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Description

[0001] The IEEE 802.11 standard family specifies the
implementation of a wireless local area network (WLAN),
awireless equivalentto the wired Ethernet standard. The
802.11 standards define the physical layer and data link
layer, in particular the logical link control (LLC) and the
media access control (MAC), according to the ISO/OSI
reference model. Wireless local area networks (WLANS)
can be implemented according to IEEE802.11 WLAN
standards IEEE802.11a, b, or g. A transmitter, receiver
or transceiver compliant with at least one of the men-
tioned IEEE 802.11 WLAN standards a, b, or g will in the
following be referred to as a IEEE 802.11 transmitter,
IEEE 802.11 receiver or IEEE 802.11 transceiver. How-
ever, to increase readability, an IEEE 802.11 transmitter,
receiver, or transceiver will in the following also be re-
ferredtoin short as atransmitter, receiver, or transceiver.
[0002] One of the main requirements for future evolu-
tions of WLAN systems is increased cell capacity, and
this will require enhanced multiple-input-multiple-output
(MIMO) schemes with improved diversity and coding
gains in comparison with those in existing systems. For
enhancing the capacity of wireless radios, multi-antenna
systems are used at the transmitter and the receiver,
respectively. Some commercially available IEEE802.11a
boards already have two antennas, but they only provide
a basic switching function between antennas, i.e., anten-
na selection.

[0003] Known full MIMO transmission schemes pro-
vide improved transmission reliability and radio cover-
age, but require a strongly increased hardware effort for
the baseband processing. For multiple spatial and tem-
poral processing branches must be provided in the digital
baseband part, the number of branches corresponding
to the number of antennas. Consequently, chip area and
cost are rather high for such systems.

[0004] It would be desirable to further improve the
transmission reliability of an IEEE802.11 WLAN commu-
nication system with low additional hardware effort and
backwards compatibility to the respective existing IEEE
802.11 standard employed.

[0005] It is therefore an object of the present invention
to provide a method for operating an IEEE802.11 receiv-
er, which allows a data communication with higher trans-
mission reliability than the IEEE802.11 WLAN standards
provide, without, however, loosing the compatibility with
a respective one of these well-established standards.
The object of the present invention translates also to a
method for operating an IEEE802.11 transmitter, and to
IEEE802.11 receiver, transmitter and transceiver devic-
es.

[0006] Accordingto afirst aspect of the present inven-
tion a method for operating an IEEE802.11 receiver is
provided. The method comprises

- detecting whether a multiple-input-multiple-output
transmission, hereinafter MIMO transmission, is
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possible, in RF communication with an IEEE802.11
transmitter, in other words, supported by the
|IEEE802.11 transmitter,

wherein the MIMO transmission takes the form of
multiple concurrent transmissions of a single stream
of analogue radio frequency, RF, signals, corre-
sponding analogue RF signals of different concur-
rent transmissions of the stream differing only by
having differentamplitudes or different phases or dif-
ferent amplitudes and phases;

a)ifyes, i.e., ifa MIMO transmissions is enabled
by both, |EEE802.11 transmitter and
IEEE802.11 receiver:

- operatingthe IEEE802.11 receiver with a plurality of
antennas in communication with the IEEE802.11
transmitter;

- performing a channel estimation process in commu-
nication with the IEEE802.11 transmitter,

- determining a set of weights to be applied to the an-
alogue RF signals received in different ones of the
concurrent transmissions of the MIMO transmission;

- receiving the MIMO transmission via the plurality of
antennas;

- subsequently combiningthe plurality of analogue RF
signals according to a combining algorithm using the
determined set of weights, thus forming a combined
analogue RF signal;

- subsequently converting the combined analogue RF
signal into a combined digital baseband signal;

- subsequently further processing the combined dig-
ital baseband signal;

b)if no, i.e., if one of the IEEE802.11 transmitter
and the IEEE802.11 receiver does not support
a MIMO transmission:

- operating the IEEE802.11 receiver with a single an-
tenna in communication with the IEEE802.11 trans-
mitter;

- receiving and processing the stream of analogue ra-
dio frequency, RF, signals, in the form of a single-
input-single-output transmission according to the
|IEEE802.11 standard, hereinafter SISO transmis-
sion, via the single antenna.

[0007] The method of the first aspect of the present
invention allows an |IEEE802.11 receiver to operate on
two alternative physical layers. The first of the two alter-
native physical layers is the conventional IEEE802.11
physical layer according to a respective specific stand-
ard, which is well known in the art and provides commu-
nication between a transmitter and a receiver viaa SISO
OFDM transmission. A second, alternative physical layer
that, among other advantages, enables a higher reliability
than the conventional IEEE802.11 physical layer, is pro-
vided by operating the IEEE8B02.11 receiver to process
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a specific type of MIMO transmissions, which as such
are foreign to the IEEE802.11 WLAN standards. AMIMO
transmission according to the present invention has mul-
tiple concurrent transmissions of a single stream of an-
alogue RF data signals, wherein corresponding ana-
logue RF data signals of different ones of the concurrent
transmissions of the stream differ only by having different
amplitudes or different phases, or both, different ampli-
tudes and phases.

[0008] MIMO wireless communication employing spa-
tial multiplexing usually is based on transmitting inde-
pendent and separately encoded RF data signals, thus
multiple streams, one from each of the multiple transmit
antennas. The transmitted data signals are separately
encoded in conventional MIMO systems. In contrast, a
single stream is used for the MIMO transmission accord-
ing to the present invention. The signals only differ in the
applied weights in the analogue domain. That means,
the signals transmitted by the different antennas differ
only in their amplitudes and phases.

