US009270410B2
12 United States Patent (10) Patent No.: US 9,270,410 B2
Onggosanusi et al. 45) Date of Patent: Feb. 23, 2016
(54) MIMO PGRC SYSTEM AND METHOD (358) Field of Classification Search

CpPC ... HO4B 1/00; HO4L 1/0003; HO4L 1/0009;
(75) Inventors: Eko N. Onggosanusi, Allen, TX (US); HO041, 27/2601
Anand G. Dabak, Plano, TX (US); USPC ......... 370/216, 464, 208; 375/260, 267, 148,
Timothy M. Schmidt, Dallas, TX (US); 375/265, 295; 714/755, 752

Badri N. Varadarajan, Dallas, TX (US) See application file for complete search history.

(73) Assignee: TEXAS INSTRUMENTS |
INCORPORATED, Dallas, TX (US) (56) References Cited

( *) Notice: Subject to any disclaimer, the term of this U.S. PATENT DOCUMENTS

patent 1s extended or adjusted under 35 7339.980 B2*  3/2008 Grant etal. oo 375/148
U.S.C. 154(b) by 2318 days. 7,389,464 B2* 6/2008 Jeongetal. ................. 714/752
7418,050 B1* 82008 Gardneretal. .......... 375/265
(21) Appl. No.: 11/418,661 7,535,970 B2* 5/2009 Parketal. ..................... 375/267
8,031,801 B2* 10/2011 Seo etal. ..oococvecrrrreen.. 375/295
11 2003/0026349 Al* 2/2003 Onggosanusi etal. ....... 375/267
(22) Filed: May 5, 2006 2004/0071158 AL*  4/2004 Wei «oooveovevveereeriien. 370/464
_ o 2005/0157806 Al* 7/2005 Walton et al. ................. 375/267
(65) Prior Publication Data 2006/0212773 Al* 9/2006 Ayturetal. ................ 714/755
2007/0223367 AL*  9/2007 Wuetal .ocoocvvvvevnn.. 370/216
US 2006/0250941 A1 Nov. 9, 2006 2009/0003466 Al*  1/2009 Taherzadehboroujeni
etal. oo 375/260

Related U.S. Application Data

. L. * cited by examiner
(63) Continuation-in-part of application No. 10/131,742,

filed on Apr. 22, 2002, now Pat. No. 7,929,631.

. o Primary Examiner — Mark Rinehart
(60) Provisional application No. 60/678,471, filed on May

Assistant Examiner — Gbemileke Onamuti

6, 2005. (74) Attorney, Agent, or Firm — Ronald O. Neerings; Frank
(51) Int.CL D. Cimino
H04J 11/00 (2006.01)
HO4L 1/00 (2006.01) (37) ABSTRACT
gzjg Zzg 88828; A method of transmitting a Wir.eliess signal (EIGS. 3A-3C)1s
048 17/336 (2015.01) disclosed. A data stream 1s divided (306) into a first data
TI04B 17/382 (2015.01) stream and a second data stream. The first data stream %s
HO4L 27/26 (2006.01) encoded (300) at a first data rate. The second data stream 1s
(52) U.S.Cl encoded (320) at a second data rate different from the first
CPC ' HO4L 1/0009 (2013.01): HO4B 7/0691 data rate. A first part of the.encoded first data stream 1is
"""" (2013 01):; HO4B 7/069.7 (2(’)13 01): HO4B transmitted from a first transmait antenna (308). A second part
A Al ol the encoded first data stream 1s transmitted from a second
770848 (2013.01); HO4B 17/336 (2013.01); ransmit antenna (312)
H04B 17/382 (2013.01); HO4L 1/0003 '
(2013.01); H0O4B 7/0854 (2013.01); HO4L
2772601 (2013.01) 28 Claims, 10 Drawing Sheets
350 308
340 - 330 ??/
302
306 :?O _ ~ _JJSYMBOL | 312
;J MAPPER 1
ENCODER 1 —»INTERLEAVER 1|—»| S/P qf_/
l SYMBOL ) 328
257 dMAPPER2 CROUP
DATA ——» 5/P | 320 322 445 354 A Vv
/_J f_j N _'SYMBOL (V) 332
MAPPER 3
l —» ENCODER 2 |- INTERLEAVER 2|—| S/P | YlfJ
- ) _*SYMBOL
MAPPER 4

-

356



(MY Joud)
|

US 9,270,410 B2

Sheet 1 of 10

AN
&
=
! N dAddVIN
)
= AN
i} 140" A
/ 901
801

U.S. Patent

001

JdH4UOONH vivd



(WY Joud)
Z Ol

US 9,270,410 B2

=
I~
-
g\ |
@ b YAddVIN
= TOTINAS b AAVATIALNI b AAODNA
/ T\
¢ YIddVIN
o O AS € YAAVITIALNI ¢ YHIAODNT
—~ /1N
» Z dAddVIN o 5 vave
g |
. TOTINAS AAAVATIALNI 2 dAAODNA
e
I Y9ddVIN
OIS [ YAAVATIALNI [ Y9AODNA
/ I\
00¢ 907
207 y0Z 202

U.S. Patent



US 9,270,410 B2

Sheet 3 of 10

Feb. 23, 2016

U.S. Patent

AN
A%

AR
8¢C¢

AN
435

/1IN

80¢

(A)
dNOYD

0¢C

- s

0] %3

0t

Ve Ol4d

¢ ddddVIN

"TOHNAS

LA

[ ddddVIN

JOHINAS

14012

¢ ddAVHTIHLNI

HAY

| ddAVHTILLNI [ d4UJOONH

¢0C

¢ J4dUOONHA

0ct

00¢

d/S

90¢

vV.ivd



US 9,270,410 B2

< 0G¢
o
= v YAddVIN
= TOGWAS
7z d/S ¢ YAAVATITLINI [ 2 d49AODNA
E
AR ( TOINAS
& A) N
= AN vGE  CVE oae 0c¢ d/S VIVd
~ d10dD 2G¢E
T 2 dAddVIN
e~ 8CC TOHINAS )
= [ YAddVIN
AR TOGNAS ~ 90¢
/N 20¢ 00€
0€E OPe
800 0S¢

