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Abstract

This submission contains additional text for clause 9 of the ANSI/IEEE 802.11-1999 standard that would provide the QoS functionality in the “contention period” described in document IEEE 802.11-00/467r1.

4.  Abbreviations and acronyms

…

HC
hybrid coordinator

HCF
hybrid coordination function

PP
permission probability

TCPP
traffic category permission probability

…

Add the following subclause between 9.1.2 and 9.1.3 of IEEE 802.11-1999:

9.1.3  Hybrid coordination function (HCF)
Note:  Any text on PCF or CFP below is not part of this proposal.  It is included to provide the context in which the proposed enhanced DCF mechanisms operate.

For infrastructure networks, contention-free and contention access to both the contention-free period (CFP) and the contention period (CP) is provided by an HCF to enhanced stations (ESTAs).   Specifically, the enhanced access point (EAP) of a QBSS shall carry a hybrid coordinator (HC) that controls, or coordinates, the transmissions of all ESTAs into the CFP and CP in a unified fashion.  The HCF enhances, and hence replaces, the PCF for the CFP; it extends a central coordination capability into the CP and is complementary to the DCF for DCF-based stations operating in a QBSS.

The HCF supports multiple traffic categories (TCs), characteristic of prioritized or parametrized QoS support for directional frame transfers, from and to the MAC entity of each ESTA.   The HCF accommodates direct station to station traffic transport.

The HCF conducts contention-free transmissions in the CFP on the rules for the CFP under a PC.  Frames are sent with a separation of a SIFS interval, and the HC may regain the control of a lost channel after an idle of a PIFS.  Enhancements are introduced to enable the HC to have control in time limit over each instance of the channel usage by a polled ESTA, and to enable the ESTA to piggyback the local queue state into the frame being transmitted.  An instance of the channel usage is referred to as a transmission opportunity (TXOP), defined by a start and a limit duration time.  Other enhancements include CF-Multipoll frames, which in a single frame conveys multiple TXOPs to one or more ESTAs.  Alternative to immediate acknowledgment, no acknowledgment and delayed acknowledgment are also provided for parametrized QoS frame transfer.

The HCF offers centralized contention (CC) for sending reservation request (RR) by ESTAs in the CFP, a mechanism referred to as CC/RR.  The EAP/HC has full control over the starting and ending boundaries of each contention interval, into which ESTAs send their RR frames to request for more contention-free TXOPs.   The CC/RR mechanism is especially useful for bursty and variable bit rate transmissions from TCs originated at wireless ESTAs. 

The HCF allows contention-free and contention transmissions to occur anywhere, any order, and any number of times in the CFP.  All frames other than RR frames from wireless ESTAs are transmitted in the CFP only in response to a (+ )CF-Poll or CF-Multipoll from the EAP/HC.  Contention in the CFP is used solely for sending RR frames for requesting additional TXOPs.

The HCF extends contention-free access into the CP, employing some frame transmission rules in the CFP and the virtual and physical carrier sensing mechanisms in the CP.  The EAP/HC (re)initiates contention-free frame transmission sequences after the channel is idle for a SIFS or PIFS, as further described below, with frames within a sequence separated by a SIFS.  Wireless ESTAs may also use restricted tokens to gain contention-free TXOPs.  The NAV setting rule is extended from that for the RTS/CTS frames.  It mitigates overlapping BSS interference while allowing for channel reuse due to spatial separation.

The HCF coordinates contention in the CP from ESTAs via permission probability, or equivalently, via adaptive backoff.  The EAP/HC controls the probabilities with which TCs transmit by contention, increasing the probabilities when the channel is underloaded and decreasing the probabilities when the channel is overloaded.  The EAP/HC broadcasts the probabilities in a beacon element or a control frame.  Contending wireless ESTAs transmit with such probabilities by CSMA with persistent contention.  In the absence of an EAP/HC such as in an IBSS, or when such a beacon element is not found in the beacon, default rules are defined for ESTAs to set the probabilities in a way compatible with truncated binary exponential backoff as defined for the DCF.  CSMA with persistent contention is subject to the same NAV and CCA rules just as CSMA with collision avoidance.

The HCF renders persistent contention by probabilities equivalent to adaptive contention by backoffs.  That is, contending wireless ESTAs may transmit by CSMA with adaptive backoff, where the backoff time is set adaptively based on the latest probability values.  Thus, contention proceeds as with DCF, except that the backoff time is set adaptively as a function of a uniformly distributed random variable and the probabilities.  Such equivalence remains applicable when the default rules are in effect, furnishing similar contention procedures as with truncated binary exponential backoff defined for the DCF.

The DCF enables DCF-based stations to transmit by contention with or without an EAP/HC.  That is, DCF-based stations contend by CSMA/CA with truncated binary exponential backoff.  These stations and ESTAs can all contend to transmit in the CP.

