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ABSTRACT 

An extended range mode for Wireless communication of a 
multicast data signal from an access point (AP) to multiple 
stations (STAs) may be enabled or disabled. When the 
extended range mode is enabled, the AP transmits the data 
signal up to a total of N times using a transmit delay diversity, 
Where N is the number of transmit antennas. 
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METHODS FOR IMPROVING RANGE FOR 
MULTICAST WIRELESS COMMUNICATION 

CROSS REFERENCE TO RELATED 

APPLICATION(S) 

[0001] This application is a divisional of US. Application 
Ser. No. 10/ 855,279, ?led May 27, 2004, Which in turn claims 
priority to US. Application Ser. No. 10/174,690, ?led Jun. 
19, 2002, Which in turn claims priority to US. Provisional 
Application No. 60/365,774, ?led Mar. 21, 2002, and to US. 
Provisional Application No. 60/361,055, ?led Mar. 1, 2002, 
the entirety of Which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates to enhancing the range 
in a Wireless communication application Where communica 
tion devices may transmit multicast signals as Well as directed 
signals. 
[0003] Composite Beamforming (CBF) is an antenna pro 
cessing technique in Which a ?rst communication device, 
having a plurality of antennas, Weights a signal to be trans 
mitted by its antennas to a second communication device also 
having a plurality of antennas. Similarly, the second commu 
nication device Weights and combines the received signals 
received by its antennas. The transmit Weights and receive 
Weights are determined to optimiZe the link margin betWeen 
the devices, thereby signi?cantly extending the range of com 
munication betWeen the tWo communication devices. Tech 
niques related to composite beamforming are the subject 
matter of commonly assigned co-pending applications ?led 
on even date and entitled “System and Method for Antenna 
Diversity Using Joint Maximal Ratio Combining” and “Sys 
tem and Method for Antenna Diversity Using Equal Gain 
Joint Maximal Ratio Combining,” the entirety of both Which 
are incorporated herein by reference. There are other tech 
niques to improve the link margin for directed signal trans 
missions betWeen tWo communication devices, including 
antenna selection diversity, for example. 
[0004] Link margin improvement translates into a corre 
sponding improvement in range, data rate at a given range, 
infrastructure cost to support a given data rate, and interfer 
ence immunity. HoWever, the range improvement afforded by 
CBF applies to signals that are sent in a point-to-point fashion 
from one device to another. Many Wireless applications also 
require multicast signal communication, i.e., point to multi 
point. Therefore, to improve the overall range related param 
eters of a Wireless application, it is necessary to also improve 
the range of multicast signal transmissions. No such range 
improvement techniques for multicast communication are 
heretofore knoWn. 

SUMMARY OF THE INVENTION 

[0005] Methods are described Which optimiZe range of 
multicast signal communication in Wireless communication 
applications that use range-enhanced techniques for directed 
signal communication. An extended range mode for Wireless 
communication of a multicast data signal from an access 
point (AP) to multiple stations (STAs) may be enabled or 
disabled. When the extended range mode is enabled, the AP 
transmits the data signal up to a total of N times using a 
transmit delay diversity, Where N is the number of transmit 
antennas. 
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[0006] A multicast signal may be sent multiple times 
through each of a plurality of independent omnidirectional 
transmit antennas of a communication device to a plurality of 
other communication devices to improve packet error rate 
(PER) at a given range (i.e., SNR). More generally, the mul 
ticast signal can be transmitted up to N times using any set of 
N complex linearly independent N-dimensional transmit 
Weight vectors v1, . . . vN associated With N plurality of 

transmit antennas that meets the poWer constraint ||vi||2:1, 
i:0, . . . , N-l Where the vector v,- is used for the ith transmis 

sion of the multicast signal. 
[0007] Other objects and advantages of the present inven 
tion Will become more readily apparent When reference is 
made to the folloWing description in conjunction With the 
accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIG. 1 is a block diagram ofa Wireless communica 
tion netWork comprising a plurality of communication termi 
nals. 
[0009] FIG. 2 a block diagram ofan exemplary communi 
cation device suitable for use in the processes described 
herein. 
[0010] FIG. 3 is a How chart illustrating a procedure for 
transmitting multicast signals in a Wireless communication 
netWork. 
[0011] FIG. 4 is a How chart illustrating a procedure for 
transmitting a beacon type message. 
[0012] FIG. 5 is a flow chart illustrating a procedure for 
transmitting directed data from an access point. 
[0013] FIG. 6 is a How chart illustrating a procedure for 
transmitting directed data from a station not using a clear-to 
send/request-to-send process. 
[0014] FIG. 7 is a How chart illustrating a procedure for 
transmitting directed data from a station using a clear-to 
send/request-to-send process. 
[0015] FIG. 8 is a How chart illustrating a procedure for 
communication When a point coordination function is 
enabled in the netWork. 
[0016] FIG. 9 is a timing diagram shoWing the repetitive 
transmission of certain multicast signals. 

