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Introduction
As part of the email discussion on techniques for URLLC, different proposals were discussed for enhancements on the DL control part of URLLC. The reliability target of URLLC is markedly lower than MBB, e.g. 1E-5 compared to 1E-1 for eMBB. To reach this reliability, a high amount of redundancy (and therefore a lower code rates) or additional transmitted power are needed. Moreover, the lower BLER target gives rise to 
To this effect, it was proposed in the technical solution email discussion to study solutions to enhance the reliability of the DL control:
	Proposal 2.1: Study and specify reduced size/compact DCI URLLC scheduling. The studies should at least include investigations on reduced resource allocation and MCS signaling overhead (other reductions are not precluded). 

Proposal 2.2: Investigate the need for using more DL control resources for DCI transmission on a carrier within a TTI together with the studies on reduced size/compact DCI URLLC scheduling. Candidate techniques may (beside others) include support of AL16, DCI repetition as well as PDCCH candidate aggregation. 


Proposal 2.4: Study the effect of false alarm rate on the URLLC performance. Candidate techniques to solve the issues (if identified) may (beside others) include using larger CRC size as well as using (a-priory) known information field content. 


Observation 2.5: PDCCH blocking for URLLC has been mentioned by two companies which may require further attention. 




During the calibration campaign, a DL SINR of -2.6dB was measured for the 5th percentile user. To achieve this SINR at the required 1E-5 BLER and within the latency bound, this paper discusses possible enhancements for the DL control elements in URLLC. 
[bookmark: _Ref178064866]Discussion
PCFICH impact on Overall Reliability 
The PCFICH should be included in the overall reliability. Indeed, an error decoding the CFI will result in undecodable PDCCH and consequently PDSCH. It is thus paramount that the CFI decoding is at least if not more reliable than the other channels.  Below we show the impact of CFI on the PDCCH error rate and clearly the error is limited by the PCFICH performance.  The error rate at the 5th percentile SNR (-2.6dB) is 4E-4, exceeding the error target of 1E-5. One option to avoid this bottleneck is to signal CFI via RRC for URLLC.

[bookmark: _Toc505867340]PCFICH is a potential bottleneck to the overall performance and its reliability should be considered when evaluating overall reliability. 
[bookmark: _Toc506534596]Consider the signalling the CFI via RRC for URLLC applications
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Figure 1 PCFICH performance
DCI reliability
Required aggregation levels and DCI sizes
The three variables, aggregation level, code rate (or MCS) and DCI size are interconnected, therefore it is important to study them together to produce a set of possible combinations of these parameter that are compatible. The overall code rate (channel code combined with repetition within an aggregation level, i.e. the post rate-matching code rate) will dictate the performance at the target SINR. For a given pair of DCI size and code rate, the AL could be deduced. Since the DCI size cannot be reduced beyond a certain limit, it also puts a lower limit on the minimum aggregation level to maintain the code rate. With this methodology, we simulate possible combinations of AL, DCI size, and code rate. 
The SINR for the 5th percentile user in the downlink is -2.6dB. at this SINR the aggregation level must be high to maintain reliability. Therefore, only AL4, 8 and 16 have been considered. 

Table 1 shows the possible ALs-DCI size pairs that fulfil the requirements. The simulation assumed a TM2 transmission with one CRS. The payload is the combination of the DCI size and CRC length. 
[bookmark: _Ref505689602]Table 1 SPDCCH performance requirements for different aggregation levels. TDL C channel
	Payload
	36 or 46 or 56 bits

	Error rate
	1E-5

	Aggregation level
	16
	8
	4

	SNR 
	-6dB
-5dB
-4.5dB

	-3.2dB
-2.2dB
-1.2dB
	0.2dB
0.8dB
2dB




Table 2 PDCCH performance requirements for different aggregation levels. TDL C channel
	Payload
	36 or 46 or 56 bits

