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& (57) Abstract: Spatial pilot to support MIMO receivers in a multi-antenna and multi-layer transmission communication system.
N A first layer pilot for a single layer transmission is repeated across subbands in a first OFDM symbol and the first layer pilot is
also repeated offset from the first OFDM symbol in an adjacent second OFDM symbol. Additional transmission layers may also be
transmitted each include a separate pilot generated and repeated in the first symbol and repeated offset form the separate pilot in an
adjacent second symbol. The first and second OFDM symbols are then transmitted and received to characterize the receive channels.
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SPATIAL PILOT STRUCTURE FOR MULTI-ANTENNA
WIRELESS COMMUNICATION

1. Claim of Priority under 35 US.C. §119

The present Application for Patent claims priority 1o Provisional Application
Serial No. 60/775.443, entitled “Wireless Communication Svystem and Method,” and
Provisional Application Serial No. 60/775,693, entitled “DO Communication System
and Method,” both filed February 21, 2006, assigned to the assignee hereofl, and

expressly incorporated herein by reference.

BACKGROUND
1. Field
The present disclosure relates generally fo communication, and more spectiically

to transamission rechnigues for a wireless communication svten.

I,  Background

Wireless communication systems are widely deploved to provide various
commutication services such as voice, video, packet data, messaging, broadcast, etc.
These systems may be multiple-access systems capable of supporting multiple users by
sharing the avatlable system resources, Examples of such mulfiple-access sysiems
inglude Code Division Multiple Access (CDMA) systems, Time Division Multiple
Access {TDMA) svstems, Freguency Division Muliiple Access {(FDMA) systems,
Orthogonal FDMA (OFDMA) systems, and Single-Carrier FDMA (SC-FDMA)
Sy stems,

A multiple-access system may utilize one or more multiplexing schemes such as
cade division multiplexing (CDM). time division multiplexing (TDM), ete. The gystem
may be deploved and may serve existing terminals. H may be desirable to improve the
performance of the system while retaining backward compatibility for the existing
terminals. For example, it mav be desirgble to cmploy spatial technigues such as
multipie-input multiple-output {(MIMOQ) and spatial division multiple asccess (SDMA} to
improve throaghput and/or reliability by exploiting additional spatial dimensionalities

provided by use of multiple antennas.
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A mulfi-antenna communication system supports multiple~inpet multiple-output
(MIMO) transmission from muitiple (1) fraosmit antennas to mubtiple (R) receive

antennas, A MIMO channel formed by the T transmit antennas and R receive gntennas
is composed of S spatial channels, where 82 min {T, R}. The § spatial channels may be

used to transmit data in parallel 1 achieve ligher overall throughput and/or redundantly
10 achieve greater reliability.

An accurate estimate of a wireless channel between a transmitter and a receiver
18 normatiy needed at the receiver in order to recover data sent via the wireless channel.
Channel estimation is tvpically performed by sending a pilot from the transmitter and
measuring the pilol at the receiver. The pilot 18 made up of symbyols that are known a
prioti by both the transmitter and receiver. The receiver can thus estimate the channel
response based on the received symbois and the known symbols.

The multi-anienna system supports MIMO recetvers (which are recsivers
cquipped with multiple antennas). MIMO recetvers typically veguire different channel
estumates and thus have different requirements for the pilot, as described below. Since
piiot fransmission represents overhead i the multi-antenna system, it 1s desirable to
minimize pilol transmussion o the extent possibie. However, the pilot transoussion
should be such that MIMOQO receivers can obtain channel eshimates of sufficient guality.

There is therefore a need i the art for ransmission techniques to efficiently
transmit 2 pdot 0 a mult-anfenna system that can support spatial techniques while

retaining backward compatibiiity for existing terminals.

SUMMARY

Techniques for transmitting a spatial pilot to support MIMO receivers in 8 muiti-
antenpa gnd mulli-layer fransmassion communication system are described herein.
Accordimg to one embodiment of the present invention, a method of trapsmitting 8 pllot
in a wireless communication system 1s desenbed, The method includes genemating &
first layer pilot for a single layer transmission. The first fayer pilot is repeated across
subbands in g first OFDM svinbol and the first laver pilot is also repeated offset from
the first OEDM symbol in an adjacent second OFDM symbol. The first and second
OFDM symbois are then fransmittad.
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(0010} According to another embaodiment of the present invention, an apparatus 1 a
wireless communication system is described. The apparatus includes a pilot generator
operative to generate at least one pilot based on a number of layvers of transmission with
each of the af least one pilot being repeated across subbands of a first OFDM symbol.
The at least one pilot is further repeated and offset from others of the at least one pilot
of the first OFDM symbol across subbands of an adjacent second OFDM symbol. The
apparatus further includes a pluraiity of transmitier ynits operative 1o transmit each of
the first and second OFDM symbols in a respective number of fayer transmission via a
plurality of transmit antennas.