U.S. Patent



US 9,270,410 B2

Sheet S of 10

Feb. 23, 2016

U.S. Patent

cle

80¢

/1IN

09t

00t

XL
VINAAO

VINAAHO

(A)

1 d[10d8D

0ce

O€ Ol

0G¢e

P ddddVIN
TOHINAS

d/S T_Wmm><mn_MmrrE ¢ d44UOONH

¢ dHdddVIN

TORRASK~ 14°12 Cre 77¢ 0ct d/S
2 WAddvIN] = ¢St
TOGINAS
| 44ddVIN
TOHINAS 1 20 00€ Q0¢
OvE
0GE

vV.vd



(LY Joud)

US 9,270,410 B2

=
- 89Y _
g A 4/7\/ Z SO YA44NE € AN [+ € VIVA
72 1...,.. /TN 144%

A~ vOv d/S [« A4dNd AN [¢— T VLVA
m @@._v _........... ._._..__ @O._u
S ¢dn " A4
< 2SY YOV \ ~ N [ SOW 4944N4d 190 [« 1 VLvd
x I\ N ...
5 .‘ AN ObY

OLb
00¥
Z0p

cov

U.S. Patent



US 9,270,410 B2

Sheet 7 of 10

Feb. 23, 2016

U.S. Patent

/1N
A%°
4R
82S
43
/1IN
806

(A)
dNOYUD

0tG

ddddVIA
o
144
0€S

- "

1

0LS

ddddVIA

"TOHWAS

\Iu‘

148}¢

G Old

dAAVATIALNI

¢CS

JJddOINH

02S

AHAVA TIHLNI JdHUOONH

¢0§

006

d/S

906

dd44(1d ¢ 4[]

d44404d ¢ 4N

d44404 T 4r)

¢ VILVJ
144"

¢ V1vd
[A%°)

[ VLVAd
0) 24



VO Ol

US 9,270,410 B2

TANNVHD
AALLDAAAA
= ~| 4LNdNOD
‘= 0L9
v -
2
i
7).
. ANIS
~ HAVATIALNIAA S/d DNISSHOO¥d
2] dOS500dd dVINAd VNNALNY
- ANVEASVE AN -
&
e

809

N
=
®
~—
Q!
ol ¢l9
<
-

O
-
(o

709

S TVNDIS
LO’1ld

LOVILXH

142°

NOILOd1L4d

¢09

ASININ

/1N

N 9¢9

AN 14%°

¢t
/1IN

0t9



d9 Ol

US 9,270,410 B2

TANNVHD STVNDIS
= AALLOAAAA LOT1d
- | 41ndmoo 1OVY1X3
S 0L9
= 9Z9
= 19
_ <
= N 400040 \ :
— d[10YD VINAA4O
Q AAVATIILINIAQ S/d DNISSAD0NUd NOLLOFLAd N Nt
i JOSSID0Ud IVNAQ VNNALNY AN T ] "
= ANVdASvd | VINAJO PE9
= — _" 229 NMW/
809 .
m 909 ' b00 209
e e “ 029 0€9

U.S. Patent



US 9,270,410 B2

Sheet 10 of 10

Feb. 23, 2016

U.S. Patent

d/ Ol

(8p) 20}/10]

G¢ 0¢ Gi Ol S 0 G- 01-

_

B OHOI-NIN pXp - [
OUVYd-NIN Xy —&—

i S OH9dNS ¥Xv 8- |
1SY18A ‘vXp O

OHVd-NIN 2X¢ =% |

L e e A AHYS-NS . X = |
_ . 1SY18A ‘2X2 -6~
w X} —

N . _ i

¢'0=d {9'p'2}ISIWINI WA20 'ZHWNS=ME ‘apad IDW s1esn o (1°})

O
(1oyeszH/sdq) 41

-
-—

¢l

vl

ol

81

V. Old

(gp) 20|40

214 0¢ Sl 0}

S 0 G- Ol-

0=¢ {9'v'2}ISIWINI Na40 ZHWS=ME :8pad IDW S1asn o (1°})

L,_ _.._I.
. ; IO_.
e, SO UONS SRO reeerereeeernon] NHOJ-NI %P L.m..q_-_m_.
. OHYdNIN Xy -
I R | ododnsime 8- ||,
| Lsvian x4 I
| OHYdNIN XC —%-
IS S e 7 (U —O < | [« | R A e Y
” ” 1SY18A X2 -
“ | Xt —
oo ool L=l

(1oeszH/sdq) g1



US 9,270,410 B2

1
MIMO PGRC SYSTEM AND METHOD

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims the benefit, under 35 U.S.C. §119
(e)(1), of U.S. Provisional Application No. 60/678,471, filed
May 6, 2005, and under 35 U.S.C. §120, of U.S. Nonprovi-
sional application Ser. No. 10/131,742, now U.S. Pat. No.
7,929,631, filed Apr. 22, 2002, and 1ssued Apr. 19, 2011, and

incorporated herein in their entirety by this reference.

BACKGROUND OF THE INVENTION

The present embodiments relate to wireless communica-
tions systems and, more particularly, to Multiple-input Mul-
tiple-output (MIMO) communication with Per Group Rate
Control (PGRC).