DETAILED DESCRIPTION 

[0017] With reference ?rst to FIG. 1, an example of a Wire 
less application, such as a short-range Wireless communica 
tion netWork 100 is shoWn. The Wireless netWork is, for 
example, an IEEE 802.11x Wireless local area netWork 
(WLAN), comprising an access point (AP) 110 and a plural 
ity of stations (STAs) 120, 130, 140 and 150. 
[0018] When tWo devices are in direct communication With 
each other, they use range-enhancement techniques, such as 
antenna selection diversity, composite beamforrning, etc., for 
directed signal communication. For example, at least the AP 
110, as Well as some or all of the STAs have tWo or more 
antennas and are capable of performing composite beam 
forming Speci?cally, a STA, such as STA 120, may have tWo 
antennas and When it transmits to another communication 
device in the netWork, such as the AP 110, it scales the 
transmit signal by complex transmit antenna Weights Wml and 
Wm2 for the respective antennas. Similarly, When receiving a 
signal from the plurality of antennas of another device, such 
as the AP, it combines the signals received at its tWo antennas 
With complex receive antenna Weights W and WW2. The 7761 
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receive antenna weights are usually matched to the received 
signal at the antennas. The AP 110 has four antennas and 
therefore can perform 4x-beamforming when transmitting to 
another device and receiving from another device. Each 
device may determine and use optimum transmit antenna 
weights for a particular destination device through techniques 
described in the aforementioned co-pending application. In 
addition, each device may store this information for future 
use against an identi?er for the corresponding destination 
device for use when transmitted to that device. The transmit 
antenna weights used by a device may are dependent on the 
particular destination device. Likewise, no two devices may 
use the same transmit antenna weights when transmitting to 
the same destination device. The transmit and receive antenna 
weights may be frequency dependent. When composite 
beamforming (CBF) is used between two communication 
devices that are in direct communication with each other, 
dramatic improvement in range is achieved as described in the 
aforementioned co-pending application. The communication 
devices may use other range enhancement techniques, such as 
antenna selection diversity, as opposed to CBF. 
[0019] Again, the antenna processing techniques described 
above impact directed signal communication. In order to 
improve all around range performance, it is also necessary to 
improve the range for multicast signal communication. What 
follows are techniques to improve range for broadcast or 
multicast signal communication where CBF is used to extend 
range for point-to-point signal communication. The terms 
“unicast”, “point-to-point” and “directed” are used synony 
mously and interchangeably herein. Likewise, the terms 
“broadcast” and “multicast” are used interchangeably. 

[0020] In a wireless network, such as the one shown in FIG. 
1, range is important in when the user density (i.e., the 
demand for bandwidth) is relatively low, infrastructure cost 
(i.e., access point (AP) density) is critical, or both. Examples 
of such environments are home, home o?ice and lightly popu 
lated corporate or campus environments. 

[0021] Capacity C of a WLAN is average throughput per 
unit area (in kbps per square meters. Some general rules of 
thumb for network planning are: 
[0022] Enterprise Wired LAN: 1 user per 250 sq. ft, 100 
kbps per user: C:4 kbps/m2 

[0023] Enterprise WLAN (o?ice environment): C:0.5-4 
kbps/m2 
[0024] Conference rooms, public areas: C:10 kbps/m2 
[0025] Airports, lecture halls, hotel lobbies, etc.: C:10-20 
kbps/m2 
[0026] Range is generally not important for high-capacity 
applications (i.e., for C>~4 kbps/m2). For these applications, 
data rate at range, becomes the important network design 
parameter. 
[0027] In a wireless communication network application 
that operates in a coverage area (e.g., a cell), the “range” of a 
cell may be de?ned by a radius around a communication 
device that achieves a certain error rate. For example, the 
range of an IEEE 802.11x cell is the maximum cell radius 
satisfying both of the following conditions at a speci?ed 
AP/ STA transmit power level: 

[0028] 1. 10% PER at the lowest data rate (e.g., 6 Mbps 
for 802.1 1a) for unicast data with a 5% outage probabil 
ity (due to fading); and 

