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INSTANTANEOUS JOINT TRANSMIT POWER
CONTROL AND LINK ADAPTATION FOR
RTS/CTS BASED CHANNEL ACCESS

[0001] This application claims priority from U.S. Provi-
sional Application No. 60/282,191, filed on Apr. 9, 2001 in
the English language, which is hereby incorporated by
reference.

BACKGROUND OF THE INVENTION
[0002] 1. Field of the Invention

[0003] The invention relates to the field of wireless com-
munications, in particular to transmit power control and link
adaptation techniques and mechanisms.

[0004] 2. Background Information

[0005] The IEEE 802.11 is a wireless LAN (Local Area
Network) standard that has been standardized by IEEE
(Institute of Electrical & Electronics Engineers). The IEEE
802.11 wireless LLAN standard is currently undergoing a
process of extending the standard with QoS (Quality of
Service) features. The objective is to enable, for example,
computers or multimedia devices to communicate under
QoS constraints. This standard extension goes under the
name [EEE 802.11e and is managed by the so-called task
group e, TGe.

[0006] Recently, the IEEE 802.11 standard was also
extended with a new physical layer allowing higher data
rates than the previous physical layer. Various data rates are
enabled through several code rates and signal constellations.
The purpose is to allow link adaptation depending on the
channel quality. The high rate PHY (physical layer) on the
so-called 5 GHz band is called IEEE 802.11a and is based
on OFDM (Orthogonal Frequency Division Multiplexing).
The corresponding so-called 2.4 GHz band PHY is called
IEEE 802.11b and uses single carrier modulation schemes.

[0007] IEEE 802.11 operates either in a DCF (Distributed
Coordination Function) or a PCF (Point Coordination Func-
tion) mode. The former is for distributed operation and the
latter for centralized control from an access point, AP. So far
the PCF mode has not been ratified by implementers as the
complexity is consider to high, instead DCF is used both for
the distributed operation as well as with the AP.

[0008] The origin of IEEE 802.11 access scheme is traced
back to BTMA (Busy Tone Multiple Access) which was the
first proposed method for distributed control of channel
access avoiding the well known hidden terminal problem.

[0009] In MACA (Multiple Access with Collision Avoid-
ance), proposed by Phil Karn in 1980, the introduction of a
Request To Send (RTS) and Clear To Send (CTS), hand-
shake phase prior data transmission solved the idea of
distributed reservation. This presented a more feasible basis
to build a practical system upon as it did not divide the
frequency band in a channel for data and busy tones, as in
the BTMA scheme. Also the idea of random exponential
back off, that was later used in IEEE 802.11, was introduced
in MACA.

[0010] In MACAW (Multiple Access with Collision
Avoidance for Wireless), the basic mechanism of MACA
was refined. Among other things, a link acknowledgment,
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ACK, scheme was introduced. The access scheme of IEEE
802.11 is now based to a great extent on principles devel-
oped in MACAW.

[0011] Other ongoing standardization activities in IEEE
802.11 include the so-called TGh (Task Group b, i.e., an
IEEE task group for IEEE 802.11h) that has the objective of
designing and including transmit power control (TPC), as
well as distributed frequency selection (DFS), in IEEE
802.11a. The purpose of power control from a standardiza-
tion point of view is primarily to enable IEEE 802.11a
stations, STAs, to conform to European regulatory require-
ments.

[0012] As background information, the basic access prin-
ciples for IEEE 802.11 will now be described. For more
detailed information the reader is referred to the standard
IEEE 802.11-1999 (which replaces IEEE 802.11-1997), the
standard IEEE 802.11a-1999 (High data rate on the 5 GHz
Band), and the standard IEEE 802.11b-1999 (High data rate
on the 2.4 GHz Band). Good and simple overviews may also
be found in a) “Smart Antenna Systems and Wireless
LANSs”, authored by Garret T. Okamoto and published by
Kluwer academic publishers (ISBN 0-7923-8335-4), and
“IEEE 802.11 Handbook, A Designers Companion”,
authored by Bob O’Hara and Al Patrick (ISBN 0-7381-
1855-9).

[0013] There are two modes of channel access scheme
operation in the Distributed Co-ordination Function (DCF),
one based on CSMA/CA (Carrier Sense Multiple Access/
Collision Avoidance) and one based on CSMA/CA including
RTS-CTS message exchange. A MIB (Management Infor-
mation Base) attribute “dotl1RTSThreshold” is used to
differentiate the use of the two. MPDUs (MAC Protocol
Data Units, where “MAC” stands for Medium Access Con-
trol) shorter than the threshold is sent without RTS-CTSs,
whereas longer MPDUs are sent with RTS-CTSs. The focus
here is the RTS-CTS based CSMA/CA mechanism that
enables mitigation of hidden stations and hence in general
provides a more efficient use of the wireless medium.

[0014] FIGS. 1A-1D show a communication procedure
between a station T and a station R, and related effects on
nearby stations E, E, G, H. In FIG. 1A, station T transmits
an RTS (Request to Send) signal to the station R. The
transmit range 102 of the station T encompasses the stations
R, E and F, but not the stations H, G. Thus the stations R, E
and F receive or overhear the RTS signal, but the stations H,
G do not. In a next step shown in FIG. 1B, in reply to the
RTS signal, the station R sends a CTS (Cleared to Send)
reply signal to the station T. As shown in FIG. 1B, the
transmit range 104 of the station R encompasses the station
F, Hbut not the stations E, G. After receiving the CTS signal,
in FIG. 1C the station T transmits a DATA signal to the
station R, and then in FIG. 1D the station R acknowledges
receipt of the DATA signal by sending an ACK signal or
message to the station T.

[0015] Since the station H is a hidden station with respect
to the station T, it is informed of the intention of station T to
transmit via the reply CTS message sent by the station R
(since station H is not hidden from the station R, i.e., it is
within the transmit range 104 of the station R). As a
consequence, the station H will not transmit and disturb
ongoing reception by the station R. Stations E and F will in
a similar manner defer channel access to the stations T and
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R, after overhearing the RTS from the station T and/or the
CTS from the station R. As shown in FIGS. 1A-1D, station
G is hidden from both stations T and R, and therefore will
likely not overhear the RTS or CTS, and therefore it may
transmit.

[0016] FIG. 2 illustrates frame formats used in IEEE
802.11, where the numbers above the boxes indicate the size
of the information in the box. Note, Address 4 in the DATA
and MANAGEMENT frame exists only for DATA frames in
a wireless DS (Distribution System), and does not exist in
MANAGEMENT frames.

[0017] FIG. 3 illustrates the frame exchange including
RTS and CTS. When frames are received by stations other
than those intended to receive the frames, a so called NAV
(Network Allocation Vector) is set according to a duration
value indicated in a field of the frame. This provides an
additional collision avoidance mechanism to the physical
channel access sensing and is therefore called virtual chan-
nel sensing. As long as either the physical or virtual channel
sense indicates activities on the channel, a station must
remain silent When the channel becomes free, stations start
contending for the channel according to the channel access
principles defined in the IEEE 802.11-1999 standard. In
general, the NAV can only be extended if new frames are
received. There exist some special instances when the NAV
can be reset as well, but that is not the normal operation.

[0018] FIG. 4 illustrates use of RTS-CTS with DATA
fragmentation. Each fragment and ACK then acts as implicit
RTS and CTS. Additional fragments are indicated by a bit
(field) in the frame control of the fragments.

[0019] According to the IEEE 802.11-1999 standard, CTS
should be sent with the same link rate as RTS, and ACK
should be sent with the same link rate as DATA. The original
purpose is to enable the originating or transmitting station
(e.g., the station T of FIG. 1) to calculate the duration value
prior to RTS transmission.

[0020] FIG. 5 shows a detailed example of two stations
attempting to access a channel through the RTS-CTS phase.
In FIG. 5, each time slot=9 microseconds, the SIFS (Short
Inter-Frame Spaces) time=16 microseconds, a CCA (carrier
sense) time<4 microseconds, a min CW (Contention Win-
dow)=15 time slots, a max CW=1023 time slots, an air
propagation time<<1 microsecond (in FIG. 5, it is 0 micro-
seconds), DIFS=SIFS+2 time slots=34 microseconds, RTS=
52 microseconds @ 6 megabytes/second (RTS=24 micro-
seconds @ 54 megabytes/second), and CTS=44
microseconds @ 6 megabytes/second (CTS=24 microsec-
onds @ 54 megabytes/second).