Wireless communications are prevalent in business, per-
sonal, and other applications, and as a result the technology
for such communications continues to advance in various
areas. One such advancement includes the use of spread spec-
trum communications, mncluding that of code division mul-
tiple access (CDMA) which includes wideband code division
multiple access (WCDMA) cellular communications. In
CDMA communications, user equipment (UE) (e.g., a hand
held cellular phone, personal digital assistant, or other) com-
municates with a base station, where typically the base station
corresponds to a “cell.”” CDMA communications are by way
of transmitting symbols from a transmitter to a receiver, and
the symbols are modulated using a spreading code which
consists of a series o binary pulses. The code runs at a higher
rate than the symbol rate and determines the actual transmis-
sion bandwidth. In the current industry, each piece of CDMA
signal transmitted according to this code 1s said to be a “chip,”
where each chip corresponds to an element 1n the CDMA
code. Thus, the chip frequency defines the rate of the CDMA
code. WCDMA includes alternative methods of data transfer,
one bemng Ifrequency division duplex (FDD) and another
being time division duplex (TDD), where the uplink and
downlink channels are asymmetric for FDD and symmetric
tor TDD. Another wireless standard involves time division
multiple access (TDMA) apparatus, which also communicate
symbols and are used by way of example 1n cellular systems.
TDMA communications are transmitted as a group of packets
in a time period, where the time period 1s divided 1nto time
slots so that multiple recervers may each access meaningful
information during a different part of that time period. In
other words, 1n a group of TDMA recervers, each receiver 1s
designated a time slot in the time period, and that time slot
repeats for each group of successive packets transmitted to
the receiver. Accordingly, each recerver 1s able to 1dentity the
information intended for it by synchronizing to the group of
packets and then deciphering the time slot corresponding to
the given recetver. Given the preceding, CDMA transmis-
sions are receiver-distinguished in response to codes, while
TDMA transmissions are recerver-distinguished 1n response
to time slots.

Referring to FIG. 4, there 1s a wireless communication
system or the prior art including a transmitter and user equip-
ment 450-454. The transmitter includes a separate builer
440-444 for each respective user equipment 4350-4354. Data
from these butlers 1s applied to sernial-to-parallel converter
circuit 410. The serial-to-parallel circuit 410 converts the
serial data streams into parallel data words which are then
applied to modulation code scheme (MCS) circuits 400 and
404. The modulation code scheme circuits 400 and 404 trans-
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2

mit the signals via respective antennas 402 and 406 to user
equipment within the wireless system. For example, a signal
462 from antenna 402 1s transmitted to UE 1 450. Likewise, a
signal 468 1s transmitted from antenna 406 to UE 3 454.
Antennas 402 and 406, however, also transmit respective
interference signals 466 and 464. These interference signals
degrade the intended data signal at the user equipment.

Wireless communications are also degraded by the channel
elfect. For example, the transmitted signals 462 and 468 1n
FIG. 4 are likely reflected by objects such as the ground,
mountains, buildings, and other things that i1t contacts. Thus,
when the transmitted communication arrives at the receiver, 1t
has been affected by the channel effect as well as interference
signals. Consequently, the originally-transmitted data 1s more
difficult to decipher. Various approaches have been developed
in an effort to reduce or remove the channel effect from the
received signal so that the originally-transmitted data 1s prop-
erly recognized. In other words, these approaches endeavor to
improve signal-to-interference+noise ratio (SINR), thereby
improving other data accuracy measures (e.g., bit error rate
(BER), frame error rate (FER), and symbol error rate (SER)).

One approach to improve SINR 1is referred to in the art as
antenna diversity, which refers to using multiple antennas at
the transmutter, receiver, or both. For example, 1n the prior art,
a multiple-antenna transmaitter 1s used to transmit the same
data on each antenna where the data 1s manipulated 1n some
manner differently for each antenna. One example of such an
approach 1s space-time transmit diversity (STTD). In STTD,
a first antenna transmits a block of two input symbols over a
corresponding two symbol intervals 1n a first order while at
the same time a second antenna transmits, by way of example,
the complex conjugates of the same block of two symbols and
wherein those conjugates are output in a reversed order rela-
tive to how they are transmitted by the first antenna and the
second symbol 1s a negative value relative to 1ts value as an
input.

Another approach to improve SINR combines antenna
diversity with the need for higher data rate. Specifically, a
Multiple-input Multiple-output (IMIMO) system with trans-
mit diversity has been devised, where each transmit antenna
transmits a distinct and respective data stream. In other
words, 1n a MIMO system, each transmit antenna transmits
symbols that are independent from the symbols transmitted
by any other transmit antennas for the transmitter and, thus,
there 1s no redundancy either along a single or with respect to
multiple of the transmit antennas. The advantage of a MIMO
scheme using distinct and non-redundant streams 1s that 1t can
achieve higher data rates as compared to a transmit diversity
system.

Communication system performance demands 1n user
equipment, however, are often dictated by web access. Appli-
cations such as news, stock quotes, video, and music require
substantially higher performance 1n downlink transmission
than in uplink transmission. Thus, MIMO system perior-
mance may be further improved for High-Speed Downlink
Packet Access (HSDPA) by Orthogonal Frequency Division
Multiplex (OFDM) transmission. With OFDM, multiple
symbols are transmitted on multiple carriers that are spaced
apart to provide orthogonality. An OFDM modulator typi-
cally takes data symbols 1nto a serial-to-parallel converter,
and the output of the serial-to-parallel converter 1s considered
as Irequency domain data symbols. The frequency domain
tones at either edge of the band may be set to zero and are
called guard tones. These guard tones allow the OFDM signal
to {it into an appropriate spectral mask. Some of the frequency
domain tones are set to values which will be known at the
receiver, and these tones are termed pilot tones or symbols.
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These pilot symbols can be useful for channel estimation at
the recerver. An mverse fast Fourier transtorm (IFFT) con-
verts the frequency domain data symbols 1into a time domain
wavetform. The IFFT structure allows the frequency tones to
be orthogonal. A cyclic prefix 1s formed by copying the tail
samples from the time domain waveform and appending them
to the front of the waveform. The time domain wavelorm with
cyclic prefix 1s termed an OFDM symbol, and this OFDM
symbol may be upconverted to an RF frequency and trans-
mitted. An OFDM recerver may recover the timing and carrier
frequency and then process the recerved samples through a
fast Fourier transtorm (FFT). The cyclic prefix may be dis-
carded and after the FF'T, frequency domain imformation 1s
recovered. The pilot symbols may be recovered to aid in
channel estimation so that the data sent on the frequency tones

can be recovered. A parallel-to-serial converter 1s applied, and
the data 1s sent to the channel decoder. Just as with HSDPA,

