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(57) Abrege(suite)/Abstract(continued):

detection Is performed for the data symbols in an order determined based on at least one attribute of the data symbols, which may
be error probabllities, modulation schemes, and/or link margins for the data symbols. In yet another aspect, rates for multiple data
streams detected with sphere detection are selected based on channel state information. Signal qualities of the data streams may
be estimated based on the channel state information, e.g., (1) an upper triangular matrix used for sphere detection and/or (2) an

assumption that interference from data streams already detected Is canceled. The rates for the data streams may be selected
based on the estimated signal qualities.
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Abstract

Techniques for performing sphere detection to recover data symbols sent in a MIMO
transmission are described. In an aspect, sphere detection is performed for data symbols
generated with at least two modulation schemes. In another aspect, sphere detection 1s
performed for the data symbols in an order determined based on at least one attribute of
the data symbols, which may be error probabilities, modulation schemes, and/or link
margins for the data symbols. In yet another aspect, rates for multiple data streams
detected with sphere detection are selected based on channel state information. Signal
qualities of the data streams may be estimated based on the channel state information,
e.g., (1) an upper triangular matrix used for sphere detection and/or (2) an assumption
that interference from data streams already detected is canceled. The rates for the data

streams may be selected based on the estimated signal qualities.
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SPHERE DETECTION AND RATE SELECTION
FOR A MIMO TRANSMISSION

This is a divisional application of Canadian application serial No. 2,635,397

BACKGROUND
I. Field '
[0002] The- present disclosure relates generally to communications, and more specifically to

techniques for performing detection and rate selection for a multiple-input multiple-output
(MIMO) transmission.

II. Background

[0003] A MIMO transmission is a transmissidn, sent from multiple (T) transmit antennas to
multiple (R) receive antennas. A MIMO channel formed by the T transmit antennas and the R
receive antennas may be decomposed into M spatial channels, where M < min {T, R}. The M

spatial channels may be used to transmit data in a manner to achieve higher overall throughput

and/or greater reliability.

[0004] A transmitter may encode and trahsmit M data streams in parallel via the T transmit
antennas. A receiver obtains R received symbol streams via the R receive antennas, performs
detection on the received symbol streams, and decodes the detected symbol streams to recover the
transmitted data streams. To achieve optimal detection performance, the receiver would need to
evaluate many hypothesés for all possible sequences of bits that might have been transmitted
based on all of the information a\)ailable' at the receiver. Such an exhaustive search is
computationally intensive and is prohibitive for many applications.

|0005] There 1s therefore a need in the art for techniques to perform detection with reduced

complexity while achieving good performance.

SUMMARY
[0006] Techniques fo’r'performing sphere detection to recover data symbols sent in a MIMO

transmission are described herein. In an aspect, sphere detection is performed for data symbols

generated with at least two modulation schemes. In another aspect, sphere detection is performed
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for the data symbols in an order determined based on at least one attribute of the data
symbols, which may be error probabilities for the data symbols, modulation schemes used for
the data symbols, link margins for the data symbols, and so on. In ‘yet another aspect, rates for
data streams detected with sphere detection are selected based on channel state information.
The channel state information may comprise channel estimates, noise estimates, interference
estimates, power measurements signal quality estimates, and so on. In one or more
embodiments, signal qualities of the data streams may be estimated based on (1) an upper
triangular matrix used for sphere detection and/or (2) an assumption that interference from
data streams already detected is canceled. The rates for the data streams may then be selected
based on the estimated signal qualities. In other embodiments, the rates may be selected based

on the channel state information in other manners.

According to one aspect of the present invention, there is provided an
apparatus comprising: at least one processor configured to select an order of detecting data
symbols sent in a MIMO transmission based on at least one attribute of the data symbols, and
to perform sphere detection for the data symbols in the selected order, wherein the at least one
attribute comprises modulation schemes, link margins, or a combination of modulation |
schémes and link margins, for the data symbols; and a memory coupled to the at least one

Processor.

According to another aspect of the present invention, there is provided a
method comprising: selecting an order of detecting data symbols sent in a MIMO transmission
based on at least one attribute of the. data symbols, wherein the at least one attribute comprises
modulation schemes, link margins, or a combination of modulation schemes and link margins,

for the data symbols; and performing sphere detection for the data symbols in the selected

order.

Accoirding to still another aspect of the present invention, there is provided an
apparatus comprising: means for selecting an order of detecting data symbols sent in a MIMO
transmission based on at least one attribute of the data symbols, wherein the at least one

attribute comprises modulation schemes, link margins, or a combination of modulation
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schemes and link margins, for the data symbols; and means for performing sphere detection

for the data symbols in the selected order.

According to yet another aspect of the present invention, there is provided a
processor readable media for storing instructions operable to: select an order of detecting data
symbols sent in a MIMO transmission based on at least one attribute of the data symbols,
wherein the at least one attribute comprises modulation schemes, link margins, or a
combination of modulation schemes and link margins, for the data symbols; and perform

sphere detection for the data symbols in the selected order.

[0007] Sphere detection and rate selection are described in detail below. Various

aspects and embodiments of the invention are also described below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008) The features and nature of the present invention will become more apparent

from the detailed description set forth below when taken in conjunction with the drawings in

which like reference characters identify correspondingly throughout.
[0009] FIG. 1 shows a block diagram of aspects of a transmitter and a receiver.

[0010] FIG. 2 shows a block diagram of aspects of a transmit (TX) data processor and

a TX spatial processor at the transmitter.

[0011] FIG. 3 shows aspects of an exemplary search tree for sphere detection.

[0012] FIG. 4 shows aspects of a process for performing sphere detection in a selected
order.

[0013] FIG. 5 shows aspects of an apparatus for performing sphere detection in a

selected order.

[0014] FIG. 6 shows aspects of a process for performing sphere detection for data

symbols generated with multiple modulation schemes.
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{0015] F1G. 7 shows aspects of an apparatus for performing sphere detection for
data symbols generated with mudiiple modulation schemes.

{0016} FIG. 8 shows aspects of 4 process for selecting rates for data streams.

{0017} F1G. 9 shows aspects of an apparatus for selecting rates for data streams.
{0018} F1G. 10 shows a block diagramn of aspects of a receive (RX) spatial processor

and an RX dala processor at the receiver,

DETAILED DESCRIPTION

{0019} The word “exemplary” 15 used herein to mean “serving as an example,
instance, or dlustration.” Aay embodiment or design described heretn as “exemplary™
is not necessarily to be construed as preferred or advantageous aver other embodiments
or designs.