[0021] International Publication No. W0-9501020 A dis-
closes that each station in a wireless LAN (Local Area
Network), using time-distributed multiple access control,
listens to traffic using the network communications channel,
for example, for spread-spectrum, frequency-hopping trans-
missions. Each station constructs its own network allocation
vector from the received transmission contents, indicating
when the channel will be in use. Message transmission uses
four-way handshaking with two short control packets,
“Request to send” (RTS) and “Clear to send” (CTS). The
RTS packet includes the data transmission length, enabling
the various receiving stations in the network to reserve and
block their use of the communications channel over the
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period of time concerned. The CTS packet repeats this data
length, for the benefit of receiving stations not within range
of the source transmission. This document corresponds to
the IEEE 802.11 standard defined in the IEEE 802.11-1999
standard.

[0022] Some ideas regarding transmission power control
in DBTMA (Dual Busy Tone Multiple Access), are
described in S.-L. Wu, Y.-C. Tseng, and J.-P. Sheu, “Intel-
ligent Medium Access for Mobile Ad Hoc Networks with
Busy Tones and Power Control”, Int’l Conf. on Computer
Communications and Networks, 1999, pp. 71-76. DBTMA
is an extension of BTMA with dual busy tones instead of a
single busy tone.

[0023] However, power control is not supported in known
RTS-CTS based channel access schemes.

[0024] With respect to DBTMA with TPC, BTMA (Busy
Tone Multiple Access) as such is generally not a viable
solution for distributed channel access as it is extremely
unpractical. It is merely used as a simple system to study in
the academic literature. Also, control messages use maxi-
mum Transmit Power (TP), and therefore it is not possible
for control messages to share a channel with data traffic as
that would cause harmful interference peaks for data recep-
tion. Another drawback is that information regarding fixed
TP is assumed known at the receiver. In addition, DBTMA
with TPC only attempts to solve a problem in a specific
situation, namely in a distributed system where stations are
neither associated with APs, nor associated in a group with
other stations. Another drawback is that asymmetries in
interference, link gain, or TP capabilities are not been
considered.

[0025] There are also additional problems common to
each of general RTS-CTS, IEEE 802.11 and DBTMA,
namely a) link adaptation has not been considered in the
RTS-CTS framework, and b) asymmetries in terms of link
adaptation capabilities have not been considered.

SUMMARY OF THE INVENTION

[0026] Exemplary embodiments of the invention take a
more far-reaching transmit power-control (TPC) approach
than outlined IEEE 802.11 TGh, and have the objective of
improving the overall system performance in IEEE 802.11a
as well as other RTS-CTS based channel access scheme to
the greatest feasible extent In doing so, this will implicitly
address QoS goals considered in IEEE 802.11 TGe.

[0027] A further goal of the invention is to address the
issue of link adaptation (LA) in conjunction with RTS-CTS
frame exchange.

[0028] A further goal of the invention is to address the
issue of link adaptation (LA) in a common framework with
TPC.

[0029] In accordance with an exemplary embodiment of
the invention, a method for closed loop link adaptation based
on a Request To Send-Clear To Send (RTS-CTS) channel
access scheme includes the following steps. Designating a
station as an originating station. Transmitting a RTS frame
with predetermined transmit power from an originating
station, prior to an intended DATA transmission, sounding
the channel such that reception characteristics can be evalu-
ated at a designated receiving station. Transmitting, in
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response to the originating station, a CTS frame with a
predetermined transmit power from the receiving station
with directives of link adaptations. Transmitting a DATA
frame from the originating station to the receiving station
frame complying with link adjustment directives to the
extent of the originating stations capabilities. Transmitting
an acknowledge (ACK) frame in response to the originating
stations from the receiving station indicating result of DATA
frame reception.

[0030] Inaccordance with another exemplary embodiment
of the invention, a method for open loop group transmit
power control in an infrastructureless system (i.e. an IBSS or
Independent Basic Service Set), includes the following
steps. Transmitting a frame conveying transmit power infor-
mation for the corresponding frame to any proximate sta-
tion. Receiving, by one of the proximate stations, the frame
and determining the path gain based on measured signal
strength of the received frame and respective transmit power
information conveyed in the received frame. Selecting path
gains originating from the same group (i.e., IBSS). Deter-
mining a required transmit power to reach nodes associated
with any of the selected path gains. Selecting the minimum
of the highest transmit power and allowed transmit power,
wherein the allowed transmit power is determined by regu-
latory requirements and stations transmit power capabilities.
Assigning the selected transmit power to Request To Send
(RTS), Clear To Send (CTS) messages and other frames
destined for nodes associated with any of the selected path
gains.

[0031] Inaccordance with another exemplary embodiment
of the invention, a method for open loop group transmit
power control in an infrastructure system (i.e., a BSS or
Basic Service Set), includes the following steps. Selecting,
by an access point (AP), at least one station within a group.
Transmitting a transmit power information request from an
AP to the at least one selected stations. Transmitting a
transmit power response with transmit power information
for the corresponding frame to any proximate station from
the at least one selected stations in an orderly manner
preventing collisions. Receiving the frame with the transmit
power response and determining the path gain based on
measured signal strength of the received frame and respec-
tive transmit power information in the received frame.
Selecting path gains originating from the same group (i.e.,
BSS). Determining required transmit power to reach nodes
associated with any of the selected path gains. Selecting the
minimum of the highest transmit power and allowed trans-
mit power, wherein the allowed transmit power is deter-
mined by regulatory requirements and stations transmit
power capabilities. Assigning the selected transmit power to
Request To Send (RTS), Clear To Send (CTS) messages and
other frames destined for nodes associated with any of the
selected path gains.

[0032] In accordance with another exemplary embodiment
of the invention, a method of tiered transmit power includes
the steps of determining a sequence of frames that must be
exchanged for successful communication, and assigning
different transmit power levels to those frames wherein the
frames have different topological objectives or distance
objectives.

[0033] Inaccordance with another exemplary embodiment
of the invention, a method for interference mitigation based
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on open loop transmit power control enabling tighter
medium reuse, includes the following steps. Conveying
transmit power control information for and in every trans-
mitted frame by any station transmitting. Receiving frames
and determining a path gain based on measured signal
strength of the received frames and respective transmit
power information conveyed by the received frames. Deter-
mining the maximum instantaneously allowed transmit
power based on all overheard frames such that ongoing
communication is not noticeably disturbed. Conditioning
transmit power, and if feasible and necessary, reducing
transmit power and other transmit parameters (e.g., link rate
etc), to ensure that the maximum transmit power condition
is not exceeded during any transmission attempt.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] Other objects and advantages of the present inven-
tion will become apparent to those skilled in the art from the
following detailed description of preferred embodiments,
when read in conjunction with the accompanying drawings
wherein like elements have been designated with like ref-
erence numerals and wherein:

[0035] FIGS. 1A-1D show an RTS-CTS-DATA-ACK
message exchange.

[0036] FIG. 2 shows exemplary MAC Frame formats of
IEEE 802.11.

[0037] FIG. 3 shows NAV setting together with RTS-
CTS.

[0038] FIG. 4 shows NAV setting when fragmentation is
employed together with RTS-CTS.

[0039] FIG. 5 shows two sources or originating stations/
nodes attempting to access the same channel in IEEE 802.11
a.

[0040] FIG. 6 shows an example of a Tiered TPC in an
IBSS-like system in accordance with exemplary embodi-
ments of the invention.

[0041] FIG. 7 shows an example of Joint TPC and LA on
DATA with an optional extension to ACK in accordance
with exemplary embodiments of the invention.

[0042] FIG. 8 shows TPC information derived from a
BEACON in IBSS in accordance with exemplary embodi-
ments of the invention.

[0043] FIGS. 9A and 9B show IBSS path gain estimates
from a BEACON in accordance with exemplary embodi-
ments of the invention.

[0044] FIG. 10 shows a Request for TP Information
issued by an AP and responded to by an addressed station in
accordance with exemplary embodiments of the invention.

[0045] FIG. 11 shows an example of BSS TP_Request,
TP_Reply exchange that establishes path-gain knowledge in
accordance with exemplary embodiments of the invention.

[0046] FIG. 12 shows exemplary TP_Request and
TP_Reply IEs in accordance with exemplary embodiments
of the invention.