[0009] It turns out that single-stream MIMO transmis-
sions are particularly suited to the front end reception
and combining in the analogue RF domain, which is per-
formed according to the method of the first aspect of the
invention. By shifting the spatial processing to the ana-
logue RF domain, the number of receiving and transmit-
ting baseband digital processing paths can be reduced
to a single one. Known MIMO-OFDM receivers, in con-
trast, perform all the spatial processing in the baseband
domain and require a corresponding number of process-
ing modules in the digital baseband part. The invention
thus allows reducing the hardware overhead introduced
by enabling MIMO transmissions to additional antennas
and a modified RF front end. This translates into lower
fabrication costs and a reduced power consumption of
the receiver. Furthermore, it reduces the number of pa-
rameters to be adjusted on the transmitter and receiver
side, thus simplifying the baseband design and making
the receiver more robust to uncertainties, such as those
due to the channel estimation procedure.

[0010] Part of the process of the invention is a channel
estimation process, which an IEEE802.11 receiver per-
forms, typically in the digital baseband part, in commu-
nication with the IEEE802.11 transmitter. After the chan-
nel estimation process forthe MIMO transmissions, a set
of weights, i.e., a set of weight factors is determined. The
weights are applied to the analogue RF signals received
in different ones of the concurrent transmissions of the
MIMO transmission. This allows an adaptive beamform-
ing at the receiver as well as at the transmitter.

[0011] A second aspect of the present invention is
formed by a method for operating an IEEE802.11 trans-
mitter. The method comprises:

- detecting whether a multiple-input-multiple-output
transmission, hereinafter MIMO transmission, is
possible in RF communication with a target
IEEE802.11 receiver;
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wherein the MIMO transmission takes the form of
multiple concurrent transmissions of a single stream
of analogue radio frequency, RF, signals, corre-
sponding analogue RF signals of different concur-
rent transmissions of the stream differing only by
having differentamplitudes or different phases or dif-
ferent amplitudes and phases;

a) if yes:

- operating the IEEE802.11 transmitter with
a plurality of antennas in communication
with the target IEEE802.11 receiver;

- performing a channel estimation process
in communication with the target
|IEEE802.11 receiver of the MIMO transmis-
sion;

- determining a set of weights to be applied
tothe analogue RF signals to be transmitted
in different ones of the concurrent transmis-
sions of the MIMO transmission;

-transmittingthe MIMO transmission viathe
plurality of antennas to the target
|IEEE802.11 receiver;

b) if no:

- operating the IEEE802.11 transmitter
with asingle antenna in communication
with the target IEEE802.11 receiver;

- transmitting the stream of analogue
RF signals as a single-input-single-out-
put transmission according to the
|[EEE802.11 standard, hereinafter
SISO transmission, via at least one of
the plurality of antennas.

[0012] The advantages of the method of the second
aspect of the invention for operating an IEEE802.11
transmitter correspond to those described for the method
of the first aspect of the invention.

[0013] It should be noted that the methods of the first
and second aspect concern a communication between
one transmitter and one receiver. However, the invention
does not exclude that a transmitter may have different
parallel communications with different receivers, just as
a receiver may perform communications with different
transmitters. Multiple parallel transmissions may be re-
alized employing identical or different transmission
schemes, MIMO according to the invention or standard
SISO, for transmission links to different devices.

[0014] In the following, embodiments of the methods
of the first and second aspects of the invention will be
described. The additional features of different embodi-
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ments can be combined to form further embodiments,
unless such different embodiments are expressly de-
scribed as forming alternatives to each other. For ease
of description and reading, the method of the first aspect
of the invention for operating an IEEE802.11 receiver will
in the following be referred to as the receiver method,
and the method of the second aspect of the invention for
operating an IEEE802.11 transmitter will in the following
be referred to as the transmitter method.

[0015] In an embodiment of the receiver method, per-
forming the beamforming process, i.e., determining the
set of weights comprises

- receiving a first frame from the transmitter in a first
MIMO transmission, which employs a first subset of
weights for the transmitter side, and updating only a
second subset of weights for the receiver side, i.e.,
keeping the first subset of weights fixed;

- transmitting a second frame from the receiver to the
transmitter in a second MIMO transmission using the
updated second subset of weights; and

- repeating these foregoing steps until the first and
second subsets of weights for the transmitter and
receiver side achieve a predetermined convergence
criterion.

[0016] The corresponding embodiment of the trans-
mitter method comprises

- transmitting the first frame from the IEEE802.11
transmitter to the target IEEE802.11 receiver in the
first MIMO transmission using the first subset of
weights for the transmitter side;

- receiving the second frame from the target
IEEE802.11 receiver in a second MIMO transmis-
sion and updating only the first subset of weights for
the transmitter side;

- repeating these foregoing steps until the first and
second subsets of weights for the transmitter and
receiver side achieve a predetermined convergence
criterion.

[0017] These embodiments have the advantage of a
reduced processing amount required on the side of the
transmitter for performing the channel estimation.
[0018] The channel estimation process and the proc-
ess of weight calculation are different tasks. In a hard-
ware implementation, they can form different sub-tasks
of acommon block or be implemented as separate circuit
blocks.

[0019] The channel estimation procedure preferably
uses a time-division duplex (TDD) operation mode. It is
based on the assumption that the transmission channel
observed between any pair of antennas is the same re-
gardless of the direction of the link. In a preferred em-
bodiment, the channel estimation on the receiver side is
performed using a least-squares (LS) estimate.

[0020] Preferably, transmitting the first channel esti-
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mation frame comprises transmitting a plurality of OFDM
training symbols. Different OFDM training symbols may
be transmitted employing different sets of weights. This
allows the receiver to subsequently perform a selection
of an optimal set of weights according to a predetermined
selection criterion.

[0021] In a preferred embodiment of the transmitter
and receiver methods of the invention, a common pair of
subsets of weights, which are also referred to as Tx-Rx
beamformers, is applied to all data carriers used. This
embodiment requires a solution to the challenging prob-
lem of selecting an optimal pair of beamformers for a
specific channel realization..

