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APPARATUS AND METHOD FOR PROCESSING COMMUNICATIONS FROM MULTIPLE SOURCES
TECHNICAL FIELD

5 [0001] This disclosure is generally directed to
communication and computing systems and more specifically

to an apparatus and method for detecting communications

from multiple sources.
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BACKGROUND

[0002] Wireless transmission through multiple antennas,
often referred to as “MIMO” (Multiple-Input Multiple-
Output), currently enjoys great popularity because of the
demand for high data rate communication from multimedia
services. Many applications are using or considering the
use of MIMO to enhance the data rate or the robustness of
communication links. These applications include the next
generation of wireless LAN networks (such as IEEE 802.11n
networks), mobile “WiMax” systems for fixed wireless access
(“FWA”), and fourth generation (“4G”) mobile terminals.

[0003] MIMO detection is often concerned with estimating
the sequence of digitally modulated symbols simultaneously
transmitted from multiple sources, such as from multiple
transmitters or from a single transmitter with multiple
antennas. A MIMO detector often receives as input a
version of the sequence of digitally modulated symbols that
has experienced co-antenna interference, been distorted by
a fading channel, and been corrupted by noise.

[0004] In general, a narrow-band MIMO system can be

represented by the following linear complex baseband

equation:
ES
Y=,[—HX+N. (1)
T
Here, T represents the number of transmit antennas. Y

represents a received vector (size Rx1), where R represents
the number of receive antennas. X represents a transmitted
vector (size Tx1). H represents an RxT channel matrix,
where entries in the matrix represent complex path gains
from transmitter to receiver samples of zero-mean Gaussian
random variables with variance o%=0.5 per dimension. N

represents a noise vector (size Rx1) containing elements
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that represent samples of independent circularly symmetric
zero-mean complex Gaussian random variables with variance
Ny/2 per dimension. E; represents a total per symbol
transmitted energy (under the hypothesis that the average
constellation energy is unity). Equation (1) may have to
be considered valid per subcarrier in wideband orthogonal
frequency division multiplexing (“OFDM”) systems.

[0005] Maximum-Likelihood (“ML”) detection is often
desirable to achieve high performance in a communication
system, as this is the optimal detection technigue in the
presence of additive white Gaussian noise (“AWGN”). ML
detection typically involves finding the transmitted vector
X that minimizes the minimum of the squared norm of the

error vector, which can be expressed as follows:

Y—WIESHX
T

Here, the notation corresponds to the commonly used linear

2

(2)

X=Mg§n

MIMO channel, where independent and identically distributed
(*IID"”) Rayleigh fading and ideal channel state information
(“Csi") at the receiver are assumed. ML detection
typically involves an exhaustive search over all of the
possible S¥ sequences of digitally modulated symbols, where
S is a Quadrature Amplitude Modulation (“QAM”) or Phase
Shift Keying (“PSK”) constellation size and T is the number
of transmit antennas. This means that ML detection often
becomes increasingly unfeasible with the growth of the
spectral efficiency.

[0006] Because of their reduced complexity, sub-optimal
linear detection algorithms, such as Zero-Forcing (“ZF”) or
Minimum Mean Square Error (“MMSE”) algorithms, are widely
employed in wireless communications. These algorithms

belong to the class of 1linear combinatorial nulling
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detectors. This means that estimates of each modulated
symbol are obtained by considering the other symbols as
interferers and performing a linear weighting of the
signals received by all of the receive antennas.

[0007] To improve their performance, nonlinear detectors
based on a combination of linear detectors and spatially
ordered decision-feedback equalization (“O-DFE”) have been
proposed. In these techniques, the principles of
interference cancellation and layer ordering were
established. The terms “layer” and “antenna” and their
derivatives may be used interchangeably in this document.
In these detectors, a stage of ZF or MMSE linear detection,
also called interference “nulling”, is applied to determine
T symbol estimates. Based on the “post-detection” signal-
to-noise ratio (“"SNR”), the first layer is detected. After
that, each sub-stream in turn is considered the desired
signal, and the other sub-streams are considered
“interferers.” Interference from the already detected
signals is cancelled from the received signal, and nulling
is performed on modified received vectors where fewer
interferers are effectively present. This process is often
called “interference cancellation (IC) and nulling” or
“spatial DFE.”

[0008] For interference cancellation, the order in which
the transmit signals are detected may be critical for the
performance of the detector. An optimal criterion has been
established that corresponds to maximizing the minimum SNR
(“maxi-min” criterion) over all possible orderings.
Fortunately, for T transmit antennas, it can Dbe
demonstrated that only T*(T+1)/2 dispositions of layers
have to be considered to determine the optimal ordering,
instead of all possible T! dispositions.

[0009]) A better performing class of detectors may be
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represented by list detectors (“LDs”), which are based on a
combination of the ML and DFE principles. The common idea
is to divide the transmit streams to be detected into two
groups. First, one or more reference transmit streams are
selected, and a  corresponding list of candidate
constellation symbols is determined. Second, for each
sequence in the list, interference is cancelled from the
received signal, and the remaining symbol estimates are
determined by sub-detectors operating on reduced size sub-
channels. Compared to O-DFE, the differences lie in the
criterion adopted to order the layers and in the fact that
the symbol estimates for the first layer (i.e. prior to
interference cancellation) are replaced by a 1list of
candidates. The best performing variant corresponds to
searching all possible S cases for a reference stream or
layer and adopting spatial DFE for a properly selected set
of the remaining 7T-1 sub-detectors. In this case, the list
detector may be able to achieve full receive diversity and
an SNR distance from ML in the order of fractions of
decibels, provided that the layer order is properly
selected. A notable property is that this can often be
accomplished through a parallel implementation as the sub-
detectors can operate independently. The optimal ordering
criterion for list detectors stems from the principle of
maximizing the worst-case post-detection SNR (“maxi-min”),
as proposed for O-DFE. This results in computing the O-DFE
ordering for T gub-channel matrices of size Rx(T-1), thus
entailing a complexity of O(T).

[0010] Besides performance (the benchmarks are optimal
ML detection and linear MMSE and ZF on the two extremes,
respectively), various features may be key for a MIMO
detection algorithm to be effective and implementable in

the next generation of wireless communication algorithms.
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These features may include:

- the overall complexity of the detection algorithm;

- the possibility of generating bit soft-output values
(or log-likelihood ratios or “LLRs” if in the logarithmic
domain), as this may yield a significant performance gain
in wireless systems employing error correction codes
(*ECC”) coding and decoding algorithms; and

- a parallelizable architecture of the algorithm,
which may be fundamental for an Application Specific
Integrated Circuit (“ASIC”) implementation or other
implementation and for yielding the low latency required by
a real-time high data rate transmission.

[0011] The various types of detectors mentioned above
are often characterized by a number of disadvantages. For
example, ZF and MMSE schemes are often highly sub-optimal
since they yield a low spatial diversity order. For a MIMO
system with T transmit antennas and R receive antennas,
this is equal to R-T+1, as opposed to R for an ML detector.
Also, in practical applications adopting MIMO-OFDM and ECC
in bit-interleaved coded modulation (“BICM”) schemes, a
significant gap is observable for MMSE if R=T.

[0012] Not only that, nonlinear ZF or MMSE-based O-DFE
schemes may have a limited performance improvement over
linear ZF or MMSE schemes due to noise enhancements caused
by nulling and error propagation caused by interference
cancellation. Also, as with the linear detectors, the non-
linear detectors may suffer from ill-conditioned channel
conditions. Further, the complexity of the original
nonlinear algorithm is very high, O(T*), as it involves the
computation of multiple Moore-Penrose pseudo-inverse
matrices of decreasing size sub-channel matrices. More
recent efficient implementations exist, though they still

have a complexity of 0(T°). In addition, no strategy to
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compute the bit soft metrics has been proposed and
developed for O-DFE detectors.

[0013] List detectors also often suffer from several
drawbacks. For example, a “parallel detection” (PD)
algorithm used in 1list detectors suffers from a high
computational complexity because T O-DFE detectors acting
on Rx(T-1) sub-channel matrices have to be computed. This
involves the computation of the related Moore-Penrose sub-
channel pseudo-inverses. While this could be efficiently
implemented through T complex "sorted" QR decompositions,
the overall complexity is still in the order of 0O(T%).
Moreover, known 1list-based detection algorithms do not
incorporate a method to produce soft bit metrics for use in
modern coding and decoding algorithms.

[0014] Another family of ML-approaching detectors is
represented by lattice decoding algorithms, which are
applicable 1f the received signal can be represented as a
lattice. The terms “decoder” and “detector” and their
derivatives may be used interchangeably in this document.
The Sphere Decoder (“SD”) is the most widely known
algorithm in this family and can be utilized to attain
hard-output ML performances with significantly reduced
complexity. The operations of the SD algorithm can be
divided into three steps: lattice formulation, lattice pre-
processing, and lattice search.

[0015] In lattice formulation, the complex baseband

model in Equation (1) is translated into the real domain,

e [ real (X) ] ~ l: real (Y):I
imag (0] ¥~ |imag 0 (3)

with real vectors of respective sizes mxl and nxl (where

such as:

m=2T and n=2R). The eqgquivalent real channel matrix B can

be expressed as follows:
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B =[real(H) -imag(H)}
imag(H) real(H) (4)
which can be regarded as an nxm “lattice generator” matrix.
Neglecting for simplicity possible scalar normalization
factors, the SD algorithm typically attempts to find a
solution to the following minimization problem:
% =arg mxin”y - Bx|’ (5)
spanning the set of possible values for the in-phase (I)
and dquadrature-phase (Q) components of the complex
digitally modulated symbols X  independently, and
restricting the search to a “sphere” of a given radius. In
order to do that, the complex symbols may belong to a
square constellation, such as QAM. Variants of this
algorithm exist to deal with PSK constellations, but there
is no a single algorithm derivation for dealing with both
QAM and PSK constellations.

[0016] In lattice pre-processing, the real-domain
channel matrix B is decomposed in order to isolate a
triangular matrix factor R. Two known algorithms for doing
this are based either on (1) the Cholesky decomposition of
the Gram matrix BB as in the original version of SD, or (2)
the QR decomposition directly applied to B. Both are
different ways of deriving a set of recursive equations to
find a solution to the minimization problem in Equation
(5).

[0017] In lattice search, the SD algorithm includes a
set of recursive steps well known to those skilled in the
art. If (i) R is an upper square triangular matrix having
a size mxm and positive diagonal elements and (ii) y’ is a
mxl vector obtained through a 1linear filter operation
applied through the received vector y (i.e. y’'=4y, with A
related to either the QR or Cholesky decomposition), then
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X =arg mxin"y'-Rx”2 (6)

restricting the search of sequences x to a sphere of radius

C, such as:
ly'—Rx|* <C?. (7)

From Equation (7), a set of m inequalities can be obtained,
where the bounds used to search for a given coordinate
depend upon the values assigned to the previous ones.
Proceeding in this way, once the algorithm has a candidate
solution for the entire vector x, the radius is updated as
the distance from the initial point and the new wvalid
lattice point. If the decoder does not find any point in
the constellation within the lower and upper bounds for
some x; (assuming coordinates are searched in the order £rom
Xm to Xx;), at least one bad candidate choice has been made
for Xy,i,Xksz,w:Xn. The decoder then revises the choice for
Xrw1 By finding another candidate in its range and proceeds
again to find a solution for x.. If no more candidates are
available for x.;, the remaining possible values for xi,, are
examined, and so on. The search ends when no possible
points in the sphere remain to be evaluated. On average,
the SD algorithm converges at the ML solution by searching
for a number of lattice points much lower than the
exhaustive S* sequences required by a ‘“brute-force” MI
detector.