10020} The detection and rate selecizon techniques described herein may be used for
various communication systems in which multiple data streams are transmitied in
parallel via a communication channel. For example, these techniques may be used for a
MIMO system with a single subcarrier, a MIMO svstem with multiple subcatriers, a
Code Division Mutltiple Access (CDMA) system, a Frequency Division Multiple Access
(FOMA) system, a Tune Division Multiple Access (TIDMA) system, and so on.
Multiple subcarmers may be obtained wath orthogonal frequency division muitiplexing
(OFDM), single-carrier frequency division mudtiple access (SC-FDMA), or some other
medulation technique. OFDM and SC-FDMA partition the overall system bandwidth
mto multiple orthogonal subcarniers, which are also calied tones, bins, and so on, each
of which may be independently modulated with data. In general, modulation syinbols
are sent 1n the frequency domain with OFDM and in the time domain with SC-FDMA.
tor clanty, much of the description below is for a MIMO system with a single
sabcarrnier.

{00.21} FI1G. T shows a block diagram of aspects of a transmitter 110 and a receiver
150 i a MIMO system 100. Transmitter 110 is equipped with muitiple {T) antennas,
and receiver 150 1s equipped with multiple (R) antennas. For downlink {or forward
link) transmission, transnutter 110 may be part of, and mav contain some or all of the
tunctionality of, a base station, an access point, a Node B, and 50 on. Receiver 150 may
be part of, and may contain some or ail of the functionalitv of, a mobile station, a user
ternunal a user equipmem‘, and 50 on. For aplink (or reverse link) transmission.

transmitter 110 may be part of a mobile station, a user terminal, a user equipment, and
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so on, and recetver 150 may be part of a base station, an access point, a Node B, and so
on.

{0022} Al transtitter 110, & TX data processor 120 receives traffic data from a data
source 112 and processes (e.g., formats, encodes, interfeaves, and symbol maps) the
tratfic data to generate data symbols, which are modulation svrubols for traffic data. A
TX spatial processor 130 multiplexes the daw symbols with pilot svmbols, which are
modulation symbols for pilot. A pilot is a transmission that is known & priori by both
the transmitter and receiver and may also be referred to as a training signal, a reference,
a preambie, and so on. TX spatial processor 130 perforrus transmitter spatial processing
and provides T strearus of transmit symbols to T transmitter units {TMTR) 132a through
132t Each transmitter unit 132 processes (e.2., OFDM modulates, converts to analog,
filters, amplifies, and upconverts) its transmit symbol stream and generates a modulated
signal. 't modulated signals from transmitter units 132a through 132t are transmitied
from antennas 134a through 1344, respectively.

106023} Al recetver 150, R antennas 152a through 152r receive the T modulated
signals, and each antenna 152 provides a received signal to a respective receiver unit
(RCVR) 154 Each receiver unit 154 processes its received signal in a manner
complerentiary o the processing perforued by transnutier units 132 to obtain received
symbols. Each receiver unit 154 provides received symbols for traffic data to an RX
spatial processor 160 and provides received symbols for pilot to a channel processor
194, Channel processor 194 estimates the response of the MIMQ channel from
transmitter 110 to receiver 150 based on the received symbols for pilot and provides
channel estimates 1o RX spatial processor 160. RX spatial processor 160 performs
sphere deteciion on the received symbols with the channel estimates and provides
detected symbols, which are estimates of the transmitted data svmbols. An RX data
processor 170 further processes {e.g., deinterleaves and decodes) the detected symbols
and provides decoded data to a data sink [72.

{0024} Recetver 150 may send feedback information to assist transmitter 110
control the data transmission to receiver 150, The feedback information may indicate a
particular transmission mode to use for transmission, a particular rate or packet format
te use for each data stream, acknowledgments (ACKs) andfor nepative
acknowledgments {INAKs) for packets decoded by receiver 150, channel state
information, and so on, or any combination thereof The feedback information is

processed {(e.g,, encoded, inlerieaved, and symbol mapped) by a TX signaling processor
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130, multiplexed with pilot symbols and spafially processed by a TX spatial processor
182, and fuuther processed by transmiiter units 154a through 134r 10 generate R
modulated signals, which are transnuited via antennas 152a through 1352r.

{0025] At transmitter 110, the R modulated signals are received by antennas 134a
through 1341, processed by receiver unils 132a through 132 spatially processed by an
RX spatial processor 136, and further processed (e.g., deinterleaved and decoded) by an
RX stgnaling processor 138 to recover the feedback information. A conirolier/processor
140 controls the data fransmission to receiver 150 based on the received feedback
mformation. A channel processor 144 may estimate the response of the MIMQ channel
from receiver 150 to transmitter 110 and may derive spatial mapping matrices used by
TX spatial processor 130.

10026} Controllers/processors 140 and 190 control the operation at transmitter 110
and receiver 150, respectively. Memories 142 and 192 store data and program codes for
transruitter 110 and receiver 150, respectively.

{0027} F1. 2 shows a block diagram of aspects of TX data processor 120 and TX
spatial processor 130 at ransmitter 110, Ia this embodiment, a commeon coding scheme
is used for all dala streams, and a separate code rate and a separate modulation scheme
may be used for each data stream. For clarity, the following descriplion assumes that M
data St.rea.ms are sent on M spatial channels. However, this need not be the case and a
data stream may spread across multiple spatial channels.

13028} Within TX dafa processor 120, an encoder 220 encodes traffic data In
accordance with a coding scheme and generates code bits. The coding scheme may
inciude a convolutional code, & Turbo code, a fow densily parity check (LDPC) code, &
cychic redundancy check (CRC) code, a block code, and so on, or a combination thereof
A demuttiplexer (Demux) 222 demultiplexes or parses the code bits into M streams and
provides the M code bit streams to M sets of processing units. Each set includes a
puncture unit 224, a channel interleaver 226, and a symbol mapper 228. For each set,
puncture uoit 224 puanctures or deletes code bits, as necessary, to achieve a code rate
selected for iy stream and provides the retained code bits to an associated channel
interleaver 226. Chanpel interleaver 226 interleaves or rearders the code bits based on
an interleaving scheme and provides interleaved bits 1o an associaied symbol mapper
228. The mterleaving may be performed separately for each data stream (as shown in

FIG. 2) or across some or all data streams (not shown in FIG. 2).
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100291 In one or more embodiments, each data streain may be sent with a
modulation scheme selected for that stream. In general, the same or different
modulabion schemes may be used for the M data streams, depending on systen
operation, channel conditions, and/or other factars. Each symbol mapper 228 maps its
mterleaved bits 1n accordance with the modulation scheme selecled for its siream and
provides a stream of data svmbols {§,}. The symbol mapping for stream m mayv be

achieved by (1) grouping sets of Q,, bits to form Q.-bit values, where Q,_ =21, and {2)

mapping each Q~bit value to one of 2% poinis in a signal consteliation for the selected
modulation scheme. Each mapped signal point 1s a complex value for a data symboi.
The symbol mapping may be based on Gray mapping or non-Gray mapping. With Gray
mapping, neighborng points 1n the signal constellation (in both the borizontal and
vertical directions) differ by only one out of Q,, bit positions. Gray mapping reduces
the number of bit errors for more likely error events, which correspond to a detected
symbol being mapped to a location near the correct location, in which case only one
coded bit would be detected 1n error. With non~Gray mapping, netghboring points may
differ by more than one bit position.