As in the CFP, contention-free and contention-based transmissions may alternate any number of times in the CP.  However, they are subject to the NAV and CCA rules defined for the CP.  Another fundamental difference between the CFP and CP is that in the latter, wireless ESTAs can transmit their frames either by contention-free or by contention access.  The HCF, in setting the permission probability (PP) values for controlling the contention of wireless ESTAs, also provides coordination between contention-free and contention access.  It prevents wireless ESTAs from repetitively contending in the CP, and hence overloading the channel, for sending frames that are to be transmitted by contention-free access, while allowing for the ESTAs to send those frames by contention in cases where the EAP/HC is not functioning properly. 

Add the following subclause somewhere in clause 9 of IEEE 802.11-1999:
9.5  Enhanced access to CP

Enhancement to the CP is an HCF that provides contention-free and contention access for ESTAs, while backward compatibility is retained with the DCF which enables DCF-based stations to continue their operation in the CP.

Contention-free frame transfer in the CP is introduced to provide QoS support.  It enables the EAP/HC to have control of the channel most of times, and therefore provides QoS transfer of frames from the EAP/HC and from the wireless ESTAs.  It also reduces contention from intra QBSS and overlapping (Q)BSS, while allowing for channel sharing between non-interfering stations.  It may result from the preemptive access of the EAP/HC by deferring for a PIFS or SIFS in initiating a transmission, or from a token-like transmission opportunity for a receiving ESTA.  It adopts such mechanisms as polls, piggybacked polls, and piggybacked acknowledgments from the CFP, but sets the duration field on a sequence basis in conformance with the NAV operation in the CP.

Contention in the CP is enhanced to provide prioritized QoS support, and is controlled by the EAP/HC via traffic category permission probabilities (TCPPs) assigned to prioritized TCs.  It is based on CSMA with persistent contention or, equivalently, CSMA with adaptive backoff.  It also minimizes collision among stations and maximizes throughput for better channel utilization, thereby reducing MAC access delay.  The essence of the enhanced contention scheme is contention adaptation—which achieves collision avoidance and collision resolution for a variety of ESTA populations and loads.  Moreover, it is inherently fair among TCs of equal priority across the whole QBSS and differentiable, relatively or absolutely as desired, between TCs of unequal priority.

The CC/RR mechanism is also provided for the CP.  It enables parameterized or prioritized TCs queued at wireless ESTAs, especially those that are not allowed to have their frames sent by contention, to have RR frames transmitted to the EAP/HC for requesting additional TXOPs.  They operate based on probabilistic contention.  The EAP/HC sends out via a CC frame a permission probability (PP), with which wireless ESTAs transmit a RR frame.  CSMA with persistent contention also operates by probabilistic contention.  The EAP sends out via a CCC beacon frame element or standalone frame TCPPs for prioritized TCs, from which wireless ESTAs obtain their PPs and transmit their frames with the respective PPs.  CSMA with persistent contention can be shown to be equivalent to CSMA with adaptive backoff in MAC functionality, while the latter is comparable to CSMA with binary exponential backoff in MAC operation and implementation complexity.

Contention by DCF-based stations continues to operate by CSMA with collision avoidance.

9.5.1  Contention-free transmissions

Contention-free transfer in the enhanced CP is primarily for the EAP/HC to send MPDUs or MMPDUs to wireless ESTAs and/or to poll wireless ESTAs for frame transfers from those ESTAs.  With such function, parameterized or prioritized QoS can be supported in data frame transmissions.  Contention-free transfer in the enhanced CP is to a less extent for a wireless ESTA to use the receipt of a frame as a token to send an MPDU or MMPDU.  In this way, overhead and contention are reduced, and hence throughput and efficiency are increased.

The mechanisms and rules for contention-free frame transfers in the CP are specified below.  They assume the presence of  an EAP and a co-locating HC, unless stated otherwise.

9.5.1.1  PIFS and SIFS for EAP/HC

The EAP/HC may preempt the contention from wireless STAs, and hence seize the medium, in the CP by transmitting after the medium is sensed to be idle for a PIFS interval rather than for a DIFS interval.  This enables the EAP to create contention-free transmissions for itself and for wireless ESTAs in the BSS as described below.

After the medium is idle for a PIFS, as determined by the NAV and CCA mechanisms, the EAP/HC may send a broadcast or multicast {QoS }Data frame, a directed {QoS }Data frame, or a directed {QoS }{Data + }CF-Poll frame.  In this way the EAP/HC initiates a frame exchange sequence, which may comprise data frames transmitted from wireless ESTAs as further described in subclause 9.5.1.2.

