USOORE45425E
(19) United States
a2y Reissued Patent (10) Patent Number: US RE45,425 E
Sugar et al. 45) Date of Reissued Patent: *Mar. 17, 2015

(54) SYSTEM AND METHOD FOR ANTENNA
DIVERSITY USING EQUAL POWER JOINT

MAXIMAL RATIO COMBINING

(71) Applicant: IPR Licensing, Inc., Wilmington, DE
(US)

(72) Inventors: Gary L. Sugar, San Francisco, CA
(US); Chandra Vaidyanathan,

Rockwville, MD (US)

(73) Assignee: IPR Licensing, Inc., Wilmington, DE
(US)

( *) Notice: This patent 1s subject to a terminal dis-
claimer.

(21) Appl. No.: 13/755,945

(22) Filed: Jan. 31, 2013
Related U.S. Patent Documents

Reissue of:

(64) Patent No.: 7,881,674
Issued: Feb. 1, 2011
Appl. No.: 11/879,156
Filed: Jul. 16, 2007

U.S. Applications:
(63) Continuation of application No. 10/800,610, filed on

Mar. 135, 2004, now Pat. No. 7,245,881, which 1s a

continuation of application No. 10/174,689, filed on
Jun. 19, 2002, now Pat. No. 6,785,520.

(Continued)
(51) Int.CL
HO04B 7/02 (2006.01)
(52) U.S. CL
USPC ... 455/69; 455/115.1; 455/127.1;, 455/522;

455/562.1

(38) Field of Classification Search
USPC ............ 455/69, 63.4,115.1, 127.1, 522, 101,
455/2772, 2776.1, 334, 562.1; 370/329, 332

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

4,121,221 A 10/1978 Meadows
4,599,734 A 7/1986 Yamamoto
4,639914 A 1/1987 Winters

(Continued)

FOREIGN PATENT DOCUMENTS

EP 0901 219 3/1999
WO 99/40648 8/1999
(Continued)
OTHER PUBLICATIONS

Aziz et al., “Indoor Throughput and Range Improvements Using
Standard Complaint AP Antenna Diversity in IEEE 802.11a and
ETSIHIPERL AN/2”, Vehicular Technology Conference, 2002, VIC
2001, Oct. 7-11, 2001, IEEE VTS 54”, vol. 4, pp. 2294-2298.

(Continued)

Primary Examiner — Blane ] Jackson
(74) Attorney, Agent, or Firm — Volpe and Koenig, P.C.

(57) ABSTRACT

An equal gain composite beamiorming technique which
includes the constraint that the power of the signal output by
cach antenna 1s the same, and 1s equal to the total power of the
transmit signal divided by the number N of transmit antennas
from which the signal 1s to be transmitted. By reducing output
power requirements for each power amplifier, the silicon area
of the power amplifiers are reduced by as much as N times
(where N 1s equal to the number of transmit antennas) relative
to a non-equal gain composite beamiorming technique.

13 Claims, 11 Drawing Sheets

F

K sub-carriers of multi-carrier baseband signal

)

100 P,/N K sub-bands of single-carrier baseband signal P M 200
T
H(k) - {
> w0 1] |

Communication

_ >~ \

| ] 1
\ : k=1, Communication
Device ' EHTWI:’:, g — Ewb(.! Device
P, /N HT (k) Ptnt P./M




US RE45,425 E

Page 2
Related U.S. Application Data 6,370,182 B2 42002 Bierly et al.
6,377,631 Bl 4/2002 Raleigh
(60) Provisional application No. 60/361,033, filed on Mar. 6,377,636 Bl 4/2002 Paulraj et al.
1, 2002, provisional application No. 60/365,797, filed g%;;*gég g ggggg ges?er;lfj[ alt. .
e o 389, 1 anterakis et al.
on Mar. 21, 2002, provisional application No. 60/380, 6,400,699 Bl 6/2002 Airy et al.
139, filed on May 6, 2002. 6,400,780 Bl 6/2002 Rashid-Farrokhi et al.
6,442.214 Bl  8/2002 Boleskei et al.
. 6,462,709 Bl  10/2002 Choi
(56) References Cited 6.463.295 Bl  10/2002 Yun
6,473,467 Bl  10/2002 Wallace et al.
U.S. PATENT DOCUMENTS 6.522.898 Bl  2/2003 Kohno et al.
6,549,786 B2 4/2003 Ch
2"3%3(333 i l%ggg é‘#’iS_et ﬂ—l*t 1 6560299 Bl 52003 Strolle et al.
aIT1SO1 CL dl. -
y & I 6,570,929 Bl 5/2003 Eriksson
?3?}233 i g//}ggg E*’eerackody 6,584,161 B2  6/2003 Hottinen et al.
5.437.055 A 7/1995 \R?lfeatley II1 gﬁgﬂégé Eﬁ 13%88; I\K/IY?O ctal
5,457,808 A 10/1995 Osawa et al. 6,646,600 B2 112003 Vail etal
5,491,723 A 2/1996  Diepstraten 6,684,064 B2  1/2004 Kazakevich et al.
5,493,307 A 2? 1996 TSUJlmot;)l 6,687,492 Bl  2/2004 Sugar et al.
gagg%gg i i/iggg glmgl ett 1+ 6,728,294 Bl 4/2004 Kohno et al.
507, antz et al. 6,728,517 B2 4/2004 S t al.
5,539,832 A 7/1996 Weinsteln et al. 6’771j939 B1 /2004 Kl:l%;retea?
5570366 A 10/1996 Baker et al. 107 |
> 1, 6,792,033 Bl 9/2004 Maruta et al.
5,577,265 A 11/1996 Wheatley, III 6,862,271 B2  3/2005 Medvedev et al.
5,610,617 A 3/1997  Gans et al. 6,873,606 B2  3/2005 Agrawal et al.
g%ﬂ% i ‘51? gg; ?:SFEMO 6,873,651 B2  3/2005 Tesfai et al.
761193 A 6/1998 Derango ot al OSSLSTS Do U Trysby etal
5,761,237 A 6/1998 Petersen et al. 001 e
771480 A 6/1008 Olsen 6,901,122 B2 5/2005 Nadgauda et al.
171, 6,904,021 B2  6/2005 Bel
5,812,531 A 9/1998 Cheung et al. 00
6,940,917 B2 9/2005 Menon et al.
2’3‘5‘3’&?? i 3; iggg gﬂ—l‘dnil‘ Pitﬂl* 6,956,907 B2  10/2005 Ketchum
ans Cl al. -
04, 6,961,545 B2  11/2005 Tehrani et al.
5,898,679 A 4/1999 Brederveld et al. 639633742 B2  11/2005 Biroa:éteal*
2’35{335 i 2//“ iggg }Fyﬂl‘mﬂ ettﬂéﬁ* 6,970,682 B2  11/2005 Crilly, Jr. et al.
OTSSCIN © X -
7 24, 6,980,600 Bl  12/2005 Ratnarajah
5,930,248 A 7/1999 Langlet et al. 6983167 B2 12006 Adachi et al.
5,982,327 A 11/1999 Voo_k et al. 7.027.536 Bl 4/2006 Al-Dhahir
5,999,826 A 12/; 1999 “l’lhlﬂ_lllett 7,031,368 Bl 4/2006 Maruta et al.
6,008,760 A 12/1999 Shattil 7,042,860 B2  5/2006 Kasami et al.
2*852*2‘2‘% i %888 f/{dachlj 7,155,231 B2  12/2006 Burke et al.
023, yers, Jr. 7,224,758 Bl 5/2007 Banist
6,037,898 A 3/2000 Parish et al. 7554947 B 52007 Diﬁs .
6,038,272 A 3/2000 Golden et al. 7930040 B2 62007 Fantaske
6,044,120 A 3/2000 Bar-David et al. Py
6058 105 A <5000 Hochorald of ol 7,277,409 Bl  10/2007 Thermond et al.
,, : ochwald et al.
6064338 A 52000 Kobayakawa et al. Tl o 1T parmatt et al
6,091,934 A 7§2000 Bel‘ﬂll]f}ﬂ_et al. 7.342,.875 B2 3/2008 Hammons et al.
6,097,771 A 3/2000 Foschini 7,570,921 B2 872009 Sugar et al.
6,118,788 A 92000 Kerman 7,573,945 B2 82009 Tesfai et al.
2*33{%33 i ggggg ;{m ett ﬂil* 7,805,167 Bl 9/2010 Esmailzadeh
124, u et al. 8,224,263 B2  7/2012 Nogami et al.
6,141,393 A 10/2000  Thomas et al. 2001/0013764 Al 82001 Edwards et al
0,141,567 A 10/2000 Youssefmir et al. 2001/0015994 Al /2001 Nam |
6,144,651 A 11/2000 Rinchiuso et al. 2001/0046255 Al  11/2001 Shattil
e a0 sameghetal 2001/0053143 Al  12/2001 Lietal.
6,147,985 A 1172000 Bar-David et al. 2001/0053699 Al  12/2001 McCrady et al.
6,157,340 A 12/2000 Xu et al. 2002/0001316 Al 1/2002 Hornsby et al.
6,157,843 A 12§2000 Derango et al. 2002/0024975 Al 2/2002 Hendler
6,177.906 BL 172001 Petrus 2002/0034191 Al 3/2002 Shattil
6,185,440 Bl 2/2001 Barratt et al. 2002/0039884 Al  4/2002 Raynes et al.
6,195,045 Bl 2/2001 Xu et al. 2002/0045435 Al 4/2002 Fantaske
6,211,671 Bl 472001 Shattil 2002/0051430 Al 5/2002 Kasami et al
6,218,986 Bl 4/2001 Yukitomo et al. 2002/0064246 Al 5/2002 Kelkar et al.
6,249,250 Bl 6/2001 Namekata et al. 2002/0067309 Al 6/2002 Baker et al.
6,252,548 Bl 6§200¢ Jeon 2002/0072392 Al 6/2002 Awater et al.
6,252,834 Bl 5/200¢ Hunter h 2002/0085643 Al 7/2002 Kitchener et al.
2*382’332 g géggf E%mﬂf | 2002/0102950 Al 82002 Gore et al.
0502000 Bl 10/2001 Hez“theh’i‘“ 2002/0111142 Al 8/2002 Klimovitch
633O7ﬁ882 Bih 10/20()? Marzejtta‘ 2002/0118781 Al 8/2002 Thomas et al.
6317466 Bl  11/2001 Foschini et al. 2002/0122385 Al 9/2002 Wu et al.
6327310 Bl  12/2001 Hochwald et al. 20020122501 AL 9/2002 Awater et al.
6331837 Bl 122001 Shattil 2002/0127978 Al 9/2002 Khatri
6349219 Bl 2/2002 Hochwald et al. 2002/0136170 Al 9/2002 Struhsaker
6351499 Bl  2/2002 Paulraj ef al. 2002/0141355 Al 10/2002 Struhsaker et al.
6,362,781 Bl  3/2002 Thomas et al. 2002/0147032 Al 10/2002 Yoon et al.
6,369,758 Bl  4/2002 Zhang 2002/0158801 Al  10/2002 Crilly, Jr. et al.



