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Abstract

This submission contains a proposal for a transmit power control (TPC) scheme to be included into the IEEE 802.11 standard. In designing the methods for TPC, it has been instrumental to ensure, not just compliance of European Radio communications Committee (ERC) regulatory requirements in the 5 GHz band, but also to provide low algorithmic complexity, precise and fast TPC mechanisms enabling efficient network operation and savings of resources. While the proposal defines frame exchange sequences, formats, and guidelines for a TPC policy, it also make certain that the implementers retain some freedom to design and incorporate algorithms.

The proposed method calls for some minor amendments to the 802.11 MAC as well as 802.11a PHY specifications.
1 Introduction

European Regulatory requirements for the “5 GHz band” defined by ERC, limit the mean EIRP to 200 mW and 1 W, in the 5150-5350 MHz (indoor) and the 5470-5725 MHz (indoor and outdoor) band respectively. Further, DFS shall be applied over both bands in conjunction with TPC, the latter operating both in down- and uplink. IEEE 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 this submission to bring forward necessary methods with respect to TPC, such that ERC directives can be fulfilled.

The TPC proposal targets both infrastructure-based 802.11 WLANs with an AP, or Infrastructure BSS, as well as ad hoc-oriented 802.11 networks, or independent BSS (IBSS). As today, DCF has been the preferred mode of operation as well as being the fundamental channel access mode of 802.11. It is therefore felt that the development of an efficient TPC scheme should be based on the foundation of DCF. Moreover, although [2] presented a TPC scheme with the ability of individual STA control within the PCF operation, only a fixed TPC approach was suggested for DCF. For some margin of ERC compliance and the ability of occasionally using full transmit power for coverage reasons, we do however believe that DCF also needs to be addressed with respect to TPC. Against this background, DCF establishes the foundation for our TPC proposal. However, the proposed mechanisms could be extended to support the (E)PCF or the HCF mode.

It is our belief that the TPC scheme should, besides meeting the ERC requirements, have as goals to prolong battery lifetime, improve throughput and delay characteristics, implicitly enhance experienced QoS and reduce the need of overlapping BSS handling mechanisms, [1]. In achieving those objectives, it is judged instrumental to provide TPC mechanism of both precision, speed and low algorithmic complexity. With this in mind, the standard specification should define the frame formats, fundamental TPC mechanisms and TPC policies, but still enable implementers to decide on details of algorithms.

In this submission, we propose TPC for IEEE 802.11 with some modification in the current 802.11 MAC and 802.11a PHY specification.

As it is the basic operational principles of the TPC scheme that is primarily targeted here, the expertise of the group and of the editor are invited to help finding a way forward in defining the protocol details. 

Tiered TPC

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 dot11RTSThreshold value, be relatively prevalent and hence considered as important contributors to undesired interference 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 less impact on the average interference 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 a so called TPC policy to be defined, giving guidelines on TPC algorithmic goals. Outgoing from the TPC policies, a collection of TPC mechanisms are defined. The TPC mechanism shall strive to select the least required transmit power. The TPC policies together with proposed TPC mechanisms attempt to provide a cornerstone enabling very efficient operation of 802.11 systems.

The TPC policy follows a tiered approach defining three levels. Frames with different topological destination objectives are divided among those three Tier-classes.
As Tier 1 frames are sent with high transmit power, this class also adopts a policy of being constrained in time. The reason being minimizing random interference peaks within and towards neighboring (I)BSS. This is achieved by confining Tier 1 traffic around Beacon transmit occasions, i.e. in essence at TBTT.

Tier
Topological destination objectives
Frame subtypes
TPC policy

1
Outside and within (I)BSS.
Beacon,

Probe Request 
,

Probe response
, 

PTX  ( Highest permitted domain transmit power




Definition range > Start of the Beacon 

Definition range < Immediate vicinity after the Beacon.

2
Within (I)BSS.
RTS, CTS, ACK3
PTX  (  Tier 1

PTX  > max required PTX  to any STA in (I)BSS




Outside Tier 1 definition range

3
Directed to single STA
DATA,  3
PTX  ( Tier 2 

PTX  > Required PTX  to desired user




Outside Tier 1 definition range

Table 1 TPC Tiers
The procedures and settings for each Tier TPC method is discussed below.

1.1 Tier 1 – Fixed Transmit Power

This section defines the TPC setting and conveyed information for frame subtypes belonging to Tier 1.

First, for power setting of tier 1 frames, the excellent domain specific transmit power approach introduced in [2] is adopted here. Each STA within an (I)BSS uses the allowed domain transmit power when sending a frame (subtype) containing any of the IE as defined in 2.5. If the transmit power capabilities is less than the domain transmit power level, the former must be used.