The EAP/HC may regain the channel upon receiving a frame addressed to itself, by transmitting one SIFS afterwards a broadcast or multicast {QoS }Data + CF-Ack frame, a directed {QoS }Data + CF-Ack frame, or a directed {QoS }Data + CF-Ack + CF-Poll frame, where use of the + CF-Ack is similar to the CFP and is for the piggybacked acknowledgment of the successful reception of the frame that the EAP/HC just received.  In this way the EAP/HC extends a frame exchange sequence.

The EAP/HC shall set the Duration field in a directed frame to the time, in (s, allocated to the TXOP of the addressed ESTA, plus one CF-Ack frame time, plus two SIFS intervals.  Furthermore, if the EAP/HC desires to maintain the control of the channel after sending a directed frame, it shall set the More Data field to 1 to require the intended receiving ESTA of that directed frame to send a frame back to the EAP/HC, but not to another ESTA.

The EAP/HC may also send a CF-Ack or an Ack frame one SIFS after receiving a valid frame, to the STA which sent that frame to the EAP/HC.  The EAP/HC may transmit again one SIFS or PIFS later just as in the CFP.  If SIFS is employed, the EAP/HC is considered to be further extending a frame exchange sequence, whereas if PIFS is employed, the EAP/HC is considered to be initiating a new frame exchange sequence.  Such differentiation will have an impact on the use of restricted tokens by wireless ESTAs as described in 9.5.1.2. 

The EAP/HC shall not extend a frame exchange sequence if insufficient time remains in the current CP.  However, the EAP shall send a CF-Ack or Ack frame, if required, even if doing so results in the crossing of the TBTT boundary.

The medium is released for contention access if the EAP/HC does not transmit after a frame exchange sequence ends for a PIFS interval, provided that the remaining CP has at least so much time as for the transmission of a minimum length MPDU and an Ack frame.

9.5.1.2  Polls and tokens for wireless ESTAs

A wireless ESTA gains contention-free access to the CP after one SIFS following a poll or a token sent to it, using the transfer rules defined below.

A wireless ESTA, after one SIFS of receiving a {QoS }{Data + }{CF-Ack + }CF-Poll frame addressed to itself, shall transmit a directed {QoS }{Data + }CF-Ack frame, or a {QoS }Null frame.  The transmitted frame shall not exceed in time the TXOP allocated to the ESTA and equal to the received Duration field value subtracted by one CF-Ack frame time and two SIFS intervals.

A wireless ESTA, after one SIFS of receiving a non-fragmented {QoS }Data{ + CF-Ack} frame addressed to itself, may send a directed {QoS }Data + CF-Ack frame of at least the same priority as the received frame, provided that the wireless ESTA has not sent a frame within this frame exchange sequence separated by one or more SIFS, but not by PIFS.  The frame received by this wireless ESTA is referred to as a token, and may arrive by contention-free or contention access.  The MAC frame transmitted by the wireless ESTA shall not exceed the maximum length MPDU.  Use of a token is further subject to the TBTT restriction—the ESTA receiving such a token shall not send a data frame if doing so would extend the CP beyond the TBTT.  However, the ESTA may send an Ack frame to acknowledge receipt of a frame regardless of the TBTT boundary.  

On using a poll or a token, a wireless ESTA may make piggybacked acknowledgment using a subtype containing CF-Ack as in the CFP.  The wireless ESTA may also piggyback the remaining size of the TC from which a frame is being transferred into the Size field of that frame.  Moreover, the wireless ESTA may transmit to a receiver address (RA) other than the transmitter address (TA) of the frame that the wireless ESTA just received, if the More Data bit of that received frame is set to 0.

The wireless ESTA shall set the Duration field in a directed frame responding to a poll or a token to the time, in (s, required to transmit a CF-Ack frame, plus one SIFS.  In general, the wireless ESTA shall set the More Data field to 0 to allow the intended receiving ESTA of that directed frame to send a frame to another ESTA.

Excessive medium occupancy due to the use of chain tokens is a rare case in practice and should not be an issue for QoS.  In fact, transmission by tokens stays within the CP, and does not impact the traffic transfer in the CFP.  Rather, token usage reduces contention and improves throughput in the CP.

As in the CFP, a wireless ESTA given a TXOP in the CP is free to select a frame from any local queued TCs for transmission so long as the selected frame fits into the TXOP.

Contention-free access for wireless ESTAs enabled by the token mechanism applies to IBSS as well as infrastructure BSS.

9.5.1.3  Poll requests
A wireless ESTA shall be granted, by the EAP/HC, contention-free access to the CP for sending a burst of, i.e., at least two, MSDUs queue at a local TC if it sends a Poll Request (PR) frame to the EAP/HC on behalf of those MSDUs.  The wireless ESTA may send a PR frame via contention-free or contention access.

