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(57) ABSTRACT 

Transmitter and receiver units for use in an OFDM com 
munications system and con?gurable to support multiple 
types of services. The transmitter unit includes one or more 
encoders, a symbol mapping element, and a modulator. Each 
encoder receives and codes a respective channel data stream 
to generate a corresponding coded data stream. The symbol 
mapping element receives and maps data from the coded 
data streams to generate modulation symbol vectors, With 
each modulation symbol vector including a set of data 
values used to modulate a set of tones to generate an OFDM 
symbol. The modulator modulates the modulation symbol 
vectors to provide a modulated signal suitable for transmis 
sion. The data from each coded data stream is mapped to a 
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375/29/480_48é 208’ other combination of tones. The circuits can have equal siZe 
’ ’ ’ ’ ’ or different siZes. Different circuits can be used for full rate 
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periods). 
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MULTIPLEXING OF REAL TIME SERVICES 
AND NON-REAL TIME SERVICES FOR 

OFDM SYSTEMS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation-in-part of US. patent 
application Ser. No. 09/532,492, entitled “HIGH EFFI 
CIENCY, HIGH PERFORMANCE COMMUNICATIONS 
SYSTEM EMPLOYING MULTI-CARRIER MODULA 
TION,” ?led Mar. 22, 2000, noW abandoned, and US. patent 
application Ser. No. 09/539,224, US. Pat. No. 6,473,467, 
entitled “METHOD AND APPARATUS FOR MEASUR 
ING REPORTING CHANNEL STATE INFORMATION IN 
A HIGH EFFICIENCY, HIGH PERFORMANCE COM 
MUNICATIONS SYSTEM,” ?led Mar. 30, 2000, both of 
Which are incorporated herein by reference in their entirety 
for all purposes. 

BACKGROUND OF THE INVENTION 

I. Field of the Invention 
The present invention relates to data communication. 

More particularly, the present invention relates to a novel 
and improved communications system employing multi 
carrier modulation and having high ef?ciency, improved 
performance, and enhanced ?exibility. 

II. Description of the Related Art 
A modern day communications system is required to 

support a variety of applications. One such communications 
system is a code division multiple access (CDMA) system 
that conforms to the “TIA/EIA/IS-95 Mobile Station-Base 
Station Compatibility Standard for Dual-Mode Wideband 
Spread Spectrum Cellular System,” hereinafter referred to as 
the IS-95 standard. The CDMA system supports voice and 
data communication betWeen users over a terrestrial link. 
The use of CDMA techniques in a multiple access commu 
nication system is disclosed in US. Pat. No. 4,901,307, 
entitled “SPREAD SPECTRUM MULTIPLE ACCESS 
COMMUNICATION SYSTEM USING SATELLITE OR 
TERRESTRIAL REPEATERS,” and US. Pat. No. 5,103, 
459, entitled “SYSTEM AND METHOD FOR GENERAT 
ING WAVEFORMS IN A CDMA CELLULAR TELE 
PHONE SYSTEM,” both assigned to the assignee of the 
present invention and incorporated herein by reference. 
An IS-95 compliant CDMA system is capable of support 

ing voice and data services over the forWard and reverse 
communications links. Typically, each voice call or each 
traf?c data transmission is assigned a dedicated channel 
having a variable but limited data rate. In accordance With 
the IS-95 standard, the traf?c or voice data is partitioned into 
code channel frames that are 20 msec in duration With data 
rates as high as 14.4 Kbps. The frames are then transmitted 
over the assigned channel. A method for transmitting traf?c 
data in code channel frames of ?xed siZe is described in US. 
Pat. No. 5,504,773, entitled “METHOD AND APPARATUS 
FOR THE FORMATTING OF DATA FOR TRANSMIS 
SION,” assigned to the assignee of the present invention and 
incorporated herein by reference. 
A number of signi?cant differences exist betWeen the 

characteristics and requirements of voice and data services. 
One such difference is the fact that voice services impose 
stringent and ?xed delay requirements Whereas data services 
can usually tolerate variable amounts of delay. The overall 
one-Way delay of speech frames is typically required to be 
less than 100 msec. In contrast, the delay for data frames is 
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2 
typically a variable parameter that can be advantageously 
used to optimiZe the overall1 ef?ciency of the data commu 
nications system. 
The higher tolerance to delay alloWs traf?c data to be 

aggregated and transmitted in bursts, Which can provide a 
higher level of ef?ciency and performance. For example, 
data frames may employ more ef?cient error correcting 
coding techniques requiring longer delays that cannot be 
tolerated by voice frames. In contrast, voice frames may be 
limited to the use of less ef?cient coding techniques having 
shorter delays. 

