to adder 376;). This configuration typically reduces real-time
26  precoding complexity as noted.

Alternatively, according to another implementation (not
shown), calculation block 422 in Figure 13, is configured and operative to
instead calculate: inv{Z,) * D;.

Returning now b Figure 4 (and Figure 6 in the 5-user

a0 example), block 214 in Figure 4 (and preprocessing block 306 of Figure 6)
-51-
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output a signal represented by vector m to the input of Q block 218 (and
Q block 308 of Figure 6). Q block 218 (Figure 4) and a Q block 308 (in
the 5-user example in Figure 6) are configured to perform QR
decomposition for a Hermitian conjugated and permuted channel

according to equations (10) and (11), and to output an outputted signal

2]

222 represented by vector O in Figure 4. Scalar power gain blocks 3104,

310,, 3105, 3104, and 310 (collectively denoted 3104.), which are

2
configured and operative to apply a scalar factor a common to all users,
are optional and shown only in Figure 6. Alternatively, the scalar factor

1o may be different for different users as will be described in greater detail in
conjunction with Figures 17A and 17B. In the case where the system of
the disclosed technique utilizes the scalar power gain blocks (Figure 8),
these in turn output the signal represented by vector ¢ (see equations
(14)).

15 Precoder 220 (Figure 4) and precoder 312 (Figure 6),
represented by precoder matrix P .. C¥*K are configured and operative b
perform pseudo-inversion of the communication channel matrix, and to
generate outputted signal 222, represented by vector ¢ (recapping that
0 =F(s +c) and P=a¢QR ¥ DI (equations (14)) to the communication

20 channel 224 (Figure 4) and 314 (Figure 8 in the 5-user example). P
represents a generalized inverse of the communication channel matrix H,
given by:

H=0Q*R*NNH¥=n*R" *g" 41).
If a direct substitution of the factorized channel matrix (equation (41)

26 above) is made into an expression for the pseudoinverse piNV(R') * D of
block 214 (Figure 4), the result yields basic elements of THP based on QR
decomposition. in particular, if we denote the diagonal scaling of the
communication channel pseudoinverse as D and the scaling of the THP
block 220 as D then:
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pmv (H) D = HE(HEM 1D = grRAT(IRFGHGRITT) 1Q =
QROTN-T(RUR)-'II-'D = QRR-Y(R)Y NP = g(rM-1pnT (42),
where Nn*D = pAT, Qe CV*X R e CXXK and |) is a diagonal matrix of size
(dimension) K x K and MT is the permutation matrix of size K x K (where
the columns of matrix Q are orthonormal) based on the so-called thin (or
reduced) QR factorization (due to K < N). The relation between the
diagonal matrix which scales the channel pseudoinverse and the scaling
utilized by THP block 220 is D = n-1#n = 71v@3il . Alternatively, it is:
D = IpINT. The scaling is not arbitrary (e.g., as in the prior art) but THP
block 220 is configured to scale according to £# = diag(diag(J? 7)). Note
that the QR decomposition presented is based on THP that represents the
precoder utilizing the Moore-Penrose  pseudoinverse and its
corresponding specifically chosen diagonal: D = ndiag(diag (R¥))n T.

The transmitter side outputs outputted signal 222 (vector o),
which propagates through communication channel 224, the result of which
is a signal 226 (represented by a vector y} received at the receiver side.
A received signal 232 at the receiver side, represented by a vector r is the
sum of signal 228 (y) with additive noise 228 (represented by a vector n),
signifying that the preceded information symbols propagated through the
communication channel includes additive 230 noise. Received signal 232,
vector r may be represented by:

r=Ho+n=HP{s+c)+n =HRHG"xQRHDIl (s +¢c) +n =

= qfIBN7(s + ¢) + 7 (43),
where r £ %' is the received signal, 0e C*** is the output to the
communication lines (i.e., the transmitted signal) and n ¢ C*** is the
additive noise at the receiver side. The expression fIDfi’ represents the
permuted diagonal:

D, = npn’ (44),

therefore:
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r=abDp(s+c)+ 7 =aay 0 (S+c) +n (45).

The permutation matrix ri orders (i.e., permutes) the constructed diagonal:
dy = diag{#) = Fid (46),
where d = diag(#). In THP, the input signal is first permuted as fis, then
the sequence ¢ is added via the THP scheme:
MN¥s + €= NT(s+ Tic) = n%(s + ¢) (47),
where ¢ = lie.

Continuing at the receiver side, received signal 232 (Figure 4)
is inputted to a block 234 configured and operative to perform scaling by
inverting the permuted diagonal vector Dy, as defined in equation (44), the
output of which is denoted by an output signal 236. With reference to the
5-user example of Figure 6, at the receiver side, complex-valued scalar
gain blocks 316,, 316,, 3165, 316,, 316, (collectively denoted by 316, ;)
are configured and operative to apply corresponding complex-valued
scalar gain factors F(1), F(2), F(3), F(4), and F(5). (A special case of
complex-valued scalar gain factors is where they are real values). For
NLP supporting CPE units, output signal 236 (Figure 4) represents an
input to a modulo operation block 238, which is configured and operative
to apply modulo arithmetic operation to received signal 236, and to output
an output signal 240 of estimated symbols, represented by a vector s. For
those CPE units whose supportability does not include NLP (i.e., LP group
of users) output signal 236 is effectively output signal 240 (i.e., no modulo
operation is applied). With reference to the 5-user example of Figure 6, at
the receiver side, modulo arithmetic blocks 318, and 318, are employed
by respectively employed respectively by CPE units 108, and 108, (Figure
1, for example) having supportability to decode NLP encoded data (i.e.,
the NLP group of users). Modulo arithmetic blocks 318, and 318, are
configured and operative to encode the NLP encoded data by applying
modulo operation, the generated result of which are output as estimated

symbols 320, (i.e., s(2)) and 320, (i.e., s(4)). CPE units not supporting the

B~
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decoding of NLP encoded data (LP group of users) don't have modulo
arithmetic blocks, and consequently the outputs from complex-valued
scalar gain blocks 3161, 3165, 316 constitute as estimated symbols 320i
(i.e., §(1)) 3204 (i.e., s(3)), and 320 (i.e., s(5)).

For non-cooperative receivers (i.e., receivers that do not
share or use information they process between themselves) received
signals, r; and r,, are processed: (i) independently for every user (as the
users are non-cooperative); and (ii) by using scalar scaling of the received
signals. These can be represented in the matrix-vector form as diagonal
gain corrections, diag{g,) and diag(g,,}) for both LP and NLP groups
of users, and additionally by modulus operations applied only to the NLP
group of users, as may be represented by the following equations for
outputted estimated symbols:

8, = 6yr, = diag(g (1‘)) =0 Qry (48),
§, = mod(G(Z)rZ) = mod(dl.ag(g(z)) ry) =mod(ga O,  (49),
where S; and s, respectively signify information symbols for the LP and
NLP groups of users and ¥; and s, denote their corresponding estimates
(which may be further inputted into error correction blocks (not shown) as
known in the art).

The application of complex-valued scalar gain factors F(1),
F(2), F(3), F(4), F(5) shown in Figure 6 for the NLP supporting CPE
receiver units, in the case where F(k) # 1 is generally achieved in two
steps. The first step involves compensating for the communication
channel attenuation gains, given by the diagonal of the L matrix (i.e.,
diag{(f)). The second step involves compensating for gains affected by
the modulus operation. in this case an estimated symbol for a k-th NLP

supporting CPE receiver unit is given by:

y »\

S (k) = = mod( : r(k})) (50),

Frlid prkk)

-55-
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where Dy = D [ ; D, = diag(diag(L)); and / = diag(n diag(/) nv),
as the received symbol is prior to frequency equalization at the receiver
side (CPE units) is given by (prior to addition of noise):
y = fp (diag((f))f's + &) = 11B nT(ndiag(())n Ts + fig) (51).
5 Recalling that the diagonal matrix D (after factorization) in Figure 4
is b = D, diag(/), vector r is scaled by components of the diagonal matrix
1D, 17 thus obtaining:
(fip i") 'y = ndiag(())n Ts + HE (52).
Subsequently the modulo operation is performed on the permuted
10 auxiliary perturbation® = fic¢ after which the second scaling step is
performed, in accordance with equation (50), thereby obtaining:
(ndiag())n T)~ mod (NB,NT)-1y = s (53).
in practice, this procedure is applied to received vector?-, thereby arriving
at equation (50).
15 Note that for the standard THP case where F(k) = 1, the k-th estimated

symbol reduces to:

ot () 9.

k2 *{(»k,n)

S zptK) = mod(

4

The estimated symbol &, (K} corresponds b the NLP group of users at
the receiver side (CPE units). At the transmitter side (DPU) the processor
20  applies the modulus operation to symbols whose indices correspond to
the NLP group of users after the permutation block (i.e., while not applied
to symbols whose indices correspond to the LP group of users. For the
LP group of CPE receiver units, the estimated symbol for a zth CPE

receiver unit is:

. r(1)) (55),

Faopn

25 G (D) -

which is performed in one step (while two steps are also possible).

Equation (31) may be rewritten to account for the THP scheme in the case



WO 2018/122855 PCT/IL2017/051402

where f (k) = 1 for index k corresponding to the permuted NLP group of
users as: L,m = diag(f)N7 (s + ¢), where ¢ = NT&,
it is noted that the precoder given by: P = QR"H, where
QECNXK and R e CKXK (where the columns of matrix Q are orthonormal)
5 based on the so-called thin (or reduced) QR factorization (due to K < N)
performed for H” as H” = QR and hence H = RHQ") leads to the Moore-
Penrose pseudoinverse. We straightforwardly observe that:
P = HH(H H!—I)»--l = QR(RHQHQR)»--l = QR(RHR“)»--I =
= QR(R*R#) = QR™ (56).
Therefore, the precoder based on the QR decomposition represents a
10 particular pseudoinverse. One may readily observe that the same is true
for QR decomposition with permutations, as described hereinabove.
It is assumed that the number of transmitters is N, and that
K < N. In a wireless system, N represents the number of transmitting
antennas and in a wire-line system N is the number of CPE units (e.g.,
15 modems) transmitting through binder 110 (Figure 1). The K CPE units
which receive information (at a particular frequency) are regarded as
active CPE units ("active users") at that particular frequency. The same
CPE (user) may be active at some frequency tones and non-active at the
other frequency tones. To further explain the meaning of an activity level
20 of a particular CPE unit at a particular subcarrier frequency, reference is
further made to Figures 14A and 14B. Figure 14A is a table showing a
database of supportabilities and activity levels of each CPE unit at a
particular point in time, generally referenced 450, constructed and
operative in accordance with the disclosed technique. Figure 14B is a
25 schematic diagram showing a graph of a particular example of activity
levels of CPE units ordered according b (relative) communication link
quality as a function of subcarrier frequency at a particular point in time,

generally referenced 480, in accordance with the disclosed technique.
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Database 450 shown in tabulated form includes a CPE number
field 452, a supportability field 454, and an activity level field 458. CPE
number field 452 includes a numbered list of CPE units 106i, 106,

106 106y 1,106y (Figure 1). Supportability field 454 includes an

goer -
ordered list of supportabilities 1204, 120,, 1205,..., 120x-,120n (Figure 1)

o

each associated (index-wise) with a particular CPE unit. Activity level field
456 includes an ordered list of activity levels activity levels 122, 122,

122 122y.4,122y (Figure 1) (per tone), each associated (index-wise)

goer -
with a particular CPE unit. Activity level field 454 includes a plurality of
10 subfields: an ON/OFF subfield 458, a synchronization subfield 480, a
frequency response subfield 462, and an activity level per tone (subcarrier
frequency) subfield 464. Supportability field 454 includes a list of

supportabilities 1204, 120,, 120j,..., 120y ,120y defining for each CPE

unit its ability to decode at least one of NLP data and LP data (i.e., with
15 respect to hardware, software, firmware, etc.). ON/OFF subfield 458 lists
for each CPE unit whether it is switched 'on' or otherwise not (e.g., 'off',
non-existent, etc.). Synchronization subfield 460 lists for each CPE unit
whether it is synchronized for transceiving data with corresponding
transceivers 1164, 116,, 1163,..., 116, 116y of DPU 104 (Figurel ) (e.g.,
20 in the "showtime" state). Frequency response subfield 462 lists for each
CPE unit its corresponding frequency response (i.e., a measure of the
magnitude (and phase) of a signal propagating via the communication
channels as a function of subcarrier frequency). Activity level per tone
subfield 464 lists for each CPE unit whether it is considered active or
25  Inactive according to a determination made by DPU 104. Specifically, at
least one of controller 112 (Figure 1) and processor 114 of DPU 104 is
configured and operative to employ a decision rule (e.g., an algorithm) for
determining active CPE units () and inactive CPE units from a total
number of CPE units (N) according to various criteria including data from

30 ON/OFF subfield 458, synchronization subfield 460, frequency response
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subfield 462 (e.g., taking account SNR), and according to various
constraints including optimization criteria such as the maximization of
average rate, maximization of max-min rate, and the like. It is noted that

data stored by database 450 is time-dependent (i.e., are subject to

o

change over time). Consequently, activity level for each CPE is both
subcarrier frequency-dependent as well as time-dependent.