[0022] In one embodiment, the optimal set of weights
is ascertained by employing a gradient search algorithm.
[0023] Once the channel has been estimated, the op-
timal weights, i.e., amplitudes and phases for each trans-
mitted signal, are preferably selected to optimize a pre-
determined performance criterion. Selecting the optimal
set of weights preferably comprises selecting that partic-
ular set of weights, for which a predetermined cost func-
tion is minimized. In particular, the system performance
depends on a virtual SISO channel, which is the result
of a combination of the selected weights and the true
MIMO channel. A virtual or equivalent SISO channel is
a hypothetical SISO transmission channel that has the
transmission properties of a MIMO transmission channel
under consideration, which MIMO channel has fixed set
weights on the transmitter and receiver sides.

[0024] In one embodiment the following cost function
is used:
¥ o—l1
5 1 1
- log -
o-1 =\ 1+y|hk|
wherein

H .
- hk =W, kaT represents the response of the vir-

tual/equivalent SISO channel for the k-th active sub-
carrier;
- N, is the number of active subcarriers. In
IEEE802.11a N, = 52;

- H,isthe (estimated) MIMO channel for the k-th sub-
carrier. Each element in the matrix H, represents the
channel between one transmit and one receive an-
tenna;

- wrand wg are the transmit and receive beamform-
ers. Each element in these vectors is a complex
weight representing the amplitude and phase to be
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applied by the RF-control unit;

- yisthe signal to noise ration defined as the relation
between the transmitted power and the noise power
at the receiver;

- o is a selectable fixed parameter which permits to
select one of different performance criteria to be op-
timized by the selected set of weights..

[0025] In particular:

- o= 0 translates into the optimization of the overall

SNR. Equivalently, it reduces to the maximization of
the energy of the equivalent SISO channel.

- o =1 provides the criterion consisting of the maxi-
mization of the system capacity.
This can be proved by applying L’Hopital’s rule to
the general cost function.

- a=2provides the criterion of minimizing the bit error
rate under the assumption of linear receivers and
optimal linear precoding.

- Other a values provide a tradeoff between the ener-
gy and the spectral flatness of the equivalent SISO
channel. For larger o, part of the channel energy is
sacrificed in order to obtain more frequency-flat
equivalent channels.

[0026] In a further embodiment, the detection of the
capability of handling MIMO transmissions is based on
setting (on the respective transmitter side) and detecting
(on the respective receiver side) a bit at a predefined bit
position of a predefined field of a frame transmitted by
the IEEE802.11 transmitter, which assumes a predefined
value indicative of the capability of a MIMO transmission.
Preferably, additional information about the system is in-
cluded in the frame. In particular, the number of receive/
transmit antennas and a number of training symbols to
follow may be comprised by the frame. The receiver in-
dicates its capability preferably by transmitting a corre-
sponding frame to the IEEE802.11 transmitter. The men-
tioned information can be added to frames, which are
otherwise in full accordance with the IEEE802.11 stand-
ard, thus supporting a backwards compatibility of the
methods of the invention. For instance, the bit indicative
of MIMO transmission capability may be the known re-
served bit or the known parity bit of the conventional
IEEE802.11 Signal Field of a frame transmitted during
channel estimation.

[0027] Further aspects of the invention are formed by
an IEEE802.11 receiver, which is configured to perform
the method of the first aspect of the invention or one of
its embodiments disclosed herein.

[0028] One embodiment of such an IEEE802.11 re-
ceiver comprises:
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- aMIMO detecting unit, which is configured to detect
whether a multiple-input-multiple-output transmis-
sion, hereinafter MIMO transmission, is possible in
RF communication with an IEEE802.11 transmitter,
wherein the MIMO transmission takes the form of
multiple concurrent transmissions of a single stream
of analogue radio frequency, RF, signals, corre-
sponding analogue RF signals of different concur-
rent transmissions of the stream differing only by
having differentamplitudes or different phases or dif-
ferent amplitudes and phases;

- achannel estimation unit, which is connectable with
a plurality of antennas and which is configured to
perform, if a MIMO transmission is possible with the
IEEE802.11 transmitter, a channel estimation proc-
ess incommunication with the IEEE802.11 transmit-
ter,

- abeamforming unit, which is configuredto determine
a set of weights to be applied to the analogue RF
signals received in different ones of the concurrent
transmissions of the MIMO transmission;

- an RF frontend unit, which is connectable with the
channel estimation unit, the beamforming unit, and
with aplurality of antennas and which is configured to

- receive the MIMO transmission via the plurality of
antennas;

- subsequently combine the plurality of analogue
baseband signals according to a combining algo-
rithm using the determined set of weights, thus form-
ing 2 combined analogue RF signal;

- subsequently convert the combined analogue RF
signal into a combined analogue digital baseband
signal;

- a baseband unit, which is connected with the RF
frontend and which is configured to further process
the combined digital baseband signal;

wherein the RF frontend unit and the baseband unit are
further configured to, if a MIMO transmission is not pos-
sible with the IEEE802.11 transmitter, receive and proc-
ess the stream of analogue radio frequency, RF, signals,
in the form of a single-input-single-output transmission
according to the IEEE802.11 standard, hereinafter SISO
transmission, via at least one of the plurality of antennas.
[0029] A fourth aspect of the present invention is
formed by an IEEE802.11 transmitter, which is config-
uredto perform amethod according to the second aspect
of the inventions or one of its embodiments disclosed
herein. One embodiment of the IEEE802.11 transmitter
comprises:

-aMIMO detecting unit, which is configured to detect
whether a multiple-input-multiple-output transmis-
sion, hereinafter MIMO transmission, is possible in
RF communication with a target IEEE802.11 receiv-
er,

wherein the MIMO transmission takes the form of
multiple concurrent transmissions of a single stream
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of analogue radio frequency, RF, signals, corre-
sponding analogue RF signals of different concur-
rent transmissions of the stream differing only by
having different amplitudes or different phases or dif-
ferent amplitudes and phases;

