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1. Introduction
The following tdoc discusses the release 14 DCI design for the HD-FDD CAT-M1 UE as it relates to the HARQ-ACK bundling feature and the dynamic PDSCH ACK timing feature. 
2. Dynamic PDSCH ACK Timing 
In release 13, the transmission of the PDSCH ACK is sent at a fixed 4 subframes from the end of the corresponding PDSCH TB. In release 14, it was agreed to support dynamic PDSCH ACK timing.  

RAN1#87 agreement on adjusted scheduling relationships between physical channels:

· Introduce a dynamic timing relationship between PDSCH and HARQ-ACK controlled by the DCI

· This adjusted timing relationship is enabled by a new optional 1-bit UE-specific RRC configuration parameter

The dynamic PDSCH ACK timing is advantageous in at least these three scenarios:

· Small repeats: Further delaying the PDSCH ACKs allows more DL transmission to be sent before switching to the UL to send the PDSCH ACKs which results in better SF utilization.
· VoLTE Optimization:  Further delaying the PDSCH ACK allows greater than 2 repeats for the UL grant to be used which allows more flexible channel coverage balancing
· HARQ-ACK Bundling: HARQ-Ack bundling delays Acks so they can be bundling. Explicitly indicate this delay ensures the UE and eNB stay in-sync if a DL grant is not decoded correctly. 
RLC Considerations
Although the smallest DCI size could be designed if three different DCI formats are designed, one for each scenario but this would have a couple major downsides: specification complexity and increased RLC signalling caused by switching between the DCI formats.  The switch will be especially frequent between the HARQ bundling  scenario and the small repeats scenario when the UE is in an area of marginal coverage.  
Proposal: Target one DCI format for both the small repeats and ACK bundling scenarios.
Small Repeats Scenario
Allowing dynamic PDSCH Ack timing allows better SF utilization when small repeats are used as shown in [2].  In this section, we analyse the possible values of PDCSH ACK delay needed to be support the small repeats scenario. 
The following table shows data rates (kbps) the gains (%) possible with supporting Ack Delays and TBS per DL/UL cycle:

	# Repetitions
	Constant Ack Delay
(Rel 13 baseline)
	PDSCH TB per DL/UL Cycle

	
	
	2
	3
	4
	5

	2
	181kbps
	181kbps (+0%)
	230kbps (+27%)
	266kbps (+46%)
	294kbps (+62%)

	4
	90kbps
	133kbps (+47%)
	157kbps (+74%)
	173kbps (+92%)
	185kbps +105%)

	8
	66kbps
	86kbps (+30%)
	96kbps (+45%)
	102kbps (+54%)
	106kbps (+60%)

	16
	43kbps
	51kbps (+18%)
	54kbps (+25%)
	56kbps (+30%)
	57kbps (+32%)


The following observation can be made by examining the above table:

Observation: The data rate gain is lower for larger repeats

Observation: The data rate gain reduces as the number of PDSCH TB per DL/UL Cycle increases
Below is an example where 3 PDSCH TB each of 4 repeats are sent in one DL/UL cycle where the corresponding additional PDSCH Ack Delay required is 0,3,6  SF:
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The following table shows the required additional SF delays to support many different repetitions and PDSCH TBs per UL/DL Cycle:

	# Repetitions
	PDSCH TB per DL/UL Cycle

	
	2
	3
	4
	5

	2
	0,0
	0,1,2
	1,2,3,4
	2,3,4,5,6

	4
	0,2
	0,3,6
	1,4,7,10
	2,5,8,11,14

	8
	0,6
	0,7,14
	1,8,15,22
	2,9,16,23,30

	16
	0,14
	0,15,30
	1,16,31,46
	2,17,32,47,62


Note: the table is only valid if no PUCCH repeats are used.

