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1. Introduction
This contribution considers the importance of exploiting time diversity and how this may impact the number of HARQ processes that should be supported for the MTC UE [1] when operating in Coverage Enhancement. The agreement reached at RAN1 #82 regarding the number of HARQ processes to support for the MTC UE is provided below for reference:

· For HD-FDD, FD-FDD, and TDD, if the UE is operating with coverage enhancement (but not small one):
· UE is expected to support no more than N DL HARQ process to receive unicast PDSCH
· FFS N=1, 2, or 4
· UE is expected to support no more than M UL HARQ process to transmit PUSCH
· FFS M = 1, 2, 4, or Rel-8 # of UL HARQ processes
· For HD-FDD, FD-FDD and TDD, if the UE is operating with no repetition, the same max number of DL and UL HARQ processes as for Cat-0 UE in Rel-12, except that:
· FFS if the number of DL HARQ processes should be increased for TDD with respect to that of Rel-8 for the case of no repetition 
· FFS the case of small coverage enhancement
· Soft buffer management is based on a maximum of 8 DL HARQ processes as in Rel-8


In the next section we consider the performance gains of time diversity.  In Section 3 we propose a mechanism that could flexibly support the use of time diversity to improve coverage enhancement. We also illustrate the importance of supporting multiple HARQ processes for the UE utilizing this time-diversity mechanism.  Complexity considerations are discussed in Sec. 4. 

2. Time Diversity Performance
In RAN1 #82 we illustrated the significant performance gains available from time diversity in [2], based on downlink simulation results. We considered a single receive antenna, EPA 1 Hz channel, fixed 100 Hz frequency error, TM2 (transmit diversity), and 2-subframe channel estimation. The transport block size is that of MCS 5, namely 504 bits + CRC = 528 bits. The full simulation assumptions are listed in Appendix 1. We summarize the results in this section, below. Simulation results for the Uplink showing similar performance gains were also reported in [3].
Results representing the required number of repetitions to achieve 10% BLER are shown in Table 1 for different transmission periods: 1, 4, 10, and 20 ms. The SNR is fixed at -14.3 dB – i.e., maximum coverage enhancement. Three cases of frequency hopping (FH) are considered: FH disabled, FH over 5 MHz system bandwidth, and FH over 10 MHz system bandwidth. (FH period is 20 ms, but performance was shown to be relatively insensitive to FH period in [‎3].) We see that a substantial reduction in the number of required repetitions are achieved by spreading the repetitions over time – even when frequency hopping is enabled. Assuming a 20 ms transmission period, the required number of repetitions is reduced by approximately a factor of 2 when frequency hopping is enabled. It is of course clear that time diversity can only be exploited when latency requirements are flexible enough to permit it.
Observation 1: Simulation results illustrate that spreading out the Coverage Enhancement repetitions in time can lead to a substantial reduction in the number of required repetitions – even in the presence of frequency hopping.


Table 1: Effect of Time Diversity: Number of repetitions to achieve 10% BLER for PDSCH at SNR = -14.3 dB for an EPA 1 Hz channel with 100 Hz frequency error, and TBS=504 bits (MCS 5), 1 Rx antenna, and 2-subframe channel estimation. Results are shown for different transmission periods with FH over system bandwidths of 5 & 10 MHz, and with FH disabled. The percentage reduction achieved by time diversity in the number of repetitions is shown in parenthesis.
	Tx Period
	Tx Period
1 ms
	Tx Period
4 ms
	Tx Period
10 ms
	Tx Period
20 ms

	FH –  OFF
	311
	214 (31%)
	154 (50%)
	123 (60%)

	FH – 5 MHz
	275
	202 (27%)
	149 (46%)
	120 (56%)

	FH – 10 MHz
	207	
	166 (20%)
	129 (38%)
	109 (47%)