Further reference is made to Figure 14B showing a graph 480 of

a particular example of activity levels of CPE units ordered according to

(relative) communication link quality (performance, e.g., channel capacity)

10 as a function of subcarrier frequency at a particular point in time. Graph

480 includes a vertical axis 482, and a horizontal axis 484. The CPE units

are ordered along vertical axis 482 according to relative communication

link quality, i.e., CPE units exhibiting a relatively high communication link

quality (e.g., SNR) are positioned at a relative higher position along

15 vertical axis 482 in comparison to CPE units exhibiting relatively lower

communication link quality. For demonstration purposes, the CPE unit

exhibiting the highest communication link quality (in relative terms) is

referenced 488 in Figure 14B, whereas the CPE unit exhibiting the lowest

link quality is referenced 486. Horizontal axis 484 represents frequency

20 (i.e., a range of subcarrier frequencies) the higher the frequency the

farther along it is on this axis. A point in graph 480 is defined by a

(horizontal, vertical) coordinate that corresponds to a particular CPE unit

at a particular subcarrier frequency. A point located on a curve 490 or

within a shaded area 492 represents that it is inactive, whereas a point

25 located outside shaded area 492, i.e., within a non-shaded area 494

represents that it is active. Shaded area 492 is defined by curve 490 that

is characteristic to the communication system 100. Curve 490 is a typical

representation of a characteristic tendency of SNR decline with higher

frequencies but is given only as an example for explicating the disclosed

30 technique, for it can assume other forms (e.g., non-monotonic,
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continuous, discontinuous, etc.). Figure 14B illustrates that a particular
CPE unit may be active at some subcarrier frequencies, and inactive at
others. In particular, for the example given, CPE unit 488 exhibiting the
relatively highest communication link quality is active at all subcarrier
frequencies, whereas CPE unit 486 exhibiting the lowest link quality is

inactive from a threshold subcarrier frequency f,. Each CPE unit may

have its respective threshold subcarrier frequency. In the wireless case, a
drop in the SNR at a specific frequency maybe due to a property of the
communication channel (including the environment). Alternatively,
inactive CPE units may be determined according to an optimization
algorithm (e.g., that maximizes the average rate for all CPE units).

A memory (not shown) is configured and operative to store
database 450. The memory is typically configured to be coupled with at
least one of controller 112 and processor 114 of DPU 104 (Figure 1). In
one implementation, memory is intrinsic to DPU 104. In another
implementation, memory is distinct and external to DPU 104, accessible
via known communication methods (e.g., wire-line, wireless, internet,
intranet communication techniques, etc.).

The precoder constructed according to the disclosed technique
to solve the interoperability problem of CPE units having different
supportabilities relates to the general case where K < N, but more
specifically relates to the more typical and tougher case where K < N at a
particular subcarrier frequency. As aforementioned, a solution to the
special simple case where K = N is already proposed by the prior art.
The case where K < N may also arise for example in situations where
some CPE units might not have a large enough SNR (e.g., due to
significant channel signal attenuation in a high frequency portion of the
transmitted spectrum of frequencies (e.g., corresponding to moderate and
lengthy communication lines)). This case can be expressed, for example,

when there's an insufficient SNR for transmitting a certain number of bits

-G~
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in a constellation at a particular frequency (e.g., calculated when
bit-loading is less than a specific value). The communication lines
corresponding to these CPE units may be reused to transmit information
(i.e., preceding them with information symbols for other users) intended
for the benefit of the remaining CPE units (i.e., or subset thereof), instead
of for themselves. For example, if the ZF precoder is utilized it can be
based on the communication channel pseudoinverse. In an extreme case
(i.e., beam forming) where all but one CPE unit is active (or operational),
ail communication lines are utilized to transmit to that CPE unit. Note that
a particular CPE unit may be active at some subcarrier frequencies and
inactive at the other subcarrier frequencies. The solution of the disclosed
technique relates and is attained on a subcarrier frequency basis.

The disclosed technique is configured and operative to employ
an algorithm for determining active users from a total number of users
according to various criteria, e.g., depending on optimization criteria such
as the maximization of average rate, maximization of max-min rate, etc.
in that regard, let's recall equation (19), which may be rewritten as:

Lym,=D,N;(S, +C,) - M,;m, (57).
Noting that m, is already known, we introduce:
8y = -3 H,M 0 (58).
For a general vector precodsng scheme there is not assumption that
D, = diag(diag(X,)). The diagonal D, represents additional degrees of
freedom. Then we have:

m, = L7'D, ni(s, + & +c,) (59),
where perturbation vector c, is determined by applying optimization
criteria which for a given D, that minimizes a power criterion applied to
vector m,. For example, optimization involves minimization of a

~-dimensional (absolute-value) norm [j2,11,, Wwhere the following standard

notation is used: {izi|, = (Zi;iizliq)?ft for a vector z of a length L. Such

51~
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minimization may be applied for every realization of s, and s, (where s,
governs m, and therefore &j). Alternatively, minimization is applied b the
statistical power averages. Different types of norms of different dimension
q may be used. For example, the norm |, , is related to the total power
of all m, components, while minimization of |m,, minimizes the
maximal power per component. The components of c, are c,(k} = 7;p,.
The modulus ,, depends on the constellation size of s, or according
toc, () = rp,, where the same modulus value is applied to all
constellations (i.e., determined by the maximal allowed constellation size
as described below). The complex number p, is what is sought via the
optimization process (typically in the form of signed integer components
(i.e., its real and imaginary components are signed integers)). For a
constant modulus, the disclosed technigque may minimize the
instantaneous power value related to the currently transmitted symbols or,
alternatively, the average power value for a given time period.

To further elucidate the disclosed technique, reference is now
made to Figure 15, which is a schematic block diagram illustrating a
specific implementation of the general hybrid-interoperability precoding
scheme, specifically showing delineation into two paths, generally
referenced 500, constructed an operative in accordance with the disclosed
technique. Figure 15 essentially shows a hybridization arrangement of
two delineated data paths, namely, a LP path 502 corresponding to the LP
group of CPE receiver units (users) implementing LP, and a NLP path 504
corresponding to the NLP group of CPE receiver units implementing NLP.
The principles of general hybrid-interoperability precoding scheme 500
conforms to principles of the disclosed technique heretofore described.

Initially, it is noted that vectors s,, m,, &,, d;, yY;,n,, Iy, and
8, are of dimension K,, and vectors s,, ni,, d,,y,,n,, ,, and §, are of
dimension K,.  Starting from LP path 502, information symbols,

represented by a vector s, (intended for being linearly precoded) are

G2~
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inputted to a permutation block 506 configured and operative to perform
permutation of vector elements of S, according to a permutation matrix
I1," (where i’ s a Ki x K permutation matrix) (similarly to permutation
matrix of block 334 in Figure 7). The permuted information symbols from
5 permutation block 506 enter a block 508 configured and operative b
perform power scaling according to a matrix D, (D, = diag(d,)) the
output of which is directed to a block 510, which in turn is configured and
operative to perform inversion of matrix L, (i.e., calculate invCL,}, where
L, is a lower diagonal matrix of dimensions X, X X,.) (Analogous to block
10 422 in Figure 13). Initially, the system and method of the disclosed
technique is configured and operative to optimize the linear precoder by
optimized selection of diagonal scaling values of D; and permutation
matrix fi;. Block 510 outputs linearly precoded symbols, denoted by a
vector 4, Which constitutes as an input to a concatenation block 526, as
15 well as b a block 512, which in turn is utilized in NLP path 504. Block 512
is configured and operative to multiply vector e, by a matrix M, (Figure
8) of dimensions of K, x K; (where L;, Loand #, are partitions of a
lower diagonal L matrix of dimensions K x K, and K =K; +K,) and to
output an offset vector &, , which in turn is input to a block 514. Block 514
20 is configured and operative to multiply offset vector &, by (-1) which
yields a result in the form of equation (39).

Referring now to NLP path 504, information symbols
represented by a vector S, (intended for being nonlinearly precoded) are
inputted to a permutation block 516 configured and operative to perform

25 permutation of vector elements of §, according to a permutation matrix
f,” (where n,' is a K, x K, permutation matrix) (similarly b permutation
matrix of block 336 in Figure 7). Adder 518 combines the permuted
information symbols with a permutation vector C, and outputs the result to
a block 520 configured and operative to perform power scaling according

3 toamatrix D, (D, = diag(d,)). Similarly to LP, the system and method of
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the disclosed technique is configured and operative to optimize the
nonlinear precoder by optimized selection of diagonal scaling values of D,
and permutation matrix¥i,, as well as optimized selection of the
perturbation vector c,. Adder 522 is configured and operative to combine
the output of block 520 and block 514 and produce a result which is
directed to a block 524, which in turn is configured and operative to
perform inversion of matrix L, (i.e., calculate inv(L ,), where L, is a lower
diagonal matrix of dimensions K, x K,.). It is noted that permutation
blocks 506 and 516 may be regarded as a second permutation stage
(e.g., stage 2 referenced 332 in Figure 7) that follows from a first
permutation (e.g., stage 1 referenced 330 in Figure 7). Block 524 outputs
nonlinearly preceded symbols, denoted by a vector m,, which constitutes
as another input to concatenation block 526.

Concatenation block 526 is constructed and operative to
perform concatenation of K; vector components of =z, and K, vector
components of m., into a concatenated vector m.of K vector components.
Essentially, vector 256, m (Figure 5), consists of two sub-vectors 256;,

m,, and 256,, m, corresponding to two aggregate groups of vector

2
elements respectively associated with the LP group and NLP group of
CPE units. The outputted concatenated vector m is fed into a Q block
528 configured and operative to perform the QR decomposition QR =
H#Fi (where the channel matrix is H and N represents a block-diagonal
permutation matrix constructed from fi;, and IM,). A matrix L is defined by
L = R¥. Q block 528 outputs an output signal represented by an output
vector ¢, which constitutes also as a transmitted output signal propagating
from the transmitter side that via a communication channel 530 for
reception at the receiver side.

At the receiver side, LP path 502 corresponds to LP CPE
units configured and operative to receive a signal, represented by a

received vector r, which is the sum of a vector y,and noise #,, denoting

Bl
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that the received information symbols propagated through communication
channel 530 includes additive 532 noise. The received signal (vector #,}
is inputted to a block 534, which in turn is configured and operative to
perform scaling of the received signal per component according to
inv(fi,D, i1,”} the result of which yields outputted estimated symbols §,.
NLP path 504 corresponds to NLP-supporting CPE units configured and
operative to receive a signal, represented by and operative to receive a
signal, represented by a received vector r , which is the sum of a vector y,
and noise n,, denoting that the received information symbols propagated
through communication channel 530 includes additive 536 noise. The
received signal (vector r,) is inputted to a block 538, which in turn is
configured and operative to perform scaling of the received signal per
component according to inv(¥L,D,,”) the resulting signal is fed into
modulo operation block 540, which in turn is configured and operative to
apply a modulo operation to the signal outputted by block 538, the result
of which yields outputted estimated symbols §,.

The optimized selection of the scaling values of Dy, D,, the
permutation matrices f;, M,, as well as the perturbation vector c, may
be determined, for example according to various criteria such as the
minimization of the power involving m, as discussed hereinabove in
conjunction with equation (59). It is noted that the dimension of the
perturbation vector is K, corresponds to the dimension of the input
information symbol vector s,. The functional split to linear and nonlinear
precoders solves the interoperability problem, improves performance of
the nonlinear precoder for small constellations, as well as well as reduces
the dimensionality of the nonlinear precoder. Regarding NLP
dimensionality reduction, it is known that determining the perturbation
vector may involve large computational complexity (increasing significantly
with vector dimension), therefore it may be beneficial to reduce it by

reducing the number of the NLP users and the system and method of the

-G5-
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disclosed technique allows to perform this by allocating part of the NLP
users to the LP users (i.e., all users remain precoded).

Alternatively, optional scaling of the output from the
transmitter side by use of a scaling gain factor « is also viable. To further
elucidate this implementation, reference is now made to Figure 16, which
is a schematic block diagram illustrating another specific implementation
of the general hybrid-interoperability preceding scheme, specifically
showing delineation into two paths, generally referenced 550, constructed
an operative in accordance with the disclosed technique. Figure 16
essentially shows a similar hybridization arrangement of two delineated
data paths of Figure 15 apart from several modifications described
hereinbelow. Figure 16 shows two paths, namely, a LP path 552
corresponding to the LP group of CPE receiver units (users) implementing
LP, and a NLP path 554 corresponding to the NLP group of CPE receiver
units implementing NLP. The principles of general hybrid-interoperability
preceding scheme 550 conforms to principles of the disclosed technique
heretofore described. General hybrid-interoperability preceding scheme
550 hybridizes between linear preceding and Tomlinson-Harashima vector
preceding.