Another signi?cant difference betWeen voice and data 
services is that the former typically requires a ?xed and 
common grade of service (GOS) for all users, Which is 
usually not required or implemented for the latter. For digital 
communications systems providing voice services, this typi 
cally translates into a ?xed and equal transmission rate for 
all users and a maximum tolerable value for the error rate of 

speech frames. In contrast, for data services, the GOS may 
be different from user to user and is also typically a 
parameter that can be advantageously optimiZed to increase 
the overall efficiency of the system. The GOS of a data 
communications system is typically de?ned as the total 
delay incurred in the transfer of a particular amount of data. 

Yet another signi?cant difference betWeen voice and data 
services is that the former require a reliable communications 
link that, in a CDMA system, is provided by soft handoff. 
Soft handoff results in redundant transmissions from tWo or 
more base stations to improve reliability. HoWever, this 
additional reliability may not be required for data transmis 
sion because data frames received in error may be retrans 
mitted. For data services, the transmit poWer needed to 
support soft handoff may be more ef?ciently used for 
transmitting additional data. 

Because of the signi?cant differences noted above, it is a 
challenge to design a communications system capable of 
ef?ciently supporting both voice and data services. The 
IS-95 CDMA system is designed to ef?ciently transmit voice 
data, and is also capable of transmitting traf?c data. The 
design of the channel structure and the data frame format 
pursuant to IS-95 have been optimiZed for voice data. A 
communications system based on IS-95 that is enhanced for 
data services is disclosed in US. patent application Ser. No. 
08/963,386, entitled “METHOD AND APPARATUS FOR 
HIGH RATE PACKET DATA TRANSMISSION,” ?led 
Nov. 3, 1997, assigned to the assignee of the present 
invention and incorporated herein by reference. 

Given the ever-groWing demand for Wireless voice and 
data communication, hoWever a higher ef?ciency, higher 
performance Wireless communications system capable of 
supporting voice and data services is desirable. 

SUMMARY OF THE INVENTION 

The present invention provides a novel and improved 
communications system capable of supporting multiple 
types of services having different delay requirements. Such 
types of services may include, for example, “full duplex real 
time” (FDRT) services that require short one-Way delay 
(e.g., voice), “half duplex real time” (HDRT) services that 
can tolerate longer one-Way delay, as long as the delay does 
not vary by a large amount (e.g., video, audio), “non-real 
time” (NRT) services that are not quite as sensitive to delays 
(e.g., packet data), and others. Data for these different types 
of services can be ef?ciently transmitted using various 
mechanisms, some of Which are described beloW. 
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An embodiment of the invention provides a transmitter 
unit for use in a multi-carrier (e.g., OFDM) communication 
system and con?gurable to support multiple types of ser 
vices. The transmitter unit includes one or more encoders, a 
symbol mapping element, and a modulator. Each encoder 
receives and codes a respective channel data stream to 
generate a corresponding coded data stream. The symbol 
mapping element receives and maps data from the coded 
data streams to generate modulation symbol vectors, With 
each modulation symbol vector including a set of data 
values used to modulate a set of tones to generate an OFDM 
symbol. The data from each coded data stream is mapped to 
a respective set of one or more “circuits”, With each circuit 
including a particular set of one or more tones. The modu 
lator modulates the modulation symbol vectors to provide a 
modulated signal suitable for transmission. The transmitter 
unit can further include a set of scaling elements that scale 
the coded data streams With a set of scaling factors to 
provide poWer adjustment. 

The modulator can include an inverse Fourier transform, 
a cyclic pre?x generator, and an upconverter. The inverse 
Fourier transform receives the modulation symbol vectors 
and generates a time-domain representation of each modu 
lation symbol vector to provide the corresponding OFDM 
symbol. The cyclic pre?x generator repeats a portion of each 
OFDM symbol to generate a corresponding transmission 
symbol, and the upconverter modulates the transmission 
symbols to generate the modulated signal. 

Each circuit can be de?ned to include a number of tones 
from a number of OFDM symbols (to provide temporal and 
frequency diversity), a number of tones from a single OFDM 
symbol, all tones from one or more OFDM symbols, or some 
other combination of tones. The circuits can have equal siZe 
or different siZes. 

The data for each channel data stream can be transmitted 
in packets. Each packet can be de?ned to include various 
?elds, depending on the particular implementation. In one 
implementation, each packet includes packet type identi?er 
indicative of a change in the circuit to be used to transmit the 
next packet, a circuit identi?er indicative of a particular 
circuit to be used to transmit the next packet, and a data ?eld 
for the payload. In another implementation, each packet 
includes a user identi?er indicative of an intended recipient 
of the packet and a data ?eld for the payload. 