[0047] FIG. 13 shows concurrent and adjacent DATA
transmissions enabled by TPC in accordance with exem-
plary embodiments of the invention.
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[0048] FIG. 14 shows an interference profile at a receiv-
ing station in accordance with exemplary embodiments of
the invention.

[0049] FIG. 15 shows exemplary frame formats including
Closed Loop TPC and LA in accordance with exemplary
embodiments of the invention.

[0050] FIG. 16 shows exemplary frame formats including
TP Information fields in accordance with exemplary
embodiments of the invention.

[0051] FIG. 17 shows a frame format including a generic
field for TP and LA information in accordance with exem-
plary embodiments of the invention.

[0052] FIG. 18 shows a table describing a TPC policy
following a tiered approach in accordance with exemplary
embodiments of the invention.

[0053] FIG. 19 shows a Transmit Power Information
Request Element format in accordance with exemplary
embodiments of the invention.

[0054] FIG. 20 shows a Transmit Power Information
Element format in accordance with exemplary embodiments
of the invention.

[0055] FIG. 21 shows BEACON modifications in accor-
dance with exemplary embodiments of the invention.

[0056] FIG. 22 shows Probe Request modifications in
accordance with exemplary embodiments of the invention.

[0057] FIG. 23 shows Probe Response modifications in
accordance with exemplary embodiments of the invention.

[0058] FIG. 24 shows a P, Request format in accordance
with exemplary embodiments of the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0059] European Regulatory requirements for the “5 GHz
band” defined by ERC (European Radiocommunications
Committee), limits the mean EIRP (Effective Isotropically
Radiated Power) to 200 mW and 1 W, in the 5150-5350
MHz (indoor) and the 5470-5725 MHz (indoor and outdoor)
band respectively. Further, DFS (Distributed Frequency
Selection) shall be applied over both bands in conjunction
with TPC (Transmit Power Control), the latter operating
both in down and uplink. [EEE 802.11 devices operating in
the ERC area must therefore comply with stated conditions.
As the IEEE 802.11 standard currently does not incorporate
the required TPC mechanisms, it is an objective of exem-
plary embodiments of the present invention to present
methods with respect to TPC, such that ERC directives can
be fulfilled. In doing so, it is a further objective of exemplary
embodiments of the present invention to provide TPC meth-
ods enabling link and system performance enhancements.

[0060] Exemplary embodiments of the present invention
can be applied in both infrastructure-based 802.11 WL ANs
with an AP (Access Point), or Infrastructure BSS (Basic
Service Set), as well as ad hoc-oriented 802.11 networks, or
independent BSS (IBSS). DCF (Distributed Coordination
Function) has often been the preferred mode of operation as
well as the fundamental channel access mode of 802.11.
Against that background, a TPC scheme taking the DCF
mode as a starting point is consistent with exemplary
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embodiments of the invention. Exemplary embodiments of
the present invention can be extended or implemented to
support the (E)PCF (Point Coordination Function) or the
HCF (Hybrid Coordination Function) mode.

[0061] Exemplary embodiments of the present invention
enable not just compliance with ERC requirements, but also
enable significant enhancement of system performance in
terms of throughput, delay and prolonged battery life. Exem-
plary embodiments of the present invention also provide
mechanisms and procedures to implicitly enhance experi-
enced QoS (Quality of Service) as well as reduce the need
for overlap BSS handling. In accordance with exemplary
embodiments of the invention, TPC for IEEE 802.11 is
proposed with some modification in the current 802.11
MAC specification that may be incorporated as part of the
changes within the 802.11¢ framework.

[0062] In accordance with exemplary embodiments of the
invention, methods, protocols and frame structures are dis-
closed that enable both joint and independent TPC and LA
(Link Adaptation) in conjunction with a RTS/CTS based
channel access scheme. In accordance with exemplary
embodiments of the invention, mechanisms are provided to
differentiate TPC depending on topological goals. In an
exemplary embodiment of the invention, Group based TPC
mechanisms for frames like RTS and CTS are provided.
Note that the term “group” is synonymous with the collec-
tion of all stations in a BSS or in an IBSS, but can also be
interpreted in other groupings not specified by or explicitly
defined in IEEE 802.11. Exemplary embodiments of the
present invention also provide a TPC mechanism for inter-
ference mitigation, such that stations belonging to other
Groups (BSSs or IBSSs, where “BSS” stands for Basic
Service Set and “IBSS” stands for Independent Basic Ser-
vice Set) are not interfered with. At the same time this
enables reuse of the channel provided a suitable TP (Trans-
mit Power) level is selected. Interference mitigation mecha-
nisms may alternatively be employed within a group, e.g., an
infinite large and dispersed group. In accordance with exem-
plary embodiments of the present invention, as a basis for
those mechanisms, both closed loop as well as open loop
TPC are applied.

[0063] In reducing generated interference and minimizing
power consumption, it is vital to apply the most aggressive
and precise TPC scheme to the bulk traffic of the network,
most likely consisting of DATA (and ACK) frames. Next to
DATA frames, the RTS and CTS frames may, depending on
the adot11Threshold value, be relatively prevalent and hence
considered as important contributors to undesired interfer-
ence and power consumption. As RTS and CTS frames in
general are shorter than DATA frames, their supplement to
the overall average interference picture will accordingly also
be lower. Frames occurring merely occasionally, such as
Beacons, have even lesser impact on the average interfer-
ence situation. In addition, of diminishing the radiated
average interference level, the issue of minimizing peak
interference and associated variations is also of interest.
Different traffic conditions may alter assumptions above, but
the given statements are believed to be true in most if not all
relevant scenarios. Those issues together with the objectives
set forth earlier motivate the following two items. First, a
so-called TPC policy to be defined, giving very rough
guidelines on TP algorithmic goals. Second, a TPC mecha-
nism to be defined, designed to support the TPC policies.
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[0064] One aspect of the invention is to enable a tiered
TPC policy in a CTS/RTS based channel access system. The
motivation for this is that different topological and commu-
nication range aspects need to be met depending on frame
type. Note that those frames, as the one in IEEE 802.11, have
a timely and logical relation to each other. In accordance
with exemplary embodiments of the invention, the TPC
policy follows a tiered approach defining three levels.
Frames with different topological destination objectives are
divided among those three Tier-classes. FIG. 18 shows the
three major TPC tiers.

[0065] As Tier 1 frames are sent with high transmit power,
this class also adopts a policy of being constrained in time.
The reason is to minimize random interference peaks within
and towards neighboring (I)BSS. This may be achieved by
confining Tier 1 traffic around Beacon transmit occasions,
i.e. sent regularly around TBTT (Target Beacon Transmis-
sion Time).

[0066] In Tier 1, Beacon TPC, the BEACON frame as
defined in the IEEE 802.11-1999 standard, and other con-
ceivable frames/messages with similar topological destina-
tion purposes, must generally reach as far as possible.
However, those must also conform to regulatory require-
ments in terms of used TP. As in the IEEE 802.11-1999
standard, such messages are often scheduled at regular time
intervals and having priorities above other traffic and may
therefore transmit at fixed but the highest permitted TP.

[0067] In Tier 2, relating to RTS, CTS and TPC, two major
embodiments or cases exist. In the first embodiment, Fixed
TPC, RTS/CTS are sent with the highest possible TP, but are
limited by regulatory TP requirements. Hence the TP setting
is identical to the Beacon information. The purpose of this
embodiment is to be able to inform distant stations of
ongoing DATA transmissions such that they can select
DATA transmit parameters that will mitigate generation of
disturbing interference. Although not supported by 802.11
per se, it should be noted that RTS/CTS frames could, in
principle, be sent in a special control channel separated from
data transmissions, hence avoiding interfering with said data
transmissions.

[0068] In the second embodiment, Group TPC, the RTS
and CTS are sent with a sufficiently high TP so as to reach
members or stations within the same group/BSS, but pref-
erably with a sufficiently low TP so as to a) not reach
members within another group, and b) stay within regulatory
TP requirements and limits. In this second embodiment one
purpose is to reduce the interference impact on other sta-
tions’ DATA transmissions due to RTS/CTS message
exchange, when RTS, CTS messages are sent in the same
channel and potentially concurrently with DATA transmis-
sions.

