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provides Mrates for the Mdata streans to controller 190. The rate

for each data stream indi cat epptiAq1 $9FPESEREPRITNT he nodul ati on
schenme to use for that data stream [0025]Controller 190 sends rate

i nf od9fE6] on (eThe Worh@xwpplatie 49 A dersss i Beap “sUHBE 25 AR S¥amAle.dRstigeg. |
acknow ed GK O, V.

communi catt S 1 69y pbpARRACISHRARNE G0k AR iR b ARG
transmttée cdxﬂs&uecbasqueased treadr attegeond @Jetraﬂhmmm’@dunqﬂtsow des the M

rate TX da ocessor .120, r I ein
perfi?'hgh by rferg%%@ rmf%IBISSIPﬂ aﬁgr{gﬁpaﬁa‘écﬁ Y\I%%%u (ﬁts&}b?gr%l%? %ﬁgbo °
perfor med ybyd f@Cainoas mdifch@ifmel CamSnichitn 1ﬁs®:msomthomhlnpld)&2!ﬁs}ﬂ1mcﬁln
aspect, a inie code rate is selected for all dat tr.eans cl

G P ar ent RO o o8 X LEhEr it B MBS i e O & LI OISk FRLRIe The
Mrates fohpubheviidpt@test hedmEo d?lldﬁﬁ&ﬁl\éﬁcyt Jielsfoarﬁan@plae(@mm amanmy

have the same or different nod %atlon schenes. The use of a sin

Code rat e MBROgyyewhet "SHrenEDNA R Faipd sMACOHON Lysriona te
t ransm tt gfy; ?[g fﬁg dquggt NYstdh, 4 Jeﬁ@}?&\fﬁfon RIS FRINT HsteRl & code

| ection an e’ anount rate feedback, and ray I nprove
perfornan(ﬂevmgmﬂmﬁ@lede(t?@l@tﬂb’etmaanDMH The system may support a set

of ¢ 9@17 at es. gﬁﬁc?g '?e %ﬁm‘fﬂ \BE%IES( égncy r&‘?%gt &%ﬁénﬁm&da%dode

COdI herre an | o a e supporte
r at es may nodtipls BT rmtized amteni:nas(al)a x&célﬁmfenﬂataoﬂnmglssmhe e IO ¢Rynnehe

di t diff t t A
Rl S R R T N Lo
code, or & gatllichaineRwhdieSe0hin {TOGA3]S ﬂfﬂi@hﬁsﬁn&lﬁ%ls&t&y%@ﬁ@ieﬁrmmet _

of rates supported by the system Each supported rate is associ at ed
with a spéh¢$ﬁmﬁﬁa]eﬁhamrﬁﬁe a specific code rate, a specific

dul h h
dosi @i ovel " A QFPRE sfhucHialeilois T A SR BebER £ ABRLRAC] 17
of i nf or matrthogonal Bu;b’qamds, vddel atel giso wn@bton(zsnetubstaﬁyaﬁ blﬁheam;le’é'cqt@dcy
I | of f t t t PER
or s non B kb A L it L et B
obt ai ned \/wl&l gaapWieto Ki tf’ﬁmls:%isbﬁﬂ cham&lsrmﬁ?be Ifﬁa&ar\aﬂ?ﬂieSK subbands.

Cco utat| r sone .ot her or. . a._.s 1 T1.C em desi gn
(e”S , Qc&fw YEHR fassesPaiifcaImg Phsacgeﬁéﬁigsawﬁ%sﬁmg ﬁ X
s¢hene USQELnEIBIss&H@Eanﬁé}& fihy BB GoraRd AR S S Athanl=RAZ N R kubtagdEx | e

shown in Table 1, four code rates of 1/4, 1/2, 3/4 and 7/8 are
suppor t ed. MiBEPERMAysts@henes of BPSK, QPSK, 16- QAM 64- QAM and

256- y be s i t : / | &L .
ccnertlelr” oot Bl PuEGRe iAok Sherhyfl BEC e frmbl ot B
rate 7/8. framewy, imé, )andler ccajerdon:ames F(meam&ethea:métqainaamd&ﬂl(at ¢hgnnels
pairs) are_all owed ner.al 34 € ort

code rat esmaX/\ﬁOrEeﬁp?%i tol‘ﬂ ’Tﬁltljtes’yatl e ra eSs mﬂ%%@t d@é%e]ng%ideg%%
aISI code r apetal z?amgs?a ,MBVIO-OBFDM sGtenn) Bhfﬁ:mm fgembmasej.n 4nh@FBYvs beRDRAY
all ow any set of podul ation sc S to be_use e rate.
Tabl e 1 al Y¥Wndifistenhiams gyisin éa”%gﬁ%ﬁ%rdﬂé%ﬁ% Jﬁ%@m%maéﬂ%% SYRETe
Set Data Rajeso(&i.t 3/ SxiEhidsRH ChEalce nWllﬁQB@ﬁﬁle@eﬂ'\Ew’sﬁdl SNRnd1d BBl @

Rate (bits/syni) Code Rate MOD Schene Required
chafnel, a data channel, a parallel channel, or some other terminology. For clarity,

portions of the following description are for a MIMO-OFDM system.



