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STEERING DIVERSITY FOR AN 
OFDM-BASED MULTI-ANTENNA 
COMMUNICATION SYSTEM 

CLAIM OF PRIORITY 

[0001] This application is a continuation of, and claims the 
bene?t of priority from, US. patent application Ser. No. 
1 1/066,771, ?led Feb. 24, 2005 and entitled “Steering Diver 
sity for an OFDM-Based Multi-Antenna Communication 
System,” Which claims the bene?t of priority from US. Pro 
visional Patent Application Ser. No. 60/ 569,103, ?led May 7, 
2004 and entitled “Steering Diversity for an OFDM-Based 
Multi-Antenna Communication System,” both of Which are 
assigned to the assignee hereof and are fully incorporated 
herein by reference for all purposes. 

FIELD 

[0002] The present invention relates generally to commu 
nication, and more speci?cally to data transmission in a 
multi-antenna communication system that utiliZes orthogo 
nal frequency division multiplexing (OFDM). 

BACKGROUND 

[0003] OFDM is a multi-carrier modulation technique that 
effectively partitions the overall system bandWidth into mul 
tiple (K) orthogonal subbands, Which are also referred to as 
tones, subcarriers, bins, and frequency channels. With 
OFDM, each subband is associated With a respective subcar 
rier that may be modulated With data. OFDM is Widely used 
in various Wireless communication systems, such as those 
that implement the Well-known IEEE 802.11a and 802.11g 
standards. IEEE 802.1 1a and 802.1 1g generally cover single 
input single-output (SISO) operation Whereby a transmitting 
device employs a single antenna for data transmission and a 
receiving device normally employs a single antenna for data 
reception. 
[0004] A multi-antenna communication system may sup 
port communication for both single-antenna devices and 
multi-antenna devices. In this system, a multi-antenna device 
may utiliZe its multiple antennas for data transmission to a 
single-antenna device. The multi-antenna device and the 
single-antenna device may implement any one of a number of 
conventional transmit diversity schemes in order to obtain 
transmit diversity and improve performance for the data 
transmission. One such transmit diversity scheme is 
described by S. M. Alamouti in a paper entitled “A Simple 
Transmit Diversity Technique for Wireless Communica 
tions,” IEEE Journal on Selected Areas in Communications, 
Vol. 16, No. 8, October 1998, pp. 1451-1458. For the Alam 
outi scheme, the transmitting device transmits each pair of 
modulation symbols from tWo antennas in tWo symbol peri 
ods, and the receiving device combines tWo received symbols 
obtained in the tWo symbol periods to recover the pair of 
modulation symbols sent by the transmitting device. The 
Alamouti scheme as Well as most other conventional transmit 
diversity schemes require the receiving device to perform 
special processing, Which may be different from scheme to 
scheme, in order to recover the transmitted data and obtain the 
bene?ts of transmit diversity. 
[0005] A “legacy” single-antenna device may be designed 
for SISO operation only, as described beloW. This is normally 
the case if the Wireless device is designed for the IEEE 802. 
1 1a or 802.1 1 g standard. Such a legacy single-antenna device 
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Would not be able to perform the special processing required 
by most conventional transmit diversity schemes. Neverthe 
less, it is still highly desirable for a multi-antenna device to 
transmit data to the legacy single-antenna device in a manner 
such that greater reliability and/ or improved performance can 
be achieved. 
[0006] There is therefore a need in the art for techniques to 
achieve transmit diversity in an OFDM-based system, espe 
cially for legacy single-antenna devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] FIG. 1 shoWs a multi-antenna system With an access 
point and user terminals. 
[0008] FIG. 2 shoWs a block diagram of a multi-antenna 
transmitting entity, a single-antenna receiving entity, and a 
multi-antenna receiving entity. 
[0009] FIG. 3 shoWs an OFDM Waveform in the frequency 
domain. 
[0010] FIG. 4 shoWs a block diagram of an OFDM modu 
lator. 
[0011] FIG. 5 shoWs a model for transmission With steering 
diversity for one subband. 
[0012] FIG. 6 shoWs a transmit (TX) spatial processor and 
an OFDM modulator. 

[0013] FIG. 7 shoWs plots of linear phase shifts across 
subbands for four antennas. 
[0014] FIGS. 8A and 8B shoW tWo embodiments for 
achieving linear phase shifts using different delays for time 
domain samples. 
[0015] FIG. 8C shoWs transmissions from T transmit anten 
nas for the embodiments shoWn in FIGS. 8A and 8B. 
[0016] FIG. 9A shoWs an embodiment for achieving linear 
phase shifts using circular shifts for time-domain samples. 
[0017] FIG. 9B shoWs transmissions from T transmit anten 
nas for the embodiment shoWn in FIG. 9A. 