{00301} Within TX spatial processor 130, a mulfiplexer (Mux) 230 receives the M
data symbol streams from M symbol mappers 228a through 228m and multiplexes the

data symbols with pdot symbols. A mainx muliiplier 232 multiplies the data and/or
pilot symbotls with spatial mapping matrices P and provides transmit symbols. In one
or more embodiments, the spatial mapping matrices are an identity matrix I, which
results 1 no spatial processing at the transmitter. In other embodiments, different
spatial mapping matrices are used for different symbol periods and/or different
subcarriers to achieve similar performance for the M data streams. [n yel other
embodiments, the spatial mapping mairices are matrices of ejgenvectors.

j0031] . FIG. 2 show agpects of a common coding scheme and separate code rates
and modulation schemes may be used for the M data streamis. Different code rates mav
be achieved for the M data streamis by using different puncture patterns for these
streams. In other embodiments, a common coding scheme and a common code rate are
upsed for all data streams, and separaie modulatgon schemes may be used for the dafa
streams.  In ver other embodiments, a common coding scheme, a common code rate,

and a common modulation schems are used for all data streams. In vet other

embodiments, cach data stream 1s independently processed based on a coding and
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modulation scheme selected for that data stream.  In general, the same or different
coding schemes, the same or different code rates, and the same or different modulation
schiemes may be used for the M data streams. If muliiple subcartiers are available, then
the same or different coding schemes, the same or different code rates, and the same or
different modaiation schemes may be used across the subcarniers,

{06032} Transmitter 110 typically encodes each data packet separately. A packet
may be partitioned into multiple blocks, with each block containing K code bits. The K

cade bits in each block may be mapped to M data symbols, as follows:
s = map{h) g (1)

where s=[5 & .. 3,1 isavector with M data symbols;

L]

¥ _ - o - Y
b=l by o Dd=10 b Bu b B Do, 1 FEE By L b
\ e i N, gt o *--——--—\M
by b, bis

1s a vector with K code bits in one block;

b.. 15 a vector with Q,; code bits used te form data symbol s,

b for m=1, M and g=1,...,Q,,. is the ¢-th code bit in vector b

o 177 ;
by, for & =1,.... K, 1s the &-th code bit in vector b and

** 7 denotes a transpose.

{0033} Equation (1) 1indicates that there is a one-to-one mapping between a given bit
vector b and a corresponding data vector s.  In general, the same or different
rmodulation schemes may be used for the M data symbols sent on a given data vector s.

Hence, (Q through Qu mav be the same or different for the M data symbols in vector s.

{0034} In one or more embodiments, the M data streams are jointly encoded so that
a single packet may be sent on multiple (eg., all M) spatial channels. In other
embodiments, the M data streams are independently encoded so that each packet is sent
on one spatial channel. In vel other emb odimen ts, some data streamys are jointly
encoded while other data streams are independently encoded.

{0035]  For clanty, the following description assumes that one data stream is sent on
each spatial channel. The tferms “data stream” aond “spatial channel”™ are thus
imterchangeable for much of the description below. The number of data streams may be

configurable and may be selected based on channel conditions and‘or other factors. For
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clarity, the following description assumes that M data streams are seni on M Spatial

channels.

1. Detection

§0036} The recerved symbols at the receiver may be expressed as:

:?m":{-{,pgﬁ.;l“"f-{.g.}.n’ Eq (2)

where P isa T xM spatial mapping matrix used by the transmitter:
L, 1san RxT actual MIMO channel response matrix;
H=H, Pisan RxM effective MIMO channel response matrix:
y isan R x1 vector with R received symbols at the receiver: and

7 1s an R %] vector of haise.

The noise may be assumed to be additive white Gaussian noise (AWGN) with a zero
mean vector and a covariance matrix of o, - §, where o is the variance of the noise.

{06037} The effecttve MIMO channel response H includes the actual MIMO channel
response H,, and the spatial mapping matrix P used by the transmitter. The effective

MIMO channel response matrix may be given as:

P F f
- v ¥
Fy 2y
. b » £
H=i : =
. 5 ’ *

g o Ay

Porrir

&
YeY

Eq (3)

N \:"A °
A o

where entry 77, . for r=1,.. R and m=1__ M, denotes the complex channel gain

observed by data strecam m at receive antenna r. For simplicity, the MIMO channel is

assumed to be flal fading with no frequency selectivity. The receiver typically derives

A

H . which 15 an estimate of I, and uses H for detection. For stmplicity, the

g 4

description herein assumes no chansnel estimation error, so that @ =H. ¥ is also

.........

reterred to as a MIMO channel response matrix.
{0038}  For a MIMO transmission on a single subcarrier, the receiver obtains a

received symbol vector ¥ in each symbel period used for transmission. For a MIMO

transmission on multiple subcarriers, the receiver obtains a received symbol vector v
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for cach subcarrier 1n each symbol period used for transmission. In one or more
embodiments, the receiver performs detection separately for each received symbol
vector y. In other embodiments, the receiver performs detection jointly for multiple
received symbol vectors. The receiver may perform detection in various manners.

{00391 The receiver may perform maximum likelihood (ML) detection on the
received symbols to obtain the detected symbols. For ML detection, the receiver

evaluates each of 2° hypothesized symbol vectors that might have been transmitted for
data symbol vector §. For each hypothesized symbol vector, the receiver computes a

distance metric that may be given as:

IX)=ily-H-5? Eq (4)

St

where § 1s a symbol vector hypothesized to have been transmitted for vector s and

[)(8) 1s the distance for hypothesized symbol vector § .

Equation {4) may also be referred o as a cost function, an error function. and so on.
[{8) may also be referred 1o as a cost value or an error value for vectar S .
10040} For ML detection, the receiver obtains 2% distances for the 2% hypothesized

symbol vectors § . The receiver may then derive the detected symbols as follows:
~N . i ags  aw .‘."3 — .
s=arg {min fiy-H-§§°}, Eq (3)

L]

where $=[3, 5, .. §,]% is an M x1 vector with M detected symbols. In equation (5).

b

the minimum distance among the 28 distances for the 2% hypothesized symbol vectors is

wdentified. The hypothesized symbol vector with the minimum distance is provided as

-~

the detected symbol vector §, which is an estimate of the transmitied data 5ymbol
veClor $.
{0041} tor ML detection, an exhaustive search is performed over all possible

combinations of data symbols that might have been transmitted for data symbol vector

s. The exhaustive search considers all 2% possible hypotheses for the data symbof

vector 8. Hence, the complexity of ML detection is exponential in the nwnber of bitg
() used to form the data symbol vector s. ML delection can provide good

performance. However, the exhaustive search is computationally intensive and m ay be
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prohibiiive for many applicatons. For example, if four daia streams gre sent using

QPSK for all streams, then K =8 and 256 hypotheses are evaluated for each received

symbol vector . However, 1if 16-QAM is used for the four streams, then K. =16 and
635,536 hypotheses are evaluated for each received symbol vector vy, which is much
more complex. If the four data streams are sent asing QPSK, 16-QAM, 64-QAM. and
236-QAM, then K =230 and over one million hypotheses are evaluated for esach

received symbol vector y, which may be impractical. This example illustrates the rapid

growth 1n the number of hvpotheses for larger signal consteliation sizes.