US RE45,425 E
Page 3

(56) References Cited
U.S. PATENT DOCUMENTS

2002/0159537 A1 10/2002 Crilly, Jr. et al.
2002/0172186 A1 11/2002 Larsson
2002/0172269 Al 112002 Xu

2002/0196842 Al  12/2002 Onggosanusi et al.
2003/0002450 Al 1/2003 Jalali et al.
2003/0022693 Al 1/2003 Gerogiokas et al.
2003/0032423 Al 2/2003 Boros et al,
2003/0035491 Al 2/2003 Walton et al.
2003/0048761 Al 3/2003 Jarett
2003/0100324 Al 5/2003 Kasapi
2003/0108117 Al 6/2003 Ketchum et al.
2003/0114108 Al 6/2003 Frecassetti et al.
2003/0125090 Al 7/2003 Zeira
2003/0139194 Al 7/2003 Onggosanusi et al.
2003/0157954 Al 8/2003 Medvedev et al.
2003/0181165 Al 9/2003 Sugar et al.
2004/0072546 Al 4/2004 Sugar et al.
2004/0104839 Al 6/2004 Velazquez et al.
2005/0192048 Al 9/2005 Bndgelall
2007/0117513 Al 5/2007 Kasamu et al.

FOREIGN PATENT DOCUMENTS

WO 99/57820 11/1999

WO 01/05061 1/2001

WO 01/45300 6/2001

WO 01/69800 9/2001

WO 02/03568 1/2002
OTHER PUBLICATIONS

Brunner et al., “Downlink Beamforming for WCDMA Based on

Uplink Channel Parameters”; Proceedings of 3™ European Personal

Mobile Conference (EPMCC’99), Mar. 1999, pp. 375-380.

Choi et al., “MISO CDMA Transmission with Simplified Recerver
for Wireless Communication Handsets”, IEEE Transactions on Com-
munications, vol. 49, No. 5, May 2002.

Golden et al., “V-BLAST: A High Capacity Space-Time Architecture
for the Rich-Scattering Wireless Channel”, Bell Laboratories, Lucent
Technologies, Proc. Int’] Symposium on Advanced Radio Technolo-
gies, Boulder, CO, Sep. 10, 1998.

Golub et al., Matrix Computation, ““7.3 Power Iterations™, The Johns
Hopkins University Press, Second Edition, pp. 351, (1983).

Heath et al., “A Simple Scheme for Transmit Diversity Using Partial
Channel Feedback™, Signals, Systems & Computers, Conference
Record of the Thirty-Second Asilomar Conference, Nov. 1-4, 1998;
vol. 2; pp. 1073-1078.

Junqiang et al., “Spatial Multiuser Access with MIMO Smart Anten-
nas for OFDM Systems”, IEEE VTC 2001, Sep. 2001, pp. 1553-
1557.

LAN MAN Standards Committee Of The IEEE Computer Society,

“Information Technology—Telecommunications And Information
Exchange Between Systems—I.ocal And Metropolitan Area Net-
works—Specific Requirements—Part 11: Wireless LAN Medium
Access Control (MAC) And Physical Layer (PHY) Specifications™,
ANSI/IEEE Std 802.11, 1999 Edition (R2003), (Reaffirmed Jun. 12,
2003).

Lee et al., “Antenna Diversity for an OFDM System 1n a Fading
Channel”, Proceeding of IEEE MILCOM 1999, Nov. 1999, pp. 1104-
1109.

Meyer-Ottens, et al. “Downlink Beamforming for W-CDMA Using
Feedback and Interference Estimate™, Mar. 9, 2001.

Panasonic et al., “Clairificatioin of SCH transmutted by TSTD,”
3GPP TSG RAN WGI1 Meeting #15, R1-00-1080 (Aug. 22-25,
2000).

Perahia et al ., “Adaptive Antenna Arrays and Equalization for Indoor
Digital Radio,” IEEE International Conference on Communications,
pp. 592-596 (Jun. 1996).

Raleigh et al., “Spatio-Temporal Coding for Wireless Communica-
tion”, IEEE Transactions on Communications, vol. 46, No. 3, Mar.

1998, pp. 357-366.

Sampath et al., “Joint Transmit And Recerve Optimization For High
Data Rate Wireless Communication Using Multiple Antennas™, Sig-
nals, Systems, and Computers, vol. 1, Oct. 1999.

Stridh et al., “Spatial Characterization of Indoor Radio Channel
Measurements at 5 GHZz”, SAM 2000, Mar. 2000, pp. 58-62.

Texas Instruments, “Delay diversity for the BCH of TDD,” TSG-
RAN Working Group 1, TSGR1#7(99)b45 (Aug. 30-Sep. 3, 1999).
Wennstrom et al., “On The Optimality And Performance Of Transmit
And Recerve Space Diversity In MIMO Channels”, IEEE Seminar on
Communications Systems from Concept to Implementations, (Dec.
12, 2001).

Yang ct al., “Joint Transmitter—Recerver Optimization For Multi-
Input Mult1-Output Systems With Decision Feedback”, IEEE Trans-
actions On Information Theory, vol. 40, No. 5, pp. 1334-1347, (Sep.
1994).

Bolckei et al., “On the Capacity of OFDM-Based Spatial Multiplex-
ing Systems,” IEEE Transactions on Communications, vol. 50, No. 2,
pp. 225-234 (Feb. 2002).

Dammann et al., “Standard Conformable Antenna Diversity Tech-
niques for OFDM and its Application to the DVB-T System,” IEEE
Global Telecommunications Conference, vol. 5, pp. 3100-3105 (Nov.
2001).

Palomar et al., “Capacity Results of Spatially Correlated Frequency-

Selective MIMO Channels in UMTS,” IEEE 54th Vehicular Technol-
ogy Conference, vol. 2, pp. 553-557 (Oct. 7, 2001).

“BLAST High-Level Overview”, Lucent Technologies, Jul. 18,
2000.

“Lucent’s ‘BLAST’ Chips to Take Off in Wireless Market”,
EETimes.com, Oct. 16, 2002.

Ariyavisitakul et al., “Optimum Space-Time Processors With Dis-
persive Interference—Unified Analysis And Required Filter Span”,

1999 IEEE International Conference on Communications, vol. 2, pp.
1244-1249, (1999).

Bablan et al., “Optimum Diversity Combining and Equalization in
Digital Data Transmussion with Applications to Cellular Mobile

Radio—Part II: Numerical Results”; May 1992; IEEE Transactions
on Communications, vol. 30, No. 5; pp. 895-907.