Tier 1 frames are also responsible to distribute information which enables open loop power control for tier 2. Two different topologies in 802.11 networks must be handled, i.e. the IBSS and the BSS. The basic principle to derive transmit power information is identical for both topologies, but frame exchange sequences differ.

The basic principle is that each station transmits two items of information according to rules specified below. The first item of information is an indication of used transmit power, PTX, for and conveyed within the tier 1 frame. Although the maximum transmit power allowed by domain regulations is known, transmit power limitations of individual stations must be considered and distributed as well. The second piece of information that is sent out is the minimum required receive power level, PRX_min. Both pieces of information are conveyed in an Information Element (Transmit Power Information Element) as shown in Figure 4.

Each station upon hearing this information can determine required transmit power by a basic link budget calculation.

Typically PRX_min represents the noise floor of the receiver, but shall be adaptive to ensure a sufficient reception quality whenever interference outside the own (I)BSS is detected. Hence, PRX_min will be slightly above the general interference level.

The procedures to distribute the open loop TPC information are now explained for both BSS and BSS.

IBSS

The procedure to distribute the Transmit Power Information Element for the IBSS is based on conveying it in the regular IBSS Beacon. Hence, PTX represents the transmit power used for the Beacon frame. The intent of using the Beacon is because it complies well with both power save mode operation as well as the Tier 1 objectives.

Each STA receiving a Beacon assess that it originates for the same IBSS and determines the required transmit power. Over the time, as the IBSS Beacon transmit time is somewhat randomized, Beacons from all STAs within the same IBSS and within range will be received. Old transmit power updates lose in validity over time, as corresponding new updates are not overheard.

Important to point out is that this solution scales very well. The complexity is O(N) messages to determine all N·(N-1) TPC settings for a network of N no STAs. In contrast, a request reply based TPC scheme would have a complexity of O(N2). Hence, one may claim low OH, radio resource efficiency as well as power consumption efficiency.

BSS 

The procedure for BSS to determine open loop transmit power levels differ as STAs do not naturally send Beacons as in the IBSS case. Instead, a transmit power information request directed towards a selected STA is issued by the AP in charge of the BSS. This request is sent via an IE carried in a Probe request just immediately after the Beacon. Subsequently, a Probe response is sent from the addressed STA with another IE indicating the used transmit power information PTX and a minimum required receive power level, PRX_min. The Probe request and the Probe response employs the Tier 1 TPC policy. In a similar manner as for the IBSS, each STA determines the required transmit power, through information conveyed by the Probe response. The polling sequence of STAs belonging to a BSS is an implementation specific issue and shall not defined in the standard. It is obvious that the AP may e.g. select and probe strategically important STAs. Also note that the complexity remain linear, i.e. N STAs has complexity O(N).

Further, the solution ensures backward compatibility in terms of frames and information elements for both IBSS and BSS. This is further discussed in 2.5.

Legacy STA TPC Handling

The presence of a legacy STA can be determined by detecting the absence of the Transmit Power Information Request Element or the Transmit Power Information Element, see Figure 3 and Figure 4 respectively.

Any STA detecting a transmission from a legacy STA sets PRX_min to the highest possible value, which is reserved for the purpose to indicate the presence of one or more legacy terminals. Any node hearing such PRX_min value must use maximum permitted transmit power defined by domain regulatory requirements. In this manner, all STAs in the vicinity of legacy stations compete under similar conditions about the channel as the legacy STA. Consequently the advantages of TPC is lost in the vicinity of a legacy STA, but stations further away still benefit from TPC. A predetermined time after that a legacy STA transmitted frames under the tier 2 or 3 TPC policy the last time, a STA reverts back to the basic TPC scheme. This means that a legacy station which is silent for a long period of time will not force maximum allowed transmit power to be used. An exemplary state machine (informative) is depicted in Figure 1. Timer 1, keeps track of the presence of any legacy STA, whereas timer 2 keeps track on any transmission from any legacy STA.
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Figure 1 Legacy STA TPC states
Legacy STA handling with respect to frame formats is discussed in 2.5
1.2 Tier 2 – open loop group TPC

This section defines the TPC setting and conveyed information for frame subtypes belonging to Tier 2. The TPC setting is derived from information provided by tier 1 frames. Some tier 2 frames convey information that is used by tier 3.

This transmit power information from tier 1 enables a so called group oriented TPC. The aim is to determine a transmit power setting such that all STAs within an (I)BSS will have a sufficient CIR enabling each one to receive Tier 2 frames. With other words, a station sending tier 2 frames shall employ a transmit power setting determined from max (P1,P2,….,Pk-1,Pk+1,..,PN), where N is the number of stations within the (I)BSS and Pj is the transmit power required from the station in question to station j.