The wireless ESTA shall set the Duration field in the PR frame to the time, in (s, required to transmit the first MSDU of the burst, a CF-Poll frame, and a CF-Ack frame, plus three SIFS intervals.  It shall indicate its AID and the priority of the TC for that burst in the TCA field of the PR frame, and the size of the burst in the TC Size field.

The EAP/HC shall send a {QoS }{Data + }CF-Ack + CF-Poll to the ESTA that sent a PR frame, after one SIFS following the receipt of that PR frame.  The EAP/HC may specify a TXOP time limit, via the Duration field, that is equal to or smaller than the time needed for transferring the size of the burst indicated in the PR frame.  If necessary, the EAP/HC shall send more {QoS }{Data + }{CF-Ack + }CF-Poll frames to that ESTA later on, until the TC of the burst is indicated to be empty. 

9.5.1.4  Illustrations for contention-free access
Figure E1 illustrates frame transmissions by contention-free access.  Dashed frames are not transmitted, but they are the frames that were used in setting the Duration field for the relevant NAV coverage.  Frames shown on the top were, or could have been, transmitted from the EAP/HC, while frames shown on the bottom were, or could have been, transmitted from the wireless ESTAs.
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Figure E1 – Example of contention-free frame transfer in the CP
9.5.2  Contention-based transmissions

Binary exponential backoff driven CSMA completely relies on the contending station’s knowledge of its own contention history, and hence may be much biased, in conducting contention and collision resolution.  It exhibits some fundamental deficiencies as illustrated in Figure E2, where CWmin for new frame transmissions is assumed to be “adaptable”.  The offered load to the channel by contention increases with increasing population of contenders, and consequently, collision increases, and hence throughput decreases, dramatically with increasing population of contenders due to vicious cycles of collisions after collisions.

CSMA with adaptive contention is the enhanced contention access method for the CP. It is based on the use of adaptive TCPPs determined by the EAP/HC, and hence takes advantage of the global contention history and picture, but not just the local station’s own contention history, that the EAP/HC possesses.  It systematically addresses the issues associated with CSMA with binary exponential backoff as identified above, and significantly increases channel throughput, while achieving inherent fairness and desirable differentiation, with little additional implementation complexity.  This is illustrated in Figure E3, In general, it intensifies the contention of wireless ESTAs when the channel is observed to be lightly loaded, and reduces the contention of wireless ESTAs when the channel is observed to be heavily loaded.  However, it will not allow the offered load of contention to the channel to exceed a threshold level regardless of the population and traffic of contenders, and therefore will not result in increased collision and decreased channel throughput as the contending ESTAs’ population and load go up.

CSMA with adaptive contention is described in terms of two functionally identical MAC protocols in the following: CSMA with persistent contention and CSMA with adaptive backoff.  In terms of operation and implementation, the former is analogous to the CC/RR mechanism, while the latter is similar to the legacy DCF.  Again, a co-locating EAP and HC is generally assumed to be available for controlling the enhanced contention, but cases where the EAP/HC is not providing contention control information or where no EAP/HC is present such as in an  IBSS are also treated.
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Figure E2 – Deficiencies of binary exponential backoff
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Figure E3 – Solutions of adaptive backoff to Figure E2
9.5.2.1  TCPP and PP 

If an EAP/HC is present to coordinate the contention in the CP by wireless ESTAs, it shall assign for its QBSS each priority of traffic category a permission probability, referred to as the TCPP, and shall broadcast the TCPP values for up to eight priorities of TCs via a CP contention control (CCC) element in each beacon and sometimes in a standalone CCC control frame.  The same TCPP value applies to TCs of equal priority originated at wireless ESTAs across the QBSS, whereas in general larger TCPP values are given to TCs of higher priority.  The EAP/HC will in general vary the TCPP values in adaptation to the contention load change in the channel, decreasing the TCPP values if the channel is overloaded and vice versa.

An active ESTA, i.e., a wireless ESTA that has a frame (new or retried) to send to initiate a frame sequence transfer by contention, shall use the latest TCPP values received from the EAP/HC to perform its contention in the CP by CSMA with adaptive contention and select a frame to transmit when transmission by contention is permitted.  An active ESTA that was in a power save mode, upon wake up, shall determine the TCPP values based on the default rules as specified below, but shall use the TCPP values from the EAP/HC once such values are received.

