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Introduction
In this contribution, we discuss the PDSCH related LTE URLLC candidate technical solutions.
The RAN plenary agreed to the following scope for DL data:
	· To support enhanced reliability focusing on 1ms latency bound in Rel-15, only the following are to be specified by June:
· PCFICH reliability: Semi-static configuration of PCFICH duration to avoid PCFICH reliability impacting the overall DL reliability (RAN2 led)
· Blind/HARQ-less repetition for scheduled DL-SCH operation (RAN1 led)
· Finalise details of RAN1 agreement to support blind/HARQ-less PDSCH repetition.
· Using legacy (S/E)PDCCH, (S)PUCCH formats (if applicable); any discussion of potential DCI modifications is limited to support of blind/HARQ-less repetition
· All four variants (as identified in RAN1#92) are valid for further discussion. 




Additionally, the following was agreed at RAN1#92:
	Agreement:
One or more of the following solutions for DL data are needed for URLLC operation 
· blind/HARQ-less PDSCH repetition in different TTIs
· Consider the following variants
· Variant 1: dynamic indication of the PDSCH repetition factor in DCI
· Variant 2: semi-static configuration of the PDSCH repetition factor over RRC
· Variant 3: independent PDSCH assignment for each PDSCH transmission
· Variant 4: combination of semi-static and dynamic indication (combination of variants 1 and 2)
· 



In this paper, our analysis of a DL solution based on the 4 variants is presented. We also provide simulation results for PDSCH repetition considering SPDCCH performance impact. 
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According to agreements in RAN1#92, four variants are identified:
· Variant 1: dynamic indication of the PDSCH repetition factor in DCI
· Variant 2: semi-static configuration of the PDSCH repetition factor over RRC
· Variant 3: independent PDSCH assignment for each PDSCH transmission
· Variant 4: combination of semi-static and dynamic indication (combination of variants 1 and 2)
Transmission in Low vs High overhead sTTI
For all variants, the resulting PDSCH performance will be dependent on a successful decoding of the DL DCI. When the DCI is transmitted on SPDCCH, the effective code rate will be greatly dependent on whether or not CRS exists in the symbol carrying the SPDCCH. As one sREG is defined as one RB, independent on CRS overhead, the number of useful RE will be 12 without overhead, but only 8 with overhead from 2 CRS ports.
Figure 1 shows the SPDCCH performance with and without CRS overhead, as well as with a mix of both cases. We see that there is a difference of about 1.5dB comparing the cases with or without CRS overhead, and the performance of the PDSCH repetition schemes is dependent in which subslot(s) the SPDCCH will be transmitted. 
[bookmark: _Hlk505935023][image: H:\old svn stuff\Working Areas\RAN1_92bis Sanya\Contributions_LTE\URLLC\DL sim figures\spdsch_r1_92bis_v5_paper_results_spdcch.png]
[bookmark: _Ref510649221]Figure 1 Downlink control performance with and without CRS overhead.
TDL-C channel 363ns 30km/h. 56 bits SPDCCH incl CRC, AL8.
Number of allowed PDSCH repetitions – identifying limiting case
When addressing the high reliability methods, efforts should be to study the most limiting cases, i.e., to improve performance of the weakest link.
Analysing the latency requirement, Figure 2 shows how many repetitions that can fit within the latency budget for different CFI values and different data arrival times. 
	1os PDCCH
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2os PDCCH
[image: ]
3os PDCCH
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[bookmark: _Ref510649611]Figure 2: illustration of transmission cases for 1,2 and 3os PDCCH. Yellow sTTIs have no CRS overhead, red CRS have CRS overhead. Grey sTTI are PDCCH

The total transmission time for all these cases is under or equal to 14os, ie. 1ms. The details of the latency evaluation is shown in the table below. Tx and Rx processing is assumed to be 2os for each. It is thus possible to get at least two transmissions (but not always three) within the latency bound. It is, however, not possible to always have two repetitions of subslots without CRS OH.

