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ITERATIVE MIMO RECEIVER USING GROUP-WISE DEMAPPING

GOVERNMENT LICENSE RIGHTS

[0001]  This invention was made with Government support under agreement No.
DAAD19-01-2-0011 awarded by the U.S. Army Research Laboratory. The Government

has certain rights in this invention.

RELATED APPLICATIONS

10002]  This application is based on and claims priority to U.S. Provisional Application
No. 60/661,551, filed on March 14, 2005, entitled “MULTI-INPUT MULTI-OUTPUT
(MIMO) SYSTEM USING ITERATIVE DETECTION WITH SOFT CANCELLATION.,”
by Joseph Liberti, John Koshy, and Timothy Hoerning to which a claim of priority is
hereby made and the disclosure of which is incorporated by reference.

|[0003]  This application is also based on and claims priority to U.S. Provisional
Application No. 60/716,468, filed on September 13, 2005, entitled “TTERATIVE MULTI-
INPUT (MIMO) SYSTEM USING GROUP-WISE DEMAPPER WITH ADJUSTABLE
PERFORMANCE AND COMPLEXITY,” by John Koshy and Joseph Liberti and to which

a claim of priority is hereby made and the disclosure of which is incorporated by reference.

BACKGROUND OF THE INVENTION

Field of the Invention

10004]  The present invention relates generally to an iterative multi-input multi-output
(MIMO) receiver, and more specifically, to a MIMO receiver that uses group-wise

demapping.

Description of Related Art
[0005] For multiple-input multiple-output (M]MO) systems, space-time bit-interleaved

coded modulation (STBICM) has been recognized as a way for achieving high-rate
wireless communications with near capacity performance. Referring to Figure 1A there is

shown a functional architecture of an STBICM MIMO system 100 of the prior art. The
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system Includes a transmitter 110 that encodes an information/data bit sequence u from a
binary source 111 and transmits the bit sequence from a plurality (two or more) of transmit
elements N; over a wireless channel 120 to a receiver 130. Receiver 130 includes a
plurality of receive elements N; (where N, may or may not equal N,) that receive the
transmitted mformation from transmitter 110. Thereafter, receiver 130 recovers/decodes
the bit sequence u and transfers the bit sequence to a binary sink 142.

[0006] Referring to Figure 1B, there is shown a functional architecture of a transmitter
110 of the prior art. Transmitter 110 includes an outer encoder 112, a bit interleaver 114, a
demultiplexer 116, and a mapper (inner encoder) 118. In operation, the information bit
sequence u having a length L is first forward to outer encoder 112 where the bits are
encoded using an error correcting code of rate R to yield a coded bit sequence ¢, of length
L/R. Encoder 112 may be, for example, a Turbo encoder.

[0007]  The coded bit sequence ¢, is next forwarded to bit interleaver 114, which bit
interleaves ¢,, thereby resulting in an interleaved bit sequence ¢;. Thereafter, the
interleaved coded bit sequence is forwarded to demultiplexer 116, which splits the bit
sequence ¢; into NV, paraliel and independent bit streams d; ...dy; for example, each of
which 1s assigned to a unique transmit element from among the N; transmit elements for
transmussion. One skilled in the art will recognize that it is not necessary that each bit
stream be assigned to a unique transmit element, this simplification being assumed only
for ease of description. For example, each transmit element may transmit some linear
combination of multiple streams, as is the case when using space-time codes.

[0008]  Bit streams d; ...dy; are next forwarded to mapper 118. For a given channel
use, mapper 118 splits each bit stream into a block of M bits, maps each block to a
complex symbol, and then simultaneously transmits each symbol over channel 120. More
specifically, for each channel use, the bit streams d; ...dx; can be denoted as a bit vector x
= [X1,..., XNt]T of s1ze NtM x 1 with X; =[xy, ... X;M] for i=1 to N;. Each block of M bits
for each stream is mapped onto a symbol s; = map(x;) for =1 to N,, where the symbols s;

are chosen from a complex constellation of size 2" and alphabet 4 = {al,. s @ }

Thereafter, each transmit element simultaneously transmits a corresponding symbol over

channel 120 towards receiver 130. The collection of all N; simultaneously transmitted
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symbols can be denoted by the vector s = [sl,. .58y ]T :

[0009] At receiver 130, each of the N; receive elements receives the symbol stream
radiated by each of the N; transmit elements. During each channel use, the symbol streams
received at the receive elements may be denoted as a signal vector y of size N;x 1. As s
known in the art, channel 120 may be represented as a N; x NV; channel matrix H where the
| i element of the matrix represents the channel gain between the jth transmit element and
the i™ receive element. For ease of description, channel 120 is assumed to be flat
(frequency non-selective) with Rician-fading and unity gain for each channel coefficient.
Nonetheless, one skilled in the art will recognize that when channel 120 1s a frequency
selective channel, an effective flat-channel may be realized by incorporating an orthogonal
frequency division multiplexing (OFDM) modulator and demodulator into transmitter 110
and receiver 130, respectively. One skilled in the art will also recognize that receiver 130
may use standard channel estimation methods to determine channel matrix H. For ease of
description, it is assumed that channel matrix H is perfectly known by recetver 130.
[0010] Accordingly, vector y at receiver 130 may be given as
y=Hs+n
(1)

where n represents an additive white noise vector whose elements are complex (Gaussian

with zero-mean and variance o> = N, /2 per real dimension. The average symbol energy

per stream £ {si |2 } may be denoted by E . Accordingly, it follows that the average signal-

to-noise ratio per receive element is SNR = N, E / (20'3 )

[0011] Referring now to Figure 1C, there 1s shown a functional architecture of a
receiver 130 of the prior art. Receiver 130 includes a demapper (inner decoder) 132, an
outer soft-input soft-output (SISO) decoder 136, a deinterleaver 134, and an interleaver
138. As illustrated, the demapper 132 and decoder 136 are interconnected in a loop and
function in an iterative fashion to reconstruct from signal vector y the information bit
sequence u transmitted by transmitter 110. Specifically, during the first pass through
receiver 130, demapper 132 takes the observation y and knowledge of the channel H and
demaps the N; received complex symbol streams back to the constituent N;M coded bits by

determining soft information for each of the coded bits. In particular, demapper 132
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computes the a posteriori probability (APP) log-likelihood ratio (ILLR) values for the
coded bits. The collection of these LLR values for the coded bits is represented by Lp; in
Figure 1C.

[0012]  Next, the soft information Lp; is forwarded to deinterleaver 134, which
deinterleaves the LLR values, thereby resulting in a sequence of LLR values that
correspond to the coded bit sequence ¢, (here it is assumed that sufficient symbols have
been received and demapped to produce a sequence of L/R LLR values). These
deinterleaved LLR values become an a priori input L, to SISO decoder 136.

[0013] SISO decoder 136 further refines the LLR values given its knowledge of the
temporal coupling of the bits and produces soft information for the information bit
sequence u and the coded bit sequence ¢, by computing a posteriori information of the
information bits (represented as L ', in Figure 1C) and the coded bits (represented as Lp,
n Figure 1C). As an example, SISO decoder 136 may be implemented using the BCJR or
log-MAP algorithm, as described by P. Robertson et al., in “A comparison of oﬁtimal and
sub-optimal MAP decoding algorithms operating in the log domain,” Proc. Int. Conf.
Communications, June 1995, pp. 1009-1013.

[0014]  The a posteriori information L ’p, from SISO decoder 136 is forwarded to hard
decision module 140, which uses the LLR values to determine the information bit
sequence u. In turn, the a priori information L; is subtracted (through module 141) from
the a posteriori information Lp; to produce new (and hence, extrinsic) information L.
Note that the removal of the a priori part L, minimizes the correlation from previously
computed values.

[0015]  The extrinsic information Lg; is next forwarded to interleaver 138, which
mterleaves the LLR values, thereby resulting in a sequence of LLR values that correspond
to the coded bit sequence ¢;. These interleaved LLR values become a priori information
L 41 to demapper 132 (with the demapper operating on NM of the LLR values). This cycle
of detection, decoding, and feedback constitutes the first iteration through receiver 130.
Note that in subsequent iterations, the a priori information L 4; is subtracted (through
module 142) from the a posteriori information Lp; from demapper 132 to produce

new/extrinsic information Lg,, which is subsequently forwarded to deinterleaver 134/SISO

decoder 136.
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iOOI 6] In general, each iteration through receiver 130 improves the reliability of the
soft-information produced by demapper 132 and SISO decoder 136. The exchange of soft-
information between these modules continues until a desired bit-error-rate (BER)
performance is achieved. At this point, a final decision is made by hard decision module

140, which uses the a posteriori information L 'p; to determine information bit sequence u,

with the module deciding a “1” if the LLR value L}, >0 and a “0” otherwise.