If an active ESTA does not detect a CCC element in a beacon or the beacon itself, it shall adjust the TCPP values on its own by invoking the default rules as specified now.  (a) Any local queued TC that has a non-zero TCPP value shall continue to have the same TCPP value until it has a frame transmitted.  (b) A local TC of priority i has a TCPP value equal to TCPPi, max if it has a new frame to send, where TCPP0, max = 2/33, and TCPPj, max = 2/17, i = 1, 2, …7.  (c) A local TC of priority i that has a retried frame to send after a collision shall change its TCPP value from TCPPi to max[TCPPi,min, 2( TCPPi /(4 – TCPPi)], where TCPPi, min = 2/1056, i = 0, 1, 2, …7.

An active ESTA shall calculate a permission probability (PP) as the sum of the latest TCPP values pertaining to the local queued TCs in contending to transmit a frame by CSMA with persistent contention or by CSMA with adaptive backoff, as described in the subsequent two subclauses.  It sets the TCPPs pertaining to the local empty TCs to 0.  It shall recalculate the PP when the value of any constituent TCPP changes.  The value of a constituent TCPP may change due to receiving an update for TCPP values from the EAP/HC, due to invoking the default rules, or due to a change from a queued to an empty status or from an empty to a queued status.

The enhanced contention access methods defined below do not change the usage rules of RTS/CTS.  If a wireless ESTA is permitted to transmit a frame that exceeds dot11RTSThreshold in length, the ESTA shall send a RTS frame; if a CTS frame is received correctly, the ESTA shall then transmit that frame.
In the following descriptions, the value of PP is denoted as italic PP, and the value of TCPP for the local non-empty TC of priority i is denoted as italic TCPPi.

9.5.2.2  CSMA with persistent contention

This access method is similar to the classical p-persistent CSMA, except that the p value usually varies during the contention to adapt to the load change.  Specifically, an active wireless ESTA contends to transmit a frame in initiating a frame exchange sequence by the following order (see Figure E4):
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Figure E4  State machine for an active ESTA using CSMA with persistent contention

1.
The ESTA shall calculate its PP as the sum of the latest TCPP values for the local queued TCs, setting the TCPPs for the local empty TCs to 0.

2.
After the medium is sensed to be idle for a DIFS duration following a correctly received frame, or for an EIFS duration following an incorrectly received frame, the ESTA shall recalculate its PP if any TCPP value has changed.

3.
The ESTA shall transmit with a probability equal to its latest PP value, PP.  Specifically, the ESTA draws a random number, X, from a uniform distribution over (0, 1), and if X > PP, the ESTA is not permitted to transmit, or otherwise if X ( PP, the ESTA is permitted to transmit a frame.

4.
If the ESTA is not permitted to transmit but the channel is sensed to become busy over the current slot, it shall go back to step 2.

5.
If the ESTA is not permitted to transmit and the channel is sensed to be idle over the current slot, the ESTA shall recalculate its PP if the value of any constituent TCPP has changed since the last calculation, and shall go back to step 3 to proceed. 

6.
When the ESTA is permitted to transmit, it shall transmit a frame from the local TC of priority k determined by the range into which X falls: sum(TCPP0, …, k –1) < X ( sum(TCPP0, …, k), where sum(TCPP0, …, k) = TCPP0 + TCPP1 + … + TCPPk, and sum(TCPPk – 1) = 0 for k = 0.  The ESTA discards frames that have queued longer than their respective life times prior to selecting a frame.  The ESTA also uses the latest TCPP values for the local queued TCs, setting the TCPP values to 0 for the local empty TCs.  This local selection criterion is illustrated in Figure E5.  It is seen that the probability of transmitting a frame from a local TC of priority k is exactly equal to TCPPk, the TCPP value pertaining to TCs of priority k across the QBSS.  This is true whether there is one or more TCs originated at the same wireless ESTA.  Thus, fair contention among TCs of equal priority is achieved inherently within the QBSS at all times.

[image: image5.wmf]0

1

PP

TCPP

0

TCPP

1

TCPP

k

TCPP

7

X

...

...


Figure E5  Local scheduling for CSMA with persistent contention
7.
If the ESTA correctly receives an acknowledgment, its previous transmission is considered to be successful.  If the ESTA does not receive an acknowledgment correctly within the expected ack timeout, its previous transmission is considered to be failed.  The ESTA shall treat a failed frame as a new frame for retry and subject it to the same local scheduling discipline, unless the failed frame has exceeded its relevant life time or retry count, in which case the ESTA shall discard the failed frame without further retransmission.  If the ESTA is to retransmit the failed frame, or/and if the ESTA has other new or retried frames for transmission by contention, it shall go back to step 1 to continue its contention.   Otherwise, the ESTA shall stop contention until it becomes active again.