Briesemeister et al., “Role-Based Multicast in Highly Mobile but
Sparsely Connect Ad-Hoc Networks”; First Annual Workshop on
Mobile Ad Hoc Networking & Computing; pp. 45-50; Aug. 2000.
Chiu et al., “OFDM Recerver Design™, EE225C, Fall 2000, Univer-
sity of California, Berkeley.

Chizhik et al., “Keyholes, Correlations, and Capacities of Multiele-
ment Transmit and Receiver Antennas”, IEEE Transactions on Wire-
less Communications, vol. 1, No. 2, Apr. 2002, pp. 361-368.

Chuah et al., “Capacity of Multi-Antenna Array Systems in Indoor
Wireless Environment”, Nov. 1998, IEFE Globecom.

Golden et al., “Detection Algorithm and Initial Laboratory Results
Using V-Blast Space-Time Communication Architecture”, FElec-
tronic Letters, Jan. 7, 1999, vol. 35, No. 1.

Golden et al., “V-Blast: A High Capacity Space- Time Architecture
for the Rich-Scattering Wireless Channel”, Bell Laboratories, Lucent
Technologies, Proc. Int’l Symposium on Advanced Radio Technolo-
gies, Boulder, CO, Sep. 10, 1998.

Irmer et al., “MISO Concepts for Frequency-Selective Channels™,
2002 International Zurich Seminar on Broadband Communications
Access, Feb. 19-21, 2002.

Iserte et al., “Iterative Algorithm for the Estimation of Distributed
Sources Localization Parameters”, SSP 2001, 11” IEEE Workshop
on Statistical Signal Processing, Aug. 2001.

Iserte et al., “Joint Beamforming Strategies in OFDM-MIMO Sys-
tems”, [ICASSP 2002, IEEE International Conference on Acoustics,
Speech and Signal Processing, May 2002.

Iserte et al., “Pre-and Post-Beamforming i MIMO Channels
Applied to HIPERLAN/2 and OFDM”, IST Summut 2001, IST
Mobile Communications Summit, Sep. 2001.

Ivrlac et al., “On Channel Capacity of Correlated MIMO Channels™,
I'TG Fokusprojekt: Mobilkommunikation “Systeme mit Intelligenten
Antennen”, [lmenau, 2001.

Jakes, “Microwave Mobile Communications™, Copyright 1974, pp.
313-320 and pp. 489-498.




US RE45,425 E
Page 4

(56) References Cited
OTHER PUBLICATIONS

Jungnickel et al., “A MIMO WLAN Based on Linear Channel Inver-
sion”, IEE Seminar-MIMO Communication Systems from Concept
To Implementation, Dec. 2001, pp. 20/1-20/6.

Jungnickel et al., “Performance of a MIMO System with Overlay
Pilots”, IEEE GlobeCom 2001, pp. 594-598.

L1 et al.,, “Adaptive Antenna Arrays for OFDM Systems With
Cochannel Interference”, IEEE Transactions On Communications,
vol. 47, No. 2, pp. 217-229, (Feb. 1999).

Love et al., “Equal Gain Transmission in Multiple-Input Multiple-
Output Wireless Systems”, Nov. 2002, Proceedings of IEEE
Globecom, pp. 1124-1128.

Lucent Technologies, “Lucent Technologies: Chips Posied to Bring
‘BLAST’ Multiple Input/Multiple Output Technology to Laptops,
PDAs and Other Mobile Devices”, Oct. 16, 2002, lucent.com.
Morgan, “Interaction of Adaptive Antenna Arrays in an Arbitrary
Environment”, The Bell System Technical Journal, Jan. 1965, pp.
23-47.

Narula et al., “Efficent Use of Side Information In Multiple-Antenna
Data Transmussion Over Fading Channels”, IEEE Journal On
Selected Areas In Communications, vol. 16, No. 8, pp. 1423-1436
(Oct. 1998).

Onggosanusi et al., “Performance Analysis Of Closed-Loop Trans-
mit Diversity In The Presence Of Feedback Delay”, IEEE Transac-

titons On Communications, vol. 49, No. 9, pp. 1618-1630, (Sep.
2001).

Sanchez et al., “CSMA/CA Beam Forming Antennas in Multi-hop
Packet Radio™; Proc. For Swedish Workshop on Wireless Ad-Hoc
Networks, Mar. 5-6, 2001.

Stridh et al., “MIMO Channel Capacity on a Measured Indoor Radio
Channel at 5.8 GHZ”, Proc. of the Asilomar Conf. on Signals, Sys-
tems & Computers, vol. 1, Oct. 2000, pp. 733-737.

Vaidyanathan etal., “The Role in Lossless Systems in Modern Digital
Signal Processing: A Tutorial”, IEEE Transactions on Education, vol.

32, Aug. 1989, pp. 181-197.

Wallace et al., “Experimental Characterization of the MIMO Wire-
less Cannel: Data Acquisition and Analysis”, Feb. 27, 2002, Depart-
ment of Electrical and Computer Engineering, Brigham Young Uni-
versity.,

Wolniansky et al., “V-BLAST: An Architecture for Realizing Very
High Data Rates Over the Rich-Scattering Wireless Channel”, Proc.
ISSSE-98, Pisa, Italy, Sep. 29, 1998.

Yang et al., “On Joint Transmitter and Receive Optimization for
Multiple-Input-Multiple-Output (MIMO) Transmission Systems”,
[EEE Transactions on Communications, vol. 42, No. 12, Dec. 1994.
Yeh, “An Analysis of Adaptive Retransmission Arrays in a Fading
Environment”, The Bell System Technical Journal, Oct. 1970, pp.
1811-1825.

Chang et al., “Joint Transmitter Receiver Diversity For Efficient
Space Division Multiaccess”, IEEE Transactions on Wireless Com-
munications, vol. 1, No. 1, Jan. 2002.

Haardt et al., “Smart Antennas For UTRA TDD”, European Trans-
actions On Telecommunications vol. 12, No. 5, Sep. 2001.

Lucent Technologies, “Lucent technologies: Chips poised to bring
‘BLAST’ Multiple Input/Multiple Output Technology to Laptops,
PDAs and Other Mobile Devices”, Oct. 16, 2002, lucent.com.
Meyer-Ottens, et al. “Downlink Beamforming for W-CDMA Using
Feedback and Interference Estimate” Mar. 9, 2001.

Narula et al., “Efficient Use Of Side Information In Multiple-An-
tenna Data Transmission Over Fading Channels™, IEEE Journal On
Selected Areas In Communications, vol. 16, No. 8, pp. 1423-1436,
(Oct. 1998).

Perahia et al., “Adaptive Antenna Arrays and Equilization for Indoor
Digital Radio,” IEEE International Conference on Communications,
pp. 592-596 (Jun. 1996).

Siwiak, “Radiowave Propagation and Antennas for Personal Com-
munications,” Artech House, Inc., pp. 31-37 (Apr. 1998).

Wallace et al., “Experimental Characterization of the MIMO Wire-
less Channel: Data Acquisition and Analysis”, Feb. 27, 2002, Depart-
ment of Electrical and Computer Engineering, Brigham Young Uni-
versity.




US RE45,425

OL¢C 0Ll
F x <
N/d o= O H | N/d
a0In8(q “Ms ————————— - TN, (HS . a2INa(
UOI}EDIUNWIWO N ST =3 MT=3 | uonedunwwo)
o | A\l _nM =1 L*X} ¢ N n,_” — [ ]
. L‘llllll_‘ﬁ Py -

m Auﬂv_ cxy AA MHS MS Avaﬁ I'xa A A
c ()DH
b W/ td
2 00Z \ / [eUSIS pueqaseq ISILIRD-3[3UIS JO spueq-qns N/ g 00L
2 [EUSIS PUBQISE( IOLLIBI-T}[UW JO SISLLIED-QNS

Olﬁl \\,>
N | 4 4
o
=
g |
r~
\ o
o
~
>

I " DIA

U.S. Patent



US RE45,425

¢ DIA

J

~}- —
-
=
~ - - (NM)/
3
i
7 2 0\

) d
\ - -
Y
—
g\ |
~
—
= (NM)/ 4
>

LIuy
d

U.S. Patent

¢ DIA
: 2+ L+ Y
-
2y
| | d
| |
| |
................... R e RS DY e
J | | _ |
-
LUy
d
................................................................ M/ d



US RE45,425

Sheet 3 0f 11

Mar. 17, 2015

U.S. Patent

r DId

cet

Ott

bZE

ZZE
0Z€ NOTLOES
(ONVHASYY

ovd DAy
pTE
%(\wf 20€
NOLLDAS 90¢
T .H..
Z1¢€ \W_/W

00¢



US RE45,425

Sheet 4 of 11

Mar. 17, 2015

U.S. Patent

—ﬂ%ﬂnwﬁm%nmg* me_m.z\(
ﬁ%ﬁﬁmnm m I

— ﬂuﬁznﬁm,hg

(I = () T I m

mu\v #hmw‘&\_\_t _ Aw\v ﬂﬁm,m\s

O VIS ¥ e,
oo PP _ s
ﬁ&\vo w&m m

@b oiwn&\sm — Aub ohﬁm.xg

| (1) S Lm(y) M
” 0SY
o0V LmO)H \
014 % _
O VLM _
0EV
o) S tmey) 1 ~
_ OFA 4
’1 01° <YL m (1)1 k
0lLp
00"