[0069] 1t is worthwhile to further clarify reasons for per-
forming or enabling group oriented TPC, because the con-
ventional, known RTS-CTS scheme does not inherently
solve this. FIG. 5 shows a case where two IEEE 802.11 a
stations belonging to the same group attempt to get control
over the medium by sending RTSs and CTSs, with link rates
of 6 Mbps. Due to unfortunate time relations between the
duration of the RTS start to the CTS end, in relation to
802.11a’s timeslot (TS) structure, the virtual carrier sense
for source 1 (assumed hidden to source 2) will only work
roughly 12 TSs after source 2 accessed the medium first.
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However, the physical carrier sense of source 1 would need
roughly 8 TSs to detect the CTS from destination 2. As a
result, while virtual carrier sense mitigates hidden terminals
for the duration of data reception when the channel has been
reserved, the traditional carrier sense function is still
required in the RTS-CTS phase for IEEE 802.11(a). A
further consequence is that it is vital that stations belonging
to the same group, and hence sharing the channel, employ
transmit powers such that all stations within the group can
be reached. For very large contention windows and higher
link rates (e.g. 54 Mbps), the impact of this curious blocking
effect may be lowered. However, in IEEE 802.11, the reason
to use the larger contention windows occurs only when
traffic intensity is high, but then it remains quite likely that
two STAs will still access the channel within e.g., 8 TSs.

[0070] In accordance with an exemplary embodiment of
the invention, each RTS-CTS phase is housed within a single
time slot, so that the TPC can also rely on the relaying
function through the CTS frame.

[0071] In a variant of the Tier 2 second embodiment,
group based TPC is performed for the CTS message, while
applying a lowest possible TP for the RTS frame. This
primarily targets the case where the RTS-CTS phase can be
housed within a single TS, i.e. not a IEEE 802.11a system.
The motivation for this is that DATA reception is more
vulnerable than the reception of ACKs, due to the potentially
longer interference exposure time for the DATA frame.

[0072] In Tier 3, with respect to DATA, ACK TPC+LA,
for DATA transmission an Instantaneous Closed Loop TPC
and Instantaneous Closed Loop LA is deployed via feedback
information conveyed in the CTS messages. In addition to
this, DATA TPC also conforms to regulatory aspects as well
as the RTS/CTS TPC setting. TPC and LA (Link Adaptation)
for ACK generally follows the parameters for DATA. A
special case is fragmented transmission when DATA and
ACK headers acts as implicit RTS and CTS messages. Then
the DATA, ACK and TPC may optionally become equiva-
lent to RTS, CTS and TPC.

[0073] The tiered TPC policy can be summarized as:

P (DATA, ACK)=Pr(RTS,

CTS) = P (Beacon) =P (Regulatory requirements) @
[0074] An illustrative but simplified example of an IBSS-
like system is shown in FIG. 6, which illustrates how
different TP settings for different frames result in different
transmit ranges. The second embodiment of Tier 2 (i.e., Case
2 of RTS-CTS TPC) is utilized. Note, in an IBSS, all stations
send beacons occasionally and regularly, but merely two
beacon ranges are shown here for simplicity. As specifically
shown in FIG. 6, the ring 102 is the DATA transmission
range for the station T, and the ring 104 is the DATA
transmission range for the station R. A ring 212 is the RTS
transmission range for the station T, and the ring 214 is the
RTS transmission range for the station R. As can be seen, the
rings 212, 214 are larger than the rings 102, 104. Larger yet
are the rings 216, 218, which are the BEACON transmission
ranges of the stations F, H respectively.

[0075] With respect to Tier 3, each node or station receiv-
ing an RTS message assesses preferably the instantaneous
carrier to interference ratio, CIR, and other channel param-
eters of choice. Subsequently, a desired reduction or increase
of transmit power used for the RTS frame is determined. A
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relative transmit power adjustment request Prx gequest 1S
then conveyed in the CTS message back to the originating
station. The originating station adjusts the transmit power
level accordingly for the subsequent DATA frame transmis-
sion. The same procedure is repeated for the ACK, i.e., the
originating station conveys a corresponding transmit power
adjustment request targeted for the ACK. Note that both RTS
and CTS are sent with TPC Tier 2 related mechanisms
described further below. The details of selecting the transmit
power are implementation specific, but the mechanism as
such inherently enables a very precise adjustment with
respect to instantaneous experienced CIR at the receiver. An
example of the flexibility given is that the implementation
specific algorithm can always respond (for example, to an
RTS) with a Prx gequest» thereby forcing the sender of
DATA to use full permitted domain transmit power. While
this is indeed possible, it generally results in a poor-per-
forming system, as spatial reuse is reduced and power
consumption increased. Note that in sending short Data or
Management frames that do not exploit the RTS-CTS
scheme, information derived from the open loop group TPC
can be used. This is of particular interest when data or
management frames are sent through multicast or broadcast
to a group of receivers.

[0076] For Tier 3 closed loop DATA TPC, DATA LA and
joint TPC and LA for DATA, consider the following
example. Assuming that a station T has a data packet to send
to a station R and that the employed channel access scheme
with back off and similar features has already acted, the
station T sends a RTS message with a TP of P (RTS) to
station R. This transmission can be conditioned so that it
does not harm any ongoing communication.

[0077] Station R receives the RTS frame and determines
the received power P (RTS) and other optional link char-
acteristics that can provide additional guidance to the LA
and the TPC algorithms. Optional link characteristics may
include channel state information or simply delay spread
information.

[0078] The station R also experiences and measures inter-
ference Iy at the same time from some other station(s) and
other interference characteristics that can provide additional
guidance to the LA and the TPC algorithms.

[0079] In asuccessive step, Pr«(RTS) with other optional
link characteristics, interference Iz with other interference
characteristics and knowledge about noise is used by the
station R to determine settings for the DATA transmission
from station T to station R.

[0080] In one preferred step, link, interference and noise
knowledge are used by the station R to determine changes in
TP relative the TP employed for the RTS message, for
example closed loop with signaling of relative change.

[0081] In an alternative but also preferred step, link,
interference and noise knowledge are used by the station R
to determine settings of the LA based on the TP employed
for the RTS message.

[0082] In a combined step, both LA and TP settings are
determined by the station R. In a successive step, determined
link control information is transferred in the CTS frame to
the station T. The CTS transmission can be conditioned so
that it does not harm any ongoing communication. In a
successive step, the station T uses the settings indicated in
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the link control information received in the CTS message
when sending DATA. This transmission can be conditioned
so that it does not harm any ongoing communication.

[0083] In an additional step of the invention, the procedure
is repeated for successive and consecutive frame exchanges.

[0084] Accordingly, the DATA frame carries link control
information for the ACK frame that adjusts its TP relative
the CTS message. Although not originally permitted in IEEE
802.11, the ACK rate can be adapted as determined by the
originating station T in future systems.

[0085] In addition, when IEEE 802.11 employs fragmen-
tation, DATA and ACK act as RTS and CTS frames and will
then convey link control information where the power
control also relates to the last sent frame. Optionally, the
RTS and CTS messages are sent with duration field indica-
tions covering the expected duration. This transmission can
be conditioned so that it does not harm any ongoing com-
munication.

[0086] FIG. 7 shows the principle of closed loop joint
TPC and LA based on RTS-CTS frame exchange. Option 1
allows an adaptation of TP and LA for the ACK. Note that
according to the IEEE 802.11-1999 standard, DATA and
ACK should use the same LA scheme. However, future
extensions or the development of similar systems are not
excluded. As shown in FIG. 7, in a first step 702 the
originating station T sets RTS power to P1(RTS), and then
in step 704 sends the RTS to the station R. In step 704, the
station R measures Pp(RTS) and Iy, and determines
Px(DATA) and LA(DATA) and then conveys the deter-
mined information in the CTS in step 708 to the station T.
In step 710 the station T makes adjustments according to the
determined P(DATA) and LA(DATA) received in the
CTS. Optionally, the station T also measures Pr(CTS) and
Ixx, determines P1(ACK) and LA(ACK), and then adds
this determined information into the DATA. Then in step
712, the station T transmits the DATA to the station R. In
step 714, the station R makes appropriate adjustments if the
received data included P« (ACK) and LA(ACK), and then
in step 716 the station R sends an ACK to the station T.

[0087] With respect to conditions for not harming other
communication, at least two exemplary options exist. A first
option follows the legacy channel access principle for IEEE
802.11, i.e., when the physical or the virtual carrier sense
indicates that the channel is occupied, access is deferred. A
drawback of this state of the art technique is that it does not
attempt to reuse the channel even when it would be possible
as TPC is employed.