[0029] 2. Multicast data and beacon messages can be 
received w/PER<:10% with a 5% outage probability. 
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[0030] For an 802.11a AP with 2-selection diversity in an 
indoor delay spread environment, the range is approximately 
55 meters (Ptx:17 dBm). For 802.11b, the range is approxi 
mately 115 meters (Ptx:20 dBm). 
[0031] A device, such as the AP 110, may have different 
range modes, including a range-enhanced mode. For 
example, a network administrator may program this mode at 
the AP whenever range is to be extended (at the expense of 
less system throughput) beyond that of a single (omnidirec 
tional) transmit (Tx) antenna for multicast signals. The AP 
may be con?gured to operate in directed range-enhanced 
mode, such as CBF mode where a signal (packet, etc.) is 
transmitted through all four antennas simultaneously with 
corresponding transmit antenna weights. Alternatively, the 
AP may be con?gured to operate in the omnidirectional mode 
(omni-mode) where a packet is transmitted through one of 
four antennas at the same total output power as CBF mode. 

[0032] When directed signals are transmitted, the devices at 
both ends of the link use a range enhancement technique, such 
as CBF. When multicast signals are transmitted, there are 
several other range enhancement techniques that can be sum 
mariZed as follows. A multicast signal may be transmitted 
multiple times, each time through a different one of a plurality 
of independent omnidirectional transmit antennas of a com 
munication device to a plurality of other communication 
devices to improve packet error rate (PER) at a given range 
(i.e., SNR). More generally, the multicast signal can be trans 
mitted up to N times using any set of N complex linearly 
independent N-dimensional transmit weight vectors v1, . . . , 

vN associated with N plurality of transmit antennas that meets 
the power constraint ||vi||2:1, i:0, . . . , N—1 and the vector vi 

is used for the ith transmission of the multicast signal. For 
certain multicast signals that are transmitted repeatedly, such 
signals are transmitted in a round-robin fashion, cycling 
through the N antennas, ad in?nitum for each scheduled 
transmission of the signal. To more broadly state this latter 
case, the ith transmission is sent using transmit weight vector 
vmodgm, for the ith transmission of the signal, where mod(m, 
n) denotes the remainder of m divided by n, where i is not 
bounded by N. By transmitting the multicast signal in this 
manner, the communication, will receive the signal, is greatly 
enhanced. 
[0033] When it is necessary to reserve the radio frequency 
medium for directed signals, the source communication 
device precedes the transmission of the directed signals by 
sending a sequence of multicast clear-to-send (CTS) frames 
(once through each omnidirectional antenna or more gener 
ally each CTS transmission using one of the complex linearly 
independent N dimensional transmit weight vectors 
described above). Each CTS includes information that 
informs the plurality of other communication devices of the 
impending data transmission, thereby reserving the medium 
before data transmission. When reserving the medium for 
certain types of data, such as isochronous data, the AP trans 
mits basic network information together with a delivery traf 
?c indication map after the 4 CTS frames are sent. Any of 
these schemes can be further enhanced by transmitting the 
multicast signal with transmit delay diversity. 
[0034] FIG. 2 illustrates a block diagram of a STA or AP 
200 that can be used for any one of the terminals shown in 
FIG. 1. The terminal in FIG. 3 comprises at least two anten 
nas, though four antennas 202, 204, 206 and 208 are shown 
such as would be the case for the AP. An RF section 210 is 
coupled to the antennas 202-208, and includes a transmitter 
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(Tx) 212 and a receiver (Rx) 214. A baseband section 220 is 
coupled to the RF section 210. The baseband section 220 may 
include a CPU or processor 222 and memory 224. The pro 
cessor 222 performs the processing steps in the communica 
tion device that are described hereinafter. The memory 224 
stores the channel transfer function information (e.g., trans 
mit antenna Weights) associated With a particular destination 
device that is retrievable by the processor 222. For example, 
the memory 224 is random access memory (RAM). The CPU 
222 executes instructions that are stored or encoded on a 

processor readable medium that When cause the CPU to per 
form the processes described above in conjunction With FIG. 
2. Alternatively, the baseband section may be implemented by 
a digital application speci?c integrated circuit (ASIC) With a 
synthesiZed processor core and/ or may include dedicated pro 
cessor functionality such as ?eld programmable gates that 
implement digital signal processor instructions to perform the 
processes described herein. The baseband section 220 is 
coupled to a host processor 230. Still another alternative is for 
the processing steps to be performed by a host processor 232 
(in a host 230) by executing instructions stored in (or encoded 
on) a processor readable memory 234. The RF section 210 
may be embodied by one integrated circuit, and the baseband 
section 220 may be embodied by another integrated circuit. 
The communication device on each end of the communica 
tion link need not have the same device architecture or imple 
mentation. 