{0601 1] According to a further embodiment of the present invention, a method of
performing channel estimation in a wireless comniunication system is desciibed. Tthe
method includes obiaining, via a plurality of receive antennas, received symbols gach
incinding a frst laver pilot with adiacent ones of the received svmbols wcluding the
first laver pilot offset in the subbands from each other. The method further includes
processing the received symbols based on the first layer pilot to obtain estimates of a
plurality of channels between the plurality of transmut aniennas and the plurality of
recerve antennas.

{001 2] Accordimg to a yel further embodiment of the present invention, an apparaius m
a wircless communicalion system is described. The apparatus includes a plurality of
receiver units operative 10 provide received symbols each including a first haver puot
with adjacent ones of the received syvmbols including the first layer pilot offset in the
subbands from each other. The apparatus further includes a channel estimator operative
to process the recetved symbols based on the first laver pilot to obtain estimates of a
plurality of channels between the phurality of transmit antennas and the pluraiity of

receive antenias.

BRIEF DESCRIPTION OF THE DRAWINGS

{0013 FIG. 1 shows a High Rate Packet Data (HRPD) communication system.

{0014} FIG, 2 shows 2 single-carsier slot siructure that supports CDM.

LEHES: FIG, 3 shows a single-camier slot siructure thal supports OFDM.

{001 6] FIG. 4 shows a block diagram of a transmitter and receivers in a High Rate

Packet Data (HRPD) communication syster.
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PIG. 5§ shows a multi~carrier slot stracture that supports OFDM over a legacy
and non-lggacy channet.

FIG. 6 shows a subband structure for a High Rate Packet Data (MRPD)
communication system supporting OFDM.

FIGS. 7A~7D show a spatial pilot strocture for a High Rate Packet Data {HRPD)
communication system. that supports OFDM.

FIG. 8 shows a block dingram of a transmitter in a High Rate Packet Daa
(HRPD) commmunication systerm that supports QFDM.

FIG. 9 shows a block diagram of a receiver in a High Rate Packet Data {HRPD)

communicaiion system that supports OFDM.

DETAILED DESCRIPTION

The transmission techniques described herein may be used for varions wireless
communication systems such as CDMA, TDMA, FDMA, OFDMA, and SC-FDMA
systerns.  The terms “systems” and “networks™ are often used interchangeably. A
CDMA system may implement a radio technology such codma2000, Umversal
Terrestrial Radio Access (UTRA), Evolved UTRA (E-UTRA), ete. cdma2000 covers
IS-2000, 18-95 and IS-856 standards. UTTRA includes Wideband-COMA (W-CLDMA)
and Low Chip Rate (I.CR). A TDMA sysiem may implement a radio technology such
as Globsl System for Mobile Commupications (GSM).  An OQFDMA system may
implement a radio fechnology such as Long Term Bvolution (LTE), IEER 80220,
Flash-OFDM®, etc. UTRA, E-UTRA, GSM and LTE are described in documents from
an organization named “3rd Generation Partnership Project” (GGPP). ¢dmal000 s
deseribed in documents from an organization named “3rd Generation Partnership
Project 27 {3GPP2). These various radio technologies and standards are known in the
art.

For clarity, various aspects of the techniques are described below for a High
Rate Packet Data (FHIRPD) system that implements IS-836. HRPD 1s also referred 1O as
Evolution-Data Optimized (BV-DO), Data Optimized (DO), High Pata Rate (HDR),
etc. The terms HRPD and EV-DO are used often interchangeably. Currently, HRPD
Revisions (Revs) 0, A, and B have been standardized, HRPD Revs. 0 and A are
deploved, and HRPD Rev. C is under development. HRPD Revs. 0 and A cover single-
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{0026}

carrier HRPD (IxHRPD). HRPD Rev. B covers multi~carer HRPD and i8 backward
compatible with HRPD Revs. 0 and A. The techniques described herein may be
incorporate in any HRPD revision. For clarity, HRPD {erminology is used in much of
the description below.

FIG. 1 shows an HRPD commurnication system 100 with wultiple access pornts
110 and multiple terminals 120.  An access point is generally a fixed station that
communicates with the terminals and mayv also be referred to as a base station, a Node
R, ete. Fach access point 110 provides communication coverage for a parbcuiar
geographic area and supports communication for the terminals located within the
coverage area. Access points 110 may couple to a system controller 130 that provides
coordination and control for these access points. System controller 130 may inchude
network entities such as a Base Station Controller (BSC), a Packet Control Function
{PCYF). a Packet Data Serving Node (PLDSN]), ete.