¢ DId

Au\v a{amﬁght — @Q %mw__x\S

) m| don [
)M

llﬁuuanﬁxh

()" m| don
ﬁﬁc.&ﬁ .ﬂm AR [

Au\v onvﬁw,h\ShI — A«v 0°'d¥V* NC_S

= (3)V 9V L pp




(9P) MNS Ul SSO7

US RE45,425

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Sheet Sof 11

Mar. 17, 2015

(¢1S-dv ule 'b3) uoielay yaes 1oy 4a0

9 DIA

U.S. Patent

90

530

i
O

(essiosge > YNS Ul 8S0[) qold



US RE45,425

Sheet 6 of 11

Mar. 17, 2015

U.S. Patent

IIIIIIII .q.ll..-l.l..._.l.l..l' .I..I.....l..lr.'.ll'.*_.-ill.lll. I.I_Ir._l...l.,lrll_l-.l._l..l..l..._ll._llJIIuInLFI..Ll.II:‘II_-.I..IIIIII
.Ill_ll.'ll-m_lll.l..‘..-_l—_I--ll.llll.nlllllll-II-I...I.III_I_II.III_lmlIll-llll.l“ll‘ IIIII .h- ********
llllllll *lll'l'll*l-."llll*lllll..l.l..l. lll-lllll._l__‘_l_I_l_.I_I.l..'l._‘ll.l.ll..lll.‘.‘_l_.l.l-l...
llllllll .rlII‘-I'l*lll'll-lrllllllll llll--'l‘l-ll-'rll-lllllllllilllll.lll..

- s om O g gy mr Em 4 ER S S S W AR am Ew ah o A sl oh ae Ee . A = Em o m S B S - o G s T T W R AR W * lllllll g EE e e WY W W . af == o S Sa S A= = mm
..-"II.I-*II"-I-.*IIIIIII-*III lllll ‘ IIIIIIII J IIIIIIII i'lll.‘.'
et e mmAm s eme e e e A a e e .k - = e e e e md e .- —-—- I ——— -l em e - -
1 ] | |
’ ’ " ’

4 ] L L
I.I.lll'll'-“ IIIIIIIII ll'll-h"llll‘l""'lll-l"- IIIII 0nE W =
| ' ' 1
-l.‘ll--l* llllllllllllllll L lllllll i lllll ...__.I.. lllllll
1 i | I
llllllll .H'I-I-'-IAIIT _l_llll-'t.‘-'l-"l"l-.—..l‘l-
IIIIIIII -.Il.lllll.-l.ll -ﬂ. .]_-'_.J_I'lllh.’-l.'.llllul.h.lu.rl.lrll.llll
|||||||| Lo e — 2 A O DY U,
llllllll .__-._.I_I.I.Il_.l...lnlnl- Illl"lll.l-llll'-FILII-'FIIIL---I-.‘_-'
llllllll I .II-II-“.Il_...lllIl-thl'll--llh-’.’.-rl—ll
gl Wil il il gl pufaga S 1 3 R
| L & L | 3
| . ! i i
) - i 1
n | | [

k I » ’

- oam aE S O S SR s Ao e nmess s -k 'IIL#-----'I‘.---"III"'ll.l_.l.,l_.l-

- eem O EE EE S EN e bk E ms = am ok O OB

dar my B ENF TN EE AN IEr B O ET BT EE B mn T W W mr W mr T S S S oy

ik ok % B B W EE = e W I W = =
- E A B al e ol e il = = = =
- e B EE .

- - -

EXPIHW
ZoYdweb3uoN —o—
ZXZOHWN B -

O B B E 4 T W W o E an T Ny B O Wy By W W

{sU N5) S4AW v7 1& s1axaed a18q qOt 104 |auueLld buipe) _m::m..:oaxm c_,.mm_.n_ .

L OId

Ol



US RE45,425

Sheet 7o0f 11

OLS
086

Mar. 17, 2015

U.S. Patent

ANINJUID

=P

AIPNoND

J4

096

0SS

12|14

19114

0%

Q

1. 44|
X1jaid
20AD 1441
1L 9su|
Ots

3 DId

M-l =

layng

ML =)
1

layng
Q1€
0cC6

GN M
sjybram
N Uy

()" m
s1yblom
S

(1)s

buiddew

|OqUUAS

()]



US RE45,425

N m
siybiam
N Juy
Al =X a
X s T T o fo| 7 o] Ramo10
- Jayng v
T
S
oo : m
N Buddew : -
L . : :
Y loquIAg @ m :
- ()9 (1)
AL =Y
Xuaud d Anmoaan
144 B o|j0Ad ey /
T'g ayng pPIEVSI( A4 A
= 099 09
3
— O m 0¢G 0€9 0C9 D19
. s1yBiom 08¢
m L Uy
009

6 DIA

U.S. Patent



US RE45,425

Aynoany
4

y—
o
- H
- -
e
‘_nlh .
W
=
7 p,

AnnoaD
. 4
= 0SL
gl
— 0ZL
— oL 0L
o~
>

U.S. Patent

Cuz.ﬁ\s
asuodsal
Aosuanbaol)

Uum 1814

/ 1=} 4

/ 1914

C.v _‘.ﬁg
asuodsal
OIZ Lousnbayy

UM 19314

Ol DId




US RE45,425

N m
osuodsal
Aouanbaly
UM 18314
d
19)1 /
0S8 VY
\ o
\ o
= j0le|n
= powsQ @
N u (u)s :
.m (u)q
z a
098 19}|1 [
W Y
= " m
H,, 08  ssuodsel
. %QC@—.—U@-_.._. 0Z8
m U3im a4

003

[T "DId

U.S. Patent

AEnoaid

44

Atnoad

44

018

0SL



US RE45,425

Sheet 11 of 11

Mar. 17, 2015

V1S

U.S. Patent

0C6

0L6

H JO MOI I9[10

(zg 10 1) yIo Y

H JO MO01 U0 == 7IJ 10 [IY

016




US RE45,425 E

1

SYSTEM AND METHOD FOR ANTENNA
DIVERSITY USING EQUAL POWER JOINT
MAXIMAL RATIO COMBINING

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough indi-
cates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

[This application is a continuation of U.S. application Ser.
No. 10/800,610, filed Mar. 15, 2004, which 1s a continuation

of U.S. application Ser. No. 10/174,689, filed Jun. 19, 2002,
pending, which 1n turn claims priority to U.S. Provisional
Application No. 60/361,053, filed Mar. 1, 2002, to U.S. Pro-
visional Application No. 60/365,797 filed Mar. 21, 2002, and
to U.S. Provisional Application No. 60/380,139, filed May 6,
2002. The entirety of each of the aforementioned applications
are incorporated herein by reference.)This application is a

reissue application of U.S. patent application Serv. No. 11/879,
156 filed Jul. 16, 2007, which issued as U.S. Pat. No. 7,881,

674 on Feb. 1, 2011, which is a continuation of U.S. patent
application Ser. No. 10/500,610 filed Mar. 15, 2004, which
issued as U.S. Pat. No. 7,245,881 on Jul. 17, 2007, which is a
continuation of U.S. patent application Sev. No. 10/174,659
filed Jun. 19, 2002, whichissued as U.S. Pat. No. 6,785,520 on
Aug. 31, 2004, which claims the benefit of U.S. Provisional
Application Ser. No. 60/361,055 filed Mar. 1, 2002, U.S. Pro-
visional Application Ser. No. 60/365,797 filed Mar. 21, 2002,
and U.S. Provisional Application Ser. No. 60/350,139 filed
May 6, 2002, the contents of which are hereby incorporated
by reference herein.

BACKGROUND OF THE INVENTION

The present 1invention 1s directed to an antenna (spatial)
processing useful i wireless communication applications,
such as short-range wireless applications.

Composite Beamforming (CBF) 1s an antenna processing
technique in which a first communication device, having a
plurality of antennas, weights a signal to be transmuitted by its
antennas to a second communication device also having a
plurality of antennas. Similarly, the second communication
device weights and combines the recerved signals received by
its antennas. A multiple-input/multiple-output (MIMO) opti-
mized commumnication system 1s defined by CBF. The trans-
mit weights and recerve weights are determined to optimize
the link margin between the devices, thereby significantly
extending the range of communication between the two com-
munication devices. Techniques related to composite beam-
forming are the subject matter of above-identified commonly
assigned co-pending application.