[0017]  Referring now more specifically to demapper 132, prior systems have
implemented this demapper as a joint-stream demai)per that computes the LLR values for
the V:M coded bits transmitted in a given channel use over all N; transmitted symbol
streams. Specifically, given the observation y, prior systems have defined the LLR value
of x,,», which is the m™ (m =1,...,M ) bit of the ™ (n=1,...,N ) stream, as

L(xn,m ) = ln(P(xn,m = +1|y) P(xn’m = -l‘y)) (2)
Using standard LLR manipulations and the max-log approximation, these systems have

computed the extrinsic LLR value of x;, ,, as

) -
LEI (xn,m )% max l{“ “3:, - I‘{:(XXL' + XT LAI,[::,:::]} o

X€Xp m+ 2 o [nm]
y ~Hs) -
| 1y -Hs(x
xg}ff—l E {“ _o"f " Xiuml L Al’[”’m]}

where X, , , denotes the set of bit vectors x whose m™ bit value of the n™ stream equals 5

(i.e., +1 or -1), X is the subvector of x omitting the element corresponding to the m™ bit

m}

of the n™ stream, and L At[n,m] 1S @ Vector containing the a priori information corresponding

to the entries in x .- Inequation (3), s(x) denotes the mapping from the N MM x1 bit

vector X to an N, x1 symbol vector.

[0018]  Significantly, as can be seen from equation (3), the per-bit LLR values are
computed by considering all possible realizations of the N; simultaneously transmitted
symbols. Consequently, the complexity of the computation is exponential in the product of

the number of simultaneously transmitted streams N, and the bits per symbol M. In other

words, for each bit position, the LLR computation requires hypothesizing over 2™ bit
vectors. This exponential complexity makes demapper 132 prohibitive to practical

implementation for high spectral efficiency MIMO systems. For example, in a MIMO
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system transmitting eight parallel symbol streams using a 16-QAM constellation,
computation of the per-bit LLR values requires evaluation of 2% (= 4x10”) possible

symbol vectors, which is prohibitive to practical implementation using current silicon

technology.
[0019] To manage this complexity, others have proposed implementing demapper 132

as an approximate joint-stream demapper using sphere detection (e.g., see Hochwald et al.,

“Achieving near-capacity on a multiple-element channel,” IEEE Trans. Commun., vol. 51,
no. 3, pp. 389-399, March 2003). The sphere detector reduces complexity by limiting the
hypothesis testing to candidates within a hyper-sphere of a certain radius about the

received signal. Specifically, the number of N,M x1 bit vectors considered are limited to

a specified number of points that are within a certain radius R of the received signal vector

y in the maximum-likelihood sense. In other words, only those points that are within the

radius R are considered in the evaluation of equation (3). Accordingly, the radius R of the
hyper-sphere controls the complexity and performance of the sphere detector.
[0020] However, notwithstanding the complexity reduction with respect to the full-

search demapper as describe above, the complexity of the sphere detector is still
exponential. Further, the complexity of the sphere detector 1s sensitive to the signal-to-
noise ratio and N,, the number of receive elements, when V; is less than M, the number of
transmitted streams. Specifically, the complexity increases as either of these quantities

decreases. The complexity increase is especially significant for regimes where NV; 1s less

than the number of transmitted streams.

[0021] To further reduce the complexity of demapper 132 in order to address high-rate
near-capacity performing MIMO systems, others have proposed implementing the
demapper as a set of V; single stream demappers, each of which demaps one of the M
symbol streams. In general, each single stream demapper exploits soft-information to

perform cancellation and spatial-filtering to remove from the received signal vector y

contributions of all streams other than the stream of interest, and then demaps this stream.
As result, the complexity of demapper 132 is polynomial in the number of streams M.
[0022] Notably, from a performance perspective, for a critically loaded MIMO
configuration (i.e., the number of transmitted streams equals the number of receive

elements) operating in a low-correlation channel, the single stream demappers have been
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found to be comparable to the joint-stream demappers. However, as the channel becomes
more correlated and/or as the number of receive elements used for stream separation
becomes less than the number of transmitted streams, performance of the single stream
demappers begins to depart from that of the joint-stream demappers. Nonetheless, for hi gh

rate systems under these conditions, the joint-stream demappers are not practically

feasible, as described above.

SUMMARY OF THE INVENTION

[0023]  Accordingly, it is desirable to provide an STBICM MIMO receiver that includes
a demapper that has performance like that of the joint-stream demappers but has reduced
complexity amenable to practical implementation, thereby overcoming the above and other
disadvantages of the prior art. According to an embodiment of the invention, an STBICM
MIMQO receiver includes a demapper interfaced to one or more receive elements, a soft-
input-soft output (SISO) decoder interfaced to an output of the demapper, and a soft-
symbol mapper that is interfaced to an output of the SISO decoder and to an input of the
demapper. The demapper, SISO decoder, and soft-symbol mapper function as an iterative
loop receiver that recovers an information bit sequence u that was transmitted by an
STBICM MIMO transmitter as a plurality of complex symbols.

[0024]  Specifically, according to an embodiment of the invention the demapper takes
an observation y of complex symbol streams and demaps the complex symbol streams on a
group-wise basis back to the coded bits that constitute each stream by determining soft
information in the form of LLR values for each of the coded bits. In particular, according
to an embodiment of the invention, the demapper includes single stream demappers and/or
group stream demappers. Prior to demapping and decoding the observation y, a group
construction module assigns each of the symbol streams to a group, with each stream being
assigned to only one group. In certain instances, the group construction module may
assign a stream to be the only member of a group. According to an embodiment of the
invention, the group construction module may assign streams to groups such that the more
correlated streams are assigned to the same groups, thereby maximizing performance. For
each group having only a single member, the group construction module thereafter assigns

each stream to a respective single stream demapper. Similarly, for each group of streams
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ﬁav'ing two or more stream members, the group construction module assigns each group to
a respective group stream demapper.

[0025]  Once the group construction module assigns each stream to a group, for each
iteration of the receiver each single stream demapper demaps its associated stream
independently of all other streams. Similarly, each group stream demapper jointly demaps
its associated streams independently of all other streams not in the group. Specifically,
according to an embodiment of the invention, each single stream demapper and each group
stream demapper performs the demapping by first taking the observation y and canceling
from this signal the contributions of all other interfering streams (i.e., those streams that
are not members of the group). To perform this cancellation, the soft-symbol mapper first
reconstructs a soft representation of each symbol using soft information from the SISO
decoder. At each demapper, the soft symbols corresponding to the interfering streams (1.¢.,
the streams that are not members of the group) are filtered through the interfering streams’
channel responses and the resulting interference signal then subtracted from signal y.
Accordingly, each demapper obtains a “cleaned” version of the received signal y from the
point of view of the streams assigned to that group. In addition to soft cancellation, each
single stream demapper may also pass the “cleaned” version of the received signal y
through a soft spatial filter to minimize the contributions of any residual interference leit
over from the canceling process and/or to enhance the desired stream.

[0026] Once removing the contributions of the interfering streams from signal y, each
single stream demapper uses its variation of the “cleaned” signal to demap 1ts
corresponding complex symbol stream by computing soft information in the form of an
LLR value for each of the bits constituting that symbol. Similarly, each group stream
demapper uses its variation of the “cleaned” signal to jointly demap its corresponding
group of complex symbol streams by computing soft information in the form of an LLR
value for each of the bits constituting each symbol in that group. According to an
embodiment of the invention, each single stream demapper has a per bit complexity that 1s
exponential in the number of bits per symbol and each group stream demapper has a per
bit complexity that is exponential in the number of bits per symbol by the number of

| symbols in the group. Accordingly, the single stream and group stream demappers of the

present invention have a reduced complexity as compared to the joint-stream demappers of
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the prior art that jointly demap over all the symbols. According to another embodiment of
the invention, the complexity of each group stream demapper may be further reduced by
using a reduced search technique.

[0027] Once each single stream and group stream demapper demaps its corresponding
set of symbols, the resulting LLR values are combined into a single sequence of LLR
values and then deinterleaved, to produce a sequence of LLR values that
represent/correspond to the coded bit sequence ¢; at the transmitter. These deinterleaved
LLR values become a priori input to the SISO decoder.