{0042} The number of hypotheses to consider may be reduced by performing sphere
detection (8D), which 15 also referred to as list sphere detection, sphere decoding,
spherical decoding, and so on. Sphere detection seeks to reduce the search space of ML
detection by performing a search for cendidate hypotheses and discarding less likely
hypotheses.

{00431 For sphere detection, the distance metric in equation (4) may be simplified

by performing QR decomposition of the MIMO channel response matrix H, as follows:

H~=Q-R, £ (6)

where Q 1s an R xM orthonormal matnx and R is a M x M upper triangular niatrix.

*
S,

The orthonormal matrix Q has orthogonal columus and unit power for each column, or

A,

s - ac I . o ’ - R e
Q" - Q=1 where "™ denotes a conjugate transpose. The upper tiangular matrix R

..... A S &

contains zeros below the diagonal. The structure of the upper triangular matrix R may
be exploited to reduce the number of hypotheses to evalnate.

100441 Equation {2) may be rewritten as follows:

y=H-s+n=Q-R-s+n, and Eq (7)
AN & X e Dol “ 5
y=Q -y=R-g+n, Eq (8)
LT ’ 7. - ;
where ¥y ={37 3 ... Vo] 1sarotated vessionof ¥ and ' =Q" -n.

10045} The distance metnic 1n equation (4) may be rewritten as follows:

.-y o e | - )
IX$)=Hy ~R-S | . Eq (9)

Al -
Sty
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100406} Equation (9) may be expanded as:
T N T SEE S ) ) 3 ~7 % =c“3
Sl e Fr T N [- % ik
SNV I - .1 ) ow iR
iE E V. E s O f'\ v ¢ .,'% d i E : *Sﬁ E EE
SN A 32 SSIEHE I Eq (1)
ﬁ(?)“iéi JR B - Dt S I 5 ' 1 (10
S A SR S * " R
4 P} v |
s ‘2 ? H P " > .
1" i‘)";\[ 3 L O O AMA M§\§M§

{0047} For M = 4, equation {10) may be further expanded as follows:

Dy =i v~ 517, Eq (11a)
Dy =Dy +iyy~ry Sy~ 5305 ", Eq (11b)
1, ¥133 S —ra S =¥ —my o351, and Eq (11c)
Dy = Dy 415, =5y By T by T By - o D(E) Eq (11d)
10048} Equation set (11) may be generalized for any value of M, as foltows:
Nt e
D o= [ "‘r' 3 wa} - ¥, ; , for 7= M, ... 1, bq (12)
Fees ;

where [, = 0. For equation (12}, index / runs backward trom M down fo 1,

{0049} As shown in equations (10) through (12}, the distance metnc may be

computed incrementally with M terms [ fhirough Dy Term Dy is only dependent on

hvpothesized symbol 3, and represents the distance for this symbol. Term [y 18
dependent on hypothesized symbols 5, and 3, and represents the aggregate distance
for these two symbols. Each subsequent term is dependent on one additional
hvpothesized symbol.- Term [ is dependent on all M hypothesized symbols 5, through
3., and represents the total distance for all these symbols. The distance metric may be
computed incrementally in M levels, one term £); in each level, starting with the last

termt Dy in the first level, For each level, D, is computed for all hypotheses applicable

for that level.

j0050] Sphere detection may be performed in various manners.  Several

embodiments of sphere detection are described below.
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{0031} For tull sphere detection, all hypotheses with distances equal to or fess than a
threshold Dy are retained, and all other hypotheses are discarded. The threshold Dy is
also called a sphere radius. Full sphere detection may be performed as follows. Foc the
first level with 7= M, a list Py is formed with 2% hypothesized symbols ¥, that
might bave been transmitied for data svmbol sy, which is generated based on a signal
constellation having AN stgnal poinis, ey, I QAM. Dy is computed for the 29
hypothesized symbols in list Py as shown in equation (12) to obtain 2% distances. All
hypothesized symbols with distances less than or egual to the threshold are stored in a
candidate hist Cy. All other hypothesized symbols are discarded. which has the effect

of pruning all hypothesized symbol vectors § containing the discarded symbols.

{0032} For the second level with 7=M-1_ a list Py, is formed with 2%

hypothesized symbols §;; that might have been transmitted for data symbol sy,

which t& generated based on a signal constellation having 2% signal points. Dieq 15
computed for ail valid hypothesized symbol pairs (3, ,, %, ) {0 obtain the distances for
these hypothesized symbol pairs. The valid hypothesized symbol pairs include all
possible combinations of each symbol in candidate list Cy; with each symbol in list
Psr. Adl hypothesized symbol pairs with distances smaller than or egual to the
threshold are stored in a candidate list Cyy.,y, and all other hypothesized symbol pairs are
discarded. |

{0053} Each of the remaining levels mav be evaluated in similar manner. A list P, is

4

- . 3 . . - " .
formed with 2™ hypothesized symbols & that might have been transmitted for data

symbol ;. which is generated based on a signal constellation having 2% signal points.
£J; 1s computed for all valid hypothesized symbol sets (5,,.... 3,) to obtain distances for

these hypothesized symbol sets. The valid hypothesized svmbol sets include afl
possible combinations of each hypothesis in candidate list C..y with each symbol in list
Pi. Al hypothesized symbol sets with distances smaller than or equal to the threshold
are stored 1n a candidaie list G, and all other hypothesized symbol sets are discarded.
After all M levels have been evaluated, the detected symbols may be determined based
on the hypotheses stored in candidate hist C;. For clarity, the description above USes
cifferent candidate lists for different levels. A single candidate list € may also be used

for ali M levels and may be updated at each level.
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{00354 F1G. 3 shows an exemplary search tree for sphere detection of data symbols

that may be generated with ditferent modulation schemes. In this example, M =4 and

tour terms D through D, are computed. For the first level with i=4, D, 15 computed
for 2% hypotheses for 2% possible data symbols that might have been transmitted for
data symbol s5. The 2% hypothesized symbols are denoted as §, (1) through §,{2%) in

#1G. 3. Two hypotheses have distances less than or equat to the threshold and are
shown with black filled nodes. For the second level with 7=3, /)4 1s computed for
2-2% hypotheses for 2-2% possible symbol pairs that might have been transmitted for
data symibols &1 and 535, Again, two hyvpotheses have distances less than or equal to the
threshold and are shown with black filled nodes. For the third level with i=2_ /s 15
computed for 2.2% hypotheses for 2-2°% possible svmbol sets that might have been
transmitted for data symbols 52, 85 and 54 Three hypotheses have distances less than or
equal to the threshold and are shown with black filled nodes. For the last tevel with
F==1, Dy is computed for 3-2™ hypotheses for 3.2% possible symbal sets that might
have been transmitted for data symbols $,, 52, 3 and 55 Four hypotheses have distances
less than or equal to the threshold and are shown with black filled nodes. The set of
symbols with the smallest distance 1s shown by the heavy line.

