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1 Introduction
In RAN1 NR Ad Hoc #3 meeting, good progress has been made for Polar code discussion. 
For DCI, the following agreement was reached:
Agreement:
· Confirm working assumption on CRC and interleaver (as modified as in 38.212v1.0.0)
· When the conclusions on DCI payload size for Rel-15 are agreed, the Kmax in 38.212 will be reduced from the current value of 200 (which is only a placeholder)
the current working assumption for Kmax remains a working assumption (to be revisited when there is progress in offline discussion); the final value of Kmax will not be greater than the working assumption.

In this contribution, we discuss RNTI and scrambling of DCI, which is one of the remaining issue for the channel coding chain of DCI.

2 [bookmark: _Ref178064866]Discussion
For DCI, the UE-ID needs to be carried so that a UE can detect if the transmitted DCI is intended for it or not. There are at least three options.
Option A. UE-ID masking.  This method is similar to what used in LTE, where the 16-bit UE-ID is masked onto (i.e., XOR) the CRC bits attached at the end of DCI bits. For NR DCI, 17 CRC bits are not distributed, while 7 CRC bits are distributed. The 16-bit UE-ID can be masked onto a block 16 CRC bits that are appended to the information bits, so that the UE-ID does not affect the Polar decoder operations. Other than scrambling only on CRC bits as in LTE, Option A also includes the variation where scrambling both on payload bits and CRC bits but not on frozen bits.
Option B. Pre-encoding UE-ID based scrambling on frozen bits. For Polar encoding of DCI, it has been proposed that UE-ID can be inserted in frozen bits before Polar encoding core. Several variations exist, where a known bit sequence is inserted onto frozen bits prior to encoding, we call this type of operation pre-encoding UE-ID scrambling on frozen, since inserted UE-ID prior to encoding is equivalent to scramble the Polar codeword with a codeword corresponding to the UE-ID (or its variation).  As a result, the effective scramble code is restricted to be a Polar codeword.
Option C. Post-encoding UE-ID based scrambling. In this option, a random sequence is generated corresponding to the UE-ID, and the random sequence is XOR-ed with the Polar codeword. The random sequence of Option 3 is different from Option 1 in that the random sequence is typically not a Polar codeword.
We discuss the pros and cons of Option A-C in the following. The Options should be investigated for both common search space (CSS) and UE-specific search space (UESS).
  
2.1 Early Termination Benefits
Option B has been proposed to provide early termination benefits in addition to what’s available via the distributed CRC bits.
There are 3 scenarios that the UE Polar decoder may see, and can benefit from early termination.
Scenario 1. Decoder input = random noise (or similar). In this case, the UE-ID on frozen bits do not benefit since the path metrics do not converge with or without the UE-ID on frozen bits. This scenario occurs:
a. When gNB didn’t send anything on the search space candidate; Or
b. When the UE (UE1) is monitoring another UE’s (UE2’s) DCI, and the DMRS is scrambled with a sequence specific to UE2, i.e., the DMRS sequence is not known to UE1. Or,
c. When the UE (UE1) is monitoring another UE’s (UE2’s) DCI, and the DMRS is scrambled with a sequence common to UE1 and UE2, but the SNR is very poor for UE1. This may happen, e.g., the beam is pointing to UE2 (i.e., the intended UE), away from UE1 (un-intended UE).
Scenario 2. Decoder input = random QPSK. In this case, the UE-ID on frozen bits do not benefit since the path metrics do not converge with or without the UE-ID on frozen bits. This scenario occurs:
a. When UE1 is monitoring a PDCCH candidate on a common search space, but with incorrect AL or incorrect starting position of the search space.
Scenario 3. Decoder input = a valid Polar codeword with sufficiently high SNR to converge. In this case, UE-ID on frozen bits do benefit. Without the UE-ID on frozen bits, the Polar decoder would converge to a correct codeword. However, when UE1 (un-intended UE) applies its RNTI (incorrect RNTI for the PDCCH candidate), the decoder path would fail to converge to the correct codeword.