[0028]  Given the a priori input, the SISO decoder further refines the LLR values and
produces soft information for the information bit sequence u and the coded bit sequence ¢,
by computing a posteriori information of the information bit sequence and the coded bit
sequence. The a posteriori information of the information bit sequence u is forwarded to a
hard decision module, which eventually uses the LLR values to determine the information
bit sequehce u. In turn, the a posteriori information of the coded bit sequence, and also an
extrinsic form of this information, are each interleaved and then demultiplexed into
streams of LLR values constituting each of the symbol streams. The extrinsic LLR values
are fed back to the demapper as a priori information for use by the single stream and group
stream demappers in subsequent iterations of demapping the symbol streams. The a
posteriori LLR values in turn are forwarded to the soft symbol mapper, which uses the
LLR values to reconstruct a soft symbol corresponding to each of the received symbol
streams. Thereafter, the soft symbol mapper forwards the reconstructed soft symbols to the
appropriate single stream demappers and group stream demappers, each of which uses the
soft symbols to cancel from the received signal y the contributions of interfering streams
as described above. Accordingly, the iterative detection process thereafter repeats.

[0029] Advantageously, the present invention allows streams to be assigned to groups
and demapped on a group-wise basis, thereby obtaining a balance between the processing
power of the receiver and a desired receiver performance. Specifically, the performance
of the demapper of the present invention generally improves as more streams are added to
the same group such that the streams are jointly detected (i.e., the performance of the
demapper generally improves as the demapper converges to one group stream demapper).

However, increasing the size of any group also increases the complexity of the overall
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den{épper. According to an embodiment of the invention, by adjusting the number of
groups (1.e., the number of single stream and group stream demappers) and the size of each
group, the complexity of the overall demapper may be adjusted to correspond to the
processing power of the receiver to obtain a maximum possible performance for a given
receiver complexity. In other words, the present invention is able to deliver a receiver
performance that takes full advantage of the receiver processing power.

[0030]  Other features and advantages of the present invention will become apparent
from the following description of the invention, which refers to the accompanyin g

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031]  Figure 1A shows a functional architecture of an STBICM MIMO system of the
prior art.

[0032]  Figure 1B shows a functional architecture of an STBICM MIMO transmitter of
the prior art.

[0033]  Figure 1C shows a functional architecture of an STBICM MIMO receiver of the
prior art.

[0034]  Figure 2 shows a functional architecture of an STBICM MIMO receiver
according to an embodiment of the invention, the receiver including one or more group

stream demappers and/or one or more single stream demappers.

[0035]  Figure 3 shows a functional architecture of a single stream demapper according

to an embodiment of the invention.

[0036]  Figure 4 shows a functional architecture of a group stream demapper according

to an embodiment of the invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0037] Referring to Figure 2, there is illustrated a functional architecture of a receiver

200 according to an embodiment of the invention. Receiver 200 is STBICM MIMO

receiver with V; receive elements (N, >1) and uses iterative detection to recover an

information bit sequence u transmitted over a wireless channel 120 by an STBICM

transmuitter, such as transmitter 110, having N, transmit elements. The number of receive

10
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elements N; may or may not equal the number transmit elements N;. For ease of
description, the invention will be described under the assumption that during each channel
use, there are N; = N, transmitted symbol streams where each stream is transmitted by a
unique transmit element N;. Accordingly, the following discussion and disclosed
equations are based on this assumption. Nonetheless, one skilled in the art will recognize
that the invention is not limited to this simplification.

[0038] For example, each transmit element may transmit some linear combination of

multiple streams, as is the case when using space-time codes. Consider a space-time code

matrix ® of dimension N, x!, where / represents the time dimension of the code. After

mapping the coded interleaved bits ¢; into complex symbols chosen from a particular

constellation, the symbols are gathered in blocks of length / and may be denoted as a

symbol vector s of dimension /x1. s is then mapped through the space-time code ® to

yield a new transmit vector ®s of dimension N, x1. Each element of ®s, which contains

some combination of the / symbols, is now transmitted via a unique antenna. This is
ditferent from the above assumption where each symbol is sent via a unique antenna as
implied in equation (1). Accordingly, to apply the equations as disclosed herein to a

space-time code system, the channel matrix H should be replaced by H , = H® and the

demapping of the symbols should be done over / as opposed to N; symbols.

[0039] Referring again to receiver 200 and making the assumption that each stream is
transmitted by a unique transmit element V; as described above, during each channel use
each of the V; receive elements of receiver 200 receives the symbol stream radiated by
each of the N, transmit elements. The symbol streams received by the receive elements
may be denoted as the signal vector y. Channel 120 may be represented as a N, x N,
channel matrix H. For ease of description, channel 120 is assumed to be flat with Rician-
tading and unity gain for each channel coefficient. Nonetheless, one skilled in the art will
recognize that for a frequency selective channel, receiver 200 may include an OFDM
demodulator (and similarly, the corresponding transmitter may include an OFDM
modulator) to realize an effective flat-channel. Receiver 200 may use standard channel
estimation methods as is known in the art to determine channel matrix H. For ease of

description, it is assumed that receiver 200 perfectly knows channel matrix H.
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[0040]  As further illustrated in Figure 2, receiver 200 includes a demapper (inner
decoder) 210 interfaced to the N; receive elements and an outer soft-input-soft output -
(SISO) decoder 224 that receives soft information produced by demapper 210 through
multiplexer 220 and deinterleaver 222. As indicated, receiver 200 is an iterative recerver
such that soft information produced by SISO decoder 224 is fed back to demapper 210
through a combination of interleavers 238a/238b, multiplexers 240a/240b, and soft-symbol
mapper 242. Demapper 210 and SISO decoder 224 exchange soft information through this
iterative loop with each iteration improving the soft information until a desired BER
performance is achieved. At this point, hard decision module 226 uses the soft
information to determine information bit sequence u.

[0041] The functional architecture of receiver 200 may be implemented in software
and/or firmware across one or more microprocessors. One skilled in the art will also
recognize that each functional component of receiver 200 may be implemented as a single
process or as multiple processes that execute across one or more microprocessors.

[0042] Referring now more specifically to the operation of receiver 200, according to
an embodiment of the invention demapper 210 first takes the observation y and knowledge
of channel matrix H and demaps the V; received complex symbol streams back to the
constituent N,M coded bits by determining soft information for each of the coded bits. In
particular, demapper 210 computes LLR values for each of the N;M coded bits.
Significantly, however, according to an embodiment of the invention demapper 210
performs this demapping of the symbol streams on a group-wise basis.

[0043]  Specifically, as shown in Figure 2, receiver 200 further includes a group
construction module 244 that is associated with demapper 210. According to an
embodiment of the invention, group construction module 244 assigns each of the N;
streams to a group, with each stream being assigned to only one group. In certain
instances, group construction module 244 may assign a stream to be the only member of a
group. As an example, group construction module 244 may assign streams that exhibit a
high degree of correlation to the same group. As further shown in Figure 2, demapper 210
includes one or more single stream demappers 300 and one or more group stream
demappers 400. For each group having only a single member, group construction module

244 assigns each stream to a respective single stream demapper 300. Similarly, for each
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group of streams having two or more stream members, group construction module 244
assigns each group to a respective group stream demapper 400.

[0044]  In general, for any given instance of receiver 200, group construction module
244 may assign the same number of streams to each multi-stream group or may assign a
different number of streams to each multi-stream group (assuming there is more than one
multi-stream group). In addition, for any given instance of receiver 200, group
construction module 244 may only form multi-stream groups, may only form single stream
groups, or may form a combination of both multi-stream groups and single stream groups.
At the extremes, group construction module 244 may only form one group having all N,
streams as it members, or may form N; single stream groups. Accordingly, for any given
instance of receiver 200, the number of single stream demappers 300 and group stream
demappers 400 may be flexibly configured. Significantly, according to an embodiment of
the invention, group construction module 244 may configure the number and size of each
group such that the resulting complexity of demapper 210 (i.e., the number and member
size of each demapper 300/400) is matched to the processing power of the receiver to
deliver the maximum possible performance for the specified receiver complexity.

[0045]  Assuming group construction module 244 has configured demapper 210 and
assigned each stream to a group, for each iteration (other than the first iteration, which is
discussed below) each single stream demapper 300 and each group stream demapper 400
demaps its associated streams individually and independently of the other demappers.
Accordingly, each single stream demapper 300 demaps its associated stream alone and
independently of all other streams. Similarly, each group stream demapper 400 jointly
demaps its associated streams independently of all other streams not in the group.