[0088] A sccond alternative option in accordance with
exemplary embodiments of the invention, exploits over-
heard information of TP indications and maximum allowed
receive power. Such information may be included in, and
derived from, the header information of primarily RTS and
CTS frames, but also DATA, ACK and possibly other
frames. This scheme is described in greater detail further
below, and is also referred to as Interference Mitigation.

[0089] For Tier 1, BEACON TPC, the allowed transmit
power level allows domain specific settings. Each station
within an (I)BSS uses the allowed domain transmit power
when sending a frame containing any of the appropriate IEs
defined in FIGS. 19-23. If the transmit power capability is
lower than the domain transmit power level, the former will
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be used. For IEEE 802.11 the setting of Beacon TP is
determined by IEEE 802.11 management information base,
MIB of the node initiating a ()BSS. For the IBSS, the TPC
setting for the BEACON is distributed as an Information
Element, IE, conveyed in the BEACON itself. The frame
format and procedure for this are described further below.

[0090] With respect to Tier 2 (e.g., RTS, CTS TPC), the
aim is to determine a transmit power setting such that all
stations or nodes within an (I)BSS will have a sufficient CIR
to be able to receive frames. This mechanism is also useful
for TPC setting for broadcast and multicast traffic within the
(DBSS, but it is primarily aimed towards RTS and CTS
frames.

[0091] While the RTS-CTS frame exchange efficiently
prevents hidden stations from accessing the channel, further
enhanced by the virtual carrier sense, the RTS-CTS frames
themselves need to be protected with classical physical
carrier sense. As a result, it is vital to ensure that all stations
within the same (I)BSS transmit with sufficient power so as
to reach each other. However, from the viewpoint of inter-
ference and power consumption, it is preferred to send with
the least possible transmit power. The Group oriented TPC
proposed here intend to strike a balance between those two
somewhat conflicting goals.

[0092] As indicated earlier, a number of cases need to be
differentiated. A first case is Fixed TPC. In a system where
the control frames RTS and CTS do not share the channel
with DATA transmissions, the need for precise and tight TPC
of RTS, CTS messages is lower than if the channel is shared.
The channel can be considered not to be shared when RTS,
CTS are separated e.g., in time (as for example in a
TDD/TDMA structure, where “TDD” stands for Time Divi-
sion Duplex and “TDMA” stands for Time Division Mul-
tiple Access), in code (as for example in DS-CDMA, which
stands for Direct Sequence Code Division Multiple Access),
or in frequency (as for example in FDD, where “FDD”
stands for Frequency Division Duplex). A drawback with the
frequency division is that the channel cannot be considered
to be reciprocal, and hence the channel gain may differ for
RTS, CTS and DATA channels. An additional method to
mitigate interference influence from RTS, CTS messages
when sharing the channel with DATA is to use a strong burst
error correcting code for DATA. As an example, an Reed-
Solomon (RS) code of length N RS-symbols with N-K
RS-redundant symbols, may correct up to floor((N-K)/2)
unknown RS-symbols or floor((N-K)) known erroneous
RS-symbols. Two exemplary options for the ACK exist.
Either it shares the channel with DATA using the same TPC
scheme, or it shares the channel with RTS, CTS using the
same TPC scheme.

[0093] Consequently, the TPC regulates the TP preferably
to the permitted level according to regulatory requirements
and attainable by the equipment itself. Note that BSS- and
IBSS-like systems do not need to be differentiated from TPC
point of view here.

[0094] A second case is Group TPC. In order to handle
both BSS- and IBSS-like systems two methods are
deployed.

[0095] The procedure for IBSS Group TPC is based on
conveying transmit power level information, P, as an
information element, IE, in the regular IBSS Beacon. Hence,
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P merely represents the transmit power employed for the
frame in which the IE itself is transferred within. The intent
of using the Beacon is because it complies well with both
power sleep mode operation as well as the Tier 1 objectives.
In addition to the transmit power level information, a
minimum required receive power level, Pp . is sent in
the same IE.

[0096] Each station receiving a Beacon with the IE deter-
mines path gain and subsequently required transmit power.
Each station also assess that the Beacon originates from a
station within the same IBSS. Over the time, as the IBSS
Beacon transmit time is somewhat randomized, Beacons
from all stations within the same IBSS and within range will
be received. Based on the collated information, the maxi-
mum required transmit power is selected among the stations.
Old transmit power updates lose validity over time as new
updates are not overheard.

[0097] In an IEEE 802.11 IBSS, each STA (station) will
attempt to transmit a BEACON frame at the TBTT plus a
random small delay. A STA overhearing another BEACON
refrain from transmitting. As the BEACON is transmitted
with relatively high power, all STAs within the IBSS have
sufficient SNR (Signal to Noise Ratio) to correctly decode
the message except collisions occur where decoding may
fail.

[0098] An additional IE (apart from already existing in the
IEEE 802.11-1999 standard) indicates the TP level, Prx-
(BEACON), that is used when sending the BEACON. The
IE is incorporated into the BEACON frame itself, as shown
for example in FIG. 21. As P1(BEACON) and the received
signal strength P (BEACON) derived from the BEACON
frame is known, the path gain can be calculated. This is
repeated for all received BEACONS. The minimum path
gain from any STA belonging to the same IBSS is subse-
quently extracted and used to calculate the TP for the RTS
and CTS message. Alternatively the TPC Group procedure
described below is used when STAs require different mini-
mum receive power.

[0099] An advantage of exploiting the BEACON is that
Power Save enabled STAs wake up and listen for the
BEACON.

[0100] FIG. 8 shows a station sending one BEACON that
is received by a number of other STAs within the same
IBSS. As shown in FIG. 8, a BEACON sending STA
(station) first sets P (BEACON) to a maximum allowed
level, and indicates P (BEACON) in the BEACON.
Optionally, the BEACON sending STA (station) also deter-
mines Prx .in, and also indicates Prx ;. in the BEACON.
Next, the station sends the BEACON to other STAs (sta-
tions), and each of the other stations measures P (BEA-
CON) and then determines path gain and required transmit
power.

[0101] When Ppy ;. is indicated in the BEACON, a
more precise determination of required transmit power can
be accomplished, as an estimated value of Ppy .. is
required if not indicated in the BEACON.

[0102] An alternative view of the effect of receiving the
BEACON with TPC information conveyed therein is shown
in FIGS. 9A-B. The ring 902 indicates a BEACON transmit
range of the station or node C, and G4, Gegs Geg, Gop, and
G respectively represent the path gain from the node C to
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each of the nodes or stations A, B, E, F and G. First the
station C sends a BEACON as shown in FIG. 9A, and
subsequently other station will send BEACON At a later
instance, each STA will have knowledge about average path
gain to each STA, from which they received BEACON(s),
within the same IBSS, and possibly also other IBSSs. The
illustration in FIG. 9B indicates the path gain knowledge
acquired by station B, with path gains G5, Geg, Grg, Gog
between the station B and the stations A, C, F and G
respectively. As station moves, the weight of old path gain
information is assumed to decrease.

[0103] With respect to BSS-like systems in Group TPC,
the procedure for BSS group TPC is somewhat similar to the
procedure for IBSS, but the channel probing sequence is
directed by the AP. A transmit power information request
directed towards a selected STA is issued by the AP. This
request is sent via an IE, e.g., carried in a Probe request or
other suitable frame, e.g., just immediately after the Beacon.
Subsequently, a Probe response or other suitable frame is
sent back from the addressed STA with another IE indicating
the used transmit power information P and preferably also
a minimum required receive power level, Prx ... The
Probe request and Probe response (or alternative suitable
frames) employs the Tier 1 TPC setting rule. Each STA
receiving the Probe response (or alternative suitable frames)
with the IE, determines path gain and subsequently required
transmit power. Each STA also assess that the frame origi-
nates from a STA within the same BSS. Over the time,
frames with the desired IE from all STAs within the same
BSS and within range are received. For each individual STA,
the maximum required transmits power is then selected
among the STAs with respect taken to changing channel gain
over time.