(dB) 0.25 1/4 BPSK -1.8 0.5
7.2

QPSK 2.9

/4 QPSK 1.2 1.0 1/2
1

1.0 1/4 16- QAM .5 1/ 4 64-QAM 13. 2

3.0 1/2 64- QAM 14. 4

[00201
C

[0021}
{0221

N

FIG. 1 shows a block diagram of a transmitter 110 and a receiver 150 in a multi-
channel communication system 100 according to an embodiment. At transmitter 110, a
TX data processor 120 receives traffic/packet data, processes (e.g., encodes, interleaves,
and symbol maps) the traffic data in accordance with M rates from a main controller
140, and generates M streams of data symbols, where M >1. As used herein, a data
symbol is a modulation symbol for traffic data, a pilot symbol is a modnlation symbol
for pilot (which is data that is known a priori by both the transmitter and receiver), a
modulation symbol is a complex value for a point in a signal constellation for a
modulation scheme (e.g., PSK or QAM), a transmit symbol is a symbol to be sent from
one transmit antenna on one subband in one symbol period, and a symbol is a complex
value. A TX spatial processor 130 multiplexes the M data symbol streams with pilot
symbols, performs spatial processing on the data and pilot symbols (e.g., for
eigensteering, no steering, or spatial spreading, which are described below), and
provides T streams of transmit symbols, where T =M. The M data symbol streams are
for M data streams. The T transmit symbol streams are generated such that the M data
streams are sent on M transmission channels.

A transmitter unit (TMTR) 132 processes the T transmit symbol streams (e.g.,
for OFDM) and generates T modulated signals, which are transmitted from T antennas
and via a first communication link 148. Communication link 148 distorts the modulated
signals with a channel response and further degrades the modulated signals with
additive white Gaussian noise (AWGN) and possibly interference from other
transmitters.

At receiver 150, R antennas receive the transmitted signals and provide R
received signals to a receivér unit (RCVR) 160. Receiver unit 160 conditions and
digitizes the R received signals and further processes the samples in a manner
complementary to the processing performed by transmifter unit 132. Receiver unit 160
provides received pilot symbols to a channel estimator/processor 172 and R sfreams of
received data symbols to a receive (RX) spatial processor 170. Channel estimator 172
derives channel estimates for communication link 148 and provides the channel
estimates to RX spatial processor 170. RX spatial processor 170 performs receiver
spatial processing on the R received data symbol streams with the channel estimates
{e.g., using a full-CSI, CCMI, or MMSE technique, as described below) and provides M
detected symbol streams, which are estimates of the M data symbol streams sent by
transmitter 110, An RX data processor 180 processes (e.g., symbol demaps,
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deinterleaves, and decodes) the M detected symbol streams in accordance with the M
rates selected for these streams and provides decoded data, which is an estimate of the
traffic data sent by transmitter 110. RX data processor 180 may further provide
decoding results (e.g., the status of each packet) to a rate selector/controller 182.

Main controllers 140 and 190 control the operation of various processing units at
transmitter 110 and receiver 150, réspectively. Memory units 142 and 192 store data
and program codes used by controllers 140 and 190, respectively.

For rate selection/rate control, channel estimator 172 may process the received
pilot symbols and possibly the detected data symbols and derive channel estimates, e.g.
SNR estimates, for the tfransmission channels. Rate selector 182 receives the
CHANNEL estimates and the decoding results, selects a single code rate for all M data
streams and a modulation scheme for each data stream, and provides M rates for the M.
data streams to controller 190. The rate for each data stream indicates the code rate and
the modulation scheme to use for that data stream.

Controller 190 sends rate information (e.g., the M rates) and possibly other
information (e.g., acknowledgments (ACKs) for packets decoded correctly) via a
second communication link 152 to transmitter 110. Controller 140 at transmitter 110
receives the rate information and provides the M rates to TX data processor 120. FIG. 1
shows the rate selection being performed by receiver 150. In genersal, the rate selection
may be performed by receiver 150, or transmitter 110, or both.

In an aspect, a single code rate is selected for all M data streams and a different
modulation scheme may be selected for each data stream. The M rates for the M data
streams thus have the same code rate and may have the same or different modulation
schemes. The use of a single code rate for all data streams may simplify the encoding at
the transmitter and the decoding at the receiver, may simplify rate selection and/or
reduce the amount of rate feedback, and may improve performance for the data streams.

The system may support a set of code rates. Each code rate may be associated
with a specific coding scheme and a specific amount of redundancy. The supported
code rates may be associated with (1) different coding schemes or (2) the same coding
scheme but different puncture rates. A coding scheme may comprise a convolutional
code, 2 Turbo code, a block code, some other code, or a combination thereof.