Initially, and similarly to the description heretofore described
in conjunction with Figure 14, it is noted that vectors s, , mq, 8, d;, Y, 74,
ry,and $; are of dimension K, and vectors s,, m,, d2, Yo,Ny, Iy, and S,
are of dimension K, D, = diagid"), and D, = diag(d,). ais a scalar
used for (optional) power scaling. B2 is a K, x K, permutation matrix, and
M, is a K, x K, permutation matrix. L, is a lower diagonal matrix of

K, x K,. L, is a lower diagonal matrix of K, x Ky. M,, is of K, x K. £,

12
L, and M,, are partitions of lower diagonal L matrix of dimensions K x K.
M represents a block-diagonal permutation matrix constructed from fi,

and I'Iz.
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Starting from LP path 552, information symbols, represented
by a vector s, are inputted to the following blocks 556, 558, 560, 562
which are all respectively configured and operative identically to blocks
506, 508, 510, 512 in Figure 15. Owing to the lower triangular structure of
the £, matrix, its optimization is not influenced and independent of the
nonlinear precoder. Block 562 outputs an offset vector &,, which in turn is
input to a block 564, which in turn is configured and operative b apply
inversion to the diagonal of vector L, (i.e., inv(diag(L,))) and to output a
signal to a block 566 configured and operative identically to block 514 in
Figure 15. An output of LP path 552 is a vector m; .

Turning now to NLP path 554, information symbols
represented by a vector s, are inputted to a permutation block 516
configured and operative identically to permutation block 516 in Figure 15.
Adder 570 combines the permuted information symbols generated from
permutation block 516 with an output of block 556, the result of which is
fed into a THP block 572, which in turn is configured and operative to
perform THP with respect to L, (i.e., inversion of matrix L, according b
the principles of THP). THP is performed on permuted information
symbols s, (via permutation matrix fi,) from which a component-wise
scaled vector &, (i.e., S multiplied by diagonal matrix inv{D,)) is
subtracted (corresponding to the subtraction of linear precoded users from
nonlinearly precoded users). in this scheme, THP block 572 determines
the vector D, = diag(L,), thereby yielding an output signal represented
by a vector m,.

Vectors m,, and m, are inputted to a concatenation block
574 and then to a Q block 576, both of which are respectively identical in
construction and operation to blocks 526 and 528 in Figure 15. An output
from Q block 576 is inputted into a scalar gain block 578, which in turn is
configured and operative to apply scalar gain factors to an output signal,

represented by a vector o, which constitutes as an output from the

&7~
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transmitter side communicated via a communication channel 580 to the
receiver side.

At the receiver side, following LP path 552 corresponds to LP
CPE units configured and operative to receive a signal, represented by a
received vector r, which is the sum of a vector “and additive 582
noise r, . The received signal (vector r,) is inputted to a block 584, which

in turn is configured and operative to perform scaling of the received

signal per component according to G) *inv( 1T, *D, * fil) the result of
which yields outputted estimated symbols &,. NLP path 554 corresponds
to NLP-supporting CPE units configured and operative to receive a signal,
represented by and operative to receive a signal, represented by a
received vector r, which is the sum of a vector y, additive 586 and noise

n,. The received signal (vector r,) is inputted to a block 588, which in

5
turn is configured and operative to perform scaling of the received signal
per component according to () *inv( 1, * B, * II]) the resulting signal is
fed into a modulo operation block 590, which in turn is configured and
operative to apply a modulo operation to the signal outputted by block
588, the result of which yields outputted estimated symbols &, .
Alternatively, according to another implementation of system
102, the scalar factor may be distinctive (e.g., not common, different) for
different CPE units (users). In accordance with this alternative
implementation, reference is now made to Figure 17A, which is a
schematic diagram illustrating an example of a specific implementation of
the general hybrid-interoperability precoding scheme, utilizing different
scalar factors, generally referenced 600, configured and operative in
accordance with the disclosed technique. Implementation 600 generally
provides a system and method for nonlinear precoding of an information
symbol conveying data for transmission (over a particular subcarrier
frequency) between a plurality of transmitters 116;,...,116y, (Figure 1) and

a plurality of receivers 118i,...,118y (Figure 1) via a plurality of
-G8~
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communication  channels  108i,.. .,108y (Figure 1), where the
communication channels define a channel matrix H. A processor (e.g.,
114, Figure 1) is configured b determine a weighting matrix G, whose
number or rows is equal to the number of the transmitters; and further for
determining a modified channel matrix equal to HG; so as to construct a
nonlinear precoder for performing nonlinear precoding of the modified
channel matrix. The weighting matrix G can be square (i.e., where the
number of rows equals the number of columns).

The weighting matrix Gis diagonal having diagonal elements
representing individual gains each associated with a particular one of the
transmitters. In this case we denote the individual scalar factors by
means of a vector &, where each vector element represents an individual
scalar factor, each of which is associated with a particular CPE unit (i.e.,
elements in vector ¢ represent specific power scaling factors that are
distinctive for each one of the CPE units). Permutation of inputted
information symbols 602 may be performed optionally. In this case,
information symbols 602, s, are inputted into a permutation block 604,
which is configured and operative to permute information symbol elements
in vector s, according to a permutation matrix IT. Each information
symbol element in vector s is associated with a particular CPE unit. The
permutation takes into consideration the partition of CPE units into two
groups (those that employ NLP and those that don't). Adder 610
combines an output from permutation block 604 with a perturbation vector
608 denoted by c, the result of which is a signal 612 that is inputted to a
block 614, which int turn is configured and operative to perform the
operation: inv(R") * D, and to output a signal 616 represented by a vector
m. Signal 616 is inputted into a Q block 618 configured to perform QR
decomposition the result of which is inputted into a gain block 619
denoted by &« * . Gain block 619 is configured and operative to construct

a diagonal square weighing matrix G, according to: G - diag{a) whose

-59-
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number of rows is equal to the number of transmitters, and to output an
output signal 622 that is communicated over a communication channel,
denoted by a block 624. Block 614 in conjunction with Q block 618,

permutation block 604, block 619, and perturbation vector 608 collectively

2]

constitute a precoder 620, denoted by £, which in turn is configured and

operative to perform pseudo-inversion of a communication channel

matrix H. in the general case, implementation 600 of the disclosed

technique uses QR decomposition to determine a modified channel matrix

equal to HG. In a particular case involving permutations (i.e., a

10 permutation block 604 M'), where the processor is further configured for

permuting information symbol elements in the information symbol vector,

per subcarrier frequency, where each information symbol element is

associated with a particular one of the CPE units. The disclosed

technique utilizes an inverse of matrix G for precoding, and in particular,

15  for factorizing the communication channel matrix # according to (in the
specific case utilizing permutations):

H = (IRYQPG? (60).

A signal 626 is a result from propagation through communication channel

624, received at the receiver side. A received signal 632 at the receiver

20 side, represented by a vector r is the sum of signal 626 (y) with additive

noise 628 (represented by a vectors), signifying that the preceded

information symbols propagated through the communication channel

includes additive 630 noise. Received signal 632 is inputted to a block

634 configured and operative to perform scaling by inverting the permuted

25  diagonal vector I3 the output of which is denoted by an output signal 636.

For NLP supporting CPE units, output signal 636 represents an input b a

modulo operation block 638, which is configured and operative to apply

modulo arithmetic operation to received signal 636, and to output an

output signal 640 of estimated symbols, represented by a vector s. For

30 those CPE units whose supportability does not include NLP (i.e., LP group
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of users) output signal 636 is effectively output signal 640 (i.e., no modulo
operation is applied).
Alternatively, G consists of a combination of a variable gain

factor with a common gain factor (to all CPE units). This may be

]

expressed by: & = o *y, where a scalar n represents a common gain
factor and the vector « represents the variable gain factor (individual to
each CPE unit). Thus, we may choose:

G = diag(&) (61).
The QR decomposition in such case is calculated via the modified channel
io as follows:

HG = [RMQH (62),
ie., n#HG = R¥QY¥ | hence {H ﬁ}HH = QR and thus G¥HY§l = QrR. The
introduced gains do not affect channel diagonalization. They represent
additional degrees of freedom, which may be used for the performance

15 optimization.

Reference is now further made b© Figure 17B, which is a
schematic block diagram of a method for a specific implementation of
nonlinear precoding utilizing different scalar factors, generally referenced
650, configured and operative in accordance with the disclosed technique.

20 Method 650 initiates with procedure 652. In procedure 652 a weighting
matrix C, whose number of rows is equal to the number of transmitters is
determined, where nonlinear precoding of an information symbol is
employed for conveying data for transmission between a plurality of
transmitters and a plurality of receivers via a plurality of communication

25 channels defining a channel matrix H, over a particular subcarrier
frequency. With reference to Figures 1 and 17A, processor 114 (Figure 1)
executes block 620 (Figure 17A) by determining a weighting matrix G via
block 619 (Figure 17A).

In procedure 654, a modified channel matrix equal to HG is
3¢ determined. With reference to Figures 1 and 17A, processor 114 (Figure

-71-
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1) executes block 620, specifically uses QR decomposition (blocks 614, Q
block 618, and block 619) to determine a modified channel matrix equal
to EG.

In procedure 656, a nonlinear precoder is constructed for
performing nonlinear precoding of the modified channel matrix. With
reference to Figures 1 and 17A, processor 114 (Figure 1) executes block
620 by constructing a precoder via blocks 614, 618 and 619 (Figure 17A).

Reference is now made to Figure 18, which is a schematic block
diagram of a method for a hybrid-interoperability precoding scheme
supporting both linear and nonlinear precoding, generally referenced 680,
constructed and operative according to the embodiment of the disclosed
techniqgue. Method 680 initiates with procedure 682. In procedure 682,
information pertaining to supportabilities of a plurality of receivers to
decode nonlinearly preceded data is received by a plurality of transmitters.
The transmitters are communicatively enabled to transmit an information
symbol conveying data to the receivers via a plurality of communication
channels over a subcarrier frequency, where the number of transmitters
(N) is different than the number of active receivers (K} for that subcarrier
frequency. With reference to Figures 1 and 3A, DPU 104 (Figure 1)
(includes transceivers 1le{, 116, 1164,...1165-i, 116y) acquires
supportabilities 120i, 12Q,, 120,,..., 1204,,120y (to decode at least one
type of preceded data: LP data, NLP data, or both) respectively from
receivers 1064, 106,, 106,,..., 106,106 during initialization. DPU 104
(Figure 1) including its transceivers 1161, 116,, 116,,..., 116y.i, 116y are
communicatively enabled to transmit information symbol 160A
(represented by vector s, Figure 3A) conveying data to receivers 106i,
106,, 1064,..., 106N-1,106n (Figure 1) via respective communication
channels 108,, 108,, 108,,..., 108y,108y over a subcarrier frequency,
where the number of transmitters is different than the number of active

receivers for that subcarrier frequency. DPU 104 (Figure 1) continually

72~
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determines (e.g., via pings, via bi-directiona! messages, etc.) activity
levels 122y, 1225, 122,,..., 122,122 (per tone) of each of CPE units
106!, 106,, 1063,.. ., 106N-1 ,106 .

In procedure 684, a precoding scheme defining for which of the

o

receivers the data to be transmitted by the transmitters shall be precoded

using at least one of linear precoding and non-linear precoding, according

to the supportabilities is determined. With reference to Figures 1, 3A, 4,5,

and 15, processor 114 (Figure 1) determines a precoding scheme that

associates each information symbol element of an inputted symbol vector

19 152A (Figure 3A), s, to either LP or NLP, according to supportabilities
126Gy, 120,, 120;,.. ., 120y.1,120n (Figure 1). In a particular implementation,
permutation block 204 (Figure 4) permutes information symbol elements
in vector s into two successive aggregate groups (represented
respectively by sub-vectors 254, and 254, in Figure 5), namely, a first

15 aggregate group of symbol elements s; (LP path 502 in Figure 15)
corresponding to the LP group of CPE units implementing LP,
successively followed by a second aggregate group of symbol elements s,
(NLP path 504, Figure 15) corresponding to the NLP group of CPE units
implementing NLP.

