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Abstract

This submission contains proposed additional text for clauses 7 and 9 of the ANSI/IEEE 802.11-1999 standard for enhanced contention access in the contention period.  Such proposed addition does not alter the existing text of the ANSI/IEEE 802.11-1999.  Informative material of tutorial nature for the proposed enhanced contention access is also included in the document. 

Add the following subclause to clause 7 of IEEE 802.11-1999:
7.e  ECA Parameter Set element

The ECA Parameter Set element provides eight traffic category permission probabilities (TCPPs) with which frames belonging to the traffic categories (TCs) of the corresponding priorities are transmitted via enhanced contention access (ECA) in the contention period (CP).  The ECA Parameter Set element shall be transmitted by the hybrid coordinator (HC) in beacon frames.  The format of the ECA Parameter Set element is shown in Figure 7.e.

	Element ID
(12)
	Length
(8)
	TCPP [TCID] values
TCPP[0], ..., TCPP[7]
(8 octets)


Figure 7.e – ECA Parameter Set element format

The TCPP[TCID] values field contains 8 octets which specify 8 TCPP values, for the TCs of priorities 0 through 7, respectively.  Each TCPP value is 1 octet in length and contains an unsigned integer obtained by multiplying the desired TCPP by 255 and rounding to the nearest integer.

Add the following subclause to clause 9 of IEEE 802.11-1999:

9.e  Enhanced contention access

The contention access method of the IEEE 802.11 QoS-capable MAC is a method known as carrier sense multiple access with adaptive contention (CSMA/AC).  CSMA/AC is enhanced contention access to CSMA/CA defined for the DCF.  An ESTA shall implement CSMA/AC as defined in 9.e.1, but not CSMA/CA.  An Hybrid Coordinator (HC) of an infrastructure network shall implement the coordination function essential for contention-free access and enhanced contention access.

The HC shall update and broadcast traffic category permission probabilities (TCPPs) with which frames of various traffic categories (TCs) waiting at wireless ESTAs are transmitted after the channel is sensed to be idle (for a duration of DIFS if following a busy channel status).  The HC transmits the TCPP values in an ECA Parameter Set element in beacon frames, and when warranted, in separate management frames.

Smaller (larger) TCPP values decrease (increase) the probability of the frames of the corresponding TCs being transmitted by enhanced contention access, thereby decreasing (increasing) the offered load to the channel.  The HC adapts TCPP values in the opposite direction to channel load changes.  Thus, collision avoidance and collision resolution are achieved simultaneously in an adaptive manner.

TCs of high (low) priority are, in general, assigned relatively large (small) TCPP values for service differentiation, i.e., for prioritized QoS.  There are eight TCPPs—TCPP0, TCPP1, …, and TCPP7—in correspondence with eight priorities.

Under CSMA/AC, a wireless ESTA having frames buffered with multiple TCs shall aggregate the corresponding latest TCPP values to obtain a station-based permission probability (PP) with which the ESTA transmits a frame after each idle slot (for a DIFS idle interval following a busy channel status).  This is in essence p-persistent CSMA, except that the probability p is adaptive to the offered load changes.  The ESTA shall use a backoff timer to determine its next transmission time, and proceed to contend in the same way as a DCF-based station.  The ESTA shall set the backoff timer upon a new calculation of the PP, with the aid of a pseudorandom number generator such as a 32-stage maximum-length shift register (this type of registers are used for generating CRC parity check symbols).  The ESTA shall reset the backoff timer whenever the value of any constituent TCPP changes.  CSMA/AC is thus a fully adaptive protocol.  Its full adaptability is a result of the memoryless property of the geometrical distribution governing the equivalent backoff time.  Such a memoryless property ensures that resetting the backoff timer that has not yet expired when the PP value changes due to a change in any constituent TCPPs does not disadvantage the ESTA.  When the backoff timer counts down to zero, the ESTA transmits a frame.  The frame, in turn, is chosen from one of the active local TCs according to their TCPP weights.  Only one TC is chosen, and there is no conflict between local TCs.  

Fully distributed contention, analogous to binary exponential backoff, shall be mandated as the backup contention access mechanism for ESTAs in cases where a given wireless ESTA has not received any TCPP update for 50 TUs.  These cases cover ESTAs operating in an IBSS and ESTAs entering power save for at least 50 TUs.  Thus if for some reason the HC cannot transmit TCPP values over an interval of 50 TUs to any given wireless ESTA, the ESTA shall invoke the backup contention access mechanism for contention-based transmission.  However, once the ESTA receives new TCPPs from the HC, its contention is subject to the normal adaptation rules.