Table 1 shows an exemplary set of rates supported by the system. Fach
supported rate is associated with a specific data rate, a specific code rate, a specific

modulation scheme, and a specific minimum SNR required to achieve the desired level
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an embodiment. A single code rate is selected for all M data streams and a modulation



[ 0033] The rate selection in block 210 may be perforned at the start
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1/2). [O0053] A systemmay allow only certain conbinati ons of rates,
e.g., in order to reduce the anmount of rate information to send back
to the transmtter. The set of rate conbinations allowed by the
systemis often called a vector-quantized rate set. Table 2 shows an
exenpl ary vector-quantized rate set f@r a systemin which the
transmtter can transmt up to four data streanms and code rates of
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stream 4. For rate conbinations with just one data stream all or a
subset of (#lp&k 34Wes shown in Table 1 may be supported. The rate set
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N?:) for St(:&(?eaggte, e.%., %he?’néxt higl‘iler %oge Z1}a‘te>. Otherwise, if all code rates have been

evaluated for the current stream combination, then a determination is made whether all
stream combinations have been evaluated (block 344). If the answer is “No’, then
variable M is incremented as M =M +1 (block 346), and the process returns to block
322 to evaluate another stream combination. Otherwise, if all stream combinations have
been evaluated, then the stream combination, code rate, and moduiation schemes with
the highest overall throughput are provided for use (block 348).

-[0041] Muitiple code rates for a given stream combination may have the same highest
overall throughput. In this case, the most robust code rate (which is the lowest code
rate) among these multiple code rates may be selected. This may be achieved by (1)
evaluating the code rates in sequential order starting with the lowest code rate and (2)

_ saving a higher code rate only if the overall throughput is higher, as shown in FIG. 3.

{ [0042] Multiple stream combinations may also have the same highest overall
throughput, In an embodiment, the stream combination with the fewest number of data
streams is selected when multiple stream combinations have the same highest overall
throughpat. This may be achieved by (1) evaluating the stream combinations in
sequential order starting with thé stream combination having the fewest data steams and
(2) saving a stream combination only if the overall throughput is higher, as shown in
FIG. 3.

[0043] In another embodiment, the stream combination with the largest total SINR
margin is selected when multiple stream combinations have the same highest overall

throughput. The SNR margin for each data stream m may be expressed as:

SNR e () = SNR () —SNR,,,,(R) , for m=1,...M,  Eq()

targin est
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where R, is the rate selected for data stream m;
SNR ,,, (m) is the SNR estimate for data stream m;

SNR . (R,) is the required SNR for rate R,,; and

.
m?

SNR (m) is the SNR margin for data stream m.

nargin

SNR,,(m), SNR, (R}, and SNR, . (m) are given in units of decibel (dB). The

margin

total SNR margin for all M data streams may be expressed as:

SR s = 3 SR (1) Eq )
{ E [0044] In yet another embodiment, when multiple stream combinations have the same
highest overall throughput, a stream combination with more data streams is selected if
its total SNR margin exceeds the total SNR margin of another stream combination with
fewer data streams by a predetermined amount, which is denoted as Amargin. In
general, when multiple stream combinations have the same highest overall throughput, a
steam combination with fewer data streams may be selected to reduce crosstalk among
these streams and to simplify the processing at the transmitter and receiver. However, a
stream combination with more data streams may be selected if improved performance

(higher overall throughput, higher total SNR margin, and so on) can be achieved. |
[0045] In general, when multiple stream combinations have the same highest overall
throughput, any one, any combination, or all of the embodiments/criteria described
g above (céde rate, number of streams, SNR margin, and so on) may be used to select one
stream combination. For example, if multiple stream combinations have the same
highest overall throughput, then (1) the stream combinations with the smallest number
of streams may be selected, then (2) from those selected stream combinations the stream
combinations with the highest SNR margin for say the lowest stream may be selected,
then (3) from those selected stream combinations the stream combinations with the most
robust code rate may be selected, and so on, untfil only one stream combination is

selected.

[0046] In an embodiment of rate selection, which is shown in FIG. 3, a modulation
scheme is independently selected for each data stream based solely on the SNR estimate
for that data stream. This embodiment may be used, e.g., if the system allows for

independent tate selection per stream and each data stream is independently encoded
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(described below). Selecting a modulation scheme with a positive SNR margin for each
data stream ensures that each data stream can be reliably received.

In another embodiment of rate selection, the modulation schemes for the M data
streams are selected with margin sharing. This embodiment may be used, e.g., if the
system allows for independent rate selection per stream and the data streams are jointly
encoded (described below). For this embodiment, a modulation scheme is initially
selected for each data stream based on the SNR estimate for that data stream, as
described above. The SNR margin for each data stream is determined as shown in
equation (1). The total SNR margin for all M data streams is then compnted as shown
in equation (2). The total SNR margin is distributed to one or more data streams to
allow a higher order modulation scheme to be selected for each of the one or more data
streams, if possible.