9.5.2.3  CSMA with adaptive backoff

This access method is equivalent to CSMA with persistent contention as specified above in functionality and hence in performance, but allows the ESTA operation to be carried out in backoff and hence is similar to DCF in operation and in implementation.  According to the method, the backoff timer decrements on the same rules as for the DCF, and a wireless ESTA transmits a frame when its backoff timer reaches 0.  However, the ESTA calculates the backoff time as a function of its PP, and hence resets the backoff whenever the PP value changes.  Specifically, an active wireless ESTA contends to transmit a frame in initiating a frame exchange sequence by the following order (see Figure E6):
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Figure E6  State machine for an active ESTA using CSMA with adaptive backoff

1.
The ESTA shall calculate its PP as the sum of the latest TCPP values for the local queued TCs, setting the TCPPs for the local empty TCs to 0.  The ESTA shall also set its backoff timer using the calculated PP value, PP.  Specifically, the ESTA draws a random number, X, from a uniform distribution (0, 1), and calculates the backoff time as 
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 denotes the truncation of Y to the largest integer not larger than Y.

2.
After the medium is sensed to be idle for a DIFS duration following a correctly received frame, or for an EIFS duration following an incorrectly received frame, the ESTA shall recalculate its PP and reset its backoff timer if any TCPP value has changed.

3.
The ESTA shall transmit based on the backoff timer value.  Specifically, if the backoff timer is greater than 0, the ESTA is not permitted to transmit, or otherwise if the backoff timer is equal to 0, the ESTA is permitted to transmit a frame.

4.
If the ESTA is not permitted to transmit but the channel is sensed to become busy over the current slot, it shall go back to step 2.

5.
If the ESTA is not permitted to transmit and the channel is sensed to be idle over the current slot, the ESTA shall decrement its backoff timer by one slot unit, but shall recalculate its PP and reset its backoff timer if the value of any constituent TCPP has changed since the last calculation, and shall go back to step 3 to proceed.

6.
When the ESTA is permitted to transmit, it shall transmit a frame from the local TC of priority k determined by the range into which X falls: sum(TCPP0, …, k – 1) < CX ( sum(TCPP0, …, k), where C = sum(TCPP0, …, 7), sum(TCPP0, …, k) = TCPP0 + TCPP1 + … + TCPPk, and sum(TCPPk – 1) = 0 for k = 0.  The ESTA discards frames that have queued longer than their respective life times prior to selecting a frame.  The ESTA also uses the latest TCPP values for the local queued TCs, setting the TCPP values to 0 for the local empty TCs.  This local selection criterion is illustrated in Figure E7.  It is seen that the probability of transmitting a frame from a local TC of priority k is exactly equal to TCPPk, the TCPP value pertaining to TCs of priority k across the QBSS.  This is true whether there is one or more TCs originated at the same wireless ESTA.  Thus, fair contention among TCs of equal priority is achieved within the QBSS at the times.
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Figure E7  Local scheduling for CSMA with adaptive backoff
7.
If the ESTA correctly receives an acknowledgment, its previous transmission is considered to be successful.  If the ESTA does not receive an acknowledgment correctly within the expected ack timeout, its previous transmission is considered to be failed.  The ESTA shall treat a failed frame as a new frame for retry and subject it to the same local scheduling discipline, unless the failed frame has exceeded its relevant life time or retry count, in which case the ESTA shall discard the failed frame without further retransmission.  If the ESTA is to retransmit the failed frame, or/and if the ESTA has other new or retried frames for transmission by contention, it shall go back to step 1 to continue its contention.   Otherwise, the ESTA shall stop contention until it becomes active again.

9.5.2.4  Equivalence between persistent contention and adaptive backoff (informative)

For an active wireless ESTA, the probabilistic nature of persistent contention in attempting to transmit a frame provides equivalence to a random backoff in determining a transmission, and the memoryless property of that probabilistic nature renders the random backoff re-settable and hence adaptive.  The equivalence between CSMA with persistent contention and CSMA with adaptive backoff is established below (see Figure E8).
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Figure E8  Backoff and adaptation derived from persistent contention
Consider that, under CSMA with persistent contention, an active ESTA begins to transmit with a probability p = PP at a slot started at t = 0, and continues to transmit with the same probability following each successive idle slot until it is permitted to transmit at t = k slots.  In other words, the ESTA is not permitted to transmit until k slots later, and hence k is the effective backoff time in slots under a backoff-driven CSMA.  Since the probability that the ESTA is not permitted to transmit until k slots later is given by P(k = k) = P(k) = p(1 – p)k, k = 0, 1, 2, …, the backoff time k is geometrically distributed with p, and may be generated from a uniform distribution over (0, 1) according to the theory of discrete random number generation.

