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1 Introduction

Circular buffer rate matching (CBRM) was proposed for HUGE and RED HOT [1][2]. CBRM has the benefit of low complexity and flexibility – applicable to all data rates with either convolutional coding or turbo coding. It also supports link adaptation in incremental redundancy without the definition of puncturing patterns. This contribution is to discuss the required signaling for CBRM and demonstrate the effectiveness of CBRM in IR retransmissions through link simulations.
2 Hybrid ARQ Signaling
The HARQ process for a RLC data block is identified by the Block Sequence Number (BSN) field in the MAC/RLC header. The header is also expected to provide enough signaling to determine the MCS type. This is achieved by first detecting the stealing flag, which determines the header type. In case more than one MCS is supported by a header type, additional bit(s) are needed to indicate the MCS. Once the header has been decoded, the receiver knows the HARQ processes corresponding to the received data blocks and the MCS used, thus the number of channel bits transmitted in data blocks. 
In a CBRM based HARQ process, the transmitter and the receiver must keep in sync the starting and end point in the circular buffer for each transmission. This synchronization is maintained by (1) the transmitter always starts from the first bit in the buffer for a new payload packet, (2) the receiver at the time of decoding knows the number of transmitted bits for each transmission, (3) signaling of the subpacket ID (SPID). Requirement (1) needs to be enforced by the standard. Requirement (2) is already satisfied, since the MCS type has to be detected before data decoding begins. 
The SPID identifies the redundancy version of the encoded packet. We propose using 2 bits to indicate SPID for each transmitted RLC block. The value of SPID ranges from 0 to 3, enough for signaling 4 redundancy versions. The SPID starts from 0 for a new packet in the first transmission. Whenever the receiver sees SPID=0, it knows it has to fill the buffer from the beginning for the data block indicated by the BSN. 

In IR retransmissions, the SPID may or may not change from the previous transmission. If the SPID does not change, the data block (encoded bits) in current transmission is identical to the data block in the previous transmission. So when the receiver sees the SPID unchanged from the last transmission, it knows not to advance in the circular buffer when it combines the encoded bits. If the SPID does change in retransmission, it has to increment by exactly 1 from the previous transmission. When the receiver sees the SPID increment by 1, it knows it has to advance in the circular buffer by the number of encoded bits in the data block when combining with previously received blocks.
The receiver signals back an ACK when the packet was decoded successfully and a NACK when the packet failed to be decoded at the most recent attempt. The transmitter terminates retransmission upon receiving an ACK associated with the BSN of the packet. If the transmitter receives a NACK, which indicates the receiver has successfully decoded the header (since there is a decoding attempt) but failed to decode the packet, then the transmitter can increment SPID by 1 (if it chooses to transmit the packet in the IR mode) and select the next NC bits (where NC denotes the number of bits to be transmitted) from the circular buffer for retransmission. Note that the number of transmitted bits, NC, needs not to be the same as the last transmission, so change of modulation order and code rate is allowed for retransmissions.  This enables adaptation to the link condition in incremental redundancy. 
The transmitter can also chooses to retransmit the same encoded data block it has sent in the last time with SPID unchanged, and the receiver is still able to combine it with the previously received coded bits for decoding without advancing the bit positions in the circular buffer. In this case, the HARQ is Chase-combining where identical redundancy version is repeated in retransmissions. 
The transmitter may not receive a NACK when the packet has not been successfully decoded, because (a) the receiver may fail to decode the header, or (b) the transmitter may fail to detect the NACK. In this case, the transmitter has to retransmit the same previously transmitted data block with SPID unchanged upon noticing the packet is still outstanding in the queue. This notice can come from the signaling of the receiver’s header decoding status or the ordering of BSN in the RLC sliding window. 
Likewise, the transmitter may fail to detect an ACK. In this case, the transmitter has to retransmit the same previously transmitted data block with SPID unchanged upon noticing the outstanding BSN in the RLC window. When the receiver receives the retransmitted data block, it knows the packet corresponds to a BSN that has been decoded successfully and simply discards the data block.
A 2-bit SPID allows a maximum of four HARQ transmissions for a packet (data block payload). As can be seen from link simulation results, the increase of performance gain of HARQ becomes smaller as the maximum number of transmissions increases. Four transmissions are quite enough to reap the benefit of HARQ.
3 Link Simulation Results
Link simulations are performed to demonstrate the effectiveness of circular buffer rate matching in IR retransmissions for both convolutional coding and turbo coding. Simulation assumption is listed in Table 1 and Table 2. Although the MCS does not change in retransmission, different coded bits are transmitted for each transmission of a packet, based on the method of CBRM [1]. Figures 1 to 4 show the BLER performance of MCS7-16QAM and MCS9-16QAM at higher symbol rate after the 1st, 2nd, 3rd, and 4th transmission in case of convolutional coding and turbo coding. In case of retransmission, the interval between two successive transmissions of the same packet is assumed to be 200 ms. The performance gain of IR in throughput is shown in Figures 5 to 8. Each shows the throughput of a MCS with the maximum number of HARQ transmissions equals 1 (in this case, no HARQ), 2, 3, and 4. A large gain can be observed in IR through the use of CBRM.
	Parameter
	Assumption