The distribution of the total SNR margin may be performed in various manners.
In a first scheme for margin sharing, the M data streams are sorted in descending order
based on their SNR estimates, from highest to lowest SNR estimates. The sorted data
streams are then selected one at a time for possible promotion, starting with the data
stream having the highest SNR estimate. A promote SNR is computed for the selected
data stream as the difference between the requited SNR for the next higher order
modulation scheme (if any) and the required SNR for the modulation scheme initially
selected for this data stream. If the promote SNR is less than or equal to the total SNR
margin, then the selected data stream is promoted to the next higher order modulation
scheme, and the total SNR margin is reduced by the promote SNR. The selected data
stream is thus allocated sufficient SNR margin to select the next higher order
modulation scheme. The same processing is repeated for each remaining data stream
until no data stream can be promoted.

In a second scheme for margin sharing, the M data streams are sorted in
ascending order based on their SNR estimates, from lowest to highest SNR estimates.
The sorted data streams are then selected one at a time for possible promotion, starting
with the data stream having the lowest SNR estimate.

In a third scheme for margin sharing, the M data streams are sorted in ascending
order based on their differential SNRs, from lowest to highest differential SNRs. The
differential SNR for a data stream is the difference between the required SNR for the
next higher order modulation scheme and the SNR estimate for the data stream. The

sorted data streams are then selected one at a time for possible promotion, starting with
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the data stream having the lowest differential SNR. This scheme attempts to promote
first the data stream that needs the least amount of SNR margin for promotion, which

may improve performance and allow more data streams to be promoted.
[0051] In a fourth scheme for margin sharing, the M data streams are sorted in
ascending order based on their promote SNRs, from lowest to highest promote SNRs.
The sorted data streams are then selected one at a time for possible promotion, statting
with the data stream having the lowest promote SNR. This scheme attempts to promote
first the data stream having the smallest promote SNR, which may allow more data

sireams to be promoted.

[0052] Other schemes for performing margin sharing may also be used, and this is
{” within the scope of the disclosure. In general, the total SNR margin may be distributed
- to the M data streams in various order and manners. In an embodiment, a data stream
may be promoted to a modulation scheme that is more than one order higher. For
example, the selected data stream may be promoted as much as possible based on the
total SNR margin. In another embodiment, the amount of SNR margin that may be

allocated to a data stream is limited to be within a predetermined value SNR

allo_max °

SNR limits the amount of negative SNR margin observed by any data stream and

allo_max
ensures that no data stream will be sent at a rate with a required SNR that is excessively

above the SNR estimate for that data strearn. SNR may be a fixed value for all

allo_max

code rates. Alternatively, SNR ,, .. may be a variable value that is a function of code

rate 5o that a smaller SNR may be used for a less robust code rate (e.g., code rate

alle_inax
.
b 7/8) and a larger SNR ;, . may be used for a more robust code rate (e.g., code rate
1/2).
[0053] A systern may allow only certain combinations of rates, e.g., in order to reduce

the amount of rate information to send back fo the transmitter. The set of rate
combinations allowed by the system is often called a vector-quantized rate set. Table 2
shows an exemplary vector-quantized rate set for a system in which the transmitter can
transmit up to four data streams and code rates of 1/4, 1/2 and 3/4 may be selected. For
each rate combination, the overall throughput (OTP), the number of data streams to
transmit (Num Str), the code rate to use for all data streams, and the modulation scheme
to use for each data stream are given in Table 2. In Table 2, “B” denotes BPSK, “Q”
denotes QPSK, “16” denotes 16-QAM, “64” denotes 64-QAM, and “256” denotes 256-
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QAM., As an example, for the rate combination with an overall throughput of 19.5
information bits/symbol period, four data streams are transmitted, code rate 3/4 is used
for all four data streams, 256-QAM is used for data streams 1 and 2, 64-QAM is used
for data stream 3, and 16-QAM is used for data stream 4. For rate combinations with
just one data stream, all or a subset of the rates shown in Table 1 may be supperted.
The rate set may also be defined to cover other code rates such as, for example, code
rates 7/12, 5/8, 5/6, '1/8, and so on.