Specifically, given a random number, X, drawn from a uniform distribution over (0, 1), the backoff time k is determined by P(0) + P(1) + … + P(k – 1) ( 1 – X ( P(0) + P(1) + … + P(k).  Substitution of P(k) = p(1 – p)k leads to 1 – (1 – p)k ( 1 – X ( 1 – (1 – p)k + 1, i.e., (1 – p)k ( X ( (1 – p)k + 1.  Thus, k log(1 – p) ( log(X) ( (k + 1) log(1 – p), or k|log(1 – p)| ( log(X) ( (k + 1)|log(1 – p)|.  The backoff time k is therefore given by |log(X)/log(1 – p)| – 1 ( k ( |log(X)/log(1 – p)|, i.e., k = (log(X)/log(1 – p)( slots.

Further consider that if at t = 0, the ESTA set the backoff timer to t = k, then at t = j ( k, the ESTA reset the backoff timer based on the above geometrical distribution.  With the same p, the reset backoff timer expires also at t = k with exactly the same probability.  That is, P(k = k – j) = P(k = k | k ( j).  This is proven as follows: P(k = k | k ( j) = P(k = k, k ( j) / P(k ( j) = P(k) / [P(j) + P(j + 1) + …] = p(1 – p)k / (1 – p)j = p(1 – p)k – j = P(k = k – j).  As a result, resetting a backoff timer prior to the expiration of that timer with the same p = PP, using the formula 
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 derived from the geometrical distribution, does not alter the point of time statistically at which the ESTA is permitted to transmit.  If a larger PP is used in resetting the backoff timer, the new timer will expire earlier statistically, and vice versa.  Therefore, backoff is adaptive to the change in the PP value, and hence in the contention load.

9.5.2.5  Contention control (informative)

The EAP/HC may use a contention control algorithm for adjusting the TCPP values in the opposite direction of the contention load changes so as to optimize the channel throughput.  With adaptive contention, the channel is optimally loaded and hence maximally utilized when the time on idles is equal to the time on collisions over a given interval.  Here, the time on an idle is precisely one slot, while the time on a collision is the sum of the longest transmission time of the colliding stations plus the acknowledgment transmission time plus one SIFS and one DIFS.  In calculating the time on idles and the time on collisions, only the time used for contention in the CP is to be accounted for.

Based on the above optimization criterion, a systematic control procedure has been developed for optimal control.  It consists of the following steps that the EAP/HC will perform over the cycle of a TCPP update.  The symbols (1, (2, …, (m, m, Do, Ro, (1, (2, …, (7, and (1, (2, …, (7 represent preset numbers at the EAP/HC, with (1 +  (2 + … + (m = 1.

1.
Calculate the time on idles as TI  = (1(TI, 1 + (2(TI, 2 + … + (m(TI, m and the time on collisions as TC  = (1(TC, 1 + (2(TC, 2 + … + (m(TC, m, where TI, k and TC, k are the time accumulated on idles and collisions, respectively, over the kth latest update interval, with TI, 1 and TC, 1 being the time accumulated on idles and collisions, respectively, since the last update.  The idle and collision times are summed from a number of update intervals with different weights.  This reflects the contention load change timely while preventing large swings in the values of TI and TC.

2.
Compute the difference between the aggregate idle and collision times as D = TI – TC, or the ratio of the aggregate idle to collision times as R = TI /TC.

3.
When D ( Do or R ( Ro, or when a beacon is to be sent, recalculate TCPPs as follows: TCPPk ( TCPPk + (k(D or TCPPk ( TCPPk ( (k(R, k = 0, 1, …, 7.  If TI ( TC, and hence D ( 0, R ( 1, the contention experienced more idle time than collision time, thereby indicating an underloaded channel.  As a result, the TCPP values are raised to increase the load of contention.  If TI ( TC, and hence D ( 0, R ( 1, the opposite is true.

The above control algorithm is self-stabilizing :  If the EAP/HC sends out larger TCPP values than the optimal ones for a given TCPP update, collision will likely increase and hence D ( 0, R ( 1.  As a consequence of this negative feedback, the TCPP values will become smaller for the next update, and hence contention and collision will decrease.

9.5.2.6 Illustrations for contention-based access
The upper and lower diagrams of Figure E9 illustrate frame transmissions from wireless ESTAs by CSMA with persistent contention and by CSMA with adaptive contention, respectively.  An upward dashed arrow represents a transmission with a PP which does not result in a real transmission, while an upward solid arrow signals a real transmission.

Upon receiving a CCC control frame, contention by wireless ESTAs may start, that is, the ESTAs may resume the countdown of their backoff timers, one PIFS or one DIFS later, as specified in a field of that frame.  One DIFS is used in the illustrations.  Although not specifically shown in Figure E9, a PR frame may be also sent to the EAP/HC by contention.  For the purposes of transmission by contention, a PR frame is given a TCPP value pertaining to the local TC for which the PR frame is being sent.
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Figure E9 – Example of contention-based frame transfer in the CP

 9.5.2.7 Fairness and differentiation
The transmission of frames from ESTAs across the QBSS with a probability equal to the TCPP value pertaining to the TC of the corresponding priority inherently provides fairness for TCs of the same priority and differentiation for TCs of different priority in terms of the probability of channel access by contention.