Terminals 120 mav be dispersed throughout the system, and each ferminal may
be stationary or mobile. A terminal may also be referred to as an access terminal, a
mobile station. a user equipment, a subgcriber unit, a station, etc. A terminal may be &
cellular phone, a personal digital assistant (FDA), a wireless device, a handheid device,
a wirgless modem, a laptop computer, etc. A terminal may supporl any HRPD
Revisions. In HRPD, a terminal may receive a transmission on the forward link from
one agccess point at any given moment and may send a transmission on the reverse ink
t¢ one or more access points.  The forward link (or downlink) refers to the
communication link from the access points to the terminals, and the reverse link {or
uplink) refers to the communication link from the terminals to the access points.

FIG. 2 shows a single~carrier stot structure 200 that supports COM on the
forward link in HRPD. The transnission timeline is pariitioned into slots. Each slot
has a duration of 1.667 miiliseconds {ms) and spans 2048 chips., ¥ach chip has a
duration of 813.8 nanoseconds (ns) for a chip rate of 1,2288 mega chips/second (Meps).
Each slot is divided into two identical half-slots. Each half-slot includes (1} an overhead

segment composed of a pilot segment at the center of the half-slot and two Media

Access Control (MAQ) segments on both sides of the pilot segment and (i) two traftic

sepmenis on both sides of the overhead segment, The traffic segments may also be

referred to as traffic channel seuments, dala segments, data fields, etc, The pilot
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segmment carries pilot and has a durafion of 96 chips. Each MAC segment carries
signaling (e.g., reverse power control (RPC) wmformation) and has a duration of 64
chips. Each traffic segment carries traffic data (e.g., unicast data for gpecific terminals,
broadcast data, etc.) and has a duration of 400 chips.

HRPD Revs. 0, A and B use CDM for data sent i the traffic segments. A fratthic
segment may carry CDM data for one or more terminals being served by an access
pont. The traffic datg for each terminal may be processed based on coding and
modulation parameters determined by channel feadback received from that terminal to
generate data symbols. The data symbols for the one or more terminals may be
demuitiplexed and covered with 16-chip Walsh functions or codes to generate the DM
data for the traffic segment. The CDM data is thus generated in the time domain using
Walsh functions, A CDM fraffic segment 18 a traffic segiment carrving CDM data,

It may be desirable to use OFDM andior single-carier frequency division
multiplexing (SC-FDM)} for data sent in the fraffic segments, OFDM and SC-FDM
partition the available bandwidth inte multiple orthogonal subcarriers, which are also
referred to as tones, bing, ete. Fach subcarrier may be modulated with data. In genersi,
modulation symbols are sent in the frequency domain with GFIDM and in the time
domaia with SC-FDM. OFDM and SC-FDM have certamn desirable characienisiics such
as the ability to readily combal mtersymibol interference {(IS1) caused by freguency
selective fading. OFDM can slso efficiently support MEMO and SDMA. which may be
applied independently on each subcarrvier and may thus provide good performance in a
frequency selective channel. For clanty, the use of OFDM to send data is described
bealow.

It may be desirabie 1o support QFDM while retairing backward compatibility
with HRPD Revs. 0, A and B, In HRPD, the pilot and MAC segmenis may be
demodulated by all active tenminals at all times whereas the watlic segmenis may be
demodulated by only the terminals being served, Hence, backward compatibiisty may
be achieved by retaining the piot and MAC segmenis and moditying the traffic
segments. OFDBM data may be sent in an HRPD waveform by replacing the CDM data
in a given 400-chip traftfic segment with one or more OFDM symbols baving a total

duration of 400 chips or less.
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{0030] F1G. 3 shows a single-carrier stot structure 300 that supports OFDM in HRPD.

{0031}

{032}

{0033}

10034

For simplicity, only one half-slot is shown in FIG. 3A. The halfsslot includes (i) an
overhead segment composed of a 96-chip pilot segment af the center of the half-siot and
two Gd-chip MAC segments on both sides of the pilot segment and (i) two traffic
segments on both sides of the overhead segment. In general, each traffic segment may
carry one or more QFDM symbols. 1o the example shown in FIG. 3A, each wraffic
segment carsies two OFDM symbols, and gach OFDM symbol has g duration of 200
chips and is sent in one OFDM symbol period of 200 chips.

FIG. 4 shows a detasl of an access point 110 of the multi~andenna HRPD
communication systemy 100 with two tenminals 1200 and 1204, For simplicity, access
paint 110 has two transmit antennas, MISO termiinal 1204 has a single receive antenna,
arsd MIMCO terminal 1205 has two receive anfennas.

A MISO channel formed by the two antennas at the access point 110 and the
singie antenna gt the MISO termingl 120a may be characterized by a 172 channel
response row vector ipse. A MIMO channel formed by the two sntennas at the sccess
pount 110 and the two antennas at the MIMO terminal 120b may be characterized by a
232 channel response matnx Ha.o. The access point 110 transmits a pilot from the two
traasmt antenmas to aliow the MISO and MIMO terminals to estimale their respeciive
MISO and MIMQ channpels. A pilot generator 112 at the access point 110 may generate
a composite pilot,

The access point 110 may transmit data in parallel from both transmit aniennas
to the MIMO receiver to improve throughput. The description above is for a 2x2
system in which the access point has two transmit antennas and the terminals have at
most two recetve antennas. {n general, a multi-antenna system may include transmitters
and recaivers with any number of antennas, so that T and R may be any integer values.

