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1. 

ENHANCED MULT-USER TRANSMISSION 

FIELD OF THE INVENTION 

The present invention generally relates to a transmitting 
apparatus, a receiving apparatus, a system and a method of 
performing multi-user transmission to a plurality of other 
transmission ends in a transmission systems such as but not 
restricted to—a wireless local area network (WLAN). 

BACKGROUND OF THE INVENTION 

Wireless local area networks (WLANs) as defined e.g. in 
the IEEE 802.11 specifications are almost omnipresent today. 
The increase of throughput of the available channel was one 
major issue, and research has been focused on improving the 
modulation and coding within the Physical Layer. By 
employing orthogonal frequency division multiplexing 
(OFDM) in combination with high-rate signal constellations, 
up to 54 Mbit/s could be achieved. This huge performance 
jump even if achieved only for very limited distances—is 
caused by to inherent features of OFDM, which have become 
especially attractive for high bit-rate systems. In OFDM, the 
given system bandwidth is split into many Sub-channels, also 
referred to as Sub-carriers. Instead of transmitting symbols 
sequentially through one (very broad) channel, multiple sym 
bols are transmitted in parallel. This leads to much longer 
symbol durations, such that the impact of inter-symbol inter 
ference can be reduced significantly, so that no additional 
measures like costly equalization are necessary. 
The 802.11 standard makes it mandatory that all stations 

implement a distributed coordination function (DCF) which 
is a form of carrier sense multiple access with collision avoid 
ance (CSMA/CA). CSMA/CA is a contention-based protocol 
making certain that all stations first sense the medium before 
transmitting. The main goal is to avoid having stations trans 
mit at the same time, which results in collisions and corre 
sponding retransmissions. If a station wanting to send a frame 
senses energy above a specific threshold on the medium 
(which could mean the transmission of another station), the 
station wanting access will wait until the medium is idle 
before transmitting the frame. The collision avoidance aspect 
of the protocol pertains to the use of acknowledgements that 
a receiving station sends to the sending station to verify 
error-free reception. Although somewhat more complex, this 
process of accessing the medium can be seen as a meeting 
where everyone is polite and each person only speaks when 
no one else is talking. In addition, participants who under 
stand what the person is saying nod their head in agreement. 

Because of its nature, DCF supports the transmission of 
asynchronous signals. A distinguishing factor of asynchro 
nous signaling is that there are no timing requirements 
between data carrying frames. For example, the DCF protocol 
doesn’t make any attempt to deliver a series of data frames 
within any timeframe or at any instant in time. As a result, 
there is a random amount of delay between each data frame 
transmission. This form of synchronization is effective for 
network applications, such as e-mail, Web browsing and VPN 
access to corporate applications. 
A potential for further bit-rate increases is seen in a use of 

multiple-input multiple-output (MIMO) antenna systems. 
Hence, a new Medium Access Control (MAC) protocol 
mechanism has been proposed, which Supports multi-user 
(MU) MIMO transmissions in WLANs according to IEEE 
802.11 based standards. The proposed new protocol extends 
the DCF with single-user (SU) MIMO in such a way that 
different stations can be destination stations for packets inside 
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2 
a MIMO frame (which is a set of packets transmitted simul 
taneously on different spatial streams). 

According to a randomly operating backoff procedure, a 
station with a data packet to transmit generates a random 
number between 0 and a contention window (CW) size, 
which determines the duration of the backoff timeras counted 
in number of timeslots. The CW has a minimum starting value 
of 15, doubles after a collision, can rise up to 1023, and is 
decremented after a Successful transfer, indicated by an 
acknowledgement (ACK) frame. After detecting the medium 
free for the duration of DCF Inter-Frame Space (DIFS), the 
mobile station counts down the backoff timer until it reaches 
Zero and then starts its transmission. If during the countdown 
another mobile station occupies the medium, all mobile sta 
tions in backoff interrupt their countdown and defer until they 
detect the medium free for at least DIFS. The standard 
includes an optional Request-to-Send (RTS) Clear-to-Send 
(CTS) handshake prior to the transmission. 

In an association procedure prior to data transmissions, 
stations share among each other the information about their 
hardware capabilities. Information concerning used antenna 
elements can be exchanged using an extended form of RTS 
and CTS control frames, described in the following para 
graphs. 
The extended RTS frame MIMO-RTS (M-RTS) and the 

extended CTS frame MIMO-CTS (M-CTS) can be based 
on the structure of the IEEE 802.11a standard RTS and CTS 
frames. In order to Support multiple antennas, both have a new 
field, e.g. a bitmap, where each bit stands for one antenna. A 
bitmap of a length of one byte can thus Support up to eight 
antennas. Of course, the bitmap field can be longer or shorter 
depending on the number of antennas supported by the 
mobile stations of a given system. In the M-RTS frame this 
field may be called Proposed Antenna Bitmap (PAB) and may 
encode the chosen Subset of available antennas proposed for 
the following transmission. The receiver of the frame con 
firms which antennas should be active in a Confirmed 
Antenna Bitmap (CAB) field of the M-CTS frame. The ACK 
frame is also extended to Support per-stream acknowledge 
ments. More specifically, the MIMO-ACK (M-ACK) frame 
may have a one byte long bitmap field called Acknowledged 
Packet Bitmap (APB) to confirm the reception of each packet 
from different streams separately. It contains positive and 
negative acknowledgements for each spatial stream. It can 
still be immediately acknowledging, although there are mul 
tiple packets being transmitted at a time. The length of the 
bitmaps (L) can be arbitrary. 
The following points give an overview of the additional 

MAC protocol functionality of M-DCF during a transmission 
cycle, omitting the ones concerning CSMA/CA: 
The transmitter sends an M-RTS frame, setting binary “1's 

in the PAB field for available antennas for the next trans 
mission. 

Immediately afterwards, when the receivers have already 
read the M-RTS frame and available antennas, the trans 
mitter sends a training sequence for each available 
antenna for channel estimation. Alternatively, channel 
estimation is done in parallel to M-RTS frame. 

The receiver estimates the channel, and responds with an 
M-CTS frame, setting binary “1's in the CAB field for 
the antennas which should be used for the transmission. 
The MIMO scheme can be selected based on at least one 
of the stations hardware capabilities, quality of service 
(QoS) demands of the connection, radio propagation 
conditions, and current status of the network. How the 
receiver chooses the antennas can be its internal proce 
dure. This procedure of choosing the applied MIMO 



US 8,842,606 B2 
3 

Scheme during network operation of per frame basis 
provides fast link adaptation. 

After reception of the M-CTS frame, the transmitter trans 
mits (one or more) packets based on the receiver's 
instructions about the antennas to be used, each using a 
separate antenna. 

After the reception of the data frame(s), the receiver checks 
the correctness of the received packets, and may create 
an extended M-ACK frame to inform the transmitter 
about the outcome of the transmission. Binary “1's are 
set in the M-ACK bitmap for the correctly received 
packets. 

When the transmitter receives the M-ACK frame, it 
removes the packets from the queue and initiates another 
transmission. If the M-ACK frame is lost, or if it has 
never been transmitted at all, after a timeout the trans 
mitter will retransmit the data. 

AnM DCF protocol which is restricted to carrying a MAC 
packet in one spatial stream performs very well in networks of 
users with heavy load, because of its increased system capac 
ity achieved by using MIMO technology. However, when the 
load is not high, the packet delay grows due to the fact that 
according to the protocol, a station does not start a transmis 
sion before having a number n of packets to transmit, where n 
is the number of spatial streams. If the mean inter-arrival time 
between two packets for a connection is T. maximum allowed 
delay should be higher then (n-1)T plus the average trans 
mission window length (including accessing the channel). 
Otherwise some packets will be discarded at the transmitter 
because of exceeded delay. This relation gives the lower 
bound for the offered load under which the delay requirement 
can still be fulfilled. Increasing the offered load (up to the 
point when the network capacity is reached) will improve the 
delay characteristic. 