OFDM communications may be performed 1n an FDD mode
or in a TDD mode.
One approach to improve spatial diversity of a multipath

channel for MIMO communications systems 1s the vertical
BLAST (Bell Laboratories Layered Space Time) or

V-BLAST system as shown at FIG. 1. The V-BLAST system
uses a vertically layered space-time architecture as described
by Wolmansky et al., “V-BLAST: An Architecture for Real-
1zing Very High Data Rates Over the Rich-Scattering Wire-
less Channel” (ISSSE, October 1998) and by Wolnmiansky et
al., “Detection algorithm and 1nitial laboratory results using
V-BLAST space-time commumnication architecture” ( IEEE
Vol. 35, No. 1, January 1999). The modulation code scheme
(MCS) of the V-BLAST circuit includes encoder 100, inter-
leaver 102, and symbol mapper 104. Encoder 100 of the
V-BLAST system encodes a serial data stream which 1s sub-
sequently applied to interleaver circuit 102. The resulting
interleaved data 1s then applied to symbol mapper 104 to
produce a desired symbol constellation. The resulting sym-
bols are then applied to serial-to-parallel circuit 106 and
transmitted to remote user equipment via antennas 108. The
V-BLAST system, therefore, improves communication with
a single MCS by dividing a data stream 1nto sub-streams that
propagate differently over the wireless channel. The improve-
ment, however, depends on the relative independence of these
sub-streams. When there 1s a high correlation between the
sub-streams, data may not be properly detected at the remote
user equipment.

A further improvement over the V-BLAST system 1s
shown 1n the per antenna rate control (PARC) circuit of FIG.
2. The PARC circuit includes four separate MCS circuits.
Each MCS circuit includes an encoder 200, and interleaver
202, and a symbol mapper 204. The serial-to-parallel circuit
206 divides a data stream into four separate sub-streams.
Each sub-stream 1s applied to a respective encoder circuit
200. Each encoder preferably allocates a different data rate
according to the channel quality of each corresponding trans-
mit antenna 208. For CDMA applications, each encoder cir-
cuit 200 may also multiply each sub-stream by a spreading
code corresponding to the intended user equipment. The
encoded sub-streams are subsequently interleaved, symbol
mapped, and transmitted over transmit antennas 208. The
PARC system, therefore, improves communication by divid-
ing a data stream into sub-streams that propagate differently
over the wireless channel and allocating specific data rates to
cach sub-stream corresponding to the quality of the respective
wireless channel. The improvement, however, significantly
increases signal processing complexity. A separate MCS cir-
cuit 1s required for each respective transmit antenna. More-
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4

over, remote PARC recetvers must 1dentify and report the
SINR for each transmit antenna.

While the preceding approaches provide steady improve-
ments 1 wireless communications, the present imnventors rec-
ognize that still further improvements may be made, includ-
ing by addressing some of the drawbacks of the prior art. In
particular, embodiments of the present invention improve
communication quality and significantly reduce signal pro-

cessing complexity compared to the PARC system. Some of
these 1ssues are described 1in co-pending U.S. patent applica-
tion Ser. No. 10/230,003, filed Aug. 28, 2002, enfitled,
“MIMO HYBRID-ARQ USING BASIS HOPPING”, and
incorporated herein by reference. In this referenced applica-
tion, multiple independent streams of data are adaptively
transmitted with a variable basis selected to improve signal
quality. Further, a recerver 1s provided that decodes the trans-
mitted signals including the multipaths therein. While this
improvement therefore provides various benefits as discussed
in the referenced application, the inventors also recognize still
additional benefits that may be achieved with such systems.
Accordingly, the preferred embodiments described below are
directed toward these benefits as well as improving upon the
prior art.

BRIEF SUMMARY OF THE INVENTION

In a first preferred embodiment, a wireless transmitter
receives a data stream for transmission. The data stream 1s
divided into first and second data streams. The {first data
stream 1s encoded at a first data rate. The second data stream
1s encoded at a second data rate different from the first data
rate. A first part of the encoded first data stream 1s transmitted
from a first transmit antenna. A second part of the encoded
first data stream from a second transmit antenna. A first part of
the encoded second data stream 1s transmitted from a third
transmit antenna. A second part of the encoded second data
stream 1s transmitted from a fourth transmit antenna. In a
preferred embodiment, transmitter circuitry 1s reduced by
using two modulation code schemes for four transmit anten-
nas.

In a second preferred embodiment, a wireless receiver
receives a plurality of signals from a plurality of remote
transmit antennas. The wireless receiver detects a first signal
from a first group of the plurality of remote transmit antennas.
Signals 1n the first group are encoded at a first code rate. The
wireless recetver recerves a second signal from a second
group of the plurality of remote transmit antennas. Signals 1n
the second group are encoded at a second code rate different
from the first code rate. The wireless receiver produces a
quality of signal indication for the first signal. In a preferred
embodiment, receiver complexity 1s reduced by reporting a
quality of signal for only the first group of remote transmit
antennas.