Table 2 — Vector-Quantized Rate Set

MOD for Stream MOD for Stream
oTp NST: (ljlt:tl: 1121314 OTP I\;T:l (li(':\c:: 112134
10| 2 luvalolo 9751 3 | 34 |64 64| B | -
1.5 2 2y QiB|l-]- 12.0 3 34 164 64| 16| —
2.0 2 72 1Q Q| ~ | - 12.0 3 3/4 (2561641 Q| -
3.0 2 12116, Q )| -1 - 13.5 3 3/4 125664 | 16 | —
3.0 2 334 1 Q| Q1 - | - 135 3 3/4 12561256 Q | ~
4.5 2 34 116 | Q 150 3 3/4 12561256 16 | —
525 2 34 1641 B - — 16.5 3 3/4 1256|256 64 | —
6.0 2 4 164! Q| ~ | —~ 7.5 4 172 14|16 [ Q | B
7.5 2 34 (64116 - | — 9.0 4 172 {64 |64} 16 | Q
9.0 2 34 164164 - | ~ 11.0 4 1/2 164 |64 ]| 64 | 16
9.0 2 34 125616 | - | - 105 4 34 641161 Q| Q
10.5 2 3/4 (25664 - | — 13.5 4 344 164164116} Q
1201 2 3/4 12561256 - | — 135 4 3/4 125664 | Q| Q
6.0 3 /2 16416 | Q| — 15.0 4 3/4 (256164 | 16 | Q
7.0 3 172164 (641 Q| — 18.0 4 3/4 1256164 ) 64 1 16
7.0 3 1/2 (2561161 Q| — 195] 4 3/4 [256]256] 64 | 16
9.0 3 1/2 1256 64 | 16 | — 21.0 4 3/4 12561256 |256| 16

¥1G. 4 shows a process 210b for selecting the rates for the data streams in a
system with a vector-quantized rate set according to an embodiment. Process 210b is
another embodiment of block 210 in FIG. 2. Process 210b evaluates different stream
combinations and different code rates based on the rate set supported by the system and
selects the rate combination that provides the highest overall throughput and is

supported by the channel conditions.
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Initially, the variable max_otp is initialized to zero, and the variable M is
initialized to one (block 410). For the first iteration of loop 420, a stream combination
with M data streams is selected for evaluation (block 422), and an SNR estimate is
determined for each of the M data streams (block 424). Loop 430 is then performed
once for each code rate that may be selected for the current stream combination.

For each iteration of loop 430, a code rate is selected for evaluation, e.g,, starting
with the lowest code rate allowed for the current stream combination (block 432). For
the current code rate, the total SNR margin for each allowed rate combination is
determined based on the SNR estimates for the M data streams (block 434). The total
SNR margin for a given rate combination with M data streams may be determined as
follows. The SNR margin for each data stream m in the rate combination is first

computed as shown in equation (1), where SNR _ (R,,) is the required SNR for the rate

req
specified for data stream m by the rate combination. Because the rate for each data
stream in the rate combination is specified, the SNR margin for each data stream may be
a positive or negative value. If the SNR margin for any data stream in the rate
combination is worse than a predetermined value (e.g., —2 dB), then that rate
combination may be discarded. This predetermined value may be a fixed value or a
variable value that is a function of code rate. For example, a more negative value (e.g.,
-3 dB) may be used for a more robust code rate (e.g., code rate 1/2), and a less negative
value (e.g., —1 dB) may be used for a less robust code rate (e.g., code rate 3/4). The
total SNR margin is then computed as the sum of the SNR margins for the M data
streams, as shown in equation (2).

The rate combination with the highest overall throughput and a non-negative
total SNR margin is identified (block 436). If muitiple rate combinations have the same
overall throughput, then the rate combination with the largest total SNR margin among
these multiple rate combinations is selected. If the highest overall throughput is greater
than the current max_otp, as determined in block 438, then max_otp is updated with this
overall throughput, and the rate combination with this highest overall throughput is
saved (block 440).

A deternﬁnation is then made whether all code rates have been evaluated (block
442). If the answer is ‘No’, then the process returns to block 432 to evaluate another
code rate. Otherwise, if all code rates have been evaluated for the current stream

combination, then a determination is made whether all stream combinations have been
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evaluated (block 444). If the answer is ‘No’, then variable M is incremented as
M=M+1 (block 446), and the process returns to block 422 to evaluate another stream.
combination. Otherwise, if all stream combinations have been evaluated, then the rate
combination with the highest overall throughput is provided for use (block 448).

[0059] Multiple rate combinations for a given siream combination may achieve the
same highest overall throughput and have non-negative total SNR margins. In this case,
the rate combination with the most robust code rate or the rate combination with the .
largest total SNR margin may be selected. Multiple rate combinations for different
stream combinations may achieve the same highest overall throughput and have non-
negative total SNR margins. In this case, the rate combination with the fewest data

{ o streams, the rate combination with the largest total SNR margin, the rate combination
with more data streams but a larger total SNR margin by Amargin, or some other rate
combination may be selected.

[0060] -  In another embodiment for selecting rates in a system with a vector-quantized
rate set, the rate set is ordered by required SNR for a designated data stream (e.g., the
first data stream), for example from lowest required SNR to highest required SNR on
the designated data stream. A minimum SNR margin of SNRyargin_min may be imposed
on the designated data stream. The rate combinations in the rate set may be evaluated,
one at a time, according to the schemes described above and in addition, by comparing
the first data stream’s SNR margin (which is the required SNR minus the actnal SNR
for the first data stream) against the minimum SNR margin. Since the rate

combinations are ordered by the first data stream’s required SNR, from lowest to

highest, the SNR margin is progressively worse. Hence, upon encountering a rate
combination with the first data stream having an SNR margin worse than the minimum
SNR margin, the remaining rate combinations can be ignored since the first data stream
for these rate combinations will have SNR margin worse than the minimum SNR
margin. This ordering reduces the number of rate combinations that are evaluated. One
of the rate combinations whose first data stream’s SNR muargin is better than
SNR argin_min may then be selected using any of the techniques described above. The
rate combinations may be ordered by the required SNR for any data stream, and not
necessarily the first data stream. Furthermore, the ordering may be performed across all
rate combinations in the rate set or just the rate combinations for each code rate.