		1os PDCCH
	Align
	Tx Time (OTA)
	total

	1
	4
	6
	14

	2
	3
	6
	13

	3
	2
	6
	12

	4
	2
	7
	13

	5
	2
	8
	14

	6
	2
	8
	14



		2os PDCCH
	Align
	Tx Time (OTA)
	total

	1
	5
	5
	14

	2
	5
	4
	13

	3
	2
	7
	13

	4
	2
	5
	11

	5
	2
	8
	14



		3os PDCCH
	Align
	Tx Time (OTA)
	total

	1
	6
	4
	14

	2
	5
	4
	13

	3
	2
	7
	13

	4
	2
	5
	11

	5
	2
	8
	14






We see that the limiting cases are:
· With a single SPDCCH assignment (variants 1/2/4):  Subslot 5 + subslot 1 is most limiting, as subslot 5 (which carries SPDCCH) has CRS OH.
· With multiple SPDCCH assignments (variant 3): Subslot 2 + subslot 3 is most limiting, as one of them has CRS OH, and both have length 2os.
PDSCH repetition performance assuming no SPDCCH impact
Having multiple PDSCH repetitions is beneficial to lower the BLER, and in fact also necessary to meet the 10-5 BLER requirement if MCS lower than MCS0 is not considered. Error! Reference source not found. illustrates the performance of PDSCH with and without repetition assuming no impact from PDCCH performance. The performance of PDSCH transmitted in subslot 2 is represented, as well as the one of PDSCH in subslot 3, PDSCH repetition in subslots 2 and 3 without soft combining and with combining. We see that only the soft-combined decoding of two repetitions gives good enough performance. Having two repetitions without soft combination only gives minor gains.
[image: H:\old svn stuff\Working Areas\RAN1_92bis Sanya\Contributions_LTE\URLLC\DL sim figures\spdsch_r1_92bis_v5_paper_results_pdsch_only.png]
Figure 3. PDSCH performance without SPDCCH dependence for 1 or 2 repetitions. MCS 0 with RA0. TDL-C channel 363ns 30km/h. Subslot 2 (without CRS OH), Subslot 3 (with CRS OH), or using both.
Only 2 repetitions with soft combination gives acceptable results.
Comparison of the variants of TB repetition schemes
Multiple PDSCH assignments (variant 3)
Variant 3 is the straightforward PDSCH repetition method. The eNB sends the same TB with a DL assignment for the same HARQ process and does not toggle NDI. This is possible since the HARQ ID is included within the DCI/sDCI format used for sending DL assignments. To exploit frequency diversity gains, different RBs can be allocated in the repetition(s) compared to the initial transmission. 
Variant 3 not only repeats PDSCH but also PDCCH. This has the advantage to increase the overall DL reliability. This has the drawback of large overhead, since the control channel takes resources in each repeated TTI. 
The idea with Variant 3 is that each repetition is self-decodable and does not depend on neither the preceding nor the following repetitions. This ensures improved reliability at the lowest delay. It seems that variant 3 requires little (probably no) specification effort. As shown in Error! Reference source not found., it is, however, desired that the repetitions are combined with each other, e.g. with Chase combining, for improved decoding probability. To be able to do so, the UE must be aware that the TB will be repeated in consecutive TTI. Today combining does not occur on a TTI level, but on a HARQ RTT level. Thus, enhanced UEs are expected for URLLC service. Note that this combining on TTI level is exactly the same for Variant 1/2/4 (TB repetition based on single assignment). If needed, the TB repetition based on independent PDSCH assignments can be activated by RRC configuration. 
[bookmark: _Toc505087595][bookmark: _Toc505266788][bookmark: _Toc505267877][bookmark: _Toc505268389][bookmark: _Toc506288106][bookmark: _Toc506288160][bookmark: _Toc506548485][bookmark: _Toc506548511][bookmark: _Toc506550517][bookmark: _Toc506551822][bookmark: _Toc506554921][bookmark: _Toc509585879][bookmark: _Toc509587761][bookmark: _Toc510655917][bookmark: _Toc510685194][bookmark: _Toc510811312]PDSCH TB repetition based on independent PDSCH assignment for each PDSCH transmission increases reliability for both PDSCH and PDCCH
[bookmark: _Toc505266789][bookmark: _Toc505267878][bookmark: _Toc505268390][bookmark: _Toc506288107][bookmark: _Toc506288161][bookmark: _Toc506548486][bookmark: _Toc506548512][bookmark: _Toc506550518][bookmark: _Toc506551823][bookmark: _Toc506554922][bookmark: _Toc509585880][bookmark: _Toc509587762][bookmark: _Toc510655918][bookmark: _Toc510685195][bookmark: _Toc510811313]PDSCH TB repetition based on independent PDSCH assignment for each PDSCH transmission naturally supports frequency hopping between repetitions
[bookmark: _Toc505266790][bookmark: _Toc505267879][bookmark: _Toc505268391][bookmark: _Toc506288108][bookmark: _Toc506288162][bookmark: _Toc506548487][bookmark: _Toc506548513][bookmark: _Toc506550519][bookmark: _Toc506551824][bookmark: _Toc506554923][bookmark: _Toc509585881][bookmark: _Toc509587763][bookmark: _Toc510655919][bookmark: _Toc510685196][bookmark: _Toc510811314]PDSCH TB repetition based on independent PDSCH assignments for each PDSCH transmission requires little specification effort
[bookmark: _Toc505266791][bookmark: _Toc505267880][bookmark: _Toc505268392][bookmark: _Toc506288109][bookmark: _Toc506288163][bookmark: _Toc506548488][bookmark: _Toc506548514][bookmark: _Toc506550520][bookmark: _Toc506551825][bookmark: _Toc506554924][bookmark: _Toc509585882][bookmark: _Toc509587764][bookmark: _Toc510655920][bookmark: _Toc510685197][bookmark: _Toc510811315]The UE could be made aware that PDSCH TB repetition based on independent PDSCH assignments for each PDSCH transmission is applied by RRC configuration
Figure 4 shows the PDSCH BLER when having independent PDSCH assignments, and when the PDSCH is dependent on successful SPDCCH decoding. The PDSCH checks in any of these cases:
· Both control and data in the first subslot check; 
· Both control and data in the second subslot check; 
· Control check in both subslots, and the soft combination of data in both subslots checks
The resulting performance does not fully meet the target of 1e-5 BLER at -2.6 dB (green line for PDSCH dependent on +0dB SPDCCH). As can be seen in Figure 4, SPDCCH performance is limiting the BLER of the PDSCH repetition (compare blue line with dotted green line). So some additional measures may be taken. One way is to power-boost the SPDCCH. This does not require any specification change. Two additional curves in the figure show power-boosting of +1 or +2 dB, respectively. We see that with +1 dB power boosting of SPDCCH, the target is reached. 
[bookmark: _Toc510655921][bookmark: _Toc510685198][bookmark: _Toc510811316]Power-boosting of less than 1 dB meets the target with independent PDSCH assignments.

