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Introduction
Based on the following agreements from RAN1 #81[3]:
· For HD-FDD, FD-FDD, and TDD, if the UE is operating coverage enhancement:
· UE is not expected to use more than N DL HARQ process to receive unicast PDSCH
· UE is not expected to use more than M UL HARQ process to transmit unicast PUSCH
· Value of N and value of M are FFS and could be different for different duplex modes
· Companies may provide PDSCH/PUSCH simulation results to evaluate the potential reduction of the required number of repetitions
· Note: The reference simulation case should apply frequency hopping

This document contains a study of how Time Diversity (i.e. gaps between transmissions) can reduce the number of repetitions for the PUSCH. This document also discusses the deleterious effect Time Diversity has on peak throughput and power consumption and how HARQ can re-gain this loss. 
Performance of Time Diversity for PUSCH
This section outlines the link layer simulation results. Some of the major simulations assumptions used were:
System bandwidth:		10 MHz, 5 MHz, and 3MHz
Frame structure:			FDD
Carrier frequency	:		2.0 GHz
Antenna configuration		2x1
Redundancy versions (RV)		RV0
Transmission Mode		TM2
Frequency error			100 Hz residual freq error 
Timing Error			Perfect timing
Number of PRBs			1 (or less for sub-PRB case)
MCS				MSC5 72bits
Performance target/ Requirement	10% BLER 
Channel Model 			EPA 1 Hz
Channel estimation		4 SF
Frequency Hopping		Every 8 SF (8ms)
SNR for 18 dB coverage		-15.5 dB
Time Diversity			0ms, 8ms, 24ms
Remaining simulation values are in [1] and [2]. 
Simulations were only conducted at the worst case SNR corresponding to 18dB coverage gain as this is where the performance improvement is most needed. 
Time Diversity values of 0ms, 8ms, and 24ms were simulated as these correspond to the frequency hop interval of 8ms. This is graphically shown in the figure below:[image: ]
The following figure shows the PUSCH simulation results for various system bandwidths (10,5,3MHz) and time diversities (0,8,24ms):


From the results above, the following % decrease in the number of required repeats to reach 10% BLER is calculated:
[image: ]
From the results above, the following observations can be made:
Observation: Time diversity is most effective for system BW <10MHz. 
Observation: Time diversity can reduce the require number of repetitions by 35% for system BW < 10MHz. 
Time Diversity and HARQ Processes
Although the Time Diversity can reduce the required number of repetitions, it can also reduce the peak speed when only 1 HARQ process is available. For example, from 540bps (i.e. 72bits/(120 repeats*0.001)*90%) to 135 bps (540bps*1/3 SFs utilized) when 24ms of Time Diversity is used. This will impact both the applications ability to send messages quickly but also the battery life as the UE would have to stay awake for longer. The speed reduction could exceed the application message latency tolerance. For example, it would take ~12 seconds to send a 1600bit (200Byte) message at 135bps. 
However if 4 HARQ processes are available then there would be no reduction in peak speed or power consumption. The figure below graphically shows how 4 HARQ process would work: [image: ]
Observation: If the UE supports 4 UL HARQ processes, time diversity in the range of 24ms can be supported without sacrificing peak speed or battery life.
Unlike in the DL, the UE doesn’t need to store the soft symbols for combining but only needs to store the UL data bits (e.g. 72bits in this example). If the UL packet fails, the UE would re-encode the UL user data e.g. 72 bits to obtain the new RV samples to transmit so only the 72bits needs to be stored.  The HARQ memory maximum will occur when the UE is in good coverage where 1000bits per SF can be sent. Even in good coverage the UL HARQ buffers are only 500 Bytes (1000bits*4HARQ/8bits/byte).
Observation: There is no additional UE complexity increase to support 4 UL HARQ processes when a UE is operating in CE mode if the UE supports 4 UL HARQ process in normal coverage. 
Proposal: The LC UE shall support at least 4 UL HARQ processes. 

Conclusions
Observation: Time diversity is most effective for system BW <10MHz. 
Observation: Time diversity can reduce the require number of repetitions by 35% for system BW < 10MHz. 
Observation: If the UE supports 4 UL HARQ processes, time diversity in the range of 24ms can be supported without sacrificing peak speed or battery life.
Observation: There is no additional UE complexity increase to support 4 UL HARQ processes when a UE is operating in CE mode if the UE supports 4 UL HARQ process in normal coverage. 
[bookmark: _GoBack]Proposal: The LC UE shall support at least 4 UL HARQ processes. 
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