[0046]  Specifically, according to an embodiment of the invention, each single stream
demapper 300 and each group stream demapper 400 performs the demapping by first
taking the observation y and removing/canceling from this signal vector the contributions
of all other interfering streams (i.e., those streams that are not members of the group). The
demappers perform this canceling operation through a process of soft-cancellation. To
perform this soft-cancellation, soft-symbol mapper 242 first reconstructs a soft
representation of each symbol using soft information from SISO decoder 224. The

resulting soft symbols are then forwarded to demapper 210 and directed to each single
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stream demapper and each group stream demapper as needed. At each demapper, the soft
symbols corresponding to the interfering streams (i.e., the streams that are not members of
the group) are filtered through the interfering streams’ channel responses and the resulting
interference signal then subtracted from signal vector y. Accordingly, each demapper
obtains a “cleaned” version (i.e., interference-excised version) of the received signal y
from the point of view of the streams assigned to that group. Note that with respect to the
term “cleaned”, all interference may not be removed from signal vector y. Specifically, the
extent to which the interference is removed from signal vector y depends on how reliably
the interfering symbols are reconstructed. The more accurate the reconstruction, the better
the cancellation. Conversely, the less accurate the reconstruction, the more the residual
interference.

[0047] In addition to soft-cancellation, each single stream demapper 300 may also pass
the “cleaned” version of the received signal vector y through a spatial filter to minimize
the contributions of any residual interference left over from the canceling process and/or to
enhance the desired stream. In general, because receiver 200 is an iterative filter, the
quality of the cancellation at each demapper improves with each 1teration.

[0048] Once removing the contributions of the interfering streams from signal vectory,
each single stream demapper uses its variation of the “cleaned” version of the signal vector
to demap its corresponding complex symbol stream back to the M coded bits constituting
that stream. Similarly, each group stream demapper uses its variation of the “cleaned”
version of signal vector y to demap its corresponding group of received complex symbol
streams back to the M coded bits constituting each stream in that group. According to an
embodiment of the invention, each single stream demapper and each group stream
demapper performs this demapping by computing soft information in the form of an
extrinsic LLR value for each of the M bits constituting the corresponding demapped
symbol streams. Accordingly, each single stream demapper 300 produces a sequence of M
extrinsic LLR values for the corresponding demapped stream. Similarly, each group
stream demapper 400 produces a sequence of M extrinsic LLR values for each of the
demapped symbol streams in that group. Accordingly, demapper 210 generates a plurality
of individual sequences of LLR values from the different single stream and group stream

demappers, with the total number of LLR values being N:\.
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[0049] Continuing with the operation of receiver 200, the individual sequences of
extrinsic LLR values produced by demapper 210 for the various streams are next
forwarded to multiplexer 220, which multiplexes the LLR values back into a single

interleaved sequence of LLR values, denoted as Lg; in Figure 2. This single sequence of

I LR values is then forwarded to deinterleaver 222, which deinterleaves the LLR values to
produce a sequence of LLR values that represent/correspond to the coded bit sequence ¢
at the transmitter. Note that here, it is assumed that sufficient symbols have been received
and demapped such that deinterleaver 222 produces a sequence of L/R LLR values
constituting coded bit sequence c¢,. These deinterleaved LLR values become a priori input
L 4>to SISO decoder 224.

[0050] Given the a priori input L2, SISO decoder 224 further refines the LLR values
given its knowledge of the temporal coupling of the bits and produces soft information for
the information bit sequence u and the coded bit sequence ¢, by computing a posteriori
information of the information bit sequence (represented as L 'pz in Figure 2) and the coded
bit sequence (represented as Lp; in Figure 2). As an example, SISO decoder 226 may be a
Turbo decoder (corresponding to outer encoder 112) and may be implemented using the
BCJR or log-MAP algorithm, as described by P. Robertson et al., in “A comparison Of
optimal and sub-optimal MAP decoding algorithms operating in the log domain,” Proc.
Int. Conf. Communications, June 1995, pp. 1009-1013, which document is hereby

incorporated by reference as if fully set forth in its entirety herein. Nonetheless, one skilled

in the art will recognize that SISO decoder 224 may be implemented in other fashions

without deviating from the present invention.

[0051] The a posteriori information L ’p, is forwarded to hard decision module 226,
which uses the LLR values to determine information bit sequence u. In turn, the a
posteriori information of the coded bit sequence 1s fed back to demapper 210 as both the
total information (i.e., Lp;) and as extrinsic information Lg,, which is obtained by
subtracting (through module 237) the a priori information L, from the a posteriori
information Lp,. Removal of the a priori part L4, minimizes the correlation from
previously computed values.

[0052] The extrinsic information Lg; is forwarded to interleaver 238a, which

interleaves the LLR values to become a priori information L4, to demapper 210. In
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....... .

particular, the a priori information L 4; is forwarded to demultiplexer 240a, which
demultiplexes the LLR values into N, streams of M LLR values constituting each of the N,
symbol streams. These N streams of LLR values are denoted as {L4; (1), ..., L4; (xnt)} in
Figure 2 and are forwarded to the appropriate single stream demappers 300 and group
stream demappers 400 of demapper 210 to be used in the subsequent demapping of the
symbol streams.

100S3]  Simularly, the total information Lp; is forwarded to interleaver 238b, which
interleaves the LLR values to become the total a priori information L,; p to both demapper
210 and soft-symbol mapper 242. In particular, the total a priori information L ; p is
forwarded to demultiplexer 240b, which demultiplexes the LLR values into N: streams of
M LLR values constituting each of the N; symbol streams. These N. streams of LLR values
are denoted as {L4;,p(X1), ..., L4;,p(Xnt)} in Figure 2 and are forwarded to demapper 210
through residual interference module 246 (which is further described below) to be used in
the subsequent demapping of the symbol streams. In addition, the streams of LLR values
\La1p(X1), ..., L4 p(Xnt)} are also forwarded to soft-symbol mapper 242.

[0054] Continuing with soft-symbol mapper 242, this module receives the streams of
LLR values from demultiplexer 240b and reconstructs a soft symbol corresponding to each
of the received symbol streams. As shown in Figure 2, the soft symbols are preferably
reconstructed from the LLR values {L4; p(X1), ..., L4; p(Xn¢)}, which are derived from the
total a posteriori information from decoder 224, as compared to the LLR values {L4; (x;),
..-» La1 (Xnt)§, which are derived from the extrinsic information. This configuration is
preterable in that the LLR values {L4; p(X), ..., L4; p(Xnt)} contain more information
about the actual transmitted symbols and hence, result in a more accurate reconstruction of
the soft symbols and the residual interferences derived there-from. As des qribed above,
the reconstructed symbols produced by soft-symbol mapper 242 are forwarded to the
appropriate single stream demappers 300 and group stream demappers 400 of demapper
210, each of which use the soft symbols to cancel from the received signal vector y the
contributions of the interfering streams. Accordingly, the iterative detection process
thereafter repeats as described above.

[0055]  Overall, the exchange of soft information between demapper 210, SISO decoder
224, and soft-symbol mapper 242 continues until a desired bit-error-rate (BER)
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performance is achieved. At this point, a final decision is made by hard decision module

226, which uses the a posteriori information L ’p; from SISO decoder 224 to determine

information bit sequence u, with the module deciding a “1” if the LLR value L, >0 and

a “0” otherwise.

[0056] As described above, it was assumed that the iterative detection process was on a
second or subsequent pass through the detection loop. As is now more readily apparent,
during the 1nitial pass/iteration through demapper 210, there is no soft information from
SISO decoder 224 available to soft-symbol mapper 242 for the reconstruction of soft
symbols. As such, during this initial pass, it is not possible for the single stream and group
stream demappers of demapper 210 to reconstruct the contributions of non-member
interfering streams and to perform soft cancellation. As such, according to an embodiment
of the mvention, for the initial pass through demapper 210, each symbol stream is assigned
to a single stream demapper 300 and only single stream demapping is performed. Note
that each single stream demapper 300 only uses spatial filtering to minimize the
contributions of the interfering streams given that soft cancellation cannot be performed.
Thereafter, during the second and subsequent iterations through demapper 210, soft
mformation from SISO decoder 224 is available for soft symbol reconstruction and soft
cancellation can thereby be performed. Accordingly, after the first pass through demapper
210, group construction module 244 initializes demapper 210 and a combination of group
and/or single stream demapping is performed as described above.

10057]  Reference will now be made in greater detail to soft-symbol mapper 242, single
stream demapper 300, group stream demapper 400, and group construction module 244.
Beginning with soft-symbol mapper 242, as indicated above, this module uses soft
information from SISO decoder 224 to reconstruct a soft symbol for each of the N, symbol
streams. As indicated, each symbol is reconstructed from the a priori feedback {L4;p (x1),
...» L41,p (Xnt)} derived from the total a posteriori information from decoder 224, as
compared to the a priori feedback derived from the extrinsic information.