	Carrier Frequency
	900 MHz

	Symbol rate
	325 Ksps

	Channel Model
	TU 6-tap, 3kmph

	Channel estimator
	From training sequence

	Modulation
	16QAM

	Turbo Code
	R=1/3, K=4 [3]

	Convolutional Code
	R=1/3, K=7 [4]

	Channel interleaver
	FLO interleaver [5]

	# of Rx antennas
	1

	Frequency hopping
	Disabled

	Modulation detection
	Ideal

	Header detection
	Ideal

	Equalizer
	16QAM RSSE DFE

	Time interval for retransmission
	200 ms


Table 1 Link simulation assumption
	MCS
	Data Block Size1 (bits)
	Data Rate (kbps)
	Header Size2 (bits)
	Coding Rate
	Interleaving depth (bursts)

	MCS7-16QAM
	2x468
	44.8
	200
	0.47
	4

	MCS9-16QAM
	2x612
	59.2
	200
	0.61
	4

	1: Two code blocks are transmitted over one radio block (4 bursts)
2: Header size includes SF and, in case of downlink, USF


Table 2 MCS assumption
4 Conclusions
We have proposed a signaling method for HARQ when circular buffer rate matching is used. The signaling requires only two-bits (SPID) for each data block in addition to the existing BSN and MCS detection signaling in the MAC/RLC header. The two-bit SPID in effect replaces the CPS fields in the header. For some MCS types of current MCS proposals, this change actually reduces the header size.

The CBRM based HARQ supports both Chase-combining and incremental redundancy modes. In case of IR, MCS is allowed to change in retransmission to better adapt to the link condition. Link simulations have shown a significant gain in IR using CBRM.
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Figure 1 BLER performance after 1st, 2nd, 3rd, and 4th transmissions of 16QAM modulated MCS7 (44.8 kbps) encoded with convolutional code in TU 3kmph channel
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Figure 2 BLER performance after 1st, 2nd, 3rd, and 4th transmissions of 16QAM modulated MCS7 (44.8 kbps) encoded with turbo code in TU 3kmph channel 
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Figure 3 BLER performance after 1st, 2nd, 3rd, and 4th transmissions of 16QAM modulated MCS9 (59.2 kbps) encoded with convolutional code in TU 3kmph channel
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Figure 4 BLER performance after 1st, 2nd, 3rd, and 4th transmissions of 16QAM modulated MCS9 (59.2 kbps) encoded with turbo code in TU 3kmph channel
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Figure 5 IR throughput of convolutional code encoded MCS7-16QAM (44.8 kbps) with maximum number of HARQ transmissions 1, 2, 3, and 4 in TU 3kmph channel
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Figure 6 IR throughput of turbo code encoded MCS7-16QAM (44.8 kbps) with maximum number of HARQ transmissions 1, 2, 3, and 4 in TU 3kmph channel
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Figure 7 IR throughput of convolutional code encoded MCS9-16QAM (59.2 kbps) with maximum number of HARQ transmissions 1, 2, 3, and 4 in TU 3kmph channel
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Figure 8 IR throughput of turbo code encoded MCS9-16QAM (59.2 kbps) with maximum number of HARQ transmissions 1, 2, 3, and 4 in TU 3kmph channel
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