[0035] The baseband section 220, either by Way of the 
processor 222, or through other dedicated functionality (such 
as ?eld programmable gates) multiplies the signal to be trans 
mitted by corresponding transmit antenna Weights and like 
Wise multiplies signals received at each of the antennas by 
corresponding receive antenna Weights and combines the 
resulting signals to recover the received signal therefrom. 
When it is stated hereinafter that a communication device 
transmits a signal to another communication using “CBF”, 
this means that the transmitting communication device mul 
tiplies the signal by transmit antenna Weights (corresponding 
to the plurality of antennas of the transmitting communica 
tion device) corresponding to a destination device, that opti 
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More generally, the processor in the baseband section 220 
processes the multicast signal using any set of N complex 
linearly independent N-dimensional transmit Weight vectors 
v1, . . . , vN associated With N plurality of transmit antennas 

that meets the poWer constraint ||vi||2:1, i:0, . . . ,N—1 Where 
the vector vi is used for the ith transmission of the multicast 
signal. For example, for N:4, one transmission of the multi 
cast signal is sent With the transmit Weight vector (1 0 1 0) and 
the next transmission it is sent With the transmit Weight vector 
(01 0 1), and so on. 

[0036] The transmitter 312 upconverts signals to be trans 
mitted by the antennas 302-308 and the receiver 314 doWn 
converts signals received by the antennas. In the case Where 
the terminal has just tWo antennas to perform antenna selec 
tion diversity, there is a sWitch in the RF section that selects 
one of the tWo antennas for reception of transmission of 
signals. 
[0037] FIG. 3 shoWs a process 300 for transmitting a mul 
ticast data signal from an AP to multiple (or all) STAs. For 
example, the data unit is a media service data unit (MSDU) or 
a MAC protocol data unit (MPDU) according to IEEE 802.1 
lx WLAN protocol. In step 310, the AP determines Whether 
the extended mode of operation is enabled or disabled. If the 
extended mode is disabled, then in step 320, the AP transmits 
the data unit once from of its plurality of antennas. If it is 
determined in step 310 that the extended mode is enabled, 
then in step 330, the AP transmits the data unit up to a total of 
N times, once through each of its plurality of antennas, or 
more generally, the AP may send the data unit up to N times 
using any set of N complex linearly independent N-dimen 
sional transmit Weight vectors v1, . . . , vN associated With N 

plurality of transmit antennas that meets the poWer constraint 
||vi||2:1, i:0, . . . , N—1 Where the vector vi is used for the ith 
transmission of the multicast signal. This approach gives 
signi?cant improvement in PER (at the expense of loWer 
throughput) due to antenna diversity and repeated transmis 
sion by increasing the likelihood that the data unit Will be 
received by each STA. When implementing this approach, the 
AP uses the Sequence Number and Retry sub?elds in the 
MAC header to ensure proper duplicate ?ltering in the STAs. 

TABLE 1 

0 ns RMS Delay Spread 50 ns RMS Delay Spread 150 ns RMS Delay Spread 

Repetitions STAs STAs STAs STAs S TAs STAs STAs STAs STAs 

1 0 2 9 0.5 4 9 1 5.5 10 
2 8.5 9.5 13 7.5 9 14 6 9 14 
4 10.5 11.5 14 8.5 11 14 8 10 14 

miZe reception of the signal at the destination device. The [0038] Table 1 above shoWs, through simulations, sensitiv 
transmit and receive antenna Weights have real and imaginary 
components (magnitude and phase) that may vary With fre 
quency to account for the frequency response of the commu 
nication medium betWeen transmit and receive communica 
tion devices, as described in the aforementioned co-pending 
applications. When transmitting a signal through a single 
antenna, the baseband section 220 multiplies the signal With 
a transmit Weight vector that Weights one antenna and nulls all 
of the other antennas. For example, to select antenna 202 (out 
of four antennas), the transmit Weight vector is (1 0 0 0), to 
select antenna 204, the transmit Weight vector is (0 1 0 0), etc. 

ity improvement in dB at 10% PER for 802.11a at 24 Mbps 
relative to the 2-WBS, delay spread:0 ns, N:1 case. “WBS” 
means STAs using 2-antenna Wideband selection diversity as 
opposed to CBF enhanced STAs. 