There 1s room for still further enhancing this CBF tech-
nique to optimize cost and implementation 1ssues at the
expense ol only slight degradation 1n performance. Such a
solution 1s extremely valuable 1n manufacturing a cost-eifec-
tive integrated circuit solution.

SUMMARY OF THE INVENTION

An equal gain composite beamiorming techmque 1s pro-
vided that adds the constraint that the power of the signal
output by each of the plurality of transmit antennas 1s the
same, and 1s equal to the total power of the transmit signal
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divided by the number N of transmit antennas from which the
signal 1s to be transmuitted. This reduces output power require-
ments at each antenna. By reducing output power require-
ments for each power amplifier, the silicon area of the power
amplifiers are reduced by as much as N times (where N 1s the
number of transmit antennas) relative to non-equal gain CBF.
Many implementation advantages are achieved by equal gain
CBEFE, including savings in silicon, power requirements, etc.

The above and other objects and advantages will become
more readily apparent when reference 1s made to the follow-
ing description taken in conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of two communication devices
performing equal gain composite beamforming.

FIG. 2 shows frequency dependent weights for two anten-
nas that are frequency shaped, but not equal gain.

FIG. 3 shows equal gain frequency dependent weights for
twoO antennas.

FIG. 4 1s a block diagram of a communication device
capable of performing equal gain composite beamforming.

FIG. § 1s a flow diagram showing an adaptive algorithm to
obtain equal gain transmit antenna weights for first and sec-
ond communication devices i communication with each
other.

[F1G.6] FIG. 6 is a graphical diagram illustrating conver-
gence of the adaptive algorithm shown in FIG. 5.

FIG. 7 1s a graphical diagram illustrating a performance
comparison between equal gain composite beamiorming and
non-equal gain composite beamiforming.

FIG. 8 1s a block diagram of a composite beamiorming
transmission process for a multi-carrier baseband modulation
scheme.

FIG. 9 1s a block diagram of a composite beamforming
reception process for a multi-carrier baseband modulation
scheme.

FIG. 10 1s a block diagram of a composite beamforming,
transmission process for a single carrier baseband modulation
scheme.

FIG. 11 1s a block diagram of a composite beamiorming
reception process for a single carrier baseband modulation
scheme.

FIG. 12 15 a flow diagram for a process that 1s useful when
one device on the communication link 1s composite beam-
forming capable and the other device uses antenna selection
diversity capable.

DETAILED DESCRIPTION OF THE DRAWINGS

Referring first to FIG. 1, a system 10 1s shown 1n which a
first commumnication device and a second communication
device 200 communicate with each other using radio ire-
quency (RF) communication techniques. The devices use
composite beamforming techniques when communicating
with each other. In particular, communication device 100 has
N plurality of antennas 110 and communication device 200
has M plurality of antennas 210. According to the composite
beamiorming (CBF) techmique also described 1n the afore-
mentioned co-pending application filed on even date, when
communication device 100 transmits a signal to communica-
tion device 200, 1t applies to (i.e., multiplies or scales) a
baseband signal s to be transmitted a transmit weight vector
associated with a particular destination device, e€.g., commu-
nication device 200, denoted w,,_,. Similarly, when commu-
nication device 200 transmits a baseband signal s to commu-
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nication device 100, 1t multiplies the baseband signal s by a
transmit weight vector w,_,, associated with destination com-
munication device 100. The (MxN) frequency dependent
channel matrix from the N plurality of antennas of the first
communication device 100 to M plurality of antennas of the
second communication device 200 1s H(k), and the frequency
dependent communication channel (NxM) matrix between
the M plurality of antennas of the second commumnication
device and the N plurality of antennas of the first communi-
cation device is H' (k).

The transmit weight vectors w,_; and [w,.,] w, , each
comprises a plurality of transmit weights corresponding to
cach of the N and M antennas, respectively. Each transmit
weight1s a complex quantity. Moreover, each transmit weight
vector 1s frequency dependent; 1t may vary across the band-
width of the baseband signal s to be transmitted. For example,
if the baseband signal s 1s a multi-carrier signal of K sub-
carriers, each transmit weight for a corresponding antenna
varies across the K sub-carriers. Similarly, if the baseband
signal s 1s a single-carrier signal (that can be divided or
synthesized mto K frequency sub-bands), each transmit
welght for a corresponding antenna varies across the band-
width of the baseband signal. Therefore, the transmit weight
vector 1s dependent on frequency, or varies with frequency
sub-band/sub-carrier k, such that wtx becomes w, (1), or more
commonly referred to as w, (k), where k 1s the frequency
sub-band/sub-carrier index.

While the terms frequency sub-band/sub-carrier are used
herein 1n connection with beamforming in a frequency depen-
dent channel, 1t should be understood that the term “sub-
band” 1s meant to imnclude a narrow bandwidth of spectrum
forming a part of a baseband signal. The sub-band may be a
single discrete frequency (within a suitable frequency reso-
lution that a device can process) or a narrow bandwidth of
several frequencies.

The recerving communication device also weights the sig-
nals recerved at 1ts antennas with a receive antenna weight
vector w,_(k). Communication device 100 uses a receive
antenna weight vector w,,_, (k) when receiving a transmission
from communication device 200, and communication device
200 uses a receive antenna weight vector w,, ,(k) when
receiving a transmission from communication device 100.
Therecerve antenna weights of each vector are matched to the
received signals by the receiving communication device. The
receive weight vector may also be frequency dependent

Generally, transmit weight vector w,_; comprises a plural-
ity of transmit antenna weights w,_ 1,1_[31 (k)" where
3, (k) 1s the magnitude of the antenna weight, ¢1,1,(k) 1s the
phase of the antenna weight, 11s the antenna index, and k 1s the
frequency sub-band or sub-carrier index (up to K frequency
sub-bands/sub-carriers). The subscripts tx,1 denote thatitis a
vector that communication device 100 uses to transmit to
communication device 2. Stmilarly, the subscripts tx,2 denote
that 1t 1s a vector that communication device 200 uses to
transmit to communication device 100.

Under the constraint of an equal gain composite beam-
torming (EGCBF) process, the power of the transmit signal
output by each transmit antenna 1s the same, and 1s equal to
the total power associated with the transmit signal (P, )
divided by the number of transmit antennas. Thus, for com-
munication device 100, that 1s P, /N. For communication
device 200, that 1s P, /M. Consequently, each power amplifier
associated with an antenna need only support 1/N of the total
output power. Example: For N=4, P, =17 dBm, each power
amplifier need only support a max linear output power of
17-10log(4)=11 dBm. Thus, whereas for non-equal gain
composite beamiorming each power amplifier must support
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to the total transmit power, such 1s not the case for equal gain
beamiorming. The equal-gain constraint makes the power
amplifier design much simpler. Equal gain CBF performs
very close to non-equal gain CBF (within 1-2 dB), but costs
significantly less to implement 1n terms of power amplifier
requirements and affords the opportunity to deploy the power
amplifiers on the same silicon integrated circuit as the RF
circuitry.

When considering a frequency dependent communication
channel, the EGCBF constraint implies that for each and
every antenna 1, the sum of the power [w_; (k)| * of the antenna
signal across all of frequencies of the baseband signal (the
frequency sub-bands or sub-carrier frequencies k=1 to K) 1s
equal to P_/N. This 1s the equal gain constraint applied to a
frequency dependent channel represented by K sub-carrier
frequencies or frequency sub-bands.

An additional constraint can be imposed on the frequency
dependent equal gain constraint explained above. This addi-
tional constraint 1s a frequency shaping constraint which
requires that at each frequency of the baseband signal to be
transmitted (e.g., frequency sub-band or frequency sub-car-
rier k), the sum of the power of signals across all of the
transmit antennas (1w, (k)I* for i=1 to N) is equal to P, /K.
This constraint 1s usetul to ensure that, 1n an iterative process
between two communication devices, the transmit weights of
the two devices will converge to optimal values. An additional
benefit of this constraint 1s that the transmitting device can
casily satisiy spectral mask requirements of a communication
standard, such as IEEE 802.11x.

One solution to a system that combines the frequency
selective equal gain constraint and the frequency shaping
constraint 1s that [w,_, (k)I°=P_/(KN). This solution says that
the magnitude of each transmit antenna wei 1ight 15 P_tx/ (KN). IT
the transmit weight vector 1s normalized to unity, 1.e., divided
by [P,./(KN)]*2, then the vectors for all of the antennas across
all of the k frequeney sub-bands becomes a NxK matrix of
phase values €', where i is the antenna index and k is the
sub-band/sub-carrier index.

Ejfpll Ejf;ﬂl EjfpSl Ejprl
pie12 pJeN2
pJ¥1L3 pIPN3
IR HJPIK L §P3K pJPNK

FIG. 2 shows the magnitude of the antenna weights 1n a
2-antenna example that satisty the frequency shaping con-
straint but not the equal gain constraint. The magnitude of the
antenna weights for the two antennas at each of three exem-
plary frequency sub-bands (k, k+1, k+2) are shown. The sum
of the magnitude of the antenna weights of both antennas at
any ol the frequency sub-bands shown adds to a constant
value, P, /K.