In ubiquitous networking, a station might be communicat 
ing with multiple other users at a time. Applying M-DCF 
directly would lead to high delays for each connection, 
although the station would actually have enough packets to 
build a MIMO frame. Therefore, combining the traffic 
belonging to multiple users should be enabled. This transmis 
sion strategy will immediately improve the delay character 
istic, because the traffic received from all combined connec 
tions will contribute to the building of MIMO frames. In the 
previous lower bound calculation, the parameter T now cor 
responds to the inter-arrival time between any two packets, 
independent of the destination, and therefore the lower bound 
for the offered load of each individual connection is lower. 
Under heavy load, MU transmissions are means of reducing 
jitter. Moreover, Improving the delay characteristic is espe 
cially important for applications such as Voice-over-IP 
(VoIP), Video Conferencing, interactive gaming, etc. 

J. Gross, et al., “802.11 DYN: Protocol Extension for the 
Application of Dynamic OFDM(A) Schemes in 802.11a/g 
Systems”. Telecommunication Networks Group (TKN) 
Technical Report TKN-07-002 describes a proposal how the 
widely accepted IEEE 802.11a/g systems might be extended 
to support dynamic OFDM while assuring backward compat 
ibility. A set of protocol modifications is presented, which 
support dynamic OFDM schemes both for point-to-point 
(e.g. uplink) and point-to-multi-point (e.g. downlink) trans 
mission scenarios. The proposed RTS frame corresponds to 
the regular RTS frame (namely it contains only one transmit 
address and one receive address) with a new Physical Layer 
Convergence Protocol (PLCP) header to which a list of mul 
tiple receiver addresses is added. 

However, legacy devices according to older or former stan 
dards in the network won't be able to decode the signal. 
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4 
Namely, the legacy devices may not be able to determine or 
extract the correct bits out of the signal. This means that the 
legacy devices wouldn’t learn about the duration of the 
intended transmission because this information is contained 
in the RTS frame. Therefore, the proposed RTS transmission 
cannot be regarded as a broadcast transmission, because it 
cannot be understood (on the physical layer) by all stations. 
For this reason, the above prior art Suggests transmitting, 
prior to RTS transmission, a CTS addressed to itself in the 
legacy physical layer, so that other legacy devices can decode 
the transmission and the MAC frame and set their network 
allocation vectors (NAV) for their transmission timing appro 
priately. 

Additionally, in the above prior art, identification of the 
polled stations may be based on a 4-bit identification, for 
example. Yet, the identification is used for MAC purposes, 
namely, a CTS frame must be constructed and transmitted. 
This means, after receiving the RTS frame, the PHY layer 
extracts the identification list, and the MAC layer must then 
check whether the list contains an identification for itself, 
decode the frame, possibly overwrite the receiver address 
(which is the address of one of the addressees), then construct 
the CTS frame, and then take turn in sending the RTS. This 
requires substantial modifications of the standard RTS/CTS 
procedure and has significant impact on the architecture of 
the receiver, e.g., new information passing between PHY and 
MAC must be defined. Furthermore, some specific conditions 
must be applied in the interpretation and processing of the 
RTS frame. 
As the above prior art also requires an assignment of this 

4-bit identifications to the stations. This may be done during 
the association by the access point (AP) and may imply that 
an AP can only be associated with 16 stations having this 
MU-OFDM capability at one particular time. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a more 
flexible multi-user transmission scheme which requires less 
modifications of legacy devices and procedures. 

Accordingly, an enhanced MAC frame, i.e., the MU-RTS, 
is defined. This frame is different from the ordinary RTS 
frame because it has multiple recipient MAC addresses. This 
enables an improved way of communicating the list of iden 
tifications or addresses to the other transmission ends. 
Although the proposed enhanced MAC frame has specific 
fields which are only meaningful/understandable to MU 
devices, the frame can be transmitted in the legacy physical 
layer and has common fields, that are understandable by all 
legacy devices. Therefore, legacy devices can decode the bits, 
interpret common fields and initiate appropriate settings. The 
interpretation of the enhanced MAC frame may be a pure 
MAC process, so that no further information is required from 
the physical layer. Moreover, there is no need to change 
interpretation rules for corresponding existing or legacy 
MAC frames. In view of the fact that all other transmission 
ends can be at least partially interpreted by all other transmis 
sion ends, its transmission can be regarded as a broadcast 
transmission from the physical layer perspective. Conse 
quently, legacy devices and procedures require little modifi 
cations. 
The proposed transmitting apparatus may be adapted to 

create a transmission frame only from packets destined to at 
least one of those other transmission ends which replied to the 
request for transmission. The receiving apparatus may be 
adapted to derive a timing for its response based on an order 
of its identification in the list. Thereby, different other trans 
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mission ends (e.g. WLAN stations) can be destinations for 
packets inside the frame, so that delay and throughput can be 
balanced in heterogeneous traffic situations. 

The identification may for example comprise a MAC 
address, so that much longer addresses can be used as com 
pared to physical layer addresses used in the initially 
described prior art. 

In a specific embodiment, the other transmission ends may 
be candidate transmitters which are addressed to return a 
sending request to show their intention to transmit. The pro 
posed apparatus may then be adapted to perform channel 
estimation for the candidate transmitters according to their 
channel realizations, and to reply to the sending request with 
a sending confirmation indicating which transmitter can 
access a channel by which beam forming vector or other cor 
responding channel access information. This provides the 
advantage that simultaneous multi packet reception from dif 
ferent transmitters can be supported and interference among 
spatial streams can be minimized. 

In another embodiment, the transmitting apparatus may be 
configured to use the request for transmission as a request for 
feeding back a channel state information, to assess channel 
realizations of said other transmission ends based on channel 
state feedback information received from said other transmis 
sion ends, and to derive appropriate beam forming vectors for 
said other transmission ends, or Subcarrier allocations in the 
MU-OFDM case. The receiving apparatus may be adapted to 
respond to the request for transmission with a channel feed 
back frame including a channel state information, and option 
ally also a duration information indicating an amount of data 
in its transmission queue. The transmitting apparatus may 
then be adapted to broadcast sending request frames includ 
ingalist of other transmission ends and the appropriate beam 
forming vectors for the other transmission ends. The request 
for transmission may comprise information which specifies a 
format to be used for the requested channel state feedback 
information. Receipt of transmissions could be acknowl 
edged by the transmitting apparatus by sending a MAC frame 
which indicates those other transmission ends from which 
said transmissions have been received. As an example, the 
other transmission ends (i.e. the receiving apparatus) from 
which the transmissions have been received, can be indicated 
by setting a respective bit in a bitmap provided in the MAC 
frame. 

Thus, an enhanced MU-DCF can be provided, which is 
based on two phases. First, the channel state information is 
obtained from candidate stations. Second, signaling 
exchange for channel access is performed. This provides a 
better coordination of the multi-user transmission and a 
reduction of possible interference. 

Inafurther embodiment, the transmittingapparatus may be 
adapted to add to the request for transmission a duration 
information which indicates a predicted duration of the whole 
expected transmission. This measure provides a solution to 
the hidden problem, as all receiving ends are enabled to 
calculate the duration they must wait before starting their 
transmission. More specifically, the receiving apparatus can 
be adapted to set its network allocation vector in accordance 
with a content of a duration field provided in the request for 
transmission, if the list does not contain any identification of 
said apparatus. Other receiving apparatus polled by the list 
can be adapted to calculate a waiting time for their response 
based on the duration field. 

In a still further embodiment, the receiving apparatus may 
be adapted to respond to the request for transmission by 
combining an aggregate MAC packet data unit and a single 
user Sounding feedback mechanism. Thereby, the response 
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6 
can be constructed by combining a conventional response 
frame (e.g. a CTS frame) with a Sounding feedback frame, so 
that legacy compliance can be improved and the current stan 
dard requires only little modification. 