[image: H:\old svn stuff\Working Areas\RAN1_92bis Sanya\Contributions_LTE\URLLC\DL sim figures\spdsch_r1_92bis_v5_paper_results_pdsch_variant3.png]
[bookmark: _Ref510650598]Figure 4. PDSCH BLER of two TB repetitions (of subslots 2 and 3), scheduled with individual SPDCCH. 
MCS 0 with RA0. TDL-C channel 363ns 30km/h. 56 bits SPDCCH incl CRC, AL8.
Blue line shows plain PDSCH BLER, whereas other three lines show BLER where PDSCH is dependent on successful SPDCCH decoding, for SPDCCH power boosting of 0, +1, or +2 dB.
Single PDSCH assignments (variants 1,2 or 4)
With variants 1 2 or 4 a single instance of DCI/sDCI indicates to the UE to attempt reception of K repetitions of the TB using K consecutive instances of PDSCH starting with the first instance of PDSCH. This will allow for freeing up some DCI/sDCI space in the remaining K-1 instances of DCI/sDCI, which leads to more robust transmissions in the remaining K-1 instances. But any UE failure to receive the first (and only) instance of DCI/sDCI means the K instances of PDSCH/SPDSCH space used for the K repetitions is wasted. Variant 1/2/4 have a reliability issue. 
[bookmark: _Toc505087596][bookmark: _Toc505266792][bookmark: _Toc505267881][bookmark: _Toc505268393][bookmark: _Toc506288110][bookmark: _Toc506288164][bookmark: _Toc506548489][bookmark: _Toc506548515][bookmark: _Toc506550521][bookmark: _Toc506551826][bookmark: _Toc506554925][bookmark: _Toc509585883][bookmark: _Toc509587765][bookmark: _Toc510655922][bookmark: _Toc510685199][bookmark: _Toc510811317]PDSCH TB repetition based on a single PDSCH assignment with variants 1,2 or 4 does not improve reliability if the PDSCH assignment is missed
Figure 5 shows the PDSCH BLER when two repetitions are scheduled by the same PDSCH, for the limiting case described above when the SPDCCH assignment is in a 3os subslot with CRS OH, and a 2os subslot with only data. Compared to Figure 4, the PDSCH BLER independent on SPDCCH is here lower, due to the lower code rate with 3os+2os subslots. However, the SPDCCH performance in the single assignments is a limiting factor. In this simulation, the PDSCH checks if the single SPDCCH checks, as well as the soft combination of the two subslots. Here, we see that more than +1 dB power boosting is needed, with +2 dB meeting the target.
[bookmark: _Toc510655923][bookmark: _Toc510685200][bookmark: _Toc510811318]Single PDSCH assignment needs more than 1 dB power boosting to meet the target.
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[bookmark: _Ref510651630]Figure 5. PDSCH BLER of two TB repetitions, scheduled with single SPDCCH. 
MCS 0 with RA0. TDL-C channel 363ns 30km/h. 56 bits SPDCCH incl CRC, AL8.
Blue line shows plain PDSCH BLER, whereas other three lines show BLER where PDSCH is dependent on successful SPDCCH decoding, for SPDCCH power boosting of 0, +1, or +2 dB.
Variant 1 which is based on indication of the repetition factor in the DCI comes with a larger DCI size, which goes in the opposite direction than the other candidate URLLC technical solution for PDCCH of DCI size reduction (see [4]). Configuring the repetition over RRC with Variant 2 seems sufficient since the number of repetitions is mainly dictated by the reliability and latency requirement. The number of repetitions is expected to be set in a rather conservative way than relying on the knowledge of fast channel variations that may be inaccurate. One advantage with variant 1/2/4 is the possibility to change the RV used for the repetitions. This provides incremental combining gains compared to variant 3. However, if a high code rate is used, the receiver needs to wait for receiving all repetitions before being able to decode the data. If a low code rate is used, the initial transmission is self-decodable but at low code rate, the IR gains over chase combining are minor.
[bookmark: _Toc505087597][bookmark: _Toc505266793][bookmark: _Toc505267882][bookmark: _Toc505268394][bookmark: _Toc506288111][bookmark: _Toc506288165][bookmark: _Toc506548490][bookmark: _Toc506548516][bookmark: _Toc506550522][bookmark: _Toc506551827][bookmark: _Toc506554926][bookmark: _Toc509585884][bookmark: _Toc509587766][bookmark: _Toc510655924][bookmark: _Toc510685201][bookmark: _Toc510811319]PDSCH TB repetition based on a single PDSCH assignment with indication of the repetition factor in the DCI increases DCI size
[bookmark: _Toc505266794][bookmark: _Toc505267883][bookmark: _Toc505268395][bookmark: _Toc506288112][bookmark: _Toc506288166][bookmark: _Toc506548491][bookmark: _Toc506548517][bookmark: _Toc506550523][bookmark: _Toc506551828][bookmark: _Toc506554927][bookmark: _Toc509585885][bookmark: _Toc509587767][bookmark: _Toc510655925][bookmark: _Toc510685202][bookmark: _Toc510811320]PDSCH TB repetition based on a single PDSCH assignment can exploit IR gains but at low code rate the gain of IR over Chase combining are expected to be minor
