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Relaxation of H-ARQ downlink buffer size limitation 

Amir Rubin, Dov Andelman, Yuval Lomnitz
Intel Corporation 
1. Introduction
Paragraph 11.8.3.7.19 (HARQ buffer capability) forces an unnecessary restriction on the traffic over the air link between the BS and the MS. The restriction is that the BS must not exceed the HARQ buffer size with the coded bits that were not acknowledged by the MS. Consequently, with the current text the maximum throughput is bounded by the buffer size and there is no degree of freedom for the BS to optimize air-link scheduling and by exceeding this upper bound.
As we show in the following by relaxing the definition a maximum throughput increase of 100% and more is possible with the same buffer size, by using multiple channels and relying on the statistics of packet errors to ensure the event of buffer overflow is rare. The H-ARQ buffer is an expensive resource in the MS and in the system, and poor utilization of it degrades the maximum throughput considerably.

We propose to replace the buffer size limitation by guidelines for MS behavior that would allow the BS to better exploit the MS buffer. In addition we allow an optional capability indication that tells the BS when the MS evacuates the buffer.
The contribution is applicable only to the downlink H-ARQ buffer with aggregation bit set.

The contribution does not force any changes on BSs operation since BSs are not prevented from further meeting the rigid limitation in the current standard phrasing. Since the change is in an existing feature, the requirements on the MS are minimized as much as possible.
This draft of the contribution includes 2 versions of the text change:

1. Option 1: in this option all MS are required to implement the basic version of over-utilization of the buffer, and need to report only the clearing delay. The main advantage of this option is that if MS uses TLV 204 (OFDMA parameters sets) then no additional TLVs need to be sent to support this option.

2. Option 2: in this option MS are not required to change their behavior, and the specified behavior is only optional. The advantage of this option is that there are no constraints on the MS, but the disadvantage is the need to report a TLV of 4 bytes (e.g. TLV 163).
2. Details

2.1. Throughput under worst-case buffer assumptions

The throughput’s upper bound is calculated as follows:

Thput = Buffer size ( Code rate ( (Frames/Sec) / RTT (Round Trip Time in frames)

The underlying assumption is that a burst is released from the buffer only when a new burst is transmitted on the same channel, and this can occur only after the RTT. The RTT is the time between the transmission and the re-transmission and includes the ACK delay and the scheduler delay. This upper bound doesn’t take into account any retransmissions (assumes PER=0)

For example in the case of an MS device that supports WiMAX Forum HARQ category 2 (217 bits buffer) and a BS that can react to ACK/NACK responses from the MS, 4 frames after the previous transmission (2 frames scheduler delay), the upper bound is 5.4Mbps (217(5/6(200/4).
2.2. Throughput optimization by opportunistic over-utilization

Clearly, there is an inherent sub-optimality in depriving a degree of freedom from the BS. In general, it should be allowed for the BS scheduler to consider such parameters as air-link conditions, buffer size, MS ECINR and PCINR reports etc, to optimize network downlink performance.
2.2.1. PER(0 case

A trivial example is the case of maximum spectral efficiency (high SNR) in which channel conditions are such that error rate is 0 or nearly 0 for QAM64 5/6 Matrix B. In that case the BS should be able to transmit higher throughput than the current derived upper bound. In this case buffer size should not limit the throughput. 
A workaround for the HARQ buffer restriction on throughput by using service flows without HARQ is not desired. It is preferable to transmit the throughput over service flows with HARQ and to gain from HARQ merits in case reception failures occur.

2.2.2. Example of buffer optimization for H-ARQ with independent errors

Below we give a specific example how this degree of freedom can be used.
We assume that 12 H-ARQ channels are used. The PER of first transmission is p1=20%, and the PER of re-transmission is 0. We assume the error events are independent over bursts. RTT=3 frames and ACK delay = 1 frame. The MS clears successful bursts from the buffer within 1 frame. The BS allocates 12 channels periodically over 3 frames, using 4 channels each frame. The difference between the regular and the opportunistic mode is in the size allocated to each channel. Under these assumptions we show increase of 50-100% compared to regular operation where the buffer limitation was strict. See exact calculations in appendix (section ‎4). In actual systems the packet errors are not independent, due to fading. However the BS may adjust the buffer utilization to the correlation between errors, so perhaps a smaller, but still considerable increase can be obtained in typical scenarios.
Similar results were obtained in simulation. For example in link level simulation with AWGN channel, PER=0.4 for 1st Tx, PER=0 for combined bursts, 16 HARQ channels and air link throughput that is double the current upper bound (i.e. over-utilizing the buffer by 100%) the actual data throughput was 99.65% of throughput with unlimited buffer size (combining gain guaranteed), and likelihood of failing 2nd retransmission was 0.