As seen from the above table, supporting large repetitions with a large number of PDSCH TB per DL/UL cycle will require long ACK delays.  This will increase the size of the DCI. As observed, the %gain reduces with the increase in repeats and increase in PDSCH TB per DL/UL cycle so those case are less important to support.  If the maximum ACK delay is 14 (i.e. 4 bits) then everything but the red cells in the above table can be supported.
However even a maximum Ack delay of 14 SFs would require a 4 bit field in the DCI which is rather large. To further reduce the size, the PDSCH ACK delay field in the DCI could be dependent on the # of PDSCH repetitions. But as you can see from the above table, the delay also changes with the number of PDSCH TB per UL/DL cycle and will also change with the number of PUCCH repeats used thus this is not feasible. The following table shows the required delays when 2 PUCCH repeats are used:
	# Repetitions
	TBS per DL/UL Cycle

	
	2
	3
	4
	5

	2
	0,0
	2,2,2
	4,4,4,4
	6,6,6,6,6

	4
	0,2
	2,4,6
	4,6,8,10
	6,8,10,12,14

	8
	0,6
	2,6,12
	 
	 

	16
	0,14
	 
	 
	 


From the above table, the following observation can be made which can be used to reduce the number of bits in the PDSCH ACK delay field:

Observation: When PUCCH repeats are even, then the PDSCH ACK delay will always be EVEN.
With the above observation and if we mandated that at least 2 PUCCH repeats are used when 4 or more PDSCH repeats are used, then we could reduce the PDSCH ACK Delay field from 4 bits to 3 bits. The PDSCH ACK delay would be calculated as follows:
If PDSCH repeats >2 then


PUCCH repeat must be used


PDSCH ACK Delay = 2* PDSCH Ack Delay Field

Else

PUCCH repeats are not used


PDSCH ACK Delay = PDSCH Ack Delay Field

End
Even though this would reduce the DCI field by 1 bit, the restriction does not seem to worth the loss of PUCCH flexibility thus this I mechanism is NOT recommended.

Thus ultimately the following proposal is made:

Proposal: For the small repetition scenario, the PDSCH ACK delay field should support values between 0-14 SF
HARQ Bundling Scenario
Although not agreed, one of the more promising methods to couple the DL grants to the location of the corresponding bundled ACK is to indicate the timing of the ACK in the DL grant. This ensures that if a grant is lost, the UE and eNB do not get out of sync. This method was shown in [2].
In [2], three methods of indicating the PDSCH ACK delay were discussed:
Explicitly indicate additional ACK Delays – requires 3 bit field with additional delay values from 0-7 SF

[image: image1]
Interleaved HARQ – requires a 2 bit DCI field to indicate values 7,4,1,0

[image: image2]
Delay base on HARQ ID – no additional bits 
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In general the, explicit delay method is the most flexible as it doesn’t force the scheduler to use HARQ ID in a certain order.  As already proposed, one DCI format should be used for both the small repeat and HARQ bundling scenarios, and give the small repeats requires a ACK delay range of 0-14 there is no advantage in reducing this filed only for the HARQ bundling case thus the explicit indication method makes the most sense.
Proposal: For HARQ bundling, the additional PDSCH ACK Delay shall be indicated in the DCI. 
Even though a range of only 0-7 SF is required, a longer delay allows gaps in the cycle which allows for more flexible scheduling.
Observation: When using Ack bundling, supporting a larger than 7 SF PDSCH ACK delay allows more flexible scheduling. 
Proposal: For the HARQ Bundling scenario, the PDSCH ACK delay field should support values between 0-15 SF

VoLTE/Real-Time Scenario
The following agreement was made to improve SF utilization and scheduling flexibility for the VoLTE and real time transmission scenario. 