[0018] However, the Sphere Decoder often presents a
number of disadvantages. For example, the Sphere Decoder
is an inherently serial detector. In other words, it spans
the possible values for the I and 0O pulse amplitude
modulation (“PAM”) components of the QAM symbols
successively and thus is not suitable for a parallel

implementation. Also, the number of lattice points to be



WO 2007/012053 PCT/US2006/028256

10

15

20

25

30

10

searched is variable and sensitive to many parameters, such
as the choice of the initial radius, the SNR, and the
(fading) channel conditions. This implies a non-
deterministic latency (or equivalently throughput) when
applied to a practical implementation. In particular, this
means it could be unsuitable for applications requiring a
real-time response in data communications, such as in high-
throughput 802.11ln wireless LANs.

[0019] In addition, the need to reduce the size of the
search before converging to the ML-approaching transmitted
sequence in the Sphere Decoder is not always compatible
with the need to find a number of (selected) sequences in
order to generate bit soft-output information. For
example, if M. is the number of bits per modulated symbol,
the “max-log” approximation of bit LLRs may require finding
a minimum of two sequences of X for every bit by
(k=0,.., T"M;), such as one sequence where b=l and one
sequence where bg=0. By definition, one of the two
sequences is the (optimum) hard-decision ML solution.
However, there is no guarantee using SD that the other
sequence (where the value of the bit under consideration is
reversed as compared to the corresponding bit value in the
ML sequence) is one of the valid lattice points found by SD
during the lattice search. One solution is to build a
vcandidate list” of points that constitutes a subset of the
optimal sequences. However, this solution is approximated
and not deterministic, meaning there is no guarantee that
the desired sequences will be found unless the candidate
list is sufficiently high. This involves a non-negligible
trade-off between performance degradation and complexity.
Limited simulation results for a soft-output SD have
involved very complex iterative combined detection and

decoding technigques and a high number of lattice points to
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be stored in the candidate 1list (>=512 for T<=4) or a
candidate list with thousands of lattice points £for 4x4
16QAM and turbo coded modulation.
[0020] Other ML-approaching algorithms include a reduced
5 set search approach, which may not yield good performance
below a 10 bit error rate (“BER"). Yet another is an
approximate method, which may involve a high complexity,
and no results have been shown beyond a Quadrature Phase

Shift Keying (“QPSK”) constellation.
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SUMMARY

[0021] This disclosure provides an apparatus and method
for detecting communications from multiple sources.

[0022] In a first embodiment, a method detects sequences
of digitally wmodulated symbols transmitted by multiple
sources and received at a receiver. The method includes
determining a real-domain representation that separately
treats in-phase and quadrature components of a received
vector, channel gains, and a transmitted vector transmitted
by the multiple sources. The method also includes
processing the real-domain representation to obtain a
triangular matrix. In addition, the method includes
performing, at the receiver, at least one of: (i) hard
decision detection of a transmitted sequence and demapping
of corresponding bits based on a reduced complexity search
of a number of transmit sequences, and (ii) generation of
bit soft-output values based on the reduced complexity
search of the number of transmit sequences. The reduced
complexity search is based on the triangular matrix.

[0023] In particular embodiments, channel state
information and received observations are known at the
receiver. The channel state information includes a complex
matrix, where the complex matrix has entries representing
complex gain channel paths between transmit and receive
antennas. The received observations include a complex
vector.

[0024] In other particular embodiments, the method also
includes receiving, as input to a set of rules, one or more
properties of a desired quadrature amplitude modulation
(QAM) or phase shift keying (PSK) constellation to which
the symbols belong.

[0025] In yet other particular embodiments, processing
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the real-domain representation includes processing
equations of the real-domain representation to produce a
factorization of a channel matrix into an orthogonal matrix
and a triangular matrix. In still other particular
embodiments, processing the real-domain representation
includes forming a Gram matrix using a channel matrix and
performing a Cholesky decomposition of the Gram matrix.
[0026] In a second embodiment, an apparatus detects
sequences of digitally modulated symbols transmitted by
multiple sources. The apparatus includes a detector
operable to determine a real-domain representation that
separately treats in-phase and quadrature components of a
received vector, channel gains, and a transmitted vector
transmitted by the multiple sources. The detector is also
operable to process the real-domain representation to
obtain a triangular matrix. In addition, the detector is
operable to perform at least one of: (i) hard decision
detection of a transmitted sequence and demapping of
corresponding bits based on a reduced complexity search of
a number of transmit sequences, and (ii) generation of bit
soft-output values based on the reduced complexity search
of the number of transmit sequences. The reduced
complexity search is based on the triangular matrix.
[0027] In a third embodiment, a computer program is
embodied on a computer readable medium and is capable of
being executed by a processor. The computer program
includes computer readable program code for determining a
real-domain representation that separately treats in-phase
and quadrature components of a received vector, channel
gains, and a transmitted vector transmitted by multiple
sources. The computer program also includes computer
readable program code for processing the real-domain

representation to obtain a triangular matrix. In addition,
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the computer program includes computer readable program
code for performing at least one of: (i) hard decision
detection of a transmitted sequence and demapping of
corresponding bits based on a reduced complexity search of
a number of transmit sequences, and (ii) generation of bit
soft-output values based on the reduced complexity search
of the number of transmit sequences. The reduced
complexity search is based on the triangular matrix.
[0028] Other technical features may be readily apparent
to one skilled in the art from the following figures,

descriptions, and claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0029] For a more complete understanding of this
disclosure and its features, reference is now made to the
following description, taken in conjunction with the

5 accompanying drawings, in which:

[0030] FIGURES 1A and 1B illustrate example systems for
detecting communications  from multiple sgources in
accordance with this disclosure;

[0031] FIGURES 2A and 2B illustrate example methods for

10 detecting communications from multiple sources in
accordance with this disclosure; and

[0032] FIGURES 3 through 17 illustrate example
performances of a detection algorithm in different systems

in accordance with this disclosure.
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DETAILED DESCRIPTION

[0033] FIGURES 1A through 17 and the various embodiments
described in this disclosure are by way of illustration
only and should not be construed in any way to limit the
scope of the invention. Those skilled in the art will
recognize that the various embodiments described in this
disclosure may easily be modified and that such
modifications fall within the scope of this disclosure.

[0034] This disclosure generally provides a technique
for detecting sequences of digitally modulated symbols
transmitted by multiple sources. For example, a detector
may be capable of detecting sequences of digitally
modulated symbols transmitted by multiple antennas. In
some embodiments, the detector may belong to the class of
detectors (or decoders) of discrete quantities sent by
multiple antennas or other sources. In these embodiments,
the detector finds the closest vector (in the case of two
sources) or a close approximation of it (in the case of
more than two sources) to a received lattice vector (or
point) corrupted by noise. In particular embodiments, the
detector can also obtain (in the case of two sources) or
closely approximate (for more than two sources) the most
likely sequences required for an optimal bit or symbol a-
posteriori probability computation.

[0035] Optionally, all or part of the layers considered
for detection can be ordered using a suitably designed
ordering technique. For example, if more than two sources
are present, the order of all or part of the sequence of
layers considered for detection may affect the performance
significantly. An ordering algorithm is provided in this
disclosure, which may help to achieve optimal or near-

optimal performance. Depending on the implementation, the
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detector described below achieves optimal performance for
two sources. For more than two sources and hard-output,
the detector may achieve near-optimal performance if the
layers considered for detection are taken in a suitable
order as determined according to the ordering algorithm
discussed below. For more than two sources and soft-
output, this disclosure may achieve near-optimal
performance, which can be further enhanced if the layers
considered for detection are taken in a suitable order as
determined according to the ordering algorithm discussed
below.

[0036] Depending on the implementation, the detector
described below may be characterized by much lower
complexity (compared to conventional ML detectors and to
detectors having near-ML performance). Also, the detector
described below may implement a technique to generate
reliable soft-output metrics. In addition, the detector
described below may be suitable for highly parallel
hardware architectures, which may be a fundamental
requirement for Very Large-Scale Integration (“VLSI”)
implementations and for applications requiring real-time or
low latency responses.

[0037] Although described below as being used in a
communication system to detect multiple communications, the
techniques described in this disclosure could be used in
other or additional environments. For example, the
techniques described below could apply to other physical
systems if the systems are described by mathematical models
(such as Equation (1)) and require solving of a
minimization problem (such as Equation (2)). This may
include systems that implement closest point searches,
shortest vector searches, or integer least squares. As a

particular example, these techniques could be used to solve
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cryptography problems.

[0038] FIGURES 1A and 1B illustrate example systems
100a-100b for detecting multiple communication sources in
accordance with this disclosure. In particular, FIGURES 1A
and 1B illustrate example MIMO systems. These embodiments
are for illustration only. Other embodiments of the
systems 100a-100b could be used without departing from the
scope of this disclosure.

[0039] As shown in FIGURE 1A, the system 100a includes a
transmitter 102 and a receiver 104. The transmitter 102
includes or 1is coupled to multiple transmit antennas 106
(denoted 1-T), and the receiver 104 includes or is coupled
to multiple receive antennas 108 (denoted 1-R). As shown
in FIGURE 1B, the system 100b includes multiple
transmitters 102a-102t and the receiver 104. In this
example, each of the transmitters 102a-102t includes or is
coupled to a single transmit antenna 106. Each of the
transmitters 102, 102a-102t in FIGURES 1A and 1B represents
any suitable device or component capable of generating or
providing data for communication. The receiver 104
represents any suitable device or component capable of
receiving communicated data.

[0040] In these examples, the receiver 104 includes a
detector 110, which detects multiple communications from
multiple sources. The multiple sources could include a
single transmitter 102 with multiple antennas 106, multiple

transmitters 102a-102t with one or several antennas 106

each, or a combination thereof. The detector 110 may
operate as described in more detail below. The detector
110 includes any hardware, software, firmware, or

combination thereof for detecting multiple communications
from multiple sources. The detector 110 could be

implemented in any suitable manner, such as by using an
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Application Specific Integrated Circuit (“ASIC”), Field
Programmable Gate Array (“FPGA”), digital signal processor
(“DSP”), or microprocessor. As a particular example, the
detector 110 could include one or more processors 112 and
one or more memories 114 capable of storing data and
instructions used by the processors 112.

[0041] Either of the systems 100a-100b can Dbe
represented as in Equation (1), which may be valid for both
single-carrier flat fading MIMO systems and for wideband
OFDM systems (per subcarrier). The interpretation of
Eguation (1) is that the signal received at each antenna
108 by the receiver 104 represents the superposition of T
transmitted signals corrupted by multiplicative fading and
AWGN. As described below, a simplified yet near-optimal
technique is provided to £find the transmit sequence X
maximizing the probability P(Y]|X) (in other words, solving
the minimization problem in Equation (2)).

[0042] Although FIGURES 1A and 1B illustrate examples of
systems 100a-100b for detecting multiple communication
sources, various changes may be made to FIGURES 1A and 1B.
For example, a system could include any number of
transmitters and any number of receivers. Also, each of
the transmitters and receivers could include or be coupled
to any number of antennas.

[0043] FIGURES 2A and 2B illustrate example methods
200a-200b for detecting multiple communication sources in
accordance with this disclosure. The embodiments of the
methods shown in FIGURES 2A and 2B are for illustration
only. Other embodiments of the methods 200a-200b could be
used without departing from the scope of this disclosure.