[0104] The polling sequence of STAs belonging to a BSS
is an implementation specific issue and not defined in the
standard. Note that the scheme allows those implementing
the scheme to adjust Ppy .. and manage the algorithmic
dynamics in any desirable manner. Note also, that by regu-
lating P i, Stations will try to adaptively compensate
desired receive power in the presence of an adjacent inter-
fering BSSs. Hence if maximum domain transmit power is
the optimum, the system will tune transmit power param-
eters accordingly. In contrast, other situations will conserve
the resources instead. Moreover, as Tier 1 information shall
not interfere with Tier 2 traffic, due to timely division,
interference measurement guiding the setting of Pryx i
should preferably exclude Tier 1 related interference.

[0105] Specifically, in an IEEE 802.11 BSS the AP sends
the BEACON, whereas non-AP STAs does not send any
BEACON, and as a result, the IBSS solution does not work.
However, just prior, during, or after the BEACON, the AP
performs a TP_Request of non-AP STAs. It requests one or
more STAs that belongs to the BSS to send a TP_Response
with corresponding TP setting conveyed therein. The
TP_Response is preferably sent with the same TP setting as
the BEACON is using. It should be noted that STAs within
a BSS may use any transmit power indication in the BEA-
CON to determine required transmit power towards the AP.

[0106] Various options on how this can be implemented is
envisioned, but not limited to the exemplary embodiments
given here. A specific TP_Request message is defined as one
IE. Another IE is used for TP_Response, indicating the used

Nov. 21, 2002

TP level for the same message it is conveyed in. The
TP_Request IE can e.g., be included in a BEACON, PROB-
E_REQUEST, or a so-called GENERIC_MANAGEMENT-
_FRAME that is currently under development in the stan-
dardization of IEEE 802.11 enhancements. The
TP_Response IE can e.g., be included in a PROBE_RE-
QUEST, PROBE_RESPONSE or a so-called GENERIC _
MANAGEMENT_FRAME.

[0107] The TP polling scheme of the AP can for example
be accomplished in a round robin fashion or targeted in
particular towards STAs expected to be at coverage boarder.

[0108] Note that if the group of STAs defined by the BSS
or IBSS extends over a large range there is a possibility that
TP will be set to the same level as the BEACON TP level for
the RTS-CTS frames.

[0109] In an optional embodiment, the IE includes not just
the used TP P (FRAME), but also a measure of the
minimum required receive power Py ... Aknown lowest
link rate is assumed when defining P ;1

[0110] FIG. 10 shows an exemplary case where an AP
issues an TP_Request IE in a BEACON. As shown in FIG.
10, in step 1002 a BEACON sending AP (Access Point)
selects one or optionally more stations (STAs), and indicates
aTP_Request IE in the BEACON. Then in step 1004, the AP
sends the BEACON to the selected, addressed station(s). In
step 1006 the addressed station responds to the request by a)
setting P(FRAME) to a maximum allowed level, b)
indicating the P (FRAME) in an IE TP_Response, c)
optionally determining Prx ..., and indicating the deter-
mined Ppy ;. in the IE TP_Response. In the next step
1008, the addressed station issues the TP_Response IE in
any suitable frame type. If multiple stations were addressed,
they respond in an orderly fashion according to address
sequence. Each frame is divided a SIFS (Short Inter-Frame
Space) apart. In steps 1010, 1012, the other stations receiv-
ing the frame(s) containing the TP_Response IE(s) measure
the Pr(FRAME), and determine path gain and required
transmit power (and optionally include explicit Pryx .in
information in the transmit power determination if Ppx .:n
is received in the TP_Response IE).

[0111] An alternative view of the TP_Request and TP_Re-
sponse exchange is shown in FIGS. 1A-B with the calcu-
lated path gain indicated. In FIG. 11A, station C is an AP
and has a transmit range indicated by the ring 1102, and path
gains Geu, Gegs Gegps Gep and G from the station C to
each of the stations A, B, E, F and G respectively. FIG. 11A
also shows a TP request sent from the station C (AP) to the
station G.

[0112] FIG. 11B shows a similar situation, but from the
vantage point of the station G. The ring 1104 indicates the
transmit range of the station G, and the path gains Gg,,
Ggps Gges G and G from the station G to each of the
stations A, B, C (AP), E, and F respectively are shown. Also
shown is a TP Response from the station G to the station C

[0113] Some general aspects pertaining to Case 2 (Group
TPC) of Tier 2 are now discussed. In particular, FIG. 12
shows the content of the TP_Request and TP_Reply IE, and
their place in a management frame body of arbitrary type.
The Management Frame Body 1204 includes multiple Fix
fields, and also multiple IEs. Each IE has a format 1206,
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including an Element ID of 1 octet or byte, a Length field of
one octet, and an Information field having a length indicated
in the Length field. Note, TP_Request is only used in BSS
operation. The table 1202 shown in FIG. 12 describes an
exemplary TP_Request format (corresponding to the Ele-
ment ID x in the table), and describes an exemplary TP_Re-
ply IE format (corresponding to the Element ID y in the
table). FIG. 20 also shows an exemplary Transmit Power IE
(Information Element) format, and FIG. 19 shows an exem-
plary Transmit Power Information Request Element format.

[0114] FIG. 21 shows how a Management frame subtype
BEACON can be modified to include three new IEs, in
accordance with exemplary embodiments of the invention.
In particular, the 11" IE in the frame can include Domain
Information, the 12 IE in the frame can be a Transmit
Power Information Request Element, and the 13" IE in the
frame can be a Transmit Power Information Element. It
should be noted that Transmit Power Information Request
Element could also be included in other frames, such as
management frames. Also note that Transmit Power Infor-
mation Element could optionally also be included in the
BEACON for a BSS.

[0115] FIG. 22 shows how a probe request can be modi-
fied in accordance with exemplary embodiments of the
invention, to include a Transmit Power Information Request
Element. FIG. 23 shows how a probe response can be
modified to include a Transmit Power Information Element.

[0116] In an exemplary embodiment of the invention, the
policy of group TPC may be employed only towards the
CTS frame, whereas the RTS frame employs a TP setting
with respect to the intended receiver. The schemes depicted
earlier for RTS, CTS TPC to acquire group TP level knowl-
edge are hence used merely for the CTS frame. The RTS TP
level is determined with an independent algorithm but
limited upwards by the TP setting for the CTS frame. Any
overheard messages carrying TP information (as described
further above, for example) and sent by the intended
receiver, may be used as inputs to determine the TP level for
the RTS frame.

[0117] An exemplary embodiment of the TPC group algo-
rithm includes the following steps: Monitor the channel for
messages carrying an IE indicating the TP of the correspond-
ing frame. Next, determine if the IE was sent by a STA k
belonging to the same (I)BSS (group) and if so, determine
the required TP. If the IE includes interference information,
this is also considered when determining the TP P (RTS),.
The TP is preferably determined for the lowest data rate,
requiring the least TP and hence minimize generated peak
interference. Next, set P (RTS)=max(Px(RTS), . . .
Px(RTS),, . . . P(RTS)y), where k indexes stations
(STAs) within the same (I)BSS (group). The same TP is used
for a CTS message, for example P (CTS)=P(RTS).

[0118] In accordance with exemplary embodiments of the
invention, a procedure is provided to increase the spatial
reuse through Open Loop Interference Mitigation Control as
outlined below. With this procedure, a station or node can
determine maximum permitted TP and can transmit frames
without disturbing (to any noticeable degree) ongoing com-
munication which would not be permitted under the current
channel access rules in the IEEE 802.11-1999 standard.

[0119] Specifically, TP indications and maximum allowed
receive power Prx \ax are included in, and derived from,
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the header information of primarily RTS and CTS frames,
but also DATA and ACK frames. The maximum allowed
receive power Ppy \ax 1S related to the experienced inter-
ference and noise level. It is most important to include and
detect the information in the CTS frame header as DATA
reception is in general more vulnerable for interference
compared to e.g., ACK, due to in general longer frames and
possibly also higher required CIR resulting from higher link
rates. It should be noted that P ... can optionally be
determined from the Pry ., by asserting a level for P,
max that is sufficiently smaller than Py ;..

[0120] FIG. 13 shows two station pairs, (T1, R1) and (T2,
R2) communicating with each other. Path gains G;, G,,
G,,, G,, indicating the path gain between T1 and R1, T1 and
R2, T2 and R1, and T2 and R2, are shown. The ring 1302
indicates the transmission range of the station or node T1,
and the ring 1304 indicates the transmission range of the
station or node T2. Under the traditional IEEE 802.11 rule
the station T2 and the station R2 would not normally be able
to transmit as station T1 and station R1 are already using the
medium. However if the TP for the station pairs can fulfil the
conditions

G _P-Gu @
L " PGy~ ™"

and

G _PGn 3
L~ PGp o™

[0121] where C/ is the interference ratio, P is the transmit
power, G is the channel gain and v, ;, is the minimum
required C/1 ratio for likely reception, then it can be possible
to house or permit multiple and “overlapping” transmis-
sions.