DETAILED DESCRIPTION 

[0018] The Word “exemplary” is used herein to mean “serv 
ing as an example, instance, or illustration.”Any embodiment 
described herein as “exemplary” is not necessarily to be con 
strued as preferred or advantageous over other embodiments. 
[0019] FIG. 1 shoWs a multi-antenna system 100 With an 
access point (AP) 110 and user terminals (UTs) 120. An 
access point is generally a ?xed station that communicates 
With the user terminals and may also be referred to as a base 
station or some other terminology. A user terminal may be 
?xed or mobile and may also be referred to as a mobile 

station, a Wireless device, a user equipment (U E), or some 
other terminology. For a centraliZed architecture, a system 
controller 130 couples to the access points and provides coor 
dination and control for these access points. 
[0020] Access point 110 is equipped With multiple anten 
nas for data transmission and reception. Each user terminal 
120 may be equipped With a single antenna or multiple anten 
nas for data transmission and reception. A user terminal may 
communicate With the access point, in Which case the roles of 
access point and user terminal are established. A user terminal 
may also communicate peer-to-peer With another user termi 
nal. In the folloWing description, a transmitting entity is 
equipped With multiple (T) transmit antennas, and a receiving 
entity may be equipped With a single antenna or multiple (R) 
antennas. A multiple-input single-output (MISO) transmis 
sion exists When the receiving entity is equipped With a single 
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antenna, and a multiple-input multiple-output (MIMO) trans 
mission exists When the receiving entity is equipped With 
multiple antennas. 
[0021] FIG. 2 shows a block diagram of a multi-antenna 
transmitting entity 210, a single-antenna receiving entity 
250x, and a multi-antenna receiving entity 250y in system 
100. Transmitting entity 210 may be an access point or a 
multi-antenna user terminal. Each receiving entity 250 may 
also be an access point or a user terminal. 

[0022] At transmitting entity 210, a transmit (TX) data 
processor 212 processes (e.g., encodes, interleaves, and sym 
bol maps) traf?c/packet data and generates data symbols. As 
used herein, a “data symbol” is a modulation symbol for data, 
a “pilot symbol” is a modulation symbol for pilot (Which is 
data that is knoWn a priori by both the transmitting and receiv 
ing entities), a “transmit symbol” is a symbol to be sent from 
a transmit antenna, and a “received symbol” is a symbol 
obtained from a receive antenna. A TX spatial processor 220 
receives and demultiplexes pilot and data symbols onto the 
proper subbands, performs spatial processing as appropriate, 
and provides T streams of transmit symbols for the T transmit 
antennas. An OFDM modulator (Mod) 230 performs OFDM 
modulation on the T transmit symbol streams and provides T 
streams of samples to T transmitter units (TMTR) 23211 
through 2322. Each transmitter unit 232 processes (e. g., con 
verts to analog, ampli?es, ?lters, and frequency upconverts) 
its transmit symbol stream and generates a modulated signal. 
Transmitter units 23211 through 2322 provide T modulated 
signals for transmission from T antennas 23411 through 2342, 
respectively. 
[0023] At single-antenna receiving entity 250x, an antenna 
252x receives the T transmitted signals and provides a 
received signal to a receiver unit (RCVR) 254x. Receiver unit 
254x performs processing that is complementary to the pro 
cessing performed by transmitter units 232 and provides a 
stream of samples. An OFDM demodulator (Demod) 260x 
performs OFDM demodulation on the sample stream to 
obtain received data and pilot symbols, provides the received 
data symbols to a detector 270x, and provides the received 
pilot symbols to a channel estimator 284x Within a controller 
280x. Channel estimator 284x derives channel estimates for 
the effective SISO channels betWeen transmitting entity 210 
and receiving entity 250x for subbands used for data trans 
mission. Detector 270x performs detection on the received 
data symbols for each subband based on the effective SISO 
channel estimate for that subband and provides a stream of 
detected symbols for all subbands. A receive (RX) data pro 
cessor 272x then processes (e.g., symbol demaps, deinter 
leaves, and decodes) the detected symbol stream and provides 
decoded data. 

[0024] At multi-antenna receiving entity 250y, R antennas 
25211 through 252r receive the T transmitted signals, and each 
antenna 252 provides a received signal to a respective receiver 
unit 254. Each receiver unit 254 processes a respective 
received signal and provides a sample stream to an associated 
OFDM demodulator 260. Each OFDM demodulator 260 per 
forms OFDM demodulation on its sample stream to obtain 
received data and pilot symbols, provides the received data 
symbols to an RX spatial processor 270y, and provides the 
received pilot symbols to a channel estimator 284y Within a 
controller 280y. Channel estimator 284y derives channel esti 
mates for the actual or effective MIMO channels betWeen 
transmitting entity 210 and receiving entity 250y for sub 
bands used for data transmission. Controller 280y derives 
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spatial ?lter matrices based on the MIMO channel estimates. 
RX spatial processor 270y performs receiver spatial process 
ing (or spatial matched ?ltering) on the received data symbols 
for each subband With the spatial ?lter matrix derived for that 
subband and provides detected symbols for the subband. An 
RX data processor 272y then processes the detected symbols 
for all subbands and provides decoded data. 
[0025] Controllers 240, 280x, and 280y control the opera 
tion of the processing units at transmitting entity 210 and 
receiving entities 250x and 250y, respectively. Memory units 
242, 282x, and 282y store data and/or program code used by 
controllers 240, 280x, and 280y, respectively. 
[0026] FIG. 3 shoWs an OFDM Waveform in the frequency 
domain. OFDM provides K total subbands, and the subcarrier 
for each subband may be individually modulated With data. 
Of the K total subbands, ND subbands may be used for data 
transmission, NP subbands may be used for pilot transmis 
sion, and the remaining NG subbands may be unused and 
serve as guard subbands, Where K:ND+NP+NG. For 
example, 802.1 1 a utiliZes an OFDM structure that has 64 total 
subbands, of Which 48 subbands are used for data transmis 
sion, 4 subbands are used for pilot transmission, and 12 sub 
bands are unused. In general, system 100 may utiliZe any 
OFDM structure With any number of data, pilot, guard, and 
total subbands. For simplicity, the folloWing description 
assumes that all K subbands are usable for data and pilot 
transmission. 
[0027] FIG. 4 shoWs a block diagram of OFDM modulator 
230 at transmitting entity 210. The data to be transmitted (or 
information bits) is typically ?rst encoded to generate code 
bits, Which are then interleaved. The interleaved bits are then 
grouped into B-bit binary values, Where Bil. Each B-bit 
value is then mapped to a speci?c modulation symbol based 
on a modulation scheme selected for use (e.g., M-PSK or 