In another embodiment, the receiving apparatus may be 
adapted to use an assigned Subset of Sub-carriers of a multi 
user transmission signal for the response. In a specific 
example, the assigned Subset may be derived from an order of 
said identification in the list. This measure provides the 
advantage that the time needed to transmit feedback informa 
tion (e.g. M-CTS and/or M-ACK frames) can be reduced, as 
it can be in parallel and not in a time divisional manner. 
Thereby, signaling overhead can be reduced and the hidden 
node problem prevented. 
The transmitting or receiving apparatus may comprise any 

type of MU transceiver with at least one of multiple input 
chain and a multiple output chain. It is not intended to be 
restricted to a MUMIMO transceiver. The request for trans 
mission can be transmitted in a legacy format, so that all 
devices, MU and legacy devices can set their NAV accord 
ingly. Legacy devices may at least understand the duration 
field and therefore can set their NAV accordingly 

Further advantageous developments are defined in the 
dependent claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will now be described based on 
various embodiments with reference to the accompanying 
drawings in which: 

FIG. 1 shows a schematic block diagram of multi-user 
MIMO transmission system according to various embodi 
ments; 

FIG. 2 shows a four-way handshake procedure according 
to a first embodiment; 

FIG. 3 shows an MU-RTS frame structure with multiple 
receiver address fields according to the first embodiment; 

FIG. 4 shows an M-ACK frame structure with antenna 
usage instruction according to the first embodiment; 

FIG. 5 shows a two-phase channel access procedure 
according to a second embodiment; 

FIG. 6 shows an MU-CFR frame structure according to the 
second embodiment; 

FIG. 7 shows an MU-RTS frame structure with TX beam 
forming vectors according to the second embodiment; 

FIG. 8 shows an MU-CTS frame structure according to the 
second embodiment; 

FIG. 9 shows a schematic illustration of the hidden node 
problem: 

FIG. 10 shows a more generic MU-RTS frame structure 
according to a fourth embodiment; 

FIG. 11 shows a MUMIMO uplink mechanism according 
to a fifth embodiment; 

FIG. 12 shows a C4T frame structure according to the fifth 
embodiment; 

FIG.13 shows an RTS frame structure according to the fifth 
embodiment; 

FIG. 14 shows an MU-CTS frame structure with TX beam 
forming vectors according to the fifth embodiment; and 

FIG. 15 shows an MU-ACK frame structure according to 
the fifth embodiment. 

DETAILED DESCRIPTION OF EMBODIMENTS 

In the following, preferred embodiments are described on 
the basis of a MUMIMO system as shown in FIG. 1. 
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According to FIG. 1. a MU MIMO access point (AP) 10 
provides WLAN access for an exemplary number of four 
stations 21 to 24 shown in FIG. 1 and having multiple anten 
nas. The AP10 comprises N different processing stages M to 
My for providing different coding and/or modulating 
schemes, to which input signals can be applied and which can 
be selectively connected to at least one of a plurality antennas. 

In general, two types of MIMO techniques can be used in 
both directions between the AP10 and each of the stations 21 
to 24 based on the propagation channel properties, i.e. the 
structure of the spatial correlation matrix at the receiver's 
antenna array. In case of high correlation of the received 
signal different beam forming algorithms can be applied, 
while in case of low correlation of the received signal— 
diversity (DIV) and multiplexing (MUX) approaches may 
give better performance. In MUX schemes, multiple streams 
are transmitted simultaneously, each using one dedicated 
antenna. This increases the throughput with a factor equal to 
the number of streams being transmitted. In DIV schemes, 
multiple antennas are used in a different way. For the basic 
DIV scheme the transmitter uses only one antenna. The 
receiver with multiple antennas receives multiple copies of 
the transmitted signal so that using an appropriate signal 
processing algorithm achieves significantly higher signal-to 
noise ratios (SNRs). In the schemes combining MUX and 
DIV, more transmit antennas are active, but the receiver, as in 
all DIV schemes, may still have more antennas than the 
number of streams. Multiplexing is present, but the receiver 
gets more information about the transmitted signal than in the 
pure MUX case. 
The following embodiments provide enhancements for 

multi-user support for IEEE 802.11 based networks by using 
MU-RTS and M-CTS frames for accessing the channel, and 
M-ACK for acknowledging the correctly received packets. 
Optionally, channel adaptive transmission can be selected by 
choosing only a subset of stations that replied with M-CTS to 
build the next MIMO frame. The decision can be made based 
on the information gained from M-CTS. In this way, MU 
diversity can be exploited. Furthermore, a channel quality 
information can be fed back using M-CTS and M-ACK 
frames, which indicates a Subset of antennas acceptable for 
the transmission. Depending on the complexity and accept 
able overhead, the encoded information can be more precise, 
such as received SNR from each antenna. Interframe spaces 
between neighbouring packets may be provided to ensure 
coexistence with legacy IEEE 802.11 stations. 

FIG. 2 shows a four-way handshake procedure according 
to a first embodiment. The proposed MU-DCF is based on the 
conventional M-DCF, wherein the four-way handshake pro 
cedure is proposed to facilitate channel access with multiple 
users prior to data transmission. 

The following additional MAC protocol functionalities are 
proposed during a transmission cycle in MU MIMO sce 
narios, compared to the conventional M-DCF protocol. 

According to FIG. 2, the transmission is initiated e.g. by the 
AP 10 by broadcasting an MU-RTS frame as shown in FIG.3 
which is a MAC frame including multiple receiver addresses 
used for addressing e.g. three (Rii1 to Ri3) of the four exem 
plary stations 21 to 24 shown on FIG.1. The MU-RTS frame 
can be followed by a training sequence for allowing channel 
estimation at the receiverside, e.g., at the selected ones of the 
stations 21 to 24. As an alternative option, channel estimation 
can also be done in parallel with the transmission of the 
MU-RTS frame, for example by transmission of preambles. It 
is noted that the transmission of preambles for channel esti 
mations can result in the MU-RTS frame becoming unde 
codeable on the physical layer. 
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8 
After receiving the MU-RTS frame, the selection of sta 

tions (Rii1 to Ri3) which are present in the receiver list reply 
with an M-CTS frame. The order of replies is implicitly 
determined by the respective receivers order in the list. The 
first M-CTS is transmitted after a short interframe space 
(SIFS) interval, and the following ones are transmitted after 
reduced interframe space (RIFS) interval. 
The above procedure can be programmed as a Software 

routine based on the following pseudo code structure: 

n is the position of the station in the receiver list in MU-RTS frame 
after receiving MU-RTS, wait for SIFS 

while(the station still did not transmit its M-CTS) 
if (n=1) 

transmit M-CTS 
else 

if (the channel gets occupied){ 
wait that the channel gets free 
n = n-1 
wait for RIFS 

else { 
n = n-1 
wait for RIFS 

After it had transmitted MU-RTS frame, the transmitter 
(e.g. AP10) starts sensing the channel, and may proceed after 
the following pseudo code structure (if implemented as Soft 
ware routine): 

after SIFS, the first M-CTS is expected 
while (waiting for more M-CTS frames) 

if an M-CTS did not arrive when expected, 
after RIFS the next M-CTS is expected; 

else 
after this transmission + RIFS the next M-CTS is expected; 

The transmitter (e.g. AP10) receives none, some, or all of 
the M-CTS frames from the addressed subset of stations. 
From the received ones, it may read the information provided 
in the CAB field (or any other channel state information that 
could be included in M-CTS frame), and may create a MIMO 
frame from those packets destined only to stations which 
replied. This can be expressed by the following pseudo code 
Structure: 

if (# of M-CTS received > 0) 
create and transmit a MIMO frame from the packets for stations that 
replied, optionally applying some scheduling strategy: 

else 
start accessing the channel for the next transmission; 

When applying a scheduling strategy, MIMO frames might 
not include packets from some of the stations that replied with 
an M-RTS frame. Scheduling may include adaptive switching 
between SU and MU operation mode. 
The stations receive the MIMO frame, and generate a 

M-ACK frame, e.g., by the same rules as in M-DCF. The 
order and separation of M-ACK frames may be equal to the 
M-CTS frame. 