Although several possibilities in TPC setting philosophy exist, it has been important to settle for one. It has been chosen to use tier 2 TPC setting for all frames that must uphold NAVs. The reason for this is twofold. First one may see the medium a (I)BSS uses as single channel. Second, it complies well with how the legacy DCF function is designed. At the same time, from the viewpoint of interference and power consumption, it is preferred to send with the least possible transmit power. The Group oriented TPC scheme proposed here intend to strike a balance between those two somewhat conflicting goals.

As several frame types may uphold NAVs, there are different scenarios where the tier 2 TPC setting is applied. First, it is used in RTS-CTS frame exchange. Second, it is used for DATA-ACK frame exchange when RTS-CTS is not used. Third, it is used for ACKs when fragmentation is exploited.

Below are some comments on various scenarios where tier 2 TPC is used. See Figure 2 for an overview of message sequence charts.

Communication with RTS-CTS frames

For packets longer than the dot11RTSThreshold value, a DATA transmission is preceded with an RTS-CTS phase. Whereas DATA is treated under tier 3, the RTS and CTS both adopts the tier 2 TPC setting. When two TPC enabled STAs communicating, The CTS frame will according to this proposal carry an additional field used for closed loop transmit power control. Further, when fragmentation is used, successive ACKs are sent with tier 2 TPC setting. An exception is the last ACK in a sequence which does not need to set a NAV, which can therefore optionally transmit with reduced transmit power. 

The need of applying group TPC on each of the RTS and CTS frames requires some clarifications as one may argue that the RTS coverage are OR the CTS coverage area would cover the whole (I)BSS. While the RTS-CTS frame exchange efficiently prevents hidden stations to access the channel, further enhanced by the virtual carrier sense, the RTS-CTS frames themselves need to be protected with classical physical carrier sense. This is because the RTS-CTS frame exchange lasts much longer than the slot resolution time in 802.11a. As a result, it is vital to ensure that all STAs within the same (I)BSS transmit with sufficient power so as to reach each other.

Communication without RTS-CTS frames
As some packets will be shorter than the dot11RTSThreshold value, the RTS-CTS inquiry-response phase will occasionally be omitted. In this case, the DATA transmissions follows the tier 2 rule, i.e. as described for the RTS frames. The ACK uses either a tier 2 group TPC setting or optionally a smaller transmit power value. Although it would be desirable to use a lower transmit power level for reduced power consumption and interference reasons, this is judged necessary to ensure compatibility with NAV setting philosophy of DCF . 

ACK used with fragmentation

When fragmentation is used, successive ACKs are sent with tier 2 TPC setting. An exception is the last ACK in a sequence which does not need to set a NAV, which can therefore optionally transmit with reduced transmit power.
1.3 Tier 3- Instantaneous Closed Loop TPC

This section defines the TPC setting for frame subtypes belonging to Tier 3. The TPC setting is derived from information provided by tier 2 frames.

Each node receiving an RTS message assesses preferably the instantaneous carrier to interference ratio, CIR. Subsequently, a desired reduction of transmit power relative the transmit power used for the RTS frame, is determined. A relative transmit power adjustment request, PTX_Request, is then conveyed in the CTS frame back to the originating STA. The originating STA adjust the transmit power level accordingly for the subsequent DATA frame transmission. This procedure is also repeated when fragmentation is employed, disregarding if RTS-CTS exchange is used prior the first DATA transmission. However, instead of the CTS frame the ACK frame conveys the PTX_Request information.

The details of the algorithm in adjusting the transmit power for DATA is implementation specific, but the mechanism as such inherently enables a very precise adjustment with respect to instantaneous experienced CIR at the receiver. The policy shall however be to select the least possible transmit power that is required for sufficient reception quality.

The relative transmit power change shall be calculated under the assumption that link rate is unchanged from preceding frame. So if a RTS is received with a certain link rate, the relative transmit power change is based on that link rate. The transmitter may however change link rate, but shall then adjust transmit power accordingly.

Concern may be raised that some stations may reset their NAV if they first hear an RTS but cannot detect the start of DATA transmission as transmit power may have been reduced. Resetting of the NAV is an optional feature in IEEE 802.11-1999, but the issue requires a brief discussion.
It is argued here that the optional reset of NAV will not cause any problem due to following reasons. Assume that two distant STAs want to communicate, then both DATA and RTS must transmit with high power and hence NAV will not be reset. In contrast if the two STAs are close to each other, the CTS coverage will overlap the RTS coverage and hence NAV will not be reset. Also note that mostly DATA is desired to be sent with highest link rate possible which inherently dictate a higher transmit power. Sending 54 Mbps instead of 6 Mbps require in the order 15 dB higher transmit power with 802.11a Phy. Thus, NAV will seldom, if ever be reset.  It is the very same argument which allows tier 3 TPC to be used in conjunction with fragmentation.