[0058]  According to an embodiment of the invention, each soft symbol may be

computed as an expected value with the n'™ symbol computed as
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= ZaiHP(xn,m = bf,nt)

=] m=|

where b, ,, is the value of the m™ bit of symbol a, of alphabet 4 = {al,. s @ } The

second equation in (4) follows from the assumption that bits within a symbol are

independent due to interleaving. The bit probabilities P(x =D, ), by definition of the

1,m i,m

LLLR, may be expressed as

P (xn,m = bi,m)z E_’;_%l};w(xm ] ()
where L4; p (Xnm) is the LLR value corresponding to the m'™ bit of the #' stream. As
indicated, the soft symbols computed by soft symbol mapper 242 are forwarded to
demapper 210 and to the appropriate single stream and group stream demappers as needed
for soft cancellation.

[0059]  Referring now to Figure 3, there is a shown a functional architecture of one
instance of a single stream demapper 300 according to an embodiment of the invention.
For ease of description, .. it is assumed that the demapper of Figure 3 demaps a k™ stream of
mterest. Each instance of a single stream demapper within demapper 210 may resemble
the functional architecture as shown in Figure 3.

[0060]  As shown, single stream demapper 300 includes an interference reconstruction
module 302, an interference canceller 304, a spatial filter module 306, and an APP (i.e.,
soft information) calculator 308. As indicated above, according to an embodiment of the
invention each single stream demapper 300 uses a combination of soft cancellation to
remove the contributions (i.e., interference) of all interfering streams from received signal
vector y and then uses soft spatial filtering on the resulting signal to minimize the
contributions of any residual interference left over from the canceling process and/or to
also enhance the desired stream. As a result, the & received stream is isolated and
enhanced, depending on how much interference is cancelled. Thereafter, the single stream
demapper uses the isolated and enhanced A" received stream and demaps this stream to the
M coded bits that constitute the stream by computing soft information for each bit.

Interference reconstruction module 302 and interference canceller 304 perform the soft

cancellation, spatial filter module 306 performs the soft spatial filtering, and APP
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calculator 308 performs the demapping.

[0061] Beginning with interference reconstruction module 302, this modules receives
from soft symbol mapper 242 each of the reconstructed symbols other than the £ symbol
and filters these symbols through their channel responses to yield their effective
contributions to the received signal vector y. Thereafter, interference canceller 304
removes these contributions of the interfering streams (which may also be referred to as

multiple access interference (MAI)) from the received signal vector y. The combined

operation may be expressed as

Vi =y —H;s; (6)
M_V__J
MAT

where H: is the collection of the channel responses for the interfering streams, s 1s the

corresponding collection of the expected symbol values of the interfering streams, and

¥ 1s the “cleaned” signal vector having the contributions of the interfering streams

A

removed. Again, note that with respect to the term “cleaned”, ¥, may have some residual

interference depending on the reliability of the reconstructed soft symbols. The more
reliable the soft symbols, the better the fidelity of the reconstruction of the interfering
symbols, which leads to better cancellation of the interference. Conversely, using

imperfect reconstruction leaves behind residual interference.

[0062]  Note that as described above, during the initial pass through demapper 210 all
streams are assigned to a respective single stream demapper 300 and there is no soft
cancellation. The lack of soft cancellation is now more readily apparent from equation (6),
where it can be seen that the second term is effectively zero given that soft symbol mapper
242 does not provide reconstructed symbols. Accordingly, during the initial pass through
demapper 210, the full load of interference suppression is effectively transferred to spatial

filter module 306.

[0063] Turning now to spatial filter module 306, this module computes for the desired

k" stream a spatial filter w  that is designed to enhance the desired k™ stream through

diversity gain and to also minimize the contributions from any residual interference from

the interfering streams. Accordingly, once computing the spatial filterw, , spatial filter
module 306 thereafter filters the “cleaned” signal vector y, through the filter to yield a

scalar symbol estimate §, of the symbol transmitted in the desired k™ stream.

19



CA 02601151 2007-09-10
WO 2006/099267 PCT/US2006/008858

[0064]  According to an embodiment of the invention, spatial filter module 306 may

compute the spatial-filter w, as an MMSE (minimized mean squared error) filter. By

definition, the MMSE filter w, minimizes the mean squared error between the MMSE

estimate wy §, and the desired symbol s, . In other words, w . minimizes the cost

function

n 2
J(W)= <WHYk =S5 > (7)
From standard adaptive filter analysis w, may be determined by setting the gradient of

J (w) to zero and thereby may be given as

AOA -1 A *
Wy = E{Yka} E{Yksk} (8)
[0065] Expanding equation (6), ¥, may be re-written as

Ye= Ml +Hpsp - Hisp +n
Sy e — by peed
desired stream MAI reconstructed MAI

;—W——J

residual MAT

)

Using the form of y, as given in equation (9) and assuming independence of all symbols,
E{j‘rkj‘ff } follows as

B, 97 }=hb? Els, (+ BB +257, (10
where @ = diag(var(s,). ..var(s, ) var(s,,, ).. .var(s N, )), or in other words, 1s a diagonal

matrix containing the variances of the interfering symbols. Similarly, using the form of
y . as given in equation (9), E{j‘f ks;:} may be given as
A * 2
E{yksk}zhk Eﬂskl } (11)
[0066]  Substituting equations (10) and (11) into equation (8), the MMSE filter w,

may be given as
1
W, = (hkhf E{S,J2 }+ H.®. H; + 20-31]\,,_) X

h, E{Sklz}

In equation (12), the second moments £ {sn

(12)

2 } ot the symbols s, may be computed as
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E{Sn]z}:%laflzp(sn =a,)

=l (13)

2M

y M
= Zlafl I I P(xn,m = bi,m)
i=[

m=1

where P(xn,m = b,.,m) s given as in equation (5). The variances of the symbols s, may be

computed as

var(s, )= F {sn i }— E {sn }E {sn }* (14)
where the second moment of the symbols s, is given as in equation (13) and the first

moment E{sn } of the symbols s, is calculated as shown in equations (4) and (5).

[0067]  Accordingly, on each iteration of receiver 200, spatial filter module 306 may

compute a spatial filter w, for the desired ™ stream as given in equation (12) and
thereafter filter the “cleaned” signal vector §, through the filter to obtain a scalar
estimate §, of the symbol transmitted in the ™ stream. The filtering operation may be
expressed as §, =wy,.

[0068] As shown in equation (12), the spatial filter w,_ is based on soft information

from SISO decoder 234 and as such, is recomputed/updated on each iteration of receiver
200. As shown in Figures 2 and 3, receiver 200 includes a residual interference module
246. This module is responsible for computing the second moments and variances of each
of the symbols as shown in equations (13) and (14) and providing this information as

needed to spatial filter 306 of each instance of the single stream demapper 300 so as to

recompute/update the spatial filter w, .

[0069]  According to another embodiment of the invention, spatial-filter w, may be a

signal-to-interference-plus-noise ratio (SINR)-maximizing spatial filter, as described by
Koshy, et al., in “A New Low-Complexity Demapper for High-Performance Iterative
MIMO: Information-Theoretic and BER Analyses,” Proc. IEEE ICASSP'05, March 2005,
vol. 3, pp. 1029-1032, which document is hereby incorporated by reference as if fully set
forth 1n its entirety herein. A SINR-maximizing spatial filter is essentially a matched filter
that maximizes the ratio of the average power of the desired stream to that of the sum of

the average powers of the interference from other streams and noise. One skilled in the art
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will recognize that spatial-filter w, may be designed in other ways without deviating from

the present invention.

[0070] Turning now to APP calculator 308, this module takes the filtered symbol

estimate §, from spatial filter module 306 and produces soft information of the symbol’s

M constituent bits and thereafter forwards the soft information to multiplexer 220, thereby

completing the demapping of the symbol. According to an embodiment of the invention,

APP calculator 308 produces the soft information by computing a posteriori LLR values

for the bits. Specifically, given the observation §, , the a posteriori LLR value for the m"

bit of the k™ stream may be defined as

Ly, (%, )=In— (15)

Applying Bayes’ rule and removing the a priori part
L, (xk,m ) = ln(P(xk’m = +1)/ P(xk,m = —1)) from L, (x - ), the extrinsic LLR may be

expressed as

2 P(gklx) P (x lxk,m)

_ )fk,m(‘*‘l)_ - .
LEl(xk’m)_- 5 Z P(§k x) P(x xk,m) (16)

Xt (1)
where X, , (b) is the set of all possible bit vectors x corresponding to the & stream

whose m™ bit takes the value b (i.e., +1 or —1).