[0122] Assuming in FIG. 13 that the station T2 has
acquired path gain knowledge and maximum allowed
receive power from the station R2 (through overhearing
earlier CTS with duration indication, for example) it may
send a frame (e.g. RTS or DATA) provided that following
condition is fulfilled,

Pi-Gii Primax ()

P2 = =
Ymin G2t Ymin - G2t

[0123] The frame is however only likely to be received at
station R2 provided

Ymin " P1- G2 ®)
5 Ymin ' TLTII2

P
Gn

[0124] Tt is important to note that both station T2 and
station R2 must ensure that neither of them is interfering
with any of station T1 or station R1. A failure of response
from station R2 may be due to interference from either
station T1 or station R1. In such case the transmission is
deferred until the channel becomes free according to tradi-
tional rules defined in the IEEE 802.11-1999 standard.
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[0125] As IEEE 802.11 utilizes a shared channel between
RTS, CTS and DATA, this means that RTS, CTS messages
preferably are TP controlled. As a consequence of this, there
is no guarantee that Pi((RTS), P (CTS), Pry ... and
Duration can be detected.

[0126] Inanon-IEEE 802.11 system with a channel where
RTS, CTS messages does not directly impact DATA recep-
tion success, then P (RTS), P1(CTS), Prx 1.y a0d Dura-
tion information can be distributed more widely thanks to
that RTS, CTS messages can use a less aggressive TPC.

[0127] In case it is determined that e.g., an RTS frame
requiring P« (RTS) can be sent without disturbing ongoing
communication with good margin, employed LA(RTS) may
be increased in the extent that P (RTS) can be allowed to
increase.

[0128] A procedure is now provided for determining I.
This procedure can be used, for example, in the Tier 3
Closed Loop DATA TPC, DATA LA and Joint TPC and LA
for DATA scheme described further above. The determined
value of Ixx can also be used when determined Py ;. that
can be subsequently transmitted in at least one of the
following: a) tier 1 frames; b) tier 2 frames; or c) tier 3
frames. In receiving an RTS message, the receiving station
R determines preferably the instantaneous carrier to Inter-
ference ratio CIR. As one preferred option, the interference
is not just determined based on measured RSSI (Received
Signal Strength Indicator), but is also determined based on
DURATION information that has been derived from over-
heard traffic between other STAs. In this manner, the
expected Iz at the start of the DATA reception can be
determined. FIG. 14 shows an interference profile at a
receiving station R, and timing of the RTS and DATA signals
from a Source, relative to the CTS signal from the destina-
tion ( the receiving station R). As shown in FIG. 14, a period
DIFS occurs before the RTS signal is sent, and a SIFS
separates the RTS from the CTS in time, and a SIFS also
separates the CTS from the DATA in time. The interference
profile at the destination indicates that interference is mea-
sured on overheard frames with duration information. In this
example, the interference increases before the DIFS period
begins, and then decreases to a lower level after the CTS,
before the DATA transmission. Note that Iy may addition-
ally also be filtered to better reflect a long time average
interference level.

[0129] In accordance with exemplary embodiments of the
invention, a procedure is also provided to determine mini-
mum required receive power. The minimum required
receive power, Prx i1, is used for group TPC of RTS and
CTS frames such that they can reach every intended station,
even stations that experience different interference or have
different noise floors. This information is normally distrib-
uted in IE elements, for example those defined in FIGS. 12
and 19-23. However, when frames (e.g. CTS) also include
Prx . s discussed in further above, that information will
provide additional input to determine Pryx ;. through the
relation

» PRy (6)
®min = Constant
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[0130] where the constant typically is the required carrier
to interference ratio v, ;,. The reciprocal procedure may also
be used, ie., given Prx ., in a frame, Py ... can be
determined.

[0131] With respect to multihop networking, a multihop
network employing a RTS, CTS based channel access
scheme can utilize the proposed methods and achieve addi-
tional benefits over the already discussed. In some envi-
sioned multihop networks, the path gain is used as the cost
in calculating the shortest path to the destination. With this
metric, the shortest path is the path with the minimum
required TP as well as generating minimum interference. In
determining the shortest path cost, the path gain to neigh-
boring STAs need to be acquired. If all frames, including
RTS, CTS but also e.g., BEACONS the latter being sent at
high TP, carry such TP information, then the load and
intensity of messages probing path gains to neighbors can
potentially be reduced. Another issue is that more precise
link gain knowledge is useful is in so called topology
control. Topology control is a well-known technique for
maintaining sufficient and sensible connectivity in a multi-
hop network when TPC is employed.

[0132] With respect to Asymmetrical link capabilities, due
to the closed loop approach for DATA and ACK TPC,
exemplary embodiments of the invention support the case
having asymmetrical link(s). This may be due to a number
of reasons, including for example the following reasons.
Communication in each direction takes place over a non-
reciprocal but short term stationary channel, e.g. FDD
(Frequency Division Duplex). Stations have different TP and
LA capabilities. The interference situation is different at the
two communicating STAs. The symmetrical cases are auto-
matically handled, as they are degenerated cases of the more
asymmetric cases.

[0133] Asymmetries in noise and interference are also
supported for the RTS, CTS TPC since Prx ;, can be
included.

[0134] With respect to Frame Structure, a number of
different embodiments are available for the frames depend-
ing to which extent mechanisms as defined in this disclosure
are exploited. Sizes of proposed frame elements are only
exemplary and may differ in reality. Exemplary frame struc-
tures as defined in the IEEE 802.11-1999 standard are used,
but other frame formats with similar function are conceiv-
able. For example, TPC and LA information may not just be
signaled in OSI Layer 2 (MAC) frames, but also in e.g., OSI
Layer 1(PHY) or OSI Layer 3 (Network) frames.

[0135] 1In a first scenario, the frame format is as depicted
in FIG. 15. This scenario addresses the closed loop TPC and
LA for, DATA, an optional successive ACK and optional
support of multiple fragments of DATA. In the RTS frame
shown in FIG. 15, the fields are the same as those defined
in the IEEE 802.11-1999 standard. In each of the CTS,
DATA and MANAGEMENT, and ACK frames, a new field
of one octet or byte is provided, for example between the RA
and FCS (Frame Check Sequence) fields in the CTS frame.
This new field is mandatory in the CTS frame, but is optional
in the other frames. The new field can include a) Closed
Loop (CL) TPC, or b) CL LA, or ¢) CL joint TPC and LA.
For example, the field can include a P Request. FIG. 24
shows an exemplary format of the P Request, including a
reserved section of bits B0-B1 and a data section of bits
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B2-B7 including CL-TPC info in 1 dB steps. In the DATA
and MANAGEMENT frame shown in FIG. 15, the new
field is used if the ACK frame(s) is(are) adjusted. In the ACK
frame, the new field is used if the successive DATA frame(s)
is(are) adjusted.

[0136] In a second scenario addressing the open loop TPC
for interference mitigation, the frame format is as depicted
in FIG. 16. In each of the RTS, CTS, DATA and MAN-
AGEMENT, and ACK frames, a new field of one octet or
byte is provided between the Transmit Address (TA) and
FCS fields, and the Receive Address (RA) and FCS fields
respectively. The new field (relative the IEEE 802.11-1999
standard) is a Pr-Prx max field that includes only P, or
Py and Prx ., combined. This new field may be manda-
tory in the RTS and CTS frames, but is optional in the DATA
and MANAGEMENT frame and the ACK frame. In the
DATA and MANAGEMENT frame and the ACK frame, the
new field is used at least if successive DATA fragments will
be sent.

[0137] The generic frame format defined in the IEEE
802.11-1999 standard is depicted in FIG. 17. A generic field
of length X for any type of combination of TPC, LA, TP
information and receive power threshold is included therein.

