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106“ 

Techniques to schedule terminals for data transmission on the 
doWnlink and/or uplink in a MlMO-OFDM system based on 
the spatial and/or frequency “signatures” of the terminals. A 
scheduler forms one or more sets of terminals for possible 
(doWnlink or uplink) data transmission for each of a number 
of frequency bands. One or more sub -hypotheses may further 
be formed for each hypothesis, With each sub-hypothesis 
corresponding to (1) speci?c assignments of transmit anten 
nas to the terminal(s) in the hypothesis (for the doWnlink) or 
(2) a speci?c order for processing the uplink data transmis 
sions from the terminal(s) (for the uplink). The performance 
of each sub-hypothesis is then evaluated (e.g., based on one or 
more performance metrics). One sub-hypothesis is then 
selected for each frequency band based on the evaluated 
performance, and the one or more terminals in each selected 
sub-hypothesis are then scheduled for data transmission on 
the corresponding frequency band. 
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RESOURCE ALLOCATION FOR 
MIMO-OFDM COMMUNICATION SYSTEMS 

[0001] The present Application for Patent is a continuation 
of patent application Ser. No. 11/248,890 entitled 
“RESOURCE ALLOCATION FOR MIMO-OFDM COM 
MUNICATION SYSTEMS ?led Oct. 11, 2005, and patent 
application Ser. No. 10/042,529 entitled “RESOURCE 
ALLOCATION FOR MIMO-OFDM COMMUNICATION 
SYSTEMS” ?led Jan. 8, 2002, noW issued as US. Pat. No. 
7,020,110, issued Mar. 28, 2006, and assisgned to the 
assignee hereof and hereby expressly incorporated by refer 
ence herein. 

BACKGROUND 

[0002] 1. Field 
[0003] The present invention relates generally to data com 
munication, and more speci?cally to techniques for allocat 
ing resources in multiple-input multiple-output communica 
tion systems that utiliZe orthogonal frequency division 
multiplexing (i.e., MIMO-OFDM systems). 
[0004] 2. Background 
[0005] A multiple-input multiple-output (MIMO) commu 
nication system employs multiple (N T) transmit antennas and 
multiple (N R) receive antennas for transmission of multiple 
independent data streams. In one MIMO system implemen 
tation, at any given moment, all of the data streams are used 
for a communication betWeen a multiple-antenna base station 
and a single multiple-antenna terminal. HoWever, in a mul 
tiple access communication system, the base station may also 
concurrently communicate With a number of terminals. In this 
case, each of the terminals employs a su?icient number of 
antennas such that it can transmit and/or receive one or more 
data streams. 
[0006] The RF channel betWeen the multiple-antenna array 
at the base station and the multiple-antenna array at a given 
terminal is referred to as a MIMO channel. The MIMO chan 
nel formed by the NTtransmit and N R receive antennas may be 
decomposed into NS independent channels, With N émin 
{Np NR}. Each of the NS independent channels is also 
referred to as a spatial subchannel of the MIMO channel and 
corresponds to a dimension. The MIMO system can provide 
improved performance (e.g., increased transmission capac 
ity) if the additional dimensionalities created by the multiple 
transmit and receive antennas are utiliZed. 

[0007] A Wideband MIMO system typically experiences 
frequency selective fading, Which is characterized by differ 
ent amounts of attenuation across the system bandWidth. This 
frequency selective fading causes inter-symbol interference 
(ISI), Which is a phenomenon Whereby each symbol in a 
received signal acts as distortion to subsequent symbols in the 
received signal. This distortion degrades performance by 
impacting the ability to correctly detect the received symbols. 
[0008] Orthogonal frequency division multiplexing 
(OFDM) may be used to combat ISI and/or for some other 
purposes. An OFDM system effectively partitions the overall 
system bandWidth into a number of (N F) frequency subchan 
nels, Which may be referred to as subbands or frequency bins. 
Each frequency subchannel is associated With a respective 
subcarrier on Which data may be modulated. The frequency 
subchannels of the OFDM system may also experience fre 
quency selective fading, depending on the characteristics 
(e. g., the multipath pro?le) of the propagation path betWeen 
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the transmit and receive antennas. With OFDM, the ISI due to 
frequency selective fading may be combated by repeating a 
portion of each OFDM symbol (i.e., appending a cyclic pre?x 
to each OFDM symbol), as is knoWn in the art. 

