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In RAN1#84bis meeting, the following agreements have been achieved for indication of ACK/NACK resource in DCI format N1 of the associated NPDSCH [1]. 
Agreements:
· ACK/NACK Resource Indication
· In DCI format N1, ACK/NACK Resource Indication: 4 bits
· Fixed baseline subcarrier, and
· 3.75kHz: 3 bits for frequency allocation, 1 bit for time allocation
· Starts from subcarrier 45, and offset grows negatively
· Offset values are  {0, -1, -2, -3, -4, -5, -6, -7} 
· Time offset is 0,1 x 8ms
· 15kHz: 2 bits for frequency allocation, 2 bit for time allocation
· Starts from subcarrier zero, and offset grows positively
· Offset values are  {0, 1, 2, 3} 
· Time offset is 0,1,2,3 x 2ms
· Repetition
· The predefined set of numbers of repetition for ACK/NACK resource unit is {1, 2, 4, 8, 16, 32, 64, 128}

It is still FFS on how to define the time reference point over which the time offset is applied. There are two alternatives proposed and have been discussed in the email discussion 84b-03. In the contribution, further analysis is provided to compare the two alternatives and we propose to use alternative 1 which can avoid resource scattering. 
Time reference of ACK/NACK transmission for NB-PDSCH 
Summary of email discussion on time reference of ACK/NACK transmission
It was agreed in RAN1#84bis that time offset over specific time references is indicated in DL grant DCI to inform time domain information of a NPUSCH format 2 transmission, which conveys the ACK/NACK information of the associated NPDSCH. It has been agreed that the time offset is in the range of {0, 2, 4, 6} ms for 15kHz ACK/NACK transmission and {0, 8} ms for 3.75kHz ACK/NACK transmission.
The time reference for ACK/NACK resource allocation has not been concluded yet and two alternatives were proposed. Alternative 1 defines a set of absolute time points with a certain periodicity as the time references which the time offset indicated by DCI is applied over. The intention is to align more ACK/NACK transmissions and avoid the resource scattering. Alternative 2 uses the time point which is exactly 12ms later than the end of the associated NPDSCH as the reference time. The time offset indicated by DL grant DCI is applied over the reference time.
The two alternatives were discussed in the email discussion [84b-03], however without a conclusion. The alternative 1 was converged to fix the period of time reference to 2ms, which can have good alignment of ACK/NACK resource for good coverage UEs meanwhile the impact on the transmission delay is controlled negligible. The alternative 2 was also proposed to be represented by the framework of alternative 1, however with the fixed period to 1ms. The following two sets of proposals after the email discussion [84b-03] are listed as following, which are illustrated in Figure 1-(a) and 1-(b) respectively.
Alt. 1: 
Baseline time point for time domain allocation of A/N transmission: 
· A/N transmission is relative to the first time reference point which is at least 12 ms later than the end of NPDSCH 
· The period of the time reference point is fixed to X   ms.
· X = 2
· The start of the period is from (SFN#0, subframe#0).

Alt. 2:
Baseline time point for time domain allocation of A/N transmission:
· A/N transmission is relative to the first time reference point which is at least 12 ms later than the end of NPDSCH 
·  The period of the time reference point is fixed to X ms. 
· X = 1
· The start of the period is from (SFN#0, subframe#0).
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(a) Alternative 1
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(b) Alternative 2
Figure 1 Illustration of Alt.1 and Alt.2