FIG. 5 shows a muiti-carnier slot structure 400 that supports OFDM in HRPD.
In HRPD Rev. B, multiple 1xHRPD waveforms mayv be mudtiplexed in the frequency
domain fo obtain a multi-carrter HRPD waveform that fills a given spectral allocation
and 1s transmitted on a fivst transmit antenna, In the example show in FEG. 5, one
IXEIRPD wavelorm is llustrated as being configured as a legacy channel including the
pi{m‘. and MAC segmenis which may be demodulated by all active terminals at all Hmes

whereas the traflic segments may be demodulated by only the terminals being served.

L 2P
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Flence, backward compatibility may be achieved by retatning the pilot and MAC
segments.  Also shown in FIG. 5 are three IxHRPD waveforms configured as non-
legacy channels, fransmitted on respective second, third and fourth fransmit antennas,
which do not reguire the overhead segments since the OFDM symbaols mclude periodic
composite pilots embedded in the subbands or tones. As stated, the pilot generator 112
of FI(G. 4 generates composite ptiots for transmission in the OFDM symbols. A
receiving MIMO ferminal 120b (FIG, 4) receives the known composite pilot i the
OFDM symbols and is able to derive an estimate of the MIMO channel response,

Multi-antenna system may ublize multiple camers for data and pilot
transmission. Mulltiple carriers may be provided by OFDM, some other multi~-camer
modulation techniques, or some other construct. OFDM effectivelv partitions the overall
system bandwidth (W MHz) into multple (K) orthogonal frequency subbands, These
subbands are also catled fones, subcarriers, bins, and frequency channels. With QFDM,
cach subband is associated with a respective subearrier that may be modulated with
data. A muiti-antenna OFDM system may use onlv a subset of the K total subbands for
data and pilot transmission, and the remaining subbands may serve as guard subbands 1o
allow the system to meet spectral mask requirements. For simplicity, the following
description assuntes that all K subbands are usabie Tor daty and/or pilol fransmission.

FIG. © shows a subband structure 500 that may be used for pilot ransmission in
the mudti-antenna OFDM system. A transmit symbol is sent on each of P ptiot subbands,
which are subbands used for pilot transmission, where typically K>P. For improved
performance and siniplitied receiver processing, the P pilot subbands mav be umformly
distributed across the K total subbands such that consecutive pilot subbands are spaced
apart by K/ subbands. The remaining K~P subbands imay be used for data {ransmission
and are called data subbands.

FIGS. 7A-7D show an exemplary pilot transmission scheme for a muli-antenna
OFDM gystem. The present embodiment utifizes spatial pilot tones that are differently
formed sccording to the number of layers or beams that are formed by the multt-antenna
OFDM system. Specifically, since 8 layer may be formed by a beam resuiting from a
combination of antennas, accurafe characterization of the channel cannot solely rely

upon the pilot of an autenna but must rely upon a pilot formed For a specific layer or
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beam. According to the spatial pulot transmission scheme of FIGS. 7A-TD, the per-
laver pilot power budget increases as the number of spatial favers decregses,

FIG., 7A illustrates a single laver fransmission acrosg a half-siot of QFDM
symbols 1+4.  As illustrated for each OFDM symbol, such as OFDM symbol 1, the
single taver spafial pilot tone repeats and occupies one tone for every 19 data tones. For
a 180 tome QFDM symbol, there would be 9 single layer spatial pilot fones.
Specifically, for OFDM symbol 1 and OFDM gymbol 3, the single laver spatial pilot
tone 13 illustrated as beginning at tone one and repeating every 20 tones and for QFDM
symbol 2 and OQFDM symbol 4, the single laver spafial pilot tone is illustrated as
beginning halfway offset from the adjacent symbols at tone eleven and repeafing every
20 tones. Accordingly, the bandwidth overhead for supporting the single layer spatial
ptiofl tone i3 one in twenty or 5 percent per OFDM symbol for a single laver
transmtssion. In an adjacent OFDM symbol, such as OFDM symbaol 2, the single {ayer
spatial pilot tones are offset from the adjacent symbol’s single laver gpattal pulot tones.
I 15 also noted that one OFDM symbol can leversge the offset postion of an adjacent
OFDM symbol’s single laver gpatial pilot tone for addifional channel charactenzation
without relying upon additional dedicated spatial pilot tones.