[0009] For a MIMO system that employs OFDM (i.e., a 
MIMO-OFDM system), NF frequency subchannels are avail 
able for each of the NS spatial subchannels of a MIMO chan 
nel. Each frequency subchannel of each spatial subchannel 
may be referred to as a transmission channel. Up to NF-NS 
transmission channels may be available for use at any given 
moment for communication betWeen the multiple-antenna 
base station and the multiple-antenna terminal. 
[0010] The MIMO channel betWeen the base station and 
each terminal typically experiences different link character 
istics and may thus be associated With different transmission 
capabilities. Moreover, each spatial subchannel may further 
experience frequency selective fading, in Which case the fre 
quency subchannels may also be associated With different 
transmission capabilities. Thus, the transmission channels 
available to each terminal may have different effective 
capacities. Ef?cient use of the available resources and higher 
throughput may be achieved if the NF-NS available transmis 
sion channels are effectively allocated such that these chan 
nels are utiliZed by a “proper” set of one or more terminals in 
the MIMO-OFDM system. 
[0011] There is therefore a need in the art for techniques to 
allocate resources in a MIMO-OFDM system to provide high 
system performance. 

SUMMARY 

[0012] Techniques are provided herein to schedule termi 
nals for data transmission on the doWnlink and/or uplink 
based on the spatial and/or frequency “signatures” of the 
terminals. In a MIMO-OFDM system, each “active” terminal 
desiring data transmission in an upcoming time interval may 
be associated With transmission channels having different 
capabilities due to different link conditions experienced by 
the terminal. Various scheduling schemes are provided herein 
to select a “proper” set of one or more terminals for data 
transmission on each frequency band and to assign the avail 
able transmission channels to the selected terminals such that 
system goals (e.g., high throughput, fairness, and so on) are 
achieved. 

[0013] A scheduler may be designed to form one or more 
sets of terminals for possible (doWnlink or uplink) data trans 
mission for each of a number of frequency bands. Each set 
includes one or more active terminals and corresponds to a 
hypothesis to be evaluated. Each frequency band corresponds 
to a group of one or more frequency subchannels in the 
MIMO-OFDM system. The scheduler may further form one 
or more sub-hypotheses for each hypothesis. For the doWn 
link, each sub-hypothesis may correspond to speci?c assign 
ments of a number of transmit antennas at the base station to 
the one or more terminals in the hypothesis. And for the 
uplink, each sub-hypothesis may correspond to a speci?c 
order for processing the uplink data transmissions from the 
one or more terminals in the hypothesis. The performance of 
each sub-hypothesis is then evaluated (e.g., based on one or 
more performance metrics, such as a performance metric 
indicative of the overall throughput for the terminals in the 
hypothesis). One sub-hypothesis is then selected for each 
frequency band based on the evaluated performance, and the 
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one or more terminals in each selected sub-hypothesis are 
then scheduled for data transmission on the corresponding 
frequency band. 
[0014] The set of one or more terminals scheduled for 
(doWnlink or uplink) data transmission on each frequency 
band may include multiple SIMO terminals, a single MIMO 
terminal, multiple MISO terminals, or a combination of 
SIMO, MISO, and MIMO terminals. A SIMO terminal is one 
scheduled for data transmission via a single spatial subchan 
nel in the MIMO-OFDM system and Which employs multiple 
receive antennas and a single transmit antenna, a MISO ter 
minal is one utiliZing a single receive antenna to receive a 
transmission utiliZing a single spatial subchannel, and a 
MIMO terminal is one scheduled for data transmission via 
tWo or more spatial subchannels. Each SIMO, MISO, or 
MIMO terminal may be assigned With one or multiple fre 
quency bands for data transmission. The available transmis 
sion channels are assigned to the terminals such that the 
system goals are achieved. 
[0015] Details of various aspects, embodiments, and fea 
tures of the invention are described beloW. The invention 
further provides methods, computer products, schedulers, 
base stations, terminals, systems, and apparatuses that imple 
ment various aspects, embodiments, and features of the 
invention, as described in further detail beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The features, nature, and advantages of the present 
invention Will become more apparent from the detailed 
description set forth beloW When taken in conjunction With 
the draWings in Which like reference characters identify cor 
respondingly throughout and Wherein: 
[0017] FIG. 1 is a diagram ofa MIMO-OFDM system; 
[0018] FIG. 2 is a How diagram of a process to schedule 
terminals for doWnlink data transmission. 
[0019] FIG. 3 is a How diagram of a process to assign 
transmit antennas to terminals using a “max-max” criterion; 
[0020] FIG. 4 is a How diagram for a priority-based doWn 
link scheduling scheme Whereby a set of NT highest priority 
terminals is considered for scheduling; 
[0021] FIG. 5 is a How diagram of a process to schedule 
terminals for uplink transmission; 
[0022] FIGS. 6A and 6B are ?oWs diagrams for tWo suc 
cessive cancellation receiver processing schemes Whereby 
the processing order is (l) imposed by an ordered set of 
terminals and (2) determined based on the post-processed 
SNRs, respectively; 
[0023] FIG. 7 is a How diagram for a priority-based uplink 
scheduling scheme Whereby a set of NT highest priority ter 
minals is considered for scheduling; 
[0024] FIGS. 8A and 8B are block diagrams of a base 
station and tWo terminals for doWnlink and uplink data trans 
mission, respectively; 
[0025] FIG. 9 is a block diagram of an embodiment of a 
transmitter unit; and 
[0026] FIGS. 10A and 10B are block diagrams of tWo 
embodiments of a receiver unit Without and With successive 
cancellation receiver processing, respectively; 