[0044] The methods 200a-200b can be performed by the
detector 110, which could represent a layered orthogonal

lattice detector, to detect communications from multiple
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sources. More specifically, the detector 110 could use the
method 200a to detect sequences of digitally modulated
symbols transmitted from multiple sources by finding the
closest vector to a received lattice wvector or point, or a
close approximation of it. The method 200b shown in FIGURE
2B can be performed by the detector 110 to optimally select
or closely approximate the most likely sequences required
for an optimal bit or symbol a-posteriori probability
computation. In both cases, the detector 110 could have as
input the received sequence Y and an (assumed known)
channel state information matrix H.

[0045] As shown in FIGURE 2A, a stage 202 in the method
200a involves computing a proper real-domain lattice
representation of the system. Among other things, the
real-domain lattice representation separately treats the I
and Q components of a received vector, channel gains, and a
transmitted vector.

[0046] A stage 204 involves pre-processing lattice
equations of the real-domain lattice representation. The
pre-processing is performed in order to obtain a triangular
matrix with specific properties. For example, the pre-
processing may involve factorizing the (real-domain)
channel matrix into product terms, such as an orthogonal
matrix and a triangular matrix. As another example, the
pre-processing may involve computing the Gram matrix of the
real channel matrix and the Cholesky decomposition of such
a Gram matrix. This stage 204 may receive as input the
channel matrix with columns ordered according to a selected
layer disposition.

[0047] A stage 206a involves performing a lattice search
and hard decision detection and demapping. These functions
may be based on a properly designed reduced complexity

search of a number of lattice points, while exploiting the
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properties of the triangular matrix. The search may also
be based on a properly determined subset of transmit
sequences.

[0048] Optionally, stage 203a could occur between stages
202 and 204. Optional stage 203a involves ordering the
sequence of all, or part of, the layers considered for
detection by stage 204. For example, stage 203a may
involve ordering the transmit symbols considered for the
successive detection based on the post-processed SNR. More
specifically, this may involve selecting the layer
permutations to be passed as input to stage 204 and
receiving the post-detection SNR from stage 204. The post-
detection SNR can be used to perform the layer selection
based on suitable criteria.

[0049] Similarly, in FIGURE 2B, the stage 202 involves
computing a proper real-domain lattice representation, such
as one that separately treats I and ©Q components of a
received vector, channel gains, and a transmitted vector.
The stage 204 involves pre-processing lattice equations of
the real-domain lattice representation in order to obtain a
triangular matrix with specific properties. 1In particular
embodiments, the stage 204 may involve factorization of the
real channel matrix into orthogonal and triangular product
matrices or computing the Gram matrix of the real channel
matrix and performing the Cholesky decomposition of such a
Gram matrix.

[0050] A stage 206b involves performing a lattice search
and generating bit soft-output values. Stage 206b may be
based on a properly designed reduced complexity search of
the number of lattice points, while exploiting the
properties of the orthogonal matrix and the triangular
matrix. Also, the generation of the bit soft-output values

may be based on a search of a properly determined subset of
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transmit sequences. This stage 206b may optimally identify
or closely approximate the most likely sequences required
for an optimal bit or symbol a-posteriori probability
computation. Optionally, stage 203b could occur between
stages 202 and 204. Optional stage 203b could involve
ordering the transmit symbols considered for the successive
detection based on the post-processed SNR. It may also
involve selecting the layer permutations to be passed as
input to stage 204 and receiving the post-detection SNR
from stage 204.

[0051] The following represents additional details of
one particular implementation of the methods 200a-200b and
the detector 110. These details are for illustration only.
Other embodiments of the detector 110 and the methods 200a-
200b could be used.

[0052] In FIGURE 2A, the stages implement an algorithm
for finding the transmit sequence X maximizing the
probability P(Y|X). The first stage 202 involves the
determination of a suitable “lattice” (real-domaig)
representation, which is different from the one given in
Equations (3) and (4). For example, the I and Q components
of the complex quantities can be taken in a different
ordering, neglecting scalar normalization factors, as shown

below:
X= [XU Xig Xy, XT,Q]T = [x1 X, ...xZT]T
y= [Yu YI,Q "'YR,I YR,Q]T = b’l Y ---J’m]T
N, =[N, Ny Ny, N T
y=H.x+N, =[h, .. h,, Jx+N,

(8)
The channel columns may have the form:
by, = [Re(H 1k )Im(H 1k ) Re(H R ) Im(H Rk )]T
h,, = [‘ hn(Hl,k)Re(Hl,k)“' - Im(HR,k)Re(HR,k )]T (9)

where H,, represents the entries of the (complex) channel
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matrix H. As a consequence, the couples h, .h, are already
orthogonal (hi_‘-h2k=0). Other useful relations are given

below:

“hzk-l "2 = "hzk ”2
hj, h, = h7, h,;, h3, h,; = ~hj, h,;, (10)

where k,j={1,...,T} and k#j. In the general case, the model

may be valid if a general encoder matrix GeR™" is
considered such that:

x =Gu (11)
where uwelc R” is the information symbol sequence and x is
the transmit codeword. In this case, the system equation
may be given as:

y=H Gu+N, (12)
meaning the lattice generator matrix would become H.G.
Although wuncoded MIMO systems are referred to for
conciseness in the following description, the application
of this technique is broader and valid for any general
(lattice-)coded system.

[0053] In these embodiments, the stage 204 involves a
pre-processing orthogonalization process of the (real-
domain) channel matrix Hr. Tt will be understood that
different matrix processing may be applied to Hr without
departing from the scope of this disclosure, such as the
standard OR (which can be accomplished in several ways well
known to those skilled in the arxrt) or Cholesky
decomposition algorithms.

[0054] The following pre-processing may occur during
stage 204 when T=2 (there are two transmit antennas 106)
and R22 (there are two or more receive antennas 108). In

this description, the following notation is used:

cik_lsi|h2k_1||2, sj,kshfhk,KC:hkTy. An efficient way to perform the
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OR decomposition of H, 1is through a Gram-Schmidt
Orthogonalization (“GSO”) process. In this process, there
is an orthogonal matrix Q:
Q=[h1h2 q; ‘I4] (13)
where:
2
q; =o;h; —s,;h —s,.h
3 ;3 1,3"1 2,32' (14)
q, =0h, +5,3h; — 5 5h,
Q is a 2Rx2T orthogonal matrix such that:
. 2 2
Q"Q = diaglo?, o} Jas[* Jasf |- (15)

There is also a 2Tx2T triangular matrix R such that H,=QR:

1 0 s,/0] s,/0]

0 1 -s,,/0 s,/0°

R = 14701 51370,
00 1/c 0 (16)

00 0 1/6?

Multiplying Equation (8) by Q' provides:
7=Q'y=Rx+Q'N, =Rx+N, . (17)

For the remainder of the processing, the following may be

used instead of R:

2
o] 0 55 8,

2
~ G -5, S
R= 1 14 %13
0 r 0 (18)
0 O 0 Y
where:
7, = G103 ‘(31,3)2 —(s2,3)2 . (19)

Also, from Equation (17), the following can be obtained:

2 "
Ya|_ |4 (20)
Vs 0'12Va - 51,35’11 + S1,45’J2

~ 2 ~ ~
Ya oV, - S1aM1 — 513)2

]
it

where Q does not need to be explicitly computed. Also, the

following can be noted:
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Ja:I = 6%[0763 - (5,3)* - (5,0 ]= o (1)

’

and as a consequence of Equation (10), “qJ2=”qu. From the

above expressions, the minimization problem in Equation (2)

becomes:
~ . o~ =~ 2
X =arg mln»y —Rx” . (22)
X

The noise vector ﬁt has independent components but unequal

variances, and the covariance matrix may be given by:
~ o~ N,
Ry = E[Ner]= —2—°diag[c512, 612,0'127"3,Gi273] . (23)

Thus, the parameters needed in this triangularized model

may be a function of eight variables. Four are functions

of the channel only (o} =|h|’, o?=|h,|’

) S13 =h/h,, Si4 =h]Th4) , and
four are functions of the channel and observations
(" =h1Ty= v, :hzTy= v =h3Ty: Y, =h4Ty) .

[0055] The stage 206a of the algorithm involves
demodulation of the received and pre-processed signal.
More specifically, stage 206a involves the generation of
hard-output values (as opposed to stage 206b, which

involves the generation of soft-output values). After the

pre-processing is done, a simplified ML demodulation is

possible thanks to the properties of the matrix &£ in
Equation (18). The Euclidean metrics associated with
Equation (17) and to be minimized to solve the problem in

Equation (22) are:

~ 2 2 ~ 2 2

(y =0 X, =8 X, — 8 JC) (y —C; X, +8,%X,—8 x)

— 1 1°¥1 1,3°V3 1,474 2 1772 1,473 1,3%4

T(x)= p + o
1 1

(y raxs) (Y4 rax4)

o’r, ol

(24)
+

A simplification of the search may be possible by noticing

that the minimization problem in Equation (24) is actually
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a function of x; and x; only:

~ 2 (. 2
T(x) = (J’1 _0'12751 - C1(x3’x4)) (J’2 - O'lzxz _Cz(x39x4))
(x)= p) + 2
+C3(x3:x4): Cl(x3ﬁx4)—>‘0

This property is a direct consequence of the reordered
lattice formulation in Equation (8). This means that for
every candidate value for the couple x3,x;, the minimum
value of T(x) is obtained from a simple quantization (or
“gslicing”) operation of (x;,x;) to the closest PAM value of
the I and Q:

%, (%3, %,) = round (Xl—i;_(lzﬁiﬂ)—), X, (%5, %,) = round (&—_—%_%li)) (26)
The resulting ML sequence estimate may then be determined

as {%(%;,%,), %, (%,%,),%;,%,}, where:

{’23:’%4}: arg xbn;ier(lzz T()'El(x3,x4),552 (x3,x4),x3,x4) . (27)

Here, ©,denotes the M-PAM constellation elements for each

real dimension.

[0056] To summarize, the above technique allows, in case
of MIMO systems with two transmit antennas and M?-QAM
constellations, achievement of the optimal ML solution with
a low pre-processing complexity: namely O(8R+3) real
multipliers for the channel dependent terms and O(8R+6)
real multipliers for the receiver observation dependent
terms. It also provides a reduced-complexity search of the
order O(M?) (instead of O(M!) required by the exhaustive ML
algorithm) . In addition, it is suitable for a parallel
hardware architecture.

[0057] It should be noted that the demodulation
properties outlined above are still valid if R=1 (there is

one receive antenna 108). In this case, the notable

difference is that the bottom two rows of matrix R in
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Equation (18) will be eliminated, but the same general form
will hold for the remaining upper rows.