M-QAM, Where MIZB). Each modulation symbol is a com 
plex value in a signal constellation for the selected modula 
tion scheme. In each OFDM symbol period, one modulation 
symbol may be transmitted on each subband. (A signal value 
of Zero, Which is also called a Zero symbol, is usually pro 
vided for each unused subband.) An inverse discrete Fourier 
transform (IDFT) unit 432 receives K modulation symbols 
for the K subbands in each OFDM symbol period, transforms 
the K modulation symbols to the time domain With a K-point 
IDFT, and provides a “transformed” symbol that contains K 
time-domain samples. Each sample is a complex-value to be 
transmitted in one sample period. A parallel-to-serial (P/S) 
converter 434 serialiZes the K samples for each transformed 
symbol. A cyclic pre?x generator 436 then repeats a portion 
(or C samples) of each transformed symbol to form an OFDM 
symbol that contains K+C samples. The cyclic pre?x is used 
to combat inter-symbol interference (ISI) caused by fre 
quency selective fading, Which is a frequency response that 
varies across the overall system bandWidth. An OFDM sym 
bol period (Which is also referred to herein as simply a “sym 
bol period”) is the duration of one OFDM symbol and is equal 
to K+C sample periods. 
[0028] In system 100, a MISO channel exists betWeen a 
multi-antenna transmitting entity and a single-antenna 
receiving entity. For an OFDM-based system, the MISO 
channel formed by the T antennas at the transmitting entity 
and the single antenna at the receiving entity may be charac 
teriZed by a set of K channel response roW vectors, each of 
dimension l><T, Which may be expressed as: 
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Where k is an index for subband and h,-(k), for iIO, . . . , T-l, 
denotes the coupling or complex gain between transmit 
antenna i and the single receive antenna for subband k. For 
simplicity, the MISO channel response l_1(k) is shown as a 
function of only subband k and not time. 
[0029] If the transmitting entity has an accurate estimate of 
the MISO channel response, then it may perform spatial 
processing to direct a data transmission toWard the receiving 
entity. However, if the transmitting entity does not have an 
accurate estimate of the Wireless channel, then the T trans 
missions from the T antennas cannot be intelligently adjusted 
based on the Wireless channel. 

[0030] When an accurate channel estimate is not available, 
the transmitting entity may transmit data from its T antennas 
to the single-antenna receiving entity using steering diversity 
to achieve transmit diversity, greater reliability, and/or 
improved performance. With steering diversity, the transmit 
ting entity performs spatial processing such that the data 
transmission observes different effective channels across the 
subbands used for data transmission. Consequently, perfor 
mance is not dictated by a bad channel realiZation. The spatial 
processing for steering diversity is also such that the single 
antenna receiving entity can perform the normal processing 
for SISO operation (and does not need to do any other special 
processing for transmit diversity) in order to recover the data 
transmission and enjoy the bene?ts of transmit diversity. For 
clarity, the folloWing description is generally for one OFDM 
symbol, and the index for time is omitted. 
[0031] FIG. 5 shoWs a model for transmission With steering 
diversity for one subband k from multi-antenna transmitting 
entity 210 to single-antenna receiving entity 250x. A modu 
lation symbol s(k) to be sent on subband k is spatially pro 
cessed With T complex Weights (or scalar values) vo(k) 
through vT_l(k) to obtain T transmit symbols for subband k, 
Which are then processed and sent from the T transmit anten 
nas. The T transmit symbols for subband k observe channel 
responses of ho(k) through hT_l(k). 
[0032] The transmitting entity performs spatial processing 
for each subband k for steering diversity, as folloWs: 

Where s(k) is a modulation symbol to be sent on subband k; 

[0033] y(k):[vo(k)vl(k) . . . vT_l(k)]Tis a T><l steering 
vector for subband k; 

[0034] x(k):[xo(k)xl(k) . . . xT_l(k)]T is a T><l vector 
With T transmit symbols to be sent from the T transmit 
antennas on subband k; and 

[0035] 
In general, the modulation symbol s(k) may be any real or 
complex value (e.g., a signal value of Zero) and does not need 
to be from a signal constellation. 