In any case, the usage rules of RTS/CTS shall continue to apply.  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 proceed to transmit that frame.  Further, the MIB attributes of aMaxTransmitMSDULifetime, dot11ShortRetryLimit, and dot11LongRetryLimit apply to the frame transmission  from each TC .
Both virtual and physical carrier sensing shall remain effective.  A nonzero NAV value implies a busy channel status, regardless of the actual CCA indication.  In addition, any backoff timer shall not resume the countdown process until the channel has been sensed to be idle for a DIFS duration following a busy channel status, or an EIFS if appropriate.

9.e.1  CSMA/AC (Adaptive Contention)

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 zero.  Specifically, an active wireless ESTA shall calculate or recalculate its PP as the sum of the latest TCPP values for the active local TCs, setting the TCPPs to zero for the inactive local TCs, and shall set or reset its backoff timer accordingly.  This is done following a new TCPP update by the HC, following a new frame arrival to an inactive local TC, or following a frame transmission from a local TC.

The ESTA shall set the backoff timer with the aid of a pseudorandom number generator.  Conceptually, the ESTA generates a new pseudorandom number, Xi, at each idle slot (or after a busy channel becomes idle) to decide whether to transmit or not.  If Xi ( PP, the ESTA sends a frame at the beginning of the next slot.  Operationally, the ESTA repeats the steps of generating a new pseudorandom number Xi and checking the condition Xi ( PP within a slot time to search for the equivalent backoff time, which is the number of steps the ESTA has gone through before the condition Xi ( PP is met.  The ESTA hence uses this number to set the backoff timer.  See Figure 9.e.1.
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Figure 9.e.1 – Conceptual persistent contention and equivalent backoff setting

An m-stage maximum-length shift register, which is widely used for generating the CRC (FCS) parity check symbols, can be employed as a fast pseudorandom number generator.  It produces, at each shift, an m-bit binary pseudorandom integer represented by the bits stored in the register.  The pseudorandom integers so generated are uniformly distributed over (0, 2m] and have a period of 2m – 1.  Such pseudorandom integers divided by 2m become pseudorandom numbers uniformly distributed over (0, 1].  Thus, the generation of a new pseudorandom number takes a new shift only, and can be done extremely fast, even compared with a slot time.  Each new pseudorandom number, Xi, is then compared to the latest PP value.  If Xi > PP, the backoff timer is incremented by one (the backoff timer is reset to zero first, and remains at its maximum limit if this is reached), and otherwise the backoff timer is finished reset, with the shifting of the shift register suspended until the backoff timer is to be reset again.  The reading of the contents of the shift register at this point is a pseudorandom number, X, that is smaller than or equal to PP.  Note that during the repetitive comparison procedure, each time a pseudorandom number is greater than PP and a new one needs to be generated, the backoff timer is incremented by one, and hence the ESTA has an additional idle slot time for generating new pseudorandom numbers and make new comparisons before the condition Xi ( PP is met.

The ESTA shall freeze the backoff timer when it determines the channel to be busy.  For the purposes of counting down a backoff timer and determining the starting time for a transmission, the ESTA shall consider the channel to remain busy for an additional DIFS duration following a correctly received frame, or for an additional EIFS duration following an incorrectly received frame.  The ESTA shall decrement the backoff timer by one when it senses the channel to be idle in the current slot.

The ESTA shall transmit a frame at the beginning of the next slot when the backoff timer reads zero.  The frame shall be selected from the local TC of priority k as determined by the range into which X falls: sum (TCPP0, …, k – 1) < C ( X ( 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.  This local selection criterion is illustrated in Figure 9.e.2.  It is seen that the probability of transmitting a frame from a local TC of priority k is equal to TCPPk, the TCPP value assigned to the TC of priority k across the QBSS.  This is true whether there is one or more TCs having frames queued at the same wireless ESTA for transmission.  Thus, fair contention among frames from the TC of the same priority is achieved within the QBSS at all times.