-achannel estimation unit, which is connectable with
a plurality of antennas and which is configured to
perform, if a MIMO transmission is possible with the
target IEEE8B02.11 receiver, a channel estimation
process in communication with the target
IEEE802.11 receiver;

- a beamforming unit, which is configured to deter-
mine a set of weights to be applied to the analogue
RF signals to be transmitted in different ones of the
concurrent transmissions of the MIMO transmission;

- an RF frontend unit, which is connectable with the
channel estimation unit and with a plurality of anten-
nas and which is configured to, if a MIMO transmis-
sion is possible with the target IEEE802.11 receiver,
transmit the MIMO transmission via the plurality of
antennas and, if a MIMO transmission is not possible
with the target IEEE802.11 receiver, transmit the
stream of analogue RF signals as a single-input-sin-
gle-output  transmission according to the
IEEE802.11 standard, hereinafter SISO transmis-
sion, via at least one of the plurality of antennas.

[0030] Afifth aspectisformedbyan IEEE802.11 trans-
ceiver, which comprises an IEEE802.11 receiver accord-
ingtothe third aspect of the invention and an IEEE802.11
transmitter accordingto the fourth aspect of the invention.
[0031] The methods and devices disclosed herein may
be used in the context of any of the IEEE802.11 WLAN
standards mentioned in the beginning of this specifica-
tion.

[0032] Further embodiments are defined by the de-
pendent claims at the end of the present specification.
[0033] Inthefollowing, furtherembodiments willbe de-
scribed with reference to the enclosed drawings. In the
drawings:

Fig. 1 shows a schematic representation of a proto-
col stack implemented in an IEEE802.11a transmit-
ter, receiver or transceiver;

Fig. 2 shows a schematic representation of protocol
stacks on the physical layer and the data link layer
for a communication between an |IEEE802.11a
transceiver capable of MIMO transmissions and
IEEE802.11a device, which is not capable of MIMO
transmissions;

Fig. 3 is a simplified block diagram of an
IEEE802.11a transceiver capable of MIMO trans-
missions according to one embodiment of the inven-
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tion;

Fig. 4 is a schematic representation of a frame struc-
ture that can be used in the context of MIMO trans-
missions;

Fig. 5 shows a schematic representation of a section
of the frame of Fig. 4 with bit assignments in the
MIMAX Signal Field;

Fig. 6 is a schematic flow diagram of a channel es-
timation process in the communication between two
IEEE802.11a transceivers capable of MIMO trans-
missions;

Fig. 7 is a simplified flow diagram of a channel esti-
mation process performed at the receiving end; and

Fig. 8 is a simplified block diagram of an IEEE802.11
transceiver.

[0034] In the following, the description of further em-
bodiments will focus on the context of the IEEE802.11a
standard. However, it should be understood that this is
purely exemplary, and should not be understood as im-
plying that the invention is not applicable in the context
of other IEEE802.11 standards.

[0035] Reference is made in parallel to Figs. 1 and 2.
Fig. 1 shows a schematic representation of a protocol
stack implemented in an IEEE802.11a device 100, i.e.,
a transmitter, receiver, or transceiver. Fig 2 shows the
corresponding protocol stacks of two IEEE802.11a de-
vices 100 and 200, wherein the device 200 is a conven-
tional device according to the prior art.

[0036] In the following, an IEEE8B02.11a device ac-
cording to the present invention, whether a receiver,
transmitter or transceiver will also be referred to as a
MIMAX device.

[0037] Fig. 1 only shows a section of a protocol stack
that covers the physical layer, the data link layer and the
network and transport layer, also known as layers 1 to 4
according the well known OSI reference model repre-
senting a layered communication architecture. Fig. 1
serves particularly to indicate those sections of the pro-
tocol stack of the MIMAX device 100, which comprise
modifications in comparison with a device that supports
the conventional IEEE8B02.11a standard only, such as
MIMAX device 200 in Fig. 2.

[0038] The physical layer has two sub-layers 102 and
104. On aphysical-medium-dependent (PMD) sub-layer,
which is shown by reference label 102, the communica-
tion between two MIMAX devices is modified in compar-
ison with conventional IEEEB02.11a devices by the in-
troduction of MIMO capabilities and a sighal combining
in an analogue frontend on the transmitting and receiving
sides.

[0039] Note that the introduction of MIMO capabilities
in done in the form of an option. The conventional phys-
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ical layer that uses an OFDM based SISO air interface
on the physical layer in the 5 GHz band forms another
option implemented in the MIMAX PMD 102. The provi-
sion of the two options on the physical layer 102 requires
adaptations in the Physical Layer Convergence Protocol
PLCP, which forms an upper sub-layer 104 of the phys-
ical layer. For a MIMAX device, therefore, a modified MI-
MAX PLCP layer 104 is provided. The PLCP enables the
presence of different physical-layer procedures, as used
by a MIMAX device.

[0040] On top of the physical layer a data link layer
comprising two sub-layers 106 and 108 is provided. The
lower sub-layer 106 is a MIMAX MAC layer, which also
comprises modifications in comparison with a conven-
tional IEEE802.11a device, and which will be described
further below in more detail. In contrast, the upper sub-
layer 108 of the data link layer, which is formed by the
link-level control layer, is compliant with the conventional
IEEE802.11a standard and not modified in a MIMAX de-
vice 100.

[0041] On top of the data link layer, the network and
transport layers 110 are summarized. In the present em-
bodiment they are formed by a standard TCP/IP stack
for both the MIMAX device 100 and the conventional
IEEE802.11a device 200.

[0042] Fig 2 arranges corresponding protocol layers
of the two devices 100 and 200 side by side. Communi-
cation between the two devices 100 and 200 is enabled
by a backwards compatibility provided in the layers 102
to 106, which will be explained in more detail below.
[0043] Fig. 3 is a simplified block diagram of an
IEEE802.11a transceiver 300 capable of MIMO trans-
missions according to one embodiment of the invention.
The transceiver 300 thus is an example of a MIMAX de-
vice. Only a baseband processor 302 and a MAC unit
304 are shown with some detail. An RF control unit 306
is only represented as a block.