Thus, variant 3 should be considered as the baseline TB repetition scheme for PDSCH. variant 1 should not be supported due to the reliability and DCI size drawbacks.  
[bookmark: _Toc505087588][bookmark: _Toc505266798][bookmark: _Toc505267884][bookmark: _Toc505268397][bookmark: _Toc505936892][bookmark: _Toc506288095][bookmark: _Toc506288171][bookmark: _Toc506548497][bookmark: _Toc506548523][bookmark: _Toc506550529][bookmark: _Toc506554933][bookmark: _Toc509585890][bookmark: _Toc509587769][bookmark: _Toc510645899][bookmark: _Toc510655927][bookmark: _Toc510685204][bookmark: _Toc510811321]TB repetition in DL is supported by independent PDSCH assignment for each PDSCH transmission 
[bookmark: _Toc505266799][bookmark: _Toc505267885][bookmark: _Toc505268398][bookmark: _Toc505936893][bookmark: _Toc506288096][bookmark: _Toc506288172][bookmark: _Toc506548498][bookmark: _Toc506548524][bookmark: _Toc506550530][bookmark: _Toc506554934][bookmark: _Toc509585891][bookmark: _Toc509587770][bookmark: _Toc510645900][bookmark: _Toc510655928][bookmark: _Toc510685205][bookmark: _Toc510811322]Do not support PDSCH TB repetition based on a single PDSCH assignment with repetition factor included in DCI 
Improvement of DMRS-based channel estimation
Although most of the URLLC effort has targeted CRS-based transmission modes, some improvements can be done to DMRS-based transmission modes. A major difference between CRS- and DMRS-based channel estimation is that the CRS can be coherently averaged over time and frequency, outside the allocation of the particular Ue.
An improvement to the UE channel estimation, requiring minimal standardization changes, is to allow the UE to filter DMRS-based channel estimates across subslot borders when scheduled with multiple repetitions on the same frequency resources.
[bookmark: _Toc510645901][bookmark: _Toc510655929][bookmark: _Toc510685206][bookmark: _Toc510811323]When scheduling TB repetitions and for the RB reused in the repeated transmission, the same precoder is kept between repetitions, allowing the UE to do coherent channel estimation filtering. 
In addition, as specified for short TTI, there is a one-bit field specified in the DCI, DMRS position indicator field in 3GPP TS 36.212. The meaning of this field is to distinguish between
no-DMRS		No DMRS sent in subslot; reuse old channel estimate
new-DMRS		New DMRS sent in subslot; replace old channel estimate
In none of the cases, the UE is allowed to filter channel estimates between subslots, which would improve channel estimation performance.
By having a third possibility, the UE can be allowed to filter channel estimates:
same-DMRS		DMRS sent in subslot, maintaining precoder; filtering with previous subslot allowed
To not introduce any DCI format changes, the meaning of the DMRS position indicator field can be RRC configured, so that the single bit chooses between two selected of the 0,1,2 cases above
[bookmark: _Toc510645902][bookmark: _Toc510655930][bookmark: _Toc510685207][bookmark: _Toc510811324]Reconfigure via RRC the DMRS position indicator field to, instead of selecting between {“no-DMRS”, “new-DMRS”}, selecting between {“no-DMRS”, “same-DMRS”} or {”same-DMRS”, ”new-DMRS”} 
Conclusion
In section 2 we made the following observations:
Observation 1	PDSCH TB repetition based on independent PDSCH assignment for each PDSCH transmission increases reliability for both PDSCH and PDCCH
Observation 2	PDSCH TB repetition based on independent PDSCH assignment for each PDSCH transmission naturally supports frequency hopping between repetitions
Observation 3	PDSCH TB repetition based on independent PDSCH assignments for each PDSCH transmission requires little specification effort
Observation 4	The UE could be made aware that PDSCH TB repetition based on independent PDSCH assignments for each PDSCH transmission is applied by RRC configuration
Observation 5	Power-boosting of less than 1 dB meets the target with independent PDSCH assignments.
Observation 6	PDSCH TB repetition based on a single PDSCH assignment with variants 1,2 or 4 does not improve reliability if the PDSCH assignment is missed
Observation 7	Single PDSCH assignment needs more than 1 dB power boosting to meet the target.
Observation 8	PDSCH TB repetition based on a single PDSCH assignment with indication of the repetition factor in the DCI increases DCI size
Observation 9	PDSCH TB repetition based on a single PDSCH assignment can exploit IR gains but at low code rate the gain of IR over Chase combining are expected to be minor