[0036] The received symbols at the receiving entity for 
each subband k may be expressed as: 

“T” denotes a transpose. 

fork=O,... ,K-l, 
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Where r(k) is a received symbol for subband k; 
[0037] he17(k) is an effective SISO channel response for 

subband k, Which is he17(k):l_1(k)~y(k); and 
[0038] n(k) is the noise for subband k. 

[0039] As shoWn in equation (3), the spatial processing by 
the transmitting entity for steering diversity results in the 
modulation symbol s(k) for each subband k observing the 
effective SISO channel response he17(k), Which includes the 
actual MISO channel response l_1(k) and the steering vector 
y(k) for that subband. The receiving entity can estimate the 
effective SISO channel response he17(k), for example, based 
on pilot symbols received from the transmitting entity. The 
receiving entity can then perform detection or matched ?lter 
ing on the received symbol r(k) for each subband k With the 
effective SISO channel response estimate he17(k) for that sub 
band to obtain a detected symbol s(k), Which is an estimate of 
the modulation symbol s(k) transmitted on the subband. 
[0040] The receiving entity may perform matched ?ltering 
as follows: 

Item/0| 

where denotes a conjugate and n'(k) is the noise after the 
matched ?ltering. The detection operation in equation (4) is 
the same as Would be performed by the receiving entity for a 
SISO transmission. HoWever, the effective SISO channel 
response estimate, he17(k), is used for detection instead of a 
SISO channel response estimate, h(k). 
[0041] For steering diversity, the receiving entity does not 
need to knoW Whether a single antenna or multiple antennas 
are used for data transmission and also does not need to knoW 
the steering vector used for each subband. The receiving 
entity can nevertheless enjoy the bene?ts of transmit diversity 
if different steering vectors are used across the subbands and 
different effective SISO channels are formed for these sub 
bands. A data transmission sent across multiple subbands 
Would then observe an ensemble of different effective SISO 
channels across the subbands used for data transmission. 
[0042] FIG. 6 shoWs a block diagram of a TX spatial pro 
cessor 220a and an OFDM modulator 23011, which are an 
embodiment of TX spatial processor 220 and OFDM modu 
lator 230, respectively, in FIG. 2. TX spatial processor 220a 
receives K modulation symbols (or generically, input sym 
bols) s(0) through s(K—l) for the K subbands for each OFDM 
symbol period. Within TX spatial processor 22011, a different 
set of K multipliers 620 multiplies the K modulation symbols 
With a set of K Weights vl-(0) through vl-(K—l)) for each trans 
mit antenna i and provides K Weighted symbols for that 
antenna. The modulation symbol s(k) for each subband k is 
transmitted from all T antennas and is multiplied With T 
Weights vo(k) through vT_ 1 (k) for the T transmit antennas for 
that subband. TX spatial processor 220a provides T sets of K 
Weighted symbols for the T transmit antennas. 
[0043] Within OFDM modulator 23011, the set of K 
Weighted symbols for each transmit antenna i is transformed 
to the time-domain by a respective IDFT unit 632 to obtain a 
transformed symbol for that antenna. The K time-domain 
samples for the transformed symbol for each transmit antenna 
i are serialiZed by a respective P/ S converter 634 and further 
appended With a cyclic pre?x by a cyclic pre?x generator 636 
to generate an OFDM symbol for that antenna. The OFDM 
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symbol for each transmit antenna i is then conditioned by 
transmitter unit 232 for that antenna and transmitted via the 
antenna. 

[0044] For steering diversity, the transmitting entity uses 
different steering vectors for different subbands, With each 
steering vector de?ning or forming a beam for the associated 
subband. In general, it is desirable to use as many different 
steering vectors as possible across the subbands to achieve 
greater transmit diversity. For example, a different steering 
vector may be used for each of the K subbands, and the set of 
K steering vectors used for the K subbands may be denoted as 
{y(k)}. For each subband, the steering vector may be the same 
over time or may change, e.g., from symbol period to symbol 
period. 
[0045] In general, any steering vector may be used for each 
of the K subbands for steering diversity. HoWever, to ensure 
that performance is not degraded for single-antenna devices 
that are not aWare of the steering diversity being performed 
and further rely on some correlation across the subbands, the 
steering vectors may be de?ned such that the beams vary in a 
continuous instead of abrupt manner across the subbands. 
This may be achieved by applying continuously changing 
phase shifts across the subbands for each transmit antenna. As 
an example, the phase shifts may change in a linear manner 
across the subbands for each transmit antenna, and each 
antenna may be associated With a different phase slope, as 
described beloW. The application of linearly changing phase 
shifts to modulation symbols in the frequency domain may be 
achieved by temporally modifying (e.g., either delaying or 
circularly shifting) the corresponding time-domain samples. 
If different steering vectors are used for different subbands, 
then the modulation symbols for these subbands are beamed 
in different directions by the array of N transmit antennas. If 
encoded data is spread over multiple subbands With different 
steering, then decoding performance Will likely improve due 
to the increased diversity. 