[0044] The baseband processor 302 is connected with
the RF control unit 306. The baseband processor is di-
vided into two sections 308 and 310. The first section
308implements known functionalities ofan IEEE802.11a
device, such as Fast Fourier Transform (FFT) inan FFT
block 312, SISO channel estimation using long training
symbols (LTS) in a SISO-channel estimation block 314,
and data decoding in a data-decoding block 316 on the
receiver side of the baseband processor.

[0045] Inaddition, and as a difference to a convention-
al IEEE802.11a device, the data-decoding block 316
serves for detecting MIMO capabilities in an incoming
frame. This is achieved by evaluating predefined bit in a
Signal Field of a MIMAX frame, which indicates whether
the other end of the communication is a MIMAX device
as well, cf. also Fig. 4 and the pertaining description.
[0046] The second section 310 of the baseband proc-
essor is added in comparison with conventional
IEEE802.11a devices. It comprises a MIMAX control unit
318, which activates or deactivates the MIMAX opera-
tion, i.e. the processing of a MIMO transmission accord-
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ingto the present invention, if the data decoding unit 316
indicates that the corresponding bit in the Signal Field is
activated.

[0047] A MIMAX channel estimation block 320 per-
forms a channel estimation for the MIMO-transmission
communication, which will be explained in more detail
further below with reference to Fig. 6. Units 322 and 324
are connected with the MIMAX channel-estimation unit
320 and serve for determining and correcting weight fac-
tors to be used for combining the incoming different con-
current analogue RF signals of the concurrent transmis-
sions of a MIMO transmission. The weight correction is
done in dependence on a frequency offset estimation
provided by a corresponding block 326.

[0048] Forthe datalinklayer,the standard IEEE 802.2
LLC is used on top of the 802.11a MAC. In the following,
the functionalities of the MAC unit 304, which differ from
the standard-compatible functionalities and adapt the
MAC layer to the MIMAX transmission system will be
explained. The new functionalities of the MIMAX base
band processorimpose some changes onthe MAC proc-
essor, e.g. knowledge of the configuration of the trans-
ceiver including the number of antennas for RX and TX
or a database of active and available users (MAC ad-
dresses, number of antennas at the user, last optimum
weights, etc.). These tasks and the storage are related
to the MAC because no memory is available atthe PLCP
base band processor.

[0049] The MAC processor controls the data and con-
trol-signal flow to the base band processor depending on
the communication scheme. Not only data transmission
is initialised by the MAC processor transmitting data and
the (last) optimum weights to the base band, but also
transferring weights for channel estimation to the PLCP.
[0050] In the following, reference is made to Figs. 4
and 5 in parallel. Fig. 4 is a schematic representation of
aframe structure that can be usedin the context of MIMO
transmissions. Fig. 5 shows a schematic representation
of a section of the frame of Fig. 4 with bit assignments in
the MIMAX Signal Field 402.

[0051] The frame 400 shown in Fig. 4 is a physical-
layer frame. It is modified in comparison with a conven-
tional IEEE802.11a frame for the purpose of allowing
communication via a MIMO transmission. In particular,
the modified structure allows for MIMO channel estima-
tion in a backwards-compatible manner. To that end, a
MIMAX Signal Field 402 is used for indicating the capa-
bility of handling MIMO transmissions. Fora conventional
IEEE802.11a frame, a reserved bit in the Signal Field
402 will be set to zero, whereas for a MIMAX frame, the
reserved bit of the Signal Field 402 will be set to one.
[0052] Furthermore, specific OFDM training symbols,
herein also referred to as MIMO or MIMAX training sym-
bols, are contained in the frame 400, and indicated by
the reference labels TW1, ..., TWn. The MIMAX training
symbols TW1 to TWn are transmitted and then proc-
essedonthe receiver side using different RF beamformer
weights in the analogue RF domain. This process is per-
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formed separately and after a SISO channel estimation,
for which long training symbols Ts and T2 are used. The
long training symbols preceded by a guard interval G12
for separation from short training symbols t1, t2,.., t0,
which serve for signal detection, automatic gain control
(AGC), time and coarse frequency synchronization.
[0053] The frame advantageously includes additional
information about the system parameters. In particular,
the number of receive/transmit antennas andthe number
of training symbols are contained in the MIMAX Signal
Field 402 (Fig. 5). In particular the number of receive
antennas (N_RX, bits 9 and 10), and transmit antennas
(N_TX, bits 6 and 7) is exchanged in this field. Also, the
number N_T of training symbols is determined by the
number of transmit and receive antennas bits 12 to 16,
wherein the least significant bit (LSB) of the number is
given first at bit position 12, and the most significant bit
(MSB) is given last at bit position 16 of the MIMAX Signal
Field 402. Bit 17 is a parity bit P. Bits H1-H4 at bit positions
0 to 3 are reserved for further use.

[0054] As a further difference over a conventional
IEEE802.11a, a number of MIMAX stuffing symbols,
shown by way of example by the MIMAX stuffing symbol
"Stuff 1" is included between the MIMAX Signal Field and
the MIMAX training symbols in the fame 400 (Fig. 4). The
stuffing symbols serve to provide enough time to the an-
alogue front end in orderto change amplitudes and phas-
es employed during the reception of each OFDM training
symbol.

[0055] To allow backwards-compatibility, the remain-
derof the frame 400 is exactly the same as aconventional
IEEE802.11a frame.

[0056] Fig. 6 shows schematic flow diagram of a chan-
nel estimation process in the communication between
two IEEE802.11a transceivers capable of MIMO trans-
missions. The displayed channel estimation process for
two MIMAX devices MD1 and MD2 is based on a time-
division-duplex (TDD) operation mode. It assumes chan-
nel reciprocity, so that the channel observed between
any pair of antennas is assumed to be the same regard-
less of the direction of the link.