Based on the discussion in section 2 we propose the following:
Proposal 1	TB repetition in DL is supported by independent PDSCH assignment for each PDSCH transmission
Proposal 2	Do not support PDSCH TB repetition based on a single PDSCH assignment with repetition factor included in DCI
Proposal 3	When scheduling TB repetitions and for the RB reused in the repeated transmission, the same precoder is kept between repetitions, allowing the UE to do coherent channel estimation filtering.
Proposal 4	Reconfigure via RRC the DMRS position indicator field to, instead of selecting between {“no-DMRS”, “new-DMRS”}, selecting between {“no-DMRS”, “same-DMRS”} or {”same-DMRS”, ”new-DMRS”}
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Annex 
Link simulation assumptions
[bookmark: _Ref506284825]Table 1. Simulation assumptions
	Carrier frequency
	700 MHz

	Bandwidth
	[bookmark: _GoBack]20 MHz (100 RB)

	Channel
	TDL-C 363ns, 30 km/h (seen in simulations to be slightly more limiting than 3 km/h)

	TTI length
	subslot (CFI=3)

	MCS
	32 bytes data payload
MCS 0 (55 RB)

	Resource allocation
	“RA0-like”, placing in groups of RGB/SRBG, last group may have fewer RB since allocations above are not multiples of RBG/SRBG

	Transmission mode
	2TX, 2RX, 1-layer TX diversity

	Channel estimation
	CRS, practical

	SPDCCH overhead
	8 SCCE in total over bandwidth (about 32% of data allocation in first symbol has overlapping SPDCCH)

	Transmissions
	2 (Automatic repetitions without HARQ). RV0 used for both transmissions.

	SPDCCH format
	AL8, (40 bits payload + 16 bits CRC)
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