2.3. Empirical test

The gain was verified in lab test with actual MS and BS. The MS uses category 2 buffer size (217 bits). The BS to operates with 4 channels and RTT=4 once under category 2 buffer assumptions and once under category 3 assumptions (218 bits). The gain was observed with AWGN and with vehicular A, 60Km/h channels (both with low and with high correlation matrices). The MS clears buffer within 1 frame. 
The throughput curves are shown below:
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2.4. Other issues
An additional problem with current text is that no guidelines are defined for MS in case HARQ buffer is exceeded. This may well occur even with current text due to loss of DL maps.
3. Proposed remedy

This contribution consists of the following:

· Remove the restriction from the BS thus allowing it an additional degree of freedom to optimize network operation.

· Define guidelines for the operation of the MS with respect to the following:

· The period from bursts’ reception and their clearance from the buffer should not exceed the ACK delay. We require ACK delay since by this time the MS has to check the bursts in order to report ACK.
· It is recommended to clear the bursts earlier than the ACK delay, and an optional capability bit is added for the MS to explicitly indicate the delay.

· When a burst cannot be stored the MS attempts to receive it without storing it and transmits ACK or NACK according to the success of reception.
4. Appendix – Example of buffer optimization for H-ARQ with independent errors

Summary of the assumptions:

We assume that 12 H-ARQ channels are used. The PER of first transmission is p1=20%, and the PER of re-transmission is 0. We assume the error events are independent over bursts. RTT=3 frames and ACK delay = 1 frame is assumed. The MS clears successful bursts from the buffer within 1 frame. The maximum number of retransmissions (including first transmission) is 4.
Regular operation

In regular operation each channel carries B/12 bits where B the buffer size. With existing limitation BS can transmit the 12 channels over 3 frames without exceeding the buffer size restriction, and then after receiving the ACKs schedule new packets on the channels that were ACK-ed and retransmissions on the channels that were NACK-ed. The efficiency of each channel is 

Efficiency = (number of packets transmitted)/(number of opportunities) = 1/E(opportunities used per transmission) = 1 / (1 + p1)

Therefore the overall throughput is 

BaselineThput = B/3 ( 1 / (1 + p1) = B / 3.6.

Opportunistic operation

For opportunistic operation we allocate to each channel B/K bits with K<12, and during the 3 frame cycle transmit 4 channels each frame. There is some probability that all transmissions will fail and the MS will not be able to perform combining. If we assume independent errors then the probability for overflow is as follows: In order not to have overflow we need the total number of channels stored to be less or equal to K. In frame n, out of the 12 channels, for 4 which were transmitted in frame n-3, BS already has the ACK/NACK (in the prev-prev frame), and we will always use them in frame n, so we can remove them from the calculation (BS either runs over them if ACK was received, or retransmit them if NACK was received). So the probability for overflow is the probability that out of 8 channels (of frames n-2,n-1), more than K-4 will be in error. Since some of these packets are retransmissions they are guaranteed to pass, but for simplicity we assume the worst case that each packet has probability p1 to fail. The probability of K-4 errors or more in 8 channels is denoted POVF and is for example 20%, 5% ,1% for K=6,7,8. 

The penalty for overflow is not high if the MS doesn't disregard the packet but simply receives it without combining gain (no storage). The effect is that for each channel, the error probability of the first transmission remains p1 but the error probability of the retransmission is at worst POVF(p1 since in probability at most POVF the burst will be received without combining and suffer error probability p1. This error probability is sustained for 3rd, 4th retransmission so the probability to reach the n-th transmission is p1nPOVFn-1 therefore the efficiency is:
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This is assuming the overflow events are independent. These events are actually dependent but inversely correlated, i.e. if overflow occurred in frame n, then the bursts are not stored, so the probability of overflow in the next frame is reduced. Another worst–case assumption we made is that in case of overflow, all bursts are not combined, whereas in practice in high probability just one of the 4 bursts will not be combined.