The channel data streams can be transmitted over slots, 
With each slot including a number of OFDM symbols. Each 
slot can be further divided into tWo or more partitions, With 
each partition including one or more OFDM symbols and 
used to support one or more types of service. For example, 
one partition of each slot can be used to support full duplex 
real time services having a short delay requirements and 
another partition of each slot can be used to support half 
duplex real time and/or non-real time services having more 
relaxed delay requirements. 

For improved efficiency, full rate data for a particular 
channel data stream can be transmitted via a ?rst circuit and 
loWer rate data can be transmitted via a second circuit. The 
second circuit can be transmitted every X number of slots 
(X>1) or can be a loWer capacity circuit. An indication to use 
a neW circuit can be sent in a ?eld of the packet transmitted 
on the current circuit or can be sent via a control channel. 

The neW circuit may be utiliZed after receiving an acknoWl 
edgment of the receipt of such indication to use the neW 
circuit. 

In another speci?c implementation, the transmitter unit 
includes one or more cover elements coupled to the respec 
tive encoders. Each cover element receives and covers a 
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4 
respective coded data stream With a particular Walsh 
sequence assigned to that coded data stream to generate a 
corresponding covered data stream. The scaling elements 
then scale the covered data streams With respective scaling 
factors to generate scaled data streams. A summer receives 
and sums the scaled data streams to provide a combined data 
stream that is then provided to the modulator. Each Walsh 
sequence can be transmitted over multiple tones of each of 
the OFDM symbols used for the Walsh sequence. Also, the 
length of the Walsh sequence can be matched to the number 
of tones in each OFDM symbol. For example, Walsh 
sequences of length 128 can be used for OFDM symbols 
having 128 tones, and the 128 chips of each Walsh sequence 
can be transmitted on the 128 tones of one OFDM symbol. 

Another embodiment of the invention provides a method 
for generating and transmitting a modulated signal capable 
of supporting multiple types of services. In accordance With 
the method, one or more channel data streams are received, 
and each channel data stream is coded With a particular 
coding scheme to generate a corresponding coded data 
stream. The data from the coded data streams are mapped to 
generate modulation symbol vectors, With each modulation 
symbol vector including a number of data values used to 
modulate a number of tones to generate an OFDM symbol. 
The data from each coded data stream is mapped to a 
respective set of one or more circuits, With each circuit 
including a respective set of one or more tones. The coded 
data streams can be scaled With respective scaling factors to 
provide poWer adjustment. The modulation symbol vectors 
are then modulated to provide a modulated signal suitable 
for transmission. 

To perform multi-carrier modulation, each modulation 
symbol vector is ?rst transformed to a time-domain repre 
sentation to provide a corresponding OFDM symbol. A 
portion of each OFDM symbol is then repeated to generate 
a corresponding transmission symbol, and the transmission 
symbols are further processed to generate the modulated 
signal. 
The invention further provides a receiver unit capable of 

receiving and processing the modulated signal generated in 
the manner described above. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The features, nature, and advantages of the present inven 
tion Will become more apparent from the detailed descrip 
tion set forth beloW When taken in conjunction With the 
draWings in Which like reference characters identify corre 
spondingly throughout and Wherein: 

FIG. 1 is a diagram of a multiple-input multiple-output 
(MIMO) communications system; 

FIG. 2 is a diagram that graphically illustrates a speci?c 
example of a transmission from a transmit antenna at a 
transmitter unit; 

FIG. 3 is a block diagram of an embodiment of a data 
processor and a modulator of the communications system 
shoWn in FIG. 1; 

FIGS. 4A and 4B are block diagrams of tWo embodiments 
of a channel data processor that can be used for processing 
one channel data steam such as control, broadcast, voice, or 
traffic data; 

FIGS. 5A through 5C are block diagrams of an embodi 
ment of the processing units that can be used to generate the 
transmit signal shoWn in FIG. 2; 

FIG. 6 is a block diagram of an embodiment of a receiver 
unit, having multiple receive antennas, Which can be used to 
receive one or more channel data streams; 
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FIG. 7 shows plots that illustrate the spectral ef?ciency 
achievable With some of the operating modes of a commu 
nications system in accordance With one embodiment; 

FIG. 8A is a diagram of an embodiment of a structure that 
can be used to transmit various types of services; 

FIGS. 8B and 8C are diagrams of a speci?c embodiment 
of tWo packet structures that can be used for transmitting 
data; 

FIG. 9 is a block diagram of an embodiment of a data 
processor and a modulator that can be used to multiplex 
multiple users on orthogonal OFDM tones; and 

FIG. 10 is a block diagram of an embodiment of a data 
processor and a modulator that can be used to multiplex 
multiple users on the same OFDM tones using orthogonal 
(e.g., Walsh) codes. 