[0046] If the steering vectors for adjacent subbands gener 
ate beams in very different directions, then the effective SISO 
channel response he17(k) Would also vary Widely among the 
adjacent subbands. Some receiving entities may not be aWare 
of steering diversity being performed, such as legacy single 
antenna devices in an IEEE 802.1la system. These receiving 
entities may assume that the channel response varies sloWly 
across the subbands and may perform channel estimation in a 
manner to simplify the receiver design. For example, these 
receiving entities may estimate the channel response for a 
subset of the K total subbands and use interpolation or some 
other techniques to derive estimates of the channel response 
for the other subbands. The use of abruptly changing steering 
vectors (e.g., pseudo-random steering vectors) may severely 
degrade the performance of these receiving entities. 
[0047] To provide transmit diversity and avoid degrading 
the performance of legacy receiving entities, the steering 
vectors may be selected such that (1) different beams are used 
for different subbands and (2) the beams for adjacent sub 
bands have smooth instead of abrupt transitions. The Weights 
to use for the K subbands of the T transmit antennas may be 
expressed as: 

y=[1(0) 1(1) 1(K—1)] Eq(5) 
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-continued 
V0(0) V0(1) V0(K — 1) 

_ V1(0) V1(1) V1(K — 1) 

‘741(0) ‘741(1) VT*I(K — 1) 

Where y is a T><K matrix of Weights for the K subbands of the 
T transmit antennas. 

[0048] In an embodiment, the Weights in the matrix y are 
de?ned as folloWs: 

fori=O,... ,T-l andk=O,... ,K-l, 

Where B(i) is a complex gain for transmit antenna i; 
[0049] vl-(k) is the Weight for subband k of transmit 

antenna i; and 
[0050] j is the imaginary value de?ned by ja/I. 

[0051] The magnitude of the complex gain for each trans 
mit antenna may be set to one, or ||B(i)||:l .0 for iIO, . . . , T-l. 

The Weights shoWn in equation (6) correspond to a progres 
sive phase shift for each subband and antenna. These Weights 
effectively form a slightly different beam for each subband 
for a linear array of T equally spaced antennas. 
[0052] In a speci?c embodiment, the Weights are de?ned as 
folloWs: 

i K 

for iIO, . . . , T-l and kIO, . . . , K-l. The embodiment shoWn 

in equation (7) uses B(i):e_j“'i for equation (6). This results in 
a different phase shift being applied to each antenna. 
[0053] FIG. 7 shoWs plots of the phase shifts for each trans 
mit antenna for a case With T:4. The center of the K subbands 
is typically considered to be at Zero frequency, as shoWn in 
FIG. 3. The Weights generated based on equation (7) may be 
interpreted as creating a linear phase shift across the K sub 
bands. Each transmit antenna i, for iIO, . . . , T-l, is associated 

With a phase slope of 2rc-i/ K. The phase shift for each subband 
k, for kIO, . . . , K-l, for each transmit antenna i is given as 

2rc~i~(k—K/2)/K. The use of B(i):e_j“'i result in subband 
kIK/2 observing a phase shift of Zero. 
[0054] The Weights derived based on equation (7) may be 
vieWed as a linear ?lter having a discrete frequency response 
of Gl.(k'), Which may be expressed as: 

for iIO, . . . , T-l and k':(—K/2), . . . , (K/2-l). The subband 

index k is for a subband numbering scheme that places the 
Zero frequency at subband NCEMMIK/Z, as shoWn in FIG. 3. 
The subband index k' is a shifted version of the subband index 
k by K/2, or k'Ik-K/Z. This results in subband Zero being at 
Zero frequency for the neW subband numbering scheme With 
the index k'. N may be equal to some other value instead center 
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of K/2 if the index k is de?ned in some other manner (e.g., 
kIl, . . . , K) or ifK is an odd number. 

[0055] A discrete time-domain impulse response gl-(n) for 
the linear ?lter may be obtained by performing a K-point 
IDFT on the discrete frequency response Gl-(k'). The impulse 
response gl.(n) may be expressed as: 

1 k/zir M, 

l forn=—i 

_ 0 otherwise 

Where n is an index for sample period and has a range of n:0, 
. . . , K-l. Equation (9) indicates that the impulse response 

