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Introduction
Tdocs [1] and [2] have shown that time diversity can reduce transmission time and resources by 35%.  However unless multiple HARQ processes are supported, the UE’s transmission speed will be reduced significantly reduced.  Although these points were not disputed in RAN#81, the decision to support 4 HARQ processes in the UL was NOT agreed. Agreements from RAN1#82 [3]:
· 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 M UL HARQ process to transmit PUSCH
· FFS M = 1, 2, 4, or Rel-8 # of UL HARQ processes

Some concerns were raised related to the possible complexity and uncertainly of how to support downlink control information (DCI) when multiple HARQ processes are used.  This tdoc shows multiple methods of how DCIs can be sent when time diversity with multiple UL HARQ processes are used.

When or if the eNB utilizes time diversity with or without multiple UL HARQ processes is a eNB implementation choice thus eNB’s that chose to never use time diversity will not be burdened by any complexity. However for eNB’s that chose to implement time diversity, this tdoc analyses the specification impacts and UE requirements to support time diversity.

DCI Methods to support Time Diversity with Multiple HARQs
For the purposes of illustration, the following example is used: the UE is sending 1200 bits which is broken into 4 TBS of 300 bits each where each TB requires 320 repetitions and where the DCI requires 32 repetitions at 24AL (i.e. requires 32 SF). 

NO Time Diversity:
The following figure shows a timing diagram with DCI and PUSCH when NO time diversity and 1 HARQ process is used for the high coverage case requiring 320 repeats: [image: ]
Figure 1: 1 HARQ process
Note:
The diagram only shows the first two and part of the third TBS (i.e. it is cutoff early)
Each square represents 32 subframes. 
HD-FDD switch times are not shown to keep the diagram simple and the Ack/Nacks are sent within the next UL grants (e.g. in H2,H3,…)

Time Diversity with 4 HARQ Processes:
The following figure shows a timing diagram where 4 UL HARQ processes are used to provide 4X time diversity: 
[image: ]
Figure 2: 4 HARQ processes with interleaved transmissions
Note:
The diagram does not show the entire process (i.e. it is cutoff at the 5x32=160 repeat)
Each square represents 32 subframes. 
The HARQ processes are effectively interleaved (i.e. more than one HARQ process is running at the same time) 
In this paper defines a new term, the “DTX Interval” which is used to simplify the DCI design (more on this later in section 3). In this example, the “DTX Interval” is set to 32SF. 
In this example, the Time Diversity Duration  (i.e. gaps between HARQ transmissions from the same process) is 3x the DTX Interval = 96 SF
In this example, the DCI to points to PUSCH allocation 3x the DTX Interval= 96 SFs ahead 
Frequency hopping can be used but is not shown in the diagram.
 
The above diagram is the very simplest case where all the HARQ processes start nearly at the same time. This may not always be the case if the TBS for each HARQ process are different sizes or if the UL data is arriving randomly at the UE. To deal with this scenario where the HARQ process may start and end at different times, two possible eNB implementation techniques are outlined below: Synchronize HARQs or Send DCI in DTX Gaps.

Synchronized HARQs Method:
The figure below shows a simple method where the eNB simply waits for the all the HARQ processes to end before starting any new processes (i.e. the process always stays synchronized): 
[image: ]
Figure 3: Synchronized HARQs Method 
Note:
All HARQ processes need to finish before DCI’s can be sent and new processes can start.
The disadvantage of this, is that the some SF are not used waiting for processes to end and thus the UE’s throughput is reduced and latency is increased.

Send DCI’s in DTX Gaps Method:
The figure below shows an alternate method where the eNB sends the DCI’s during unallocated DTX Intervals:
[image: ]
Figure 4: Send DCI’s in DTX Gaps Method 
Note:
The colors indicate individual UE resources (memory, processing) used for the HARQ processes. In this case H3 and H4 complete and the UE resources are then used for H5 and H6 as they start. When H1 and H2 complete their resources are used by H7 and H8.
When the HD-FDD UE doesn't have any PUSCH data to send in a DTX Interval, the UE switches to listen to M-PDCCH and listens for DCI messages.
DCI H5 and DCI H6 need to be decodable within one DTX Interval thus for deeper coverage, the DTX Interval would need to be longer than for small coverage enhancements. 