[0058] As shown in FIGURE 2B, a similar technique can be
used to generate bit soft-output. This can be described as
follows: let M., represent the number of bits per QAM
symbol, and X; (j=1,..,T) represent the QAM symbols in the
transmitted sequence X. The (logarithmic) APP ratio of the
bit bx (k=1,..,TM;) conditioned on the received channel

symbol vector Y is:

P, =11Y) XEZ;P(Y | X)p, (X)

Pl =01Y) > oY1 X)p,(X) -

XeS~

L(b, |Y)=In

(28)

where S' is the set of 2™¢! bit sequences having bx=1, and
S~ is the set of bit sequences having by=0. Also, p,(X)

represents the a-priori probabilities of X. From Equation

(1), pY]X)e expli—2 ! 2“Y-I—IXHZ] , through a proportionality
o

N

factor that can be neglected when substituted in Equation
(28) and where ow2=AQ/Z The summation of exponentials
involved in Equation (28) can be approximated according to
the so-called “max-log” approximation:

In > exp[- D(X) ]=In max exp[- D(X)] = —Xreréin D(X) (29)

Xes*
where D(X)=||Y-HX“2 is the ED term. Neglecting the a-priori
probabilities, as for the common case when transmitted
symbols are equiprobable, Equation (28) can be re-written
using Equation (29) as:

L(b, |Y) Eg{ringD(X)—xrergnD(X). (30)

In the following description, unless otherwise stated,
Equation (30) is being referred to when dealing with the
problem of bit APP generation.
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[0059] This disclosure deals with this problem in the
real-domain. Recall that (X25-1,%2y) denotes the I and 0
components of the complex symbol X;. Consider the bits
corresponding to the complex symbols X,=(x;,x;) in the
symbol sequence X=(X;,X,). After the pre-processing in stage
204 is performed, from the equivalent system expression in
Equation (17) and the metrics in Equation (24), the

likelihood function can be given by:

p(¥1x)=exp[- 7'(x)] (31)

The computation of Equation (30) requires finding two
sequences for every bit, the most likely where by =1 and the
most likely where by =0, for all k=1,..,2M.. By definition,
one of the two sequences is the optimum hard-decision ML
solution of Equation (22).

[0060] Using arguments similar to those that led to the
simplified ML demodulation in Equations (26) and (27), the

max-log bit soft demapping of the bottom layer (x3,x;) can

be computed considering all possible M? values for (x3,X4)
and minimizing Equations (24) and (25) over (x1,x2) . In

other words, for the QAM symbol X,, it can be written as:

L(b,, |¥)= min T(xAl (x3> X4 ): X, (xa > Xy ): X35 x4)

x5, %368 (k)y

— min +T(ﬁl(x3,x4),522(x3,x4),x3,x4) (32)
x3,%,€S(k);

where by represents the bits belonging to (complex) symbols
Xz (k=1,..,M), and S(k); and S(k), represent the sets of 2Me-
Y pit sequences having bg=1 and bgy=0, respectively. For
every considered couple (x;,x,;), the minimization of the
metrics required in Equation (32) can be performed using
the expressions in Equation (26) for the corresponding
values of x;,x,.

[0061] In order to compute optimal max-log LLR for

symbol X; (whose I and Q components are Xx;,xX.) and still
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keep a much lower complexity than ML, the algorithm

performs all the former steps again but starts from the re-

T
ordered I and Q sequence. In other words, x'=[x3,x4,xl,x2]

T
instead of the considered x=[xl,x2,x3,x4] , meaning the

bottom layer is exchanged with the upper layer. This
conceptually implies another orthogonalization process,
meaning the processing of Equations (13)-(18) starts from

the matrix:

Q=[h3h4 qlq2]' (33)
However, the final results show that the amount of extra-
complexity is very limited. Many coefficients turn out to
be common to the already computed matrices and vectors.

More specifically:

Vs . o; 0 S13 TS,
< Yy R'= 0 o S14 S
CHAS $13Vs + 514V, 0 0 =~ 0 (34)
CHARS $14V3 =515V, 0 0 0 !

The ED metric derived from Equation (34) can then be given
by:

I'(x")= ”y’ - INI'X’”2 = (;1’ — O3 — Sy 3%; + 81 4%, )2

o3
~ . (35)
+ (yé - G§x4 T 81,4%1 T S13%) )2 + (73' —nBX )2 N (JN’Q — X, )2

2 2 2
C3 3l Gih

The max-log LLRs relative to symbol X; can be obtained

2
searching for all M cases for x;, X, according to:
L(b, |¥)= min _T’(}E3 (xl,x2 ), X, (xl,xz), xl,xz)
xy,%,€8 (k)

- x,,fﬁisr(lk)r UEACTENENCIREN %,)

(36)

where b represent the bits belonging to symbol X;
(k=0,..,Mc~1), and S(k); and S(k); represent the sets of 21
bit sequences having b;=1 and bi1x=0, respectively.

[0062] In this way, an exact bit max-log APP computation
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is possible using two layer orderings (having a low amount

of extra-complexity) and a parallel search over ZNf
sequences instead of M as for the optimum ML (the
exponential dependency upon the number of transmit antennas
106 becomes linear but with no performance degradation) .
It will be wunderstood that the max-log LLR derivation
described above is Jjust one computationally efficient
method to generate LLRs. Other methods can be implemented
without going beyond the scope of this disclosure. These
other methods could include the computation of the
exponential summation in Equation (28) using the same 2M°
sequences derived as explained above for the max-log LLR
computation (this can be done in either the additive or the
logarithmical domain).

[0063] The Gram-Schmidt Orthogonalization  process
described above in stage 204 can also be implemented in a
different way. The columns of the matrix ©Q can be
normalized so that an orthonormal (instead of orthogonal)
matrix Q is computed during stage 204. Often,
normalizations require divisions to be computed as part of
the channel processing stage while avoiding the performance
of noise variance equalizations (i.e. denominators) in the
ED computations of Equations (24) and (35). 1In general,
this implies a very high complexity saving for both hard-
and soft-output demodulation. Also, in the case of soft-
output generation, as outlined above, it is possible to
save complexity 1if no explicit computation of QO is

performed but y,' are directly computed. Here,

2 \
! _— ' —
l s Sojax =82 0 /GZj—l s Sojk S8 /G2j—l ! where 92p

2 _ T
Bogr = ”q 2k-1
represents the un-normalized Q columns. If T=2 (there are
two transmit antennas 106) and R>2 (there are two or more

receive antennas 108), this embodiment may correspond to
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computing a 2Rx4 matrix:
Q=|[hh,q;q,] (37)
where:
q; =h, —(s,:h,)/0? ~(s,5h, )/ 02 as=d)/a|
ao=b, (b )0t (s )ol g =qifa) ¥
and:
B2 =i =Jai[ = o2 502 - 537 (39)

There is also a 4x4 triangular matrix R such that H,=0R:

c, 0 Sl',a Sll,4
0 o -5/, s
R — 1 1,4 13
0 0 B, 0] (40)

0 0 0 B,

The noise vector N, obtained from Equation (17) has

r

independent components and equal variances. Equation (20)
can then be replaced by:

i) Vo,

Yol Vylo,

Vs - [Va =813V = 8335, ]/Bz

V4 [V4 + Sé,s.)h"l —sl',3i2 ]/Bs

y=

(41)
The computation of Equations (40) and (41) may be
sufficient to perform the optimal hard-output demodulation,

specifically:

& =arg min [ - Ra" (42)

The ED ]Kx):”i—{RﬂF corresponds to an alternate expression

than in Equation (24), where no different denominators

exist, thus entailing a significant complexity saving.
[0064] For bit soft-output generation during stage 206b

in FIGURE 2B, the Gram-Schmidt Orthogonalization may be

computed for a MIMO model with sghifted antenna order
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T
A
X' = x%,z%,xa,xa]

Q= [h3 h, q, qz]
‘I1 =h, —(S1’3h3)/($§ - (Sz,3h4)/(7§ 4= q'l /“q;”
q; =h, + (S2,3h3)/°'§ B (31,3h4)/(5§ 9, =q, /Hq'z”

P= ”‘I;HZ = ”q'2”2 =0} _51,32 /o3 _32,32 /o3 , (43)
resulting in:
Vi/o, c, 0 513 /o, — 814 /o,
= Viloy , |0 o5 s,/0; s,/
R O T N N A 1 1 i N Y o |-
[V4 - (S2,3V3)/G§ - (31,3V4)/G§ ]/B{ 0 o 0 B;

The resulting ED term is TTx@=“i“—R%ﬂ2. The bit LLRs can

be determined as:

L(b, |¥)= min T(x)- min T(x) (45)

X3,%,65(k); %3,%,€8 (k)3
and

xp,%, &S (k)] %, %,€S (k)Y

L}, |¥)= min T'(x")- min T'(x")
. (46)

[0065] The above described algorithm has been described
with respect to two transmit antennas 106. As shown in the
following description, the algorithm can be generalized to
any number of transmit antennas 106. While two possible
embodiments are described Dbelow, different matrix
processing may be applied to H, without departing from the
scope of this disclosure, such as standard OR (which can be
accomplished in several ways well known to those skilled in
the art) or Cholesky decomposition algorithms.

[0066] With T transmit antennas (where T22), the pre-
processing during stage 204 may occur as follows. Ceneral

closed expressions are used for the elements of the

matrices Q and R for a MIMO system with any number of T

antennas 106 (722) and R2T receive antennas 108. A real
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orthogonal matrix Q can be defined as:

Q=[h, h, q, qy oo Aoks1 Yogan soseses Qo Gar ] - (47)
Here:
q, =h,
q, =h,

2

q; =oh; -5 ;h, - S5 5h,
- 2 -

9, =crh, =5, b, —5,,h,

2
q; = ;0705 — 15 5hy - 138, sh, — t35q; — 1,54, (48)

E

-1

q, = Plk (Glzhp - Sl,phl - S2,ph2)_ ‘ [szl (tZi—l,pq2i-1 +10 .9 )]

T
[

= Lop1,p U2k — Lk plos
5 where p denotes the generic k** pair of g columns (p={2k+1,

2k+2}, with k={2,..,7-1}). This also uses the definitions

n
!k EqJT.hk, B =T1I%,., where m and n are integers with 1<m<n.
Jj=m
The terms ry..a, with k={1,..,T}, may be given by:
n=1

2.2 2 2
B3 =030 =835,

(48)
k=2
Pog-1 = sz_l (0' 12 o 22k—1 - S12,2k—1 —522,2k-1 )_ [Pzﬁl (t22i~l,2k—-l +t22i,2k—1 )]
i=2
-t 22k—3,2k—1 - tzzk—z,zk—l
10 Equation (1) can be generalized as:
”qZk-1|l2 = ”qzk“2 = Plko-lz
(50)

VE hy,, = 93, h,, qgk—l h), = —q3, by, . j>Fk"

Also, by construction, the g vectors and {q,h} couples are
pairwise orthogonal, meaning qj,_ q, =0, ¢}, h, =0. The
generalization of Equations (15)-(18) from T=2 to any

15 number of transmit antennas 106 is straightforward. For
example, the orthogonal matrix Q may satisfy the following:

Q"Q = diaglo?, o2, |, |a,

2
seeres N

927 ”2: ”q2T—l ”2 J (51)
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By defining the following 2Tx2T upper triangular matrix:

[1 0 53 50 B85 e e e BT, P ]

0 1 -s5, S13 B3Szs e e = ‘})IT~1S],2T PIT_]sl,ZT—l

0 0 1 0 &5 o e w Pty B,

0 0 0 1 —hg o o o =Pt P, (52)

R=

0 0 O 0 0 1 0 t2T—3,2T—] t2T—3,2T

0 0 0 0 0 0 1 - tzr-a,zr t2T—3,2T—]

00 0 0 0 .0 0 1 0

00 0 0 0 .0 o0 o 1

the real channel matrix H, can be decomposed in the product:
I‘Ir =QRAq (53)

where the 2Tx2T diagonal matrix:
A, =diag[],l,of2,0','2, ..... (ET'IG,Z)_I] (54)
includes normalization factors since Q is not orthonormal.