DETAILED DESCRIPTION OF THE SPECIFIC 
EMBODIMENTS 

FIG. 1 is a diagram of a multiple-input multiple-output 
(MIMO) communications system 100 capable of imple 
menting some embodiments of the invention. Communica 
tions system 100 can be operative to provide a combination 
of antenna, frequency, and temporal diversity to increase 
spectral efficiency, improve performance, and enhance ?ex 
ibility. Increased spectral efficiency is characteriZed by the 
ability to transmit more bits per second per HertZ (bps/HZ) 
When and Where possible to better utiliZe the available 
system bandWidth. Techniques to obtain higher spectral 
ef?ciency are described in further detail beloW. Improved 
performance may be quanti?ed, for example, by a loWer 
bit-error-rate (BER) or frame-error-rate (FER) for a given 
link carrier-to-noise-plus-interference ratio (C/I). And 
enhanced ?exibility is characteriZed by the ability to accom 
modate multiple users having different and typically dispar 
ate requirements. These goals may be achieved, in part, by 
employing multi-carrier modulation, time division multi 
plexing (TDM), multiple transmit and/or receive antennas, 
and other techniques. The features, aspects, and advantages 
of the invention are described in further detail beloW. 
As shoWn in FIG. 1, communications system 100 includes 

a ?rst system 110 in communication With a second system 
120. System 110 includes a (transmit) data processor 112 
that (1) receives or generates data, (2) processes the data to 
provide antenna, frequency, or temporal diversity, or a 
combination thereof, and (3) provides processed modulation 
symbols to a number of modulators (MOD) 114a through 
114t. Each modulator 114 further processes the modulation 
symbols and generates an RF modulated signal suitable for 
transmission. The RF modulated signals from modulators 
114a through 114[ are then transmitted from respective 
antennas 116a through 116[ over communications links 118 
to system 120. 

In the embodiment shoWn in FIG. 1, system 120 includes 
a number of receive antennas 122a through 122r that receive 
the transmitted signals and provide the received signals to 
respective demodulators (DEMOD) 124a through 124r. As 
shoWn in FIG. 1, each receive antenna 122 may receive 
signals from one or more transmit antennas 116 depending 
on a number of factors such as, for example, the operating 
mode used at system 110, the directivity of the transmit and 
receive antennas, the characteristics of the communications 
links, and others. Each demodulator 124 demodulates the 
respective received signal using a demodulation scheme that 
is complementary to the modulation scheme used at the 
transmitter. The demodulated symbols from demodulators 
124a through 124r are then provided to a (receive) data 
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6 
processor 126 that further processes the symbols to provide 
the output data. The data processing at the transmitter and 
receiver units is described in further detail beloW. 

FIG. 1 shoWs only the forWard link transmission from 
system 110 to system 120. This con?guration may be used 
for data broadcast and other one-Way data transmission 
applications. In a bi-directional communications system, a 
reverse link from system 120 to system 110 is also provided, 
although not shoWn in FIG. 1 for simplicity. For the bi 
directional communications system, each of systems 110 
and 120 may operate as a transmitter unit or a receiver unit, 
or both concurrently, depending on Whether data is being 
transmitted from, or received at, the unit. 

For simplicity, communications system 100 is shoWn to 
include one transmitter unit (i.e., system 110) and one 
receiver unit (i.e., system 120). HoWever, other variations 
and con?gurations of the communications system are pos 
sible. For example, in a multi-user, multiple access commu 
nications system, a single transmitter unit may be used to 
concurrently transmit data to a number of receiver units. 
Also, in a manner similar to soft-handoff in an IS-95 CDMA 
system, a receiver unit may concurrently receive transmis 
sions from a number of transmitter units. The communica 
tions system of the invention may include any number of 
transmitter and receiver units. 

Each transmitter unit may include a single transmit 
antenna or a number of transmit antennas, such as that 
shoWn in FIG. 1. Similarly, each receiver unit may include 
a single receive antenna or a number of receive antennas, 
again such as that shoWn in FIG. 1. For example, the 
communications system may include a central system (i.e., 
similar to a base station in the IS-95 CDMA system) having 
a number of antennas that transmit data to, and receive data 
from, a number of remote systems (i.e., subscriber units, 
similar to remote stations in the CDMA system), some of 
Which may include one antenna and others of Which may 
include multiple antennas. Generally, as the number of 
transmit and receive antennas increases, antenna diversity 
increases and performance improves, as described beloW. 
As used herein, an antenna refers to a collection of one or 