Observation: Several DCI scheduling options are available to support of time diversity with multiple HARQ processes.  These options do not need to be specified and can be left up to eNB implementation.
Specification Impact
When or if or how the eNB utilizes time diversity is completely an eNB implementation choice thus initially an eNB may choose to not support time diversity due to the increase development time but then add this enhancement in later S/W releases to help reduce UE power consumption and increase PUSCH efficiency. 
Observation: Support of Time Diversity is optional for eNB’s.

Given LC UEs will need to support 4 UL HARQ processes for the normal coverage case, there is no additional HARQ memory required to support this in the coverage enhancement case thus there will be no increase in the LC UE’s cost to support time diversity with 4 UL HARQ processes. 
Observation: Support of Time Diversity with 4 UL HARQ processes will not increase the LC UE’s cost.

Supporting Time Diversity (i.e. transmission gaps) provides additional scheduling flexibility to eNBs to allow other transmissions to be scheduled in the unused DTX intervals. The number of repeats required at high coverage can be very large (e.g. 300) which “locks-in” resources far into the future where loading is still unknown to the eNB. Allowing gaps in the transmission, allows the eNB some scheduling flexibility to interleave legacy traffic with the high coverage traffic. 
Observation: Support of time diversity (i.e. transmission gaps) increases eNB scheduling flexibility.

There are UE requirements WRT to DCI handling which will be needed to support time diversity with multiple HARQ processes. The DCIs used for coverage enhancement scenarios will need to support at least: Variable Forward Scheduling and Time Diversity Configuration (see below).

Variable Forward Scheduling (Variable k):
The DCI should be able to schedule the PUSCH a variable number of SFs (or DTX intervals) in the future. To reduce DCI bits, the resolution of forward scheduling could be the defined “DTX Interval” thus only 2 DCI bits will be needed. The DTX Interval can be specified within the specification or be related to the number of PUSCH repeats assigned (e.g. DTX Interval = PUSCH repeats/10). Supporting variable forward scheduling also provides addition scheduling flexibility to the eNB.  Thus with optimization, variable forward scheduling should only require 2 additional bits in the DCI. 

Time Diversity Configuration:
At least 1 bit within the DCI needs to indicate whether time diversity is enabled or not for the allocated PUSCH transmission. When time diversity is enabled, the Time Diversity Duration (i.e. the gaps between transmissions) may be fixed at 3x the DTX Interval or maybe variable.  If variable Time Diversity Duration is needed, 2 DCI bits could specify values between 0-3 (0: Time diversity not enable, 1-3: # of DTX Intervals).  Thus, Time Diversity configuration will require 1 or 2 DCI bits. 

Proposal: 
For HD-FDD, FD-FDD, and TDD:
UE is expected to support no more than 4 UL HARQ process to transmit PUSCH

Proposal: 
For DCIs sent to UEs operating with coverage enhancement (but not small one):
The DCI shall support variable cross SF scheduling (i.e. variable k)
The DCI shall support configuration of Time Diversity
FFS: if Time Diversity Duration configurability is needed

Conclusion
Observation: Several DCI scheduling options are available to support of time diversity with multiple HARQ processes.  These options do not need to be specified and can be left up to eNB implementation.

Observation: Support of Time Diversity is optional for eNB’s.

Observation: Support of Time Diversity with 4 UL HARQ processes will not increase UE cost.

Observation: Support of time diversity (i.e. transmission gaps) increases eNB scheduling flexibility.

Proposal: 
For HD-FDD, FD-FDD, and TDD:
UE is expected to support no more than 4 UL HARQ process to transmit PUSCH

Proposal: 
For DCIs sent to UEs operating with coverage enhancement (but not small one):
The DCI shall support variable cross SF scheduling (i.e. variable k)
The DCI shall support configuration of Time Diversity
FFS: if Time Diversity Duration configurability is needed
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