The throughput is

Throughput = 4(B/K ( Efficiency

The result of the calculation above is:

	Case
	POVF
	Efficiency
	Throughput
	Improvement over baseline
	Final PER after 4 retransmissions

	Baseline K=12
	0
	0.833
	0.277 ( B
	0%
	0

	K=8
	1%
	0.833
	0.416 ( B
	49%
	1.6e-9

	K=6
	20%
	0.828
	0.552 ( B
	99%
	1.3e-5


K=6; p1=0.2; povf=0.2; v=[1, p1.^(1:4).*povf.^(0:3)]; eff=(1-v(5))/sum(v(1:4)), 4/K*eff, v(end)

5. Text changes
5.1. Option1 : requirement from all MS
11.8.3.7.19 HARQ buffer capability

[Make the following changes in the paragraph in p.1227, rows: 41 – 45]
When aggregation flag is set, the sum over all HARQ channels, of the number of bits that were allocated in the HARQ channel in the last transmission, must not exceed the buffer size supported by the SS equals the “Number of bits per channel” multiplied by the maximum number channels supported by the SS, and this buffer may be used jointly by all HARQ channels. Note that total buffer size is independent in the aggregation bit. total of the data bits supported is the same in both cases is the same. The number of channels supported by the SS is indicated in 11.8.3.7.3.”
In the UL, the sum over all unacknowledged coded bits in all HARQ channels must not exceed the buffer size.
In the DL, the BS is not prevented from optimizing network performance by exceeding buffer size.  Consequently, the sum over all unacknowledged coded bits in all HARQ channels may exceed the buffer size. If the SS has sufficient available buffer for storing a burst it should store it for further combining. If the SS doesn’t have sufficient available buffer for storing a burst it should attempt to receive it without storing it for further combining. HARQ ACK/NACK transmissions should be maintained independently to the buffering of the bursts. It is required that the MS clears the bursts successfully received from the buffer within the ACK delay, however it is recommended that these bursts will be cleared as soon as possible in order to allow higher H-ARQ maximum throughput. The MS may optionally report the H-ARQ channel clearing capability in order to enable the BS to know this delay.
[note: we can consider not to require unless the SBC-REQ is reported]

11.8.3.7.19.1 HARQ incremental redundancy buffer capability
[Add the following text in the table]

	Type
	Length
	Value
	Scope

	162
	2
	Bits 0–3: NEP value indicating DL HARQ buffering capability

for incremental redundancy CTC.

Bit 4: Aggregation flag for DL

Bits 5–7: Reserved.
Bits 8–11: NEP value indicating UL HARQ buffering

capability for incremental redundancy CTC.

Bit 12: Aggregation flag for UL

Bits 13–1415: Reserved

Bit 15: DL H-ARQ IR channel clearing delay: successful bursts in frame n are cleared from the buffer and can be re-allocated in frame n+D where

0b0 – D=H_ARQ DL ACK Delay + 1 (default) 

0b1 – D=1.
	SBC-REQ, SBC-RSP


11.8.3.7.19.2 HARQ Chase combining and CC-IR buffer capability

[Add the following text in the table]

	Type
	Length
	Value
	Scope

	163
	2
	Bits 0–5: DL HARQ buffering capability for chase

combining (K)

Bit 6: Aggregation flag for DL

Bit 7: Reserved.

Bits 8–13: UL HARQ buffering capability for chase

combining (K)

Bit 14: Aggregation flag for UL

Bit 15: Reserved DL H-ARQ chase channel clearing delay: successful bursts in frame n are cleared from the buffer and can be re-allocated in frame n+D where

0b0 – D=H_ARQ DL ACK Delay + 1 (default) 


0b1 – D=1.