[0039] FIG. 3 also shoWs other alternatives to step 330. For 
example, in step 340, to improve range, the AP may send the 
data unit once using transmit delay diversity. This means 
essentially that a delay is introduced betWeen the transmis 
sions of the data unit among the plurality of AP antennas 
according to a transmit x(t):[xo(t), xl(t—"cD), . . . , xNt_ 1 (t-Nt 
1))"cD] Where N is the number of AP antennas used for trans 
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mission and ID, a transmit delay parameter. In essence, the 
signal Will be sent from each antenna With a different delay 
spread and such that the maximum delay to spread betWeen 
any tWo antennas is (N—1)'cD It has been found through per 
formance simulations that a transmit delay parameter ID of 
1000 ns provides optimal delay spread, but can be program 
mable to span 50 ns to 150 ns, for example. 
[0040] Still another alternative shoWn in step 350 is to 
transmit the data unit a total of N times (up to the number of 
antennas), each time using transmit delay diversity (as 
described above). 
[0041] FIG. 4 shoWs a process 400 for transmitting another 
type of multicast signal that is used to inform all communi 
cation devices (eg STAs) about subsequent signals sched 
uled for transmission on the radio frequency medium. As an 
example, this multicast signal is a Beacon frame that is sent 
When the point coordination function (PCF) is disabled. PCF 
is an IEEE 802.11x function that is a centrally controlled 
access mechanism that uses a poll and response protocol to 
eliminate the possibility of contention for the medium. The 
PCF Will be described further beloW. According to the IEEE 
802.11x WLAN protocol, the Beacon frame is transmitted 
periodically to alloW mobile stations to locate and identify a 
basic service set (BSS) in time and physical parameters at any 
time in the future. The Beacon frame also conveys informa 
tion to stations about frames that may be buffered during 
times of loW poWer operation. Elements of a Beacon frame 
include the service set identity (SSID), the supported rates of 
the BSS, one or more PHY parameter sets, an optional con 
tention-free parameter set, an optional IBSS parameter set 
and an optional tra?ic indication map. 
[0042] If the extended range mode is disabled (step 410), 
then in step 420, the AP transmits a Beacon frame through one 
antenna at the minimum data rate required to support all 
associated STAs. If the extended range mode is enabled, then 
in step 430, the AP transmits the Beacon frame sequentially 
through each antenna, moving to the next AP antennas each 
time the Beacon frame is scheduled to be transmitted, in a 
round-robin fashion at a minimum data rate required to sup 
port all STAs, ad in?nitum for Beacon transmissions. The 
same poWer save (PS) list is used for all Beacons. This process 
provides signi?cant performance enhancement relative to the 
single antenna case, since each STA sees multiple repetitions 
of the Beacon With independent fading for up to four repeti 
tions. 
[0043] Again, more generally, the Beacon can be transmit 
ted using the transmit Weight vector vmdQ-M, ith transmission 
of the Beacon, Where mod(m,n) denotes the remainder of m 
divided by n. In this case, the number of transmissions i is not 
bounded by N—1 . This is useful for sending Beacon frames on 
an ongoing, repetitive basis. 
[0044] Data from Table 1 can be used to quantify perfor 
mance. For an indoor environment W/ 50 ns delay spread, for 
example, a STA can reliably decode a beacon after 2 repeti 
tions using 7.5 dB less Rx poWer, and after 4 repetitions using 
8.5 dB less poWer. 
[0045] Like the multicast data unit process of FIG. 3, the 
Beacon frame can alternatively be transmitted once through 
using transmit delay diversity, or N times, each time using 
transmit delay diversity. 
[0046] FIG. 5 shoWs a process 500 for transmitting directed 
data from a source communication device (the AP) to a des 
tination communication device (a particular STA). The data 
may be, for example, a directed MSDU or MPDU. In order to 
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transmit the directed data, the source communication device 
reserves the communication medium by alerting all of the 
other communication devices (With a multicast signal) of the 
impending data transmission. In step 510, the AP determines 
Whether the extended range mode is enabled. When it is not 
enabled, the frame sequence is {CTS-} {frag-ACK-} last 
ACK. Speci?cally, in step 520, the AP sends a clear-to-send 
(CTS) frame through one AP antennas to announce to all 
STAs in the neighborhood of both the AP and the destination 
STA of the impending transmission from the AP to the des 
tination STA. The CTS is optional and only necessary if 
system simulations shoW that other STAs have dif?culty 
receiving directed data units sent in CBF mode. Next, in step 
530, the AP transmits the data unit to the destination STA 
using CBF. In step 540, if and When the STA receives the data 
unit, it transmits an acknowledgment frame (ACK) to the AP 
using CBF. 
[0047] If in step 510, the AP determines that the extended 
range mode is enabled, then the sequence is {CTSxN-} {frag 
ACK-} last-ACK. Speci?cally, in step 550, CTSxN is a 
sequence of up to N CTS frames (N equals the number of AP 
antennas) each CTS frame sent through a different AP 
antenna and used to set the netWork allocation vector (NAV) 
for STAs other than the destination STA. More generally, the 
CTS frame is sent up to N times any set of N complex linearly 
independent N-dimensional transmit Weight vectors v1, . . . , 