As Equation (17) can still be applied, it may be sufficient

to compute the triangular matrix:

(cf 0 S5 Si4 S5 e e e S Siar
0 o - Si4 Sz TS — 8121 S1,2741
0 0 5 0 fyy o e fy by
_ 0 0 0 n ~fy o o L Ly bLara (55)
R=Q"QRA,=| .. .. .. ..
0 0 0 0 0 .. ry, 0 tysra  trogor
0 0 0 0 0 ... 0 Fars —lyprosar Larapra
0 0 0 0 0.0 0 9n, 0
000 0 0 0.0 0 0 g, |

The noise vector N. obtained from Equation (17) has

r

independent components but equal variances given by:
~ ~21 N, ..
8, =E[N,Nf]=—£°—dzag[af,o~f, ..... ,PlTof,PlTo'f] . (56)

[0067] With T transmit antennas 106, the demodulation
during stage 206a may occur as follows. Once the pre-
processing described by the above formulas is completed,

from the observation model in Equation (17), a simplified

demodulation is possible. Using the structure of R in

) ~ 2
Equation (55), the decision metrics Thv=“i-Rﬂ’can be
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written as:

, 27 2 , a7 2
Nh=—01% _zsl,kxk Yy =01 X, —Zsz,kxk
= k=3
T(x)= k=3 + -
o, o;
57
[ $ i | -
V3 —FX;— ) 1%, ~ 2 e 2
+ k=5 T ()/zr—l —rzT—1x2T~l) + (yZT “"2T—1x2T)
T +..... —

011 o, b

One demodulation technique includes considering all M
values for the I and Q couples of the lowest level layer.
5 For each hypothesized value of Xar-1 and Xx,r (here denoted
Xyo and X,;), the higher-level layers are decoded through
interference nulling and cancelling or ZF-DFE. The
estimation of the I and Q couples of the remaining T-1

complex symbols can be implemented through a slicing

10 operation to the closest M-PAM elements of Q. (for xi,.., Xzr-

2), in analogy to Equation (26). To better exemplify the

steps, the following may be expressed:

~

T(x) = (yl —o7'x, —C;I(x3="'x2T))2 " (yz —orx, _Cz(x3 :"'xZT))2

o, o} (58)
~ 2 58
+ (y3 —s% —Gcz’i(xsa.'.xZT )) ot Gy (xzr—l,sz)
173
where:
15 Cros (sz—ls sz) - (yZT—l ~ Hra¥ara )2 + (372T ~hraXsr )2 (59)

o P
The conditional decoded values of X1,y Xor-2 may be

determined recursively as:

yzr—z - C2T-2 (3?21'—1 > sz ))

Ky

Xopoy = round(

(60)

I 5%-C%(fsrnafzpq,iér4,iér) )
¥, = round 5
G,

Denoting these 2T-2 conditional decisions as Xiops (Fpr 13 %07)
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the resulting estimated sequence may then be determined as:

A

X= {XI,ZT-Z (sz—l s Xop )a XorqsXor } (61)
where:

{sz—lasz} =arg min T [x1,2T-2 (xZT—1=x2T )a xzr—vszJ . (62)

Xar-1,%yr €9
[0068] An explanation of the demodulation principle

illustrated above is as follows. Each group of two rows of

~

R in Equation (55) corresponds to a transmit antenna 106.

Layer correspondence with the rows of R is enumerated in
this document from top to bottom. The search for the T and

Q couples of the T transmit antenna 106 can be carried out

independently. As a further consequence of R, looking at
Equation (60), the partial Euclidean distance (“PED”) terms
corresponding to the I and 0 couple (X2k-1,X%2x) are
independent from each other. Thus, one approximation
involves taking a hard decision (Ehrough the mentioned
slicing or by rounding to the closest PAM level) at every
level k based on the value of the I and Q couples of the
lower layers only. This is a direct consequence of the
lattice formulation in Equation (8) and would not be true
for the lattice formulation in Equation (3). In
conclusion, in the case of hard-output demodulation (stage
206a), the algorithm uses M° transmit sequences instead of
MT (as in the optimal ML detection). The saving in
complexity is therefore quite large.

[0069] It should be noted that the demodulation
properties outlined above are still valid if R=T-1 (the
number of receive antennas 108 is equal to the number of

transmit antennas 106 minus one). In this case, the
notable difference is that the bottom two rows of matrix R
in Equation (55) will be eliminated, but the same general

form will hold for the remaining upper rows.
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[0070] It will be understood that other embodiments of
the demodulation in stage 206a may be adopted without
departing from the scope of this disclosure. For example,
optimal ML demodulation can be achieved by slicing only the
upper layer (x;,x,) over all possible M?**? values of the
PEDs corresponding to the other lower real components
(X3, eeey Xop) Also, as another example, any other
intermediate case can be implemented resulting in an
intermediate complexity and performance between that of the
least performing, least complex case (search of M? symbols
for the reference bottom layer) and that of the optimal
most complex, most performing case (search of M?72 symbols
for the reference T-1 lower level layers). These include,
but are not limited to, any of the T-2 cases where a number
j of bottom layers in the triangularized model (where

25j<T-1) 1is subject of an exhaustive search in the
~ 2
minimization of ZTX)=“?-RXH. This may correspond to

calculating all M possible PEDs for the J lower layers and
taking a hard decision (or slicing or rounding) for the
remaining T-j layers based on the value assigned to the
reference layers during the lattice search.

[0071] During stage 206a, the specific ordering of the
layers may have important implications on the detector’s
performance. One example ordering technique is described
below. From the point of view of the demodulation
occurring during stage 206a, however, any permutation of
the natural layer ordering sequence {1,2,..T7} is encompassed
by this disclosure.

[0072] With T transmit antennas (where T22), in the
demodulation stage 206b, the generation of the bit soft-
output information may be done by approximating the bit LLR

max-log computation through the use of the simplified
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demodulation method of Equations (60)-(62). This means
that, relative to the bits belonging to symbol Xr in the

sequence X=(Xi,..,Xr), Equation (30) can be approximated as:

.L(bT,k|?) = _ min T [ﬁl,ZT-z (sz-ls Xor ): J?ZT-l’sz]
{xzr_l'xzr S (k)7 ( 63 )

-, +T[X1,2T-2 (sz~1:x2T)> sz—lssz]
{xzr—l,xzr S(k)y

where £,,,(%,;_,%,;) denotes the 2T7-2 conditional decisions
in Equation (60), brjx are the bits belonging to symbol X
(k=1,..,Mc), and S(k); and S(k); represent the sets of 21
bit sequences having br, k=1 and br k=0, respectively.

[0073] In order to compute the approximated max-log LLRs
for the bits corresponding to the other T-1 symbols in X,
the algorithm computes the steps formerly described for the
other T-1 different layer dispositions (for a total of T
permutations), where in turn each layer becomes the

reference layer only once. This means that the last two

rows of the R matrix correspond, in turn, to every symbol
in the vector symbol X. The columns of the real channel
matrix Hr are permuted accordingly prior to performing the
Gram-Schmidt Orthogonalization.

[0074] The index permutations can be optimized by
recalling that, by applying the Gram-Schmidt
Orthogonalization, the QR computes the matrix R line by
line from top to bottom and the matrix Q columnwise from
left to right. This suggests that, in order to minimize
the complexity, the considered Permutations may differ for
the least possible number of indexes, especially for the
first layers. For instance, if the first layer changes,
another complete QR may need to be computed. As the first
layer in the original permutation needs to be moved at the
last position once, in order to compute the related APPs,

this implies that the overall Processing complexity may be



WO 2007/012053 PCT/US2006/028256

10

15

20

25

30

39

equal to two full Gram-Schmidt Orthogonalizations, plus the
extra terms related to the intermediate layer shifting.

[0075] In all of these cases, the core of the processing
for the scalar products between 2R-element vectors
involving the (real) channel columns can be computed only
once. While this property is true if @GSO is selected as
proposed in this embodiment, it might not be true if other
methods were selected, such as the modified-GSO (“*MGS0O”)
technique. However, this possibility is important to save
complexity, and different triangularization methods such as
the Cholesky decomposition or the MGSO may not impair the
performance of this technique. Given the above reported
criteria, an efficient set for APP computation can be
generated as follows. Start from two initial permutations
(cases a and b ) and exchange the last element with each

one of the T/2 second half elements, such as by:

1) If T is an even number:
a) 7=L2,..T; n,=1,2,..T-2,T,T-1; ..;
Tpp =12,..T/2,T/2+2,T/2+3,..T/2+1
b) Ty =1/2+L,T/2+2, ...T,1,2,... T/2 ;
Ty =T/12+LT/242, ...T,1,2,... T/2-2,T/2,T/2-1; ..;

My =T/2+1,T/242, ..T,2,3, .. T/2,1
2) If T is an odd number:
a) m=42.T; n,=1,2,..T-2T,T~1; .;
T = L2 [ T/2)|T/2]42,|T/2]+3,...[T/2]+1
b) Trpopa =[T/2]+L|T/2]+2, ..T,1,2,..|T/2];
Trmhe =\ T/2)+ LT /2042, .. T,1,2,... | T/2]-2,|T /2] |T/2]-1;
o T =|r/2)+1|T/2)+2, ...T,2,..|T/2]1 _

However, any other set of T permutations can be used,

provided that each layer in turn is placed as the last
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entry in the T layer sets T;.
[0076] As another example, a straightforward set of
layer permutations is given by:

mp=1...T
Ty =L.. T2, T, T-1
Tpy=1..T-1, T, T2

m=2,3.1T1
5 [0077] Here, let I, indicate a 2Tx2T permutation matrix
that disposes the columns of H, according to the index set
ﬁj,je{l,...T}. Equations (53)-(55) can be generalized as

follows. The QR decomposition of the permuted real channel

matrix can be written as:

10 Hrnj = Q(J')R(j)AfIJ‘) (64)
where ﬁ(j)=Q(j)TQ(j)R(j)A§j). Also, the pre-processed system
Equation (17) becomes:

FV = QUTy = RY x4 QUTN, = RV x + RO (65)
where X, is the permuted I and Q sequence. From Equation

15 (65), the ED metric can be written as:

: : N o~ 2
TO(xD) = ”ym RO,

(66)

and the approximated max-log bit LLR in Equation (63)

becomes:

NONE : (j)[A S ]

) 67)
_ : (/>[A I R ] (

O R o CARE)EJ Y

20 where ﬁ”j(a?zj_l,a?zj) denotes the 2T-2 conditional decisions of

the layer order sequence specified by 7; in the DFE process

(in analogy to Equations (60)-(62)), starting Ffrom the

bottom layer (xaj.1,%2y). Also, byj,x represents the bits
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corresponding to X; (k=1,..,M;), and S(k)j and S(k); represents

the sets of 2™"Y bit sequences having b;x=1 and bj, =0,
respectively.

[0078] This technique allows the generation of
approximated max-log LLRs relying on a lattice search of TM
symbol sequences, as opposed to a search of M7 symbol
sequences as required by an exhaustive search maximum a-
posteriori probability (MAP) demodulator. Also, the bit
soft-output information can be computed in a parallel
fashion.