Other devices, systems, and methods are also disclosed and
claimed.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

FIG. 1 1s a block diagram of a V-BLAST transmitter of the
prior art;

FIG. 2 1s a block diagram of a PARC transmitter of the prior
art;

FIG. 3A 1s a block diagram of a first embodiment of a
PGRC transmitter of the present invention;

FIG. 3B 1s a block diagram of a second embodiment of a
PGRC transmitter of the present invention;
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FIG. 3C 1s a block diagram of a third embodiment of a
PGRC transmitter of the present invention adapted for OFDM

transmission;

FI1G. 4 1s a stmplified block diagram of a multiuser PARC
wireless communication system of the prior art;

FI1G. 5 1s a block diagram of a PGRC transmitter as 1n FIG.
3 A for multiuser transmission;

FIG. 6A 1s a block diagram of a PARC recewver of the
present invention;

FIG. 6B 1s a block diagram of a PARC receiver of the
present invention adapted for OFDM reception; and

FIGS. 7A and 7B are simulations of the present invention,

V-BLAST, and PARC for zero channel correlation and 50%
channel correlation, respectively.

DETAILED DESCRIPTION OF THE INVENTION

The preferred embodiments of the present invention pro-
vide circuit simplification for a wireless communication sys-
tem. The wireless communication system preferably provides
tor the Long Term Evolution of High-Speed Downlink Packet
Access (HSDPA) and Multiple-input Multiple-output
(MIMO) as will be explained in detail. A simplified block
diagram of a wireless transmitter of the present invention for
such a system 1s shown 1n FIG. 3A. The wireless transmitter
includes two separate modulation code schemes (MCS) and
four transmit antennas. Each MCS preferably includes an
encoder, an 1nterleaver, and a symbol mapper.

The wireless transmitter of FIG. 3A receives an imnput data
stream from a baseband processor (not shown). This data
stream may include pilot signals, control signals, and data
signals for synchronization and control of remote wireless
user equipment (UE). The data stream 1s divided into first and
second data streams by serial-to-parallel circuit 306. Both
first and second data streams are separately encoded based on
channel quality information (CQI). The particular code may
be a low density parity code, turbo code, Hamming code,
Reed Solomon code, or other code as 1s known 1n the art.
Moreover, the particular code may be different for each
encoder 300 and 320. The CQI corresponding to each encoder
300 and 320 i1s preferably fed back from a remote UE 1n a
previous communication. A particular code rate for each
encoder 1s selected to reduce data errors and minimize
retransmission of data. In general, a code rate of N/M 1ndi-
cates that N 1mput data bits produce M encoded output data
bits. In practical wireless communication systems, the code
rate may vary from 4 for low CQI to 36 for mgh CQI. The first
data stream 1s encoded at a first data rate by encoder 300. The
second data stream 1s encoded at a second data rate by
encoder 320. Interleavers 302 and 322 interleave their respec-
tive encoded data streams which are then applied to respective
symbol mappers 304 and 324. The symbol mappers convert
the iterleaved data streams to respective symbol constella-
tions. These symbol constellations may be, for example,
QPSK (2 bit), 16-QAM (4 bit), or 64-QAM (16 bit). An
appropriate symbol constellation 1s preferably selected 1n
response to the CQI. For a low CQI, the symbol mapper may
produce a QPSK symbol. Alternatively, for a high CQI, the
symbol mapper may produce a 64-QAM symbol.

Data symbols from symbol mapper 304 are applied to
serial-to-parallel circuit 310 to produce two parallel symbol
streams. Likewise, data symbols from symbol mapper 324 are
applied to serial-to-parallel circuit 330 to produce two paral-
lel symbol streams. These four parallel symbol streams are
applied to group circuit 330. Group circuit 330 then applies
the parallel symbol streams having the highest data rate to the
two best transmit antennas having the highest CQI. Group
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circuit 330 applies the remaining parallel symbol streams
having the lowest data rate to the remaining two transmit
antennas having the lowest CQI. The MCS with maximum
data throughput or code rate, therefore, 1s applied to the
transmit antennas having the best CQI. The MCS with a lesser
data throughput or code rate 1s applied to the transmait anten-
nas having a lesser CQI. Alternative grouping schemes, such
as strong and weak transmit antennas, necessarily limit data
throughput of each MCS to that of the weakest transmit
antenna having the minimum CQI. In a preferred embodi-
ment of the present mvention, group circuit 330 also pre-
codes the parallel symbol streams. Pre-coding preferably
multiplies each symbol stream by a matrix V to correct or
counteract the anticipated channel gain and rotation prior to
transmission. The matrix V can be unitary or non-unitary.
Here, a square matrix 1s unitary when the conjugate transpose
V* is equal to the matrix inverse V~'. When V is unitary, V
may be generated using Givens or Householder construc-
tions. In a preferred embodiment of the present invention,
matrix V of group circuit 330 1s unitary. The anticipated
channel rotation or an indication of the chosen matrix V is
preferably fed back from a remote UE together with CQI. The
present invention, therefore, advantageously tailors each
MCS code rate and symbol mapping scheme to the CQI for
respective transmit antennas. Moreover, circuit complexity 1s
reduced by half as compared to 4-antenna PARC circuits of
the prior art while providing approximately the same perior-
mance as will be explained 1n detail.

Turning now to FIG. 3B, there 1s another embodiment of a
transmitter of the present invention. Like numbered circuit
blocks perform substantially the same functions as previously
described with regard to the transmuitter of FIG. 3A. However,
interleaved data streams from blocks 302 and 322 are applied
directly to serial-to-parallel circuits 340 and 342, respec-
tively. Each senal-to-parallel circuit produces two parallel
interleaved data streams. The two parallel data streams from
serial-to-parallel circuit 340 are applied to symbol mapper
circuits 350 and 352. Likewise, the two parallel data streams
from serial-to-parallel circuit 342 are applied to symbol map-
per circuits 354 and 356. Each of symbol mapper circuits
350-356 may produce any combination of symbol constella-
tions. Thus, each MCS of FIG. 3B may advantageously pro-
duce two different code rates as well as two different symbol
constellations for each respective code rate. The additional
symbol mapper circuits, therefore, advantageously provide a
finer resolution of data throughput in response to the CQI than
the circuit of FIG. 3A for slightly greater circuit complexity.