DETAILED DESCRIPTION 

[0027] FIG. 1 is a diagram of a multiple-input multiple 
output communication system 100 that utiliZes orthogonal 
frequency division multiplexing (i.e., a MIMO-OFDM sys 
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tem). MIMO-OFDM system 100 employs multiple (N T) 
transmit antennas and multiple (N R) receive antennas for data 
transmission. MIMO-OFDM system 100 may be a multiple 
access communication system having one or more base sta 
tions (BS) 104 that can concurrently communicate With one 
or more terminals (T) 106 (only one base station is shoWn in 
FIG. 1 for simplicity). The base stations may also be referred 
to as access points, UTRAN, or some other terminology, and 
the terminals may also be referred to as handsets, mobile 
stations, remote stations, user equipment, or some other ter 
minology. 
[0028] Each base station 104 employs multiple antennas 
and represents the multiple-input (MI) for doWnlink trans 
missions from the base station to the terminals and the mul 
tiple-output (M0) for uplink transmissions from the termi 
nals to the base station. A set of one or more 

“communicating” terminals 106 collectively represents the 
multiple-output for doWnlink transmissions and the multiple 
input for uplink transmissions. As used herein, a communi 
cating terminal is one that transmits and/or receives user 
speci?c data to/ from the base station, and an “active” terminal 
is one that desires doWnlink and/or uplink data transmission 
in an upcoming or future time slot. Active terminals may 
include terminals that are currently communicating. 
[0029] For the example shoWn in FIG. 1, base station 104 
concurrently communicates With terminals 10611 through 
106d (as indicated by the solid lines) via the multiple antennas 
available at the base station and the one or more antennas 
available at each communicating terminal. Terminals 106e 
through 106h may receive pilots and/or other signaling infor 
mation from base station 104 (as indicated by the dashed 
lines), but are not transmitting or receiving user-speci?c data 
to/from the base station. 
[0030] For the doWnlink, the base station employs NT 
antennas and each communicating terminal employs l or NR 
antennas for reception of one or more data streams from the 
base station. In general, NR can be any integer tWo or greater. 
A MIMO channel formed by the NTtransmit antennas and N R 
receive antennas may be decomposed into NS independent 
channels, With Nsimin {Np NR}. Each such independent 
channel may be referred to as a spatial subchannel of the 
MIMO channel. 

[0031] For the doWnlink, the number of receive antennas at 
a communicating terminal may be equal to or greater than the 
number of transmit antennas at the base station (i .e., N R ZNT). 
For such a terminal, the number of spatial subchannels is 
limited by the number of transmit antennas at the base station. 
Each multi-antenna terminal communicates With the base 
station via a respective MIMO channel formed by the base 
station’s NT transmit antennas and its oWn NR receive anten 
nas. HoWever, even if multiple multi-antenna terminals are 
selected for doWnlink data transmission, only NS spatial sub 
channels are available regardless of the number of terminals 
receiving the doWnlink transmission. The terminals to be 
considered for doWnlink data transmission need not all be 
equipped With equal number of receive antennas. 
[0032] For the doWnlink, the number of receive antennas at 
a communicating terminal may also be less than the number 
of transmit antennas at the base station (i.e., NR<NT). In 
particular, a MISO terminal employs a single receive antenna 
(N RII) for doWnlink data transmission. The base station may 
then employ beam steering and space division multiple access 
(SDMA) to communicate simultaneously With a number of 
MISO terminals, as described beloW. 
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[0033] For the uplink, each communicating terminal may 
employ a single antenna or multiple antennas for uplink data 
transmission. Each terminal may also utiliZe all or only a 
subset of its available antennas for uplink transmission. At 
any given moment, the NTtransmit antennas for the uplink are 
formed by all antennas used by one or more communicating 
terminals. The MIMO channel is then formed by the NT 
transmit antennas from all communicating terminals and the 
base station’s NR receive antennas. The number of spatial 
subchannels is limited by the number of transmit antennas, 
Which in turn is limited by the number of receive antennas at 
the base station (i.e., Nsémin (N1, NR)). 
[0034] With SDMA, the “spatial signatures.” associated 
With different terminals are exploited to alloW multiple ter 
minals to operate simultaneously on the same channel, Which 
may be a time slot, a frequency band, a code channel, and so 
on. A spatial signature constitutes a complete RF character 
iZation of the propagation path betWeen each transmit-receive 
antenna pair to be used for data transmission. On the doWn 
link, the spatial signatures may be derived at the terminals and 
reported to the base station. The base station may then process 
these spatial signatures to select terminals for data transmis 
sion on the same channel, and to derive mutually “orthogo 
nal” steering vectors for each of the independent data streams 
to be transmitted to the selected terminals. On the uplink, the 
base station may derive the spatial signatures of the different 
terminals. The base station may then process these signatures 
to schedule terminals for data transmission and to further 
process the transmissions from the scheduled terminals to 
separately demodulate each transmission 
[0035] If the terminals are equipped With multiple receive 
antennas such that NRZNZ, then the base station does not 
need the spatial signatures of the terminals in order to obtain 
the bene?t of SDMA. All that may be needed at the base 
station is information from each terminal indicating the 
“post-processed” SNR associated With the signal from each 
base station transmit antenna, after demodulation at the ter 
minal. The SNR estimation process may be facilitated by 
periodically transmitting a pilot from each base station trans 
mit antenna, as described beloW. 