10055} For partial sphere detection, Ny best hypothesized symbols are retained for
cach level and used to form hypotheses for the next level. As shown 1n equstion set
(11), the QR decomposition allows data symbol 54 to be detected 1n isolation by
removing the interference from other data symbols. The detection of the next data
symbol s3 relies on the remaval of the interference from data symbol s,. This

interference Is given as 5y, -8, in equation (11b). The accuracy of the interference

estimate and the effectiveness of the iaterference cancellation are both dependent on
symbol ¥, being correct. It §, =5, and there are no errors in the channel estimates,
then the interference from data symbol s; may be completely canceled from the
detection of data symbol 3a.

10056} in one or more embodiments, the number of best hypothesized symbols (Nyg)
to retain for each level 15 a fixed value, e.g., 2, 3, 4, and so on. In other embodiments,
Nge 1s a configurable value that may be dependent on the constellation size for the data
symbol s being detected, the signal quality or other channel state information for data
symbol 57, and/or some other cntena. Signal quality may be quantitied by signal-to-

noise ratio (SNR), signal-to-naise-and-interterence ratio (SINR), energy-per-symbol-to-
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total-noise ratio (Eo/No), and so on. For example, Ny, may be set to a quarter of the
signal constellation size, N, =2 /4 or some other percentage. Ny, may be selected
such that the probability of the transmitted data symbol being among the Ny, best

hypothesized symbols meets or exceeds some predetermined percentage, e.o.. 95% or
some other percentage.

{0057] For constrained sphere detection, one best hyvpothesized symbol is retained
tor each level and is referred to as a hard decision for that level. Constrained sphere

detection is a special case of partial sphere detection with N, =1. The hard decision

for each ievel may be given as:

L e 2 3

5, =arg {nun 1), } | Eq (13)

=1

where §. 18 a hard decision for transmitted data symbol 5. In equation (13), the
hypothesized symbol 5, that produces the minimum distance for D, is provided as the

hard decision for data symbol §;. The hard decision for each level mav be camied

torward to the next level and used to compute the distances for the next level.

{0058} The distance metric in equation (12} may then be expressed as:
A3 (<
— I I . Py E : . w3 ’ -
{)I o j"}f“‘:'l T; -}.} e I‘.‘, ] ’ "S." -- ‘{f‘j . ’3_,” % : fOl- { == E\'II; seey l . Eq (l‘fi)
§ J PR, : '

The summation term in equation (14) may be considered as the interference from prior
detected svmbols.  In this case;, s modified received symbol v, obtained after

interference canceliation may be expressed as;

Nt
),r:;-;; }.4; — Z};\f . S:j ) fm‘ f. po ]\r’ - ].‘. cimy i . Eq (15)

S Y
Jidss )

{00591} The distance metric in equation (14) may then be rewritten as:

§ 2

. & we

D=0, +iyv-r,-8i . fori=M-1..1. Eq (16)

Py« ;

¢

¢

(1 4

{0060 As an example, 1f bwo data streams are sent and s = (s, 5,7 " and

s

.....
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D=3 —n, 5 F. Eq (17}

r L ad

{00611 The distance for data symbol s, may then be expressed as:

Py = ol SR Y . ~ 2 :
Dy =L 413 =R 8§ =Ry 8§ 7= D, +iy) - hat 517, Eq (18)

o

C

where 3= y/' ~#.-F,.

L PP

10062} For partial and constrained sphere detection, the number of hypotheses to
evaluate at each level after the first level may be substantially reduced by retaining Ny,
best hyvpothesized symbols for each level. For constrained sphere detecti o, one hard
deciston is carried forward for each level, and the number of hypotheses to evaluate at

each Jevel is 2% . For the second level. different hypothesized symbols 3,,, and hard

L= = N

deciston &, wmay be evalvated, instead of different hypothesized symbol  pairss

{ $14.9- 5 ). For the third level, different hypothesized symbols S1.2 and hard decisions

Suoand 8y may be evaluated, instead of different hypothesized symbol sets (3, .,

*

Sys10 S )

10063} The constrained sphere detection scheme relies on distances compuied USERY
hard decisions for data symbols already detected, as shown in equation (1 4). The
performance of constrained sphere detection is then dependent on the reliability of the
hard decisions. The reliability of the hard decisions for a given data stream. is dependent
on the modulation scheme and the signal quality of that stream. In one or more
embodiments, the order of detection is selected based on expected symbol probabilities
or symbaol error rates (SERs) for the data streams. The SER for each data stream may
be estimated or ascertained based on channel state information. In this embodim ent,
detection is first performed for the data stream with the lowest SER. This data stream
should have the largest link margin relative to the uyn-coded signal quality, ¢.g.., SNR,
requirement for the modulation scheme used for that data stream. Detection is then
performed for the data stream with the next lowest SER. and so on. This detection
orgering reduces propagation of symbol errors from earlier detected sireams in the
computation of distances for the later detected streams. The rate for each data stream
may be selected to achieve a desired SER.

{0064f A rate or packet format may be selected for each data stream based on ifs

signal quality, as described below. The rate may be associated with a particular speciral
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etficiency, which may be given in unifs of bits per second per Hertz (bps/Hz). A g¢iven
rate may be achieved with different combinations of modulation scheme and code rate.
For example, a cate of 3 bps/Hz may be achieved with (1) code rate 374 and 16-QAM.
(2) code rate 1/2 and 64-QAM, or (3) code rate 3/8 and 256-QAM. These different
combinations of cade rate and modulation scheme may require shightly different signal
qualities to achieve a target packet ervor rate (PER) HHowever, these different
combinations of code rate and modulation scheme may have substantially different
SERs. For a given signal quality, the SER for 16-QAM is lower than the SER for 64-
QAM, which 15 lower thau the SER for 256-QAM. The progressively higher SERs for
10-QAM, 64-QAM and 256-QAM are accounted for bv the progressively stronuer
codes (or lower code rates) for 16-QAM, 64-QAM and 256-QAM.

10065] The performance of constrained sphere detection 1s affected by the SERs for

the earlier data streams (e.g., the first data stream} to be detected. The rate for each of
the earlier detected streams may be selected to achieve g target SER or lower. This
target SER may be 3%, 10%, or some other value. In one or more embodiments, if the
SER for an earlier {e.g., first) detected stream exceeds the target SER, then the rate for
the stream 1$ reduced {0 a highest rate with a lower order modudation scheme, which
then reduces error propagation for the interference cancellation. The selection of a
lower order modulation scheme mayv reduce the throughput of the eatlier detected
stream but may smprove the throughputs of later detected streams. Computer
simutation ndicates that this rate selection strategy may tmprove the overall throughput
for certain channel conditions, e.g., high SNRs.