Referring now to FI1G. 3C, there 1s another embodiment of
the present invention. Like numbered circuit blocks perform
similar functions as previously described with regard to the
transmitter of FIG. 3B. Orthogonal frequency division mul-
tiplex (OFDM) transmitters 360-366 are added to transmit
OFDM symbols from respective transmit antennas 308, 312,
328, and 332. Symbol mapper circuits 350-356 recerve
respective data streams from serial-to-parallel converter cir-
cuits 340 and 342 and produce frequency domain data sym-
bols. Group circuit 330 then applies the frequency domain
data symbols having the highest data rate to the OFDM trans-
mitters corresponding to the two best transmit antennas hav-
ing the highest CQI. The remaining frequency domain data
symbols having the lowest data rate are applied to the remain-
ing OFDM transmitters corresponding to the two transmit
antennas having the lowest CQI. Aninverse fast Fourier trans-
tform (IFFT) converts the frequency domain data symbols into
time domain wavelorms. The IFFT structure allows the fre-
quency tones to be orthogonal. The OFDM symbols are

[
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transmitters 360-366 on multiple carriers that are spaced
apart to provide orthogonality. The present invention, there-
fore, advantageously provides two MCS data rates and four
selectable symbol mapper circuits for maximum data
throughput. Furthermore, the present invention 1s compatible
with OFDM transmission.

Referring now to FIG. 5, there 15 yet another embodiment
of the present invention adapted to multiuser transmission.
The wireless transmitter of FI1G. 3 recerves multiple data input
streams Irom user bullers 540-544. Data from these input
butlers 1s applied to serial-to-parallel circuit 506 and divided
into first and second data streams. The first data stream 1s
applied to the upper MCS including encoder 500, interleaver
502, and symbol mapper 504. The second data stream 1is
applied to the lower MCS 1ncluding encoder 520, interleaver
522, and symbol mapper 524. Both first and second data
streams are separately encoded based on channel quality
information (CQI) as previously described with regard to
FIG. 3A. For the multiuser case, however, a single MCS may
be assigned to a user with higher data throughput require-
ments. Other users with lower throughput requirements may
be assigned to the remaining MCS. For example, UE 1 butier
504 may be sending High-Speed Downlink Packet Access
(HSDPA). UE 2 542 and UE 3 544 may be sending voice,
stock quotes, or other low speed data. UE 1 bulfer 540 1s
preferably assigned to the upper MCS, and UE 2 542 and UE
3 544 butlers are assigned to the lower MCS. Each encoder 1s
500 and 520 selects a code rate compatible with the CQI.
Interleavers 502 and 522 interleave their respective encoded
data streams which are then applied to respective symbol
mappers 504 and 524. The symbol mappers convert the inter-
leaved data streams to respective symbol constellations.
These symbol constellations may be, for example, QPSK (2
bit), 16-QAM (16 bit), or 64-QAM (64 bit). An appropniate
symbol constellation 1s preferably selected in response to the
CQI as previously described with respect to FIG. 3A.

Data symbols from symbol mappers 504 and 524 are
applied to serial-to-parallel circuits 510 and 530, respectively,
to produce four parallel symbol streams. These four parallel
symbol streams are applied to group circuit 530. Group cir-
cuit 530 then applies the parallel symbol streams having the
highest data rate to the two best transmit antennas having the
highest CQI. Group circuit 530 applies the remaining parallel
symbol streams having the lowest data rate to the remaining
two transmit antennas having the lowest CQI. The MCS with
maximum data throughput or code rate, therefore, 1s applied
to the transmit antennas having the best CQI. The MCS with
a lesser data throughput or code rate 1s applied to the transmut
antennas having a lesser CQI. In a preferred embodiment of
the present invention, group circuit 530 also pre-codes the
parallel symbol streams as previously described. Pre-coding,
multiplies each symbol stream by a matrix V to correct or
counteract the anticipated channel gain and rotation prior to
transmission. The matrix V can be unitary or non-unitary.
When V 1s unitary, V may be generated using Givens or
Householder constructions. In a preferred embodiment of the
present invention, matrix V of group circuit 330 1s unitary.
The anticipated channel rotation or an 1ndication of the cho-
sen matrix V 1s preferably fed back from a remote UE together
with CQI. The present invention, therefore, advantageously
tailors each MCS code rate and symbol mapping scheme to
the CQI for respective transmit antennas. MCS allocation 1s
determined by data throughput requirements for each UE.
Moreover, circuit complexity 1s reduced by half as compared
to 4-antenna PARC circuits of the prior art while providing,
approximately the same performance.
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Referring to FIG. 6A, there 1s a simplified block diagram of
a wireless receiver of the present invention. Inventive features
of the previously described transmitters of the present inven-
tion are included 1n the receiver for compatibility. Antennas
630-636 recerve signals from a remote transmitter. In a pre-
ferred embodiment, there are two, four, or more antennas
630-636. Received signals at each antenna 630-636 include
signals from each transmit antenna of a remote transmuitter.
For example, antenna 630 receives signals from transmit
antennas 308-332 (FIG. 3A) in a single user environment.
Antenna 630 also receives signals from transmit antennas
508-532 (FIG. 5) 1n a multiuser environment. However, in the
multiuser environment, signals from transmit antenna 508
may be intended for the recerver of FIG. 6 A while signals
from transmit antennas 512-532 may be interference.
Received signals from antennas 630-636 are applied to Mean
Mimmum Square Error (MMSE) detection circuit 602. The
MMSE detection circuit detects user data streams from
receive antennas 630-636. Alternative detection circuits uti-
lizing match filter, zero forcing, or least square algorithms as
are known 1n the art may also be used 1n lieu of MMSE
detection. For CDMA applications, the received signals may
be despread with user-specific spreading codes. Circuit 614
extracts pilot signals from these user data streams. These pilot
signals may have a power boost relative to data signals. The
extracted pilot signals are applied to circuit 610 to compute an
cifective channel matrix representing the channel effect
between the recerver and remote transmitter. The outputs of
the MMSE detection circuit 602 are applied to the multi-
antenna processing circuit 604 and corrected by the effective
channel matrix from circuit 610. Different types of multi-
antenna processing can be used such as linear, decision feed-
back, or maximum likelihood. These signals are subsequently
converted to a serial data stream by parallel-to-serial con-
verter 606. The serial data stream 1s then demapped, deinter-
leaved, and, decoded 1n circuit 608 and applied to a baseband
processor (not shown). An optional feedback loop 612 from
circuit 608 to circuit 604 allows a decision feedback operation
which can improve the estimation of data bits. The decision
teedback operation may include successive interference can-
cellation (SIC) wherein each detected signal 1s successively
removed from the composite recerved signal.