[0036] As used herein, a SIMO terminal is one designated 
(or scheduled) to transmit and/or receive data via a single 
spatial subchannel and Which employs multiple receive 
antennas for data transmission, a MISO terminal is one des 
ignated to receive a data transmission via a single spatial 
subchannel and Which employs a single receive antenna, and 
a MIMO terminal is one designated to transmit and/or receive 
data via multiple spatial subchannels. For the doWnlink, a 
SIMO terminal may receive a data transmission from a single 
transmit antenna at the base station, and a MISO terminal may 
receive a data transmission via a beam formed by the NT 
transmit antennas at the base station. And for the uplink, the 
SIMO terminal may transmit data from one antenna at the 
terminal. 

[0037] For the MIMO-OFDM system, each spatial sub 
channel is further partitioned into NF frequency subchannels. 
Each frequency subchannel of each spatial subchannel may 
be referred to as a transmission channel. For both the doWn 
link and uplink, the NTtransmit antennas may thus be used to 
transmit up to N F~N S independent data streams on the N F-N S 
transmission channels. Each independent data stream is asso 
ciated With a particular “rate”, Which is indicative of various 
transmissionparameter values such as, for example, a speci?c 
data rate, a speci?c coding scheme, a speci?c modulation 
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scheme, and so on, used for the data stream. The rate is 
typically determined by the capacity of the one or more trans 
mission channels used to transmit the data stream. 

Multi-User OFDM System 

[0038] For a multiple-access OFDM system Without 
MIMO capability, the overall system bandWidth, W, is 
divided into N F orthogonal frequency subchannels, With each 
such subchannel having a bandWidth of W/NF. For this sys 
tem, a number of terminals may share the available spectrum 
via time division multiplexing (TDM). In a “pure” TDM 
scheme, a single terminal may be assigned the entire system 
bandWidth, W, for each ?xed time interval, Which may be 
referred to as a time slot. Terminals may be scheduled for data 
transmission by allocating time slots on a demand basis. 
Alternatively, for this OFDM system, it is possible to assign 
only a fraction, N A, of the NF frequency subchannels to a 
given terminal for a given time slot, thus making the remain 
ing (N F- A) frequency subchannels in the same time slot 
available to other terminals. In this Way, the TDM access 
scheme is converted into a hybrid TDM/FDM access scheme. 
[0039] Allocating different frequency subchannels to dif 
ferent terminals may provide improved performance for fre 
quency selective channel. In the pure TDM scheme Whereby 
all NF frequency subchannels are allocated to a single termi 
nal for a given time slot, it is possible that some of the 
frequency subchannels associated With this terminal could be 
faded, thereby resulting in loW SNR and poor throughput for 
these faded subchannels. However, these same frequency 
subchannels may have high SNR for another terminal in the 
system since the RF channel is likely to be uncorrelated from 
terminal to terminal. If a scheduler has knoWledge of the SNR 
for each active terminal and for all N F frequency subchannels, 
then it may be possible to maximiZe system throughput by 
allocating each of the NF frequency subchannels to the ter 
minal achieving the best SNR for that subchannel. In practice, 
certain minimum performance requirements typically need to 
be met for all terminals so that the scheduler Would need to 
observe some fairness criteria to ensure that the terminals in 
the best, locations do not continually “hog” the resources. 
[0040] The pure TDM scheduling scheme described above 
can assign time slots to terminals that have favorable fading 
conditions. For improved performance, the scheduler can 
further consider allocating frequency subchannels to termi 
nals in each time slot and possibly allocating transmit poWer 
per subchannel. The ability to allocate transmit poWer pro 
vides an additional degree of scheduling ?exibility that may 
be used to improve performance (e.g., to increase through 
put). 