FIG. 7B illastrates a two or double layer transmission across a halfsslot of
OFDM symbols 1-4. As sftusirated for each OFDM symbol, such as OFDM symbol 1,
the first Iayer spatial pilot tone repeats and occupies one tong for every 19 data tones
and a second laver spatial tone is offset from the first and also repeats and oecapies one
tone for every 19 data tones. For & 180 tone OFDM symbol, there would be 18 first
Jayer and second layer spatial piiot tones. Specifically, Yor OFDM symbeol 1 and OFDM
symbol 3, the first {aver and second layer spatial pilot tones are ilustrated as beginning
at tone one and repeating every 10 tones and for OFDM svmbol 2 and OFDM svmbol 4,
the first fayer and second laver spatial pilot tones are iliustrated as beginning halfway
offset from the adjacent symbols af tone eleven and repeabing every 10 tones,
Accordingly, the bandwidth overhead for supporting the first layer and second laver
spatial pilot tones I8 one in 10 or 10 percent per OFDM symbol for a two layer
(ransMISSIon.

FIG. 70 illustrates a three layer transmission across a halfsiot of OFDM

symbols 1-4. As illustrated for each OFDM symbol, the first laver spatial pilot fone
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repeats and occupies one tone for every 29 data tones, a second layer spatial pilot fone
repeats and ocoupies one tone for every 28 data tones, and a third laver spatial pilot tone
repeats and ocoupies one tone for every 29 datg tones. The first layer, second layer, and
third layer spatial pilot tones are staggered along the OFDM symbols 14 and repest
stch that the first layer, second layer, and thard tayer spatial pilot tones repeat every 10
tones and occupies one tone for every 9 data tones. For a 180 tone OFDM symboi,
there woidd be 18 first layver., second laver, and third laver spatial pilot tones.
Accordingly, the bandwidth overbead for supporting the first layer, second layer, and
third layer spatial pilot tones is one in 10 or 10 percent per OFDM symbol for a three
layer transmission.

FIG. 7D illustratés a four layer transmission across a halfsiot of OFDM
symbols 1-4.  As tHustrated for each OFDM symbol, the first layer spatial pilot tone
repeats and ocoupies one tone for every 19 data tones, a second laver spatial pilot tone
repeats and ocouptes one tone for every 19 data tones, a third laver spatial pilot {one
repeats and occupies one tope for every 19 data tones, and a fourth laver spatial piot
tone repeats and occupies one tone for every i9 data tones, The first laver, second
layer, third layver, and fourth layer spatial pilot tones are staggered along the OFDM
symbols i~4 and repeat such ihat the first layer, second laver, lhird layer, and fourth
spatial pilol tones repeat every S lones and occupies one tone for every 4 data fones.
For a 180 tone OFDM svimbol, there would be 36 first layer, second laver, third layer,
and fourth laver spatial pilot tones.  Accordingly, the bandwidth overhead for
supporting the first laver, second layer, third layer, and fourth layer spatial pilot tones is
one in 3 or 20 percent per OFDIM symbol for a four fayer transmission.

Since the various iaver spatial pilot tones are transmitted on different sets of P
pilot subbands in different symbol periods, this staggered pilot scheme allows the
MIMQO receivers to obtain piloft observations for more than their specific subbands
without increasing the number of subdbands used for pilot fransmission in any one
symbol period. For all piiot transmission schemes, the MIMO recetvers may derive
frequency response estimates for the channel based on their received symbols and using
various channel estimation techniques.

FH3 8 shows a block diagram of an embodiment of TX spatial processor 830

and transmitter units 832 at access point 110, TX spatial processor 830 inciudes a pilot
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genervator 910, a dafa spatial processor 920, and T multiplexers (Mux) 930« through
9301 for the T transmit antennas,

Pilot generaior 210 generates the T composgite pilofs tor the MIMO terminals.
The composite spatial ptiot tones for the subbands are genersted according to the spatial
layer transmuissions desceribed hereinabaove.

Data spatial processor 920 receives the data symbols from TX data processor
820 and performs spatial processing on these data symbols, For example, data spatial
progessor 920 may demultipiex the data symbols into T substreams for the T transmit
antennas. Data spafial processor 920 may or may not perform additional spatial
processing on these substreams, depending on the svstem design. Each muldtiplexer 930
receives a respective data svmbol substream from data spatial processor 920 and the
transmit symbols for 118 associated transmit antenna, muliplexes the data symbols with
the transmit symbols, and provides an output symbol stream.