Comparison between alternative 1 and alternative 2
1.1.1 Resource allocation efficiency
The scattered resource allocation of ACK/NACK transmission of NPDSCH will cause more serious issues compared with that when scheduling NPUSCH. When a NPDSCH is scheduled for a UE, not only the DL resource of NPDSCH needs to be allocated in DL but also the resource of the associated NPUSCH format 2 transmission needs to be allocated which may overlap with an NPUSCH format 1 transmission. Hence, ACK/NACK NPUSCH format 2 transmission is coupled with both downlink resource usage of NPDSCH and uplink resource usage of NPUSCH. The scattering of resource in uplink is difficult to be avoided due to restrictions from both downlink and uplink resource usage when scheduling NPDSCH.
Furthermore, it is also known that the scheduling delay of NPDSCH is in the range of 
4ms + {0,4,8,12,16,32,64,128} valid subframes when Rmax < 128 and in the range of 
4ms + {0,16,32,64,128, 256,512,1024} valid subframes when Rmax ≥ 128. The range and granularity of scheduling delay of NPDSCH is limited.  From the Figure 1-(b), if Alternative 2 is used, given that the scheduler is not restricted as to when NPDSCH is scheduled, the time reference of ACK/NACK transmission will also be randomly distributed in the time domain. A time offset can be applied relative to the time reference, however the range and the granularity, i.e. {0, 2, 4, 6} ms or {0, 8} ms,  is limited due to the limited size of HARQ-ACK field. In this case, it is difficult to use implementation method in scheduler to minimize the UL resource scattering due to ACK/NACK misalignment.
Alternative 1 can better pack the ACK/NACK transmission suitably, in which time reference is defined as a set of absolute time points with a specific period X ms. The ACK/NACK resource is able to be aligned in time domain and hence the scattering of uplink resource can be reduced. It is also the common understanding in the email discussion [84b-03] that a longer teriod of X ms in alternative 1, the better resource allocation efficiency can be achieved. 
1.1.2 Transmission latency and data rate
The concern on Alternative 1 in email discussion of [84b-03] is the increased transmission latency due to the alignment of ACK/NACK in time domain. 
To evaluate the impact on transmission latency due to the ACK/NACK alignment in Alternative 1, the shortest latency case for NPDSCH transmission is used as the worst case regarding the relative increment of transmission delay due to the alignment of ACK/NACK. In this worst case, the shortest scheduling delay of 4ms is assumed, and the NPDCCH and NPDSCH only occupy one subframe each. The minimum delay between the end of NPDSCH and the start of the associated ACK/NACK in Alternative 2 is 12 ms and the minimum transmission duration of ACK/NACK is 2 ms. Hence, the shortest transmission latency is (1+4+1+12+2), i.e. 20, milliseconds when the alignment of ACK/NACK is not used.
It is known that the increment on transmission latency in Alternative 1 is in the range of {0, 1, …, X-1} ms. Hence the average increment of latency due to the alignment of ACK/NACK is (X-1)/2 ms. As an example, when X=2ms, the average increased latency is only 0.5ms, hence the transmission latency is relatively increased by 0.5/20 ratio (2.5%). The impact on the peak data rate is 
1 - (1/20.5)/(1/20) =  2.4%.
The relative increment of transmission latency due to the ACK/NACK alignment in Alternative 1 is similarly calculated and shown in Table 1 for other different value of X. The impact on data rate of NB-IoT UEs is also listed.
Table 1: Average increment of NPDSCH transmission delay and impact on peak data rate in the shortest NPDSCH transmission latency case (scheduling delay: 4ms, transmission duration of NPDCCH/NPDSCH/HARQ-ACK: 1ms/1ms/2ms)
	The value of X (ms)
	Average relative increment of NPDSCH transmission latency
	Impact on Date rate of UEs