Circuit 608 also calculates a group SINR from the received
signal which 1s subsequently retransmitted to the remote
transmitter as a CQI. The group SINR corresponds to a par-
ticular transmaitter MCS that produced the imntended user sig-
nal. In a single user environment, the receiwver preferably
reports an SINR for each MCS of the transmitter of FIG. 3A.
By way of contrast, MIMO receivers of the prior art are
required to report a separate SINR for each transmit antenna
of a PARC transmitter. Thus, the present invention advanta-
geously reduces the SINR reporting overhead by half 1n a
single user environment. Alternatively, for a multiuser envi-
ronment, the receiver of FIG. 6 A reports a single SINR for the
remote transmitter MCS producing the intended user data
stream.

Referring now to FIG. 6B, there 1s a simplified block dia-
gram of another embodiment of a wireless receiver of the
present invention. Like numbered circuit blocks perform sub-
stantially the same functions as previously described with
regard to the receiver of FIG. 6 A. Antennas 630-636 receive
signals from a remote transmitter. In a preferred embodiment,
there are two, four, or more antennas 630-636. Received
signals at each antenna 630-636 include signals from each
transmit antenna of a remote transmitter as previously
described. These received signals are applied to respective

OFDM receiver circuits 620-626. The OFDM circuits per-
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form an FFT on each OFDM data stream to convert recerved
signals to a stream of OFDM signals or tones 1in the frequency
domain. The OFDM tones are applied to Mean Minimum
Square Error (MMSE) detection circuit 602. As with the
circuit of FIG. 6A, alternative detection circuits utilizing
match filter, zero forcing, or least square algorithms as are
known 1n the art may also be used 1n lieu of MMSE detection.
The MMSE detection circuit detects user data streams from
OFDM recervers 620-626. Circuit 614 extracts pilot tones
from these user data streams. The extracted pilot tones are
applied to circuit 610 to compute the effective channel matrix
between the recerver and remote transmitter. The outputs of
the MMSE detection circuit 602 are applied to the multi-
antenna processing circuit 604 and corrected by the effective
channel matrix from circuit 610. Different types of multi-
antenna processing can be used such as linear, decision feed-
back, or maximum likelihood. These signals are subsequently
converted to a serial data stream by parallel-to-serial con-
verter 606. The serial data stream 1s then demapped, deinter-
leaved, and, decoded 1n circuit 608 and applied to a baseband
processor. As previously described, an optional feedback
loop 612 from circuit 608 to circuit 604 allows a decision
teedback operation which can improve the estimation of data
bits. The decision feedback operation may include successive
interference cancellation (SIC) wherein each detected signal
1s successively removed from the composite recerved signal.

Referring now to FIGS. 7A and 7B there are simulations of
the present mvention and circuits of the prior art. The simu-
lation of FIG. 7A 1s based on a spatial correlation value of
zero (p=0). This represents an 1deal case of orthogonal signals
where a recerwver correctly identifies each signal from each
transmit antenna. The simulation of FIG. 7A 1s based on a
spatial correlation value of zero (p=0). By way of compari-
son, the simulation of FIG. 7B represents a worst case where
received signals correlate 50% of the time (p=0.5). Both
simulations assume a 10 user scheduler maximum carrier-to-
interference (MCI) ratio, a low doppler rate, and 5 MHz
channel bandwidth for OFDM transmission with iterative
MMSE detection. The vertical axis of each simulation 1s
throughput in units of bits-per-second/Hz/sector. The hori-
zontal axis 1s a ratio of received signal power (I0R) to total
channel power (I0C) 1n dB. This 1s comparable to a SINR as
previously described. In view of the foregoing, only the
curves of FIG. 7A will be described 1n detail.

The simulation of FIG. 7A includes eight curves. Numbers
in the legend 1indicate a number of transmit and receive anten-
nas, respectively, 1n the communication system. For example,
the 1x1 curve indicates a prior art communication system
with a single transmit antenna and a single recerve antenna.
This curve establishes a baseline for comparison of perfor-
mance of the present invention with circuits of the prior art.
The 1x1 curve increases throughput from 0 to 4.5 with IOR/
IOC 1ncreasing from —-10 dB to 15 dB. No substantial
improvement 1s seen for values of IOR/IOC above 15 dB for
this curve or any of the other seven curves. A second group of
2x2 curves shows a significant improvement over the 1x1
curve. This second group i1ncludes V-BLAST (2x2
VBLAST), single user PARC (2x2 SU-PARC), and multiuser
PARC (2x2 MU-PARC). The second group approximately
doubles the throughput of the 1x1 system to 9.0 at 15 dB. The
multiuser (2x2 MU-PARC) shows a slight advantage in
throughput over the other two systems. A third group of 4x4
curves shows a significant improvement over the 1x1 curve
and the second group of 2x2 curves. This third group includes
V-BLAST (4x4 VBLAST), single user PGRC (4x4
SU-PGRC), multiuser PARC (4x4 MU-PARC), and mul-
tiuser PGRC (4x4 MU-PGRC). The third group approxi-
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mately doubles the throughput of the 2x2 systemto 18.0at 15
dB. The multiuser (4x4 MU-PGRC) shows a consistent
advantage 1n throughput over the single user (4x4 SU-PGRC)
system. However, performance of the multiuser PGRC (4x4
MU-PGRC) system of the present invention 1s virtually 1den-
tically to the multiuser PARC (4x4 MU-PARC) system of the
prior art throughout the simulation range. Thus, the present
invention greatly simplifies circuit complexity and reduces
uplink SINR reporting relative to PARC systems of the prior
art while offering virtually 1dentical throughput.