[0061] In yet another embodiment for selecting rates in a system with a vecior-

quantized rate set, a total required SNR is computed for each rate combination as the
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sum of the required SNRs for the rates specified for all of the data streams in that rate
combination. The total requited SNR and the overall throughput for each rate
combination in the rate set may be stored in a look-up table. For rate selection, a total
SR estimate is computed as the sum of the SNR estimates for all M data streams. The
rate combination with the highest overall thronghput and a total required SNR that is
less than or equal to the total SNR estimate is then selected. This embodiment does not
limit the amount of SNR margin that may be allocated to each data stream.

[0062] Exemplary embodiments for performing rate selection for a system with
independent rate per stream and a system with a vector-quantized rate set have been
described above. The rate selection may also be performed in other manners, with and

- without margin sharing,

- [0063] FIG. 5 shows a block diagram of an embodiment of TX data processor 120 at
transmitter 110 according to an embodiment. TX data processor 120 includes an
encoder 510, a demultiplexer (Demux) 520, and M pairs of interleaver 522 and symbol
mapping unit 524 for the M data streams. Encoder 510 encodes the traffic data in
accordance with the single code rate and generates code bits. The single code rate may
include a convolutional code, a Turbo code, a low density parity check (LDPC) code, a
cyclic redundancy check (CRC) code, a block code, and so on, or a combination thereof.
In an embodiment, encoder 510 implements a rate 1/2 binary convolutional encoder that
generates two code bits for each data bit. A puncturing unit (not shown in FIG. 5) then
punctures or deletes as many code bits as necessary to achieve the single code rate.
Demultiplexer 520 receives the code bits from encoder 510, demultiplexes the code bits

{ into M streams, and provides the M code bit streams to M interleavers 522a through
522m.

[0064] Encoder 510 encodes each packet of traffic data separately and the coded packet
may be sent on one or muitiple data streams. If each of the M data streams is
independently encoded and modulated, then encoder 510 may be operated M times to
separately encode the packets for the M data streams, and demuitiplexer 520 provides
each coded packet to one interleaver 522 for one data stream. Alternatively, M separate
encoders may be nsed for the M data streams (not shown in FIG. 5). If the M data
streams are jointly encoded but independently modulated, then encoder 510 encodes
each packet, and demultiplexer 520 partitions each coded packet info multiple
subpackets or blocks and provides these subpackets to different interleavers 522. In any

case, each interleaver 522 interleaves or reorders the code bits in its stream in
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selecting the rates for the data streans in a systemwith a
vector-quanti zed rate set according to an enbodi nent. Process 210b is
anot her enbodi nent of block 210 in FIG 2. Process 210b eval uates
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[ 0062] Exenpl ary enbodi nents for performng rate selection for a
systemw th i ndependent rate per streamand a systemw th a
vector-quanti zed rate set have been descri bed above. The rate
selection may al so be performed in other manners, with and w t hout
margi n sharing. [0063]FIG 5 shows a K% ock di agram of an enbodi nent
of TX dat%pro essor 120 at transmitter 110 according to an

enbodi ment: eﬁ%iﬁpgxa&f%@gg gpta st #e PlBed A nMak Eisa b computedyas:
derul ti pl exer (Dermux) 520, and M pairs of interleaver 522 and synbol
mappi ng unit 5 or the Mdata streans. Encoder 510 encodes the
traffic data i%@c& ’f)d'a e*—\/\fbf-h’the single code rate and gener%ﬂe@
code bits. The single code rate may include a convolutional code, a
Turbo cod ow ; ' ' lic

F edundancy”SRebin (R ok SHER! o RSl A E B of sE .0, may be
conbi nat i QBed QAQEERIT for Na@ibiBiFIN He Bt ved¥IGRART 08 Wb dAPLRARNNG rfhy ! ©
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synbol mapping unit 524 maps the interleaved bits in accordance with

the nodul 2EPYHT 3XFERe Asargticeerample. prcd widelendrpatigl phasyeldey faclede agm
of data swHaghade f¥k syFRRlhd RRABLREIY NELS widdan &%aﬂ%a%%a Rk &easM
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exenpl ary expression for received SNR In general, a received SNR
expression may jncl f variaus, factors. For exanple, _in_a
MEMO syst em t&gféﬁﬁgiiﬁRﬁ@@Z&%ZH’ on the spatial pr ocgggpng
performed by the transmtter and the receiver, as described bel ow
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derived for_ each data stream transm ssion channel in various manners.
orthogonal spatial channels (or eigenmodes) of each subband % using E(k). The