	 SBC-REQ, SBC-RSP


11.8.3.7.20 OFDMA parameters sets

	Type
	Length
	Value
	Scope

	204
	1
	Bit#0: support OFDMA PHY parameter set A

Bit#1: support OFDMA PHY parameter set B

Bit#2-#4: HARQ parameters set

0b000: HARQ set 1

0b001: HARQ set 2

0b010: HARQ set 3

0b011: HARQ set 4

0b100: HARQ set 5

0b101-0b111: reserved

Bit#5: support OFDMA MAC parameters set A

Bit#6: support OFDMA MAC parameters set B

Bit#7: reserved DL H-ARQ channel clearing delay: successful bursts in frame n are cleared from the buffer and can be re-allocated in frame n+D where

0b0 – D=H_ARQ DL ACK Delay + 1 (default) 


0b1 – D=1
Note: Bit#0 and #1 shall not be set to 1 together. Bit #5 and

#6 shall not be set to 1 together.
	 SBC-REQ SBC-RSP


5.2. Option 2 : requirement conditional on TLV
11.8.3.7.19 HARQ buffer capability

[Make the following changes in the paragraph in p.1227, rows: 41 – 45]
When aggregation flag is set, the sum over all HARQ channels, of the number of bits that were allocated in the HARQ channel in the last transmission, must not exceed the buffer size supported by the SS equals the “Number of bits per channel” multiplied by the maximum number channels supported by the SS, and this buffer may be used jointly by all HARQ channels. Note that total buffer size is independent in the aggregation bit. total of the data bits supported is the same in both cases is the same. The number of channels supported by the SS is indicated in 11.8.3.7.3.”
In the UL, the sum over all unacknowledged coded bits in all HARQ channels must not exceed the buffer size.
In the DL, if the “H-ARQ buffer over-utilization capability” bit in the SBC-REQ is cleared then the sum over all HARQ channels, of the number of bits that were allocated in the HARQ channel in the last transmission, must not exceed the buffer size supported by the MS.

If MS sets the “H-ARQ buffer over-utilization capability” bit in the SBC-REQ, the BS is not prevented from optimizing network performance by exceeding buffer size.  Consequently, the sum over all unacknowledged coded bits in all HARQ channels may exceed the buffer size. If the SS has sufficient available buffer for storing a burst it should store it for further combining. If the SS doesn’t have sufficient available buffer for storing a burst it should attempt to receive it without storing it for further combining. HARQ ACK/NACK transmissions should be maintained independently to the buffering of the bursts. The MS reports the H-ARQ channel clearing delay in order to enable the BS to know the delay in which successful bursts are cleared from the buffer and the space can be re-allocated in order to enable optimization of H-ARQ allocations.

11.8.3.7.19.1 HARQ incremental redundancy buffer capability
[Add the following text in the table]

	Type
	Length
	Value
	Scope

	162
	2
	Bits 0–3: NEP value indicating DL HARQ buffering capability

for incremental redundancy CTC.

Bit 4: Aggregation flag for DL

Bits 5–67: Reserved

Bit 7: DL H-ARQ IR buffer over-utilization capability. When this bit is 0b1 MS reports clearing delay in bit 15 of this TLV, and BS is not required to limit transmissions to MS buffer size. Otherwise bit 15 is ignored.
Bits 8–11: NEP value indicating UL HARQ buffering

capability for incremental redundancy CTC.

Bit 12: Aggregation flag for UL

Bits 13–1415: Reserved

Bit 15: DL H-ARQ channel clearing delay: successful bursts in frame n are cleared from the buffer and can be re-allocated in frame n+D where

0b0 – D=H_ARQ DL ACK Delay + 1 (default) 


0b1 – D=1
This bit is ignored if bit 7 is set to 0.
	SBC-REQ, SBC-RSP


11.8.3.7.19.2 HARQ Chase combining and CC-IR buffer capability

[Add the following text in the table]

	Type
	Length
	Value
	Scope

	163
	2
	Bits 0–5: DL HARQ buffering capability for chase

combining (K)

Bit 6: Aggregation flag for DL

Bit 7: Reserved. DL H-ARQ chase buffer over-utilization capability. When this bit is 0b1 MS reports clearing delay in bit 15 of this TLV, and BS is not required to limit transmissions to MS buffer size. Otherwise bit 15 is ignored.
Bits 8–13: UL HARQ buffering capability for chase

combining (K)

Bit 14: Aggregation flag for UL

Bit 15: Reserved DL H-ARQ channel clearing delay: successful bursts in frame n are cleared from the buffer and can be re-allocated in frame n+D where

0b0 – D=H_ARQ DL ACK Delay + 1 (default) 


0b1 – D=1
This bit is ignored if bit 7 is set to 0.


	 SBC-REQ, SBC-RSP
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