gl-(n) for transmit antenna i has a single unit-value tap at a 
delay of i sample periods and is Zero at all other delays. 
[0056] The spatial processing With the Weights de?ned as 
shoWn in equation (7) may be performed by multiplying the K 
modulation symbols for each transmit antenna i With the K 
Weights vl-(0) through vl-(K—l) for that antenna and then per 
forming a K-point IDFT on the K Weighted symbols. Equiva 
lently, the spatial processing With these Weights may be 
achieved by (l) performing a K-point IDFT on the K modu 
lation symbols to obtain K time-domain samples, and (2) 
performing a circular convolution of the K time-domain 
samples With the impulse response gl-(n), Which has a single 
unit-value tap at a delay of i sample periods. 
[0057] FIG. 8A shoWs a block diagram of a TX spatial 
processor 2201) and an OFDM modulator 230b, Which are 
another embodiment of TX spatial processor 220 and OFDM 
modulator 230, respectively, in FIG. 2. OFDM modulator 
220!) receives K modulation symbols s(0) through s(K—l) for 
the K subbands for each OFDM symbol period. Within 
OFDM modulator 230b, an IDFT unit 832 performs a K-point 
IDFT on the K modulation symbols and provides K time 
domain samples. A P/S converter 834 serialiZes the K time 
domain samples. A cyclic pre?x generator 836 then appends 
a C-sample cyclic pre?x and provides an OFDM symbol 
containing K+C samples to TX spatial processor 2201). TX 
spatial processor 2201) includes T digital delay units 82211 
through 8222 for the T transmit antennas. Each delay unit 822 
receives and delays the OFDM symbol from OFDM demodu 
lator 23019 by a different amount determined by the associated 
transmit antenna. In particular, delay unit 82211 for transmit 
antenna 234a delays the OFDM symbol by Zero sample 
period, delay unit 8221) for transmit antenna 234!) delays the 
OFDM symbol by one sample period, and so on, and delay 
unit 8222 for transmit antenna 234! delays the OFDM symbol 
by T-l sample periods. The subsequent processing by trans 
mitter units 232 is as described above. 
[0058] FIG. 8B shoWs a block diagram of OFDM modula 
tor 23019 and a TX spatial processor 2200, Which is yet another 
embodiment of TX spatial processor 220 in FIG. 2. OFDM 
modulator 220!) performs OFDM modulation on K modula 
tion symbols for each OFDM symbol period as described 
above for FIG. 8A. Transmitter unit 232 then receives and 
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conditions the OFDM symbol for each symbol period to 
generate a modulated signal. TX spatial processor 2200 pro 
vides time delay in the analog domain. TX spatial processor 
2200 includes T analog delay units 82411 through 8242 for the 
T transmit antennas. Each delay unit 824 receives and delays 
the modulated signal by a different amount determined by the 
associated transmit antenna. In particular, delay unit 82411 for 
the ?rst transmit antenna 234a delays the modulated signal by 
Zero seconds, delay unit 8241) for the second transmit antenna 
234!) delays the modulated signal by one sample period (or 
T seconds), and so on, and delay unit 8242 for the T-th 
trsaaiismit antenna 234! delays the modulated signal by (T-l) 
sample periods (or (T—l)~TSam seconds). A sample period is 
equal to TSam:l/(BW~(K+C)), Where BW is the overall band 
Width of the system in Hertz. 
[0059] FIG. 8C shoWs a timing diagram for the T transmis 
sions from the T transmit antennas for the embodiments 
shoWn in FIGS. 8A and 8B. The same OFDM symbol is 
transmitted from each of the T transmit antennas. HoWever, 
the OFDM symbol sent from each transmit antenna is delayed 
by a different amount. The T delayed and non-delayed OFDM 
symbols for the T antennas may be vieWed as T different 
versions of the same OFDM symbol. 
[0060] For the embodiments shoWn in equations (7) 
through (9) and FIGS. 8A through 8C, the delays for the T 
transmit antennas are in integer numbers of sample periods. 
Phase slopes that result in non-integer delays for the T trans 
mit antennas (or B(i):e_j“i/L, Where L>l) may also be imple 
mented. For example, the time-domain samples from OFDM 
modulator 23019 in FIG. 8A may be up-sampled to a higher 
rate (e. g., With a period of TMPSMITSM/ L), and the higher rate 
samples may be delayed by digital delay units 822 by integer 
numbers of the higher rate sample period (Tupsam). Altema 
tively, analog delay units 824 in FIG. 8B may provide delays 
in integer numbers of Tupmm (instead of T 
[0061] When the number of transmit antennas is less than 
the cyclic pre?x length (or T<C), the cyclic pre?x appended 
to each OFDM symbol makes a linear delay by digital delay 
units 822 or analog delay units 824 appears like a circular 
rotation for the circular convolution With the time-domain 
impulse response gl-(n). The Weights as de?ned in equation (7) 
may thus be implemented by a time delay of i sample periods 
for each transmit antenna i, as shoWn in FIGS. 8A through 8C. 
HoWever, as shoWn in FIG. 8C, the OFDM symbol is trans 
mitted from the T transmit antennas at different delays, Which 
reduces the effectiveness of the cyclic pre?x to protect against 
multipath delay. 
[0062] The IDFT of K Weighted symbols (Which are 
obtained by multiplying K modulation symbols With the 
phase slope shoWn in equation (7)) provides a time-domain 
sample sequence that is equal to a circular shift of the K 
time-domain samples from the IDFT of the K (original 
unWeighted) modulation symbols. The spatial processing 
may thus be performed by circularly shifting these K time 
domain samples. 
[0063] FIG. 9A shoWs a block diagram of an OFDM modu 
lator 230d and a TX spatial processor 220d, Which are yet 
another embodiment of OFDM modulator 230 and TX spatial 
processor 220, respectively, in FIG. 2. Within OFDM modu 
lator 230d, an IDFT unit 932 performs a K-point IDFT on the 
K modulation symbols and provides K time-domain samples, 
and a P/ S converter 934 serialiZes the K time-domain 
samples. TX spatial processor 220d includes T circular shift 
units 92211 through 9222 for the T transmit antennas. Each unit 
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922 receives the K time-domain samples from P/ S converter 
934, performs a circular shift of the K time-domain samples 
by i samples for transmit antenna i, and provides a circular 
shifted transformed symbol containing K samples. In particu 
lar, unit 922a performs a circular shift by 0 sample for trans 
mit antenna 234a, unit 922!) performs a circular shift by 1 
sample for transmit antenna 234b, and so on, and unit 922! 
performs a circular shift by (T-l) samples for transmit 
antenna 2342. T cyclic pre?x generators 93611 through 9362 
receive the circular-shifted transformed symbols from units 
92211 through 9222, respectively. Each cyclic pre?x generator 
936 appends a C-sample cyclic pre?x to its circular-shifted 
transformed symbol and provides an OFDM symbol contain 
ing (K+C) samples. The subsequent processing by transmitter 
units 23211 through 2322 is as described above. 
[0064] FIG. 9B shoWs a timing diagram for the T transmis 
sions from the T transmit antennas for the embodiment shoWn 
in FIG. 9A. A different version of the OFDM symbol is 
generated for each of the T transmit antennas by circularly 
shifting a different amount. HoWever, the T different versions 
of the OFDM symbol are sent from the T transmit antennas at 
the same time. 