FIG. 3 shows the magnitude of the antenna weights in the
2-antenna example that satisty the equal gain constraint and
the frequency shaping constraint. In this example, the total
power at antenna 1 (1.e., the total area under the weight curve
across k frequency sub-bands) 1s P/2 (N=2 1n the example)
and the total power of the antennas at any frequency sub-band
k 1s P/K. Thus, the power or magnitude of the transmit
antenna weight for any given antenna 1s equal (constant)
across the bandwidth of the baseband signal, and 1s equal to
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P/(KN) for all k. In other words, at each antenna, the power 1s
equally distributed across the bandwidth of the baseband
signal.

For EGCBEF, the optimization problem becomes

argmax{wg_l (kH" (K H(k)w 1 (k)}, subject to (1)
Wi i (0| = Pp / (NK).
10

A closed-form solution to equation (1) 1s difficult to obtain
since 1t requires the solution of a non-linear system of equa-
tions. However, the following necessary conditions for the
solution to (1) have been derived and are given below: 13

Optimal w,__ satisfies w,_=kHw__ for some nonzero con-
stant k.

Optimal w,_ satisfies Im(A*H”He®?)=0, A=diag(e’?”,
e, ..., e, w, ==, &, ., ™). One solution
to equation (1)1s an adaptive algorithm for EGCBE. Although 20
the algorithm 1s not necessarily optimal in terms of solving,
equation (1), it 1s simple to implement and simulations have
verified that 1t converges reliably at the expense of only a 1-2
dB performance penalty relative to non-equal gain CBF. This
adaptive algorithm 1s described hereinafter 1n conjunction 25
with FIG. 5.

The communication devices at both ends of the [link ,] /ink,
1.€., devices 100 and 200 may have any known suitable archi-
tecture to transmit, recerve and process signals. An example
of a communication device block diagram 1s shown 1n F1G. 4. 30
The communication device 300 comprises an RF section 310,

a baseband section [420] 320 and optionally a host 330. There
are a plurality of antennas, e.g., four antennas 302, 304, 306,
308 coupled to the RF section 310 that are used for transmis-
sion and reception. The device may have only two antennas. 35
The RF section 310 has a transmuitter (1x) 312 that upconverts
baseband signals for transmission, and a receiver (Rx) 314
that downconverts received RF signals for baseband process-
ing. In the context of the composite beamiorming techniques
described herein, the Tx 312 upconverts and supplies sepa- 40
rately weighted signals to corresponding ones of each of the
plurality of antennas via separate power amplifiers for simul-
taneous transmission. Similarly, the Rx 314 downconverts
and supplies received signals from each of the plurality of
antennas to the baseband section 320. The baseband section 45
320 performs processing of baseband signals to recover the
information from a received signal, and to convert informa-
tion 1n preparation for transmission. The baseband section
320 may implement any of a variety of communication for-
mats or standards, such as WL AN standards IEEE 802.11x, 50
Bluetooth™, as well as other standards.

The mtelligence to execute the computations for the com-
posite beamiforming techniques described herein may be
implemented in a variety of ways. For example, a processor
322 1n the baseband section 320 may execute instructions 55
encoded on a processor readable memory 324 (RAM, ROM,
EEPROM, etc.) that cause the processor 322 to perform the
composite beamforming steps described herein. Alterna-
tively, an application specific integrated circuit (ASIC) may
be configured with the appropniate firmware, e.g., field pro- 60
grammable gates that implement digital signal processing
istructions to perform the composite beamiforming steps.
This ASIC may be part of, or the entirety of, the baseband
section 320. Still another alternative 1s for the beamforming
computations to be performed by a host processor 332 (in the 65
host 330) by executing instructions stored 1n (or encoded on)

a processor readable memory 334. The RF section 310 may be

6

embodied by one integrated circuit, and the baseband section
320 may be embodied by another integrated circuit. The
communication device on each end of the communication
link need not have the same device architecture or implemen-
tation.

Regardless of the specific implementation chosen, the
composite beamiorming process 1s generally performed as
follows. A transmit weight vector (comprising a plurality of
complex transmit antenna weights corresponding to the num-
ber of transmit antennas) 1s applied to, 1.e., scaled or multi-
plied by, a baseband signal to be transmitted, and each result-
ing weighted signal 1s coupled to a transmitter where 1t 1s
upconverted, amplified and coupled to a corresponding one of
the transmit antennas for simultaneous transmission. At the
communication device on the other end of the link, the trans-
mit signals are detected at each of the plurality of antennas
and downconverted to a baseband signal. Each baseband sig-
nal 1s multiplied by a corresponding one of the complex
receive antenna weights and combined to form a resulting
receive signal. The architecture of the RF section necessary to
accommodate the beamiorming techniques described herein
may vary with a particular RF design, and many are known in
the art and thus 1s not described herein.

With reference to FIG. 5, an adaptive procedure 400 for
determining near optimum transmit antenna weight vectors
for first and second communication devices will be described.
The antenna weight parameters in FIG. 4 are written with
indexes to reflect communication between a WLAN access
point (AP) and a station (STA), but without loss of generality,
it should be understood that this process 1s not limited to
WLAN application, but 1s useful 1n any short-range wireless
application. The AP has Nap antennas and the STA has Nsta
antennas. Assuming the AP begins with a transmission to the
STA, the initial AP transmit weight vector w, (k) 1s
[1.1, ... 1], equal gain and normalized by 1/(Nap)" 2 for all
antennas and all frequency sub-bands/sub-carriers k. Phase
for the transmit antenna weights 1s also mitially set to zero.
The index T indicates it 1s a transmit weight vector, index AP
indicates 1t 1s an AP vector, index 0O 1s the iteration of the
vector, and (k) indicates that it 1s frequency sub-band/sub-
carrier dependent. The index 1 1s the antenna index. The
transmit weight vectors identified in FIG. S form an N x K
matrix explained above.

In step 410, a baseband signal 1s scaled by the 1nitial AP
transmit weight vector w -, » ,(k), upconverted and transmit-
ted to the STA. The transmitted signal 1s altered by the fre-
quency dependent channel matrix H(k) from AP-STA. The
STA recerves the signal and matches 1ts initial receive weight
vector Wy o, o(K) to the signals recerved at its antennas. In
step 420, the STA gain normalizes the receive weight vector
Wx s7a.0(K) and computes the conjugate of gain-normalized
receive weight vector to generate the STA’s iitial transmit
welghts for transmitting a signal back to the AP. The STA
scales the signal to be transmitted to the AP by the nitial
transmit weight vector, upconverts that signal and transmaits 1t
to the AP. Computing the conjugate for the gain-normalized
vector means essentially co-phasing the receive weight vector
(1.e., phase conjugating the receive weight vector). The trans-
mitted signal 1s effectively scaled by the frequency dependent
channel matrix H” (k). At the AP, the receive weight vector is
matched to the signals received at 1ts antennas. The AP then
computes the conjugate of the gain-normalized receive
weight vector as the next transmit weight vector w,. | (K)
and 1n step 430 transmits a signal to the STA with that transmut
weilght vector. The STA recerves the signal transmitted from
the AP with this next transmit weight vector and matches to
the recerved signals to compute a next receive weight vector
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Wr s74.1(K). Again, the STA computes the conjugate of the
gain-normalized receive weight vector wy o, 1 (K) as 1ts next
transmit weight vector w, ¢, (k) for transmitting a signal
back to the AP. This process repeats for several iterations,
ultimately converging to transmit weight vectors that achieve
nearly the same performance as non-equal gain composite
beamforming. This adaptive process works even 1f one of the
devices, such as a STA, has a single antenna for transmission
and reception. In addition, throughout the adaptive process,
the frequency shaped constraint may be maintained so that for
cach antenna, the transmit antenna weight 1s constant across
the bandwidth of the baseband signal.

FIG. 6 shows that the adaptive algorithm converges to
performance loss that 1s less than 1 dB with 95% probability
alter 3-4 iterations. FI1G. 7 shows simulation results that indi-
cate that the performance degradation compared to the non-
equal gain composite beamforming case 1s only 1-2 dB.

Each communication device stores the transmit antenna
welghts determined to most effectively communicate with
cach of the other communication devices that 1t may commu-
nicate with. The transmit antenna weights may be determined
according to the adaptive algorithm described above. When
storing the transmit weights of a transmit weight vector, 1n
order to conserve memory space in the communication
device, the device may store, for each antenna, weights for a
subset or a portion of the total number of weights that span the
bandwidth of the baseband signal. For example, if there are K
weights for K frequency sub-bands or sub-carrier frequen-
cies, only a sampling of those weights are actually stored,
such as weights for every other, every third, every fourth, etc.,
k sub-band or sub-carrier. Then, the stored subset of transmit
weights are retrieved from storage when a device 1s to com-
mence transmission of a signal, and the remaining weights are
generated by mterpolation from the stored subset of weights.
Any suitable interpolation can be used, such as linear inter-
polation, to obtain the complete set of weights across the K
sub-bands or sub-carriers for each antenna.