vN associated With N plurality of transmit antennas that meets 
the poWer constraint Where the vector vi is used for the ith 
transmission of the multicast signal. The NAV is an 802.1lx 
frame that informs STAs of the amount of time before the 
medium Will become available. In step 560, the AP transmits 
the data unit to the destination STA using CBF, and in step 
570, When the STA receives the data unit, it transmits an ACK 
to the AP using CBF. 

[0048] Like the process of FIG. 3, the CTS frame can alter 
natively be transmitted once through an antenna using trans 
mit delay diversity, or N times, each time using transmit delay 
diversity. 
[0049] FIG. 6 shoWs a process 600 useful When a STA 
sends a directed data unit (MSDU or MPDU) Without the 
request-to-send (RTS)/CTS scheme. The RTS frame is a sig 
nal directed to the AP that requests the AP to reserve the 
medium for transmission of data from the STA to the AP. The 
sequence {frag-ACK-} last-ACK is useful regardless of 
Whether the extended range mode is enabled or disabled. In 
step 610, the STA transmits one or more data fragments to the 
AP using CBF. In step 620, if and When the AP receives the 
data fragments, it transmits an ACK to the STA using CBF. 

[0050] FIG. 7 illustrates a process 700 useful When a STA 
transmits a directed data unit using the RTS/CTS scheme. In 
step 705, the STA sends an RTS frame to the AP using a 
directed range-enhancement technique, such as CBF, and 
upon receiving the RTS frame the AP determines Whether the 
extended range mode is enabled. If the extended range mode 
is not enabled When the AP receives the RTS, then the 
sequence is CTS-{frag-ACK-} last-ACK. Speci?cally, in 
step 720, in response to receiving the RTS, the AP transmits a 
CTS frame through one AP antenna. In response to receiving 
the CTS, in step 730, the STA transmits the data unit using 
CBF. In step 740, When the AP receives the data unit, it 
transmits an ACK using CBF. 

[0051] When the AP receives the RTS and determines that 
the extended range mode is enabled, the sequence is: 
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CTS*-timeout-backoff-RTS- CTS-{frag-ACK-}last-ACK. 
Speci?cally, in step 750, in response to receiving the RTS, the 
AP transmits a sequence of ?rst and second consecutive CTS 
frames addressed to the AP each time using a transmit Weight 
vector that is in the null space of H, Where H represents the 
channel response matrix betWeen the AP and the sending 
STA, such that When the CTS frames are transmitted by the 
AP antennas, a null is placed at the sending STA’s antennas. 
Furthermore, in addition to being in the null space of H, the 
transmit Weight vectors for the tWo CTS frames may be 
linearly independent transmit Weight vectors in order to 
improve performance by generating independent fading for 
each CTS. Such can be the case if the AP has four antennas 
and the STAs have tWo antennas, so that there are at least tWo 
linearly independent vectors in the null space of H. The AP 
can determine the channel response matrix H When it receives 
a signal, such as an RTS frame, from the STA, as described in 
the aforementioned co-pending applications incorporated 
herein by reference, and from that information determine the 
transmit Weight vector that satis?es this condition. 

[0052] This sequence is referred to as CTS* and it ensures 
that all STAs except the sending STA receive at least one of 
the CTS frames and stay off the medium during the data 
transmission. Since the sending STA does not receive either 
CTS*frame (due to the null), in step 755, the sending STA 
Will generate a CTS timeout, execute a back-off, and in step 
760 send a second RTS packet (using CBF if it is CBF 
capable). In step 770, the AP responds to the second RTS by 
transmitting a CTS frame (using CBF) addressed to the send 
ing STA. In step 780, the STA responds to the CTS and 
transmits a data fragment burst using CBF. In step 790, When 
the AP receives the data fragments, it transmits anACK using 
CBF. The netWork allocation vector (NAV) in the CTS* 
sequence is long enough to complete this transaction in the 
Worst case. 