more antenna elements that are distributed in space. The 
antenna elements may be physically located at a single site 
or distributed over multiple sites. Antenna elements physi 
cally co-located at a single site may be operated as an 
antenna array (e.g., such as for a CDMA base station). An 
antenna netWork consists of a collection of antenna arrays or 
elements that are physically separated (e.g., several CDMA 
base stations). An antenna array or an antenna netWork may 
be designed With the ability to form beams and to transmit 
multiple beams from the antenna array or netWork. For 
example, a CDMA base station may be designed With the 
capability to transmit up to three beams to three different 
sections of a coverage area (or sectors) from the same 
antenna array. Thus, the three beams may be vieWed as three 
transmissions from three antennas. 
The communications system of the invention can be 

designed to provide a multi-user, multiple access commu 
nications scheme capable of supporting subscriber units 
having different requirements as Well as capabilities. The 
scheme alloWs the system’s total operating bandWidth, W, 
(e.g., 1.2288 MHZ) to be ef?ciently shared among different 
types of services that may have highly disparate data rate, 
delay, and quality of service (QOS) requirements. 

Examples of such disparate types of services include 
voice services and data services. Voice services are typically 
characteriZed by a loW data rate (e.g., 8 kbps to 32 kbps), 
short processing delay (e.g., 3 msec to 100 msec overall 
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one-Way delay), and sustained use of a communications 
channel for an extended period of time. The short delay 
requirements imposed by voice services typically require a 
small fraction of the system resources to be dedicated to 
each voice call for the duration of the call. In contrast, data 
services are characteriZed by “bursty” traf?cs in Which 
variable amounts of data are sent at sporadic times. The 
amount of data can vary signi?cantly from burst-to-burst 
and from user-to-user. For high efficiency, the communica 
tions system of the invention can be designed With the 
capability to allocate a portion of the available resources to 
voice services as required and the remaining resources to 
data services. In some embodiments of the invention, a 
fraction of the available system resources may also be 
dedicated for certain data services or certain types of data 
services. 

The distribution of data rates achievable by each sub 
scriber unit can vary Widely betWeen some minimum and 
maximum instantaneous values (e.g., from 200 kbps to over 
20 Mbps). The achievable data rate for a particular sub 
scriber unit at any given moment may be in?uenced by a 
number of factors such as the amount of available transmit 
poWer, the quality of the communications link (i.e., the C/I), 
the coding scheme, and others. The data rate requirement of 
each subscriber unit may also vary Widely betWeen a mini 
mum value (e.g., 8 kbps, for a voice call) all the Way up to 
the maximum supported instantaneous peak rate (e.g., 20 
Mbps for bursty data services). 

The percentage of voice and data traffic is typically a 
random variable that changes over time. In accordance With 
certain aspects of the invention, to efficiently support both 
types of services concurrently, the communications system 
of the invention is designed With the capability to dynamic 
allocate the available resources based on the amount of 
voice and data traffic. A scheme to dynamically allocate 
resources is described beloW. Another scheme to allocate 
resources is described in the aforementioned US. patent 
application Ser. No. 08/963,386. 

The communications system of the invention provides the 
above-described features and advantages, and is capable of 
supporting different types of services having disparate 
requirements. The features are achieved by employing 
antenna, frequency, or temporal diversity, or a combination 
thereof. In some embodiments of the invention, antenna, 
frequency, or temporal diversity can be independently 
achieved and dynamically selected. 
As used herein, antenna diversity refers to the transmis 

sion and/or reception of data over more than one antenna, 
frequency diversity refers to the transmission of data over 
more than one sub-band, and temporal diversity refers to the 
transmission of data over more than one time period. 
Antenna, frequency, and temporal diversity may include 
subcategories. For example, transmit diversity refers to the 
use of more than one transmit antenna in a manner to 

improve the reliability of the communications link, receive 
diversity refers to the use of more than one receive antenna 
in a manner to improve the reliability of the communications 
link, and spatial diversity refers to the use of multiple 
transmit and receive antennas to improve the reliability 
and/or increase the capacity of the communications link. 
Transmit and receive diversity can also be used in combi 
nation to improve the reliability of the communications link 
Without increasing the link capacity. Various combinations 
of antenna, frequency, and temporal diversity can thus be 
achieved and are Within the scope of the present invention. 

Frequency diversity can be provided by use of a multi 
carrier modulation scheme such as orthogonal frequency 
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8 
division multiplexing (OFDM), Which alloWs for transmis 
sion of data over various sub-bands of the operating band 
Width. Temporal diversity is achieved by transmitting the 
data over different times, Which can be more easily accom 
plished With the use of time-division multiplexing (TDM). 
These various aspects of the communications system of the 
invention are described in further detail beloW. 