20 fn procedure 686, a signal is constructed by applying a
reversible mapping to the information symbol, where the reversible
mapping includes elements each respectively associated with a particular
one of the receivers, such that those receivers supporting the decoding of
nonlinearly precoded data are capable of reversing the reversible mapping

25 to the information symbol, while for those receivers not supporting the

decoding of nonlinearly precoded data the information symbol is

unaffected by the reversible mapping. With reference to Figures 1, 3A, 4,

5, 6, and 10, processor 114 (Figure 1) constructs a signal 156A (Figure

3A) by applying a reversible mapping 154A (Figure 3), e.g., perturbation

30 vector 208, c (Figure 4) and 252 (Figure 5) whose vector elements are
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defined by sub-vector 252, ¢,: c{1}, ¢i{2},..., ¢4{K;}, and further by vector
elements defined by sub-vector 252,, c,: C(1), C,(2),..., c;(K,) are each
respectively associated with a particular one of CPE units 106;, 106,,
106g,..., 106 1,106y (Figure 1) such that those receivers supporting the

5 decoding of NLP data are capable of reversing the effect of the
perturbation vector, while for those receivers not supporting the decoding
of NLP data, the information symbol is unaffected by the reversible
mapping, e.g., the perturbation sub-vector for that case: ¢, = 0 does not
affect output signal 212 by adder 210 (Figure 4). Preprocessing block 306

10 (Figures 6, 10) and particularly NLP/LP control mechanisms 374i, 374,,
374,, 374,, and 374 (Figure 10) control application of reversible mapping
154A (Figure 3) (e.g., a modula-Z adder, a perturbation vector) according
to respective supportabilities 120i, 120,, 1204,..., 1204 1,120y (Figure 1)
of CPE units 106i, 106,, 106,,..., 106,-,106,,.

15 In procedure 888, a precoder characterized by N # K is
constructed, such that the precoder is configured to perform regularized
generalized inversion of a communication channel matrix. With reference
to Figures 1, 3A, and 4, processor 114 constructs a precoder 158A
(Figure 3), e.g., precoder 220 (Figure 4) such that the precoder is

20 configured to perform regularized inversion (e.g., equation (3B)) of a
communication channel matrix 162A, H, (Figure 3A) and 224 (Figure 4).

The system and method of the disclosed technique combines
linear and nonlinear precoding (precoders) and have the following
advantages:

25 1. Providing a general solution to the interoperability problem between
a data providing entity (e.g., a DPU having multiple transceivers)
communicatively coupled with multiple data subscriber entities (e.g.,
CPE units) in a communication network, where part of the data
subscriber entities do not support nonlinear precoding (NLP) while

30 another part does. The general case is where the number of
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transmitters (N) (i.e., transceivers operating as transmitters in the
DL direction) is not necessarily equal to the number of active
receivers (K) (per tone) (i.e., transceivers operating as receivers in
the DL direction). The general solution also includes the special
case where N is equal to K. This enhances interoperability of the
communication system in whole imparting it with the ability to

operate with receivers of different types of supportabilities.

Using LP for raising bitrates of inferior communication channels
(i.e., those enabling a relatively low number of bits per constellation
(compared with superior communication channels enabling a
relatively high number of bits per constellation)). It is known in the
art that the standard THP scheme may exhibit large power gain loss
as well as coding gain loss for small constellations (e.g., 1 or 2 bits,
and moderate losses for 3 or 4 bits). For these constellations, the
disclosed technique optionally employs optimized LP to avert the
aforesaid losses. The optimization of LP is essential and controlled
via diagonal gains D, as well as by the degrees of freedom
conferred the permutations if,, since non-optimized LP introduces
loses due to the use of power scaling per output. Optimization may
generally achieve greater performance compared with simple scalar
scaled ZF.

Facilitating a reduction in size of the NLP system (i.e., which
effectively translates to the dimension of input vector s, which is
defined to equal to the number of users undergoing or employing
NLP), and in so doing, reducing the computational complexity
required for determining the perturbation vector c,. While size
reduction may not pose a problem for systems employing the THP
scheme, however, it may be an issue for schemes employing vector
precoding. This may be of importance and interest since the

determination of the perturbation vector may be computationally

“75~
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expensive. The exact complexity is difficult to quantify and has
been estimated to be between polynomial to exponential on the
order of the search space size. Hence, the reduction in size of the

NLP system may be very desirable. To determine the perturbation

o

vector, the disclosed technique may typically employ algorithms,
which include, for example sphere decoding, the Blockwise Korkine
Zolotarev {BKZ) algorithm, and the like.

According to another embodiment of the disclosed technique it
is thus provided a method and a system for NLP where the modulus value
10 is constellation-independent.  in the prior art, NLP techniques utilize a

modulus value that is constellation-dependent. The disclosed technique
proposes a method and system for nonlinear precoding of an information
symbol at a given precoder input, the information symbol is in a symbol
space (i.e., a construct for representing different symbols, e.g., a
15 constellation) having a given symbol space size (e.g., a constellation
size). The nonlinear precoding involves modulo arithmetic and has a
plurality of inputs. The method includes initially the step of determining a
reference symbol space size, which is common to all inputs. Then, the
method determines a modulus value according to the reference symbol
26 space size. The method adapts the given symbol space size according to
the reference symbol space size. The step of adapting involves scaling
the given symbol space size to the boundaries of the reference symbol
space size. Subsequently the method nonlinearly precodes the
information symbol according to the determined modulus value, common
25  to all of the inputs. The disclosed technique further provides a system for
nonlinear precoding of an information symbol at a given precoder input,
where the information symbol is in a symbol space size having a given
symbol space size. The nonlinear precoding involves modulo arithmetic
and has a plurality of inputs. The system includes a controller and a

30 processor. The controller is configured for determining a reference
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symbol space size that is common to all of the inputs, and for determining
a modulus value according to the reference symbol space size. The
processor is configured for adapting the given symbol space size
according to the reference symbol space size, and for nonlinearly
precoding the information symbol according to the determined modulus
value common to all of the inputs.

The disclosed technique is implementable for various NLP
techniques such as THP, including inflated lattice precoding techniques,
which work with non-Gaussian interference and typically outperform THP
for all SNR levels, including low SNRs.

In the traditional Tomlinson-Harashima precoding design, the
modulo operation is defined per symbol space size (e.g., constellation
size), and it is different for different symbol spaces (e.g., constellations).
The modulo operation for user number k is denoted as T, [x], where T, [x]
is (see e.g., Ginis and J. M. Cioffi, "A multi-user precoding scheme
achieving crosstalk cancellation with applications b DSL systems,” in
Proc. 34t Asilomar Conf. Signals, Systems, and Computers, Pacific
Grove, CA, Oct. 2000, pp. 1627-1631 ) denoted by:

zﬁﬂ:xmrg+% (63),

2
where {...] is the floor function, and for a real-valued X, whereas for
complex values the modulo operation is performed separately for the real,

Re(X), and imaginary, /+N{X}, parts [we denote the imaginary unit as j}:

M) = x — |25 4 o {2200 4 (64).

Reference is now made to Figures 19, 20, and 21. Figure 19
is a schematic block diagram of a system for nonlinear precoding
exhibiting a modulus size that is constellation-independent, generally
referenced 700, constructed and operative in accordance with another
embodiment of the disclosed technique. Figure 20 is a schematic
illustration detailing an example configuration of an internal structure of a

vectoring processor in the system of Figure 19, generally referenced 720,
77~
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constructed and operative in accordance with an embodiment of Figure 19
of the disclosed technique. Figure 21 is a schematic diagram of
Tomlinson-Harashima preceding used per subcarrier frequency being
applied to chosen users only, generally referenced 730, constructed and
operative in accordance with an embodiment of Figure 19 of the disclosed
technique. System 700 (Figure 19) includes a vectoring processor 702
(herein denoted interchangeably "processor") and a controller 704.
Vectoring processor 702 includes a scaler 706 and a nonlinear precoder
(NLP) 708. Controller 704 is typically implemented by a physical layer
(PHY) controller of a DPU (e.g., DPU 104 of Figure 1).

Figure 20 shows an internal structure of vectoring processor 702
of system 700 including a mapper 722 coupled with vectoring processor
702. Vectoring processor 702 includes a preprocessing subblock 710,
which in turn includes scaler 706, NLP 708, a plurality of adders 712,
7124, 712,, 712,, @ Q block 714, and a G block 716. Without loss of
generality and for the purposes of simplicity, the internal structure of
vectoring processor 702 in Figure 20 shows an implementation in the
5-user example, although the principles analogously extended and apply
in the general case for N users. Scaler 706 includes a plurality of gain
blocks 706i, 706,, 7064, 706,, and 706.. NLP 708 includes a plurality of
modular arithmetic calculation units 708i, 708,, 708, 708 ,, and 708.

Information bits B = {h{l1},b(2), b{3),h{4},b(5)}
(interchangeably denoted "data bits") are inputted into mapper 722, which
is configured and operative to map the information bits (bit streams) into
respective information symbols x = {x(1),x(2),.r(3),x(4), x(5)}, which in
turn are inputted into vectoring processor 702. Specifically, the information
symbols are correspondingly inputted into individual gain blocks 7064,
706,, 7064, 706,, and 706 of preprocessing subblock 710 of vectoring
processor 702. The gain blocks are configured and operative to apply

respective gain components /'(1), f (23,/'(3), f(4), and /(5) of gain a

-7 8~
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vector/ to the corresponding information symbols (i.e., index-wise) the
outputs of which are inputted to adders 712,, 712,, 712,, 712, (except for
an output of gain block 706, that is directly provided into modular

arithmetic calculation unit 708i). Each adder 712,, 712,, 712,, 712, can

2]

be respectively viewed as a part of a respective modular arithmetic
calculation unit 708,, 7085, 708,, and 708;. Modular arithmetic calculation
units 708, 708,, 708;, 7084, and 708 are generally configured and

operative to facilitate construction of the diagonal matrix Ly in a

recursively manner according to: Ly(fc,n) = i?f{:{ . Figure 21 illustrates a

10 schematic diagram of Tomlinson-Harashima preceding (THP), employing
recursive calculations (of matrix L, j used per subcarrier frequency being
applied to chosen users only, constructed and operative in accordance
with an embodiment of Figure 19 of the disclosed technique.

The disclosed technique formulates a way to set the modulo

15 value that is employed in THP to be independent on the symbol space
size (constellation size). In the prior art, and in particular with the
Tomlinson-Harashima precoder, the modulo value is dependent on a
symbol space size (e.g., the constellation size). Figure 21 shows
information symbols x (1), x(2),.. ., x(K) (or permuted information

20 symbols) are inputted to the precoder having a plurality of inputs. K is the
number of the active users. Figure 21 shows the recursive NLP
procedure for a more general case of K active users (in comparison with
the more specific 5-user example shown in Figure 20). The modulo sizes,
which are denoted in Figure 21 as M2,.. .MK (i.e.,, M2=T1,, ..., MK = 1,)

25 depend in the prior art on the constellation size of the input symbols. L is a
lower-diagonal matrix (equal to R¥, where R is the upper-diagonal matrix
obtained by QR decomposition of the permuted channel, i.e., HHII = QR
(see description hereinabove)). The number of the NLP users is
designated K,. The modulus value may be selected to be symbol space

30 (constellation) dependent (as known in the prior art), or alternatively,

70
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symbol space (constellation) independent, as proposed by the disclosed
technique, the particulars of which follow. For a mixture of linear and
nonlinear precoders acting on the same subcarrier frequency, inputs x(k),
represent an "impure" information symbol (optionally permuted) having an

offset that takes into account the influence of the other users processed in

2]

previous step(s) via the linear precoder. This offset, as disclosed, need

not be processed sequentially by processor 702, is determined at a

processing stage of NLP 708. This facilitates a reduction in the burden of

real-time performance since fewer operations are needed to be executed
10 for real-time implementations.

A customary modulus value is T = Md_, for pulse amplitude

modulation (PAM) and 1 = +/Md,,, for a two-dimensional (2-D) square
symbol space (constellations) of digital quadrature amplitude modulation

(QAM), where d ;. is the quantized symbol position (constellation point)

n
15 spacing. See for example G. Ginis and J. M. Cioffi, "A multi-user
precoding scheme achieving crosstalk cancellation with applications to
DSL systems,” in Proc. 34t Asilomar Conf. Signals, Systems, and
Computers, Pacific Grove, CA, Oct. 2000, pp. 1627-1631, and the
discussion for square constellations. For 4-QAM the modulus value is

20 T=2d (due to V4=2), and for 16-QAM the modulus value is T = 4d

min
(while the symbol positions (constellation points) in the symbol space are
traditionally located at integer positions (n,;,n,) taking independently the
values {-3, -1,1,3})- Other, non-integer even values, are different for
different symbol space sizes (constellation sizes), where d.;, (i.e., a

25 symbol position spacing for a symbol space).
The average energy, E (or (E)) in M-QAM, where M is the
number of symbol positions (e.g., constellation points) in the symbol
space (e.g., constellation) and is square (i.e., for square symbol spaces

(constellations)) is given by: E = (M - 1)d_. 2/6, thus the average energy

min
3o for 4-QAM with constellation points £1+j, where A = 4 (points) and

B0~
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d.. =2 s (4 - 1)*2?=3* = 2. and the constellation square

RS

boundary is at 2 (and hence the initial modulo value is 4). The average
energy for a symbol space size (constellation) having M-symbot positions

(constellation points) is given by:

T lom =t _wm 2
E = 5yin==llZm|2 = 75 me=tCom + Vi) (65),

where the m-th constellation point is expressed as z_, = X, +jy,, and X

and y are respectively real and imaginary coordinate values in the

complex plane. For 16-QAM, the average energy for we obtain:

E =Tk ok + yA) = {2 + 10+ 10 + 18} = 10 (66).