[0053] FIG. 8 shoWs a process 900 useful for the PCP 
operation. In the PCP operation, a point coordinator (PC) 
located in anAP receives requests from STAs to register them 
on a polling list, and the PC then regularly polls the STAs for 
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[0057] Data: CBF mode 
[0058] ACK: CBF mode 
[0059] Cf-ACK+data, Cf-ACK+Data+Cf-Po11, Cf-ACK+ 
Cf-Poll: Omni mode 
The STA transmits frames in step 820 as folloWs. 
[0060] Cf-ACK: CBF mode 
[0061] Data: CBF mode 
[0062] Data+Cf-ACK: CBF mode 
[0063] ACK: CBF mode 
[0064] Null: CBF mode 
[0065] In step 830, operation When the extended range 
mode is enabled is the same as When the extended range mode 
is disabled, except that the AP precedes each Beacon+DTIM 
(delivery traf?c indication map) With a sequence of up to 4 
CTS frames each sent through a different AP antenna, or each 
sent With up to N times using any set of N complex linearly 
independent N-dimensional transmit Weight vectors v1, . . . , 

vN associated With N plurality of transmit antennas that meets 
the poWer constraint ||vi||2:1, i:0, . . . , N—1 Where the vector 

vi is used for the ith transmission of the multicast signal. The 
CTS frames reserve the medium prior to the contention free 
period (CFP) for the entire duration of the CFP, and the 
repetition of these packets improves the likelihood that at 
least one CTS is received by all STAs in extended range 
mode. The Beacon frame is sent in this case through one 
antenna. The 4 CTS frames Will reserve the medium for the 
duration of the contention free period (CFP) even if the bea 
con is not received by some STAs. The PCF operation is 
useful for communication of isochronous data, such as voice 
or video. 

[0066] Like the process of FIG. 3, the CTS frame of step 
830 can alternatively be transmitted once using transmit delay 
diversity, or N times, each time using transmit delay diversity. 
[0067] Other frames of interest are STA initiated sequences 
including the PS-Poll sequence and the announcement traf?c 
indication map (ATIM) frame. In the PS-Poll scheme, a PS 
Poll is sent from the STA using CBF and theAP sends anACK 
using CBF. For the ATIM frame, the ATIM is sent from an 
otherWise CBF-capable STA using a single antenna. Altema 
tively, a STA can send a directed ATIM in CBF mode. 

TABLE 2 

Typical 
2-WBS 2-WBS NIC, Z-CBF NIC, 4-CBF NIC, 

Case NIC + AP 4-CBF AP 4-CBF AP 4-CBF AP 

Directed Data — AP to STA (dB) 0 11 14 16.5 
Directed Data — STA to AP (dB) 0 11 14 16.5 
Multicast Messages (dB) 0 8 10 14 
Beacons (dB) 0 8 10 14 
Minimum of Above (dB) 0 8 10 14 
Range Improvement (%) 0% 75% 101% 166% 
Coverage Area Improvement (%) 0% 205% 304% 605% 
Reduction in AP density (%) 0% 67% 75% 86% 

tra?ic While also delivering tra?ic to the STAs. The PCF is 
able to deliver near-isochronous service to the STAs on the 
polling list. The PCF is built over the distributed coordination 
function (DCF) and both operate simultaneously. When the 
extended range mode is disabled (step 805), in step 810 the 
AP transmits frames as folloWs. 