3. Achieving Time Diversity
Applying time diversity to improve coverage enhancement performance needs to be done in such a way that it does not overly complicate scheduling. Therefore, the mechanism we use to achieve time-diversity should satisfy the following: 
· Minimize fragmentation of the PDSCH/PUSCH scheduling space.
· Minimize fragmentation of the MPDCCH search space. The assumption in RAN1 has been that the search space structure would enable limiting the MPDCCH start (first repetition) to certain valid subframes.
· Coexist with repetitions of MPDCCH and PUCCH.
· Handle interleaving of multiple HARQ processes and interleaving of different UEs.
In order to accomplish this we propose a mechanism that allows the network to configure a “Non-Contiguous Repetitions” (NCR) mode for the MTC UE. The UE would be configured with
· Contiguous Repetition Block Size (CRBS) – i.e., the number of repetitions in each contiguous block
· Period Between Blocks (PBB) – i.e., the number of subframes between consecutive repetition block starts
There will typically be multiple repetition levels supported by the network – for different coverage levels and for different transmissions. The CRBS and the PBB can be chosen according to the repetition levels currently supported by the network e.g., to be equal to one of these levels or to be a multiple of them. In this sense the time-diversity transmission can be treated as multiple regular transmissions without time diversity, thus fitting into the existing grid of repetitions.
The NCR mode can be configured using a user-specific RRC message. The activation of NCR for a particular uplink or downlink transmission can take place via the scheduling MPDCCH. This activation could be directly signaled. Alternatively, the NCR configuration can include an associated NCR C-RNTI which can be scrambled onto the CRC in order to indicate NCR activation to the UE for the scheduled transmission. Additional confirmation can also be realized by using certain specific field values in the MPDCCH. We also note that multiple NCR configurations can be supported by associating a different C-RNTI for each one.
In order to maintain scheduling flexibility, co-exist with MPDCCH/PUCCH repetitions, and handle interleaving between HARQ processes and other UEs, we further propose that: 
· The same period used between PDSCH/PUSCH repetition blocks (i.e., the PBB) would also be used between the scheduling MPDCCH and the first PDSCH/PUSCH block, as well as between the last PDSCH/PUSCH block and the Ack/Nack reporting.
Thus although the timing – “k value” – could vary it would be fully known to the UE.
In Figure 1 below we illustrate a downlink example of using the above described mechanism to achieve time diversity. Each grid point represents 8 subframes. In this example, the UE needs 8 repetitions for the scheduling MPDCCH, 32 repetitions (assuming time diversity) of the PDSCH, and 8 repetitions of the PUCCH to send Ack/Nack signaling. A single HARQ process is used in this example. The NCR mode is configured with a CRBS of 8 and a PBB of 32 ms. We note that if not for time-diversity the PDSCH channel would need additional repetitions. A similar example can be illustrated for the uplink.


Figure 1: Transmitting 1 HARQ process with a factor of 4 time diversity. The NCR mode is configured with 8 repetitions for each PDSCH repetition block, with a period of 32 ms per block. In this example 8 repetitions are required for the MPDCCH and PUCCH transmissions and 32 for the PDSCH transmission.

Because of the regular periods between all transmissions, we can easily extend this approach to support multiple HARQ processes for a UE. If during the above 184 ms the UE needs to send 4 packets instead of just one then this could be accomplished as shown in Figure 2 below. The alternatives would be to either transmit these 4 time-diversity transmissions one after the other (taking 640 ms in this case) – something which latency requirements may not permit – or to give up on time-diversity.
Observation 2: Using multiple HARQ processes increases the network’s flexibility to exploit time diversity while mitigating the throughput loss.



Figure 2: The example from Fig. 1 extended to 4 HARQ processes.

In some cases, the device may be supporting 2 applications at the same time – one with more stringent latency requirements than the other. In this case, the use of multiple HARQ processes allows maximizing the time diversity for the delay-insensitive transmission by spreading out the repetitions in time – while still satisfying the latency requirements of the more delay-sensitive transmission. An example of this is illustrated in Figure 3 below, where the first (delay-insensitive) HARQ process transmits 8 repetitions every 32 ms and the second (delay-sensitive) HARQ process transmits all of its 16 repetitions contiguously between transmissions of the first HARQ process. (The Ack/Nack signaling for the second process takes place with the usual HARQ delay.)
Observation 3: Using multiple HARQ processes increases the network’s flexibility to maximize time diversity for delay-insensitive transmissions while still meeting latency requirements for delay-sensitive transmissions.



Figure 3: The example from Fig. 1 extended to support a second HARQ process which transmits without using the NCR mode, i.e., with contiguous PDSCH transmissions.
We note that spreading the repetitions out in time can increase device power consumption if the device remains awake throughout. Therefore, the UE should sleep between transmissions when possible. In this case, since the increased time diversity allows a reduction in required repetitions, the overall effect should be to reduce power consumption relative to the case of consecutive repetitions (in addition to the more efficient utilization of the downlink resources of the cell).
Observation 4: Spreading out the repetitions in time can reduce the total number of required repetitions. Assuming the MTC device sleeps between transmissions, this leads to reduced power consumption.
Proposal 1: Consider supporting a Non-Contiguous Repetition mode for Rel. 13 MTC to enable flexible scheduling with time-diversity for transmissions in coverage enhancement.