In accordance With an aspect of the invention, antenna 
diversity is achieved by employing a number of (NT) trans 
mit antennas at the transmitter unit or a number of (NR) 
receive antennas at the receiver unit, or multiple antennas at 
both the transmitter and receiver units. In a terrestrial 
communications system (e.g., a cellular system, a broadcast 
system, an MMDS system, and others), an RF modulated 
signal from a transmitter unit may reach the receiver unit via 
a number of transmission paths. The characteristics of the 
transmission paths typically vary over time based on a 
number of factors. If more than one transmit or receive 
antenna is used, and if the transmission paths betWeen the 
transmit and receive antennas are independent (i.e., uncor 
related), Which is generally true to at least an extent, then the 
likelihood of correctly receiving the transmitted signal 
increases as the number of antennas increases. Generally, as 
the number of transmit and receive antennas increases, 
diversity increases and performance improves. 

In some embodiments of the invention, antenna diversity 
is dynamically provided based on the characteristics of the 
communications link to provide the required performance. 
For example, higher degree of antenna diversity can be 
provided for some types of communication (e.g., signaling), 
for some types of services (e.g., voice), for some commu 
nications link characteristics (e.g., loW C/I), or for some 
other conditions or considerations. 
As used herein, antenna diversity includes transmit diver 

sity and receive diversity. For transmit diversity, data is 
transmitted over multiple transmit antennas. Typically, addi 
tional processing is performed on the data transmitted from 
the transmit antennas to achieved the desired diversity. For 
example, the data transmitted from different transmit anten 
nas may be delayed or reordered in time, or coded and 
interleaved across the available transmit antennas. Also, 
frequency and temporal diversity may be used in conjunc 
tion With the different transmit antennas. For receive diver 
sity, modulated signals are received on multiple receive 
antennas, and diversity is achieved by simply receiving the 
signals via different transmission paths. 

In accordance With another aspect of the invention, fre 
quency diversity can be achieved by employing a multi 
carrier modulation scheme. One such scheme that has 
numerous advantages is OFDM. With OFDM modulation, 
the overall transmission channel is essentially divided into a 
number of (L) parallel sub-channels that are used to transmit 
the same or different data. The overall transmission channel 
occupies the total operating bandWidth of W, and each of the 
sub-channels occupies a sub-band having a bandWidth of 
W/L and centered at a different center frequency. Each 
sub-channel has a bandWidth that is a portion of the total 
operating bandWidth. Each of the sub-channels may also be 
considered an independent data transmission channel that 
may be associated With a particular (and possibly unique) 
processing, coding, and modulation scheme, as described 
beloW. 

The data may be partitioned and transmitted over any 
de?ned set of tWo or more sub-bands to provide frequency 
diversity. For example, the transmission to a particular 
subscriber unit may occur over sub-channel 1 at time slot 1, 
sub-channel 5 at time slot 2, sub-channel 2 at time slot 3, and 
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so on. As another example, data for a particular subscriber 
unit may be transmitted over sub-channels 1 and 2 at time 
slot 1 (e.g., With the same data being transmitted on both 
sub-channels), sub-channels 4 and 6 at time slot 2, only 
sub-channel 2 at time slot 3, and so on. Transmission of data 
over different sub-channels over time can improve the 
performance of a communications system experiencing fre 
quency selective fading and channel distortion. Other ben 
e?ts of OFDM modulation are described beloW. 

In accordance With yet another aspect of the invention, 
temporal diversity is achieved by transmitting data at dif 
ferent times, Which can be more easily accomplished using 
time division multiplexing (TDM). For data services (and 
possibly for voice services), data transmission occurs over 
time slots that may be selected to provide immunity to time 
dependent degradation in the communications link. Tempo 
ral diversity may also be achieved through the use of 
interleaving. 

For example, the transmission to a particular subscriber 
unit may occur over time slots 1 through x, or on a subset 
of the possible time slots from 1 through x (e.g., time slots 
1, 5, 8, and so on). The amount of data transmitted at each 
time slot may be variable or ?xed. Transmission over 
multiple time slots improves the likelihood of correct data 
reception due to, for example, impulse noise and interfer 
ence. 

The combination of antenna, frequency, and temporal 
diversity alloWs the communications system of the invention 
to provide robust performance. Antenna, frequency, and/or 
temporal diversity improves the likelihood of correct recep 
tion of at least some of the transmitted data, Which may then 
be used (e.g., through decoding) to correct for some errors 
that may have occurred in the other transmissions. The 
combination of antenna, frequency, and temporal diversity 
also alloWs the communications system to concurrently 
accommodate different types of services having disparate 
data rate, processing delay, and quality of service require 
ments. 

The communications system of the invention can be 
designed and operated in a number of different communi 
cations modes, With each communications mode employing 
antenna, frequency, or temporal diversity, or a combination 
thereof. The communications modes include, for example, a 
diversity communications mode and a MIMO communica 
tions mode. Various combinations of the diversity and 
MIMO communications modes can also be supported by the 
communications system. Also, other communications modes 
can be implemented and are Within the scope of the present 
invention. 