Finally, when the transmitter (e.g. AP 10) receives the 
M-ACK frames, it removes the acknowledged packets from 
the queue and initiates another transmission. The unacknowl 
edged packets may be retransmitted. 
As can be gathered from FIG. 2, consecutive M-CTS and 

M-ACK frames are separated by RIFS. The number of mul 
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tiple users m which is Supported in this way can be deter 
mined by the following relation: 

SIFS+(m-2)RIFS<DIFS (1) 

This condition ensures that even if all the M-CTS/M-ACK 
packets except the last one get lost, the last station will still 
have the channel free to transmit its own M-CTS/M-ACK 
packet. If the condition is not fulfilled, the channel could be 
free more then DIFS during an ongoing transmission, which 
would allow starting a new one. 

FIG. 4 shows an M-ACK frame structure according to the 
first embodiment with instructions for antenna usage for the 
next transmission. As already mentioned, M-CTS frames 
according to the M-DCF procedure contain a bitmap for 
antenna feedback (CAB field). This information can be used 
at the transmitter for adaptive channel usage, wherein only 
packets for stations with good channel state may contribute to 
the MIMO frame. By including the CAB field in the M-ACK 
frame as shown in FIG. 4, channel feedback can be obtained 
without requiring a M(U)-RTS M-CTS handshake proce 
dure. 

Additionally, other options of IEEE 802.11e, such as trans 
mission opportunities (TxOP), block acknowledgement 
(BA), or no acknowledgement may also be combined with the 
above procedures, so as to further improve the performance. 

Furthermore, an overhead estimation could be performed. 
An induced overhead will now be illustrated based on the 
example of FIG. 1 with a single transmitter (AP10) which 
transmits sixteen packets, four for each of the four stations 21 
to 24. If all the stations 21 to 24 would have four antennas 
(which is not essential and just an example contrary to the 
example of FIG. 1), a 4x4 multiplexing scheme could be 
applied as follows: 
SU Case: 

4x(M-RTS--M-CTS+MIMO frame+M-ACK) 

MU Case: 

(2) 

4x(MU-RTS-4M-CTS packets+MIMO frame+4M 
ACK) (3) 

This indicates that the transmission procedure will clearly 
last longer in the below MU case, and the average delay per 
packet is the same in both cases. However, the average delay 
per station in the SU case differs much depending whether the 
station is the first or the last one to receive its packets. For 
Some stations such long delays might not be acceptable. 

So far, in the above example, it was assumed that at the 
beginning, all four packets for all four stations 21 to 24 were 
already generated. But there are many applications with a low 
offered load, but on the other hand with very strict delay 
requirements, which do not allow waiting too long for more 
packets for the current station to build the full MIMO frame. 
Otherwise, sending immediately what is present in the queue 
will often mean transmission of a single spatial stream, which 
effectively means multiplication of the overhead. If there is no 
restriction in the MAC packet to spatial stream mapping, a 
MAC packet may however as well be transmitted using mul 
tiple spatial streams. 

In the case of heavy load, the proposed MU approach will 
be very beneficial, by reducing jitter. 

Before the MU RTS/CTS handshake mentioned above in 
connection with the first embodiment, the transmitter (e.g. AP 
10) may sendan MUMIMO channel feedback request packet 
(MU-CFR) followed by training sequences that requests 
channel state information (CSI) feedback from the candidate 
receiver stations. The transmitter has thus a CSI of all candi 
date receivers and can assess all candidates for a possible MU 
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10 
MIMO transmission and select appropriate transmit beam 
forming vectors to reduce the interference among the spatial 
StreamS. 

The MURTS packet may be modified such that instead of 
communicating a proposed antenna bitmap, a proposed 
beam forming vector for each stream is communicated to the 
stations 21 to 24. This mechanism provides the possibility of 
using transmit beam forming as a MU MIMO transmission 
mechanism and a check if the stations 21 to 24 can be served 
simultaneously with MU MIMO transmission using the pro 
posed beam forming vectors chosen by the transmitter. Over 
all, the proposed enhancement provides a better coordination 
of MU MIMO transmission and reduces possible interfer 
ences among the streams. Thus, it improves the performance 
of the overall network. 

In a second embodiment, a new MU-DCF with a two-phase 
channel access procedure is presented. A MU MIMO trans 
mission is performed with beam forming support for IEEE 
802.11 based networks by using MAC frames, such as MU 
CFR, MIMO channel feedback (M-CF), MU-RTS and 
M-CTS frames, for accessing a channel, and a MAC frame 
M-ACK for acknowledging the correctly received packets. 
Optionally, an adaptive MU MIMO transmission may be 
performed by modifying the beam forming vectors for the 
MU MIMO transmission of only a subset of stations that 
replied with M-CTS to build the next MIMO frame. The 
decision can be made based on the information gained from 
the M-CTS frame. If the channels are already known, the 
MU-CFR and M-CF frames may not be necessary for the 
channel access mechanism of MU MIMO transmission. 
MU MIMO transmission increases the spectral efficiency 

and provides a better utilization of resources. However, in 
MIMO systems, providing high throughput to multiple sta 
tions simultaneously may become critical when the wireless 
network is dense. 

FIG. 5 shows the two-phase channel access procedure 
according to the second embodiment. The proposed MU 
DCF procedure is based on a first phase of obtaining a channel 
state information from candidate stations/receivers, and a 
second phase of an MU-RTS and M-CTS exchange for chan 
nel access similar to the first embodiment. 

In the first phase, the transmission is initiated by a multi 
user channel state information feedback request (MU-CFR) 
frame in which the transmitter (e.g. AP10 of FIG. 1) basically 
requests the channel state information from multiple receiv 
ers (e.g. subset of the stations 21 to 24 of FIG. 1). 

FIG. 6 shows an MU-CFR frame structure according to the 
second embodiment, which can be followed by a training 
sequence for the channel estimation at the receiver. The pro 
posed MU-CFR frame is a MAC frame with multiple receiver 
address fields. 

After having received the MU-CFR frame, the stations 
which are present in the receiver list reply with a MIMO 
channel feedback (M-CF) frame. The M-CF frame is a MAC 
frame and may have the same frame format of a MIMO CSI 
feedback frame in SU MIMO systems according to IEEE 
802.11n. The order of replies may be implicitly determined 
by the receivers order in the list. The first M-CF frame is 
transmitted after the SIFS interval, and the following ones 
after respective RIFS intervals. 

In the second phase, after the transmitter has sent an MU 
CFR frame and has received the corresponding MIMO chan 
nel state information of each candidate receiver, it assesses 
the channel realizations of the stations for a possible MU 
MIMO transmission and determines an appropriate transmit 
beam forming vector for each station/spatial stream. Then, it 
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proceeds with the channel reservation phase as in the first 
embodiment but with different MU-RTS and M-CTS frame 
formats. 

FIG. 7 shows the proposed MU-RTS frame structure 
according to the second embodiment with a variable number 
of receiver addresses and which is enhanced by a variable 
number of additional Tx beam forming vectors. 

There is however an alternative to this MU-RTS frame 
structure. The MU-RTS can be a generic MU-RTS without 
the TX beam forming vectors. The training sequence which 
immediately follows the MU-RTS may be beam formed 
according to the TX beam forming vectors. The receivers then 
estimate the beam formed channel and feedback the CSI to the 
receiver. This information will serve the same purpose as the 
confirmed beam forming vectors fed back by the stations 21 to 
24 to the AP10. This approach is more advantageous because 
it reduces the amount of bits exchanged. However, the format 
of the feedback expected from each station must be commu 
nicated in the MU-RTS frame, so that not only the station can 
format the feedback, but also other stations can predict the 
duration of M-CTS frame sent by the station. 