diagonal matrix A(k) for each subband k contains the power gains for the S



used to account for variability in the received SNRs across the data
stream and may be conputed as a function of the average SNR and the
SNR variance, e.g., Y., =Kb. cr,," where KbO is a constant. The
back-of f factor nay al so account for other factors such as, for
exanpl e, the diversity order for the #ata stream the codlng and
interleaving schenes used for the data streank t he packet S|ze and

so on. C [«mBmpdesf A L Vherppnehvespyaeaniriy RKManoaehakhad st Al
the t L1t d t b t of K
Channor s SRR MBSty TRt BEGRBREASL SRR 7 P oL ont
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b d f . ' 11x i
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for node x. Table 3 - Transmitter Spatial Processing Eigensteering
No Steering r,=H-x.+n=H_-s+n, Eq (9)

where 1, is a vector of received symbols for mode x and n is a vector of noise, which

may be assumed to be AWGN with a variance of &-.



Spati al Spreading Spatial Processing xe, = E- s xns =s x =V s

Ef fective Channel Ha =11E Hns = /1 H =H V [ 0072] The received
synbol s obtai ned by the receiver may be expressed as: rx
=11-xx+n=Hxs+n ,Eq (9) 20 [0073] Table 4 shows the spatial processing
performed by the receiver to obtain deft ect ed synbols , Which are

StIITB. s of dat ThefuII ate i.nformation
(Ful TR °t ocRnede SR B bl POC-SMgERBER B hoecdHiffopoian
correl ati getred £)‘n>1‘bohé“¥ %ﬁl\:ﬂ 'Bre(és?ﬁ?ﬁ{ht)es éf‘ﬁlletdﬁf% s%ﬂBbW TEAUISHYAE st%{er or
(M\I SE) techni ques may be used for eigensteering, no steering, and

spati al spfeattting. (fEbCSBamhﬁﬂﬂélnnawéze ufee f@ceigeettectiapi vaheaclspatl al
filter matrix M for each sub ﬁ% d. on .t he actual or effecti %:
channel r E¥FOMOR MAFK; Rvergen A IR, Sl VY ﬁgﬂrw )
spatial nmedchhiggesiihdyl 8 lis8g F@bigdheetr@Ee hy e€e$iaYRRl Spavikit Agletabmgs et badh
filter matrix. Table 4- Receiver Spatial Processing ecei ver Spati al

Processi népcheiges. iegreSiir: Matives@Sipatal figr mafgx Mlﬁprre%h subbpyd basgd o 8i o
( Pn(k)

acthgl 2)1- effective channel response matrix for that subband, The receiver then

performs spatial matched filtering on the received symbols with the spatial filfer matrix.

Table 4 — Receiver Spatial Processing

g: Receiver Spatial Processing Received SNR
" M, =ATEF.HY P (k)-A (k
Furcsr| o4 B e () =10l08; (—m( L J
..’S.\..es :Mes ‘I.es O-"
M., =[H] BT B P(0)
= =r IS = - (By=10lo =
Ccm §ccm:' = Mccmi : .l;..x yc"'"’""’ ( ) B0 rm (k) ) G:

—-mmse = [«E H + O- I]—l !

k
MB{SE mmse [ d]'ag [_..mm.s‘e ) Ex]]—l yﬂ‘!me'm (k) - IOIDgID ( q'n( ()k) Rﬂ (k))
§ =D .M, -r R

=ninse =—RisE ———InNUE X

[0074] Table 4 also shows the received SNR for each subband % of transmission

channel m for the three receiver spatial processing techniques. For the full-CSI

( technique, A, (k) is the m-th diagonal element of A(k). For the CCMI technique,
r, (k) is the m-th diagonal element of E;’(k)=[ﬂf (k)-H,(k)]17. For the MMSE
technique, g, (k) is the m-th diagonal element of M., (k) -H, (k). As indicated in
Table 4, the received SNRs for each transmission channel are dependent on the MIMO
channel response, the receiver spatial processing technique used by the receiver, and the

transmit power allocated to the transmission channel. The total transmit power P,

tofal is
typically fixed for the transmitter. The amount of transmit power P, allocated to each

transimission channel 7 may be dependent on the number of data streams to transmit,

e.g., P, =P, /M. The received SNRs for each transmission channel may be used to

derive the SNR estimate for that transmission channel, as described above for equations
(3) through (6).
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channel in for_the three recei vg spati al %rocesm ng techni ques. For
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FIGS. 1 and 5) may be implemented within one or more application specific integrated
circuits (ASICs), digital signal processors (DSPs), digital signal processing devices
(DSPDs), programmable Jogic devices (PLDs), field programmable gate arrays
(FPGAs), processors, confrollers, micro-controllers, microprocessors, electronic
devices, other electronic units designed to perform the functions described herein, or a
combination thereof. The processing units used for rate selection (e.g., rate selector/

{” - controller 182 in FIG. 1) may also be implemented within one or more ASICs, DSPs,
processors, and so on.