Reference is now further made to Figure 22A, which is a
schematic diagram showing an example of a non-scaled 4-QAM
constellation diagram, generally referenced 740, constructed and
operative in accordance with the disclosed technique. Particularly, Figure
22A (as well as with Figures 22C, and 22D) illustrates a scatter diagram of
symbols (dots) distributed in quantized symbol positions (constellation
points) in a symbol space (constellation) that is represented on a complex
plane having a real axis l-axis ("in phase”) and an imaginary axis Q-axis
("quadrature”). The square-shaped dotted lines represents a boundary (or
frame) of the symbol space. A symbol space size is defined by its

boundary. The symbol space size (constellation size) is scaled by the root
A
A
readily observed that the average energy is equal to 10 and the initial

of the average energy, which yields: 7, ., = = 2+/2. For 64-QAM it is

modulo size is 8. Scaling of the initial modulus value by the root of the

average energy yields 7., T Thus, unit energy scaling produces

closed but different modulus values for every symbol space (constellation)

which are mutually exclusive (i.e., they may include irrational numbers,

ENLY 3
2 2) _ /5
aN -

Werd)

Fe

such as:

). It is noted that if one approximates the symbol space

_,-\
o ! s

(constellation) square with a large number of uniformly distributed integer
-81-
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symbol positions (constellation points), then the modulo value of the

symbol space (constellation) with unit average energy would equal 1 = +/6

(i.e., for M-QAM the un-scaled T, 0q = VMd,in and after rescaling T
- 1= . Tyg \/T“ 3 i
with VE we obtain; 1 = ~soscled = ~;:=‘~_;/[—"_°{1“«-__"~‘Em= 1—3-"«\/"6. For large M we
VF "i(M__l)dmmz NM-1
\j 6

5 obtain T - V6). For finite and especially small values for M the scaled
modulus value is symbol space size (constellation size) M-dependent,
(i.e., consequently depending on d_;,). Such moduli are a costly operation
and they may be made much less costly as discussed hereinbelow.
Reference is now further made to Figures 22B and 22C. Figure 22B is a

10 schematic diagram showing an example of non-scaled 16-QAM symbol
space (constellation), generally referenced 742. Figure 22C is a
schematic illustration showing a boundary or frame of a modulo operation
representing a square of size t, generally referenced 744. This frame
corresponds to a reference symbol space size. Controller 704 (Figure 19)

15 is configured and operative to determine this reference symbol space size
that is common to ail inputs x(I), x(2),.. ., x(K} of the NLP 720 (Figures
20 and 21). The initial modulus value equals 8. Controller 704 is
configured and operative to further determine a modulus value according
to the determined reference symbol space size.

20 According to a typical implementation, controller 704
determines the reference symbol space size that is a maximum symbol
space size thereby enabling the transmission of a maximum number of
bits per information symbol. Vectoring processor 702 and particularly
scaler 706 (Figure 19), having individual gain blocks 706i, 706,, 706,

25 706,, and 706, is configured and operative to adapt (e.g., scale) the given
symbol space size according to the determined modulus value. The
process of adapting of involves scaling of symbol positions (constellation

points) in the symbol space according to the reference symbol space size.

B2
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The reference symbol space size can be selected to be numerically equal
to 2+/M, where M is a maximal number of symbol positions (constellation
points) in the symbol space. The modulus value can be selected to be

numerically equal to said reference symbol space size.

o

NLP 708 (Figure 19), having individual modular arithmetic
calculation units 7084, 708,, 708, 708,, and 708 (Figure 20) is configured
and operative to nonlinearly precode inputted information symbol x{1},
x(2) ,..., Xx(K) (Figure 21) according to the determined modulus value that
is common to all of the inputs of NLP 708.

10 Q block 714 is configured to perform QR decomposition the
result of which is inputted into G block 716. G block 716 is a gain scaling
block configured and operative to apply gain scaling and to output signals
(not shown) that are communicated over a communication channel (e.g.,
108;,...,108,, Figure 1). G block 716 is typically used for gain scaling

15  (e.g., power normalization) so to apply the same gain to all outputs.
Alternatively, G block 716, which can be represented by a vector G, has
vector elements that can be different for each output, for applying different
gain scaling to different outputs. G block 716 is dependent on the number
of lines L.

20 The system and method of disclosed technique uses of same
modulus value for any symbol space size (constellation size). This serves
several purposes:

1. it scales all constellations automatically to the same power. This
follows from known observations that THP transmission results in

25 homogeneous distribution of points over the whole constellation

area (see short discussion of this in, e.g., Ginis and J. M. Cioffi, "A

multi-user precoding scheme achieving crosstalk cancellation with

applications to DSL systems," in Proc. 34" Asiiomar Conf. Signals,

Systems, and Computers, Pacific Grove, CA, Oct. 2000, pp. 1627-

30 1631). It is stressed that the constraint of the average energy of the
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constellation points equaling one is a mathematical statement but
not directly related to the actual transmitted energy of the THP per
output. This is a typical scaling employed in digital communications.

The constellation square size (for QAM modulation) determines the

o

average energy per THP communication channel (e.g., line,
antenna) output. If all squares are designed to be of the same size,
the average power consumption will be the same. The constellation
points inside of this square are determined from the standard
requirement that the minimal distance from a constellation point to
10 the square border is equal to half of the minimal distance between
constellation points. For example, if the modulo value is chosen to
be 27 = 2*64 = 128, then for the traditional points of 16-QAM
which are n; +jn , with =n.,n, E{-3, -1,1,3} and the square
boundary placed at coordinates +4 so that the modulus is 2* 4 = 8

15 along the real and imaginary axes, therefore the are scaling factor is
(%Q) = 16. Hence, the new locations of the 16-QAM constellation

points are at n; +jn, withn;,n, € {-3 -16,-16 - 1,16-1,3- 16} =
{-48, -16, 16, 48}. Note, that multiplication by 16 may be achieved
efficiently just as a shift by 4 binary positions. The above chosen
20 modulo example namely 1 = 128 is convenient for constellations up
to 4096-QAM (i.e., representing 12-bits, since 212 = 4096), which
can be validated via the above-mentioned general relation 1 =
2V = 24/212 = 2% 26 = 128); the points of this constellation,
denoted as ny, +tjn,, are integers
25 ny,n, E{63, -61, ..,-1,1, ..,61,63}. If a 14-bit constellation is to

be included a modulus value of; 2 -+2"

= 28 = 256 is proposed.
The 12 and 14-bit constellations mentioned above are given as
examples. These are the current maximum constellation sizes in
the current G.fast standard. In another example, for a modulo value

30 of 8, symbol positions (constellation points) for 16-QAM (are not
B
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needed to be scaled) and 4-QAM (which needs to be scaled by
factor of 2, is again effectively represented by a shift), with
reference now being made to Figure 22D, which is a schematic

diagram showing an example of 1 =~ 8 = 23 chosen as a constant

2]

modulo for all constellations, generally referenced 746. Such
constellations are 16-QAM designated by black points in Figure
22D, which is not scaled, since it is in its natural size, and the
4-QAM designated by white points/rings. The 4-QAM is scaled by
factor of 2 (where the scaling is applied via a shift and there's no
10 need in multiplication). Specifically, for modulo values of 2,

processor 702 performs the modulus operation for binary

represented values in a very efficient form (e.g., shift operations that

do not require use of multiplication operations or associated

hardware). The modulus operation performed on complex numbers
15 (representing constellation points), which are outside of the
constellation square scales these constellation points into the
constellation square. The scaling of constellations to the unit
energy is performed by using a scalar gain factor a. For an

illustrative example, if T = 128, which corresponds to the maximum

20 number of bits in the constellation of 12-bits, then « = V6/128
performs the desired scaling to the unit energy. Similarly, when the

maximum number of bits in the constellation is 14, we obtain

r = 2*+/21% = 256 then a = V6/256. As an option, the precoder
matrix L may incorporate « as a part or the whole.

25 2. it simplifies the system since there's no need to take into account
the symbol space size (constellation size) for performing modulo
operation in decoding and encoding operations. Having the same
modulus value for all symbol spaces makes these operations
independent from applied permutations, which would otherwise

30 have to be taken into account.
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3. It simplifies hardware implementations. For example, if the modulo
has a degree of 2: T = 27 (where the degree p is a positive integer),
the divisions in the above moduli relations may be re-substituted for
hardware efficient shift operations. Further hardware specific
simplifications, may involve mask techniques.

4. The proposed modulo operation is both applied at the centralized
transmission unit (DPU 104, Figure 1) performing the broadcast (i.e.
performing the downlink transmission) as well as at the receivers

(CPE units 106, , 106, 106

2 g+ 106N, 106

o Figure 1). The
constellations for the NLP group of users and optionally the LP
group of users are scaled to the same size and then the same
modulo (e.g., T = 256) is applied at the transmitter side (DPU unit)
for the NLP group of users. At the receiver side, the NLP group of
users employs the same modulo size for any constellation.

5. This implementation is more general than the transmission to the
decentralized receivers and it may be used in any up-link or
down-link (or both) for virtually any M{MO system that employs the
THP (and vector precoding) performing modulo operations at both
receiver and transmitter sides.

Note that while "conventional” modulo arithmetic operation may

be performed according to d, »vM, the system of method of the

disclosed technique typically select to perform this operation according to

2,/My, where M represents the maximal number of symbol positions

X
M for a modulation scheme (e.g., M-ary QAM) of a communication
standard (e.g., 12 or 14 for G.fast).

Reference is now made to Figure 23, which is a schematic block
diagram of a method for nonlinear precoding where the modulus size is
constellation-independent, generally referenced 8oo, constructed and
operative in accordance with the embodiment of Figure 19 of the

disclosed technique. Method soo initiates in procedure 8o2. In procedure

-Bf-
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802 a reference symbol space size thai is common to all inputs of
nonlinear precoding involving modulo arithmetic is determined. The
nonlinear precoding is of an information symbol at a given precoder input,

the information symbol is in a symbol space having a given symbol space

o

size. With reference b Figures 19, 20, 21, and 22C, controller 704
(Figure 19) determines a reference symbol space size 744 that is common
to all inputs x(I), x(2),.. ., x(K) (Figures 20, and 21) of NLP 708 (Figures
19 and 20) and NLP 720 (Figures 20 and 21) involving modulo arithmetic
(shown by recursive calculation blocks in Figures 20 and 21). The
10 information symbol is in a symbol space (e.g., Figures 22A, 22B, 22D)
having a given symbol space size 744 (Figure 22C) (constellation size 1).
in procedure 804 a modulus value is determined according to
the reference symbol space size). With reference to Figures 19 and 22B,
controller 704 (Figure 19) determines a modulus value according ©
15 reference symbol space size 1 744 (Figure 22C).
in procedure 806, the given symbol space size is adapted
according to the reference symbol space size. With reference to Figures
19, 20, 21C, and 22D, scaler 706 (Figures 19 and 20) adapts (e.g.,
scales) the given symbol space size according to the determined
20 reference symbol space size in procedure 802. The determined modulus
value for all symbol spaces (constellations) is depicted by 746 in Figure
22D.
In procedure 808, the information symbol is nonlinearly
precoded according to the modulus value that is common to all of the
25 inputs. With reference to Figures 19, 20, and 21, NLP 708 (Figures 19
and 20) and NLP 720 (Figures 20 and 21) nonlinearly precode the
information symbol (i.e., for each of the inputted information symbols x(),
X(2),.. ., X(K)) according to the determined modulus value that is common

to all of the inputs.

-B7-
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System 700 and method 800 are configured and operative for
utilization in a multiple-user multiple-input-multiple-output {MiMO) matrix
channel environment, employing NLP, for normalizing the given symbol

space size according to the determined modulus symbol space size (i.e.,

o

fundamentally, based on the boundary and not on energy considerations).

It will be appreciated by persons skilled in the art that the
disclosed technique is not limited to what has been particularly shown and
described hereinabove. Rather the scope of the disclosed technique is

defined only by the claims, which follow.