Search space construction utilizes REG, CCE, REG bundle, aggregation level (AL) concepts. For each search space, RNTI-dependent CCE offset is expected to be applied. For CSS, the associated DMRS is expected to be scrambled with a sequence initialized by cell ID. For UESS, the associated DMRS is expected to be scrambled with a sequence initialized by a UE-specific ID, where the UE-specific ID is either equal to the UE’s RNTI, or UE-specificallly signalled via RRC.
Considering above PDCCH search space design features, UE-ID on frozen bits is helpful only when the following conditions are satisfied simultaneously (i.e., Scenario 3):
· Unintended UE is monitoring a PDCCH that has been sent for same K, same AL, and the same CCE offset; And
· The same DMRS scrambling initialization has been used for the intended UE and unintended  UE; And 
· SNR is high even though the PDCCH is not intended for the monitoring UE;
In our view, it is very rare that the above conditions are satisfied simultaneously. Exactly when and how often Scenario 3 occurs depends on final definition of NR search space. 

Option A can achieve early termination benefits beyond what’s possible via the distributed CRC bits, via path metric based approach in Scenario 1 and 2 above, but not Scenario 3.
 
Option C can achieve early termination benefits beyond what’s possible via the distributed CRC bits, via path metric based approach in Scenario 1, 2, and 3. 

Observation 1 [bookmark: _Hlk494750895]In terms of early termination benefits, Option B does not provide substantially more early termination benefits compared to Option A and Option C.

2.2 UE Implementation Complexity
In terms of implementation complexity, Option A does not incur any complexity to the encoder or decoder since it’s very simple to mask or de-mask the CRC bits by UE-ID.
For Option B, there are two methods to run the decoder. One method is to descramble and turn the frozen bits corresponding to UE-ID to zeros before decoding starts. The other method is for the decoder to take into account the non-zero frozen bit values during decoding. Both ways increase the decoder complexity compared to Option A. When two UE-IDs are to be checked, the decoding complexity is doubled since two separate Polar decoding are required.
Another complexity of Option B is due to the algorithm to determine where the frozen bits are to assign the UE-ID. For different combination of (K, M), e.g., due to different aggregation levels and DCI formats, the ensemble of frozen bits are different.
Option C is more complex than Option A, since two separate Polar decoding are required when two UE-IDs are to be checked. Option C is less complex than Option B since it does not require any logic to determine where the frozen bits are to assign the UE-ID.
Observation 2 In terms of decoder complexity,
a. UE-ID masking has the lowest complexity to decoder.
b. Post-encoding UE-ID based scrambling has moderate complexity increase to the decoder.
c. Pre-encoding UE-ID based scrambling on frozen bits incurs the highest complexity increase to decoder. 

2.3 Number of Blind Decodes
While the CSS and UESS definition for NR is not finalized, we expect that similar principles as that of LTE will be applied. In the Appendix, excerpts of CSS and UESS definitions in LTE are attached for quick reference.
For UESS, the DCI is expected to carry a UE-specific RNTI, e.g., temporary RNTI or C-RNTI. 
For CSS, both types of DCI exist: 
a. DCI that’s associated with a common RNTI, for example, e.g., SI-RNTI, P-RNTI, RA-RNTI, or group common ID. 
b. DCI that’s associated with a UE-specific RNTI, e.g., C-RNTI.
In LTE, allowing UE-specific DCI to be located in CSS does not cause increase of blind decodes, since only one TBCC decoding is required. At the end of TBCC decoding, both the common C-RNTI and the UE-specific RNTI are checked by running the CRC detection twice, once with the common C-RNTI de-masked, once with the UE-specific C-RNTI de-masked.
From the perspective of blind decodes:
· Option A is the same as that of LTE, hence no increase of blind decodes.
· Option B requires a separate Polar decoding for each UE-ID to be checked. For example, when assuming the same number of PDCCH candidates in CSS and UESS as in LTE, then Option B would require 44+6 = 50 blind decodes.
· One way to avoid the increase of blind decodes is to build a new category of UE-ID, which represents both the common UE-ID and UE-specific ID. However this would require carving out ID space from the already tight dimensioning of RNTI, see Appendix B.
· Option C is similar to Option B in that it also requires a separate Polar decoding for each UE-ID to be checked.

Observation 3 In terms of number of blind decodes,
a. [bookmark: _Hlk494751011]UE-ID masking does not increase the number of blind decodes.
b. Both pre-encoding on frozen bits and post-encoding UE-ID based scrambling increase the number of blind decodes.

In scheduling/HARQ AI, the following working assumption has been agreed. Hence scrambling of UE-ID should avoid increasing the number of blind decodes of DCI, as compared to LTE.
	Working assumptions:
•        In the case when only CORESET(s) for slot-based scheduling is configured for UE, the maximum number of PDCCH blind decodes per slot per carrier is X 
–       The value of X does not exceed 44
–       FFS the exact value of X
–       FFS for multiple active BWP, multiple TRP, multiple carriers, multi beams
–       FFS for non-slot based scheduling
–       FFS numerology specific X



Overall, considering early termination benefits, UE implementation complexity, and number of blind decodes, the best choice to carry an UE-ID is Option A, UE-ID masking.