	Error rate
	1E-5

	Aggregation level
	16
	8
	4

	SNR 
	-7dB
-5.1dB
-4.1dB

	-4dB
-3.2dB
-2dB
	-1.1dB
0dB
1.7dB




[bookmark: _Toc498532298][bookmark: _Toc498609748][bookmark: _Toc498700888]From the results in Table 1 and 2, a few observation can be drawn. The SNRs highlighted represent those which can comply with the URLLC requirements. To use an aggregation level of 8, the payload in SPDCCH cannot exceed 36 bits, while for PDCCH 46 bits with AL8 is possible with a margin of 0.5dB from the Q. Thus, it is proposed to support AL16 to cover the users in the cell with the lowest SNRs, especially for SPDCCH. 
[bookmark: _Toc506534597]Support AL16 for URLLC
Construction of higher aggregation levels 
Checking specifications for and sPDCCH, it should be able to support AL16 with the current equations in the specification with a simple extension to AL16. A definition of the number of candidates at AL16 will also be needed.  
As proposed in [5][6] it is also possible to create a larger PDCCH by aggregating lower AL, such as 1AL8+AL4+2AL2 to form an AL16. Such construction has the advantage to avoid creating an AL16. Instead the UE demodulate the lower aggregation level and the decoder reconstruct the larger codeword prior to decoding. To construct the aggregated AL16, new rules are needed in the specifications to constrain the set of CCEs that can be used. For example, which aggregation levels are allowed to form a higher level, or what locations can be used, etc. Stricter rules will mean less blind decodes for the UE, but also less gains in terms of blocking probability. 
Another alternative is PDCCH repetition by either repeating the DCI in multiple PDCCH candidate in the search space, or, if the PDSCH is repeated over several TTIs, PDCCH can be also repeated over multiple TTIs.  We see two possible ways to handle the PDCCH repetitions. 
· Option 1: the UE decode separately each repetition candidates. In that case, only time/frequency diversity will give potential gains, since the overall code rate is still the same is the case of no repetition.
· Option 2: the UE decodes the repetition candidates together, in a combining fashion. In that case, the repetition also gets combining gain. 
In our view, option 1 is not expected to give enough gain to manage the requirements at the lowest latency.  Moreover, for time repetition over multiple TTIs, it is unclear how the UE will obtain its grants from (s)PDCCH. If the first transmission is not reliable and we have to wait for the second transmission, the UE must buffer a full TTI at full bandwidth since it has not received the resource allocation information. Such requirement seems impractical. 
Option 2 can produce gains from the combining stage. However, a set of rules must be devised to link the two repetitions, with blocking probability increasing for each added rule. One should compare the blocking probability vs complexity trade-off with other possible solution such as designing an aggregation level 16.
[bookmark: _Toc505867341]DCI repetition or aggregation are not expected to give the required gains for the lowest latency requirements compared to AL16 at similar complexity (number of blind decoding) levels. 
[bookmark: _Toc506534598]Extend existing aggregation levels definitions to support AL16 for Ues with challenging radio conditions.  
DCI for UEs in poor power conditions
It can be observed that a UE in poor power condition is likely to not use a low aggregation level if it wants to comply with the URLLC requirements. Moreover, these UEs are the one in need for compact DCI. UEs in good SINR condition do not need a very low code rate to reach the URLLC requirements. Doing so will require more blind decoding from the UE, but will also enable a lot more flexibility in terms of scheduling. 
In light of these observation, the option of tying the compact DCI to higher aggregation level and a compact MCS field is introduced.
[bookmark: _Ref506362280][bookmark: _Toc506534599]The use of compact DCI is tied to high aggregation levels, e.g. to AL8 and 16. Use legacy DCI at low AL, e.g. AL1, AL2 and AL4.
In the following section, we will discuss the DCI fields for the cases where compact DCI is used for the whole cell or for the part of the cell where high AL are needed. 
DCI fields for URLLC
Candidate fields for reduction
Resource Allocation  
The DL resource allocation scheme for URLLC is proposed in  [4]. The schemes propose an increase of RGB size to address the need for additional resources for reliable communication, as well as the need for compact DCI. For DL, type 0 and type 2 resource allocations are proposed as below. For uplink, the resource allocation scheme for URLLC is proposed in[3], as well as the need for compact DCI. The corresponding DCI sizes are reproduced below for convenience:
[bookmark: _Toc506534600]Resource allocation fields sizes in DL/UL DCI are as proposed in table 2 and 3. 