[0138] In summary, exemplary embodiments of the
present 1invention convey numerous advantages. For
example, the proposed mechanisms, protocols and frame
structures allow advanced and precise RRM (Radio
Resource Management) management through TPC and LA
under topologies like IBSS, BSS and entirely distributed
networks. In addition, both the TPC and the LA mechanism
are to large extent instantaneous thanks to conveying TPC
and LA information in RTS and CTS frames, (and optionally
in DATA and ACK frames). As the bulk interference comes
(or should come) from data transmission, a very tight
instantaneous TPC and LA reduces the generated interfer-
ence to a bare minimum. In addition, as the bulk energy
consumption comes (or should come) from data transmis-
sion, a very tight instantancous TPC and LA reduces the
power consumption to a bare minimum. The invention
supports asymmetrical links. The invention supports group
based TPC for RTS and CTS frames and hence reduces the
generated interference as well as power consumption related
to those messages to a bare minimum. The invention reuse
the Beacon and Target Beacon Transmission Time, TBTT
for measuring path gains, thereby complying well with
power saving objectives as well as being power consump-
tion efficient. An increased spatial reuse is attained through
conditioning the channel access to being allowed as long as
ongoing communication is not disturbed noticeable. A tiered
TPC approach with few occasional high TP transmissions
guiding many regular low power TP transmissions reduces
the generated interference, reduces the power consumption
and to a bare minimum whereas system capacity is poten-
tially enhanced. Multihop based networks can take addi-
tional advantage of the distributed TP information in e.g.
RTS, CTS frames and thereby reducing the load an intensity
of probing frames to neighbors used for determining average
path gain to neighbors that may be used in shortest path
metric or for topology control.

[0139] It will be appreciated by those skilled in the art that
the present invention can be embodied in other specific
forms without departing from the spirit or essential charac-
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teristics thereof, and that the invention is not limited to the
specific embodiments described herein. The presently dis-
closed embodiments are therefore considered in all respects
to be illustrative and not restrictive. The scope of the
invention is indicated by the appended claims rather than the
foregoing description, and all changes that come within the
meaning and range and equivalents thereof are intended to
be embraced therein.

1. A method for closed loop link adjustment based on a
Request To Send-Clear To Send (RTS-CTS) channel access
scheme comprising the steps of:

designating a station as an originating station;

transmitting a RTS frame with predetermined transmit
power from an originating station, prior to an intended
DATA transmission, sounding the channel such that
reception characteristics can be evaluated at a desig-
nated receiving station;

transmitting, in response to the originating station, a CTS
frame with a predetermined transmit power from the
receiving station, the CTS frame comprising link
adjustment directives;

transmitting a DATA frame from the originating station to
the receiving station, based on the link adjustment
directives and the originating station’s capabilities;

transmitting an acknowledge (ACK) frame in response to
the originating stations from the receiving station indi-
cating a result of DATA frame reception at the receiving
station.

2. The method of claim 1, wherein the link adjustment
indicates a change in transmit power.

3. The method of claim 2, wherein the link adjustment is
relative to the transmit power used for the RTS frame.

4. The method of claim 1, wherein the link adjustment
comprises link adaptation of forward error correction and
signal constellations.

5. The method of claim 1, wherein the link adjustment
comprises a change in transmit power and link adaptation of
forward error correction and signal constellations.

6. The method of claim 1, comprising:

the originating station evaluating reception characteristics
of the CTS frame;

the originating station conveys link adjustment informa-
tion in a successive DATA frame; and

the receiving station transmits a corresponding ACK
frame in accordance with the link adjustment informa-
tion in the successive DATA frame.

7. The method of claim 1, wherein link adjustment is
performed continuously on successive and consecutive ACK
and DATA frames when multiple fragments of DATA are
transmitted.

8. A method for open loop group transmit power control
in a wireless system, comprising:

transmitting a frame conveying transmit power informa-
tion for the frame to any proximate station;

a proximate station receiving the frame and determining
the path gain based on measured signal strength of the
received frame and on the transmit power information
conveyed in the received frame;
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selecting path gains originating from a group of stations;

determining a transmit power required to reach any of the
selected path gains;

selecting the minimum of a) the highest transmit power
and b) allowed transmit power, wherein the allowed
transmit power is determined by regulatory require-
ments and station transmit power capabilities; and

assigning the selected transmit power to Clear To Send
(CTS) messages.

9. The method of claim 8, wherein the wireless system
comprises an infrastructure-less system or Independent
Basic Service Set (IBSS) and the frame is a 802.11 BEA-
CON frame.

10. The method of claim 8, wherein the frame comprises
an indication of a minimum required receive power.

11. The method of claim 10, wherein the minimum
required receive power is set relative to an indicated transmit
power level.

12. The method of claim 10, wherein the required transmit
power is determined based on the minimum required receive
power.

13. The method of claim 8, wherein the RTS transmit
power setting is determined based on input parameters
related only to the destination station.

14. The method of claim 8, comprising assigning the
selected transmit power to Request to Send (RTS) messages.

15. A method for open loop group transmit power control
in a wireless system, comprising the steps of:

selecting, by a first station, at least one station within a
group;

transmitting a transmit power information request from a
first station to the at least one selected stations;

transmitting a transmit power response in a frame, the
frame comprising transmit power information for the
frame, to any proximate station from the at least one
selected stations in orderly manner preventing colli-
sions;

receiving the frame and determining the path gain based
on measured signal strength of the received frame and
the transmit power information in the received frame;

selecting path gains originating from the group;

determining required transmit power to reach any of the
selected path gains;

selecting the minimum of a) the highest transmit power
and b) allowed transmit power, wherein the allowed
transmit power is determined by regulatory require-
ments and stations transmit power capabilities; and

assigning the selected transmit power to Clear To Send
(CTS) messages.

16. The method of claim 15, wherein the wireless system
is an infrastructure system or a Basic Service Set (BSS) and
wherein the transmit power request is conveyed as an
information element in an IEEE 802.11 management frame.

17. The method of claim 16, wherein the management
frame is a beacon, probe request or generic management
frame.

18. The method of claim 15, wherein the transmit power
response is conveyed as an information element in an IEEE
802.11 management frame.
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19. The method of claim 18, wherein the management
frame is a probe request, probe response or generic man-
agement frame.

20. The method of claim 17, wherein the RTS transmit
power setting is determined based on input parameters
related only to the destination station.

21. The method of claim 15, comprising assigning the
selected transmit power to Request To Send (RTS) mes-
sages.

22. A method of tiered transmit power comprising:

determining a sequence of frames that must be exchanged
for successful communication;

assigning different transmit power levels to ones of the
frames having different topological objectives or dis-
tance objectives.

23. The method of claim 22, wherein a transmit power
setting for a frame that should be received by as many
stations as possible is limited by regulatory requirements
and station transmit power capabilities.

24. The method of claim 22, wherein the frame that
should be received by as many stations as possible is a
beacon frame.

25. The method in claim 22, wherein frames destined for
a set of multiple stations are transmitted with power that is
a) sufficient to reach all stations within the set and b) equal
to or less than a maximum power specified by regulatory
requirements.

26. The method of claim 25, wherein the frames destined
for a set of multiple stations are multicast data frames.

27. The method in claim 25, wherein a frame that is
destined for a single station but should be overheard by
multiple stations in a set is transmitted with a power that is
a) sufficient to reach all stations within the set and b) equal
to or less than the a maximum power specified by regulatory
requirements.

28. The method in claim 27, wherein a frame destined for
a single station is transmitted with a power that is a)
sufficient to reach the intended station and b) equal to or less
than the a maximum power specified by regulatory require-
ments.

29. A method for interference mitigation based on open
loop transmit power control enabling tighter medium reuse,
comprising the steps of:

conveying transmit power control information for every
transmitted frame in the frame by any station transmit-
ting;

receiving the transmitted frames and determining a path
gain based on measured signal strength of the received
frames and transmit power information conveyed by
the received frames;

determining a maximum instantaneously allowed transmit
power based on all overheard frames; and

performing at least one of a) reducing transmit power, and
b) reducing transmit power in combination with adjust-
ing link rate to ensure that the maximum instanta-
neously allowed transmit power is not exceeded during
any transmission attempt.
30. The method in claim 29, wherein Request To Send
(RTS) and Clear To Send (CTS) frames convey transmit
power information.
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31. The method of claim 29, comprising: 32. The method of claim 29, wherein a station defers
. . . access and enters a back off mode when the maximum
determining a maximum allowed receive power; and . .
instantaneous allowed transmit power has to be exceeded.

determining the maximum allowed transmit power based

on the determined maximum allowed receive power. ¥ % % % %
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