Still further, while numerous examples have thus been
provided, one skilled 1n the art should recognize that various
modifications, substitutions, or alterations may be made to
the described embodiments while still falling with the inven-
tive scope as defined by the following claims. For example,
the present invention may be applied to any number of anten-
nas greater than four. When 6 antennas are present, they may
be grouped 1nto 3 groups of 2 antennas each or 2 groups of 3
antennas each. Likewise, when 8 antennas are present, they
may be grouped 1nto 2 groups of 4 antennas each or 4 groups
of 2 antennas each. Other combinations will be readily appar-
ent to one of ordinary skill in the art having access to the
instant specification.

What 1s claimed 1s:

1. A method of transmitting a wireless signal from a wire-
less transmitter, comprising the steps of:

receving a data stream;

dividing the data stream into a first data stream and a

second data stream;

encoding the first data stream 1n response to a first channel

quality indication;

encoding the second data stream separately from the first

data stream in response to a second channel quality
indication;

converting a first part of the encoded first data stream to a

first symbol;
converting a second part of the encoded first data stream to
a second symbol;

multiplying the encoded first and second symbols by a
linear basis matrix to produce first and second product
symbols; and

transmitting the product symbols from at least two transmiut

antennas of the wireless transmutter.

2. The method of claim 1, comprising the steps of:

converting a first part of the encoded second data stream to

a third symbol;

converting a second part of the encoded second data stream

to a fourth symbol;

multiplying the encoded third and fourth are basis matrix to

produce third and fourth product symbols; and
transmitting the third and fourth product symbols from the
at least two transmit antennas.

3. The method of claim 1 wherein the linear basis matrix 1s
unitary.

4. The method of claim 1, wherein the linear basis matrix 1s
non-unitary.

5. The method of claim 1, wherein at least one of the
encoded first and second data steams comprise orthogonal
frequency division multiplex (OFDM) symbols.

6. The method of claim 1, wherein the data stream com-
prises data for at least two different wireless recervers.

7. The method of claim 1, wherein the data stream com-
prises data for a single wireless recerver.

8. A wireless transmitter, comprising:

a first serial-to-parallel circuit arranged to convert a data

stream 1nto a first data stream and a second data stream;
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a first encoder circuit arranged to encode the first data
stream at a first data rate;

a second encoder circuit arranged to encode the second
data stream at a second data rate greater than the first
data rate;

a first symbol mapper arranged to produce a first and a
second symbol from the first data stream:;

a second symbol mapper arranged to produce a third and a
fourth symbol from the second data stream; and

a group circuit arranged to multiply the encoded first, sec-
ond, third, and fourth symbols by a linear basis matrix to
produce a plurality of product symbols.

9. The wireless transmitter of claim 8, comprising applying
the plurality of product symbols to a plurality of transmit
antennas.

10. The wireless transmitter of claam 9, wherein the data
stream comprises data for at least two different wireless
rece1vers.

11. The wireless transmitter of claim 9, comprising more
than four transmit antennas.

12. The wireless transmitter of claim 8, wherein each of the
first and second data rates 1s selected 1n response to a channel
quality indication.

13. The wireless transmitter of claim 8, comprising:

a first interleaver circuit arranged to interleave the first data

stream; and

a second 1nterleaver circuit arranged to interleave the sec-
ond data stream.

14. The wireless transmitter of claim 8, wherein the group
circuit applies the plurality of product symbols to a plurality
ol transmit antennas.

15. The wireless transmitter of claim 8, wherein the linear
basis matrix 1s unitary.

16. The wireless transmitter of claim 8, wherein the linear
basis matrix 1s non-unitary.

17. The wireless transmitter of claim 8, wherein the sym-

bols comprise orthogonal frequency division multiplex
(OFDM) symbols.
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18. The wireless transmitter of claim 8, wherein the data
stream comprises data for a single wireless recerver.

19. A method of receiving a signal at a wireless recerver,
comprising the steps of:

recewving at the wireless recetver a plurality of symbols

from a plurality of remote transmit antennas;

detecting the plurality of symbols;

recerving a plurality of pilot signals from the remote trans-

mit antennas;

computing an effective channel matrix 1n response to the

received pilot signals;

multiplying the plurality of symbols by the effective chan-

nel matrix to produce a plurality of product symbols; and
decoding the plurality of product symbols.

20. The method of claim 19, wherein the step of receiving,
a plurality of symbols comprises recetving a plurality of
symbols at a plurality of receive antennas.

21. The method of claam 20, wherein the plurality of
receive antennas comprises at least four receive antennas.

22. The method of claim 20, wherein the plurality of
receive antennas comprises more than four recerve antennas.

23. The method of claim 19, wherein the step of detecting,
comprises Mean Minimum Square Error ((MMSE) detection.

24. The method of claim 19, comprising producing a chan-
nel quality indication.

25. The method of claim 19, comprising the steps of:

producing a channel rotation estimate; and

transmitting the channel quality indication and the channel

rotation, estimate to a remote transmaitter.

26. The method of claim 19, wherein the plurality of sym-
bols comprises orthogonal frequency division multiplex
(OFDM) symbols.

277. The method of claim 19, wherein the plurality of sym-
bols comprises data for at least two difierent users.

28. The method of claim 19, wherein the plurality of sym-
bols comprises data for a single user.

G o e = x
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