FIG. 8 shows the proposed new MU-CTS frame structure 
according to the second embodiment. 

If the transmitter intends to send more than one spatial 
stream to a single station, it simply repeats the receiver 
address consecutively as many times as the number of spatial 
streams intended for that receiver. In this case, the proposed 
Tx beam forming vector for each spatial stream would be 
different as expected. In this way, the transmitter can easily 
change the mode from MUMIMO transmission to SUMIMO 
transmission. 

The proposed new M-CTS frames according to the second 
embodiment contain a variable number of confirmed TX 
beam forming vectors, so that variable number of streams 
destined to the station can be assessed independently. This 
information can also be used at the transmitter for adaptively 
changing the beam forming vectors to better utilize the chan 
nel. Thus, with the above enhancements provided by the 
second embodiment, the transmitter can use transmit beam 
forming for reducing the interference among the spatial 
streams it sends. 
The proposed protocol handshake procedures e.g. accord 

ing to the above first and second embodiments may suffer 
from a so-called “hidden node problem. In the third embodi 
ment, a modification to solve this hidden node problem is 
presented. 

FIG. 9 illustrates this hidden node problem. It is assumed 
that the AP 10 of FIG. 1 with a communication range CR 
would like to establish an MU MIMO transmission to the 
stations 21 and 22 with respective communication ranges 
CR and CR in a situation where the AP 10 is arranged 
between the stations 21 and 22. Because of the location of the 
stations 21 and 22, the first station 21 can listen to the trans 
mission from AP 10 but not to the transmission from the 
second station 22. Similarly, the second station 22 can listen 
to the transmission from AP 10 but not to the transmission 
from the first station 21. This means that an M-CTS frame 
from the first station 21 cannot be received by the second 
station 22. If the second station 22 sensed an empty channel 
(i.e. there is no other transmission or interference), based on 
the algorithm explained in the first embodiment, the second 
station 22 will sendan M-CTS frame after waiting foran SIFS 
plus an RIFS period. As a result, the M-CTS framesent by the 
second station 22 will collide with the M-CTS frame sent by 
the first Station 21 at the AP 10. 

Because of the possibility that some stations polled for MU 
MIMO reception are not in each other communication range, 
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12 
it is proposed in the third embodiment that all stations polled 
for MU MIMO reception observe the end of the MU-RTS 
frame and calculate the duration they must wait before trans 
mitting their M-CTS frames, taking into account the order of 
M-CTS transmission, the separation between each transmis 
sion, and the duration of each M-CTS transmission. A polled 
station then transmits its M-CTS frame after the determined 
duration (started from the time when the last transmission of 
an MU-RTS frame has been received by each station) has 
elapsed. While waiting to transmit the M-CTS frame, the 
concerned station does not need to sense the channel, because 
a correct reception of an MU-RTS frame implies a reserved 
channel between the station and the AP 10. 

According to the third embodiment, the following 
improved procedure is proposed for setting up downlink MU 
MIMO transmission. 
As in the first embodiment, the AP 10 initiates the MU 

MIMO transmission by transmitting an MU-RTS frame, 
which is a MAC frame including the multiple receiver 
addresses and which now also includes a duration field. The 
proposed duration field may contain a predicted duration d of 
the whole expected transmission, from the end of the MU 
RTS frame up to the last M-ACK frame. If the number of 
receivers polled for MU MIMO reception is N, T(x) is the 
duration of X, where X is a data or control frame transmitted 
over the air, then the predicted duration d can be obtained as 
follows: 

frame)+NT(M-ACK)+2*(N-1)*aRIFStime (4) 

where aSIFStime is the duration of SIFS and aSIFStime is the 
duration of RIFS. Furthermore, T(MU MIMO frame) is the 
estimated duration of the MU MIMO frame calculated by a 
scheduler of the MU MIMO transmitter. The operation of 
Such a scheduler depends on each individual implementation. 
The M-CTS frame has a fixed length. Furthermore, all 

M-CTS frames are transmitted using the same modulation 
and coding scheme. Therefore, the duration T(M-CTS) of the 
M-CTS frame is known to the AP 10. Similarly, the M-ACK 
frame has a fixed length, and is also required to be sent using 
the same modulation and coding scheme and hence, the dura 
tion T(M-ACK) of the M-ACK frame is also known to the AP 
10. 
By setting the proposed duration field, all stations which 

are not polled for the MUMIMO reception but which receive 
the MU-RTS frame can set their network allocation vector 
(NAV) according to the duration field in the MU-RTS frame, 
and will therefore not transmit during the reserved duration. 

After receiving an MU-RTS frame, polled stations reply 
with an M-CTS frame, structured e.g. as proposed in the 
conventional M-DCF. The order of replies is determined by 
the receivers order in the address list of the MU-RTS frame. 
The first M-CTS frame is transmitted after elapse of the 
duration aSIFStime and the following ones after elapse of the 
duration of the M-CTS frame plus aFIFStime. Because the 
transmission medium from the polled stations to the AP10 is 
now reserved through the MU-RTS transmission, it is no 
longer necessary for the stations 21 to 24 to sense the medium 
before transmitting. 

Furthermore, because of the possible hidden node prob 
lem, reception of a preceding M-CTS frame cannot be used to 
signal the transmission of another M-CTS. Therefore, it is 
proposed to control the M-CTS transmission as follows. 

After receiving the MU-RTS frame, the position n of the 
concerned station in the receivers order is determined and the 
time t the station must wait for before transmitting its M-CTS 
frame is calculated based on the following equation: 

t=aSIFStime+(n-1)*(T(M-CTS)+aRIFStime) (5) 
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The duration field in the M-CTS can be obtained from the 
duration field of the MU-RTS frame subtracted by the value 
(t+T(M-CTS). The procedure at the AP10 after transmission 
of the MU-RTS frame may correspond to the first embodi 
ment. After receiving the MUMIMO frame, the stations may 
follow the same procedure in transmitting their M-ACK 
frames. 

After having received a MU MIMO frame, the time t' the 
STA must wait for before transmitting its M-ACK frame can 
be calculated based on the following equation: 

t’=aSIFStime+(n-1)*(T(M-ACK)+aRIFStime) (6) 

The duration field in the M-ACK frame can thus be 
obtained from the duration field of the MU MIMO frame 
subtracted by the value (t'+T(M-ACK)). 
The proposed mechanism may also be applied in the first 

phase of the two phase channel access in the MUMIMO case 
according to the second embodiment, namely to control the 
transmission of the M-CF frames by the polled stations. 

Moreover, the proposed mechanism can be applied in the 
second phase of the two phase channel access in the MU 
MIMO case described in the second embodiment, namely to 
control the transmission of the M-CTS frames. It is noted that 
the duration of each M-CTS frame can be different from one 
to another because there may be multiple spatial streams 
intended for a single receiver. However, this information is 
provided in the MU-RTS frame, and therefore the AP 10 and 
all polled Stations can take this into account in the calculation 
of the parameter t. 
As explained above, the MU-RTS and M-CTS frame struc 

tures defined in the first and second embodiments require 
definition of new MAC frame formats. 