[0057] The procedure comprises two phases. In afirst
phase, the first MIMAX device MD1 transmits a channel
estimation frame. For the present description, it is as-
sumed by way of example that both MIMAX devices have
four antennas and transmit four MIMAX frames per an-
tenna so that 16 OFDM training symbols are transmitted
from the MIMAX device MD1 to the MIMAX device MD2.
[0058] In a step 602, on the basis of the received 16
OFDM training symbols, the second MIMAX device MD2
estimates the MIMO channel and obtains RF weights in
steps 604 and 606. In a subsequent step 608, the second
MIMAX device MD2 transmits a frame with only 4 OFDM
training symbols, that is, by using only one of its 4 anten-
nas, to the MIMAX device MD1. Accordingly, the MIMAX
device MD1 only estimates the received SIMO channel,
which is received via the four different receive antennas
of the first MIMAX MD1. From this, the RF weights are
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obtained in a step 612. A distinguishing feature of the
channel estimation procedure shown in Fig. 6 is that, due
to the use of Tx-Rx beamforming at the second MIMAX
device MD2, it is only required to estimate a SIMO chan-
nel at the first MIMAX device MD1 after the second MI-
MAX device MD2 has estimated the full MIMO channel.
[0059] The channel estimation block 320 at the receiv-
ing second MIMAX device MD2 estimates the MIMO
OFDM channel from the received training symbols. To
this end, the block implements a least-squares (LS) es-
timate. By default, the estimation algorithms use binary-
phase-shift keying (BPSK) training symbols and orthog-
onal sets of beamformers.

[0060] Fig. 7 is a simplified flow diagram of a channel
estimation process performed at the receiving end. The
procedure shown in Fig. 7 is performed by blocks 320
and 322 ofthe MIMAX device 300 of Fig. 3. The proposed
MIMO transmission of the present invention, unlike con-
ventional MIMO systems, applies a common pair of Tx-
Rx beamformers to all the IEEE802.11a data carriers.
This translates into the problem of selecting the optimal
pair of beamformers for a specific channel realization.
The beamformer selection block 322, which is responsi-
ble for determining the RF weights uses an efficient gra-
dient search algorithm shown in Fig. 7. The algorithm is
based on the minimization of the following cost function:

o—1

| o
_10 _
oo L

= N 1+y |hk|2

[0061] The symbols used in the cost function have
been defined in a previous section of this specification.
The choice of the parameter o permits to select different
performance ctriteria in the adjustment of the beamform-
ing parameters at the receiver and the transmitter. Once
a criterion has been selected, o is a fixed parameter. In
particular, oo = 0 translates into an optimization of the
overall signal-to-noise ratio (SNR). Equivalently, it reduc-
es to the maximization of the energy of the equivalent
SISO channel. a = 1 provides the criterion consisting of
the maximization of the system capacity. This can be
proved by applying L’Hopital’s rule to the general cost
function. a. = 2 provides the criterion of minimizing the bit
error rate under the assumption of linear receivers and
optimal linear precoding. Other o values provide a trade-
off between the energy and the spectral flatness of the
equivalent SISO channel. For larger a , part of the chan-
nelenergy is sacrificed in orderto obtain more frequency-
flat equivalent channels.

[0062] Inthefollowing, a short overview ofthe process
is given. After channel estimation, selection of an optimi-
zation criterion and an initialization of the beamformes
forthe transmitter and the receiver, in steps 702 and 704,
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only the receive beamformer is modified in a first series
of steps 706 to 710, while the transmit beamformer is
kept fixed. In a second series of steps 712 to 716, the
transmit beamformer is modified, considering fixed the
receive beamformer.

[0063] More specifically, the process starts ascertain-
ing a channel estimation matrix H and selecting the de-
sired value of the parameter o at step 702. In step 704,
the Tx-Rx beamformers are initialized.

[0064] Subsequently, in a sequence of steps 706 to
710, the transmitter weights are set as fixed (step 706),
and

[0065] the receiverweights are updated (step 708) and
subsequently normalized (step 710). Then, the receiver
weights are set as fixed (step 712), the transmitter
weights are updated (step 714) and normalized (step
714). Then, the convergence of the current beamformer
determination is checked by checking for a minimization
of the cost function with the current beamforming param-
eters at step 718.

[0066] If no convergence has been achieved, the pro-
cedure branches back to step 706 and follows the se-
quence of the steps 706 to 716 to check if the conver-
gence is achieved with a next set of beamforming pa-
rameters. If convergence is indeed achieved, the proce-
dure ends with step 720.

[0067] Fig. 8 is a simplified block diagram of a MIMAX
receiver 800 that illustrates the combining in the ana-
logue part 802 of the receiver.

[0068] The MIMAX receiver has aplurality of antennas
804.1 to 804.n for receiving incoming signals RF signals,
each antenna forming a separate reception branch. Sub-
sequent band-pass filters and low-noise amplifiers in
each branch, as known in the art, are not shown her for
reasons of graphical simplification. An analogue beam-
forming unit 806 comprises controllable vector modula-
tors 806.1 to 806.n, which modify amplitude and phase
of the respective antenna signals by multiplying the in-
coming RF signals with respective complex weight fac-
tors w[1] to w[n] received from a digital baseband unit
816. The weighted analogue signals are then fed to and
combined by an adder 808. Thus, spatial processing of
the received signals is immediately performed after re-
ception and before demodulation. A demodulation unit
810 has two demodulators 810.1 and 810.2 for | and Q
signal components of the combined signal. The demod-
ulators are driven by a local oscillator LO. The demodu-
lated | and Q signals are forwarded to respective low-
pass filters 812.1 and 812.2 and subsequently converted
to digital signals by Analogue-to-Digital converters 814.1
and 814.2, respectively. The digital signals are then fed
to a digital baseband unit 816 for further processing. The
digital baseband unit comprises an RF control unit (cf.
Fig. 3), which determines the complex weight factors w
[1] to w[n] and provides them to the vector modulators of
the beamforming unit 806.