10
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CLAIMS

1. A method for precoding an information symbol conveying data for

transmission between a plurality of transmitters and a plurality of

o

receivers via a plurality of communication channels over a

subcarrier frequency, the number of transmitters (aA/) is different than

the number of active receivers (K) for that subcarrier frequency, the

method comprising:

10

26

30

receiving by said transmitters information pertaining to

supportabilities of said receivers b decode non-linearly

precoded data;

determining a precoding scheme defining for which of said

receivers said data to be transmitted by said transmitters
shall be precoded using at least one of linear precoding
and non-linear precoding, according to said

supportabilities;

constructing a signal by applying a reversible mapping to said

information symbol, said reversible mapping includes
elements each respectively associated with a particular one
of said receivers, such that those said receivers supporting
the decoding of said non-linearly precoded data are
capable of reversing said reversible mapping b said
information symbol, while for those said receivers not
supporting the decoding of said non-linearly precoded data

said information symbol is unaffected by said reversible

mapping;

constructing a precoder characterized by N # K such that said

precoder is configured to perform regularized generalized

inversion of a communication channel matrix.

-89~
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2. The method according to claim 1, further comprising determining
which of said receivers constitutes an active receiver per said

subcarrier frequency.

[eg]
w

The method according to claim 2, wherein each said active receiver
is characterized by an activity level defined by one of:

(@) is switched on and ready to receive said data at a
particular said subcarrier frequency;

(b) is switched on and is in a process of receiving said data at
10 a particular said subcarrier frequency;

(c) is either one of (a) and (b) but not for other said subcarrier
frequency; and

(d) is either one of (a), (b), and (c) stipulated by a decision
rule determined by at least one criterion related to communication

15 performance.

4. The method according b claim 1, wherein said communication
channels facilitate propagation of said signal, and are selected from a
list consisting of: wire-lines; and antennas in wireless techniques.

20
5. The method according to claim 1, wherein said supportabilities

further include capability for decoding linearly precoded data.

8. The method according to claim 1, wherein said receiving of said
25 information pertaining to said supportabilities is acquired in an

initialization process between said transmitters and said receivers.

7. The method according to claim 1, wherein said receiving of said
supportabilities is determined independently from said receivers.

30
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10.

11.

The method according to claim 1, wherein said reversible mapping is
selected from a list consisting of:

at least one of a function and an algorithm that can be
reversed so as to yield an operand of said reversible mapping;

an association between two sets S; and S; in which every
member of S; there is an associated member in S,, and for every
member in S, there is the same associated member in Sy;

an entity that is reversible via application of modulo
arithmetic; and

a perturbation vector.

The method according to claim 8, wherein said reversible mapping is
said perturbation vector, where said elements in said perturbation
vector associated with said receivers not supporting the decoding of
said nonlinearly precoded are zero, and said perturbation vector
includes at least one nonzero element associated with respective at
least one said receivers supporting the decoding of said nonlinearly

precoded data.

The method according to claim 1, wherein said regularized
generalized inversion is performed according to: P = A#(HA# +
fiv)~1, where B is a regularization factor, and 1 is a regularization

term.
The method according to claim 1 further comprising precoding

according to constructed said precoder; and transmitting said signal

by said transmitters via said communication channels.

01~
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12. The method according to claim 1, further comprising reversing said
reversible mapping by said receivers supporting the decoding of said

nonlinear!y precoded data.

o

13. The method according to claim 12, wherein said reversing of said

reversible mapping is performed by modulo arithmetic.

14. The method according to claim 1, further comprising permuting
information symbol elements in said information symbol per said
10 subcarrier frequency, each information symbol element is associated

with a particular one of said receivers.

15. The method according to claim 14, wherein said permuting involves
grouping said information symbol elements into distinct and
15 successive aggregate groups according to said supportabilities of

respective said receivers.

16. The method according to claim 15, wherein said distinct and
successive aggregate groups include a linear precoding (LP) group

20 not supporting the decoding of said nonlinear precoded data, and a
nonlinear precoding (NLP) group supporting the decoding of said

nonlinear precoded data.

17. The method according to claim 15, further comprising permuting said
25 information symbol elements in each said distinct and successive

aggregate groups.

18. The method according to claim 14, wherein said permuting is
performed according to either one of prior to applying said reversible

30 mapping; and after applying said reversible mapping.

07
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19.

20.

21.

22.

23.

24,

25.

The method according to claim 14, wherein said precoder performs

said regularized generalized inversion of a permuted channel matrix.

The method according to claim 14, further comprising applying power

scaling to said signal constructed, following said permuting.

The method according to claim 14, further comprising applying power

scaling to a received signal by said receivers.

The method according to claim 9, wherein at least one of said
elements in said perturbation vector associated with said receivers
supporting the decoding of said nonlinearly preceded data is forced
to be zero for performance considerations, thereby effectively
rendering those said receivers for decoding said linearly precoded

data.

The method according to claim 11, further comprising applying a
power scaling factor common to all of said receivers after said

preceding and before said transmitting.

The method according to claim 23, further comprising determining
said power scaling factor for optimizing performance, and meeting

power constraints per said communication channel.

The method according to claim 3, further comprising storing said
supportabilities, and said activity levels corresponding to said

receivers.
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28. The method according to claim 11, further comprising applying a
specific power scaling factor that is distinctive to each one of said

receivers.

o

27. A hybrid precoder system for precoding an information symbol
conveying data for transmission between a plurality of transmitters
and a plurality of receivers via a plurality of communication channels
over a subcarrier frequency, the number of transmitters (N) is
different than the number of active receivers () for that subcarrier

10 frequency, the hybrid precoder system comprising:

a controller configured for receiving information pertaining to
supportabilitses of said receivers to decode non-linearly
preceded data, and for determining a precoding scheme
defining for which of said receivers said data to be

15 transmitted by said transmitters shall be precoded using at

least one of linear precoding and non-linear precoding,
according to said supportabilities; and

a processor configured for constructing a signal for
transmission, according to determined said precoding

20 scheme, by applying a reversible mapping to said

information symbol, said reversible mapping includes
elements each respectively associated with a particular one
of said receivers, such that those said receivers supporting
the decoding of said non-linearly precoded data are

25 capable of reversing said reversible mapping b said

information symbol, while for those said receivers not

supporting the decoding of said non-linearly precoded data
said information symbol is unaffected by said reversible
mapping, said processor constructing a precoder

30 characterized by N # K such that said precoder is
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configured to perform regularized generalized inversion of

a communication channel matrix.

The system according to claim 27, wherein said controller is further
configured for determining which of said receivers constitutes an

active receiver per said subcarrier frequency.

The system according b claim 28, wherein each said active receiver
is characterized by an activity level defined by one of:

(@) is switched on and ready to receive said data at a
particular said subcarrier frequency;

(b) is switched on and is in a process of receiving said data at
a particular said subcarrier frequency;

(c) is either one of (a) and (b) but not for other said subcarrier
frequency; and

(d) is either one of (a), (b), and (c) stipulated by a decision
rule determined by at least one criterion related to communication

performance.

The system according to claim 27, wherein said communication
channels are configured to facilitate propagation of said signal, and
are selected from a list consisting of: wire-lines; and antennas in

wireless techniques.

The system according to claim 27, wherein said supportabilities

further include capability for decoding linearly preceded data.

The system according to claim 27, wherein said controller is further

configured for receiving said information pertaining to said

05~
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supportabilities in an initialization process between said transmitters

and said receivers.

33. The system according to claim 27, wherein said controller is further

o

configured to receive said information pertaining to said

supportabilities independently from said receivers.

34. The system according to claim 27, wherein said reversible mapping
is selected from a list consisting of:
10 at least one of a function and an algorithm that can be
reversed so as to yield an operand of said reversible mapping;
an association between two sets Si and S, in which every
member of S, there is an associated member in S,, and for every
member in S, there is the same associated member in Si;
15 an entity that is reversible via application of modulo
arithmetic; and

a perturbation vector.

35. The system according to claim 34, wherein said reversible mapping

20 is said perturbation vector, where said elements in said perturbation
vector associated with said receivers not supporting the decoding of

said nonlsnearly precoded are zero, and said perturbation vector

includes at least one nonzero element associated with respective at

least one said receivers supporting the decoding of said nonlinearly

25 precoded data.

36. The system according to claim 27, wherein said processor performs
said regularized generalized inversion according to: P = AH(HA# +
B1) ' where B is a regularization factor, and 1 is a regularization

30 term.
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37.

38.

39.

40.

41.

42.

The system according to claim 27, wherein said system is configured
to precode constructed said precoder; and to transmit said signal to

said receivers via said communication channels.

The system according to claim 27, wherein said receivers supporting
the decoding of said nonlinearly preceded data are configured for

reversing said reversible mapping.

The system according to claim 38, wherein said receivers are
configured to employ modulo arithmetic for said reversing said

reversible mapping.

The system according to claim 27, wherein said processor is further
configured for permuting information symbol elements in said
information symbol per said subcarrier frequency, each information

symbol element is associated with a particular one of said receivers.

The system according to claim 40, wherein said permuting involves
grouping said information symbol elements into distinct and
successive aggregate groups according to said supportabilities of

respective said receivers.

The system according to claim 41, wherein said distinct and
successive aggregate groups include a linear precoding (LP) group
not supporting the decoding of said nonlinear precoded data, and a
nonlinear precoding (NLP) group supporting the decoding of said

nonlinear precoded data.

-07-
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43.

44

45,

46.

47.

48.

49.

The system according to claim 41, wherein said processor is further
configured to further permute said information symbol elements in

each said distinct and successive aggregate groups.

The system according to claim 40, wherein said permuting is
performed according to either one of: prior to applying said reversible

mapping; and after applying said reversible mapping.

The system according to claim 40, wherein said precoder performs

said regularized generalized inversion of a permuted channel matrix.

The system according to claim 40, wherein said system is configured
to for applying power scaling to said signal constructed, following

said permuting.

The system according to claim 40, wherein said receivers are

configured for applying power scaling to received signals.

The system according to claim 35, wherein said processor constrains
at least one of said elements in said perturbation vector associated
with said receivers supporting the decoding of said nonlinearly
precoded to be zero for performance considerations, thereby
effectively rendering those said receivers for decoding said linearly

precoded data.
The system according to claim 37, wherein said transmitters are

configured to apply a power scaling factor common to all of said

receivers after said precoding and before said transmitting.

-O8-
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50. The system according to claim 49, further comprising determining
said power scaling factor for optimizing performance, and meeting

power constraints per said communication channel.

51. The system according to claim 29, further comprising a memory
configured for storing said supportabilities, and said activity levels

corresponding to said receivers.

52. The system according to claim 37, further comprising applying a
specific power scaling factor that is distinctive to each one of said

receivers.

53. A method for nonlinear precoding of an information symbol at a given
precoder input, the information symbol is in a symbol space having a
given symbol space size, the nonlinear precoding involving modulo
arithmetic and having a plurality of inputs, the method comprising:

determining a reference symbol space size which is common
to all of said inputs;

determining a modulus value according b said reference
symbol space size;

adapting said given symbol space size according to said
reference symbol space size; and

nonlinearly precoding said information symbol according to

said modulus value, common to all said inputs.
54. The method according to claim 53, wherein said adapting involves

scaling of constellation points in said symbol space according to said

reference symbol space size.

00
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5. The method according to claim 53, wherein said modulus value is

equal to said reference symbol space size.

58. The method according to claim 53, wherein said reference symbol

space size is equal to2vM, where M is a maximal number of

constellation points in said symbol space.

57. The method according to claim 53, where said reference symbol
space size is a maximum symbol space size that enables
transmission of a maximum number of bits per said information

symbol.

58. A system for nonlinear precoding of an information symbol at a given
precoder input, the information symbol is in a symbol space having a
given symbol space size, the nonlinear precoding involving modulo
arithmetic and having a plurality of inputs, the system comprising:

a controller configured for determining a reference symbol
space size which is common to all of said inputs, and
for determining a modulus value according to said
reference symbol space size;

a processor configured for adapting said given symbol
space size according to said reference symbol space
size, and for nonlinearly precoding said information
symbol according to said modulus value, common to all

said inputs.

58, The system according to claim 58, wherein said adapting involves
scaling of constellation points in said symbol space according to said

reference symbol space size.

~100-
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60.

g1.

62.

63.

64.

The system according to claim 58, wherein said modulus value is

equal to said reference symbol space size.

The system according to claim 58, wherein said reference symbol

space size is equal b 2v'M, where M is a maximal number of

constellation points in said symbol space.

The system according to claim 58, where said reference symbol
space size is a maximum symbol space size that enables
transmission of a maximum number of bits per said information

s\rimbol.

A method for nonlinear precoding an information symbol conveying
data for transmission between a plurality of transmitters and a
plurality of receivers via a plurality of communication channels
defining a channel matrix H over a particular subcarrier frequency,
the method comprising:

determining a weighting matrix G, whose number of rows is
equal to the number of said transmitters;

determining a modified channel matrix equal to H G; and

constructing a nonlinear precoder for performing nonlinear

precoding of said modified channel matrix.