Single-User MIMO-OFDM System 

[0041] For the MIMO-OFDM system, the NF frequency 
subchannels may be used to transmit up to NF independent 
data streams on each of the NS spatial subchannels. The total 
number of transmission channels is thus NCINFNS. For the 
pure TDM scheme, the NC transmission channels may be 
allocated to a single terminal for each time slot. 
[0042] The NC transmission channels may be associated 
With different SNRs and may have different transmission 
capabilities. A fraction of the transmission channels may 
achieve poor SNR. In one scheme, additional redundancy 
(e.g., a loWer rate code) may be used for the transmission 
channels With poor SNR to achieve the target, packet error 
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rate (PER). The additional redundancy effectively reduces 
throughput. In another scheme, some or all of the transmis 
sion channels With poor SNR may be eliminated from use, 
and only a subset of the available frequency subchannels is 
selected for use for each spatial subchannel. 
[0043] The total available transmit poWer may be allocated 
uniformly or non-uniformly across the transmission channels 
to improve throughput. For example, the total available trans 
mit poWer for each transmit antenna may be allocated in a 
uniform or non-uniform manner across the frequency sub 
channels selected for use for that transmit antenna. In this 
Way, transmit poWer is not Wasted on transmission channels 
that provide little or no information to alloW the receiver to 
recover the transmitted data. The frequency subchannel selec 
tion and the poWer allocation may be implemented on a 
per-transmit antenna basis Whereby (1) all or a subset of the 
NF frequency subchannels for each transmit antenna may be 
selected for use, and (2) the transmit poWer available for each 
transmit antenna may be uniformly or non-uniformly allo 
cated across the selected frequency subchannels. 
[0044] The technique used to process the received signals at 
the receiver can have an impact on Which transmission chan 
nels get selected for use. If a successive equaliZation and 
interference cancellation (or “successive cancellation”) 
receiver processing technique (described beloW) is used at the 
receiver, then it may be advantageous to disable certain trans 
mit antennas in order to increase throughput on the link. In 
this case, the receiver can determine Which subset of transmit 
antennas should be used for data transmission and can pro 
vide this information to the transmitter via a feedback chan 
nel. If the RF channel experiences frequency selective fading, 
then the set of transmit antennas used for one frequency 
subchannel may not be the best set to use for another fre 
quency subchannel. In this case, the scheduler can select a 
proper set of transmit antennas to use on a per frequency 
subchannel basis in order to improve throughput. 

Multi-User MlMO-OFDM System 

[0045] Various techniques are described above for (l) allo 
cating different frequency subchannels to different terminals 
in a multi-user OFDM system, and (2) allocating transmis 
sion channels to a single terminal in a single-user MIMO 
OFDM system. These techniques may also be used to allocate 
resources (e.g., transmission channels and transmit poWer) to 
multiple terminals in a multiple-access MlMO-OFDM sys 
tem. Various scheduling schemes may be designed to achieve 
high system throughput by utiliZing these and possibly other 
techniques for the multi-user environment. 
[0046] The system resources may be allocated by selecting 
the “best” set of terminals for data transmission such that high 
throughput and/ or some other criteria are achieved. With fre 
quency selective fading, the resource allocation may be per 
formed for each group of one or more frequency subchannels. 
Resource allocation for each fractional portion of the overall 
system bandWidth may provide additional gains over a 
scheme that attempts to maximize throughput on the total 
system bandWidth basis (i.e., as Would be the case for a single 
carrier MIMO system). 
[0047] If the entire system bandWidth is treated as a single 
frequency channel (e. g., as in a single carrier MIMO system), 
then the maximum number of terminals that may be sched 
uled to transmit simultaneously is equal to the number of 
spatial subchannels, Which is Nsémin {N12, NT}. If the sys 
tem bandWidth is divided into NF frequency channels (e.g., as 
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in a MlMO-OFDM system), then the maximum number of 
terminals that may be scheduled to transmit simultaneously is 
NFNS, since each transmission channel (i.e., each frequency 
subchannel of each spatial subchannel) may be allocated to a 
different terminal. And if the system bandWidth is divided 
into NG groups of frequency subchannels, then the maximum 
number of terminals that may be scheduled to transmit simul 
taneously is NG~NS, since each frequency subchannel group 
of each spatial subchannel may be allocated to a different 
terminal. If the number of terminals is less than the maximum 
number permitted, then multiple transmission channels may 
be allocated to a given terminal. 