{00066] For the sphere detection schemes described above, the nwmber of candidate
hypotheses to store 1 Iist C may be trimmed in various manners. In one or more
cmbodiments, all hypotheses with distances equal to or iess than the threshold Dy are
retained. For this embodiment, the number of candidate hypotheses to store at each
level is not necessanly constant. In other embodiments. the number of candidate
hypotheses to retain at each level may be a funciion of the expected SER. which is
dependent on the modulation scheme and the signal quality of the data stream being
detected. In vet other embodiments, Ny best hypotheses are retained at each level, In
vet other embodiments, up to Ni best hypotheses with distances equal to or less than the
threshold D are retamsed at each level. In yei other embodunents, Ny, best hypotheses
are retained for each node. In yet other embodiments, up to Ny, best hypotheses with

distances equal 1o or less than the threshold 12y are retained for each node. Ny and N
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may be selected based on a tradeoff between detection performance, complexity, and/or
other comsiderations. For example, Ny and Ny, may be selected based on signal
constellation size so that more candidate hypotheses are stored for larger signal
constellations. Ny and Ny, may also be constraived to be equal to or {arger than some
mininum value (8.g., N, =2 ), which ensures that at least Ny,;, candidste hypotheses
are stored for each level or node. In general, any number of hypotheses may be stored
in the candidate list C.

{00067] After completing sphere detection, log likelihood ratios (LLRs) may be

computed for the code bits based on the candidate bypotheses in list C, as follows:

{ ]
- l - 3 l v¢ S VR O ~3 [
Lib)y = :fl;lgl-g Y H-si" s - Leosis
oot et SR ‘\ U}s I
o | \, Eq (19)
= MNAXY - fy =~ B 5§ 4Dy Lo §
= S I\ O'a'z }

where b is a bit vector corresponding to hypothesized symbol vector 5 :

P WAy

b, 15 a vector with all code bits in vector b except for code bit hg;

L

AP oie |,

L. 1y 18 & vector with a priori LLRs for all code bits in Q{ £

C; 15 a subset of candidate list C and contains hypotheses for which $, = +1;

> 3

C 15 a subset of candidate list C and contains hypotheses for which & =1 and

L..(b.) is the extrinsic LLR for code bit ;.

Ia general, the detecled symbols may be provided as LLRs or in some other form.

{0068} Equation (18) may be evaluated for each code bit in the wansmitted bit

L el |

vector b, For cach code bit A, all hypothesized symbol vectors § in candidate list C

ha S

may be considered. Each hypothesized symbol vector § has a corresponding
hypothesized bit vector b . For equation (18), the expression within the max operation

Ay,

18 computed for each hypothesized bit vector b to obtain a result for that bit vector,
The largest result for all hypothesized bit vectors b with b, = +1 15 1dentified. The
largest result for all hypothesized bit vectors b with b, == —1 is also identified. The
LLR for code bit by 15 equal to the difference between the largest result for b, =+1 and

the largest resalt for b, = --1.
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{0069] FIG, 4 shows aspects of a process 400 for performing sphere detection. An
order of detecting data symbols sent in a MIMO transmission is selected based on at
least one attribute of the data symbols (block 412). In one or mwore embodiments, the
order 1s selected based on error probabilities for the data symbols, starting with the data
symbol having the lowest error probability. I other embodiments, the order is selected
based on modulation schemes for the data symbols, starting with the data symbol having
the lowest order modulation scheme. In yet other embodiments, the order is selected
based on {ink margins for the data symbols, starfing with the data symbol having the
largest link margin.

10070} Sphere detection is performed for the data symbols in the selected order
{block 414). For sphere detection, a channel response matrix may be decomposed to
obtain an upper trangular matrix. The data symbals may be detected one at a time In
the selected order. For each data symbal, distances for multiple hypotheses of the data
symbol may be computed based on the received symbols, the upper triangular matrix,
and candidate hypotheses and/or hard decisions for data symbols already detected.
Candidate hypotheses for the data symbols are determined based on the computed
distances. LLRs for code bits of the data symbols are computed based on the candidate
hypotheses (block 416).

{0071} ¥FI{=. 5 shows aspects of an apparatus 500 {or performing sphere detection.
Apparatus 500 includes means for selecting an order of detecting data symbols sent in a
MIMO transmission based on at least one atinbuie of the data symbols, e, error
probabilities, modulation schemes, and/or hink margins (block 312), means for
performing sphere detection for the data symbols in the selected order (block 514), and
means for computing LLRs for code bits of the data synibols based on the candidate
hypotheses from the sphere detection (block 516).

{0072] FIG. 6 shows aspects of a process 600 for performing sphere detection. An
order of detecting data symbols seut in 8 MIMO transmission is selected, e.g., based on
error probabilities, modutation schemes, link margins, and so on (block 612). Sphere
detection is then performed on received symbols to detect for data symbols generated
with at least two modulaion schemes (block 614). The sphere detection may be
performed based on the modulation schemes nsed for the data symbols. In one or more

embodiments, the number of hypotheses to evaluate for each data symbol is determined

based on the modulation scheme for the data symbol. Tn other embodiments, the

number of hypotheses to retain for each dala symbol is determined based on the
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modulation scheme for the data symbol. LLRs for code bits of the data symbols are
computed based on candtdate hypotheses tor the data symbeols (block 616).

10073} FI1G. 7 shows agpects of an apparatus 700 for performing sphere detection.
Apparatus 700 includes means for selecting an order of detecting data symbols sent in a
MIMO {fransmission (block 712), means for performing sphere defection on recetved
symbols to detect tor data symbols generated with at feast two modulation schemes
(block 714), and means for computing LLRs for code bits of the data symbaols based on

candidate hypotheses for the data symbols (block 716).

2. Rate Selection

{0074 A raie or packet formatl may be selecied for each data slream io achieve a
target level of performance, which may be quantified by a target PER, ¢.¢., 1% PER.
The rate for each data stream may be selected based on channel state information, ¢.g..
the signal quality of the data stream, which may be estimated as described below.

{0075] For sphere detection with QR decomposition, the signal guality, e.g., SNR,
of each data stream may be dependent on the order in which the stream is deiected. For
the simple case with two data streams, with stream 2 detected first followed by stream

I, the SNR of cach data stream may be expressed as:

R
A

r.‘}."}

PR i B Jz Eq (21)
AR 4% T q e
Crﬁ

where p ., and p,, . are the SNRs of streams 1 and 2, respectively, with sphere

7 X33
detection,
10076} The receiver may also m p]emmﬁ a successive interference cancellation
(31C) scheme and may perform spatial matched filtering and successive interference
cancellation using hard decisions. For the SIC scheme, the receiver recovers the M data
streamis 1n M stages, one data stream in each stage, and estimates and cancels the
nterference caused by each recovered data stream. For the first stage, the receiver

performs spatial matched hiltering on the received symbols y and obtains delected

F e Y

svmabols for one data stream.  The spatial matched filtering may be based on zero-
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forcing (ZF), minimum mesn square error (MMSE), maximal ratio combining (MRC),
or some other techmque. For coded interference cancellation, the receiver processes
(e.g.. svinbol demaps, deinterleaves, and decodes) the detected symbols to obtain
decoded data and further processes (e.o., encodes, inferleaves, and demodulates) the
decoded data to obtain remodulated symbols, which are estimates for the data symbols
just decoded. The receiver further processes the remodulated symbols with the channel

estimates and obtains interference components i, due to the recovered data stream.