[0065] The embodiments shoWn in FIGS. 8A, 8B, and 9A 
illustrate some of the Ways in Which spatial processing for 
steering diversity may be performed. In general, the spatial 
processing for steering diversity may be performed in various 
manners and at various locations Within the transmitting 
entity. For example, the spatial processing may be performed 
in the time-domain or the frequency-domain, using digital 
circuitry or analog circuitry, prior to or after the OFDM 
modulation, and so on. 

[0066] Equations (6) and (7) represent a function that pro 
vides linearly changing phase shifts across the K subbands for 
each transmit antenna. The application of linearly changing 
phase shifts to modulation symbols in the frequency domain 
may be achieved by either delaying or circularly shifting the 
corresponding time-domain samples, as described above. In 
general, the phase shifts across the K subbands for each 
transmit antenna may be changed in a continuous manner 
using any function so that the beams are varied in a continu 
ous instead of abrupt manner across the subbands. A linear 
function of phase shifts is just one example of a continuous 
function. The continuous change ensures that the perfor 
mance for single-antenna devices that rely on some amounts 
of correlation across the subbands (e.g., to simplify channel 
estimation) is not degraded. 
[0067] In the description above, steering diversity is 
achieved for a transmission of one modulation symbol on 
each subband in each symbol period. Multiple (S) modulation 
symbols may also be sent via the T transmit antennas on one 
subband in one symbol period to a multi-antenna receiving 
entity With R receive antennas using steering diversity, Where 
Sémin {T, R} 
[0068] The steering diversity techniques described herein 
may be used for various Wireless systems. These techniques 
may also be used for the doWnlink (or forWard link) as Well as 
the uplink (or reverse link). Steering diversity may be per 
formed by any entity equipped With multiple antennas. 
[0069] Steering diversity may be used in various manners. 
For example, a transmitting entity (e.g., an access point or a 
user terminal) may use steering diversity to transmit to a 
receiving entity (e.g., another access point or user terminal) 
When accurate information about the Wireless channel is not 
available. Accurate channel information may not be available 
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due to various reasons such as, for example, a feedback chan 
nel that is corrupted, a system that is poorly calibrated, the 
channel conditions changing too rapidly for the transmitting 
entity to use/adjust beam steering on time, and so on. The 
rapidly changing channel conditions may be due to, for 
example, the transmitting and/ or receiving entity moving at a 
high velocity. 
[0070] Steering diversity may also be used for various 
applications in a Wireless system. In one application, broad 
cast channels in the system may be transmitted using steering 
diversity as described above. The use of steering diversity 
alloWs Wireless devices in the system to possibly receive the 
broadcast channels With improved reliability, thereby 
increasing the range of the broadcast channels. In another 
application, a paging channel is transmitted using steering 
diversity. Again, improved reliability and greater coverage 
may be achieved for the paging channel via the use of steering 
diversity. In yet another application, an 802.1la access point 
uses steering diversity to improve the performance of user 
terminals under its coverage area. 

[0071] The steering diversity techniques described herein 
may be implemented by various means. For example, these 
techniques may be implemented in hardWare, softWare, or a 
combination thereof. For a hardWare implementation, the 
processing units used to perform spatial processing for steer 
ing diversity may be implemented Within one or more appli 
cation speci?c integrated circuits (ASICs), digital signal pro 
cessors (DSPs), digital signal processing devices (DSPDs), 
programmable logic devices (PLDs), ?eld programmable 
gate arrays (FPGAs), processors, controllers, micro-control 
lers, microprocessors, other electronic units designed to per 
form the functions described herein, or a combination 
thereof. 
[0072] For a softWare implementation, the steering diver 
sity techniques may be implemented With modules (e.g., pro 
cedures, functions, and so on) that perform the functions 
described herein. The softWare codes may be stored in a 
memory unit (e.g., memory unit 242 in FIG. 2) and executed 
by a processor (e.g., controller 240). The memory unit may be 
implemented Within the processor or external to the proces 
sor, in Which case it can be communicatively coupled to the 
processor via various means as is knoWn in the art. 