4. Complexity Considerations
Another important consideration in determining the number of HARQ processes to support is implementation complexity – reducing the number of processes reduces the size of the buffers for the PDSCH soft channel bits. However, reducing the supported number of processes in Coverage Enhancement below the number of processes required for Normal Coverage operation will not result in reduced PDSCH soft bits buffer size, since the device buffers must support Normal Coverage operation anyway. 
Observation 5: Reducing the supported number of downlink HARQ processes in Enhanced Coverage below the number supported in Normal Coverage does not reduce PDSCH buffer requirements.
Reducing the number of downlink HARQ processes for Coverage Enhancement (CE) may still reduce overall complexity if we consider the total soft bits buffer resources required for PDSCH and other channels together:
· The CE repetitions for the MPDCCH require additional soft bits buffering over all the candidates. 
· The proposed interleaving of SIB transmissions in CE (e.g., [5]) also requires additional soft bit buffer resources.
Therefore, by reducing the maximum number of downlink HARQ processes for Coverage Enhancement, we can reuse the HARQ resources to support the additional soft bit buffer requirements for MPDCCH repetitions and interleaved SIB transmissions. It is suggested that the number of downlink HARQ processes to support in Coverage Enhancement be reduced to 4.
The number of uplink HARQ processes to support does not appear to impact complexity in a significant way, and can thus remain the same as in Normal Coverage.
Proposal 2: Based on considerations of complexity and time diversity (to improve spectral efficiency and power consumption), multiple HARQ processes should be supported in Coverage Enhancement. The number of downlink HARQ processes to support in CE should be 4 and the number of uplink HARQ processes should remain the same as for the Cat. 0 Rel. 12 UE.

5. Conclusion
In this contribution we considered the number of HARQ processes that should be supported when in Coverage Enhancement. The following observations and proposals were made.
Observation 1: Simulation results illustrate that spreading out the Coverage Enhancement repetitions in time can lead to a substantial reduction in the number of required repetitions – even in the presence of frequency hopping.
Observation 2: Using multiple HARQ processes increases the network’s flexibility to exploit time diversity while mitigating the throughput loss.
Observation 3: Using multiple HARQ processes increases the network’s flexibility to maximize time diversity for delay-insensitive transmissions while still meeting latency requirements for delay-sensitive transmissions.
Observation 4: Spreading out the repetitions in time can reduce the total number of required repetitions. Assuming the MTC device sleeps between transmissions, this leads to reduced power consumption.
Observation 5: Reducing the supported number of downlink HARQ processes in Enhanced Coverage below the number supported in Normal Coverage does not reduce PDSCH buffer requirements.

Proposal 1: Consider supporting a Non-Contiguous Repetition mode for Rel. 13 MTC to enable flexible scheduling with time-diversity for transmissions in coverage enhancement.
Proposal 2: Based on considerations of complexity and time diversity (to improve spectral efficiency and power consumption), multiple HARQ processes should be supported in Coverage Enhancement. The number of downlink HARQ processes to support in CE should be 4 and the number of uplink HARQ processes should remain the same as for the Cat. 0 Rel. 12 UE.
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Appendix 1: Simulation Assumptions

The simulation assumptions are based on those defined in [‎66] and the below Table. 

	Parameter
	Value 

	UE receiver bandwidth
	1.4 MHz

	Frame structure
	FDD 

	Carrier frequency
	2.0 GHz for FDD

	Antenna configuration
	2x1 (low correlation) 

	Channel model
	EPA 

	Doppler spread
	1 Hz 

	Transport block size
	Mostly 504 + CRC (24 bits) – MCS 5        

	Transmission Mode
	TM2

	Modulation
	QPSK

	Number of allocated PRBs
	6 

	Frequency Hopping
	Over system bandwidth of 5 and 10 MHz when enabled. FH cycles through non-overlapping 6 PRB chunks. Frequency hop rate = 20 ms.

	Repetition interval
	Transmission periods of 1, 4, 10, and 20 ms. (1 ms  continuous)

	Legacy PDCCH region
	3 OFDM Symbols

	Frequency tracking error
	100 Hz

	Timing error
	Ideal

	Retransmissions
	Incremental Redundancy (cycling through RV numbers 0, 1, 2, 3)

	Channel estimation
	Practical CRS-based channel estimation with first-order IIR filtering (equivalent to 2-subframe FIR averaging).
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