With reference to FIG. 8, a beamforming transmission
process 500 1s shown for a multi-carrier baseband modulation
scheme. For a multi-carrier modulation system, such as an
orthogonal frequency division multiplexed (OFDM) system
used 1n IEEE 802.11a, the data symbols are 1n the frequency
domain. K symbols are assigned to K sub-carriers (K=52 for
802.11a). For convenience, each of the transmit antenna
weilghts are described as a function of (k), the sub-carrier
frequency. The equal gain transmit antenna weights are com-
puted by any of the processes described herein at each of the
sub-carrier frequencies. There 1s a signal processing path for
cach of the N antennas. In each signal processing path, a
multiplier 510 multiplies the frequency domain symbol s(k)
by the corresponding equal-gain transmit antenna weight w,_
(k) and because w,_ (k) has K values, there are K results from
the multiplication process. The results are stored 1n a builer
520 for k=1 to K. An mverse Fast Fourier Transform (IFFT)
530 1s coupled to the buffer to convert the frequency domain
results stored 1n buffer 520 to a digital time domain signal for
cach of the K sub-carriers. There may be some adjustment
made for cyclic prefixes caused by the OFDM process. A filter
540 provides lowpass filtering of the result of the IFFT pro-
cess. The digital results of the filtering process are converted
to analog signals by a D/A 550. The outputs of the D/A 550
are coupled to RF circuitry 560 that upconverts the analog
signals to the approprniate RF signal which 1s coupled via a
power amplifier (PA) 570 to one of the N antennas 380. In this
manner, for each antenna 580, the signal s(k) 1s multiplied by
respective transmit antenna weights whose phase values may
vary as a function of the sub-carrier frequency k.
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FIG. 9 shows a reception process 600 that 1s essentially the
inverse of the transmission process 500 shown in FIG. 8.
There 1s a signal processing channel for each of the antennas
580. RF circuitry 610 downconverts the RF signals detected
at each antenna 580 for each of the sub-carriers. An A/D 620
converts the analog signal to a digital signal. A lowpass filter
630 filters the digital signal. There may be some adjustment
made for cyclic prefixes caused by the OFDM process. A
butiler 640 stores the time domain digital signal in slots asso-
ciated with each sub-carrier frequency k. An FF'T 650 con-
verts the time domain digital signal 1n builer 640 to a fre-
quency domain signal corresponding to each sub-carrier
frequency k. The output of the FFT 630 1s coupled to a
multiplier 660 that multiplies the digital signal for each sub-
carrier Kk by a corresponding recerve antenna weight w,_(K) for
the corresponding one of the N antennas. The outputs of each
of the multipliers 660 are combined by an adder [670] to
recover the digital frequency domain symbol s(k). The signal
s(k) 1s then mapped back to symbol b(k).

FIGS. 10 and 11 show transmission and reception pro-
cesses, respectively, that are applicable to a single-carrier
baseband modulation scheme, such as that used by the IEEE
802.11b standard. The data symbols 1n such a system are m
the time domain. FIG. 10 shows a beamforming transmission
process 700. Since 1 a frequency dependent channel, the
transmit antenna weights are frequency dependent, the pass-
band of the time-domain baseband signal 1s synthesized mnto
frequency bins or sub-bands (K bins or sub-bands) and equal
gain transmit beamiforming weights are computed for each
frequency bin using any of the processes described herein.
There are processing channels for each antenna. In each pro-
cessing channel, transmit filters 710 are synthesized with the
frequency response specified by the beamforming weights.
Thus, each transmit filter 710 has a frequency response
defined by the transmit antenna weight w_ (1) associated with
that antenna. The data symbol s(n) 1s passed through the
transmit filter 710 which 1n effect applies the frequency
dependent antenna weight w, (1) to the data symbol s(n). The
D/A 720 converts the digital output of the transmat filter 710
to an analog signal. The RF circuitry 730 upconverts the
analog signal and couples the upconverted analog signal to an
antenna 750 via a power amplifier 740.

FIG. 11 shows a reception process 800 suitable for a single
carrier system. There 1s a processing channel for each antenna
750. In each processing channel, RF circuitry 810 downcon-
verts the received RF signal. An A/D 820 converts the down-
converted analog signal to a digital signal. Like the frequency
dependent transmit antenna weights, the receive antenna
welghts are computed for the plurality of frequency sub-
bands. Receive filters 830 are synthesized with the frequency
response speciiied by the frequency dependent recerve beam-
forming weights w,_(1) and the recewved digital signal 1s
passed through filters 830 for each antenna, effectively apply-
ing a frequency dependent antenna weight to the recerved
signal for each antenna. The results of the filters 830 are
combined 1n an adder 850, and then passed to a demodulator
860 for demodulation.

FIG. 12 shows a procedure for use when only one of the
two devices supports beamforming. For example, N-CBF 1s
supported at a first communication device (an AP) but not at
a second communication device (a STA). In this case, the STA
1s likely to support 2-antenna Tx/Rx selection diversity as
discussed previously. If this 1s the case, 1t 1s possible for the
AP to achieve 3 dB better performance than Nth order maxi-
mal ratio combining (MRC) at both ends of the link.

When a STA associates or whenever a significant change 1n
channel response 1s detected, the AP sends a special training
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sequence to help the STA select the best of 1ts two antennas.
The training sequence uses messages entirely supported by
the applicable media access control protocol, which 1n the
following example 1s IEEE 802.11x.

The sequence consists of 2 MSDUs (1deally contaiming
data that 1s actually meant for the STA so as not to incur a loss
in throughput). In step 900, the AP sends the first MSDU
using a Tx weight vector having equal gain orthogonal trans-
mit weights (also optionally frequency shaped). For example,
if the number of AP antennas is 4, the transmit weight vector
is[1111]". Instep 910, the 2-antenna selection diversity STA
responds by transmitting a message using one of [its’] izs two
antennas; the antenna that best recerved the signal from the
AP. The AP decodes the message from the STA, and obtains
one row of the H matrix (such as the firstrow h ;). In step 920,
the AP sends the second MSDU using a frequency dependent
transmit weight vector which 1s orthogonal to the first row of
H (determined in step [610] 910), and equal-gain normalized
such that the magnitude of the signals at each antenna 1s equal
to P/N. In addition, the transmit weight vector may be ire-
quency shaped across so that at each frequency of the base-
band signal, the sum of the power output by the antennas of
the first communication device 1s constant across. When the
STA receives the second MSDU., 1t forces the STA to transmait
a response message in step [630] 930 using the other antenna,
allowing the AP to see the second row of the H matrix, such as
h .. Now the AP knows the entire H matrix. The AP then
decides which row of the H matrix will provide “better” MRC
at the STA by computing a norm of each row, h , and h ., of
the H matrix and, and selecting the row that has the greater
norm as the frequency dependent transmit weight vector for
further transmissions to that STA until another change is
detected 1in the channel. The row that 1s selected 1s equal gain
normalized before 1t 1s used for transmitting to that STA.

Equal gain composite beamiorming provides significant
advantages. By reducing output power requirements for each
power amplifier, the silicon area of the power amplifiers are
reduced by as much as N times (where N 1s equal to the
number of antennas) relative to non-equal gain CBF. The
silicon area savings translates into a cost savings due to (1)
less silicon area, and (2) the ability to integrate the power
amplifiers onto the same die (perhaps even the same die as the
radio frequency transceiver itself).

The efficiency (efficiency being defined as the output
power divided by DC current consumption) for each power
amplifier 1s N times larger in the EGCBF case than in the
non-equal gain CBF case. With EGCBFE, the same output
power as non-equal CBF 1s achieved with N times less DC
current.

Equal gain CBF reduces power requirements for each of
the power amplifiers, which 1n turn increases the output
impedance of each of the power amplifiers (since impedance
1s 1nversely proportional to current, and supply current
requirements will be reduced). When the output impedance of
the power amplifier 1s increased, the matching networks
required for the power amplifiers are greatly simplified and
require less silicon area. Moreover, reducing power require-
ments for the individual power amplifiers provides greater
flexibility for systems with low supply voltage.