[0073] The previous description of the disclosed embodi 
ments is provided to enable any person skilled in the art to 
make or use the present invention. Various modi?cations to 
these embodiments Will be readily apparent to those skilled in 
the art, and the generic principles de?ned herein may be 
applied to other embodiments Without departing from the 
spirit or scope of the invention. Thus, the present invention is 
not intended to be limited to the embodiments shoWn herein 
but is to be accorded the Widest scope consistent With the 
principles and novel features disclosed herein. 

What is claimed is: 
1. A method of transmitting data in a Wireless communi 

cation system, comprising: 
obtaining input symbols to be transmitted on a plurality of 

frequency subbands of a plurality of antennas; 
modifying an input symbol for each frequency subband of 

each antenna With a phase shift selected for the fre 
quency subband and the respective antenna to generate a 
phase-shifted symbol for the frequency subband and the 
respective antenna; and 
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processing phase-shifted symbols for the plurality of fre 
quency subbands of each antenna to obtain a sequence of 
samples for the respective antenna. 

2. The method of claim 1, further comprising: 
applying linearly varying phase shifts across the plurality 

of frequency subbands for each antenna. 
3. The method of claim 1, further comprising: 
applying a different phase slope across the plurality of 

frequency subbands for each antenna. 
4. The method of claim 1, further comprising: 
applying continuously varying phase shifts across the plu 

rality of frequency subbands for each antenna. 
5. The method of claim 4, further comprising: 
determining the continuously varying phase shifts across 

the frequency subbands for each antenna based on a 
function selected for the respective antenna. 

6. The method of claim 1, Wherein the processing the 
phase-shifted symbols comprises 

performing orthogonal frequency division multiplexing 
(OFDM) modulation on the phase-shifted symbols for 
the plurality of frequency subbands of each antenna to 
obtain the sequence of samples for the respective 
antenna. 

7. An apparatus in a Wireless communication system, com 
prising: 

a spatial processor to obtain input symbols to be transmit 
ted on a plurality of frequency subbands of a plurality of 
antennas and to modify an input symbol for each fre 
quency subband of each antenna With a phase shift 
selected for the frequency subband and the respective 
antenna to generate a phase-shifted symbol for the fre 
quency subband and the respective antenna; and 

a modulator to process phase-shifted symbols for the plu 
rality of frequency subbands of each antenna to obtain a 
sequence of samples for the respective antenna. 

8. The apparatus of claim 7, Wherein the spatial processor 
applies linearly varying phase shifts across the plurality of 
frequency subbands for each antenna. 

9. The apparatus of claim 7, Wherein the spatial processor 
applies a different phase slope across the plurality of fre 
quency subbands for each antenna. 

10. The apparatus of claim 7, Wherein the spatial processor 
applies continuously varying phase shifts across the plurality 
of frequency subbands for each antenna. 

11. An apparatus in a Wireless communication system, 
comprising: 
means for obtaining input symbols to be transmitted on a 

plurality of frequency subbands of a plurality of anten 
nas; 

means for modifying an input symbol for each frequency 
subband of each antenna With a phase shift selected for 
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the frequency subband and the respective antenna to 
generate a phase-shifted symbol for the frequency sub 
band and the respective antenna; and 

means for processing phase-shifted symbols for the plural 
ity of frequency subbands of each antenna to obtain a 
sequence of samples for the respective antenna. 

12. The apparatus of claim 11, further comprising: 
means for applying linearly varying phase shifts across the 

plurality of frequency subbands for each antenna. 
13. The apparatus of claim 11, further comprising: 
means for applying a different phase slope across the plu 

rality of frequency subbands for each antenna. 
14. The apparatus of claim 11, further comprising: 
means for applying continuously varying phase shifts 

across the plurality of frequency subbands for each 
antenna. 

15. A computer-program apparatus for processing data in a 
Wireless communication system comprising a computer read 
able medium having instructions stored thereon, the instruc 
tions being executable by one or more processors and the 
instructions comprising: 

instructions for processing data to obtain an input sequence 
of time-domain samples; 

instructions for obtaining input symbols to be transmitted 
on a plurality of frequency subbands of a plurality of 
antennas; 

instructions for modifying an input symbol for each fre 
quency subband of each antenna With a phase shift 
selected for the frequency subband and the respective 
antenna to generate a phase-shifted symbol for the fre 
quency subband and the respective antenna; and 

instructions for processing phase-shifted symbols for the 
plurality of frequency subbands of each antenna to 
obtain a sequence of samples for the respective antenna. 

16. The computer-program apparatus of claim 15, further 
comprising: 

instructions for applying linearly varying phase shifts 
across the plurality of frequency subbands for each 
antenna. 

17. The computer-program apparatus of claim 15, further 
comprising: 

instructions for applying a different phase slope across the 
plurality of frequency subbands for each antenna. 

18. The computer-program apparatus of claim 15, further 
comprising: 

instructions for applying continuously varying phase shifts 
across the plurality of frequency subbands for each 
antenna. 