[0054] Beacon+DTIM: Omni mode 
[0055] Cf-poll: CBF mode 
[0056] Cf-ACK: CBF mode 

[0068] Table 2 shoWs the range improvement for CBF 
enhanced 802.1 1 a relative to a “typical” NIC+AP case, using 
the enhancements described above (typical means 2-antenna 
Wideband selection diversity on both NIC and AP). The ?rst 
four roWs shoW link margin improvement (in dB) for directed 
data, multicast data and Beacons and the information for 
multicast data and beacons is taken from Table 1, Where it is 
assumed both multicast messages are repeated 4 times 
through each Tx antenna, and Beacons are sent round-robin 
through each antenna. Range improvements are computed as 
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101 mi/33, Where 1 mi represents the minimum link margin 
improvement over roWs 1-4 in the table, and 33 represents the 
path loss coef?cient for the indoor Wireless channel. 
[0069] To summarize, the range improvements over the 
typical AP+NlC case are: 
[0070] 75% percent range improvement (8 dB) for 4x-CBF 
AP and typical NlCs; 
[0071] 100% percent range improvement (10 dB) for 
4x-CBF AP and 2x-CBF NlCs; and 
[0072] 166% percent range improvement (14 dB) for 
4x-CBF AP and 4x-CBF NlCs. 
[0073] FIG. 9 illustrates a timing diagram to depict the 
timing of transmission of the multicast signals of FIGS. 3-5 
and 8. FIG. 9 shoWs that an AP having four antennas that, as 
one example, transmits the multicast data unit (DU) once 
from each antenna Ant1 through Ant4 sequentially in time. 
Similarly, the AP transmits a CTS frame once from each 
antenna Ant1 through Ant4. The AP transmits the Beacon 
frame once from each antenna Ant1 through Ant4 in a round 
robin fashion for each scheduled Beacon frame. These are 
simpli?ed examples of the more general case Where the trans 
mit antenna Weight vectors can be any set of N complex 
linearly independent N-dimensional transmit Weight vectors 
v1, . . . , vN associated With N plurality of transmit antennas 

that meets the poWer constraint ||vi||2:1. 
[0074] To summarize, techniques are provided to enhance 
the range of multicast signals by transmitting the signal up to 
N times any set of N complex linearly independent N-dimen 
sional transmit Weight vectors v1, . . . , vN associated With N 

plurality of transmit antennas that meets the poWer constraint 
||vi||2:1, i:0, . . . , N—1 Where the vector V1 is used for the ith 
transmission of the signal. Other related methods are pro 
vided to enhance the range of multicast signals, such as the 
method of responding to a RTS signal from a communication 
device and sending at least one CTS signal using a transmit 
Weight vector that is in the null space of the channel response 
matrix betWeen the tWo communication devices. These meth 
ods may be implemented by instructions encoded on a 
medium, such as processor readable medium, or ?eld pro 
grammable gates on an integrated circuit. 
[0075] The above description is intended by Way of 
example only. 
What is claimed is: 
1. A method for transmitting a multicast data signal from an 

access point (AP) having a plurality of N antennas to multiple 
stations (STAs), comprising: 
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determining Whether an extended range mode is enabled in 
the AP; 

transmitting the data signal once through the N antennas, 
on a condition that the extended range mode is disabled; 
and 

transmitting the data signal up to a total of N times using 
transmit delay diversity through the N antennas, on a 
condition that the extended range mode is enabled. 

2. The method as in claim 1, Wherein the extended range 
mode comprises using antenna processing techniques to 
maximiZe the range of communication betWeen the AP and 
the STAS, the antenna processing techniques including com 
posite beamforming. 

3. The method as in claim 1, Wherein the transmit delay 
diversity includes a delay betWeen the transmissions of the 
data among a plurality of AP antennas according to a transmit 
vector x(t):[xO (t), x 1 (t—'cD), . . . , xNt_ l(t—Nt—1))'cD], Where "5D 
is a transmit delay parameter. 

4. The method as in claim 3, further comprising sending the 
data signal from each antenna such that the maximum delay 
spread betWeen any tWo antennas is (N —1)'cD. 

5. An access point (AP) con?gured to transmit a multicast 
data signal to multiple stations (STAs), comprising: 

a plurality of N antennas; 
a processor con?gured to determine Whether an extended 

range mode is enabled in the AP; and 
a transmitter con?gured to transmit a data signal once 

through the N antennas on a condition that the extended 
range mode is disabled, and further con?gured to trans 
mit the data signal up to a total of N times using transmit 
delay diversity through the N antennas on a condition 
that the extended range mode is enabled. 

6. The AP as in claim 5, Wherein the processor is further 
con?gured to execute the extended range mode for the AP 
using antenna processing techniques to maximiZe the range 
of communication betWeen the AP and the STAs, the antenna 
processing techniques including composite beamforming. 

7. The AP as in claim 5, Wherein the processor is further 
con?gured to determine the transmit delay diversity as a delay 
betWeen the transmissions of the data among the N antennas 
according to a transmit vector x(t):[xo(t), xl(t—'cD), . . . , 

xNt_l(t—Nt—1))"cD], Where "5D is a transmit delay parameter. 
8. The AP as in claim 5, Wherein the processor is further 

con?gured to determine the maximum delay spread betWeen 
any tWo antennas as (N —1)'cD. 

* * * * * 