RAN1#87 agreement on adjusted scheduling relationships between physical channels:

· Introduce a dynamic timing relationship between PDSCH and HARQ-ACK controlled by the DCI

· This adjusted timing relationship is enabled by a new optional 1-bit UE-specific RRC configuration parameter

This is mechanism is described in [2] and is also shown in the figure below:
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Figure: Example of Delaying DL Ack to send 4 repeats of Uplink Grant (UG)

As can be seen in the above example, the PDSCH Ack needs to be delayed by an additional 2 SF. The amount of Ack delay depends on the number of repetitions used in the uplink grant (UG). The following table shows the minimum number of additional SF delay needed to support the different possible numbers of UL grant repeats:

	UL Grant
Repeats
	Minimum 
Delay

	1
	0

	2
	0

	4
	2

	8
	6

	16
	14

	32
	30


Given this mechanism is mostly intended to support the VoLTE use case, supporting higher numbers of UL Grant repeats (e.g. 32) is unlike given the restricted delay budget so an ACK delay range from 0-14 SF supports this feature well.

Observation:  To support the VoLTE scenario, the PDSCH ACK delay field can be 0,2,6,14 SF
3. Separate HD-FDD M1 DCI design

In release 13, the same DCI was used for HD-FDD UEs as FD-FDD UEs.  Given the PDSCH ACK delay mechanism is mainly intended to improve SF utilization for HD-FDD UEs, the new DCI design should be optimized for HD-FDD UEs. 

Proposal:  The DCI design supporting PDSCH ACK delays should be optimized for HD-FDD UEs. 

Given the above, there is the possibility to reduce the number of bits for the HARQ ID.

When HARQ bundling is NOT used, a HD-FDD UE can only utilize 3 HARQ Process as shown below:
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When HARQ bundling is supported, it was agreed that 10 HARQ process can be used but a reduction in the number of HARQ IDs can be used given the bundles are retransmitted in their entirety and thus only three HARQ bundle IDs are needed as shown below:
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For example, 

Grants G1-G2 use HARQ ID#=0, 

Grants G4-G6 use HARQ ID#=1, 

Grants G7-G10 use HARQ ID#=2

The above shows that for HD-FDD UE’s, a 2 bit HARQ ID is sufficient which saves 2 bits over the working assumption to use 4 bits:

RAN1#87 working assumption:
· When the 10 HARQ process feature is enabled by RRC,

               The HARQ Process Number field in the DCI is increased to 4 bits.

Proposal:  Reduce the HARQ ID field in the DCI for HD-FDD UEs to 2 bits.

Proposal:  Revise working assumption
· When the 10 HARQ process feature is enabled by RRC,

               The HARQ Process Number field in the DCI is increased to 4 bits at least for FD-FDD UEs.

4. ACKs in Bundle

In case a DL grant is lost, the UE needs to know how many TB or ACKs are in each bundle to make sure they have received DL grants for all of them. As agree in RAN1#86bis, up to 4 TB or ACK can be sent per bundle: 
RAN1#86bis agreement:
· One or multiple HARQ-ACK bundles can be supported for PDSCH scheduling before switching to UL.

· HARQ-ACK bundle size is defined as the number of PDSCH transmissions (corresponding to different HARQ processes) with a joint HARQ-ACK feedback.

· The maximum HARQ-ACK bundle size is 4.
It was also agreed that when bundling is used, neither MPDCCH nor PDSCH repeats will not be used. RAN1#87 agreement:
· If repetition is used for MPDCCH or PDSCH, HARQ-ACK bundling is not used

If we also agree, MPDCCH repeats are not allowed when PDSCH repeats are not used then the MPDCCH field can be repurposed to indicate the number of ACKs in each bundle when the PDSCH repeats are zero. The UE would decode the MPDCCH field as:

If PDSCH Repeats Field==0 then
     Acks in Bundle

Else
     MPDCCH repeats
Proposal: MPDCCH repeats are not supported when DCI PDSCH repeats field =0 
Proposal: UE would decode the MPDCCH field as:

If PDSCH Repeats Field==0 then
     Acks in Bundle

Else
     MPDCCH repeats

5. DCI Options

As mentioned, there are at least three scenarios for which delaying PDSCH ACKs is beneficial:
· Small Repeats