[0071] Note that the output of APP calculator 308 1s a sequence of a posteriori LLR
values for the M bits constituting the I stream, each LLR value being given as equation
(15). This sequence of a posteriori LLR values is denoted as Lpi(Xx) in Figure 3.
Thereafter, Lpi(xi) is forwarded through module 310, where a priori information for each
of the M bits, as obtained from demultiplexer 240a/SISO decoder 224 and denoted as Ly;
(xx) in Figure 3, is subtracted from the a posteriori LLR values to obtain a sequence of
extrinsic LLR values for the M bits. Each extrinsic LLR value is given as equation (16)
and the sequence of extrinsic values 1s denoted as Lgi(Xx) in Figure 3. Note that during the
initial pass through demapper 210 where each symbol stream is demapper as single stream

as described above, the a priori information L4; (Xi) from demultiplexer 240a/SISO
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decoder 224 is not available and as such, the a posteriori LLR values Lpi(xy) are initially
forwarded to multiplexer 220. Thereafter, for each instance of single stream demapper
300, the extrinsic LLR values Lg;(xx) are forwarded to the multiplexer.

[0072]  The following outlines a simplification of equation (16), with a simplified form

of equation (15) following therefrom by adding back in the a priori information. With

respect to the probability distribution function p(é‘klx) of equation (16), the MMSE

estimate §, is known to approximate a Gaussian distribution. Accordingly, it follows that

the probability distribution function may be given as

: 1 S, = 1| ,
plfx)~ Em,f'e’“{" S-@ZO_%"' J (17)

A

with mean y, ; = <.s'k

s, = map(x) > and per-real dimension variance

S, = map(x))/ 2. Noting that §, =w; ¥, with ¥, as defined in equation (9),

o? = var($,
the mean of the conditional MMSE estimate may follow as _
My = <§k‘sk = map(x)> =wi'h, map(x) (18)
Again, using the definition of ¥, as in equation (9), the per-real dimension variance of the
conditional MMSE estimate may be obtained as
o, = var(é"klsk = map(x))/ 2
(19)

— —;—wf (H.®.HY +2071,, w,

[0073] With respect to the term P(x xk,m) of equation (16), assuming the constituent

bits of a symbol to be independent due to interleaving, this term may be expressed as a

product of the constituent bit probabilities as
P (X xk,m) =117 (xk,j = bj) (20)

RE !

The bit probabilities P(xk, ;= bj) may be expressed 1n terms of the a priori LLR values
from the demultiplexer 240a/SISO decoder 224 as follows

ebjLAl(xk,j )/2

Plx,, =b, )= S—— (21)

eLAI(ka)IZ . e—LAl(xk’])/Z

|0074]  Substituting equations (17), (18), (19), (20), and (21) in equation (16) and using
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the 'max-log approximation lnz d; ~maxInd,, the extrinsic LLR value of the m™ bit of

the & stream may be obtained as

A 2
1 ’Sk - /—‘kl
L Xy ~ IMax —<4—- -——-—-—+XT .L X —_
El( I»,m) xeX, o 2 O',? Im] Al,[m]( k)
X 2 (22)
Ly 15— My T
max ——————+x, .L X
xexm,-l 2 G}f [] Al,[m]( k)

where X, , denotes the set of M x1 bit vectors x whose 7" bit value is b (i.e., +1 or —1),

x_ . is the subvector of x omitting the m™ element x_, and L Al,[m](xk) is an (M —1)x1

[m] m?
vector containing the a priori information for the k™ stream with the m™ element

L Al(xk,m) omitted. Again, the a posteriori LLR value, as computed by APP calculator 308

b

1s equation (22) with the a priori information L ,, (xk,m) added back in. As shown by

equation (22), APP calculator 308 has a per bit complexity that is exponential in the
number of bits M per symbol, as opposed to the exponential complexity in MN; for prior

art joint-stream demappers.

[0075]  Referring now to Figure 4, there is a shown a functional architecture of one
instance of a group stream demapper 400 according to an embodiment of the invention.
For ease of description, it is assumed that the demapper of Figure 4 demaps a ™ group of
streams where the number of streams in the group is greater than one and less than M.
Again, a group size of one stream is demapped using a single stream demapper 300. A
group size of N; streams corresponds to joint detection among all streams at once. Each
instance of a group stream demapper 400 within a demapper 210 may resemble the
functional architecture as shown in Figure 4.

[0076] As shown, group stream demapper 400 includes an interference reconstruction
module 402, an interference canceller 404, and an APP (i.e., soft information) calculator
406. As indicated above, according to an embodiment of the invention group stream
demapper 400 uses soft cancellation to first remove the contribution (i.e., interference) of
all iterfering streams not in group k from received signal vector y, and then jointly
demaps the streams of the group to the M coded bits that constitute each stream by
computing soft information for each bit. Interference reconstruction module 402 and

interference canceller 404 perform the soft cancellation and APP calculator 406 performs
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the demapping.

[0077] Beginning with interference reconstruction module 402, this modules receives
from soft symbol mapper 242 each of the reconstructed soft symbols of all interfering
streams not in the k™ group and filters these symbols through their channel responses to
yield their effective contributions to the received signal vector y. Thereafter, interference
canceller 404 removes the contributions of the interfering streams from the received signal
vector y to yield a “cleaned” signal vector that has the contributions of the interfering

streams removed . Again, the combined operation may be expressed as shown in equation

(6) where y, now represents the “cleaned” signal vector containing contributions from

each of the streams in the &™ group. Again, note that with respect to the term “cleaned”,

¥y, may have some residual interference depending on how reliably the interfering

symbols are reconstructed. The more accurate the reconstruction, the better the
cancellation. Conversely, the less accurate the reconstruction, the more the residual

interference.

[0078] Turning now to APP calculator 406, this module takes the “cleaned” signal

vector y, from interference canceller 404 and jointly computes soft information for the

constituent bits of all symbols belonging to the £ group and thereafter forwards this soft
mformation to multiplexer 220, thereby completing the demapping of the symbols in the
group. According to an embodiment of the invention, APP calculator 406 produces the

soft information by jointly computing a posteriori LLR values for the constituent bits of

the symbols in the group. Specifically, given the observation ¥, , the a posteriori LLR
value for the m™ bit of the n™ stream of the &™ group may be defined as

) Px® =41, )

=In——— ; ) (23)

(k) _
LDI (x p xf,ff,i),, =_1 i

H,m

Applying Bayes’ rule and removing the a priori part
L Al( (k) ) ( ( (k) +1) P( (k) =—1)) from L, (xf,",l ), the extrinsic LLR may be

expressed as

, Z (yk )) P (X(k) xr(zki )
(k) (.
LE 1 (xr(z?z) X?:m (: ! p(_- ) P(X(’:) x;(;k,z;) (24)

n m (“1)
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where X(")(b) is the set of all possible vectors x® of the & group whose ™ bit of the 1"

n,m

stream takes the value b (i.e., +1 or —1).
[0079] Note that the output of APP calculator 406 1s a sequence of a posteriori LLR

values for the M bits of each stream of the group, each LLR value being given as equation
(23). This stream of a posteriori LLR values is denoted as {L, (xl(")),..., A (x%‘))} in Figure
4, assuming the streams of the i™ oroup are number 1-N. Thereafter, the a posteriori LLR
values {L, (xl(")),..., Lp (xz(\’f) are forwarded through module 408, where a priori
information for each of the M bits, as obtained from demultiplexer 240a/SISO decoder 224
and denoted as {L 4 (xl(") ), L, (x%‘) } in Figure 4, is subtracted from the a posteriori LLR

values to obtain a sequence of extrinsic LLR values for the M bits. Each extrinsic LLR

value is given as equation (24) and the sequence of extrinsic values is denoted
as {L, (xl(") ),, Ly (x%f))} in Figure 4. The extrinsic LLR values are subsequently forwarded

to multiplexer 220, thereby completing the demapping of the symbols 1n the group.