	2
	2.5%
	2.4%

	4
	7.5%
	7.0%

	8
	17.5%
	14.9%



From the table, it can be found that the impact on the latency is quite marginal when the period of X is fixed to 2ms or 4ms. It should be noticed that the scenario used for Table 1 assumes the shortest duration for scheduling delay, transmission duration and is therefore the worst case for Alternative 1 – in reality, many cases will have a smaller relative latency increment. Hence, this is just the analysis of impact on the peak data rate. In reality, the scheduling delay would often be much larger than 4ms, and there may exist DL gap(s) during the transmission of NPDSCH, hence in reality the impact on the data rate and transmission latency is negligible in most cases. 
1.1.3 Implementation complexity
Regarding the implementation complexity, the UE needs to monitor the downlink frame number and subframe number anyway and count the subframe number while receiving NPDSCH or transmitting NPUSCH. It is also acknowledged by UE vendors that the complexity between Alternative 1 and 2 is similar. 
Further discussion
In the email discussion of [84b-03], it was proposed to fix the period of X ms in the specification to reduce the configuration overhead. 2ms period was proposed for alternative 1.
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(a) Illustration of impact on resource allocation of Alternative 2(X=1ms)
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(b) Illustration of impact on resource allocation of Alternative 1(X=2ms)
Figure 2: Further analysis when multiple UEs with long duration NPUSCH transmission need to be scheduled
For UEs in normal coverage when no NPDCCH/NPDSCH repetition is needed, the start subframe of the time point which is exactly 12 ms later than the end of NPDSCH may be either even (e.g. NPDSCH1 in Figure2-(a)) or odd (e.g. NPDSCH2 and NPDSCH3 in Figure2-(a)) depending on the subframe that is used by NPDCCH and the number of subframes over which the NPDSCH is mapped. So for UEs in normal coverage, if the ACK/NACK reference time is not aligned with 2ms period, the ACK/NACK transmission will be overlapped in time domain because the ACK/NACK transmission may start from even or odd subframes. This will reduce the flexibility on the resource allocation.
As one example shown in Figure 2-(a),  when there are several UEs in bad coverage needing to be scheduled with long duration 3tone/6tone/1tone NPUSCH format 1 in uplink, the ACK/NACK 2 shown in Figure 2-(a) will reduce the number of subcarriers that can be allocated for these UEs. In this case, fewer UEs with long duration NPUSCH format 1 transmission can be scheduled due to the blocking from NPUSCH format 2 (e.g. ACK/NACK2 in Figure2-(a)) on some subcarriers.
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(a) Illustration of impact on resource allocation of Alternative 2(X=1ms)
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(b) Illustration of impact on resource allocation of Alternative 1(X=2ms)
Figure 3: Further analysis when multiple UEs with large data size need to be scheduled
As another example, when there are several normal coverage UEs needing to be scheduled by 12 tone  NPUSCH format 1 transmissions, as shown in Figure 3-(a), fewer subframes will be available due to the misalignment of ACK/NACK in time domain if Alternative 2 is used. On the contrary, as shown in Figure3-(b), when Alternative 1 is used, more subframes can be available for 12tone NPUSCH transmissions because all the ACK/NACK can be aligned within two subframes.
For the bad coverage UEs, repetition will be used and according to the agreements listed in Annex, Alternative 1 with 2ms period and Alternative 2 perform similar regarding the resource alignment, i.e. the ACK/NACK can always align with 2ms boundary. 
From the latency perspective, as analyzed in section 2.2, the relative increment of latency of alternative 1 with X=2ms is negligible for both good coverage and bad coverage UEs.
The coverage performance of bad coverage UEs is important for NB-IoT, meanwhile it is also quite important to have good performance when UEs are deployed in normal coverage. Considering Alternative 1 with 2ms period and Alternative 2 perform similar for bad coverage UEs, but Alternative 1 provides alignment of ACK/NACK transmission and hence gives better performance on resource allocation efficiency when scheduling normal coverage UEs as shown in Figure 2 and Figure 3. Hence, we propose to use alternative 1 with 2ms for the time reference determination of ACK/NACK transmission of NPDSCH.
Conclusions 
In this contribution, the two alternatives on time reference definition for ACK/NACK transmission of NPDSCH are discussed. The email discussion in [84b-03] is summarized and the two alternatives are analyzed and compared from the perspective of resource allocation efficiency, impact on data rate and UE complexity. It is shown that the impact on the latency and data rate due to the alignment of ACK/NACK in alternative 1 is negligible and it is acknowledged by UE vendors that the complexity of two alternative is similar. And it is the common understanding that the Alternative 1 will bring benefits for resource allocation efficiency. Hence, considering the above aspects, we propose to agree the alternative 1 in email discussion for NB-IoT ACK/NACK time reference.
Proposal: Baseline time point for time domain allocation of A/N transmission: 
· A/N transmission is relative to the first time reference point which is at least 12 ms later than the end of NPDSCH 
· The period of the time reference point is fixed to X ms.
· X = 2
· The start of the period is from (SFN#0, subframe#0).
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Annex: The Agreements related with the ACK/NACK transmission of NPDSCH
· The set of options for the max number of repetitions in an NB-PDCCH search space is the same for all search spaces
· Rmax is from: {1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024, 2048}
· Starting subframes:
· The search space starting subframe reuses the principle of eMTC
· The period reuse the principles from eMTC
· T=R*G, G values to be determined
· An additional offset on the value of T may be considered
· Postpone NPDCCH repetitions that overlap with transmission gap
· FFS whether to also allow an offset to the period (value FFS)
· Additional offset = R*G1, G1=0,2,4,8
· 
The starting subframe is given by
· G={1.5, 2, 4, 8, 16, 32, 48, 64}
· eNB only configures values that result in T>=4
· T=Rmax*G
· For UE-SS, G is UE-specific
· For CSS for RAR/Msg3re-tx/Msg4, G is cell-specific and NPRACH resource-specific 
· CW for NB-PDSCH can be mapped to multiple subframes
· MCS/TBS definitions
· Separate indication of and NPRB and ITBS with 3-bit NPRB sizes and 4-bit ITBS and total 7 bits indication
· Yellow colored entries in the table are supported. The entries without colors are not supported. 
· QPSK for all TBS.
· ITBS = 11 and 12 are supported only for standalone and guardband. 
	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	0
	16
	32
	56
	88
	120
	152
	176
	208
	224
	256