To summarize, a method 1s provided that accomplishes
applying a transmit weight vector to a baseband signal to be
transmitted from the first communication device to the second
communication device, the transmit weight vector compris-
ing a complex transmit antenna weight for each of N plurality
of antennas of the first communication device, wherein each
complex transmit antenna weight has a magmtude and a
phase whose values may vary with frequency across a band-
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width of the baseband signal, thereby generating N transmit
signals each of which 1s weighted across the bandwidth of the
baseband signal, wherein the magnitude of the complex trans-
mit antenna weight associated with each antenna i1s such that
the power to be output at each antenna is the same and 1s equal
to the total power to be output by all of the N antennas divided
by N; receiving at the N plurality of antennas of the first
communication device a signal that was transmitted by the
second communication device; determining a recerve weight
vector comprising a plurality ol complex receive antenna
weights for the N plurality of antennas of the first communi-
cation device from the signals receirved by the N plurality of
antennas, wherein each recetve antenna weight has a magni-
tude and a phase whose values may vary with frequency; and
updating the transmit weight vector for the N plurality of
antennas of the first communication device for transmitting
signals to the second communication device by gain normal-
1zing the receive weight vector and computing a conjugate
thereof. This process may be performed such that at substan-
tially all frequencies of the baseband signal, the sum of the
magnitude of the complex transmit antenna weights across
the plurality of antennas of the first communication device 1s
constant. Moreover, where the bandwidth of the baseband
signal comprises K plurality of frequency sub-bands, the
magnitude of the complex transmit antenna weights associ-
ated with each of the N plurality of antennas 1s such that the
power to be output by each antenna 1s the same and 1s equal to
1/(KN) of the total power to be output for all of the K fre-
quency sub-bands. This process may be embodied by instruc-
tions encoded on a medium or 1n a communication device.
In addition, a method 1s provided that accomplishes a
method for communicating signals from a first communica-
tion device to a second communication device using radio
frequency (RF) communication techniques, comprising:
applying to a first signal to be transmitted from the first
communication device to the second communication device a
transmit weight vector, the transmit weight vector comprising,
a complex transmit antenna weight for each of the N plurality
of antennas, wherein each complex transmait antenna weight
has a magnitude and a phase whose values may vary with
frequency across a bandwidth of the baseband signal, thereby
generating N transmit signals each of which 1s weighted
across the bandwidth of the baseband signal, wherein the
magnitude of the complex transmit antenna weights associ-
ated with each antenna 1s such that the power to be output at
cach antenna 1s the same and 1s equal to the total power to be
output by all of the N antennas divided by N; from a {first
response signal at the plurality of antennas of the first com-
munication device transmitted from a first of two antennas of
the second communication device, deriving a first row of a
channel response matrix that describes the channel response
between the first communication device and the second com-
munication device; applying to a second signal for transmis-
sion by the plurality of antennas of the first communication
device a transmit weight vector that 1s orthogonal to the first
row of the channel response matrix, and wherein the transmit
weight vector comprises a plurality of complex transmit
antenna weights, wherein each complex transmit antenna
weilght has a magnitude and a phase whose values may vary
with frequency across a bandwidth of the second signal,
thereby generating N transmit signals each of which 1s
weighted across the bandwidth of the baseband signal,
wherein the magmtude of the complex transmit antenna
weilghts associated with each antenna 1s such that the power to
be output at each antenna 1s the same and 1s equal to the total
power to be output by all of the N antennas divided by N;
deriving a second row of the channel response matrix from a
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second response signal receirved from a second of the two
antennas of the second communication device; and selecting
one of the first and second rows of the channel response
matrix that provides better signal-to-noise at the second com-
munication device as the transmit weight vector for further
transmission of signals to the second communication device.
This process may be performed such that at substantially all
frequencies of the baseband signal, the sum of the magnitude
of the complex transmit antenna weights across the plurality
of antennas of the first communication device 1s constant.
Moreover, where the bandwidth of the baseband signal com-
prises K plurality of frequency sub-bands, the magnitude of
the complex transmit antenna weights associated with each of
the N plurality of antennas 1s such that the power to be output
by each antenna 1s the same and 1s equal to 1/(KN) of the total
power to be output for all of the K frequency sub-bands. This
process may be embodied by instructions encoded on a
medium or 1n a communication device.

The above description 1s intended by way of example only.

What is claimed 1s:
1. A wireless communication device, comprising:
a plurality of N antennas; and
a baseband processor configured to determine a receive
weight vector of a plurality of complex recerve antenna
weights for each of the plurality of N antennas, the
receive antenna weights applied to a received baseband
signal;
compute a transmit weight vector by computing a conju-
gate of the recerve weight vector, the transmit weight
vector comprising a complex transmit antenna weight
for each ol plurality of N antennas of the communication
device, wherein each complex transmit antenna weight
has a magnitude and a phase whose values may vary with
frequency across a bandwidth of the baseband signal,
thereby generating a plurality of N transmit signals each
of which 1s weighted across the bandwidth of the base-
band signal to be transmitted from corresponding ones
of the plurality of N antennas to a second communica-
tion device, wherein the magnitude of the complex
transmit antenna weight associated with each antenna 1s
such that the power to be output at each antenna 1s the
same and 1s equal to the total power to be output by all of
the N antennas divided by N and such that the sum of the
power at each corresponding frequency across the plu-
rality of transmuit signals 1s equal to a constant;
apply the transmit weight vector to a baseband signal for
transmission via the plurality of N antennas; and

update the transmit weight vector by repeating the deter-
mining of the receive weight vector and computing of
the transmit weight vector each time signals are received
to update the transmit weight vector.

2. The device of claim 1[,] wherein the bandwidth of the
baseband signal comprises K plurality of frequency sub-
bands, and the magnitude of the complex transmit antenna
weights associated with each of the plurality of N antennas 1s
such that the power to be output by each antenna 1s the same
and 1s equal to 1/(KN) of the total power to be output for all of
the K frequency sub-bands of the communication device.

3. The device of claim 2[,] further comprising a baseband
memory configured to store, for each of the N antennas,
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complex transmit antenna weights for a subset of the K 1re-
quency sub-bands or sub-carriers.

4. The device of claim 3[,] wherein the baseband processor
and the stored subset of complex transmit antenna N [and}
weights generate therefrom the complete set of antenna
weights for all of the K frequency sub-bands or sub-carriers
using interpolation techniques.

5. The device of claim 1[,] wherein the receive weight
vector, the transmit weight vector and the baseband signal Jof
the] are applied to each of K frequency sub-bands of the
baseband signal that correspond to sub-carriers of a multi-
carrier baseband signal or synthesized frequency sub-bands
ol a single carrier baseband signal.

6. A wireless communication device comprising.

a plurality of N antennas; and

a processor configured to produce a weight for each of the

plurality of N antennas for use in beamforming,; wherein
the processor is further configured to determine a total
transmit power; wherein the processor is configured to
divide the total transmit power by N; wherein the pro-
cessor is further configured to produce a multi-carrvier
signal for transmission; wherein the multi-carrier sig-
nal is weighted for each antenna per the produced
weight and a power applied to each of the N antennas for
the weighted multi-carrier signal is equal to the total
transmit power divided by N.

7. The wireless communication device of claim 6 wherein
the beamforming is used for multiple input multiple output.

8. The wireless communication device of claim 6 wherein
the multi-carrier signal is an orvthogonal frequency division
multiplex signal.

9. The wireless communication device of claim 6 wherein
the multi-carvier signal has a plurality of K subcarriers;
wherein a power applied to each of the K subcarriers per
antenna is equal to the total transmit power divided by KN.

10. A method comprising:

producing, by a wireless communication device, a weight

for each of a plurality of N antennas for use in beam-
forming;

determining, by the wireless communication device, a total

fransmit power;

dividing, by the wireless communication device, the total

transmit power by N;

producing, by the wireless communication device, a multi-

carrier signal for transmission;

weighting, by the wireless communication device, the

multi-carrier signal for each antenna per the produced
weight; and

applving, by the wireless communication device, a power

to each of the N antennas so that the weighted multi-
carrier signal for that antenna is equal to the total trans-
mit power divided by N.

11. The method of claim 10 whevrein the beamforming is
used for multiple input multiple output.

12. The method of claim 10 whevrein the multi-carrier sig-
nal is an orthogonal frequency division multiplex signal.

13. The method of claim 10 wherein the multi-carrier sig-
nal has a plurality of K subcarriers; wherein a power applied
to each of the K subcarriers per antenna is equal to the total
transmit power divided by KN.

% o *H % x



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. . RE45,425 E Page 1 of 1
APPLICATION NO. . 13/755945

DATED : March 17, 2015

INVENTOR(S) . Gary L. Sugar and Chandra Vaidyanathan

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

On PAGE 3 at Item (56) References Cited, under the heading “U.S. PATENT DOCUMENTS”
At the 1st column, Line 5, after the words “2002/0159537 A1 10/2002 Crilly, Jr.”, delete “et al.”.

On PAGE 4 at Item (56) References Cited, under the heading “OTHER PUBLICATIONS”
At the 2nd column, Line 2, after the word “Wireless” and before “Data”, delete “Cannel;” and insert
--Channel:--.

Signed and Sealed this
Nineteenth Day of June, 2018

Andre1 Iancu
Director of the United States Patent and Trademark Office



	Front Page
	Drawings
	Specification
	Claims
	Corrections/Annotated Pages