The diversity communications mode employs transmit 
and/or receive diversity, frequency, or temporal diversity, or 
a combination thereof, and is generally used to improve the 
reliability of the communications link. In one implementa 
tion of the diversity communications mode, the transmitter 
unit selects a modulation and coding scheme (i.e., con?gu 
ration) from a ?nite set of possible con?gurations, Which are 
knoWn to the receiver units. For example, each overhead and 
common channel may be associated With a particular con 
?guration that is knoWn to all receiver units. When using the 
diversity communications mode for a speci?c user (e.g., for 
a voice call or a data transmission), the mode and/or 
con?guration may be knoWn a priori (e.g., from a previous 
set up) or negotiated (e.g., via a common channel) by the 
receiver unit. 

In the diversity communications mode, data is transmitted 
on one or more sub-channels, from one or more antennas, 

and at one or more time periods. The allocated sub-channels 
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10 
may be associated With the same antenna, or may be 
sub-channels associated With different antennas. In a com 
mon application of the diversity communications mode, 
Which is also referred to as a “pure” diversity communica 
tions mode, data is transmitted from all available transmit 
antennas to the destination receiver unit. The pure diversity 
communications mode can be used in instances Where the 
data rate requirements are loW or When the C/I is loW, or 
When both are true. 

The MIMO communications mode employs antenna 
diversity at both ends of the communication link and is 
generally used to improve both the reliability and increase 
the capacity of the communications link. The MIMO com 
munications mode may further employ frequency and/or 
temporal diversity in combination With the antenna diver 
sity. The MIMO communications mode, Which may also be 
referred to herein as the spatial communications mode, 
employs one or more processing modes to be described 
beloW. 

The diversity communications mode generally has loWer 
spectral efficiency than the MIMO communications mode, 
especially at high C/I levels. HoWever, at loW to moderate 
C/I values, the diversity communications mode achieves 
comparable ef?ciency and can be simpler to implement. In 
general, the use of the MIMO communications mode pro 
vides greater spectral ef?ciency When used, particularly at 
moderate to high C/I values. The MIMO communications 
mode may thus be advantageously used When the data rate 
requirements are moderate to high. 
The communications system can be designed to concur 

rently support both diversity and MIMO communications 
modes. The communications modes can be applied in vari 
ous manners and, for increased ?exibility, may be applied 
independently on a sub-channel basis. The MIMO commu 
nications mode is typically applied to speci?c users. HoW 
ever, each communications mode may be applied on each 
sub-channel independently, across a subset of sub-channels, 
across all sub-channels, or on some other basis. For 
example, the use of the MIMO communications mode may 
be applied to a speci?c user (e.g., a data user) and, concur 
rently, the use of the diversity communications mode may be 
applied to another speci?c user (e.g., a voice user) on a 
different sub-channel. The diversity communications mode 
may also be applied, for example, on sub-channels experi 
encing higher path loss. 
The communications system of the invention can also be 

designed to support a number of processing modes. When 
the transmitter unit is provided With information indicative 
of the conditions (i.e., the “state”) of the communications 
links, additional processing can be performed at the trans 
mitter unit to further improve performance and increase 
ef?ciency. Full channel state information (CSI) or partial 
CSI may be available to the transmitter unit. Full CSI 
includes suf?cient characteriZation of the propagation path 
(i.e., amplitude and phase) betWeen all pairs of transmit and 
receive antennas for each sub-band. Full CSI also includes 
the C/I per sub-band. The full CSI may be embodied in a set 
of matrices of complex gain values that are descriptive of the 
conditions of the transmission paths from the transmit 
antennas to the receive antennas, as described beloW. Partial 
CSI may include, for example, the C/I of the sub-band. With 
full CSI or partial CSI, the transmitter unit pre-conditions 
the data prior to transmission to receiver unit. 

In a speci?c implementation of the full-CSI processing 
mode, the transmitter unit preconditions the signals pre 
sented to the transmit antennas in a Way that is unique to a 
speci?c receiver unit (e.g., the pre-conditioning is performed 
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for each sub-band assigned to that receiver unit). As long as 
the channel does not change appreciably from the time it is 
measured by the receiver unit and subsequently sent back to 
the transmitter and used to precondition the transmission, 
the intended receiver unit can demodulate the transmission. 
In this implementation, a full-CSI based MIMO communi 
cation can only be demodulated by the receiver unit asso 
ciated With the CSI used to precondition the transmitted 
signals. 