The modification of the CTS and Data frames may be accomplished as part of the TGe process or independently in 

TGh. See 2.5. for details regarding the frame structure.

1.4 Frame exchange sequences

Various cases of frame exchange sequences are shown in Figure 2. Respective TPC setting is shown together with associated frame. It has been a goal to include compatibility to fragmented transmissions.
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Figure 2 Frame exchange and TPC 
Frame and IE formats
Two new IEs are defined in this proposal. The first one is used to request a frame with transmit power information. The second one is used to indicate which transmit power is used in the frame it is sent within.

Octets: 1
Octets: 1
Octets: 0

Element ID
Length
Transmit Power Information Request

Figure 3 Transmit Power Information Request Element

The maximum value of PRX_min is designated to indicate the presence of a legacy STA.

Octets: 1
Octets: 1
Octets: 1
Octets: 1

Element ID
Length
Transmit Power Information, PTX 
Minimum required receive power, PRX_min

Figure 4 Transmit Power Information Element

Management frame subtype Beacon is modified to include two new IEs. The transmit power Information element is only used in IBSS operation. Inclusion of new IE is backward compatible with legacy STAs as they will neglect unknown Ies.

Order
Information
Comments

11
Domain Information 
See [2]

12
Transmit Power Information Element
Only in IBSS operation

Figure 5 Beacon modifications

Management frame subtype Probe request and Probe response is modified to include one new IE each. This is merely used in BSS operation. Also here, the inclusion of new IE is backward compatible with legacy STAs .

Order
Information
Comments

3
Transmit Power Information Request Element
Only in BSS operation

Figure 6 Probe request modifications

Order
Information
Comments

10
Transmit Power Information Element
Only in BSS operation

Figure 7 Probe response modifications

The inclusion of a field for closed loop Transmit Power Control in CTS and ACK are shown in Figure 8. The field is only but always included when transmitting CTS or ACK to a TPC enabled STA from another TPC enabled STA
. Legacy STAs will not be able to interpret the TPC information, but they also have no use of the information as they can’t adapt their transmit power. Legacy STAs as well as TPC enabled STAs will however be able to set their NAVs as this is handled though the Duration field
. A TPC enabled STA differentiate CTS or ACK received from legacy STAs and TPC enabled STAs through address information and/or PHY length indication. Note that the additional PTX_Req field does not incur any additional 802.11a OFDM symbol overhead. This is valid for all 802.11a link rates because merely existing pad bits will be replaced.




Figure 8 Frame structure

The PTX_Request filed is shown in Figure 9. Whereas the resolution is 1 dB in the request message, the transmitter may optionally us TBD dB steps. In this case, the transmitter uses the a higher transmit power than requested.

B0-B1
B2-B7

Reserved
CL-TPC info: 1 dB steps

Figure 9 PTX_Request

2 Conclusion

A Tiered Transmit Power Control scheme, able to operate in both BSS and IBBS network, on basis of the fundamental DCF channel access scheme has been outlined. For Tier 3 traffic, i.e. directed Data and Management frames etc generating the bulk interference and being the main source of power consumption, precise and instantaneous TPC based on the closed loop paradigm is adopted. For Tier 2 traffic, i.e. CTS and RTS frames etc, an open loop strategy ensures that STAs belonging to the same (I)BSS see the channel as one resource while retaining Inter (I)BSS interference on  lowest possible level. Tier 1 traffic, Beacon frames etc., enable path gain and estimation of required transmit power for tier 2 traffic. In addition, Tier 1 traffic confines itself in time to enable predictable and short lasting high interference peaks.
It is argued that an adaptive tiered and fast TPC as presented, has potential to significantly reduce interference, prolong battery lifetime and improve system performance. In addition, the freedom of implementers to decide on algorithm specifics can be preserved.
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� When used in BSS with IE defined in � REF _Ref511468536 \h ��Figure 3�


� When used in BSS with IE defined in � REF _Ref511468576 \h ��Figure 4�


� Details of other frame subtypes is TBD.


� Observe that sending a Probe request and Probe response just after the Beacon is not the most efficient method. One possible alternative is to make use of the Beacon in which the Probe request IE (transmit power request information) is then conveyed. A Probe response or more suitable frame then convey the transmit power information IE. 


� The author offers an alternative method to differentiate legacy control frames from the extended ones, i.e. through designating new frame subtype values. The expertize of the group are invited to suggest other alternatives.


� NAV setting retain possible for frame field extensions or introduction of new frames as exploited in TGe for QOS extension of 802.11.
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