	1
	24
	56
	88
	144
	176
	208
	224
	256
	328
	344

	2
	32
	72
	144
	176
	208
	256
	296
	328
	376
	424

	3
	40
	104
	176
	208
	256
	328
	392
	440
	504
	568

	4
	56
	120
	208
	256
	328
	408
	488
	552
	632
	696 680

	5
	72
	144
	224
	328
	424
	504
	600
	680
	776
	872

	6
	328 88
	176
	256
	392
	504
	600
	712
	808
	936
	1032

	7
	104
	224
	328
	472
	584
	712 680
	840
	968
	1096
	1224

	8
	120
	256
	392
	536
	680
	808
	968
	1096
	1256
	1384

	9
	136
	296
	456
	616
	776
	936
	1096
	1256
	1416
	1544

	10
	144
	328
	504
	680
	872
	1032
	1224
	1384
	1544
	1736

	11
	176
	376
	584
	776
	1000
	1192
	1384
	1608
	1800
	2024

	12
	208
	440
	680
	904
	1128
	1352
	1608
	1800
	2024
	2280

	13
	224
	488
	744
	1000
	1256
	1544
	1800
	2024
	2280
	2536


· The DL NB-IoT UE category has total number of soft channel bits = 2112 bits.
· Numbers of repetitions
· Repetitions can be applied to any supported MCS by NB-IoT
· The predefined set of NB-PDSCH numbers of repetitions of the allocated subframes (i.e. NSF) is {1, 2, 4, 8, 16, 32, 64, 128, 192, 256, 384, 512, 768, 1024, 1536, 2048}.
· 4 bits in DCI (for both normal and paging NB-PDSCH) indicate one value in the above set
· Note that this shall not imply anything about how the number of PUSCH repetitions is indicated!
· Scheduling delay of NPDSCH [Rapporteur’s note: NPUSCH part moved to NPUSCH section]
· 3 bits indicate number of valid DL subframes. The gap between end of NPDCCH and the start of the associated NPDSCH equals kdelay valid DL subframes + 4ms
· Two fixed sets for different Rmax for the respective search space, above and below a threshold.
· If Rmax <128
· {0,4,8,12,16,32,64,128}
· If Rmax>=128,
· {0,16,32,64,128, 256,512,1024}
· Fixed baseline subcarrier, and
· 3.75kHz: 3 bits for frequency allocation, 1 bit for time allocation
· Starts from subcarrier 45, and offset grows negatively
· Offset values are  {0, -1, -2, -3, -4, -5, -6, -7} 
· Time offset is 0,1 x 8ms
· 15kHz: 2 bits for frequency allocation, 2 bit for time allocation
· Starts from subcarrier zero, and offset grows positively
· Offset values are  {0, 1, 2, 3} 
· Time offset is 0,1,2,3 x 2ms
· Repetition:
· The predefined set of numbers of repetition for ACK/NACK resource unit is {1, 2, 4, 8, 16, 32, 64, 128}
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