In a speci?c implementation of the partial-CSI or no-CSI 
processing modes, the transmitter unit employs a common 
modulation and coding scheme (e.g., on each data channel 
transmission), Which then can be (in theory) demodulated by 
all receiver units. In an implementation of the partial-CSI 
processing mode, a single receiver unit can specify it’s C/I, 
and the modulation employed on all antennas can be 
selected accordingly (e.g., for reliable transmission) for that 
receiver unit. Other receiver units can attempt to demodulate 
the transmission and, if they have adequate C/I, may be able 
to successfully recover the transmission. A common (e.g., 
broadcast) channel can use a no-CSI processing mode to 
reach all users. 

The full-CSI processing is brie?y described beloW. When 
the CSI is available at the transmitter unit, a simple approach 
is to decompose the multi-input multi-output channel into a 
set of independent channels. Given the channel transfer 
function at the transmitters, the left eigenvectors may be 
used to transmit different data streams. The modulation 
alphabet used With each eigenvector is determined by the 
available C/I of that mode, given by the eigenvalues. If H is 
the NR><NT matrix that gives the channel response for the NT 
transmitter antenna elements and NR receiver antenna ele 
ments at a speci?c time, and x is the NT-vector of inputs to 
the channel, then the received signal can be expressed as: 

Where n is an NR-vector representing noise plus interference. 
The eigenvector decomposition of the Hermitian matrix 
formed by the product of the channel matrix With its 
conjugate-transpose can be expressed as: 

Where the symbol*denotes conjugate-transpose, E is the 
eigenvector matrix, and A is a diagonal matrix of eigenval 
ues, both of dimension NT><NT. The transmitter converts a 
set of NT modulation symbols busing the eigenvector matrix 
E. The transmitted modulation symbols from the NT transmit 
antennas can thus be expressed as: 

For all antennas, the pre-conditioning can thus be achieved 
by a matrix multiply operation expressed as: 

x1 611, 612, 611v]- bi Eq (1) 

X2 621, 622, 62NT b2 

XNT eNTls elvTr, eNTNT b/vT 

Where 
b1, b2, . . . and bNT are respectively the modulation 

symbols for a particular sub-channel at transmit anten 
nas 1, 2, . . . NT, Where each modulation symbol can be 

generated using, for example, M-PSK, M-QAM, and so 
on, as described below; 
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12 
E=is the eigenvector matrix related to the transmission 

loss from transmit antennas to the receive antennas; and 
x1, x2, . . . xNT are the pre-conditioned modulation 

symbols, Which can be expressed as: 

Since H*H is Hermitian, the eigenvector matrix is unitary. 
Thus, if the elements of b have equal poWer, the elements of 
x also have equal poWer. The received signal may then be 
expressed as: 

The receiver performs a channel-matched-?lter operation, 
folloWed by multiplication by the right eigenvectors. The 
result of the channel-matched-?lter operation is the vector Z, 
Which can be expressed as: 

g=E*H*HEh+E*H*Q=/\h+?, Eq.(2) 

Where the neW noise term has covariance that can be 
expressed as: 

i.e., the noise components are independent With variance 
given by the eigenvalues. The C/I of the i-th component of 
Z is Ki, the i-th diagonal element of A. 

The transmitter unit can thus select a modulation alphabet 
(i.e., signal constellation) for each of the eigenvectors based 
on the C/I that is given by the eigenvalue. Providing that the 
channel conditions do not change appreciably in the interval 
betWeen the time the CSI is measured at the receiver and 
reported and used to precondition the transmission at the 
transmitter, the performance of the communications system 
Will then be equivalent to that of a set of independent AWGN 
channels With knoWn C/I’s. 
As an example, assume that the MIMO communications 

mode is applied to a channel data stream that is transmitted 
on one particular sub-channel from four transmit antennas. 
The channel data stream is demultiplexed into four data 
sub-streams, one data sub-stream for each transmit antenna. 
Each data sub-stream is then modulated using a particular 
modulation scheme (e.g., M-PSK, M-QAM, or other) 
selected based on the CSI for that sub-band and for that 
transmit antenna. Four modulation sub-streams are thus 
generated for the four data sub-streams, With each modula 
tion sub-streams including a stream of modulation symbols. 
The four modulation sub-streams are then pre-conditioned 
using the eigenvector matrix, as expressed above in equation 
(1), to generate pre-conditioned modulation symbols. The 
four streams of pre-conditioned modulation symbols are 
respectively provided to the four combiners of the four 
transmit antennas. Each combiner combines the received 
pre-conditioned modulation symbols With the modulation 
symbols for the other sub-channels to generate a modulation 
symbol vector stream for the associated transmit antenna. 
The full-CSI based processing is typically employed in 

the MIMO communications mode Where parallel data 
streams are transmitted to a speci?c user on each of the 
channel eigenmodes for the each of the allocated sub 
channels. Similar processing based on full CSI can be 
performed Where transmission on only a subset of the 
available eigenmodes is accommodated in each of the allo 
cated sub-channels(e.g., to implement beam steering). 
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