Table 3 Type 0 Downlink RGB size and DCI bits
	
	5 MHz
	10 MHz
	15 MHz
	20 MHz

	Subslot URLLC
	6RBs [4bits]
	12RBs [4 bits]
	24+24+12+15 [4bits]
	24RBs [4bits]

	slot URLLC [bits] 
	6 [4 bits]
	6 [8 bits]
	12 [6 bits]
	12 [8 bits]

	1ms with URLLC  
	2 [12 bits]
	3 [16 bits]
	4 [18 bits]
	4 [15 bits]



Table 4 proposed changes to type 2 RA Downlink for slot / subslot (1ms subframe is unchanged)
	
	5 MHz
	10 MHz
	15 MHz
	20 MHz

	 sRBG size 
	4
	6
	8
	8

	Starting point granularity
	2
	6
	8
	8

	No. of bits
	6
	6
	6
	7



Table 5 Type 0 RA Uplink for subslot (subframe and slot are unchanged)
	Bandwidth (RB)
	RBG size for subslot URLLC
	Number of RBGs for subslot URLLC
	Required number of bits of RA field for UL subslot URLLC

	25
	12
	2
	2

	50
	12
	4
	4

	75
	12
	6
	5

	100
	12
	8
	6



RRC restriction for RA 
In our contributions treating PDSCH and PUSCH for URLLC [3][4] it was proposed to support restricting the available bandwidth for allocation with RRC configurations, and thus save bits in DCI for signaling.  This is even more important with format 0 and 1A when the DCI size must be equal. The smallest of the two formats DCI is padded if that is not the case. To avoid padding which will waste all the effort for saving DCI bits, we propose to use RRC configured restriction on RA to create the most efficient DCI possible.  
UL DCI format 0 and DL DCI format 1A must match in size, or the smallest DCI will be zero padded.
[bookmark: _Toc506534601]use RRC configured restriction on RA to match the size of DCI formats 0 and 1A. 

MCS
The details of the design for the MCS table are in  [4]. The Modulation and coding scheme (MCS) field is 5 bits deep in legacy. For URLLC, payload and performance are such that a high modulation and coding order such as 64 QAM and very high code rate are of little practical use when the objective it have a low payload delivered with very low error probability. On the other hand, to enhance reliability, it is desirable to introduce new, very low code rates for cases where the UE is in challenging situations, e.g. close to the cell edge. 
If Proposal 4 is not followed and compact DCI is used over the whole cell, it is proposed to introduce a smaller TBS/MCS table with new entries focused on lower code rates replacing entries with high MCS. It is proposed to reduce the MCS field to 3  bits.
If Proposal 4 is followed, the MCS table could  focus on the low SNR elements. This way the MCS table could be focusing on the QPSK modulation.
a. [bookmark: _Toc506534602]For compact DCI, the MCS field is reduced to 3 bits 
HARQ process number reduction 
HARQ process handling for low latency applications such as short TTI contains up to 16 HARQ processes and take up to 4 bits in the DCI control signaling. In systems where reliability is key, such as URLLC, it is desirable to have the most compact DCI possible to allow for a very low code rate and therefore fields are investigated for bit count reduction. In contrast with streaming traffic, critical services, like URLLC, have sporadic traffic model, when data arrives periodically of semi-periodically with relatively long pauses in between, e.g. once per second. Moreover, the latency constrains mean that a lot of URLLC communication will be HARQ-less as there would be no time for retransmission. Therefore, it is proposed to reduce the HARQ process number field to 2 bits. 
Therefore, the field indicating HARQ process can be shortened. The following options are proposed:
[bookmark: _Toc506534603]For compact DCI, the HARQ process number field is reduced to 2 bits for URLLC
[bookmark: _Toc506534604]Alternatively, HARQ process field is omitted from DCI message, allowing only one HARQ process.
UL DMRS CS configuration
The UL DMRS field is 3 bits deep, potentially allowing 8 concurrent DMRS. However, Ues using URLLC are not expected to have a multi-layer transmission, and unless multiple Ues are scheduled at the same time in the same frequency range - that is to say if MU MiMO multiplexing is allowed, the number of DMRS available is not motivated. sTTI specifies that one DMRS position can be shared by two data transmission, for example when the DMRS is shared by two consecutive TTI. UL MIMO is not considered a contender for URLLC and only one-layer transmission is considered practical. Therefore, we propose to limit the bits in UL DMRS to 1 bit, to allow for DMRS sharing while reducing the UL DMRS CS field. 
[bookmark: _Toc506534605] For compact DCI, the UL DMRS field is reduced to 1bits for UL DCI.  
Candidate fields for deletion
For URLLC, it is proposed to focus on a TM2 transmission. Based on the transmission mode some fields are not applicable. Other may be deleted to same space. In our view, Power control can be handled by a DCI format 3 TPC command instead of DL DCI. CSI and SRS requests can be handled by other formats. The fields summarized in Table 6 are not present in the URLLC compact DCI. 