If the ESTA correctly receives an acknowledgment, its previous transmission is considered to have succeeded.  If the ESTA does not receive an acknowledgment correctly within the expected ack timeout, its previous transmission is considered to have 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 enhanced contention access, it shall continue its contention.   Otherwise, the ESTA shall stop contention until it becomes active again.
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Figure 9.e.2 – Local scheduling for CSMA/AC

Backup contention access

If a wireless ESTA is located in an IBSS, or if it has not received TCPP values for 50 TUs from the HC, it shall also employ the steps stated earlier in this subclause to perform its contention for a frame transmission, with the TCPP values calculated on its own as follows.  (a) Any active local 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 that has just successfully sent a frame shall have a TCPP value equal to TCPPi, max, where TCPP0, max = 1/33, and TCPPi, max = 2/17, i = 1, 2, …7, if the channel is busy, and have a TCPP value equal to TCPPi, ilde, where TCPP0, idle = 1/4, and TCPPi, max = 1/2, i = 1, 2, …7, if the channel is idle.  (c) A local TC of priority i that has a retried frame to send following a collision shall change its TCPP value from TCPPi to max [TCPPi,min, 2 ( TCPPi / (4 – TCPPi)], where TCPPi, min = 2/1025, i = 0, 1, 2, …7.  Once the ESTA receives new TCPP values from the HC, it shall revert to the HC-coordinated contention as specified earlier in this subclause by immediately adopting the new values.

The following subclauses are provided as informative material:
9.e.2  Distributed versus coordinated contention (informative)

Stations contending based on binary exponential backoff driven CSMA/CA rely completely on the contending station’s own contention outcome to conduct contention and collision resolution.  They choose an initial backoff time from a fixed contention window, CWmin, for new frame transmissions regardless of the actual channel loading status.  Such a fixed CWmin can be unnecessarily large at light load and undesirably small at heavy load.  The contending stations double their contention windows (or use the same contention window that has reached CWmax) following a collision, whether the population of the contenders is small or large.  When the population is small, doubling the contention window is a too strong remedy for the colliding stations and causes higher access delay and jitter than required.  When the population is large, doubling the contention window for the colliding stations only is inadequate—there are likely other stations that have not collided yet but will have a collision, if their backoff counters are not reset.

Figure 9.e.3 illustrates some fundamental deficiencies that are inherent with the binary exponential backoff mechanism even if CWmin is adjustable.  Six stations are shown in the figure, with the red arrows pointing to the expiration times of the corresponding backoff timers and hence signalling frame transmissions.  The offered load to the channel increases with increasing population of contenders; consequently, collision increases, and hence throughput for each contending station decreases, with increasing population of contenders due to increased collisions.  Nevertheless, despite these deficiencies, in an IBSS or in cases where tracking the overall channel load is not uniformly applicable, such backoff mechanism is arguably a very practical approach for shared channel access, although its performance in terms of access delay and channel throughput is sensitive to changes in input load to the channel.
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Figure 9.e.2 – Binary exponential backoff highlights and deficiencies

In an infrastructure network, the hybrid coordinator (HC) collocated with the EAP can track the global history of contention status which can serve to guide the contention among stations for better delay and throughput performance.  With the guidance, stations increase their contention when the channel is lightly loaded and decrease their contention when the channel is heavily loaded, so that the channel is optimally utilized over a broad range of input loads.  The hybrid coordinator, in addition to coordinating contention-free access, thus also coordinates contention-based access.  Such coordinated contention access includes CSMA/AC and CSMA/SA. 

Conceptually, CSMA/AC is similar to p-persistent CSMA, which has an equivalent backoff time of geometrical distribution.  Given the same expected backoff time, a geometrical distributed backoff time has a larger variation than a uniform distributed backoff time.  However, a backoff time of larger variation is likely to experience less collision, and hence reduce access delay and jitter, than a backoff time of smaller variation, as the delay caused by a collision is significantly longer than the delay in backoff.  This is true when the TCPPs are adapted by the HC to reflect the changes of the offered load to the channel, as is the case with CSMA/AC.

9.e.3  Equivalence between persistent contention and random backoff (informative)

The probabilistic nature of persistent contention for transmitting a frame provides equivalence to a random backoff in deciding on a transmission, and the memoryless property of that probabilistic nature renders the random backoff adjustable and hence adaptive. 

Consider that, by persistent contention, an wireless 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 (see Fig. 9.e.4).  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.
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Figure 9.e.4 – Equivalence between random backoff and persistent contention
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 B = (log (X) / log (1– PP)( derived from the geometrical distribution, statistically does not alter the point of time at which the ESTA is permitted to transmit.  If a larger PP is used in resetting the backoff timer, the new timer will statistically expire earlier, and vice versa.  Therefore, backoff under CSMA/AC is adaptive to the change in the PP value, and hence in the offered load to the channel.