[0048] Various operating modes may be supported by the 
MlMO-OFDM system. In a MIMO mode, all spatial sub 
channels of a particular frequency subchannel group are allo 
cated to a single MIMO terminal. Multiple MIMO terminals 
may still be supported concurrently via the NG frequency 
subchannel groups. In an N-SIMO mode, the NS spatial sub 
channels of a particular frequency subchannel group are allo 
cated to a number of distinct SIMO terminals, With each 
SIMO terminal being assigned one spatial subchannel. A 
given SIMO terminal may be assigned one or more frequency 
subchannel groups of a particular spatial subchannel. In an 
N-MISO mode (Which may also be referred to a multi-user 
beam-steering mode), the NS spatial subchannels of a particu 
lar frequency subchannel group are allocated to a number of 
distinct. MISO terminals, With each MISO terminal being 
assigned one spatial subchannel. Full characterization of the 
transmit-receive antenna paths may be used to derive distinc 
tive beams for the data transmission to these MISO terminals. 
Similarly, a given MISO terminal may be assigned one or 
more frequency subchannel groups of a particular spatial 
subchannel. And in a mixed mode, the N 5 spatial subchannels 
for a particular frequency subchannel group may be allocated 
to a combination of SIMO, MISO, and MIMO terminals, With 
multiple types of terminals being concurrently supported. 
Any combination of operating modes may be supported for a 
particular time slot. For example, the MIMO mode may be 
supported for the ?rst frequency subchannel group, the 
N-SIMO mode may be supported for the second frequency 
subchannel group, the N-MISO mode may be supported for 
the third frequency subchannel group, the mixed mode may 
be supported for the fourth frequency subchannel group, and 
so on. By communicating simultaneously With multiple 
SIMO terminals, multiple MISO terminals, one or more 
MIMO terminals, or a combination of SIMO, MISO, and 
MIMO terminals, the system throughput may be increased. 
[0049] If the propagation environment has su?icient scat 
tering, then MIMO receiver processing techniques may be 
used to ef?ciently exploit the spatial dimensionalities of the 
MIMO channel to increase transmission capacity. MIMO 
receiver processing techniques may be used Whether the base 
station is communicating With one or multiple terminals 
simultaneously. For the doWnlink, from a terminal’s perspec 
tive, the same receiver processing techniques may be used to 
process NT different signals intended for that terminal (if it is 
a MIMO terminal) or just one of the NTsignals (if it is a SIMO 
terminal). If successive cancellation receiver processing is to 
be used at the terminals, then certain restrictions may apply 
since a data stream assigned to one terminal may not be 
detected-error-free by another terminal. And for the uplink, 
from the base station’s perspective, there is no discemable 
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difference in processing NT different signals from a single 
MIMO terminal versus processing one signal from each of NT 
different SIMO terminals. 
[0050] As shoWn in FIG. 1, the terminals may be randomly 
distributed in the base station’s coverage area (or “cell”) or 
may be co-located. For a Wireless communication system, the 
link characteristics typically vary over time due to a number 
of factors such as fading and multipath. At a particular instant 
in time, the response for a MIMO channel formed by an array 
of NT transmit antennas and an array of NR receive antennas 
may be characteriZed by a matrix H(k) Whose elements are 
composed of independent Gaussian random variables, as fol 
loWs: 