[0080] The following outlines a simplification of equation (24) and also the

corresponding a posteriori LLR value equation. Beginning with the term p(if " lx(")) of

equation (24), the “cleaned” signal vector ¥, may be expressed as

y, =Hs-— H-s- +1
W_J
reconstructed interference
= H,s, + H:s. - H-s- +n (25)

v —— V"
desired stream  getyalinterference  reconstructed interference

—_ Hksk + Hz(s"; — S}é)'l'n
residual inferference

As one skilled in the art will recognize, conditioned on the channel estimates and the

transmitted symbols, ¥, is a multivariate complex Gaussian distribution completely

determined by its mean and covariance matrix. From equation (25), the mean of ¥, Ix("’)

may be readily obtained as
(5,x) = Hys, (x) (26)
The covariance matrix Z, of ¥ klx(") may be computed as

2, = £y, N0 - Ol
=H.0.H! +20,1,

(27)
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where ®; is a diagonal matrix containing the variances of the interfering symbols not in

the k™ group, the superscript T indicates the complex-conjugate transpose, and 1 y, 18 the

1dentity matrix of size N, . The variances of the interfering symbols is given as equations
(13) and (14) and is provided to APP calculator 406 by residual interference module 246,

as similarly described above. Given the mean and covariance matrix, p(j‘r L X ) is a

completely known multivariate complex Gaussian distribution that may be expressed as

) - N’lzkl exP(—- (§r . —H, S, (1':(")))4r 7 (j‘r  —H, S, (x("')))) (28)

P(YA

where ]Z kl and Z;' represent the determinant and inverse, respectively, of the covariance

matrix Z, . In equation (28), s, (x () ) denotes the mapping from the bit vector x* to the

symbol space.
[0081] Turning to the term P(x(")] (k) ) of equation (24), given the independence of the

bits in the vector x* P( (" ) ) may be represented as a product of the constituent bit

probabilities as
P(X(k )

The bit probabilities P( k) = j) may be expressed in terms of the a priori LLR values

)= T1P6) =b,)) 29)

(if)=mn

from the demultiplexer 240a/SISO decoder 224 as follows

£ (xz(kj) = b,.,j) -

eLA,( ("))/2

bisLan 6 )2

‘LAI (x{‘?) (30)

T+ €
[0082]  Substituting equations (28), (29), and (30) in equation (24) and using the

standard max-log approximation In Z d; ~maxInd,, the a posteriori LLR value for the

m™ bit of the n™ stream of the £ group, as computed by APP calculator 406, may be

obtained as

L, ( (’f)) ?)f(zﬁ) A(Yka (%) LAI( (k))) ﬁiﬁ.{i) A(Yk: (%) LAI( (k))) 31)

where

A(j?’k, ) LAI( (k))) (yk —H;s,\x ( (k)))T -I(yk —H;s, (X(k)))
+_ ZXA)L ( k) (32)

J
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In turn, the extrinsic LLR value L, (x\* ) for the 7™ bit of the #™ stream of the & group

n,n

may be obtained by subtracting the a priori part L, (x(" ) ) from L, (x(" ) ), which operation

1, n,n

is performed by module 408 as indicated above. As shown by equations (31) and (3 2), for
each bit the a posteriori LLR computation as computed by APP calculator 406 requires
hypothesizing over 2" bit vectors (assuming the number of streams in the group is N (N <
Ny)) and accordingly, has reduced complexity as compared to a joint detection over all N,
streams.

[0083]  Note that if group construction module 244 forms a single group that includes

all V; streams, demapper 210 condenses to a single group demapper 400. Here, §, =y in

that there 1s no soft cancellation and the above per bit a posteriori LLR computation
becomes a joint detection among all streams with a complexity in the product of the
number of simultaneously transmitted streams N; and the bits per symbol M.
[0084]  According to another embodiment of the invention, APP calculator 406 may be
a reduced search APP (i.e., soft information) calculator. Specifically, such an APP
calculator may compute the soft information of the constituent bits of the symbols in the
K group by computing the a posteriori LLR values as described above with respect to
equations (31) and (32). However, rather than hypothesizing over all 2" bit vectors for
each bit, only a subset of these bit vectors may be considered using a reduced search
technique, such as the list sphere detector (LSD) described by Hochwald et al., in
“Achieving near-capacity on a multiple-element channel,” IEEE Trans. Commun., vol. 51,
no. 3, pp. 389-399, March 2003 or the list-sequential (LISS) detector described by S.
Baro, et al., in “Tterative detection of MIMO transmission using a list-sequential (LISS)
detector,” in Proc. Int. Conf. Communications, May 2003, pp. 2653—-2657, which
documents are hereby incorporated by reference as if fully set forth in their entirety herein.
One skilled in the art will recognize that other reduced search techniques may be used
without deviating from the present invention.
[0085]  Notably, by using a reduced search technique it becomes possible to devise
groups of larger sizes as compared to when an exhaustive search is used as described
above. Thus, performance may be further improved since more streams may be jointly
detected than otherwise possible.
[0086] Notably, the reduced search APP calculation techniques as described by
Hochwald and Baro, for example, only apply to a single group having all N, streams, and
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not to groups having fewer than N, streams. In particular, the techniques described by
Hochwald and Baro assume that the noise vector n of received signal vector y is spatially
white. However, when using a group (i.e., a &/ group) having fewer than N, streams, this

condition is no longer satisfied because the noise vector in “cleaned” signal vector ¥,

from interference canceller 404 now additionally includes interference from the other

groups, thereby rendering signal vector ¥, spatially colored. Accordingly, to apply reduced

search techniques to a & group having fewer than N; streams, it is necessary to perform

additional signal conditioning on the signal vector ¥, to effectively convert this signal,

which has spatially-colored noise, to one with spatially-white noise. This process is called

“whitening” and may be performed as follows.

[0087]  The covariance matrix of the noise of signal vector y, is givenby Z, in

equation (27). Using standard matrix decomposition methods such as Cholesky
decomposition, the noise (strictly speaking, additive white Gaussian noise plus

interference from other groups) covariance matrix may be factored as
(z,)" =C'cC (33)
The matrix C 1s referred to as the whitening filter. Pre-multiplying ¥, with C, the signal

model of equation (25) now becomes

C§, =CH,s, +CH_(s. -5 )+n) (34)
Detining the new conditioned signal of y, as y), = Cy ., a new channel matrix for the
desired & group as H', = CH,,, and a new noise vector as Z, = C(H; (s; -8 )+ n), a new
signal model for the signal going into APP calculator 406 for the £™ group is obtained as
Y = His, +z, (35)
It can be shown that z, is now spatially white, that is, its covariance matrix is an identity

matrix. The noise power per receive element, given by the diagonal elements of the

identity matrix, are all the same with a value of unity.

[0088] Upon conditioning signal vector y, from interference canceller 404 to be a
signal vector y| with spatially-white noise, signal vector y’ may be applied to a reduced

search APP calculator 406. For example, given a signal vector y’, , a reduced search APP

calculator using a list sphere detector approach may compute an a posteriori LLR value
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Lm( )~ max Ay x®, L, (6))- Je Ayox®.L,60) e
where
Aex®, Ly () =y, Bs, GO+ AL ) (37)
J=lyeeo M

and x" (,,z) denotes the set of candidate bit vectors that are within a certain radius R about

y, (assuming such bit vectors have been identified ) and whose m™ bit of the n'® stream

takes the value 6. Equations (36) and (37) may be obtained by substituting the new signal
and noise model as described above into equations (31) and (32). One skilled in the art will
recognize that other reduced search techniques may also be used, with equations (36) and
(37) remaining the same but using different techniques to select the candidate bit vectors.

[0089]  Notably, the reduced search techniques of the prior art, such as the one based on
sphere detection, are able to perform the joint APP calculation among all N, streams with
reasonable complexity only under certain conditions, one of which is that N,, the number
of receive elements, cannot be less than V;, the number of transmitted streams. According
to the present invention, it is possible to partition the difficult problem of joint-demapping
of one large group of N; streams where Ni>N; into several smaller groups wherein no more
than /V; streams need to be jointly demapped in any given group. Thus, using the "divide
and conquer" approach of the present invention ensures that within each group there are at
least as many receive elements as the number of streams being jointly detected, thereby
enabling the use of reduced search demappers within all groups.

[0090]  Referring now to group construction module 244, as described above, this
module assigns each of the N, streams to a group, each group having one or more
members, and thereafter associates each group with either a single stream demapper 300 or
a group stream demapper 400. According to an embodiment of the invention, group
construction module 244 assigns the streams to groups in order to obtain a balance
between the processing power of the receiver and a desired receiver performance.
Specifically, the performance of demapper 210 generally improves as more streams are
added to the same group such that the streams are jointly detected (i.e., the performance of
demapper 210 generally improves as the demapper converges to one group stream

demapper). However, increasing the size of any group also increases the overall
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complexity of demapper 210, with each group stream demapper having bit wise
complexity that is exponential in the number of streams in the group and the number of
bits M per symbol, for example. According to an embodiment of the invention, group
construction module 244 adjusts the overall complexity of demapper 210 to correspond to
the processing power of the receiver to obtain a maximum possible performance for a
given recetver complexity. In other words, the present invention is able to deliver a
receiver performance that takes full advantage of the receiver processing power.

[0091]  Specifically, according to an embodiment of the invention, based on the
processing power of the receiver and a desired performance, group construction module
244 may be provided with a number of groups and with the number of stream members
each group 1s to contain. Again, the number and size of each group determines the overall
complexity of demapper 210. The size of each group may be the same or the size may
vary between groups. According to an embodiment of the invention, group construction
module 244 may thereafter assign streams to the groups such that the more correlated
streams are assigned to the same groups, thereby maximizing performance.