Buying lotto’s may be seen as a life example that displays the memoryless property.  Specifically, person A started to buy a lotto over every day from day 0.  Person B began its own daily purchase of the same lotto’s on day J.  If person A had not hit his luck by day J, statistically he would have the same chance of making a fortunate on a future day, say day k ( J, as person B, regardless of how long person A had been buying a lotto each day prior to day J.

9.e.4  TCPP update and contention control (informative)

The HC may use a contention control algorithm for adjusting the TCPP values in the opposite direction of the offered load changes so as to optimize the channel throughput and hence the access delay performance.  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 acknowledgement transmission time plus one SIFS and one DIFS.  In calculating the time on idles and the time on collisions, only the time allocated to contention in the contention period (CP) is to be accounted for.

A systematic control procedure based on the above optimization criterion is exemplified below.  It consists of the following steps that the HC will perform over the cycle of a TCPP update.

1.
Compute the normalized difference, D = (TI – TC ) / T, between the time on idles, TI ,and the time on collisions, TC , over the time, T, allocated to contention in the CP since the last time when a TCPP update was broadcast.

2.
When a beacon is to be sent, recalculate TCPPs as follows: TCPP0 ( TCPP0 + G ( D, and TCPPk = Ck ( TCPP7, k = 1, 2, …, 7, where Do and Ck are preset numbers, and G is positive.

If TI ( TC, and hence D ( 0, the contention since the last update experienced more idle time than collision time, indicating an overloaded channel.  As a result, the TCPP values are lowered to decrease the offered load of contention to the channel.  If TI ( TC, and hence D ( 0, the opposite is true.  The control algorithm is self-stabilizing:  If the HC sends out larger TCPP values than the optimal ones for a given TCPP update, and if the ensuing collision indeed outran the idle time, D ( 0, and hence the TCPPs will be decreased at the next update.  This essentially provides a negative feedback for adaptive contention.

 9.e.5 Fairness and differentiation (informative)
CSMA/AC, under which frames from ESTAs across the QBSS are transmitted with TCPPs assigned to the TCs of the corresponding priorities, inherently provides fairness for the TCs of equal priorities and differentiation for the TCs of unequal priorities in terms of the probability of transmission by the enhanced contention access.

Specifically, all frames from the TC of the same priority are transmitted by their respective source ESTAs with the same TCPP assigned 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 TCs having frames for transmission.

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

9.e.6 Interoperation with legacy DCF (informative)
Wireless ESTAs and legacy STAs can concurrently contend for transmitting their own frames.  ESTAs are always capable of receiving frames sent by legacy STAs in the CP. So long as ESTAs use the existing frame formats when transmitting to legacy STAs, the latter are also capable of receiving frames from the former.

The HC, via setting the TCPP values for 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 HC may set all TCPPs to zero, thereby allowing only legacy DCF stations to contend for the channel access.  On another extreme, the 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 after 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.e.7 Unification of contention-free and contention-based access in CP (informative)

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 enhanced 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 HC.

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

However, if a given wireless ESTA has not received a beacon frame in a certain amount of time, it shall transmit buffered frames using the backup contention access mechanism.  Thus, in the case where the HC fails, data frames that were to be served by polls are transmitted effectively by distributed contention.

CC/RR control frames shall be used in the CP for the HC to allow wireless ESTAs to request additional TXOPs for selected TCs.  QoS-Null data frames may be also used by wireless ESTAs to request TXOPs for queued local TCs that are allowed to have frames sent by enhanced contention.  The TCPP value for a QoS-Null frame is the TCPP assigned to the TC for which the QoS-Null frame is being sent.  CC/RR operates by probabilistic contention.  The 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 the TCs selected in the CC frame.

The HC shall send polls to wireless ESTAs for transfer of frames from the TCs not allowed to contend or with a zero TCPP value, or from the TCs requesting additional TXOPs via a RR or QoS-Null frame.

9.e.8 Maximum-length shift register (informative)

Pseudorandom integers uniformly distributed over (0, 2m] may be generated from m-stage maximum-length digital shift register with feedback, with a period of 2m – 1.  In particular, each time the contents of the register are shifted by one bit, the resulting bits stored in the m-bit register represent a new m-bit pseudorandom integer.  Divided by 2m, such pseudorandom integers become pseudorandom numbers uniformly distributed over (0, 1].

 A 16-stage maximum-length shift register generator (Fibonacci implementation) is shown in Figure 9.e.5.  The stages connected to the modulo-2 adder are 1, 5, 14, and 16.  For a 32-stage maximum-length shift register, the stages connected to the modulo-2 adder would be 1, 11, 31, and 32.
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Figure 9.e.5 – 16-stage maximum-length shift register
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