For the doWnlink, the array of NT transmit antennas is at the 
base station, and the array of NR receive antennas may be 
formed at a single SIMO or MIMO terminal (for the N-SIMO 
or MIMO mode) or at multiple MISO terminals (for the 
N-MISO mode). And for the uplink, the transmit antenna 
array is formed by the antennas used by all communicating 
terminals, and the receive antenna array is at the base station. 
In equation (1), H(k) is the channel response matrix for the 
MIMO channel for the k-th frequency subchannel group, and 
hid-(k) is the coupling (i.e., the complex gain) betWeen the j-th 
transmit antenna and the i-th receive antenna for the k-th 
frequency subchannel group. 
[0051] Each frequency subchannel group may include one 
or more frequency subchannels and corresponds to a particu 
lar frequency band of the overall system bandWidth. Depend 
ing on the particular system design, there may be (1) only one 
group With all NF frequency subchannels, or (2) NF groups, 
With each group having a single frequency subchannel, or (3) 
any number of groups between 1 and NF. The number of 
frequency subchannel groups, NG, can thus range between 1 
and NF, inclusive (i.e., léNGéNp). Each, group may include 
any number of frequency subchannels, and the NG groups 
may include the same or different number of frequency sub 
channels. Moreover, each group may include any combina 
tion of frequency subchannels (e.g., the frequency subchan 
nels for a group need not be adjacent to one another). 
[0052] As shoWn in equation (1), the MIMO channel 
response for each frequency subchannel group may be repre 
sented With a respective matrix H(k) having N R ><NT elements 
corresponding to the number of receive antennas and the 
number of transmit antennas. Each element of the matrix H(k) 
describes the response for a respective transmit-receive 
antenna pair for the k-th frequency subchannel group. For a 
?at fading channel (or When NG:l ), one complex value may 
be used for the entire system bandWidth (i.e., for all NF 
frequency subchannels) for each transmit-receive antenna 
pair. 
[0053] In an actual operating environment, the channel 
response typically varies across the system bandWidth, and a 
more detailed channel characteriZation may be used for the 
MIMO channel. Thus, for a frequency selective fading chan 
nel, one channel response matrix H(k) may be provided for 
each frequency subchannel group. Alternatively, a channel 
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impulse response matrix, @(n), may be provided for the 
MIMO channel, With each element of this matrix correspond 
ing to a sequence of values indicative of the sampled impulse 
response for a respective transmit-receive antenna pair. 
[0054] The receiver may periodically estimate the channel 
response for each transmit-receive antenna pair. The channel 
estimates may be facilitated in a number of Ways such as, for 
example, With the use of pilot and/or data decision directed 
techniques knoWn in the art. The channel estimates may com 
prise the complex-value channel response estimate (e. g., the 
gain and phase) for each frequency subchannel group of each 
transmit-receive antenna pair as shoWn in equation (1). The 
channel estimates provide information on the transmission 
characteristics of (e. g., What data rate is supportable by) each 
spatial subchannel for each frequency subchannel group. 
[0055] The information given by the channel estimates may 
also be distilled into (1) a post-processed signal-to-noise-and 
interference ratio (SNR) estimate (described beloW) for each 
spatial subchannel of each frequency subchannel group, and/ 
or (2) some other statistic that alloWs the transmitter to select 
the proper rate for each independent data stream. This process 
of deriving the essential statistic may reduce the amount of 
data required to characteriZe a MIMO channel. The complex 
channel gains and the post-processed SNRs represent differ 
ent forms of channel state information (CSI) that may be 
reported by the receiver to the transmitter. For time division 
duplexed (TDD) systems, the transmitter may be able to 
derive or infer some of the channel state information based on 
transmission (e. g., a pilot) from the receiver since there may 
be su?icient degree of correlation betWeen the doWnlink and 
uplink for such systems, as described beloW. Other forms of 
CSI may also be derived and reported and are described 
beloW. 
[0056] The aggregate CSI received from the receivers may 
be used to achieve high throughput by assigning a proper set 
of one or more terminals to the available transmission chan 
nels such that they are alloWed to communicate simulta 
neously With the base station. A scheduler can evaluate Which 
speci?c combination of terminals provides the best system 
performance (e. g., the highest throughput) subject to any 
system constraints and requirements. 
[0057] By exploiting the spatial and frequency “signatures” 
of the individual terminals (i.e., their channel response esti 
mates, Which may be a function of frequency), the average 
throughput can be increased relative to that achieved by a 
single terminal. Furthermore, by exploiting multi-user diver 
sity, the scheduler can identify combinations of “mutually 
compatible” terminals that can be alloWed to communicate at 
the same time on the same channel, effectively enhancing 
system capacity relative to single-user scheduling and ran 
dom scheduling for multiple users. 
[0058] The terminals may be scheduled for data transmis 
sion based on various factors. One set of factors may relate to 
system constraints and requirements such as the desired qual 
ity of service (QoS), maximum latency, average throughput, 
and so on. Some or all of these factors may need to be satis?ed 
on a per terminal basis (i.e., for each terminal) in a multiple 
access communication system. Another set of factors may 
relate to system performance, Which may be quanti?ed by an 
average system throughput or some other indications of per 
formance. These various factors are described in further detail 
beloW. 
[0059] For the doWnlink, the scheduler may (1) select the 
“best” set of one or more terminals for data transmission, (2) 
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assign the available transmission channels to the selected 
terminals, (3) allocate transmit power uniformly or non-uni 
formly across the assigned transmission channels, and (4) 
determine the proper rate for each independent data stream to 
be transmitted to the selected terminals. For the uplink, the 
scheduler may (1) select the best set of one or more terminals 

for data transmission, (2) assign the available transmission 
channels to the selected terminals, (3) determine the proper 
order for processing the data streams from these selected 
terminals (if the successive cancellation receiver processing 
technique is used at the base station), and (4) determine the 
rate for each independent data stream from the selected ter 
minals. Various details of the resource allocation for the 
doWnlink and uplink are described beloW. 