The method according to claim 63, wherein said weighting matrix G
is diagonal having diagonal elements representing individual gains

each associated with a particular one of said transmitters.

§5. The method according to claim 63, further comprising permuting

information symbol elements in said information symbol per said

~101-
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subcarrier frequency, each information symbol element is associated

with a particular one of said receivers.

66. A system for nonlinear precoding an information symbol conveying

o

data for transmission between a plurality of transmitters and a
plurality of receivers via a plurality of communication channels
defining a channel matrix H over a particular subcarrier frequency,
the system comprising:

a processor configured for:
10 determining a weighting matrix G, whose number of
rows is equal to the number of said transmitters;

determining a modified channel matrix equal to HG;
and

constructing a nonlinear precoder for performing

15 nonlinear precoding of said modified channel matrix.

87. The system according to claim 66, wherein said weighting matrix G
is diagonal having diagonal elements representing individual gains
each associated with a particular one of said transmitters.

20
68. The system according to claim 66, wherein said processor is further
configured for permuting information symbol elements in said
information symbol per said subcarrier frequency, each information
symbol element is associated with a particular one of said receivers.

25

30

~102-



M YUADK

gLy

PCT/IL2017/051402

el
| linw

Srradee s i e

....... oneeid

A Bt aaris ﬁ\ o —ﬂ(( g
mﬁw it W 343 ¢ 2il

B &

g . i

BRI

7 ,,/? z
caqy  gbb

ny
3]
LR
s

THADR L

&
(R E
Rl

€ UADX
% [4

LMI04 OWLAYIEL5K

WO 2018/122855

£ 343

k> i1

3 YA

=

Lo Lo

-
X2
3

T

g

REIC i
% FHANOD

el
L0 Rag B
o




PCT/IL2017/051402

WO 2018/122855

2821

{1LHY HOMd)
PRI

e

.@W.\.f

)
Al

el

L3
e

SN

00 beday

SPIS JOARTES

(Bumnosid iysen)
Joes uohRginyed Uy 81 ;
5 ;
L e N M 8E =
3 Y
{mpnuads ol ndug . -  (sauy mm,m
—_ 7w e (PRI = g T #
Ze- 8 ,ﬂ i [ R
L GE A
.mxw“ M
DS ISNBLISUES ¢ LB
M S AT v
IBPOnRL SBRUNT DL D e g
o
51 |
N “r«\ #\W\ .J..rr «
(BioquAs ops adur) ~ o)
ol 4 ool (PRI MR
I S ot 7 L B4
L ¥ 7 5
4%

I e

¥
BOIS JBIIUSLEY

£

Ny



PCT/IL2017/051402

WO 2018/122855

¥E Ol

{S10uis ol

PG LEETEN

By 1
BIIRIBAG)

() sus-unbe- B =

YOuL

YZGh,
ey YYD
I

(LMY HOIMd)
DZ Ol

& P

 UOEImALGNG

Fypuogoung uepusdep
~Fppepposdng s

x

3 W

Qg

44

»mwr,wwmﬁ

BOIS IBiRUSUE

=

H
H
H
3

-’%‘

§

pRULEYD

R ot Y e

e e e A o o e A
W P £y
; 8
i

({‘3‘

>

BB,

(229

audde)
AL

R
A1) 18

7

; 4

Tum

G5 h
5

y

£

\\\\.vw £

\w\\\\v




PCT/IL2017/051402

4124

WO 2018/122855

28 "Did

MCJWA_QQ&QM..
V5 Jgnales

2

,(.:)ﬂ.w‘

2 D48
»%ﬁ 208 .
, i M,Qam\“mﬁ\h.
R e ) e ok —
Ml A {17

QR

g1

P e
DEGL i O 085k
2 i K

w et}

3

,.\‘{

%051

Amuoury Emuc@umv
Péam@oa%u 1BMBIE
GEB L, GG

.“.;V:.::wv..»».».»»»»»»»\»»»»»»»»:}. H

aggL  B8E~ g

¥

BN JGAIBI

60



PCT/IL2017/051402

WO 2018/122855

5 'Ol @i

o nz  MESE
) s 7 B N - %4 ; s Zo -y
“OGE 5074 “Bez - : 24
H 4 g
] i S
I8 oo
w.“.s\ &
Lo ]

BUE JETIsURY

ogg| Woegg Voregp W b izge | P L
1 4 s 3 1 :
N kN o L
RN ¥
3 A w % Wik 3
4 + % 4 4 .
; i v s =
097 557 537 96E 752 5%
& h
] H
“ “ 4
i i el o
{sioouis L 8L j Y22, j YET,

. ._ 7 \Mm‘w.w MWW.N 1 NWN ! - 4 > Nmmwm ,NM $ - .....;
op ncul i b bl Ly 0= | CE T e =
e it Lo L LUEDE g {Hagrous
! .

3
1
§
{
t




PCT/IL2017/051402

8621

WO 2018/122855

g "ol

gm“mmcmm i

D pE 206, 80¢-~,  FloLes, || ,
i1 5, e .
; “s;i; PR 3
5 I F\ i M
{4736 e pepnirsng s SRECLL I o o SR e
M 3y DSt ‘o

£Y5 ot U L

a7

!
I

bemoereroecccccerccogec)

SHANE wm

mgnm BIRIS LEPULEY
panyes-1aiduion

w HAG00 _wmm

{ :a.wmmmgim 71~ 1HBh Jay
mrhuexg)

BOIR SBABDDS

i
4
H
H
.
H

BPIS JBIROSUET mm?aﬁ
¢ GO OHINASLETS

F,

e 06



WO 2018/122855

7123

2E0
5
, Fermutation Blook
Ou‘i,&}gﬁ: X : 330
permuted . =332 s 3 J
sybols O don __/‘"\3&"1 pod e o "
& H .. t
X{} b {2}
O {10 0 :
B o o { 3
X(3) S0
i LA
§
| 338 o
X6) sa() | |
O T S e S %
e % WETH
x{5) NP s2{<} | 3
{(NLP}
i
t

stage 1

PCT/IL2017/051402

& bt dndo,

symbols

a7
£l

pury

30

”~
2

Ds{3}LP)

Ss(4)NLP)

T
Q&

K2

MZ1

K1

3

k-4
&

k-4



PCT/IL2017/051402

o,
et

IR

9

e
gy

]

Pt
s Poans
7

g
A

FIG. 8

WO 2018/122855

&

&

i

oy ety e arre o
“ o4 24 i 2
s i rmasrt s
* ¥ = % % 7
@ ™~ o }W 2 -
Z o e € N
B P AR ey
o 5 3 & o] ¢
.3 :
3
% o
. b {
Ok /
el $343 \_“,:
S 5k
m o \...(M . mhi\.f&k\‘w..f. ..
> k)
M ﬁ\w 3, e /.(?! oy ".. J.\\ L
: i e u i
g ; - i RN i
w:i.w L. .f.. £ ;/./. N i
U o 1 L
e, " d(-w m M &
ﬂmw P M T B i L RO P R
e N T T ot Rt S oo v e : g
[ 3 i W b : o,
% P E RS = Eognot oy : P
/G T % : .M\ i : 7
Dy R L ey R
Pk t . o i.n ¥ s et (- 1
g5 = L P s 43 7 ool
= a3 TRE =R .ﬂ.w\ [ bt - i et
tog (e 1as y " bt - ¥ i i
5 5 LiE B2 Ve GERnCE B
P2 Lo PiRr e 15 51 / LE
[ (R ! ¢ / : 1 H (R
I P T s 5 : Lo
RPN - Ll “
n < vl . ? oy £ Py wwt
AT ey i [EENPON U WO
K M b P m ! - Mv( R S ﬁ.. e e v
e N e e, 2 3
¥ Pe LT ;O 'z
b mmv ol ; 2 o g
s} ol ; i b % e
Ay oy i (5F m..\m_ { o
S i A S R N
LF : 4
i
5 &
w L
3 i ' H
m\.\ o~ o~k i e R
P Ny R | B 2¥
P} & s Tt S ¥ e o
= = P
L g & E = &
73




PCT/IL2017/051402

WO 2018/122855

£
oy

S

400

L3

i
[, s ey e
T G g I
. 3 A

~308

Praprocessing Block

1
¥

o

:
H

feontroh

| miodi) nol app

i
§

3?4‘5 ERe
'

L

Pood
L

&

Ko e o ot i

i
§

{Contrad)

i §

oty not spplied

T

N

& {a b

H
LS

(&

R

mod(

ey
4
i

I
3w
3

5

Luds

apphad

£

gain not

o

ot

Bea
L)
3

NasmamnmRR A

4

™y,

F e

5

B

—

‘
:

‘.m b g W e k.

L e e ¢

&b ' & m

=% “w H

o & s ‘

3% - g H ;

o3 fo | 3

9L i

) LF

N

17 i

y

h

e S

k]

e

Shuly

Gl

L

b5
mity

o
oy

S,

4y

FIG. 10



PCT/IL2017/051402

WO 2018/122855

s o, o oy m..
e o~3 [ap) %

e i 32 0 o 4
»\m.z\ e ez 7 LR

5 AR % B o , A

]

iy ¥ %% ¥ %
B - =5 .. . 1 [
wv» Paatd ey,
o

5
X{

FIG. 11

B
i

)

308
1)
T S 7))

TR .
b

gains
{1
{
373,

al g

\

5 {
fom e,
asd i T
gt m ; e
3 . 1
& gt n
= d SO S O
i

grrtoen

)

Preprocessing Block

MW,%\ f

Lu

LI

o e
3
§

v 11\- - \AM e o i ~.F, e e - S ittt S Sl S
/ £ (f e
) ) ] 2 * w o
; i fod oo oy H g
3 ) S
@ R &
b y .
i, - A
] )
Yy -
il - ! N J
§ 1 3
P -
=
b

T31]
{1
)
i
w5
-
4}
’Q‘» o
£5)




PCT/IL2017/051402
304

o P e, g g
= g 5 by B
ey St s ] Yt
P! W oy b 1 ¢ =5

e T Peth

nl
§
¢
3

4
b it L e, e, o=, : : oo
e RN st = J 357
P na R P
XA s . %

308

sing Blogt

o

FEPTOCES

o
£

<5

‘f

-,
o
T o
oAk, ., .,
s i, o
B e x/f e
¥ N T N e
Tt Ny
pot
P H

foen

- A

i

N

t

i
b
¥ 3
§

et r
N,MMM 4 m,.\..‘m_
R i
i e
A i
fotd bk f bedt :
A : R
1 S S S 1
: ; .
: ,

(DS SN SN S

SNEPISIPS. RTINS OGP PITRY)

T8y
&7
T ——

X

3

WO 2018/122855
G2}
420 -,

1
2
%
3
-4
ey
oot
8
-

St

R¥
i
m {

FiG. 12




WO 2018/122855

430

~NF

122t

mit

Praprovessing Block

PCT/IL2017/051402

N

S R i <
mi2})
B3R S %

il P dlasth)

LY S : D3

N & =y mi
;; & Y i, wigax ¥
:‘ “‘}“} N\W*’”xsﬁ{'” i
A - :

Rt .