[0069] The signal flow described above for a receiver
is inverted for a MIMAX transmitter, which is not shown
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here. From the foregoing description of the MIMAX re-
ceiver, a person of ordinary skill in the art immediately
visualizes a corresponding MIMAX transmitter structure,
in which digital baseband signals are converted to ana-
logue | and Q components, up-converted to the RF do-
main, combined, and then fed to multiple parallel vector
modulators, each connected with a respective transmit
antenna of a respective transmit branch for enabling mul-
tiple spatially diverse transmissions of the single data
stream.

[0070] The MIMAX transmission and reception con-
cept described combines the available spatial diversity
of smart antenna systems with the low system complexity
of SISO systems. The spatial processing of a conven-
tional MIMO approach is shifted to each receive path in
the RF front-end. Albeit additional circuitry is needed for
this spatial processing, parallel receive paths merge into
a single analogue base band after the spatial signal
processing. Furthermore, no spatial processing is re-
quiredinthe digital base band. This reduces system com-
plexity and power consumption because the most power
consuming subsystems are shared among the receive
paths.

[0071] This fundamental concept of coherent process-
ing is generally applicable to all air interfaces. It allows a
parallelandindependent processing on all traffic resourc-
es.

Claims

1. A method for operating an IEEE802.11 receiver,
comprising

- detecting whether a multiple-input-multiple-
output transmission, hereinafter MIMO trans-
mission, is possible in RF communication with
an IEEE802.11 transmitter,

wherein the MIMO transmission takes the form
of multiple concurrent transmissions of a single
stream of analogue radio frequency, RF, sig-
nals, corresponding analogue RF signals of dif-
ferent concurrent transmissions of the stream
differing only by having different amplitudes or
different phases or different amplitudes and
phases;

- if yes:

- operating the IEEE802.11 receiver with a plu-
rality of antennas in communication with the
|IEEE802.11 transmitter;

- performing a channel estimation process in
communication with the IEEE802.11 transmit-
ter,

- determining a set of weights to be applied to
the analogue RF signals received in different
ones of the concurrent transmissions of the M-
MO transmission;

- receiving the MIMO transmission via the plu-
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rality of antennas;

- subsequently combining the plurality of ana-
logue RF signals according to a combining al-
gorithm using the determined set of weights,
thus forming a combined analogue RF signal;
- subsequently converting the combined ana-
logue RF signal into a combined digital base-
band signal;

- subsequently further processing the combined
digital baseband signal;

- if no:

- operating the IEEEB02.11 receiver with a sin-
gle antenna in communication with the
|IEEE802.11 transmitter;

- receiving and processing the stream of ana-
logue radio frequency, RF, signals, in the form
of a single-input-single-output transmission ac-
cordingto the IEEE802.11 standard, hereinafter
SISO transmission, via the single antenna.

2. The method of claim 1, wherein determining the set

of weights comprises

- receiving a first frame from the IEEE 802.11
transmitter in a first MIMO transmission, which
employs a first subset of weights for the IEEE
802.11 transmitter, and updating only a second
subset of weights for the IEEE 802.11 receiver;
- transmitting a second frame from the IEEE
802.11 receiver to the IEEE 802.11 transmitter
in a second MIMO transmission, using the up-
dated second subset of weights; and

- repeating these foregoing steps until the first
and second subsets of weights for the |IEEE
802.11 transmitter and receiver achieve a pre-
determined convergence ctiterion.

The method of one of the preceding claims, wherein
receiving the first channel estimation frame compris-
es

- receiving a plurality of OFDM training symbols,
different ones of the OFDM symbols being trans-
mitted by employing different sets of weights;

- selecting an optimal set of weights according
to a predetermined selection criterion.

The method of claim 4, wherein selecting the optimal
set of weights comprises selecting that set of
weights, for which the following cost function is min-
imized:
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10

wherein

hk = wakwT represents a response of a virtual

equivalent SISO channel for the k-th active subcar-
rier,

- N, is the number of active subcarriers;

- H, is a matrix representing the MIMO channel
estimation for the k-th subcarrier, wherein each
element of the matrix H, represents the channel
between one transmit and one receive antenna;
- wrand wgare transmit and receive beamform-
er vectors (beamformers), wherein each ele-
ment in these vectors is a complex weight factor
representing an amplitude and phase to be ap-
plied by the RF-control unit;

- v is a signal-to-noise ratio defined as the rela-
tion between a transmitted power and a noise
power at the receiver; and

- o is a selectable fixed parameter which permits
to select one of different performance criteria to
be optimized by the selected set of weights.

5. The method of one of the preceding claims, wherein

- transforming the radio signals of the MIMO
transmission into a plurality of analogue base-
band signals and combining the plurality of an-
alogue baseband signals is performed by oper-
ating a corresponding plurality of analogue re-
ceiver front ends of the receiver; and wherein

- transforming the combined analogue base-
band signal into a combined digital baseband
signal and further processing the combined dig-
ital baseband signal is performed by operating
a single digital baseband part of the receiver.

6. The method of one of the preceding claims, wherein

detecting whether the MIMO transmission is possi-
ble in RF communication with the IEEE802.11 trans-
mitter comprises detecting whether a bit at a prede-
fined bit position of a predefined field of a frame re-
ceived from the IEEE802.11 transmitter assumes a
predefined value indicative of the capability for a MI-
MO transmission.

The method of one of the preceding claims, further
comprising

- detecting from a received frame of the MIMO
transmission how many concurrent transmis-
sions are provided in the MIMO transmission;
- operatinga corresponding number of antennas
and receiver front ends for receiving the MIMO
transmission.