In the present fourth embodiment, it is proposed to com 
bine an aggregate MAC Protocol Data Unit (A-MPDU) and 
Sounding feedback mechanisms in order to enable downlink 
MU MIMO transmission with minimum addition and alter 
ation to the current specifications, such as IEEE 802.11n. This 
is advantageous because the proposed downlink MUMIMO 
is thereby compliant to earlier standard versions. 
By using the proposed combination, only a MU-RTS frame 

has to be defined, while the M-CTS frame can be constructed 
by aggregating a conventional CTS frame and a sounding 
feedback frame. Furthermore, a more generic MU-RTS frame 
can be used with Some extra information required in the 
MU-RTS carried in an additional frame aggregated to the 
MPDU. 
The specification IEEE.802.11n defines an A-MPDU 

frame, where two or more MAC MPDUs or MAC frames can 
be transmitted in one transmit opportunity. To locate the 
MPDUs within the A-MPDU, a delimiter precedes an 
MPDU. Generally, this aggregation is meant for piggyback 
ing an Action No Ack management frame (e.g. sounding 
feedback frame) into the data frame or control response frame 
transmission (e.g. CTS). 

There are several sounding mechanisms defined in IEEE 
802.11n, of which some have dedicated frames for feeding 
back Sounding results. These frames can be a CSI frame, a 
non-compressed steering frame, a compressed steering 
frame, an antenna selection indices feedback frame. The CSI 
frame contains a channel state information for each Subcarrier 
in each spatial stream and the SNR for each stream. The 
non-compressed steering frame contains the transmit steering 
matrix for each Subcarrier in each spatial stream, as well as the 
SNR for each spatial stream. The compressed steering matrix 
contains a compressed format of the steering matrix. The 
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14 
antenna selection indices feedback frame contains an infor 
mation about selected antennas for the next transmission for 
a receiver. 

Using the proposed aggregate MPDU and the explicit feed 
back frames, the M-CTS frame proposed in the first embodi 
ment can be redefined as an aggregation of a conventional 
CTS frame and an antenna selection indices feedback frame. 
The proposed antenna bitmap (PAB) field may be carried in 
the antenna selection indices feedback frame. The M-CTS 
frame proposed in the second preferred embodiment can be 
redefined as an aggregation of a conventional CTS frame and 
a compressed or non-compressed steering frame. The con 
firmed Tx beam forming vector fields may be carried in the 
steering frame. The MIMO control field in the steering frame 
can be set so that a parameter Nr designates the number of 
spatial streams intended for the CTS-sender, a parameter Nc 
designates the number of spatial streams (or the space time 
streams) the RTS-sender (e.g. the AP 10 in FIG. 1) will send 
(this information can be obtained from the number of receiver 
addresses, or the number of high throughput long training 
fields (HT-LTFs) set in the preamble of the packet), a param 
eter Nb, the number of bit used to represent a coefficient, is set 
to the same as the number of coefficients used by the AP10 in 
the MU-RTS frame, so as the parameter Ng which designates 
the number of carriers grouped into one. 

Because additional fields in MU-RTS proposed in the first 
and second embodiments are the same as the additional fields 
in the M-CTS frame, it is also proposed to redefine the MU 
RTS frame as an aggregation of a more generic MU-RTS 
frame and an antenna selection indices feedback frame or a 
non-compressed steering feedback frame. 

FIG. 10 shows such a more generic MU-RTS frame struc 
ture according to the fourth embodiment. This generic MU 
RTS frame can be used for other multi-user transmissions as 
well, e.g. multi-user OFDM transmission as initially men 
tioned. 

Similar to the redefinition of the M-CTS frame, the addi 
tional fields can be carried in the antenna selection indices 
feedback frame or the steering frame. It is noted that the AP10 
may determine the format of the feedback through corre 
sponding settings in the MIMO control field. 
The MU-RTS frame as proposed in the first and second 

embodiments requires confirmations of transmit beam form 
ing vectors or antenna bitmaps from the addressed stations. 
This means that the addressed stations must perform a chan 
nel measurement. Therefore, the AP 10 of FIG. 1 may send 
training sequences, for example the HT-LTFs in the preamble. 
The number of HT-LTFs to be sent must be equal or larger 
than the number of spatial streams (or space-time streams) 
that the AP 10 intends to send in the actual MU MIMO 
transmission. 

It is further proposed in the fourth embodiment to use the 
MU-RTS/CTS message exchanges as a carrier for the sound 
ing mechanism. This sounding mechanism carried by MU 
RTS/CTS message can be used when the scheduler can pro 
cess the channel state information (CSI) fed back in the 
M-CTS frame fast enough so that a MUMIMO frame can be 
scheduled at a timing aSIFStime after the reception of the last 
M-CTS. If this is not the case, the two phase approach can be 
used. It is noted that the interval between phase one and phase 
two has not been specified. hence, in the second phase, a 
confirmation of TX beam forming could be asked for, to make 
Sure that the CSI in the AP 10 is not staled. 

Instead of sending a MU-RTS frame with the proposed 
beam forming vectors or antenna bitmaps, the AP 10 may 
indicate to all addressed stations of the list to perform channel 
measurement by setting a “Not Sounding bit in a HT SIG 
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NAL field to “O'”. The combination of this bit and the MU 
RTS frame may trigger the addressed Station to perform chan 
nel measurement and to feed back the channel State 
information (CSI) in aggregation with the CTS frame. The 
format of the CSI frame sent by each station, namely the 
above Nb and Ng bits, may be the same for each station. These 
parameters can be set by the AP 10 and communicated 
through a high throughput control field (HTC) included in the 
MU-RTS frame through the usage of a control wrapper frame 
format, or specified to certain fixed values. If the format is 
communicated, new fields can be introduced in the HTC field 
which can take the current reserved fields, or the existing field 
can be redefined. The parameter Nc is determined by the 
number of spatial dimension the AP 10 would like to sound 
and it is evident from the number of HT-LTFs. Furthermore, 
the Nr value for each station can be communicated by the AP 
10 so that each station can predict the duration of the aggre 
gate CTS frame. These values can also be communicated via 
extra fields defined in HTC field. 

In the following fifth embodiment, a MAC protocol 
enhancement is proposed that supports MUMIMO transmis 
sions with beam forming in the uplink direction of MU trans 
mission systems, such as IEEE 802.11 based WLANS. The 
fifth embodiment thus extends the first embodiment to uplink 
scenarios where a common receiver can serve multiple trans 
mitters simultaneously. The fifth embodiment is based on a 
MAC mechanism where a common receiver (e.g. the AP10 of 
FIG. 1) initiates a transmissions by broadcasting a call for 
transmissions (C4T) frame to candidate transmitters (e.g. the 
stations 21 to 23 of FIG. 1). The addressed candidate trans 
mitters respond by sending M-RTS frames to show their 
intention to transmitto the common receiver with followed by 
training sequences for channel estimation at the receiver. As 
alternative, training sequences may be provided in respective 
preambles. The receiver estimates the channels from each 
transmitter and assesses the candidate transmitters according 
to their channel realizations. The receiver may also find 
appropriate transmit beam forming vectors for each transmit 
ter and may reply to the M-RTS frames with an MU-CTS 
framewhere it may indicate which transmitters can access the 
channel by using which transmit beam forming vectors. Then, 
the MU MIMO transmission can start. 

The proposed new mechanism according to the fifth 
embodiment thus provides an uplink channel access mecha 
nism for MU MIMO transmissions supporting transmit 
beam forming, where a common receiver Supports simulta 
neous multiple packet reception from different transmitters. 
Thus, the spectral efficiency of the system can be increased. 
The embedded transmit beam forming mechanism provides a 
good MUMIMO transmission coordination among the mul 
tiple transmitters so that the interference among the spatial 
streams is minimized. Besides the new mechanism gives the 
possibility to switch between SU and MU MIMO transmis 
sion modes if the channel realizations are not appropriate for 
a MU MIMO transmission. 
More specifically, in the proposed MU MIMO MAC 

mechanism for the uplink scenario C4T, M-RTS and MU 
CTS frames may be used for accessing a channel, and a 
MU-ACK frame may be used for acknowledging correctly 
received packets. Optionally, an adaptive MU MIMO trans 
mission may be provided by modifying transmit beam form 
ing vectors for the MU MIMO transmission of only a subset 
of stations whose spatial streams are correctly received to 
build the next MIMO frame. The decision can be based on 
information gained from e.g. an error correction code (such as 
a cyclic redundancy code (CRC)) check of the received pack 
etS. 
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In the following, the proposed MU MIMO uplink MAC 

procedure is described in more detail based on five steps as 
shown in FIG. 11. 