[0076] For a software implementation, the techniques described herein may be
implemented with modules (e.g., procedures, functions, and so on) that perform the
functions described herein. The software codes may be stored in a memory unit (e.g.,
memory unit 142 or 192 in FIG. 1) and executed by a processor {e.g., main conirolier
140 or 190). The memory unit may be implemented within the processor or external to
the processor, in which case it can be communicatively coupled to the processor via
various means as is known in the art.

[0077] The previous description of the disclosed embodiments is provided to enable any
person skilled in the art to make or use the present disclosure. Various modifications o

these embodiments will be readily apparent to those skilled in the art, and the generic

,-M

principles defined herein may be applied to other embodiments without departing from
the spirit or scope of the disclosure. Thus, the present disclosure is not intended to be
limited to the embodiments shown herein but is to be accorded the widest scope

consistent with the principles and novel features disclosed herein.



channel response, the receiver spatial processing technique used by
the receiver, and the transmt power 3kl ocated to the transm ssion
channel. The total transmt power Pl oral is typically fixed for the
transmtter. The anount of transmt power Pmallocated to each

transm ssion channel in may be dependent on the nunber of data
streans to transmt, e.g., Pm= F: iatAINIS The received SNRs for each
transm ssion channel may be used to derive the SNR estimate for that
transm ssi on channel, as descri bed above for equations (3) through
(6). 21 [00 ) m ssion and rate sel ection techniques
describ%d hé%g%%ﬁ%ggg%gmﬁﬁgﬂénented by various neans. For exanple,
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(14PG4§E%%£%%@§§§F?F$C%E rollers, mcro-controllers,

M cr opr oces sPk&ond lpesdetRni dpettee a6 Sspatdlieproetss cthe Phiualitynot datd esicgnedor
to performthe functions described herein, or a conbination thereof.
The pr JEBSRIss§IIAT eIyl elovpaigh dhagelp ét p gpplitalegnput rapliipleequgpyt JMIMO)

AS1 co. it Aank Db e MM AR o B R e o twar e

i npl enentation, the techni ques described herein may be inpl enented
with nodul es (e.g., procedures, functions, and so on) that perform
the funkti ons migsclrdfliedshidtieg data The conitnaaioncsydes:, vaypbengt ored in a

AR G LTI N TN I RTC N

be i npl@emntvest data dieAmt RebPEDE RSSAhglere®ilegr Nal to the processor, in
whi ch case it can be communi catively coupled to the processor via

vari ous nearficeding sheliiaahity of datpestigpins itf gopriererewih did sigle gedsciept i on
of the discl ' L8.JSep [ 0. e ) y rson il e
of the. o =cl BSAREIEINL THRy SroLBY Aol SRSy RDY B SR L o
nmodi f i cabddnsonthéhesendénbodi nents will be readily apparent to those

skilled in the art, and. the geneticfprinciples defi ned herein may .be
appl i ed to oPAEHYerssERsient s Rhahy LT ¢ddairsanyfon MRS ReIo8 iR i3 Plgfality of
scope - - Th ool

o be I Pey eSS e STt LR ERRLl (PG PR, Sl el Re
t he wi déstringcopeatcdnpicadiept with the princi ples and novel features

di scl osed herein. 22 CLAIMS 1. An apparatus conprising: a
controller operative to obtain a selected single code rate and a
selectgg p'%&ﬁhit-atgcéﬁﬁiéh?tion schenes for a plurality of data
streans'to Be' &8 0 a singte receiver; a processor operative

to encode th@edbkUbabblaihind adeledtii beangld cekcatdante phralityt Sfemsinglich
code rate and to nodul ate the plurality of data streanms in accordance
with t ishgner &y pphudity obdap atrans WArerplslo agiple receivery second

processor opgrakifiCetBdd b%‘h‘ﬂlﬁtﬁ&ﬁ%&%s&%ﬁm% Lé'&@(}rti&] ce%iﬂ?ﬁ{e@sin le code
streans for transmssion-via'a pldrality of spatial channels in g

mul ti plmatet nput mul ti pl e-out put (M MD channel using eigensteering, no
steering, or spatial reading. 2. A nethod of .transmitting data in a
comuni cat i dA® vsf?lzeﬂﬁ@@am fh«sﬁ%@'?hwfa@m Hgans dppseriagme Wftgéh%PW&‘I“éY of
code raleqanthiscRbMEaLidy of nodul ati on schenmes for a plurality of
data streans to be sént to a single receiver; encodi ng the
plurality ofmemisaostspambly pracesiogriiambealiflytdf dite skeangt Eorcogsmissia; via a

rodul at}:')lQl%li%yh%f pslpallﬁaéfl éhta}énqu igag E%mﬁ%i}gl%-algpsutl rgul%i%fe%ﬂsgtca\/lw (Eh%?lll@l using

eigensteering, no steering, or spatial spreading.