The interference components i, are then subtracted from the received symbols y to

obtain modified received symbols y  having the interference components removed.

The modified received symbols ¥ are then processed by the next stage.

{0877} The constrained sphere detection scheme is equivalent to the SIC scheme
with uncoded interference cancelfation. ¥For constrained sphere detection, hard
dectsions are obtalned for data symbols s through sy and used for inferference
cancellation. The modified received symbol »; is based on hard decisions 5., through
%y tor the data symbols already detected, as shown in equation (13). Ideally, it is
desirable to perform interference cancellation using the remodulated symbols generated
from the output of the decoder since these symbols tend 1o be more reliable than the
harg decistons. However, in many cases, the remodulated symbols are not available due
to processing complexity and/or latency.

100778} A parallel may be drawn between sphere detection and the SIC scheme. The
SNRs of the data streams detected with sphere detection may be estimated by the SNRs
of the data streams recovered with the SIC scheme. For the SIC schenie, a spatial filter
vector may be derived for data stream m based on the zero-forcing (ZF) or MMSE

techmgue, as follows:

me . =h, [HD-H T, for m=M,. 1. Eq (22)
& A et yy . 2 -} . |
.I.vamr,_ no ..le,j : [:!':!w ’ :i.].:m * U:; ) -!-] x E q (‘?‘3 )

where H,, is an R xm reduced channel response matrix for data stream

h, 15 an R x1 channel response vector for data stream m2; and

g
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m.oand m, are R x1 spatial filter vectors for data stream »r for the zero-
foremg and MMSE techniques, respectively.

H,, contains m columns of M for m data streams not vet detected, with M —m columns
of H for the data streams already detected in prior stages removed.

{06079} The detected symbol for data stream m, 5, may be expressed as;

S F 31
§ =nt, -V Eq {(24)

where y 15 an Rx1 vector of wmodified received symbols for stage m; and

vt K33

m,, may be equal to m_, . OF WM., -

{00801 The SINR of data stream m for the SIC schemie mav be expressed as:

i
Vo esiom =gy, and Eq (25)
O'” . ‘.!g* i 3}

-4 o

&
- . m!.‘: ) g:‘.l -
4 = : -, Eq (26)

5 ORI AT, 1 : i34
l-m, -b

— e Ex

where ¥ o w 8 ¥ are the SNRs of daia stream s with the zero-forcing and

MIMSE techniques, respectively. The SNRs computed for the data streams based the
SIC scheme with the zero-forang or MMSE technique may be used to select the rates
for the data streams detected with sphere detection.

{0031} It can be shown that for the case with two data streams and perfect

mterference cancellation, . . for the data stream detected second with the SIC
scheme 1s equal to y,, for the data stream detected second with sphere detection.

o4 .~ for the data stream detected first with the SIC scheme is almost the same as

7 RIS,

¥ for the data stream detected tirst with sphere detection at high SNRs. Thus, the

rates for the data streams detected with sphere detection may be selected based on the
SNRs computed for the data streams with the MMSE-SIC scheme.

{0082]  The signal qualities of the data streams detected with sphere detection may
also be estimated in other manners. The estimated signal qualities for the data streams

may be used to select the proper rates for the data streams.
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{0083} In one or more embodiments, the system supports 8 set of rates or packet
tormats. Each supported rate may be associated with a specific speciral efficiency, a
specific code rate, a specific modulation scheme, and a specific minimum SNR required
to achieve the target PER for a non-fading, AWGN channel. The supported rates and
the required SNRs may be stored in a look-up {able. The rate for each dala stream may
be independently selected based on the SNR computed for that stream.

{0084} In other embodunents, the system supports a vector-quantized rate set, which
may also be called a modulation coding scheme (MCS) set. The vector~-quantized rate
set contains only certatn combinations of rates. The rates for the M data streams may be
selected jouwntly from among the rate combinations in the rate set.

{0085} For both embodiments, different rates may be selected for different data
streams base on their signal qualities and/or other factors. The ability to use different
rates for the data streams may improve the overali throughput.

{0036} In one or more embodiments, the rates for the data streams detected with
sphere detection may be selected in an iterative manner. Initial rates may be selected
for the data streams based on their signal qualities. If the SER for an carlier detected
stream s higher than the target SER, then another rate with a lower order modulation
scheme may be selecied for the stream, and the overall throughput may be detersined
for all streams. The combination of rates with the highest overall throughpul tor all data
streams may be selected for use.

{0087} KIG. 8 shows aspects of a process 800 for selecting rates for data streams.
Sphere detection is performed for multiple data streams (block 812). Channel state
mrformation is obtained for the data streams detected wilh sphere detection (block S14),
‘The channel state information may comprise channel estimates (e.¢., a channel response
matnix), noise estimates, interference estimates, power measurements, signal quality
estimates, and/or other information.

{00388} Rates are selected for the data streams based on the channel state information
(block 816). In one or more embodiments, the rates for the data streams are selected
based on signal gqualities (e.g.. SNRs) of the data streams, which may be estimated
based on the chapnel state information. The signal qualities for the data streams may be
estimates based on an upper triangular mattix used for sphere detection. The upper
triangular matax may be derived from a channel response matrix, which may be part of
the channel state information. The signal quality of each data stream may also be

estimated based on the SIC scheme with an assumption that interference from data
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streams already detected 15 canceled.  The rate tor each data stream may be
independentiy selected. The rates for all data sireams may also be jointly selected. The
rate for a data stream (e.g., the first data stream to be detected) may be selected to
achieve a target SER or better for that data stream. An initial rate may be selected for
the data slream based on its estimated signal quality, and a revised rate with a lower
order modulation scheme may be selected if the initial rate results in the data stream
exceeding a target SER.

{3089} FIG. 9 shows aspects of an apparaius 900 for sclecting rates for data
streams.  Apparatus 900 includes means for performing sphere detection for multiple
data streams {(block 912), means for obtainming channe! state information for the data
streams (block 914), and means for selecting rates for the data streams based on the
channel state information (block 916). The rate for one or more data streams mayv be
selected to achieve the target SER or better.