[bookmark: _Ref506449978]Table 6 Fields omitted or deleted in compact DCI (DL)
	1ms format 1: 
	1ms format 1A: 

	Slot/subslot format 1/1A


	Carrier indicator, 
Resource allocation header (resource allocation type 0 / type 1), 
TPC command for PUCCH,
Downlink Assignment Index,
HARQ-ACK resource offset,
MUST interference presence and power ratio,Aperiodic 
zero-power CSI-RS resource indicator for PDSCH Mapping., 

	Localized/Distributed VRB assignment flag,
SRS request,SRS timing offset,
TPMI information for precoding,
PMI confirmation for precoding,
Preamble Index,PRACH Mask Index. 

	TPC command for PUCCH
DMRS indication for 2/3 os sTTI
Downlink Assignment Index
SRS request
used/unused SPDCCH resource indication (format 1A)




For UL DCI, the following fields are removed:
Table 7 Fields omitted or deleted in compact DCI (UL)
	1ms TTI

	Slot / subslot

	UL SPS configuration index
UL index
Downlink Assignment Index (DAI)
CSI request
SRS request
Resource allocation type
Cyclic Shift Field mapping table for DMRS
	UL index
Downlink Assignment Index (DAI)
CSI request
SRS request
Beta offset





TPC for URLLC
TPC commands can be transmitted with DCI formats 3 (2-bit command per device) or 3A (single-bit command per device).  Although the main motivation for DCI format 3/3A is to support power control for SPS, its use can be extended to URLLC.  This would free up one the TPC bits from the DL and UL DCI. 
[bookmark: _Toc506534606]For compact DCI, the TPC field is removed from DL and UL DCI for URLLC
[bookmark: _Toc506534607]TPC commands in DCI format 3 is supported for URLLC 
CSI and SRS triggers
The CSI and SRS triggers can be removed in the UL/DL DCI for saving in bit count. The network can trigger CSI/SRS using either a non-compact DCI or one could discuss alternative solutions. 
[bookmark: _Toc506534608]CSI and SRS fields are removed from DL and UL DCI for URLLC. The solution for transmission of SRS and CSI in URLLC is FFS. 
Proposed compact DCIs 
The UL and DL compact DCIs for URLLC are shown in Table 5 and Table 6. Given the DCI sizes fulfilling the requirements discussed in the previous section, a reduction of the bit count is required. For some of the fields, bit count including RRC restriction is provided.  In this proposal, the UL/DL difference is between 1 to 4 bits and the largest DCI is 20 bits. Accounting for 24 bits CRC, the performance is expected to match the requirements for URLLC with aggregation level 8 for PDCCH and AL16 with SPDCCH. 
[bookmark: _Ref506448076]Table 8 compact DL DCI format 1/1A for URLLC 
	
	
	Proposed
1ms
	Proposed
Slot
	Proposed
subslot

	UL/DL differentiation flag(format 1A)
	
	1  
	1
	1

	Resource allocation header (resource allocation type 0 / type 1)
	
	1
	0
	0

	Resource block assignment
	 
	18 (type0)
9 (type 0 with  restriction)
9 (type2) 
8 (type2, with restriction)

	8 (type0)
7 (type2)
	4 (type0)
7 (type2)

	Modulation and coding scheme
	
	3
	3
	3

	HARQ process number
	
	2
	2
	2

	New data indicator
	
	1
	1
	1

	Redundancy version
	
	2
	2
	2

	used/unused SPDCCH resource indication
	 
	0
	0
	2

	sPUCCH resource indication
	
	NA
	2
	2

	
	7-1A total
	28 (19 with restriction) (type0)
19 (type 2) 18 (type2, with restrictions)
	19 (type0)
18 (type2)
	17 (type0)
20 (type2)


[bookmark: _Toc494385764]Note: when the field number of bits can take multiple values, the shown bit count is the highest value. For RA, scheduling restriction are not used.
[bookmark: _Ref506448079]Table 9 compact  UL DCI for URLLC 
	
	
	Proposed
1ms
	Proposed slot
	Proposed subslot

	UL/DL differentiation flag
	(format 1A)
	1
	1
	1

	Resource block assignment
	RGB size of 12 for 1ms/slot/subslot
	Up to 9
	Up to 6
	Up to 6