Each transnuiter unit 832 receives and processes a respective output syvmbol
stream. Within each transmitter unit 832, an IFFT unit 942 transforms each set of K
output syvmbols for the K total subbands 1o the time domain using a X-point IFFT and
provides a transformed symibol that contains K time-domain chips. A cyclic prefix
generator 944 repeals a poriion of cach transformed symbol o form an OFDM symbaod
that contains K-+C chips, where € is the number of chips repeated. The repealed poriion
1s called a cyclic prefix and is used to combat delay spread in the wireless channel. A
TX radic frequency (R¥} unit 946 converts the OFDM symbol stream into one or more
analop signals and further amplifies, filters, and frequency upconverts the analog
signnal(s} to generate 2 modulated signal that is fransmitted from an associated antenna
834, Cyclic prefix generator 944 and/or TX RF unit 946 mav also provide the cvclic
delay for is fransmit antenna,

FIG. 9 shows a block diagram of a MIMO terminal 120b i a multi-antenna
OFDM system. At MIMO terminal 120b, R antennas 832« through 852« receive the T
modulated signals, and each antenna 852 provides a received signal to a respective
recerver unit 834, Each receiver nnit 854 performs processing complementary to that
performed by transmilter units and provides {1) received data symbols to an RX spatisd
processoy 8360y and (2) received pilot symbols to a channel estimator 884y within a

controller 880Gy, Chaonel estimator 884y performs channel estimation for the MIMO
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recerver and provides a MIMO channel response estimate. RX spatial processor 860y
performs spatial processing on R received data symbol streams from R recelver units
834¢ through 834y with the MIMO channel response estimate and provides detected
symbals. An RX data processor 870y symbol demaps, deinterleaves, snd decodes the
detected symbols and provides decoded data. Contreller 880y control the operation of
various processing units &t MIMO ferminal 120b and memory unit 882y stores data
and/or progran: codes wused by controtier 880y,

Those of skill in the art would understand that information and signals mayv be
represeried using any of a variety of different technologies and techniques. For
exampie, data, imstructions, commaunds, information, signals, bits, symbols, and chips
that may be referenced throughout the above description may be represented by
voltages, currents, electromagnetic waves, magnetic fields or particles, optical fields or
particles, or anv combination thereof.

Those of skili would further apprectate that the varous illustrative logical
blocks, modudes, cirenits, and algonthm steps described in connection with the
disciosure herein may be 1mplemented as electronic hardware, computer software, or
combinations of both. To clearly illustrate this interchangeability of hardware and
software, various tlustrative components, blocks, modules, circugts, and steps have been
described above generally in terms of their funchionalily. Whether such functionality is
implemented 88 hardwarg or software depends upon the particular application and
design constraints imposed on the overall systesm. Skilled artisans may implement the
described funchionality in varying ways for each particular application, but such
impiementation decisions should not be interpreted as causing a departure fiom the
scope of the present disclosure. |

The various ilustrative logical blocks, modules, and circuits described in
connection with the disclosure herein may be implemented or performed with a general-
purpose processor, a digital signal processor (DSP), an application specific integrated
cireutt {ASICY, a field programmable gate array (FPGA) or other programmable logic
device, discrete gate or transistor logic, discrete hardware components, or say
combination thereof” designed o perform the functions described herein. A genersi-
purpose processor may be a microprocessor, but in the alternative, the processor may be

any conventional processor, controller, microcontroller, or sfate machine. A processor
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may aiso be implemented as a combination of computing devices, e.g., a combination of
a DSP and a microprocessor, a plurality of nucroprocessors, oneg or more
Microprocessors m conjunction with g DSP core, or any other such confignration,

The steps of a method or algonthm desceribed in connection with the disclosure
herein may be embodied directly in hardware, in a software moduale executed by a
processor, or in a combination of the two. A software module may reside 1n RAM
menory, Hash memory, ROM memory, EPROM memory, EEPROM memory,
registers, hard disk, g removable disk, a CD-ROM, or any other formn of storage medigm
known in the art. An exemplary storage medium is coupled to the processor such that
the processor can read imformation trom, and write information to, the storage mediam.
In the alterative, the storage medium may be integral 1o the processor. The processor
and the storage medium may reside i an ASIC. The ASIC may reside in a usey
terminal,  Io the alternative, the processor and the storage medilun may veside as
discrete components in a uyser terminat.

The previous description of the disclosure is provided to enable any person
skiiled 1 the art to make or use the disclosure. Various modifications 1o the disclosure
will be readily apparent to those skilled in the art, and the generic principles defined
herein may b apphied o other variations without departing from the spint or scope of
the disclosure. Thus, the disclosure 1s not intended 1o be limited to the examples
described herein but 15 0 be accorded the widest scope consistent with the principles

and noved features disclosed herein.

WHA'T IS CLAIMED 15:
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!, A method of transmitiing a piot in a wireless communication gystem,
COMpPIsing:

genevating a first layer pilot for a single layer transmission;
repeating the first layer pilot across subbands of a first OFDM symbol;

repegting offset from the first laver pilot of the first OFEDM symbol the first laver pilot
across subbands of an adiacent second OFDM symbol; and

transmitting the first and second OFDM symbols in the single laver transmission.