1. UE-ID masking is used to carry the RNTI associated with a DCI.

3 Other Considerations
In Section 2, various options to carry UE-ID was considered. The benefits of carrying RNTI on frozen bits does not outweigh the shortcomings. In our view, occasional early termination benefits beyond that of distributed CRC is not crucial for the function DCI monitoring.
On the other hand, if there are other types of bit vector which can provide significant system benefits when carried over the frozen bits, then it is worthwhile to re-consider. One example is two-stage DCI, if the first stage DCI is very short and not protected by CRC, then carrying the first-stage DCI bits during encoding of second-stage DCI bits improves the reliability of first-stage DCI. The first-stage DCI can be viewed as non-zero frozen bits when decoding the second-stage DCI.

4 Conclusions
In this contribution we made the following observations:

Observation 1 In terms of early termination benefits, Option B does not provide substantially more early termination benefits compared to Option A and Option C.
Observation 2 In terms of decoder complexity,
a. UE-ID masking has the lowest complexity to decoder.
b. Post-encoding UE-ID based scrambling has moderate complexity increase to the decoder.
c. Pre-encoding UE-ID based scrambling on frozen bits incurs the highest complexity increase to decoder. 
Observation 3 In terms of number of blind decodes,
a. UE-ID masking does not increase the number of blind decodes.
b. [bookmark: _GoBack]Both pre-encoding on frozen bits and post-encoding UE-ID based scrambling increase the number of blind decodes.

Based on the discussion in this contribution we propose the following:
1. UE-ID masking is used to carry the RNTI associated with a DCI.
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Appendix A. CSS and UESS
Below are example definitions of CSS and UESS in LTE, see TS 36.213. 

TS 36.213, Table 7.1-1: PDCCH and PDSCH configured by SI-RNTI
	DCI format
	Search Space
	Transmission scheme of PDSCH corresponding to PDCCH

	DCI format 1C
	Common
	If the number of PBCH antenna ports is one, Single-antenna port, port 0 is used (see subclause 7.1.1), otherwise Transmit diversity (see subclause 7.1.2).

	DCI format 1A
	Common
	If the number of PBCH antenna ports is one, Single-antenna port, port 0 is used (see subclause 7.1.1), otherwise Transmit diversity (see subclause 7.1.2).




TS 36.213, Table 7.1-5: PDCCH and PDSCH configured by C-RNTI
	Transmission mode
	DCI format
	Search Space
	Transmission scheme of PDSCH corresponding to PDCCH

	Mode 1
	DCI format 1A
	Common and
UE specific by C-RNTI
	Single-antenna port, port 0 (see subclause 7.1.1)

	
	DCI format 1
	UE specific by C-RNTI
	Single-antenna port, port 0 (see subclause 7.1.1)

	Mode 2
	DCI format 1A
	Common and
UE specific by C-RNTI
	Transmit diversity (see subclause 7.1.2)

	
	DCI format 1
	UE specific by C-RNTI
	Transmit diversity (see subclause 7.1.2)

	…
	…
	…
	…




TS 36.213, Table 9.1.1-1: PDCCH candidates monitored by a UE
	Search space [image: ]
	Number of PDCCH
 candidates [image: ]

	Type
	Aggregation level [image: ]
	Size [in CCEs]
	

	UE-specific
	1
	6
	6

	
	2
	12
	6

	
	4
	8
	2

	
	8
	16
	2

	Common
	4
	16
	4

	
	8
	16
	2




Appendix B. RNTI Values

TS 36.321, Table 7.1-1: RNTI values.
	Value (hexa-decimal)
	RNTI

	0000
	N/A

	0001-003C
	RA-RNTI, C-RNTI, Semi-Persistent Scheduling C-RNTI, Temporary C-RNTI, eIMTA-RNTI, TPC-PUCCH-RNTI, TPC-PUSCH-RNTI and SL-RNTI (see note)

	003D-FFF3
	C-RNTI, Semi-Persistent Scheduling C-RNTI, eIMTA-RNTI, Temporary C-RNTI, TPC-PUCCH-RNTI, TPC-PUSCH-RNTI and SL-RNTI

	FFF4-FFFC
	Reserved for future use

	FFFD
	M-RNTI

	FFFE
	P-RNTI

	FFFF
	SI-RNTI
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