Specifically, all queued TCs of equal priority transmit from their respective source ESTAs with the same TCPP pertaining to that priority.  This is true whether a TC has a new or retried frame to send, and whether a wireless ESTA has a single or multiple local queued TCs.

On the other hand, queued TCs of unequal priority can have relative or absolute differentiation in their access opportunity, both of which may be desirable in supporting QoS and improving throughput.  Relative differentiation results from the assignment of larger TCPP values to TCs of higher priorities.  TCs of lower priorities have smaller probabilities of transmitting their frames, but are not starved deterministically.

Absolute differentiation arises from the ability of the EAP/HC to set to 0 the TCPPs pertaining to TCs of any priorities in favor of TCs of other priorities for any TCPP update interval.  That is, the EAP can prevent the transmission of frames by contention from TCs of some priorities, by simply setting the corresponding TCPP values to 0, in any TCPP update interval.  In this way, the EAP/HC can achieve the following objectives when they are desired:  (a) It can diminish the impact of TCs of some lower priorities on TCs of higher priorities.  (2) It can provide minimum data rate guarantee for TCs of selected priorities.  (3) It can impose maximum data rate constraint on TCs of certain priorities.  (4) It can avoid collision from TCs of various priorities.  (5) It can resolve collision among TCs of specific priorities.

9.5.2.8 Interoperation with legacy DCF
CSMA with persistent contention and CSMA with adaptive backoff are subject to the same DIFS or EIFS waiting time, as appropriate, following a medium busy state as the legacy DCF.  Thus, wireless ESTAs and legacy STAs operating under these different protocols can concurrently contend for transmitting their own frames.  ESTAs are always capable of receiving frames sent by legacy STAs in the CP. ESTAs shall use the existing frame formats when transmitting to legacy STAs, so that the latter are also capable of receiving frames from the former.

The EAP/HC, via setting the TCPP values pertaining to TCs of various priorities, has the latitude to render equal or unequal the access opportunity of best effort frames from wireless ESTAs and of asynchronous frames from legacy DCF stations.  For instance, on one extreme, the EAP/HC may set all TCPPs to zero, thereby allowing only legacy DCF stations to contend for the channel access.  On another extreme, the EAP/HP can gain preemptive access to the channel and send out CCC frames such that contention by wireless ESTAs commences after a PIFS, rather than a DIFS.  In this way, legacy DCF stations will be prevented from contention.  Note that a CCC frame has a field that indicates whether contention by wireless ESTAs follows after a PIFS or DIFS of the end of that frame.

9.5.3 Unification of contention-free and contention-based access in CP

In the CP, wireless ESTAs can send frames by contention-free or contention access.  However, to realize the full benefits of the hybrid access mechanism in the CP, the wireless ESTAs shall send frames belonging to some TCs by contention-free access and frames belonging to other TCs by contention access.  This avoids unnecessary repetitive, and hence intensive, contention from wireless ESTAs for transmitting frames, especially originated from periodic sources, that are to be served by polls from the EAP/HC.

Specifically, the EAP/HC shall, at the next TCPP update, set to 0 the TCPPs for the TCs that are to be served only by polls over the next update interval.  By CSMA with persistent contention or adaptive backoff, wireless ESTAs shall then contend for frames from TCs with nonzero TCPP values, but not for frames that are to be sent from polls and for which the TCPP value is 0.

However, if no beacon frame is received within the expected time, wireless ESTAs having frames to send shall transmit those frames with the PPs set according to the default rules.  Thus, in the case where the EAP/HC fails, data frames that were to be served by polls are transmitted effectively by CSMA/CA.

CC/RR frames shall be used in the CP for the EAP/HC to allow wireless ESTAs to request additional TXOPs for selected TCs.  PR frames may be also used by wireless ESTAs to request TXOPs for local queued TCs that are allowed to have a frame to send by contention.  The TCPP value for a PR frame is the same as for the TC for which the PR frame is being sent.  CC/RR operates by probabilistic contention.  The EAP/HC sends out a contention control (CC) frame containing a permission probability (PP) when it sees fit, and wireless ESTAs transmit a reservation request (RR) frame with a probability equal to the PP.  Such a RR frame is sent for requesting TXOPs for TCs selected in the CC frame.

The EAP/HC shall use PIFS for its own contention-free transmissions, and shall send polls to wireless ESTAs for transfer of frames from TCs not allowed to contend or with a zero TCPP value, or from TCs requesting additional TXOPs via a RR or PR frame.
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