[0060] To simplify the scheduling, the terminals may be 
allocated transmission channels (and possibly transmit 
poWer) based on their priority. Initially, the active terminals 
may be ranked by their priority, Which may be determined 
based on various factors, as described beloW. The NX highest 
priority terminals may then be considered in each scheduling 
interval. This then alloWs the scheduler to allocate the avail 
able transmission channels to just NX terminals instead of all 
active terminals. The resource allocation may be further sim 
pli?ed by (l) selecting NXINS and assigning each terminal 
With all frequency subchannels of one spatial subchannel, or 
(2) selecting NXING and assigning each terminal With all 
spatial subchannels of one frequency subchannel group, or 
(3) making some other simpli?cation. The gains in through 
put even With some of these simpli?cations may be substan 
tial compared to the pure TDM scheduling scheme that allo 
cates all transmission channels to a single terminal for each 
time slot, particularly if independent frequency selective fad 
ing of the NX terminals is considered in the resource alloca 
tion. 

[0061] For simplicity, several, assumptions are made in the 
folloWing description. First, it is assumed that the average 
received poWer for each independent data stream may be 
adjusted to achieve a particular target energy-per-bit-to-total 
noise-and-interference ratio (Eb/Nt) after signal processing at 
the receiver (Which is the terminal for a doWnlink transmis 
sion and the base station for an uplink transmission). This 
target Eb/Nt is often referred to as a poWer control setpoint (or 
simply, the setpoint) and is selected to provide a particular 
level of performance (e.g., a particular PER). The setpoint 
may be achieved by a closed-loop poWer control mechanism 
that adjusts the transmit poWer for each data stream (e.g., 
based on a poWer control signal from the receiver). For sim 
plicity, a common setpoint may be used for all data streams 
received at the receiver. Alternatively, a different setpoint may 
be used for each data stream, and the techniques described 
herein may be generaliZed to cover this operating mode. Also, 
for the uplink, it is assumed that simultaneous transmissions 
from different terminals are synchronized so that the trans 
missions arrive at the base station Within a prescribed time 
WindoW. 

[0062] For simplicity, the number of receive antennas is 
assumed to be equal to the number of transmit antennas (i.e., 
NRINT), for the folloWing description of the N-SIMO and 
MIMO modes. This is not a necessary condition since the 
analysis applies for the case Where NRZNT. For the N-MISO 
mode, the number of receive antennas at each MISO terminal 
is assumed to be equal to one (i.e., NRIl). Also for simplicity, 
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the number of spatial subchannels is assumed to be equal to 
the number of transmit antennas (i.e., NSINT). 

DoWnlink Resource Allocation 

[0063] Resource allocation for the doWnlink comprises (1) 
selecting one or more sets of terminals for evaluation, (2) 
assigning the available transmission channels to the terminals 
in each set and evaluating performance, and (3) identifying 
the best set of terminals and their transmission channel 
assignments. Each set may include a number of SIMO termi 
nals, a number of MISO terminals, one or more MIMO ter 
minals, or a combination of SIMO, MISO, and MIMO termi 
nals. All or only a subset of the active terminals may be 
considered for evaluation, and these terminals may be 
selected to form one or more sets to be evaluated. Each 
terminal set corresponds to a hypothesis. For each hypothesis, 
the available transmission channels may be assigned to the 
terminals in the hypothesis based on any one of a number of 
channel assignment schemes. The terminals in the best 
hypothesis may then be scheduled for data transmission in an 
upcoming time slot. The ?exibility in both selecting the best 
set of terminals for data transmission and as signing the trans 
mission channels to the selected terminals alloWs the sched 
uler to exploit multi-user diversity environment to achieve 
high performance in both ?at fading and frequency selective 
fading channels. 
[0064] In order to determine the “optimum” transmission to 
a set of terminals, SNRs or some other suf?cient statistics 
may be provided for each terminal. For the N-SIMO and 
MIMO modes, Where (NRZNT), the spatial processing may 
be performed by at the SIMO and MIMO terminals to sepa 
rate out the transmitted signals, and the base station does not 
need the spatial signatures of the terminals in order to simul 
taneously transmit multiple data streams on the available 
spatial subchannels . All that may be needed at the base station 
is the post-processed SNR associated With the signal from 
each base station transmit antenna. For clarity, doWnlink 
scheduling for SIMO and MIMO terminals is described ?rst, 
and doWnlink scheduling for MISO terminals is described 
subsequently. 

DoWnlink Scheduling for SIMO and MIMO 
Terminals 

[0065] The scheduling for SIMO and MIMO terminals may 
be performed based on various types of channel state infor 
mation, including full-CS1 (e.g., complex channel gains) and 
partial-CS1 (e.g., SNRs). If the statistic to be used for sched 
uling terminals is SNR, then for each set of one or more 
terminals to be evaluated for data transmission in an upcom 
ing time slot, a hypothesis matrix £(k) of post-processed 
SNRs for this terminal set for the k-th frequency subchannel 
group may be expressed as: 

Where yl-J-(k) is the post-processed SNR for a data stream 
(hypothetically) transmitted from the j-th transmit antenna to 
the i-th terminal for the k-th frequency subchannel group. A 
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