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1 Introduction

LTE Rel-13 introduced improved support for machine-type communications (MTC) in the form of bandwidth-reduced low-complexity and coverage enhanced (BL/CE) UEs. One objective of the Rel-14 WI on Further Enhanced MTC [1] is to specify the following improvements for higher data rate support for BL/CE UEs:

· Larger maximum TBS

· Larger max. PDSCH/PUSCH channel bandwidth in connected mode at least in CE mode A in order to enhance support e.g. voice and audio streaming or other applications and scenarios

· Specify HARQ-ACK bundling in CE mode A in HD-FDD

· Up to 10 DL HARQ processes in CE mode A in FD-FDD

In this contribution we discuss the number of DL HARQ processes and implications on soft buffer size. We focus on FD-FDD when the DL channel bandwidth is restricted to 6 resource blocks as in Rel-13, but discuss also possible extension to HD-FDD and a potential new UE category supporting larger TBS and DL channel bandwidth. 
2 Discussion
2.1 Number of HARQ processes for FD-FDD

One of the features that distinguishes a Rel-13 BL/CE UE from a legacy UE is the forward scheduling, i.e. that the scheduling of DL data done using a MPDCCH transmission ending in subframe n corresponds to a data transmission on PDSCH starting in subframe n+2. Since the UE shall be capable of receiving both an MPDCCH transmission and a PDSCH transmission, it is possible to schedule a continuous data transmission in consecutive subframes.

However, due to the introduced forward scheduling, the ACK/NACK feedback on PUCCH is delayed two additional subframes in relation to the MPDCCH transmission, which also delays the next scheduling opportunity for the corresponding HARQ process. Thus, in order to maintain a sustained PDSCH transmission, two additional HARQ processes need to be introduced. Doing so, the peak throughput for a FD-FDD BL/CE UE will increase from 800 kbps to 1 Mbps.

It is relatively straightforward to increase the maximum number of DL HARQ processes in FDD. The HARQ process index range in the DCI format for DL assignment in CE mode A (DCI format 6-1A) needs to be increased. In addition, the minimum UE soft buffer size may need to be increased (see next section).

Proposal 1
Introduce 10 DL HARQ processes in order to increase the peak throughput of a BL/CE UE. 



2.2 Soft buffer size

The increase in number of DL HARQ processes by itself impacts the UE complexity only in a marginal way. However, the usual procedure in 3GPP is to increase the soft buffer size as soon as a feature is introduced that increases the maximum throughput. In this case, a proportional 25% increase in soft buffer size would impact the UE complexity in a moderate but at least noticeable way. It has therefore been proposed in [2] and [3] not to increase the soft buffer size when increasing the number of DL HARQ processes. This may result in degraded decoding performance, since the worst case effective code rate after rate matching is increased. This will be analysed in more detail below.
To analyse the performance impact of the soft buffer size, we consider the use case driving the introduction of 10 DL HARQ, namely using a maximum TBS of 1000 in every subframe. With a total number of soft channel bits soft for a Rel-13 Cat-M1 UE, 25344 bits, the number of soft bits per HARQ process is 3168 bits with 8 processes, and (approximately) 2534 bits with 10 processes, assuming equal distribution between the processes. Further assuming that 2 PRBs are used for MPDCCH and 4 PRBs for PDSCH, the maximum number of soft bits to store for one transmission becomes approximately 2400 (i.e. 12.5 OFDM symbols per subframe (considering PDCCH region and CRS) x (12 x 4) subcarriers x 4 soft channel bits per RE). Thus, the available 2534 soft channel bits per HARQ process would be enough to store the maximum number of transmitted soft bits in one transmission. However, considering also retransmissions using different redundancy versions, all parity bits cannot be stored and there will be a corresponding increase in effective code rate. 
In order to quantify this effect, simulations with 10 HARQ processes and up to 4 retransmissions have been conducted, using the simulation assumptions in found in the Appendix. Two cases are considered, keeping the same number of soft channel bits as in Rel-13 per HARQ process (namely 3168, i.e., in total 31680) bits, and keeping the same total number of soft channel bits as in Rel-13, namely 25344. The throughput for these cases is depicted in Figure 1. 
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Figure 1  Throughput using TBS=1000 and 10 DL HARQ processes with different soft buffer sizes
As can be seen from the figure, there is virtually no performance difference between the two cases. Hence, it seems reasonable to keep the same total number of soft channel bits soft as for a Rel-13 Cat-M1 UE, also when the number of HARQ processes is increased to 10. 
Proposal 2
Keep the same total number of soft channel bits soft as for a Rel-13 Cat-M1 UE, also when the number of HARQ processes is increased to 10. 



2.3 Extensions

When increasing the number of HARQ processes for the FD-FDD case for a Cat-M1 UE, it becomes natural to consider extending this also to other cases:
· HD-FDD for a Cat-M1 UE

· FD-FDD (and HD-FDD) for a new “Cat-M2” UE supporting larger DL TBS and DL channel bandwidth
Considering first the HD-FDD case, the immediate gain of a sustained peak throughput is not as clear as for FD-FDD, since the PDSCH transmission needs to be interrupted by HARQ feedback anyway. However, depending on the outcome regarding the parallel discussions on HARQ-ACK bundling for HD-FDD, for example what the maximum number of bundled ACKs will be, it may become relevant to consider increasing the number of HARQ process also for HD-FDD. 

Using the same rationale as in this paper, it seems reasonable to increase also the number of DL HARQ processes for a new “Cat-M2” UE in order to obtain a larger peak throughput. However, it is too early to draw any conclusions on soft buffer size in this case. This will, for example, depend on the maximum TBS for this category, and how this can be scheduled in terms of number of resource blocks. As a first assumption, it is reasonable to scale the soft buffer size for a “Cat-M2” UE corresponding to the increase in maximum TBS. A tentative assumption would then be that a similar reasoning regarding soft buffer size for 10 HARQ processes can be applied as in this contribution, but this needs to be studied in more detail at a later stage. 

Proposal 3
Consider introducing 10 DL HARQ processes also for HD-FDD with HARQ-ACK bundling and for "Cat-M2", depending on the outcome of these features.



3 Conclusion
In this contribution we have studied DL HARQ processes and soft buffer size for FD-FDD. We have also discussed possible extensions to HD-FDD and Cat-M2 UEs. We have the following proposals:
Proposal 1
Introduce 10 DL HARQ processes in order to increase the peak throughput of a BL/CE UE. 
Proposal 2
Keep the same total number of soft channel bits soft as for a Rel-13 Cat-M1 UE, also when the number of HARQ processes is increased to 10. 
Proposal 3
Consider introducing 10 DL HARQ processes also for HD-FDD with HARQ-ACK bundling and for "Cat-M2", depending on the outcome of these features.
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Appendix
The simulations in this contribution use the assumptions in Table 1.
Table 1: Simulation assumptions 

	Parameter
	Value

	System bandwidth
	10 MHz

	Frame structure / duplex mode
	FD-FDD

	Carrier frequency
	2 GHz

	Frequency tracking error 
	0 Hz

	UE antenna configuration
	1 Rx

	eNB antenna configuration
	2 Tx

	Channel model and Doppler spread
	EPA 5 Hz

	Frequency hopping
	Off

	PDSCH transport block size
	1000 bits

	PDSCH number of resource blocks
	4

	PDSCH repetition factor
	1

	PDSCH data source
	Full buffer

	DL number of HARQ processes
	8, 10
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