8. A method for operating an IEEEB02.11 transmitter,

comprising
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- detecting whether a multiple-input-multiple-
output transmission, hereinafter MIMO trans-
mission, is possible in RF communication with
atarget IEEE802.11 receiever,

wherein the MIMO transmission takes the form
of multiple concurrent transmissions of a single
stream of analogue radio frequency, RF, sig-
nals, corresponding analogue RF signals of dif-
ferent concurrent transmissions of the stream
differing only by having different amplitudes or
different phases or different amplitudes and
phases;

- if yes:

- operating the IEEE802.11 transmitter with a
plurality of antennas in communication with the
target IEEE802.11 receiver;;

- performing a channel estimation process in
communication with the target IEEE802.11 re-
ceiver of the MIMO transmission;

- determining a set of weights to be applied to
the analogue RF signals to be transmitted in dif-
ferent ones of the concurrent transmissions of
the MIMO transmission;

-transmitting the MIMO transmission via the plu-
rality of antennas to the target IEEE802.11 re-
ceiver;

- if no:

- operating the IEEE802.11 transmitter with a
single antennain communication with the target
|IEEE802.11 receiver;

- transmitting the stream of analog RF signals
as a single-input-single-output transmission ac-
cordingto the IEEE802.11 standard, hereinafter
SISO transmission, via at least one of the plu-
rality of antennas.

9. The method of claim 8, wherein determining the set
of weights comprises

- transmitting a first frame from the IEEE802.11
transmitter to the target IEEE802.11 receiver in
a first MIMO transmission using a first subset of
weights for the IEEE 802.11 transmitter;

- receiving a second frame from the target
IEEE802.11 receiver in a second MIMO trans-
mission and updating only the first subset of
weights for the IEEE802.11 transmitter;

- repeating these foregoing steps until the first
and second subsets of weights for the
IEEE802.11 transmitter and receiver achieve a
predetermined convergence criterion.

10. The method of claim 9, wherein transmitting the first
channel estimation frame comprises transmitting a
plurality of OFDM training symbols, different ones of
the OFDM symbols being transmitted by employing
different sets of weights;
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11. The method of claim 8 or 9, wherein detecting wheth-
era MIMO transmission is possible in RF communi-
cation with the target IEEE802.11 receiver, compris-
es including a bit assuming a predefined value indic-
ative of a capability of the transmitter for a MIMO
transmission at a predefined bit position of a prede-
fined field of a frame to be transmitted.

12. An |IEEE802.11 receiver, comprising

- a MIMO detecting unit, which is configured to
detect whether a multiple-input-multiple-output
transmission, hereinafter MIMO transmission, is
possible in RF communication with an
|IEEE802.11 transmitter,

wherein the MIMO transmission takes the form
of multiple concurrent transmissions of a single
stream of analogue radio frequency, RF, sig-
nals, corresponding analogue RF signals of dif-
ferent concurrent transmissions of the stream
differing only by having different amplitudes or
different phases or different amplitudes and
phases;

- achannel estimation unit, which is connectable
with a plurality of antennas and which is config-
ured to perform, if a MIMO transmission is pos-
sible with the IEEE802.11 transmitter, a channel
estimation process in communication with the
|IEEE802.11 transmitter;

- a beamforming unit, which is configured to de-
termine a set of weights to be applied to the an-
alogue RF signals received in different ones of
the concurrenttransmissions of the MIMO trans-
mission;

- an RF frontend unit, which is connectable with
the channel estimation unit, the beamforming
unit and with a plurality of antennas and which
is configured to

- receive the MIMO transmission via the plurality
of antennas;

- subsequently combine the plurality of analogue
baseband signals according to a combining al-
gorithm using the determined set of weights,
thus forming a combined analogue RF signal;
- subsequently convert the combined analogue
RF signalinto acombined analogue digitalbase-
band signal;

- a baseband unit, which is connected with the
RF frontend and which is configured to further
process the combined digital baseband signal;
wherein the RF frontend unit and the baseband
unit are further configured to, if a MIMO trans-

mission is not possible with the IEEE802.11
transmitter, receive and process the stream of
analogue radio frequency, RF, signals, in the
form of a single-input-single-output transmis-
sion according to the IEEE802.11 standard,
hereinafter SISO transmission, via at least one
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of the plurality of antennas.
13. An |IEEE802.11 transmitter, comprising

- a MIMO detecting unit, which is configuredto 5
detect whether a multiple-input-multiple-output
transmission, hereinafter MIMO transmission, is
possible in RF communication with a target
|IEEE802.11 receiver,

wherein the MIMO transmission takes the form 70
of multiple concurrent transmissions of a single
stream of analogue radio frequency, RF, sig-
nals, corresponding analogue RF signals of dif-
ferent concurrent transmissions of the stream
differing only by having different amplitudes or 15
different phases or different amplitudes and
phases;

-achannel estimation unit, which is connectable

with a plurality of antennas and which is config-
ured to perform, if a MIMO transmission is pos- 20
sible with the target IEEE802.11 receiver, a
channel estimation process in communication
with the target IEEE802.11 receiver;

- a beamforming unit, which is configured to de-
termine a set of weights to be applied tothe an- 25
alogue RF signals to be transmitted in different
ones of the concurrent transmissions of the MI-

MO transmission;

- an RF frontend unit, which is connectable with

the channel estimation unit and with a plurality 30
of antennas and which is configured to, if a M-

MO transmission is possible with the target
|IEEE802.11 receiver, transmit the MIMO trans-
mission via the plurality of antennas and, if a
MIMO transmission is not possible with the tar- 35
get IEEE802.11 receiver, transmit the stream of
analogue RF signals as a single-input-single-
output transmission according to the
IEEE802.11 standard, hereinafter SISO trans-
mission, via at least one of the plurality of an- 40
tennas;

14. An |[EEE802.11 transceiver, which comprises an
IEEE802.11 receiver according to claim 12 and an
IEEE802.11 transmitter according to claim 13. 45
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