{0090} F1G. 10 shows a block diagram of aspects of RX spatial processor 160 and
RX data processor 170 at recetver 150. Within RX spatial processor 160, a computation

unit 1010 recerves the channel estimates H from channel processor 194 and derives the

orthonormal matrix Q and the upper triangular matrix R

A sphere detector 1020

pesforms sphere detection on the received symbols ¥y from R receiver units 1342

Py

through 154r with matrices Q and R and provides detected symbols or candidate

Nt

hypotheses. Sphere detector 1020 may perform detection in an order detennined by
controller 190. Sphere detector 1020 may make hard decisions on detected symbols and
may compute distances based on the bard decisions. Sphere detector 1620 may consider
all hypotheses for each data symbol or, if spatial matched filtering is performed, may
consider onty a subset of hypotheses that are close to a detected symbol provided by the
spatial matched hitering. An LILR compuiation unit 1030 computes the LILRs for the
code bits based on the detected symbol or the candidate hypotheses from sphere
detector 1020,

{0091} Within RX data processor I?O, M channel deinterieavers 1040a through
1040m receive the LLRs for the M data streams from LLR computation unit 1030.
ach channel deinterleaver 1040 deinterleaves the LLRs for ifs stream in a manner
complementary 1o the interleaving performed by channel interleaver 226 for that stream.

A multiplexer 1050 multiplexes or senializes the deinterleaved LLRs from channel
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deinterleavers 1040a through 1040m. A decoder: 1060 deéodes the deinterleaved LLRs and

provides decoded data.

[0092] The techniques described herein may be implemented by various means. For example,
these techniques may be i‘mplcmented in hardware, firmware, software, or a combination thereof.
For a hardware implementation, the processing units used to perform detection, rate selection, and
so on may be implemented within one or more application specific integrated circuits (ASICs),
digital signal processors (DSPs), digital signal processing devices (DSPDs), programmable logic
devices (PLDs), field programmable gate arrays (FPGASs), processors, controllers, micro-
controllers, microprocessors, .electronic devices, other electronic units designed io perform the
functions described herein, or a combination thereof.

[0093] For a. firmware and/or software implementation, the techniques may be implemented with
modules (e.g., procedures, functions, and so on) that perform the functions described herein. The
firmware and/or software codes may be stored in a memory (e.g., memory 192 in FIG. 1} and

executed by a processor (e.g., processor 190). The memory may be implemented within the

processor or external to the processor.
{0094] While specific embodiments of the invention have been described and illustrated, such

embodiments should be constidered illustrative of the invention only and the scope of the
claims should not be limited by the preferred embodiments set forth in the examples, but

should be given the broadest interpretation consistent with the description as a whole.
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CLAIMS:

1. An apparatus comprising:

at least one processor configured to select an order of detecting data symbols
sent in a MIMO transmission based on at least one attribute of the data symbols, and to

S5 perform sphere detection for the data symbols in the selected order, wherein the at least one
attribute comprises modulation schemes, link margins, or a combination of modulation

schemes and link margins, for the data symbols; and
a memory coupled to the at least one processor.

2. The apparatus of claim 1, wherein the at least one attribute comprises error
10 probabilities for the data symbols, and wherein the at least one processor is configured to
select the order based on error probabilities for the data symbols, starting with a data symbol

having a lowest error probability.

3. The apparatus of claim 1, wherein the at least one attribute comprises
modulation schemes for the data symbols, and wherein the at least one processor 1s contigured
15 to select the order based on modulation schemes for the data symbols, starting with a data

symbol having a lowest order modulation scheme.

4. The apparatus of claim 1, wherein the at least one attribute comprises link

margins for the data symbols, and wherein the at least one processor is configured to select the
order based on link margins for the data symbols, starting with a data symbol having a largest
20 link margin.

5. The apparatus of claim 1, wherein the at least one processor is configured to
decompose a channel response matrix to obtain an upper triangular matrix for the selected
order, to compute distances for a plurality of hypotheses for each data symbol based on the

upper triangular matrix, and to determine candidate hypotheses for the data symbols based on

25 the computed distances.
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6. The apparatus of claim 1, wherein the at least one processor is configured to

identify at least one hypothesized symbol for each data symbol, and to determine candidate
hypotheses for the data symbols based on the at least one hypothesized symbol for each data
symbol.

7. The apparatus of claim 1, wherein the at least one prdcessor 1s configured to
obtain at least one hard decision for at least one data symbol, and to determine candidate

hypotheses for the data symbols with the at least one hard decision.

8. The apparatus of claim 1, wherein the data symbols comprise first and second
data symbols, and wherein the at least one processor is configured to compute a first set of at
least one distance for at least one hypothesis for the first data symbol, to obtain a first hard
decision for the first data symbol based on the first set of at least one distance, and to compute

a second set of at least one distance for at least one hypothesis for the second data symbol

with the first hard decision.

9. The apparatus of claim 8, wherein the data symbols further comprise a third
data symbol, and wherein the at least one processor is configured to obtain a second hard
decision for the second data symbol based on the second set of at least one distance, and to

compute a third set of at least one distance for at least one hypothesis for the third data symbol

with the first and second hard decisions.

10. A method comprising:

selecting an order of detecting data symbols sent in a MIMO transmission

based on at least one attribute of the data symbols, wherein the at least one attribute comprises

modulation schemes, link margins, or a combination of modulation schemes and link margins,

for the data symbols; and

performing sphere detection for the data symbols in the selected order.

11. The method of claim 10, wherein the at least one attribute comprises error

probabilities, modulation schemes, link margins, or a combination thereof for the data

symbols.
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12. The method of claim 10, wherein the performing sphere detection comprises

decomposing a channel response matrix to obtain an upper triangular matrix

for the selected order,

computing distances for a plurality of hypotheses for each data symbol based

5 on the upper triangular matrix, and

determining candidate hypotheses for the data symbols based on the computed

distances.
13. The method of claim 10, wherein the performing sphere detection comprises
obtaining at least one hard decision for at least one data symbol, and
10 determining candidate hypotheses for the data symbols with the at least one

hard decision.
14. The method of claim 10, further comprising:
identifying at least one hypothesized symbol for each data symbol; and

determining candidate hypotheses for the data symbols based on the at least
15 one hypothesized symbol for each data symbol.

15. An apparatus comprising:

means for selecting an order of detecting data symbols sent in a MIMO
transmission based on at least one attribute of the data symbols, wherein the at least one

attribute comprises modulation schemes, link margins, or a combination of modulation

20 schemes and link margins, for the data symbols; and

means for performing sphere detection for the data symbols in the selected

order.
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16. The apparatus of claim 15, wherein the at least one attribute comprises error
probabilities, modulation schemes, link margins, or a combination thereof for the data

symbols.

17. The apparatus of claim 15, wherein the means for performing sphere detection

COMprises

means for decomposing a channel response matrix to obtain an upper triangular

matrix for the selected order,

means for computing distances for a plurality of hypotheses for each data |

symbol based on the upper triangular matrix, and

means for determining candidate hypotheses for the data symbols based on the

computed distances.

18. The apparatus of claim 15, wherein the means for performing sphere detection

COMPIrises

means for obtaining at least one hard decision for at least one data symbol, and

means for determining candidate hypotheses for the data symbols with the at

least one hard decision.
19. A processor readable media for storing instructions operable to:

select an order of detecting data symbols sent in a MIMO transmission based

on at least one attribute of the data symbols, wherein the at least one attribute comprises

modulation schemes, link margins, or a combination of modulation schemes and link margins,

for the data symbols; and

perform sphere detection for the data symbols in the selected order.
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