;

s

i N :

8 I Me— SEATCY))

% T N e
. :?;{2} n SRV
* S
N "

1x63)

FiG. 13



PCT/IL2017/051402

WO 2018/122855

gyl "Old

¥l "Old

SN

= HA Y OENS

BB Ui
A Hed T

Rgnhy su
BByl Yy
B R

yEp-~., Nm&},h 8%,
)
, . ‘ BEUOCSHS ‘ - o
SUc) s leAs] AlMnE fs da0miot d1E W B Mg gan
i ERV AV 1 a2l 3 !
o magdodsal TG ] N T
suty Jed mag e foimitii wirrauks | SS0M0 L D N LD N340
ot , Wit by dsad ]
it G et SsundEss GOk PR R
AL JB0 B8] Hinion Fovenbey | -unpous | SHOMO L TR AN 2D 58340
L PRUOdRS; DUAS b e n . )
ey sad eas kuanoe poa A Adomiot S1F JIN T 28340
i :n « 5 jad %
i ] Bt LY A% R ¢ 1 o
suoyiad mret Ssise fousnbey urpuis | AADNG dri 4N L EPTe
» . ] w » g > i} .

fane] Ay

Fupgepoddng

# ZcdD

G5p-

7

o

25p~"

e

P

e g5k



PCT/IL2017/051402

WO 2018/122855

14721

Sk 'Did

{oauiAs onn gndug

{eponuids oy andu

%
-

B %

‘g

{ityoas unRaiisd)

ps
w

[

ot ' ] S b A, W ke K oA kg kb e i, e et ST [t iy S et U gy . e e A g ottt e o, e s 0

'z

b g
!‘msm“

;
505~

o T
b

RIEUREENIAS

H
805~

SP5 JBURUSUBY

e

e,

o ok
g g 7L
yEypwn LA

¥

FBLLIBLD UONEOLINIUIL

)

el

Rl 3



PCT/IL2017/051402

152

WO 2018/122855

g9k "Oid
wmm .».\NM

H g D R (1) foa (et e
: .

i »w\m
42
Ty
R N : Ty
w70 >
7 Ly -

\
. o
e Spfe JesESy

it e s et e i e et e, e et e, e .H.t “3“.“:“?? s .«‘EHMW Riiec SR

F i
GG, L omge

<
P
R A O

Eygitfs ooy anohug

Z % (7 ' - & Felg %
B gt FUL S O S ¥ (T hibd ] b £ %y gy b S Ea .
758 & V4 N VAT _ n
auc 815G oy oy 7Y
) : TEMMP

1
t
e
£3%
&
&
&
&
Ky
BHIGGQ
e
-3
o
§\.,
et
Q
S

- WP L » 3

-
foe
SBum
&

T

{moawie o ) R (e v

i

§

e e B 1 e I o B G ) w
o = @ - P - M
§

§

i

t

i

GeFells M

¥

¥
S

b oF 2

SR

G55 866"

FRLBIRLG UOHRORINURLDS

gy



PCT/IL2017/051402

WO 2018/122855

16421

dil "oid

S CBIHCOW 3HL 40

DRINOOT ] WY INTINON QMNINGOIHEd 10d

KLY =

AN HO
KMQOQMK(N m«»mﬁﬁzmua ¥ ONLLORELENDD

o

r

4 TLWRD3 KL TIENNYHO O30

IGON Y OHNINIARIZL 30

T

2O AT Y

B W04 g3ADIENE S
M A0 HESANN FHL OL WD 81 SMO

YW HIACH KIYLYW TANNYHD Y OMINIASC S1ENNYHD

ADMEN0DENA YIRMYENE MY DL Y

 NOELYOINOININOD D 40 ALY I Y 9IA SYEAIRDEY
ORY QU LIASKNY YL 0 ALY Y NEEMLEE NOISSINENYE L MO YIVA QMNILZANDD
S I08NAS NOLLYWROSN NY S0 DNIGDO Y Y 3NITINGN ZH3HM SHILUINENYML
14 A0 HIEEON BSOHA D XRELYIN OMULHDEAA ¥ DRINIMR LS

Vil "aild

208~

mma@i?

{z
"ty g

¥eq o
1121

3
802G, ; LS BT PRADOINE 0 )
§
5 i s o T
PLa, . ~ 8y zzei PEG P~ BEY -,
o 4 P A e 880 i 04D
i K i # L By O Mk Ffaf el = 3 o i 7
aHa i p v g, b oty O ey Lop) (HOW fodoy
LA o Y (g3 inn 5 s
e : !
BRI JEAIRIEL : sy BEHE JONOTE
UGBS |



PCT/IL2017/051402

WO 2018/122855

17621

fre]
R
oy

o

89

&4
P
P

81 "9id

XEA PV ENNYHD NOLLYSINOWNOD ¥ 40 NOIBYIAM G3ZNMYYEN30 Q32709 IN03Y WHOaM3d
4 OEENDIENGD 81 4300038 d ML IvHL HONE YEN A GRZIMBLOYHYHD Y30003ud W SNILOMMLENO0

A

ONldd YN FNEISHEAEY 3HL AR OB L0H44YND 81 TOENAR MOILYWHOIN 3HL YIYQ TE000EMd ATYyEND
“NON ML 40 ONIGOIE0 ML OMNLLEOHGENS LON SH3AIEDEY 380H L Y04 3UHA TTOEINAS NOLLYIEOINS
AHL OL ONlddYIN FT8ISHEAZEY ML ONISHIAZY 0 F18Y V0 3 v IVQ Od000EMd ATHYENDT
“WON 40 ONGODEG FHL DN OEdNS SHEAEOEY 380HL LYHL HONS SHEAIEDEY 3HL 40 3RO
MYINOLLNY A Y HUPA GELYID0SEY ATEALLOE4EEY HOVE SINIRETE S30MION] ONIddY 2T8ISHEATY

AL THOBWAS NOLLYINSEOEN] 3L O DMNddYY 318ISHEATN ¥ SN IdY AB TYNOIS ¥ DNILONUISNDD

£

SALNEY RO 0L OL ONIGHOD DY SNEINOZM dYINITNON ONY DNIGODZ4d
HYENTT A0 N0 18YET LY DNISN G30003 4 39 TIVHSE SHZLLINSNY ML 3L AR O3 LLINSNYHL
49 0L YO ML S¥EAIE0EY 3K A0 HOIHM ¥4 ONINIEEC GWEH0DE ONIGODEYd v ONININYE L3

&

ADNSNOENS HYIMYOENS LyHL HOH D
SUIAMIDTH IALLDY SO HIGNNN FHL NYHL INISYE4410 81N SHTLUWSMYEL 40 HE8NNN 9HL F43HM
ADMANDGNA MIHAYOE0S Y MEAD FTINNYHO NOLLYOINMNMOD 50 ALNWHIY I Y vIA SMEAIE 09
GHL 0L YAYO SNIAZANGD TOBNAS NOLLYINMOAN! MY LINSNYHL 0L G318YNT ATEALYINOWRGD
IMY SHILINSNYHL SHL YIVD G900090d ATEYIMITNON 300030 OL SHIAIRDEY 40 ALYHT 1d
% A0 STLHEYLHOH4NS OL ONIMIVIESD NOUYINHOIN! SHILINSNYSL 40 A0NYHId v AS SMAEDSY

AL

oo 1

3

3



PCT/IL2017/051402

WO 2018/122855

18121

£Z "Did

SLO4M SHL H0 1Y OL MOWNOD

6l "Old

02,

PATIOHLINGD

80 AVIVA SITINGOW IHL OL DNIGEOD0Y TOSHAS
L NOLLYWHOSNE ZHL SNINOO3Hd ATHYININON
P021 5ovdS TOANAS ONTUHATY FHL OL ONIQUODDY

M OIS 30YGS I0HINAS NAAID 3HL OMLLIYOY
AT o
o8 218 FDYAS TOBNAS FOMNEUI ST BHL
QL DNIQUODOY BITVIVA SITINCON ¥ OMININYEL30

&

7S FOYHE TO8NAS NIAD ¥ ONIAYH 30VdS
TOANAS Y NESEIOSNAS NOLLYINSOANT 3HL "LNdN
HAGUOAMD NAAMD Y LY TOBNAS NMOLLYIWHO AN
WY 40 51 ONIIODHHd YYENNINONM ZHL
DLLANH LY OI000H DRIATTOANL ONIGD TSN

NG dETYDE

902 02
HOSEID0H
SNIHOLOEA

7
oL

Favsan s smina o

o HYINIINON H0 SLNEN! TIY OL NOWNOD 81 LvHL
I21$ FOVIS TOSNAS ZONTHIATY ¥ ONIINZLE
"

004~




PCT/IL2017/051402

WO 2018/122855

1921

o]

£

T,

¥
XE3
X

VECTORING FROCESSOR

e

4

ing Subblock

QOCEBS

Y

3
i
[N

B3
by
3

3
{
73

12,
N\
Iy

o
=/

7
i

o

mdi}

-

¥
}
¥
¥

s

e L,

LB 4}

NG

0
DR

P ﬁ...). Mwl o] m«\mv..v
5L o4 £ =z Ek
= £% £y =% (= 4

g \.!...d{
P

fott

o)

et e

[

FiG, 20



PCT/IL2017/051402

WO 2018/122855
2021

M ) e
ek N oy % '/U“\
SR PAR o MOD M2{ .} {+} -
bl
‘ /
& K
1 ;’f B
o ~L{2, TR .2) —
) 1 ®
®’
* ®
%
&
M{IK} e MOD_MK{.} | G S—Y:
1
4§ {
. NN e ._,“" f; ég
S ;’ i ;
(oo L HAKEK et
a i
f; ;
i
fi t;
1 S— SO 2 MK ) S i
i
{
® H
H
* i
§
® i
i
i
]
et LK TWLIR BY o ;

FiG. 21



WO 2018/122855 PCT/IL2017/051402

2321
45 742,
8
& {;Q
i > e @  ® e
43 z g
Vo i !
ol o e e ® o
§ . 3 B i o
B R
T . { %
| :
A-0AM i ﬁ m@m n i w§m§
165-QAM
FIG. 224 FIG. 228
744 745
- ! . - R )
i § l e @ | ® @
! § oo o ;
! ‘s @ & e
| ¥ § N
¥
! § e ® @ @ ; !
! e 8| @ @
L I i T .
1-OAM

FIG. 22C FIG. 22D



INTERNATIONAL SEARCH REPORTY International app}\jcaﬁgn No.

PCT/IL2017/051402

A. CLASSIFICATION OF SUBJECT MATTER
IPC (2018.01) H04B 3/32, H04J 11/00, HO4AL 1/00

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
IPC (2018.01) HO4B 3/32, HO4J 11/00, HOAL 1/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

Databases consulted: PATENTSCOPE, THOMSON INNOVATION, Google Patents, Orbit
Searchterms used: Interference, FEXT,precoder, non-linear, MIMO, Thomlinson-harashima, modulo, arithmetic, costa, DPC, dirty paper,
perturbation, beamforming, schedule, scheme,scaling, constellation, symbol, mapping, reversible

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X U S 2016043786 A | MAES et . 58-60,63-68
11Feb 2016 (2016/02/1 1)
4/ 0004, 0005, 0015, 0019-0032, 0043, 0044, 005 1, 0052, 0054, 0104-01 11, 013 1fig. 4,fig. 5

Y 4/ 0004, 0005, 0015, 0019-0032, 0043, 0044, 005 1, 0052, 0054, 0104-01 11, 013 1fig. 4,fig. 5 [61,62

A CN 106060950 A UNIV CHONGQING POSTS & TELECOM 1-57
26 Oct 2016 (2016/10/26)
Whole document

A U S 2015282144 Al TOMEBA et d. 1-57
010Oct 2015 (2015/10/01)
Whole document

A U S 2015295621 Al HUAWEI TECH COLTD 1-57
15 Oct 2015 (2015/10/15)
Whole document

i:l Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: <1 later document published after the international filing date or priority
"A" document defining the general state of the art which isnot considered date and not in conflict with the application but cited to understand
tobe of particular relevance the principle or theory underlying the invention
“E" earlier application or patent but published on or after the «X > document of particular relevance; the claimed invention cannot be
international filing date considered novel or cannot be considered to involve an inventive
“L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
33/, 10 gtablish ?‘I}e?‘}i uganon date of another citation or other “Y ' document of particular relevance; the claimed invention cannot be
sp, ¢l rgason (38 specitied) considered to involve an inventive step when the document is
"0" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obviousto aperson skilled in the art

«P"  document published prior to the international. filing date but later

. ! “&” document rnember of 'the same patent taimit
than tire priority date claimed P y

Dale of the actual . completion of the International search Date of mailing of the international search report
15 Apr 2018 22 Apr 2018

Name and mailing address of the ISA: Authorized officer

Israel Patent Office COPPENHAGEN  Uri

Technology Park, Bldg.5, Malcha, Jerusalem, 9695101, Israel

Facsimile No. 972-2-5651616 Telephone No. 972-2-565781 1

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT

. ) International application No.
[nformation on patent family members & apphict

PCT/IL2017/051402
Petent docu:gz':rtc”ed search Publication date Patent family member(s) Publication Date

US 2016043786 Al 11Feb 2016 US 2016043786 Al 11Feb 2016
US 9628157 B2 18 Apr 2017

CN 105164928 A 16 Dec 2015

CN 105164928 B 01Dec 2017

EP 2800283 Al 05 Nov 2014

2016522617 A 28 Jul 2016

6117429 B2 19 Apr 2017

KR 20150135499 A 02 Dec 2015

KR 101711321 Bl 28 Feb 2017

WO 2014177481 Al 06 Nov 2014

CN 106060950 A 26 Oct 2016 CN 106060950 A 26 Oct 2016
US 2015282144 Al 010ct 2015 US 2015282144 Al 010ct 2015
P WO20 14069262 Al 08 Sep 2016

WO 2014069262 Al 08May 2014

US 2015205621 Al 15 Oct 2015 US 2015205621 Al 15 Oct 2015
US 9654172 B2 16 May 2017

CN 103220445 A 31ul 2013

CN 103220445 B 02 Dec 2015

EP 2008167 Al 07 Oct 2015

EP 2008167 A4 02 Mar 2016

EP 2008167 BI 26 Apr 2017

EP 3244544 Al 15 Nov 2017

WO 2014100091 Al 03 Jul 2014

Form PCT/ISA/210 (patent family annex) (January 2015)



	abstract
	description
	claims
	drawings
	wo-search-report