[0079]1 It will be understood that the max-log LLR
derivation described above is just one computationally
efficient method to generate bit soft~-output information.
Others can be implemented without going beyond the scope of
this disclosure. These include, but are not limited to,
the computation of the exponential summation in Equation
(28) using the same TM° sequences derived as explained above
for the max-log LLR computation (this can done in either
the additive or logarithmical domain). Also, an
alternative technique for LLR computation includes a
modification of Equation (67) that is able to provide a
significant performance improvement in some scenarios. The
LLR computation for the layer j can be carried out through:

L(bj,kIY(j))Emin( mi T(j),L)—min({ mi T”),L) (68)

Foja®o; JeShY T2 1,72 JeS ()}

where L is a constant threshold whose optimal value depends
on system parameters (channel conditions, constellation
size, code rate, etc.). In other words, the minimization
of the two ED terms is performed as exemplified with
Equation (67) if the resulting term is also inferior to the
threshold L. Intuitively, this limits the unreliability of

the LLRs for suboptimal detection systems. Setting a
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threshold for the LLR calculations could allow for the
achievement of near ML performance, although this
effectiveness may exist only for MIMO systems with T>2.
[0080] Instead of the Gram-Schmidt Orthogonalization
process described above during stage 204, the columns of
the matrix Q can be normalized so that an orthonormal
(instead of orthogonal) matrix O is computed. Often,
normalizations require divisions to be computed as part of
the channel processing stage while avoiding the performance
of noise variance equalizations (i.e. denominators) in the
ED computations of Equations (57) and (66). 1In general,
this implies a very high complexity saving for both hard-
and soft-output demodulation. Also, in the case of soft-
output generation, it is possible to save complexity if no

explicit computation of Q is performed, but instead both

the entries of R (kaﬂﬂhk) and the processed received

sequences Yy, (k being the index of the complex symbol of

which bit LLRs are being computed) are directly computed.

For example, there is a real orthonormal matrix Q:

Q= [hl h,q;q, ... Q211 Dogan soseves ! Py ‘I2T]

(69)
where:
q; =h,
q;=h,
q; = hns - (sl,Shl)/clz - (*5'2,3112)/012
q; =h, + (s2,3hl)/612 - (Sl,shz)/clz

q; =h; _(Sl,shl)/GIZ _(Sz,shz)/clz "(ts,sq;)/Bg - (t4,5qg)/B§ - (70)

—_—

q,=h,- (Sl,phl)/cl2 —(Sz,phz )/012 - (t2i~],pq;i-] 1y % )/Bgi—l

)

-

Dot = ogr /Bosay
Here, p denotes the generic k*! pair of Q columns (such as

p={2k-1,2k}, with k={2,..,T}), and:
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k-1
2 2
2 | et P 2 2 2
P2 = ”‘lzlm ” = “(lzk ” =O2%-1~ (S1,2k—1 $2,2k-1 )/ G — Z(Z:—l 261 " haiga )/ Bot
i=2
(71)

Q does not need to be explicitly computed here. Instead,
the 2R-element scalar products likEQ§hk can be computed

directly once values for sj. are stored. This may be useful
to save complexity, as LLR generation requires T repeated
GSO processing for different orderings of the transmit
sequence. In this way, the core of the operations (the 2R-
element scalar products) can be re-used for all of them.
This property is true if GSO is selected as proposed in
this embodiment, although it may not be true if other
methods were selected, such as MGSO. This possibility is
important to save complexity, and different
triangularization methods such as the Cholesky
decomposition or the MGSO may not impair the performance of
this technique. More specifically, the terms tj,x can be
given by:

by =S5, =S58 =S, 352,73 t3’j =1;;/Ps
L = =hgjs lg; = Q2119 4 = 51/53

_ _I ! — — _
Isj = 855 = S1581; — S258,; —lsty; ~ly sty

(72)
k-1

_ o 1o '
QHJ”%mi&ﬁﬂu 8326152, Z&H%IHU+5%JM)
i=2

— —_— — ! —_—
t%ﬂﬁl_ QPMj’QLH_JM¢H4’t%ﬂj—QbU/BMA’tﬂJ_j%J/B%4

The 2Tx2T triangular matrix R such that Hr = QR can be given

by:
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[o, 0 Si3 Sia Sis 81271 Sl ar
0 o - sl’,4 '5'1',3 ~ S —S1ar S1a27-1
0 O B3 0 tf;,S o z‘Z;,ZT—I t;,ZT
0 o0 0 By —fig oo e . —lt3ap fiar (73)
0 0 0 0 0 .. BZT—3 0 t £T~3,2T~1 tZ:T—S,ZT
0 0 0 0 0 .. 0 Bzr-a - t;T—S,ZT t£T~3,2T—1
0 0 0 0 0 .. 0 0 Bora 0
|0 0 0 0 0 .. 0 0 0 Bora ]

The noise vector N, obtained from Equation (17) has

r

independent components and equal variances. In order to

save complexity when T @GSO processings have to be

performed:

F=0Tv = N = N
Yy=Qy=Rx+Q N, =Rx+N, (74)

can be decomposed using Equation (70) and the already

computed scalar products Vi and Sjk, tjx. Y can be re-written

as:
I Mo |
[ 7, N E/q
¥, (V; =813 “523%)/ Bs

(Vdf +S;,3y1 _S1’,33~"2)/B3

(V; "31',5371 .—35,5372 —l‘g’sj\é _tz;,sit)/ Bs (75)

bl
Il
1l

-
P~ ro~ ' ~ ' ~
’:Vzk—l 8126Vt T80z _Z(tZi—],Zk—1y2i—l + Lok Vo )J/ Bois

i=2

=2

~ -1
Y. ~ ~ ~ ~
L2 ,:V;k +s;,2k—lyl _s1’,2k—1y2 _Z(—téi,zk—lym‘—l +t;i—1,2k—1y2i ):,/ Bt

J
At this point, the ED metrics T(x)=”i—-Rx”2 can be computed

and used to apply the simplified hard- and soft-output
demodulation and demapping brinciples as described above.

[0081] As noted above, channel sgtate information is
assumed to be known at the receiver 104. The receiver 104
may include a set of rules having as input the (complex)
received vector observations, the (complex) gain channel

paths between the transmit and receive antennas 106-108,
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and the properties of the desired 0aM (or PSK)
constellation to which the symbols belong. In these
embodiments, channel state information (matrix H in
Equation (1)) is assumed to be known at the receiver 104.
The methods in FIGURE 2A and 2B could include the use of a
set of rules that allows the detector 110 to have as input
the (complex) received wvector Y in Equation (1), the
(complex) channel paths between the transmit and receive
antennas 106-108 (entries of H), and the properties of the
desired QAM (or PSK) constellation to which the symbols
belong.

[0082] Also, as noted above, the ordering of the layers
(transmit antennas 106) considered for successive detection
may have a very important impact on the performance in
cases of hard-output detection. The methods 200a-200b may
implement a layer ordering algorithm (via stages 203a-
203b), and the methods 200a-200b may then include the
following sequence of steps (to be repeated a given number
of times according to the implemented ordering technique).
The methods 200a-200b permute pairs of columns of the
channel matrix and pre-process the permuted channel matrix
in order to factorize it into product terms, one of which
is a triangular matrix based on the processed channel
coefficients. The methods 200a-200b also define and
properly compute the post-processing SNR for the considered
layers. The methods 200a-200b then determine the order of
the layers by applying a given criterion based on the value
of the SNRs.

[0083] In particular embodiments, an SNR-based layer
ordering is used to select the ordering of the layers. The
post-detection SNR of the different layers can be

determined based on the value of the diagonal elements of

the triangular matrix R (or R, depending on the considered
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embodiment) and the noise variances (which may be given by
either vector Equation (56) or scalar No/2 depending on the
used embodiment) proceeding from bottom to top and assuming
perfect interference cancellation from the lower layers.
Using the notation previously defined, the SNR for the

generic k* layer can be given by:

NR, =_EL "221:—1 . =£ Pk-1
ol (e,
Jj=1 (76)
E —1
=—* [Gék—l - (SI,Zk—lz - S2,2k—12)/ 512 - (tzi—1,2k-12 _t2i,2k—12)/ Bgi—l:l
N, i=2

The SNR of a given layer may depend on the ordering
considered for the detection of the transmitted symbols. A
simple yet very powerful ordering technique can be derived
for the case of hard-output demodulation. The hard-output
demodulation concepts outlined above remain valid. In
addition, the fundamental idea of the ordering algorithm is
to select as a “reference” (bottom) layer, for which all
candidate symbols in the complex constellation are
searched, the one characterized by the worst SNR. The
remaining layers are ordered in terms of their SNRs in a
decreasing order (O-DFE) from layer T-1 up to the first
layer. This corresponds to a simplified approximated
version of the optimal “maxi-min” ordering criterion
established for O-DFE and generalized for ML-DFE. Tt may,
however, nevertheless yield performance very close to the
optimum.

[0084] For the GSO processing described with respect to
stage 204, a fundamental property holds for SNR. in Equation
(76), which 4is also fundamental to keeping a limited
overall complexity of the algorithm: the invariance of SNRy
to the disposition of the layers from 1 to Jj with j<k. As

a consequence, proceeding from bottom (7=T) to top (j=1),
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there are j possible different values for SNR; that can be
computed considering as many different layer permutations,
where each of the j layers in the set has to be placed at
the 7' position once and only once. The overall number of
permutations to be considered is therefore equal to
T* (T+1) /2 instead of T!.

[0085] For every considered layer permutation, the
columns of the channel matrix H, are permuted accordingly
prior to the GSO processing. Recalling that the QR
computes the matrix R line by line from top to bottom and
the matrix Q columnwise from left to right, it follows that
the set of layer index permutations should be optimized so
that they differ for the least possible number of indexes .
In this way, the @GSO is executed only partly (for the
minimum number of operations required in order to update
the terms in Equation (76)).

[0086] From the above considerations, the following
layer ordering algorithm can be derived. First, the layers
corresponding to the original channel matrix H. are

enumerated according to the natural integer sequence

T, =L2,..T. Next, the GSO of the channel matrix H, is

computed, After that, starting from the bottom layer
(k=T), since SNRy is only a function of the layer in the
last position (regardless of the disposition of the other

layers), determine the T possible different values for SNR;y.

This requires selecting T layer dispositions Zp; with

j=1,..,T. An efficient set of such permutations is the
following: start from two initial dispositions (cases a and
b) and exchange the last element with each one of the T/2
2™ half elements, such as by:

1. If T is an even number:

a.) TCT’I:I,Z,---T; TCT,2=].,2,...T—2,T,T_1,' ey
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Tprn =12, T/2,T/2+2,T/2+3,..T/2+1
b) Tpran =T/2+LT/242, . T,1,2,... T/2 ;
Trrinn =T124LT/242, .. T,1,2,... TI2-2,T/2,T/2-1; ..
Tpr =T/241,T/2+42, ..T,2,3, .. T/2,1.
5 2. If T is an odd number:
a) Moy =012, T mp,=12,. T=2,T,T~1; ..;
o =L 2 | T2} |T/2)+2,|T/2]+3,... [T /2 ]+1
b) Tppra =L 120+ 1| T/2]+2, ... T,1,2,... |T/2];
Tpremye =T /2]+1L|T 72042, ... T,1,2,..|T/2]-2, \7/2|T/2]-1;
10 nrp =|T/12|+1|7/2]+2, ..T,2,... |T/2]]1.

15

20

25

The columns of H, may be permuted accordingly prior to

undergoing the GSO, and only the entries of X corresponding
to the layer indexes that changed from one permutation to
the other are updated in order to compute Equation (76).
The T SNR values are compared, and the layer characterized
by the minimum SNR is selected as the T® one. This layer
becomes the “reference” layer, and all possible M® lattice
points (for an M*-QAM constellation) are searched for it. A
similar sequence of operations may be repeated for the k2
layer (where k=T7-1,..,2). At each stage, k different SNR.

values may be determined, specifically k permutations

nh,(with J=1,..,k) are selected in order to compute SNRy,;.