In a first step, a common receiver (e.g. the AP10 of FIG. 1) 
broadcasts a call for transmissions (C4T) frame to initiate a 
MU MIMO transmission in the uplink. In the C4T frame, it 
indicates the addresses of all uplink MU MIMO capable 
stations, which is a variable number. Alternatively, the AP10 
may decide to poll only a subset of uplink MUMIMO capable 
stations. 
The C4T frame may also carry a request for sounding and 

an indication of the number of spatial dimensions to be 
Sounded. Alternatively, the number of spatial dimensions to 
be sounded can be standardized to the channel estimation 
capability of the AP 10, which can be obtained from the HT 
capabilities field of the AP10, which could be transmitted in 
beacon frames, association response frames, etc. The dura 
tion field may be set to cover the transmission duration up to 
the start of MUMIMO transmission. As explained above, this 
duration can be obtained from a summation of the duration of 
the responses from the stations, the duration of the MU-CTS 
frame and the SIFS/RIFS intervals separating the frames. 
Because the number of stations assigned for the MU MIMO 
transmission is not known when the C4T frame is con 
structed, the duration of MU-CTS frame is not known. For the 
calculation of the duration field of the C4T, the MU-CTS 
frame is assumed to contain the maximum number of fields 
and the MCS used is the same as the one used for the C4T 
frame transmission. It is noted that in the same frame, the 
format of the CSI report (e.g. parameters Nb, Ng, Nc, Nr) for 
each station must be conveyed. The mechanism to convey this 
information can be the same as used in the downlink MU 
MIMO transmission. The duration must also take into 
account the CSI reports. The C4T frame can be transmitted 
regularly. The frequency of recurrence may then depend on 
the number of uplink MUMIMO capable APs. The frequency 
may be communicated to other APs in a beacon frame. 

FIG. 12 shows an example of a C4T frame structure with 
multiple transmitter address fields according to the fifth 
embodiment. 

After each station has received the call, e.g. the C4T frame, 
they respond in the second step of the procedure by sending 
an M-RTS frame to indicate their intention to transmit to the 
indicated receiver. Here, “M-RTS frame stands for M-DCF 
RTS frame and contains RTS frame fields and additional 
fields such as a CSI field. The M-RTS frame could be replaced 
by an aggregation of an RTS frame and a CSI feedback frame. 
The order of M-RTS frames is implicitly determined by the 

transmitters order in the list in the C4T frame. The first 
M-RTS frame is transmitted after an SIFS interval, and the 
following ones are transmitted after respective RIFS inter 
vals. The physical protocol data unit (PPDU) carrying the 
M-RTS frame may be a sounding PPDU. The duration may be 
the summation of two durations, wherein the first duration 
starts at an SIFS interval after the completion of the M-RTS 
transmission up to the start of MU MIMO transmission and 
the second duration is the duration of the data frame trans 
mission if the MCS used for the M-RTS frame would be used 
to transmit the pending data. From this duration field, the AP 
10 can learn about the amount of data to be sent by a station 
and therefore it can set the duration field in the MU-CTS 
frame properly. 

FIG. 13 shows an M-RTS frame structure as used in the 
fifth embodiment. 

After the AP 10 receives the M-RTS frames from the can 
didate transmitting stations and estimates the channel real 
izations of the stations, it assesses in the third step of the 
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procedure the channel realizations of the stations for a pos 
sible MUMIMO transmission and finds an appropriate trans 
mit beam forming vector for each station or spatial stream. 
Next, it proceeds to the channel reservation by broadcasting 
an MU-CTS frame where it indicates which transmitters can 
access the channel by using which transmit beam forming 
VectOrS. 

FIG. 14 shows an example of the proposed enhanced MU 
CTS frame structure withTx beam forming vectors according 
to the fifth embodiment. 

Alternatively, a more generic MU-CTS frame could be 
used, which doesn't carry the Tx beam forming vectors. Then, 
an aggregated Steering frame (compressed or non com 
pressed) could be used to carry the Tx beam forming vectors. 
The MCS to be used in the transmission by the assigned 
stations may also be conveyed in these frames, e.g., in the 
HTC fields. The duration field may be set to the duration of 
the longest spatial stream plus an SIFS interval and the time 
needed to transmit the M-ACK frame. 

In the fourth step of the procedure, the stations can access 
the channel by using the TX beam forming vectors indicated in 
MU-CTS frame. 

Finally, in the fifth step, after the MUMIMO uplink trans 
mission is completed, the AP 10 may transmit an MU-ACK 
frame where it acknowledges successful receptions of pack 
ets transmitted simultaneously by the assigned stations. 

FIG. 15 shows a corresponding MU-ACK frame structure 
according to the fifth embodiment. This acknowledgment can 
be conveyed in the acknowledged packet bitmap (APB) field 
whose length is equal to the number of RX addresses in the 
MU-CTS frame. A successful reception of a packet can be 
acknowledged e.g. by setting the bit corresponding to the 
transmitting station to “1”. 

With the proposed mechanisms of the fifth embodiment, 
the receiver can initiate and coordinate the MU MIMO trans 
mission in the uplink by finding the appropriate transmit 
beam forming vectors and feeding this information to the 
transmitters, thus, it provides an efficient channel access 
mechanism and an interference avoidance technique for MU 
MIMO uplink transmission. 

In the sixth embodiment, a mechanism is proposed to 
reduce overhead in MU-DCF. Most of the overhead in MU 
DCF is generated due to multiple M-CTS and M-ACK frame 
replies with their SIFS intervals and a preamble prior to each 
frame. Applying a multiple access Scheme other then time 
division multiple access (TDMA) significantly improves the 
performance of the MU-DCF network. 

In MIMO systems it is possible to spatially multiplex the 
frames, but channel knowledge at the transmitter cannot be 
assumed. In OFDM systems, such as IEEE 802.11a, the use of 
OFDMA transmissions leads to smallest hardware complex 
ity. However, other schemes such as MC-CDMA or CDMA 
can have a similar effect. 

In case of OFMDA, by using e.g. a quarter of sub-carriers, 
short packets such as the M-CTS and M-ACK frame, are not 
four times longer—since the major part of the frame is the 
preamble. Depending on the physical layer, M-CTS and 
M-ACK frames are several symbols longer. Assuming a 
packet size of 1024 byte, a physical layer mode for data 
packets of 54 Mb/s, a physical layer mode of 36 Mb/s (and 
other relevant parameters as in the IEEE 802.11a standard), 
the transmission window has a durations of 338 us in the SU 
mode, 578 usin the MU mode (TDMA), and 362 usin the MU 
mode (OFDMA). 

Thus, it is proposed in the sixth embodiment to reduce the 
time needed to transmit the M-CTS and M-ACK frames in 
MU mode of operation in MU-DCF. This reduces the over 
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head in the MU almost to that of a SU system, while preserv 
ing the above mentioned benefits of MU-MIMO transmis 
sions. 

Instead of transmitting the M-CTS and M-ACK frames in 
a TDMA mode, all the sub-carriers are divided into subsets 
and each Subset is assigned to one station which has to sendan 
M-CTS or M-ACK frame. 
The information about the mapping of subcarrier Subsets to 

stations can be determined from the order of the receivers in 
the address list conveyed in MU-RTS frame. Hence, M-CTS 
and M-ACK frames are transmitted simultaneously, so that 
the SIFS intervals and preambles which precede each frame 
in IEEE 802.11 networks and which are the carriers of the 
overhead in MU-MIMO systems are parallelized. Depending 
on the physical layer characteristics, the M-CTS and M-ACK 
frames may be only several symbols longer. 