	Modulation and coding scheme
	
	3
	3
	3

	HARQ process number
	
	2 (for n+3) 0 (otherwise)
	2
	2

	New data indicator
	
	1
	1
	1

	Redundancy version
	
	1(format 1A)
	1
	1

	1cyclic shift for DMRS and IFDMA configuration
	
	1 
	1
	1

	Beta offset
	only for subslot operation
	0
	0 
	1 

	Cyclic Shift Field mapping table for DMRS
	Only for sTTI
	0
	1
	1

	
	Total (excl. CRC)
	Up to 15 (17 for n+3) bits
	Up to 16 bits
	Up to 16bits


 
[bookmark: _Toc506534609]Adopt table 6 and 7 as DL/UL compact DCI fields tables for URLLC  
[bookmark: _Toc506534610]Observation: 	RRC restriction for RA will be needed to align UL and DL DCI size and avoid excessive padding for type 2 . 

False alarm rate in DCI decoding
URLLC aims at a very low error rate.  whenever the UE is able to decode the DCI, that is to say, the turbo decoder output has very high reliability, the false alarm probability is negligible. However, when the output of the decoder is unreliable, the false error probability rises to the bound of PFA=K2-N  where N is the CRC length and K the number of blind decoding attempts.  In order for PFA not to interfere with the overall error probability, N should be such that PFA is negligibly contributing to the overall error rate.  Factoring in the number of blind decodes a CRC size of 24 bits would be required to maintain an acceptable error rate.  However, long CRC can lead to high overhead especially when considering small compact DCI size for URLLC. There exists a trade-off between FAR and CRC overhead.
To reduce the CRC size, it is possible to condition the DCI content to a set of fixed value to lower the false alarm rate. for example, MCS and resource allocation can be related to predefined pair of values. 
[bookmark: _Toc506534611]To lower the False alarm rate for URLLC, consider the two options:
b. [bookmark: _Toc506534612]Increase of the CRC size to N=24 bits
c. [bookmark: _Toc506534613]Alternatively consider introducing fixed patterns in DCI to lower the FA rate and consequently the number of required CRC bits. 
 
Conclusion
In section 2 we made the following observations:
Observation 1	: PCFICH is a potential bottleneck to the overall performance and its reliability should be considered when evaluating overall reliability.
Observation 2	DCI repetition or aggregation are not expected to give the required gains for the lowest latency requirements compared  to AL16 at similar complexity (number of blind decoding) levels.

Based on the discussion in section 2 we have the following proposals:
Proposal 1	Consider the signalling the CFI via RRC for URLLC applications
Proposal 2	Support AL16 for URLLC
Proposal 3	Extend existing aggregation levels definitions to support AL16 for Ues with challenging radio conditions.
Proposal 4	The use of compact DCI is tied to high aggregation levels, e.g. to AL8 and 16. Use legacy DCI at low AL, e.g. AL1, AL2 and AL4.
Proposal 5	Resource allocation fields sizes in DL/UL DCI are as proposed in table 2 and 3.
Proposal 6	use RRC configured restriction on RA to match the size of DCI formats 0 and 1A.
a.	For compact DCI, the MCS field is reduced to 3 bits
Proposal 7	For compact DCI, the HARQ process number field is reduced to 2 bits for URLLC
Proposal 8	Alternatively, HARQ process field is omitted from DCI message, allowing only one HARQ process.
Proposal 9	For compact DCI, the UL DMRS field is reduced to 1bits for UL DCI.
Proposal 10	For compact DCI, the TPC field is removed from DL and UL DCI for URLLC
Proposal 11	TPC commands in DCI format 3 is supported for URLLC
Proposal 12	CSI and SRS fields are removed from DL and UL DCI for URLLC. The solution for transmission of SRS and CSI in URLLC is FFS.
Proposal 13	Adopt table 6 and 7 as DL/UL compact DCI fields tables for URLLC
Observation: 	RRC restriction for RA will be needed to align UL and DL DCI size and avoid excessive padding for type 2 .
Proposal 14	To lower the False alarm rate for URLLC, consider the two options:
a.	Increase of the CRC size to N=24 bits
b.	Alternatively consider introducing fixed patterns in DCI to lower the FA rate and consequently the number of required CRC bits.
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