The processing complexity may be minimized similar to what

was described above for k=T. The criterion is then to

select the k™ layer based on maxSNR, ;. The rationale is to
y ,

reduce as much as possible the effect of error propagation
as with O-DFE. The same ordering operations can be
repeated until k=2, as this may also determine the chosen

layer for k=1. Once the final layer sequence is
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determined, a possible final @GSO process is computed if
required, and the ED metrics and the overall hard-output
sequence estimates can be computed as outlined above.
[0087] This method can be very powerful if hard-output
decisions are generated. The overall processing complexity
could be in the order of 0(T%) up to T=4. “Partial”
ordering schemes can also be applied. The criterion used
to select the bottom layer may not change, while partial
ordering schemes include applying the O-DFE criterion to a
subset of layers (from one up to the maximum number T-1).
[0088] For soft-output generation, this proposed
ordering technique could be applied only partially as T
parallel LLR computation processes are performed, where
each layer is the reference. This implies that the layer
ordering scheme should be modified. More specifically, the
layer ordering scheme can be applied starting from layer T-
1. This holds for each of the T sets of T-1 layers. 1In
fact, T parallel GSO processes may need to be computed,
where T different layers in turn are the reference. In
each case, the remaining T-1 layers can be placed in order

of decreasing SNR as for the O-DFE. In other words, for

every considered permutation n; (with j=1,..,T), decreasing

order SNR disposition of layers from n,(I-1) to n;(1) can be

performed to enhance the performance. “Partial” ordering
schemes can also be applied. The simplest one could
include selecting as the upper layer, for each of the T
considered sets of layers required for LIR computation, the

one layer characterized by the minimum SNR. This can be
done by comparing the values of ”hAFfor the T-1 layers in

each of the T sets and selecting the minimum.
[0089] These detection techniques may present several

advantages over conventional MIMO detection techniques.
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For example, compared to the linear ZF and MMSE detectors,
the techniques in this disclosure may present comparable
pre-processing complexity (in the order of O(T’) for up to
T=4) but replaces the linear weighting of the receiver
vector with a lattice search that results in a significant
performance gain. Also, the algorithm here may use S
lattice points instead of the &2 points required by the
full-complexity ML detector for hard-demapping. This
number may increase to 28 for max-log bit LLR generation
and T=2 transmit antennas 106. For Ts2 transmit antennas
106, the algorithm may be able to achieve hard-output near-
optimal performance while searching S lattice points

(instead of S$¥ as for ML). In the case of bit soft-output

generation, this number may increase to T-S, and the
algorithm performance may be near ML.

[0090] Also, compared to the non-linear O-DFE detectors,
even those implemented through the most efficient
algorithms, the algorithm of this disclosure may be
characterized by a channel pre-processing of comparable
complexity (an order of 0(T?) up to T=4) and replaces the
initial symbol estimates with a lattice search that results
in a significant performance gain at the expense of
moderate extra-complexity. In particular, as previously
mentioned, thanks to the ordering techniques discussed
above, the algorithm is able to achieve near-optimal hard-
output performance up to a very high number of T>2 transmit
antennas 106 searching a constant number of S lattice
points (instead of s¥ as for ML) . On the contrary, the
performance of O-DFE is far Ffrom ML. Also, no strategy to
compute bit LLRs has been outlined for the O-DFE algorithm,
and this disclosure may achieve near-MIL performance in
MIMO-OFDM BICM systems.

[0091] Compared to the combined ML, DFE, or list
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detectors, this disclosure entails several additional
advantages. The hard output version of the algorithm might
be considered a sub-class of the list detectors, where the
Euclidean distance terms of all possible constellation
symbols are computed for a reference layer and the
remaining symbol estimates are determined through direct
ZF-DFE (or spatial DFE or IC and nulling). The algorithm
may operate in the real domain, while the former LD
algorithms operate in the complex-domain. This is done by
keeping computational efficiency thanks to the “lattice
formulation” alternative, which allows the algorithm to
treat separately the I and Q couples of complex modulated
symbols. The real-domain representation constitutes a
significant enhancement because, by independently dealing
with the I and Q couples of complex symbols, it allows the
same degree of parallelism of the complex-valued sphere
decoders to be kept, formerly considered the necessary
hardware choice in order not to double the depth of the
equivalent “tree” and simplify the VLST implementation.
Also, it allows saving complexity in the demodulation and
demapping stage (stages 206a-206b), both fér the hard-
output and soft-output versions. Further, one of its
consequences is a straightforward proof of the optimality
of the algorithm for T=2 in both the hard-output and soft-
output (max-log approximation). In addition, in the hard-
output case, layer ordering may be essential to achieve
near-ML. The "maxi-min” (maximization of the worst-case
post-detection SNR) optimal layer ordering method could be
applied to the algorithm in the real domain. However, the
ordering algorithm described above represents a simplified
suboptimal version of the “maxi-min”, yet it performs very
close to the optimal one and to ML. Also, the algorithm

described above is able to keep an O(T°) complexity up to



WO 2007/012053 PCT/US2006/028256

10

15

20

25

30

52

T=4. Further, the algorithm described above brovides a
reliable technique to compute bit soft-output information,
representing a major differentiating feature compared to
state-of-the-art LDs.

[0092] In addition, compared to existing lattice search-
based algorithms, the detector here may solve many or all
of the main issues of the SD algorithm. It is a parallel
detection algorithm, thus suitable for VLSI
implementations. It also searches for a deterministic
number of lattice points, and the resulting latency may not
be wvariable. It yields optimal performance for two
transmit antennas 106 (in the max-log sense if soft-
output) and near-optimal for more than two transmit
antennas 106. In addition, it allows for generating bit
LLRs using a parallel search of a deterministic number of
lattice points, which yields optimal max-log APPs for two
transmit antennas 106 and a good approximation of the
optimal max-log for a higher number than two.

[0093] Although FIGURES 2A and 2B illustrate examples of
methods 200a-200b for detecting multiple communication
sources, various changes may be made to FIGURES 2A and 2B.
For example, any other or additional ordering technique
could be used to order the layers in stages 203a-203b.

[0094] FIGURES 3 through 17 illustrate example
performances of a detection algorithm in different systems
in accordance with this disclosure. In particular, FIGURES
3 through 17 illustrate example performances of the
detector 110 implementing the detection algorithm described
above. The performances shown in FIGURES 3 through 17 are
for illustration only. The detector 110 could operate in
any other suitable manner depending, for example, on the
implementation.

[0095] FIGURE 3 illustrates the performance of the
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detection algorithm described above (denoted “LORD” for
layered orthogonal lattice detector) in an uncoded 2x2 MIMO
system supporting 64QAM. FIGURE 4 illustrates the
performance of the detection algorithm described above in a
2x2 MIMO-OFDM BICM system using convolutional coded 64QAM,
code rate 5/6, and channel model D as specified by the IEEE
TGn task group. The “2x2” indicates the use of two
transmit antennas 106 and two receive antennas 108.

[0096] FIGURE 5 illustrates the performance of the
detection algorithm using different ordering techniques in
an uncoded 3x3 MIMO system supporting 64QAM. Similarly,
FIGURES 6 through 9 illustrate the performance of the
detection algorithm using different ordering techniques in
an uncoded 4x4 MIMO system supporting 16QAM, an uncoded 4x4
MIMO system supporting 64QAM, an uncoded 6x6 MIMO system
supporting 64QAM, and an uncoded 8x8 MIMO system supporting
64QAM, respectively.

[0097] FIGURES 10 through 15 illustrate the performance
of the detection algorithm in: a 3x3 MIMO-OFDM system
supporting convolutional coded 16QAM, code rate 3/4,
channel model D (FIGURE 10); a 4x4 MIMO-OFDM system
supporting convolutional coded 16QAM, code rate 3/4,
channel model D (FIGURE 11); a 3x3 MIMO-OFDM system
supporting convolutional coded 64QAM, code rate 5/6,
channel model B and D (two different frequency selective
channel models specified by the IEEE TGn task group)
(FIGURE 12); a 4x4 MIMO-OFDM supporting convolutional coded
and Low Density Parity Check Codes (“LDPCC”) 64Q0AM, code
rate 5/6, channel model B and D (FIGURE 13); a 2x3 MIMO-
OFDM system supporting convolutional coded 16QAM, code rate
1/2, channel model B and D (FIGURE 14); and a 2x3 MIMO-OFDM
system supporting convolutional coded 64QAM code rate 5/6,

channel model B and D (FIGURE 15). FIGURES 16 and 17
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illustrate the performance of the detection algorithm using
soft-output ordering for a 4x4 MIMO-OFDM system supporting
convolutional coded 16QAM, code rate 3/4, channel model D
(FIGURE 16); and a 4x4 MIMO-OFDM system supporting
convolutional coded 64QAM, code rate 5/6, channel model D
(FIGURE 17).

[0098] As shown in these figures, the performance of the
detection algorithm described above (with or without
ordering) is generally closer to optimum than conventional
techniques. For example, as shown in FIGURES 3 and 4, the
algorithm is able to achieve optimal (ML) performance in
the case of two transmit antennas 106, as opposed to the
MMSE scheme.

[0099] As shown in FIGURES 5 through 9, for T>2 transmit
antennas 106, the algorithm enhanced with layer ordering is
able to achieve hard-output near-optimal performance.
Using the simplified approximated version of the optimal
"maxi-min” ordering described above, the algorithm is able
to achieve hard-output performance that is very close to
optimum and very close to an algorithm supporting the
optimal “maxi-min” technique. Also, as shown in FIGURES 5
through 7, the performance of O-DFE is generally far from
ML,

[00100] As shown in FIGURES 10 through 13, in the
case of bit soft-output generation, the algorithm’s
performance is still near-ML, and the gain over MMSE is
very high (despite the increase in the number of transmit
antennas 106). Moreover, as noted regarding Equation (68),
an LLR threshold can be used to limit the unreliability of
the LLRs for suboptimal detection systems. FIGURES 10 and
11 illustrate the performance of the detection algorithm
using LLR thresholds, which may allow near-ML performance

(for MIMO systems with T>2).
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[00101] FIGURE 13, for comparison, also illustrates
the performance obtained employing advanced ECC, such as
Low Density Parity Check Codes (“LDPCC”) with approximately
a 2,000-bit codeword length, or iterative detection
techniques. FIGURE 13 involves T=4 transmit antennas 106.
The performance of iterative MMSE Soft-Interference
Cancellation (“SIC”) with convolutional coded ECC and soft-
output Viterbi algorithm (“SOVA”) is reported. Here, it
can be seen that a single stage of the detector algorithm
shows more than a 3dB gain compared to MMSE-SIC at 1072
packet error rate (PER), for a 1,000-byte packet length.
Using LDPCC instead of convolutional coding provides SNR
contained within 2dB at the same target PER, using either
“"LORD” or MMSE. In general, the algorithm described above
may be able to achieve a higher diversity order compared to
linear detectors, approaching R for T2 and equal to two
for two transmit antennas 106, with a linear (instead of
exponential) increase in complexity for an increasing
number of transmit antennas 106 and bit soft-output
generation. This also explains why the gain over MMSE is
higher if a less frequency-selective channel is used, such
as channel model B instead of channel model D. In fact,
MMSE may not yield receive diversity if R=T, and MMSE may
require a fairly frequency-selective channel in BICM
systems together with a low code rate ECC to compensate for
the spatial diversity loss. In that case, advanced ECC
does not appear to be the right solution to recover the
performance loss caused by the linear detector, unless a
near-optimal detection stage is placed before the ECC
decoder. For asymmetrical systems 1like 2x3 MIMO
configurations, the gain of the algorithm described above
over MMSE may be lower than 2x2 but gtill significant,

especially with channel model B and higher code rates, as
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[00102] In addition, for soft-output generation, the
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ordering technique described above can be partially
applied. The performance benefit of this ordering
technique in MIMO-OFDM BICM systems is shown in FIGURES 16
and 17.