In Summary, a transmitting apparatus, a receiving appara 
tus, a system and a method of performing multi-user trans 
mission to a plurality of other transmission ends have been 
described, wherein a request for transmission, e.g. MU-RTS 
frame, MU-CFR frame, or C4T frame, is broadcast to the 
plurality of other transmission ends, and wherein the request 
is provided with a MAC frame which includes a list of at least 
two identifications of receiving ends which are requested to 
reply to the request. Various advantageous further enhance 
ments and improvements of this underlying general concept 
have been provided in the above embodiments. 

It is noted that the present invention is not restricted to the 
above embodiments and can be used for any multi-user trans 
mission scheme, not only MUMIMO. More specifically, the 
invention is applicable to all types of MIMO based WLANs, 
particularly M-DCF systems. The protocol works in both 
single-user (SU) and MU mode. Performance improvements 
compared to M-DCF can be expected in highly intercon 
nected systems and in AP downlink, where multiple connec 
tions are present. Moreover, the invention is applicable to all 
multi-user wireless systems with a random access MAC 
mechanism. It is expected to increase the spectral efficiency 
of the wireless networks where the traffic is asymmetric and 
most of the traffic originates from a single transmitter such as 
an AP in a downlink scenario or a server that distributes data 
to multiple stations, and/or where most of the traffic is des 
tined to a single receiver Such as an AP in an uplink scenario 
or a gateway that provides the access to external network. 

Finally but yet importantly, it is noted that the term “com 
prises' or “comprising when used in the specification 
including the claims is intended to specify the presence of 
stated features, means, steps or components, but does not 
exclude the presence or addition of one or more other fea 
tures, means, steps, components or group thereof. Further, the 
word “a” or “an preceding an element in a claim does not 
exclude the presence of a plurality of such elements. More 
over, any reference sign does not limit the scope of the claims. 
The invention claimed is: 
1. An apparatus for performing multi-user transmission to 

a plurality of other transmission ends, said apparatus being 
configured: 

to broadcast a request for transmission to said plurality of 
other transmission ends; 

to provide said request with a Medium Access Control 
(MAC) frame which includes a list of at least two iden 
tifications of other transmission ends which are 
requested to reply to said request; and 

to use said request for transmission as a request for feeding 
back a channel state information, to assess channel real 
izations of said other transmission ends based on chan 
nel state feedback information received from said other 



US 8,842,606 B2 
19 

transmission ends, and to derive appropriate beam form 
ing vectors for said other transmission ends, 

wherein an order of the identifications in the list is used by 
the other transmission ends to derive a timing corre 
sponding to said order for a response to said request. 5 

2. The apparatus according to claim 1, wherein said appa 
ratus is configured to create a transmission frame only from 
packets destined to at least one of those other transmission 
ends which replied to said request for transmission. 

3. The apparatus according to claim 2, wherein said iden 
tification comprises a MAC address. 

4. The apparatus according to claim 1, wherein said other 
transmission ends are candidate transmitters which are 
addressed to return a sending request to show their intention 
to transmit. 

5. The apparatus according to claim 4, wherein said appa- 15 
ratus is configured to perform channel estimation for said 
candidate transmitters according to their channel realizations, 
and to reply to said sending request with a sending confirma 
tion indicating which transmitter can access a channel by 
which beam forming vector. 2O 

6. The apparatus according to claim 1, wherein said appa 
ratus comprises a multi-user transceiver with at least one of a 
multiple input chain and a multiple output chain. 

7. The apparatus according to claim 1, wherein said request 
for transmission comprises information which specifies a 25 
format to be used for said requested channel state feedback 
information. 

8. The apparatus according to claim 1, wherein said appa 
ratus is configured to acknowledge receipt of transmissions 
by sending a MAC frame which indicates those other trans- 30 
mission ends from which said transmissions have been 
received. 

9. The apparatus according to claim 8, wherein said appa 
ratus is configured to indicate said other transmission ends 
from which said transmissions have been received, by setting 35 
a respective bit in a bitmap provided in said MAC frame. 

10. The apparatus according to claim 1, wherein said appa 
ratus is configured to broadcast sending request frames 
including a list of said other transmission ends and said appro 
priate beam forming vectors for said other transmission ends. 40 

11. The apparatus according to claim 1, wherein said appa 
ratus is configured to add to said request for transmission a 
duration information which indicates a predicted duration of 
a whole expected transmission. 

12. The apparatus according to claim 1, wherein said appa- 45 
ratus comprises a multi-user transceiver with at least one of 
multiple input chain and a multiple output chain. 

13. An apparatus for receiving a multi-user transmission 
signal, said apparatus being configured: 

to receive a request for transmission; 50 
to detect a list of at least two receiver identifications in a 
Medium Access Control MAC frame provided by said 
request for transmission; 

to respond to said request for transmission if said list con 
tains an identification of said apparatus; 55 

to respond to said request for transmission with a channel 
feedback frame including a channel state information 
and appropriate transmit beam forming vectors; and 

based on an order of said identification in said list, to derive 
a timing corresponding to said order for its response. 60 

14. The apparatus according to claim 13, wherein said 
apparatus is configured to include in the response a duration 
information indicating an amount of data in its transmission 
queue. 
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15. The apparatus according to claim 13, wherein said 

apparatus is configured to set its network allocation vector in 
accordance with a content of a duration field provided in said 
request for transmission, if said list does not contain any 
identification of said apparatus. 

16. The apparatus according to claim 13, wherein said 
apparatus is configured to calculate a waiting time for its 
response by using a duration field provided in said request for 
transmission. 

17. The apparatus according to claim 13, wherein said 
apparatus is configured to respond by combining an aggre 
gate MAC packet data unit and a sounding feedback mecha 
nism including a frame with information for channel access 
determination including determining which transmitter of the 
plurality of other transmission ends can access a channel by 
which beam forming vector of the derived beam forming vec 
tOrS. 

18. The apparatus according to claim 13, wherein said 
apparatus is configured to use an assigned subset of sub 
carriers of a multi-user transmission signal for the response. 

19. The apparatus according to claim 18, wherein said 
apparatus is configured to derive said assigned subset from 
the order of said identification in said list. 

20. The apparatus according to claim 18, wherein said 
apparatus is configured to respond a predetermined time 
period after the reception of said request. 

21. A method for performing multi-user transmission 
between a first transmission end and a plurality of second 
transmission ends, said method comprising the acts of: 

incorporating into a Medium Access Control MAC frame a 
list of at least two identifications of receiving ends which 
are requested to respond to said multi-user transmission; 

broadcasting said MAC frame including said list, in a 
request for transmission to said plurality of second trans 
mission ends; and 

using said request for transmission as a request for feeding 
back a channel state information, to assess channel real 
izations of said other transmission ends based on chan 
nel state feedback information received from said plu 
rality of second transmission ends, and to derive 
appropriate beam forming vectors for said plurality of 
second transmission end, 

wherein an order of the identifications in the list is used by 
the receiving ends to derive a timing corresponding to 
said order for a response to said request. 

22. A system for multi-user transmission comprising at 
least one transmitting apparatus for performing multi-user 
transmission to a plurality of other transmission ends, said at 
least one transmitting apparatus being configured: 

to broadcast a request for transmission to said plurality of 
other transmission ends; and to provide said request with 
a Medium Access Control MAC frame which includes a 
list of at least two identifications of other transmission 
ends which are requested to reply to said request and a 
further apparatus according to claim 13. 

23. The system according to claim 22, wherein said at least 
one transmitting apparatus and said further apparatus are at 
least a part of a wireless local area network. 

24. A non-transitory computer readable medium embody 
ing computer instructions which, when executed by a proces 
Sor, configure the processor to perform the method of claim 
21. 