3

The method of claim I, flwther compsing:

generating a second layer ptlot for a two laver transmission;

repeating offset from the first layer pilot the second laver pilot across subbands
of a first OFDM symbol;

repeating offset from the second laver pilot of the first OFDM symbol the second laver
pilot acrass subbands of an adjacent second OFDM svmbol; and

transmitting the first and second OFDM symbols in the two laver transmission.

3. The raethod of ¢laim 2, further comprising:
generating a third layer piiot for a three laver transmission;
repeating offset from the first and second layer pilots the third layer pilot across
subbands of a first OFDM symboi;

repeating offset fom the third layer pilot of the first OFDM symbol the third layer pilot
across subbands of an adjacent second OFDM symbol; and

transmitiing the first and second OFDM symbols in the three layer transimtgsion,

4. The method of clatnm 3, further comprising:
generating a fourth {gyer piiot for a four 1aver transmission,
repeating offset from the first, second and third laver pilols the fourth layer pilot

across subbands of a first OFDM symbol;
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repeating offset from the fourth {aver pilot of the first OFDM symbol the fourth
laver pilot across subbands of an adjacent second OFDM symibol; and

transmitting the first and second OFDM symbols in the four layer fransmisgion.
5. The method of claim 2, wherein the first and second laver pilots are

alternatingly positioned in the same subbands across the first and second OFDM

sy mibois,
6. The method of claim 3, wherein the first, second and third laver pilots are

alternatingly positioned in the same subbands across the fivst, second and a third OFDM

symbols adjacent to at least one of the first and second OFDM symbaols.

7. The method of ¢claim 6, wherein the first, second, third and fourthy laver pilots are
alternatingly positioned in the same subbands across the first, second, third and a tourth

OFDM symbaols adjscent to at least one of the first, second and third OF DM symbols,

8. The method of claim 1, wheremn the first layer pilot occupies approximately S

percent of the subbands of cach of the first and second OFDBM symbaols.

Q. The method of claim 2, wherein the first and second layer piots oocupy
approximately 10 percent of the subbands of each of the first and second OFIM

symbois.

10, The method of claim 3, wherein the first, second and third faver piiols ocoupy
approximately 10 percent of the subbands of each of the first and second OQFDM

symbols.

il.  The method of claim 4, wherein the first, second, third and fousth faver pilots
gceupy approximately 20 percent of the subbands of each of the first and second QFDM

sy mbois.
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12, An apparatus iz a wireless communicalion system, comprising:

a pilot generator operative 10 generate at least one pilot based on & number of
lavers of fransmission, each of the ai least one pilot being repeated across subbands of &
first OFDM symbol and finther being repeated offset from others of the at least one
piiot of the first OFDM symbol scross subbands of an adjacent second OFDM symbol;
and

a pluraiity of transmitter anits operative to transmit each of the first and second
OFDM symbols in a respective mumber of faver transmission via a plurality of transmit

antennas.

i3 The apparatus of claim 12, wherein the at ieast one pilot includes a first laver
piiot for a single laver ransmission and whetein the first layver pilot is offset across

subbands of the first and second OFDM svibols.

14,  The apparstus of claim 12, wherein the at least one pilot includes a first laver
pilot and a second laver pilot for a two layver fransmission and wherein the first and

second layer pilots are offset across subbands of the first and second OFDM symbaols.

i5. The apparatus of claim 12, wherein the at least one pilot includes a first layer
pilot, a second laver pilot and a third laver pilot for a three Inver fransmission and
wherein the tirst, second and third layer pilots are offset across subbands of the first and

second OFDPM symbols.

{18, The apparatus of claim 12, wherein the at igast one pilot includes a first laver
pilot, a second layer pilot, a third layer pilot and a fourth laver pilot for a four layer
transmiission and wherein the first, second, third and fourth layver pilots are offset across

subbands of the first and second OFDM svmbols,

17, The apparatas of claim 14, wherein the first and second laver pilots are

alternatingly posttionad in the same subbands across the first and second QFDM
sy inboils.
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{8, The apparatus of claim 13, wherein the first, second and third fayer pilots are
aliernatingly positioned 1n the same subbands across the first, second and a third QF DM

symbols adjacent to at least one of the first and second OFDM symbaols.

19. The apparatus of claym 16, wherein the first, second, third and fourth taver pilots
are alternatingly posiiioned in the same subbands across the first, second, third and 2
fourth OFDM symbols adjacent to gt least one of the first, second and third OFDM

sy nibols.

20.  The apparatus ot claim 13, wherein the fust laver pilot occuples approximately 5

percent of the subbands of each of the first and second OFDM symbols,

21, The apparatus of claim 14, wherein the first and second layer pilots cccupy
approxumately 10 percent of the subbands of each of the first and second OFDM

symbols.

22, The apparatus of claim 15, wherein the first, second and third layer pilots
occupy approxamately 10 percent of the subbands of each of the first and second OQFDM

symbots.