[00103] Although FIGURES 3 through 17 illustrate
examples of performances of a detection algorithm in
different systems, various changes may be made to FIGURES 3
through 17. For example, the detector 110 implementing the
detection algorithm could be used in other systems not
associated with FIGURES 3 through 17. Also, the detector
110 could operate differently than shown in FIGURES 3
through 17.

[00104] In some embodiments, various functions
described above may be implemented or supported by a
computer program that is formed from computer readable
program code and that is embodied in a computer readable
medium. The phrase “computer readable pProgram code”
includes any type of computer code, including source code,
object code, and executable code. The phrase “computer
readable medium” includes any type of medium capable of
being accessed by a computer, such as read only memory
(ROM) , random access memory (RAM), a hard disk drive, a
compact disc (CD), a digital video disc (DVD) , or any other
type of memory. However, the various coding functions
described above could be implemented using any other
suitable logic (hardware, software, firmware, or a
combination thereof).

[00105] It may be advantageous to set forth
definitions of certain words and pPhrases used in this
patent document. The term “couple” and its derivatives

refer to any direct or indirect communication between two
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or more elements, whether or not those elements are in
physical contact with one another. The terms “include” and

“comprise,” as well as derivatives thereof, mean inclusion

without limitation. The term “or” is inclusive, meaning
and/or. The phrases “associated with” and ‘“associated
therewith,” as well as derivatives thereof, may mean to

include, be included within, interconnect with, contain, be
contained within, connect to or with, couple to or with, be
communicable with, cooperate with, interleave, juxtapose,
be proximate to, be bound to or with, have, have a property
of, or the like. The term “controller” means any device,
system, or part thereof that controls at least one
operation. A controller may be implemented in hardware,
firmware, or software, or a combination of at least two of
the same. It should be noted that the functionality
associated with any particular controller may be
centralized or distributed, whether locally or remotely.
[00106] While this disclosure has described certain
embodiments and generally associated methods, alterations
and permutations of these embodiments and methods will be
apparent to those skilled in the art. Accordingly, the
above description of example embodiments does not define or
constrain this disclosure. Other changes, substitutions,
and alterations are also possible without departing from
the spirit and scope of this disclosure, as defined by the

following claims.
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WHAT IS CLAIMED IS:

1. A method for detecting sequences of digitally
modulated symbols transmitted by multiple sources and
received at a receiver, comprising:

determining a real-domain representation that
separately treats in-phase and quadrature components of a
received vector, channel gains, and a transmitted vector
transmitted by the multiple sources;

processing the real-domain representation to obtain a
triangular matrix; and

performing, at the receiver, at least one of: (i) hard
decision detection of a transmitted sequence and demapping
of corresponding bits based on a reduced complexity search
of a number of transmit sequences, and (ii) generation of
bit soft-output values based on the reduced complexity
search of the number of transmit sequences, the reduced

complexity search based on the triangular matrix.

2. The method of Claim 1, wherein:

channel state information and received observations
are known at the receiver;

the channel state information comprises a complex
matrix, the complex matrix comprising entries representing
complex gain channel paths between transmit and receive
antennas; and

the received observations comprise a complex vector.

3. The method of Claim 1, further comprising
receiving, as input to a set of rules, one or more
properties of a desired quadrature amplitude modulation
(QAM) or phase shift keying (PSK) constellation to which
the symbols belong.
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4. The method of Claim 1, wherein processing the
real-domain representation comprises processing equations
of the real-domain representation to produce a
factorization of a channel matrix into an orthogonal matrix

and a triangular matrix.

5. The method of Claim 4, wherein:

a number of receive antennas is equal to a number of
transmit antennas minus one; and

processing the equations of the real-domain
representation comprises factorizing the channel matrix
into an orthogonal matrix and a triangular matrix with its

last two rows eliminated.

6. The method of Claim 1, wherein processing the
real-domain representation comprises:

forming a Gram matrix using a channel matrix; and

performing a Cholesky decomposition of the Gram

matrix.

7. The method of Claim 1, wherein the multiple
sources comprise more than two sources; and

further comprising ordering at least some layers
corresponding to the transmitted symbols based on a post-

processing signal-to-noise ratio of different layers.

8. The method of Claim 1, wherein the reduced
complexity search comprises solving a minimization problem
using values of a candidate sequence, the wvalues of the
candidate sequence obtained by:

identifying all possible values for in-phase and
quadrature components of one or more reference transmitted

complex symbols, the possible values representing candidate
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values; and

obtaining values of in-phase and quadrature components
of one or more remaining symbols through spatial decision
feedback equalization starting from each candidate value of

the one or more reference symbols.

9. The method of Claim 8, wherein:

the reduced complexity search at least closely
approximates one or more most likely sequences required for
an optimal bit or symbol a-posteriori probability
computation; and

the reduced complexity search comprises repeating the
considering and obtaining steps a number of times equal to
a number of transmit antennas, each time associated with a
different disposition of layers corresponding to the
transmitted symbols, each layer being a reference layer in

only one of the disposgitions.

10. An apparatus for detecting sequences of digitally
modulated symbols transmitted by multiple sources, the
apparatus comprising a detector operable to:

determine a real-domain representation that separately
treats in-phase and quadrature components of a received
vector, channel gains, and a transmitted vector transmitted
by the multiple sources;

process the real-domain representation to obtain a
triangular matrix; and

perform at least one of: (i) hard decision detection
of a transmitted sequence and demapping of corresponding
bits based on a reduced complexity search of a number of
transmit sequences, and (ii) generation of bit soft-output
values based on the reduced complexity search of the number

of transmit sequences, the reduced complexity search based



WO 2007/012053 PCT/US2006/028256

10

15

20

25

30

61

on the triangular matrix.

11. The apparatus of Claim 10, wherein:

channel state information and received observations
are known at the detector;

the channel state information comprises a complex
matrix, the complex matrix comprising entries representing
complex gain channel paths between transmit and receive
antennas; and

the received observations comprise a complex vector.

12. The apparatus of Claim 10, wherein the detector
comprises a set of rules having as input one or more
properties of a desired quadrature amplitude modulation
(QAM) or phase shift keying (PSK) constellation to which
the symbols belong.

13. The apparatus of Claim 10, wherein the detector
is operable to process the real-domain representation by
processing equations of the real-domain representation to
produce a factorization of a channel matrix into an

orthogonal matrix and the triangular matrix.

14. The apparatus of Claim 13, wherein:

a number of receive antennas is equal to a number of
transmit antennas minus one; and

the detector is operable to process the equations of
the real-domain representation by factorizing the channel
matrix into an orthogonal matrix and a triangular matrix

with its last two rows eliminated.

15. The apparatus of Claim 10, wherein the detector

is operable to process the real-domain representation by:
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forming a Gram matrix using a channel matrix; and
performing a Cholesky decomposition of the Gram

matrix.

16. The apparatus of Claim 10, wherein:

the multiple sources comprise more than two sources;
and

the detector is further operable to order at least
some layers corresponding to the transmitted symbols based
on a post-processing signal-to-noise ratio of different

layers.

17. The apparatus of Claim 10, wherein the detector
is operable to perform the reduced complexity search by
solving a minimization problem using values of a candidate
sequence, the detector operable to obtain the values of the
candidate sequence by:

identifying all possible values for in-phase and
quadrature components of one or more reference transmitted
complex symbols, the possible values representing candidate
values; and

obtaining values of in-phase and quadrature components
of one or more remaining symbols through spatial decision
feedback equalization starting from each candidate value of

the one or more reference symbols.

18. The apparatus of Claim 17, wherein:

the reduced complexity search at least closely
approximates one or more most likely sequences required for
an optimal bit or symbol a-posteriori probability
computation; and

the detector is operable to perform the reduced

complexity search by repeating the considering and
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obtaining operations a number of times equal to a number of
transmit antennas, each time associated with a different
disposition of layers corresponding to the transmitted
symbols, each layer being a reference layer in only one of

the dispositions.

19. The apparatus of Claim 10, wherein the detector
comprises at least one processor and at least one memory
operable to store data and instructions used by the at

least one processor.

20. A computer program embodied on a computer
readable medium and operable to be executed by a processor,
the computer program comprising computer readable program
code for:

determining a real-domain representation that
separately treats in-phase and quadrature components of a
received vector, channel gains, and a transmitted vector
transmitted by multiple sources;

processing the real-domain representation to obtain a
triangular matrix; and

performing at least one of: (i) hard decision
detection of a transmitted sequence and demapping of
corresponding bits based on a reduced complexity search of
a number of transmit sequences, and (ii) generation of bit
soft-output values based on the reduced complexity search
of the number of transmit sequences, the reduced complexity

search based on the triangular matrix.

21. The computer program of Claim 20, wherein:
channel state information and received observations
are known;

the channel state information comprises a complex
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matrix, the complex matrix comprising entries representing
complex gain channel paths between transmit and receive
antennas; and

the received observations comprise a complex vector.

22. The computer program of Claim 20, further
comprising computer readable program code for receiving, as
input to a set of rules, one or more broperties of a
desired quadrature amplitude modulation (QAM) or phase
shift keying (PSK) constellation to which the symbols
belong.

23. The computer program of Claim 20, wherein the
computer readable program code for processing the real-
domain representation comprises computer readable program
code for processing equations of the real-domain
representation to produce a factorization of a channel

matrix into an orthogonal matrix and the triangular matrix.

24. The computer program of Claim 23, wherein:

a number of receive antennas is equal to a number of
transmit antennas minus one; and

the computer readable program code for processing the
equations of the real-domain representation comprises
computer readable program code for factorizing the channel
matrix into an orthogonal matrix and a triangular matrix

with its last two rows eliminated.

25. The computer program of Claim 20, wherein the
computer readable program code for processing the real-
domain representation comprises computer readable program
code for:

forming a Gram matrix using a channel matrix; and
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performing a Cholesky decomposition of the Gram

matrix.

26. The computer program of Claim 20, wherein the
multiple sources comprise more than two sources; and

further comprising computer readable program code for
ordering at least some layers corresponding to the
transmitted symbols based on a post-processing signal-to-

noise ratio of different layers.

27. The computer program of Claim 20, wherein the
reduced complexity search comprises solving a minimization
problem using values of a candidate sequence, the values of
the candidate sequence obtained using computer readable
program code for:

identifying all possible values for in-phase and
quadrature components of one or more reference transmitted
complex symbols, the possible values representing candidate
values; and

obtaining values of in-phase and quadrature components
of one or more remaining symbols through spatial decision
feedback equalization starting from each candidate value of

the one or more reference symbols.

28. The computer program of Claim 27, wherein:

the reduced complexity search at least closely
approximates one or more most likely sequences required for
an optimal bit or symbol a-posteriori probability
computation; and

the reduced complexity search comprises repeating the
considering and obtaining steps a number of times equal to
a number of transmit antennas, each time associated with a

different disposition of layers corresponding to the
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transmitted symbols, each layer being a reference layer in

only one of the dispositions.
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