· HARQ Bundling 
· VoLTE 

As mentioned, although the smallest DCI size could be designed if three different DCI formats are designed for each purpose, this would have a few downsides: complex specification and increased RLC signalling.  Given this, two DCI designs have been considered in this paper: 
   Option 1:  One DCI to support all scenarios
   Option 2:  Two DCIs: one to support bundling and repeats and a separate design for VoLTE scenario 
These two options are shown in the table below:
	DCI contents

	Rel 13

DL Grant 

Size
	Option 1: 
1 DCI Bundling/Repeats/VoLTE
	Option 2:

Separate DCI for
 VOLTE Mode

	UL/DL flag
	1
	Same
	Same

	Repetition 
Number
	2
	Same
	Same

	PDSCH Ack 
Delay Field


	NA
	+4 Bits

/* Range 0-15 SF */


	+2 bits

/* SF delays 0,2,6,14 */


	HARQ process

number
	3 bits 

8 HARQs
	2 bit HARQ ID

Save 1 bits


	2 bit HARQ ID

Save 1 bits



	M-PDCCH

repetition

number
	2
	if Repetition Number ==0 then
     Acks in Bundle

else

     MPDCCH repeats
	MPDCCH repeats

	Size Change
	
	+3 bits
	+1 bit


Although having two DCI formats would save 2 DCI bits for the VoLTE/real-time scenario, the increase in complexity, loss in scheduling flexibly, and increase in RLC signalling is not justified thus option 1 is proposed.
Proposal: Specify one DCI for all three scenarios using option 1.

6. Conclusions
Proposal: Target one DCI format for both the small repeats and ACK bundling scenarios.

For the Small repeats Scenario:

Observation: The data rate gain is lower for larger repeats

Observation: The data rate gain reduces as the number of PDSCH TB per DL/UL Cycle increases

Proposal: For the small repetition scenario, the PDSCH ACK delay field should support values between 0-14 SF

For the HARQ Bundling Scenario:

Proposal: For HARQ bundling, the additional PDSCH ACK Delay shall be indicated in the DCI. 

Observation: When using Ack bundling, supporting a larger than 7 SF for the PDSCH ACK delay allows more flexible scheduling.
Proposal: For the HARQ Bundling scenario, the PDSCH ACK delay field should support values between 0-15 SF

For the VoLTE/Real-Time Scenario:

Observation:  To support the VoLTE scenario, the PDSCH ACK delay field can be 0,2,6,14 SF
Separate HD-FDD M1 DCI design:

Proposal:  The DCI design supporting PDSCH ACK delays should be optimized for HD-FDD UEs.
Proposal:  Reduce the HARQ ID field in the DCI for HD-FDD UEs to 2 bits.

Proposal:  Revise working assumption

· When the 10 HARQ process feature is enabled by RRC,

               The HARQ Process Number field in the DCI is increased to 4 bits at least for FD-FDD UEs.

Acks in Bundle:

Proposal: MPDCCH repeats are not supported when DCI PDSCH repeats field =0 

Proposal: UE would decode the MPDCCH field as:

If PDSCH Repeats Field==0 then

     Acks in Bundle

Else

     MPDCCH repeats

DCI Options:
	DCI contents

	Rel 13

DL Grant 

Size
	Option 1: 

1 DCI Bundling/Repeats/VoLTE

	UL/DL flag
	1
	Same

	Repetition 
Number
	2
	Same

	PDSCH Ack 
Delay Field


	NA
	+4 Bits

/* Range 0-15 SF */



	HARQ process

number
	3 bits 

8 HARQs
	2 bit HARQ ID

Save 1 bits



	M-PDCCH

repetition

number
	2
	if Repetition Number ==0 then

     Acks in Bundle

else

     MPDCCH repeats

	Size Change
	
	+3 bits


Proposal: Specify one DCI for all three scenarios using option 1.
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