[0092]  For example, assume a receiver can handle N, groups and the number of streams

per group 1s ordered (i.e., varies) such that the first group is to contain more members than

the second group, etc. (i.e., N O S N@ SN ;) ). According to an embodiment of the

8TP,S ETDsS ErD,S
invention, group construction module 244 may thereafter assign streams to these N, groups
based on the pair-wise correlations between the streams. Specifically, assuming group

construction module 244 is provided with channel matrix H, the module may first compute

the pair-wise correlation p, ~ between all streams p and ¢, p # g as

*

2
Ly = h‘” ;—— (38)

Pl 4

[0093]  Thereafter, beginning with the group of the largest size (i.e., N () ), group

&rP,S

construction module 244 may enumerate all possible stream groupings of size N gz,’s given

N
the available pool of N; = N, streams. In general, there are F (NS N ;,2),8 )== [ N(S ) such

8TD,S

hypothetical groups. These groups may be denoted as: G, ,...,G o

N N(l)

s grp,s

): As an example,

considering the case where N;=N;=4 and N gz,,s

=3, then the possible groupings are
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Gl =(31952953)9 Gz =(SI,S2,S4), é’j =(SI,S3,S4), and é4 2(52933954)°

[0094] For each such group CA?,. JIi=1.,F (Ns ,NW ), group construction module 244

&TP,S
may then determine a group-correlation metric value and then select as the members of the
first group that group that has the highest metric value. For example, group construction
module 244 may use the average correlation of all the pair-wise correlation values among

each group’s membership as the overall group-correlation metric value. In the above

NON .
example, there are three (= ( 32":’”3} ) possible pair-wise groupings for each group. The

group-correlation metric value is the average of these | g"f”“) pair-wise correlation

values. Assuming that é,, has the highest value for the group-correlation metric value

(le.,G, = max{G,. LIM F(v, ¥

EPyS

)), group construction module 244 would then select G,, as

the first chosen group.
[0095]  Next, group construction module 244 may remove the members of the chosen

group from the N streams, thereby making the available pool for the next

group N — N f,il,s streams. Using the same process as described above, the group

construction module may then use the remaining streams to construct a new group of the

specified size N g),s and designate this as the second chosen group. The group

construction module 244 may then remove the streams in this second group from the

N,—-N g;’s streams to produce the remaining unassigned streams, and proceed with the

construction of the third group. The group construction module may repeat this process
until all of the streams are allocated to the various groups.

[0096] Notably, assuming group construction module 244 is statically configured to
torm N, groups, the group-construction process described above enforces a hard control on
complexity since it always results in the same number of groups regardless of the actual
correlation among streams. However, as the channel varies the correlation among streams
may also vary. According to an embodiment of the invention, to allow for a tighter

coupling between the channel correlation and complexity, group construction module 244

may be provided with an additional control knob p, , which is a threshold setting for the

group-correlation metric value. According to this embodiment of the invention, the group
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construction module may form the Ny groups as described above. Thereafter, of the N .

groups, the group construction module may select only those groups whose group-

correlation metric value equals or exceeds p,, and may assign these groups to respective
group stream demappers 400. As for the groups that do not meet this criterion, the group

construction module may assign the streams of these groups to respective single stream

demappers 300. Control knob p,, may be defined to have values between zero (0) and

one (1), to correspond to the group-correlation metric value. Notably, when P =1, the

group construction module assigns all streams to a respective single-stream demapper.

Similarly, when p,, =0, the group construction module retains the original groups,

assigning each group to a respective group stream demapper or single stream demapper,
based on the group size.

[0097]  One skilled in the art will recognize that group construction module 244 may
assign streams to groups using processes other than those described above without

deviating from the invention.

[0098]  Although the present invention has been described in relation to particular
embodiments thereof, many other variations and modifications and other uses will become
apparent to those skilled in the art. Therefore, the present invention should be limited not

by the specific disclosure herein, but only by the appended claims.
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WHAT IS CLAIMED IS:

1. A method for recovering a bit data sequence from a received signal that includes
a plurality of complex symbols transmitted by a space-time bit-interleaved coded
modulation (STBICM) transmitter, said method comprising the steps:

assigning each complex symbol to a respective one of two or more groups, wherein
at least one of said groups includes two or more complex symbols;

for each group, removing from the received signal contributions of the one or more
complex symbols that are not members of the group to produce a cleaned signal;

for each group, using the cleaned signal to demap the one or more complex
symbols that are members of the group to form a plurality of soft information values that
represent a portion of a coded bit sequence; and

decoding at least the soft information values from each group to produce a first

sequence of soft information values that represent the bit data sequence.

2. The method of claim 1, further comprising the step of using the first sequence of

soft information values to determine the bit data sequence.

3. The method of claim 1, wherein said decoding step also produces a second

sequence of soft information values that represent the coded bit sequence.

4. The method of claim 3, further comprising the step of using the second sequence
of soft information values to form soft symbols representing the comp!ex symbols, and
wherein said removing, using, and decoding steps are iterative such that for each group, a
subsequent removing step includes the step of using the soft symbols corresponding to the
one or more complex symbols that are not members of the group to determine the

contributions of these one or more complex symbols to the received signal.

5. The method of claim 4, wherein the second sequence of soft information values

contains new and old information regarding the coded bit sequence.

6. The method of claim 3, wherein said removing, using, and decoding steps are

iterative such that for each group, a subsequent step of using the cleaned signal to demap
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the one or more complex symbols includes using a portion of the second sequence of soft

information values to demap the one or more complex symbols.

7. The method of claim 1, wherein for at least one group, said removing step

includes the step of spatially filtering the cleaned signal.

8. The method of claim 1, wherein for at least one group having two or more

complex symbols, said step of using the cleaned signal to demap the one or more complex

symbols mncludes the step of using a reduced search technique.

9. The method of claim 1, wherein said assigning step comprises the step of

assigning complex symbols to the groups based on a correlation between the complex

symbols.

10. The method of claim 9, wherein said assigning step includes the step of
reassigning the complex symbols of a formed group to a respective single member group

when the complex symbols of the formed group have an average correlation below a
threshold.

11. The method of claim 1, wherein a maximum number of complex symbols

assigned to any one of the groups is based on a processing power of a receiver.

12. The method of claim 1, further comprising the step of receiving the complex
symbols by one or more receive elements, wherein there are fewer receive elements than

complex symbols.

13. A system for recovering a bit data sequence from a received signal that includes
a plurality of complex symbols transmitted by a STBICM transmitter, said system
comprising:

two or more demappers each configured to have one or more complex symbols
associated therewith, with at least one of said demappers having two or more complex
symbols associated therewith, wherein each demapper includes:

a cancellation module for removing from the received signal

33



CA 02601151 2007-09-10
WO 2006/099267 PCT/US2006/008838
contributions of the one or more complex symbols that are not associated
with the demapper to produce a cleaned signal; and
a soft information calculator for using the cleaned signal from the
cancellation module to demap the one or more complex symbols that are
associated with the demapper to form a plurality of soft information values
that represent a portion of a coded bit sequence; and
a decoder in communication with said demappers and for decoding at least the soft
information values from said demappers to produce a first sequence of soft information

values that represent the bit data sequence.

14. The system of claim 13, further comprising a hard decision module 1n
communication with said decoder and for using the first sequence of soft information

values to determine the bit data sequence.

15. The system of claim 13, wherein said decoder also produces a second sequence

of soft information values that represent the coded bit sequence.

16. The system of claim 15, further comprising:

a soft-symbol mapper in communication with said decoder and for using the
second sequence of soft information values to form soft symbols representing the complex
symbols;

wherein said soft-symbol mapper is also in communication with said cancellation
modules of said demappers such that said system is an iterative loop system; and

wherein said cancellation module of a given demapper uses the soft symbols from
a previous iteration and corresponding to the one or more complex symbols that are not
associated with the demapper to determine the contributions of these one or more complex

symbols to the received signal.

17. The system of claim 13, wherein for at least one demapper, said soft

information calculator is a reduced search soft information calculator.

18. The system of claim 13, wherein at least one demapper further includes a

spatial filter module that spatially filters the cleaned signal from said cancellation module
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and torwards the spatially filtered cleaned signal to said soft information calculator.

19. The system of claim 13, further comprising a group construction module for

assoclating each complex symbol with a respective demapper.

20. The system of claim 19, wherein said group construction module associates

complex symbols to said demappers based on a correlation between the complex symbols.

21. The system of claim 13, wherein a maximum number of complex symbols

associated with any one of said demappers is based on a processing power of a receiver.
22. The system of claim 13, further comprising one or more receive elements for

recelving the complex symbols, wherein there are fewer receive elements than complex

symbols.
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