23, The apparatus of claim 16, wherein the first, second, third and fourth layer pilots
occupy approximately 20 percent of the subbands of each of the first and second OFDM

symbols.

24, An apparatus in @ wireless communication system, comprising

means for generatng & first {ayer pilot tor a single layer transmission;

means for repeating the first laver pilot across subbands of a first OFDM
symbol;

means for repeating offset from the first layer pilot of the first OFDM symbuol
the first laver pilot across subbands of an adjacent second OFDM symbol; and

means for transiniting the first and second OFDM symbols in the single layer

Transmission.
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25. The apparatus of claim 24, further comprising;

means tor generating a second layer pilot tor a two layer fransmission,

means for repeating offset from the first layer plot the second laver pilot across
stubbands of a first OFDM. symbod;

means for repeating offset fiom the second layer pilot of the first OFDM symbol
the second laver pilot across subbands of an adjacent second OFDM symbol; and

means for transmithing the first and second OFDM symbols in the two layer

fransmission.,

20. The apparatus of claim 25, further comprising;

means for generating & third layver pilot for a three laver transmission;

means for repeating offset from the first and second laver pilots the third layer
piiot across subbands of a first OFDM symbod;

means for repeating offset from the third laver pilot of the first OFDM symbol
the third laver pilot across subbands of an adiacent second OFDM svmbol; and

means for transmitting the first and second OFDM symbols in the three layer

IransnIssion.

27. The apparatus of cisin 26, turther comprising

means for generating & fourth layer pitot for a four layer transmission;

means for repeating offset from the first, second and third layer pilots the
fourth layver pilot across subbands of a first OFDM symbol;

means for repeating offset from the fourth laver pilot of the first OFDM
symbol the fourth layer pilot across subbands of an adjacent second QFDM
svimbol; and

means for transmitting the first and second OFDM symbois in the four

layer trapsmission.
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28, A method of performing channel estimation in a wireless communication
SVSIem, COmprising.

obtgining, via a plurality of receive antennas, recetved symbaols each inciuding a
first layer pilot with adjacent ones of the received symbols including the first layer piiot
offset 1 the subbands from each other; and

processing the received symbols based on the first laver pilot to obtain estimates
of a pluralitv of channels between the plurality of transmit antennas and the plurality of

receive antennas.

29 The method of claim 28, further compnsing:

obtaining, vig a plurality of receive antennas, received symbols each fusther
including a second laver pilot with adjacent ones of the recetved symbols inciuding the
second laver pilot oftset in the subbands from each other, and

processing the received symbols based on the first and second layer ptiots to
obtain estimates of a plurality of channels between the plurality of fransmit antennas

and the plurality of receive antennas.

30. The method of claim 29, turther compnsing:

obtaining, via a plurality of receive antennas, received svmbols each further
including a third laver pilot with adjacent ones of the received symbols including the
third {ayer pilot offset in the subbands from each other; and

processing the received symbols based on the first, second and third laver pilots
to obtain estimates of a plurality of channels between the plurality of transmit antennas

and the plurality of receive antennss.

31. The method of claim 30, further compnising:

obtaining, via & plurality of receive antennas, recetved svmbols each further
inciuding a fourth laver pilot with adjacent ones of the received symbols mcluding the
fourth layer pilot offset in the subbands from each other; and

processing the received symbols based on the first, second, third and fovrth layer
piots to obtain estimates of a plurality of chamnels between the plurality of transmst

antennas and the plurality of receive antennas.
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32, An apparatus in g wireless communicatlon system, comprising:

a plurality of receiver unifs operative to provide received symbols each
wciuding 8 first layer piiot with adjacent ones of the received symbols including the
first tayer pilot offsel in the subbands from each other; and

a channel estimator operative to process the recetved symbols based on the first
layer pilot to obtain estimates of a plurality of channeis between the plurality of transmit

antennas and the plurality of receive antennas.

33. The apparatus of claun 32, wherein the received symbols each further including
a second faver pilot with adiscent ones of the received svmbols including the second
layer piot offsat in the subbands from each other and wherein the first and second layer
pilots are processed to obtain estimates of a plurality of channels betweet the plurality

of transnut antennas and the plurality of recerve antennas,

34 The apparatus of claim 33, wherein the received svmbols each further including
a third layer pilot with adjacent ones of the received symbols including the third layer
piiot offset 1 the subbands from each other and wherein the fivst, second and third {ayer
pilots are processed {0 oblain estimates of a pluralily of channels between the pluratity

of transmit antennas and the plurality of receive antennas.

35. The apparatus of claim 34, wherein the received symbols each further including
a fourth layer pilot with adjacent ones of the received symbols tacluding the fourth laver
pifot offset 1n the subbands fiom each other and wherein the first, second, third and
fourth layer piots are processed o obtain estimates of a plurality of channels between

ibe plurality of transmit antennas and the plurality of receive antennas.
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