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Introduction
At RAN1-#90bis, Prague, the following Working Assumption was reached:
Working assumption: no additional UE-specific scrambling motivated by channel coding; can be revisited on Thursday or at RAN1#91 if it is shown that valid codeword interference occurs sufficiently frequently to cause significant overall loss in ET gain (in which case, the following examples of scrambling may be considered, provided that the number of required blind decodes is not increased: u-domain or c-domain or before mapping to modulation symbols, or payload scrambling after CRC calculation but before CRC attachment) [1].
This contribution considers the impact of DCI loading in determining the effectiveness of UE-specific scrambling to facilitate early termination on DCI blind detection.
Potential ET Benefits with UE-specific Scrambling
During the online discussion, a set of conditions were offered as governing the effectiveness of UE-specific scrambling. It was asserted that an interfering DCI must be aligned with the receiver hypothesis in CCE starting position, DCI size, and AL for u-domain scrambling to be effective. According to this assessment, RNTI is a secondary consideration relevant only in the case of aligned DCIs.
Interfering DCIs
The potential interference scenarios were categorized as follows:
· Aligned (in CCE start, DCI size, and AL) for which u-domain scrambling has been demonstrated to yield appreciable early termination gains.
· Misaligned (in CCE start, DCI size, or AL) resulting in random QPSK.
· Vacant candidate search location presenting AWGN at the receiver input.
It was suggested that random QPSK and AWGN on their own cause sufficient disturbance in the presumed all-zeros frozen bit-field to relegate u-domain scrambling to the aligned category. Using LTE DCI loading as a proxy, the working assumption resulted from the assertion that alignment between an unintended DCI allocation and the receiver hypothesis occurs with insufficient frequency to warrant further consideration within the channel coding group.
We have systematically examined the conditions offered in support of the working assumption and have made the following observations:
Observation-1: The effectiveness of UE-specific scrambling is not limited to those use cases belonging to the aligned interfering DCI category.
Observation-2: Given the overlap in frozen bit positions, it is presumptuous to assume that misalignment in one or more parameters defining a DCI allocation will result in random QPSK at the decoder input.
Observation-3: DCI loading as observed with LTE does not adequately reflect the range in user density anticipated with NR given considerations for uRLLC and mMTC alongside those associated with eMBB [2]. 
Latency Considerations
U-domain scrambling, referenced to fields of the encoder input, requires a second encoding at the receiver to relate the scrambling sequence to the field of input LLRs [3]. The potential for added decoder latency incurred in generating the scrambling sequence was cited during the online session as offsetting the ET benefits of u-domain scrambling.
Observation-4: The CCE alignment at each AL is known in advance at the receiver. Therefore, the scrambling sequence for an upcoming receiver hypothesis can be generated while the current block is being decoded eliminating the potential for added latency.
Observation-5: The encoder complexity is negligible compared to that of the decoder minimizing the computational burden of performing the two tasks in parallel.
Candidate Search Spaces
The first few OFDM symbols in a subframe carry PDCCH. The REs assigned to PDCCH are organized in CCEs. The availability of CCEs in a given subframe depends on the number of symbols allocated for PDCCH (as signalled in PCFICH), the system bandwidth, which determines the number of REs per OFDM symbol, and the number of reference signals (RS) present to accommodate one or more antenna ports.
DCI Loading
An example DCI allocation is depicted in Figure 1. Assigned CCEs, marked in yellow, represent potential interference for an unintended UE. That interference will be aligned or misaligned depending on the current receiver hypothesis, as outlined in blue or red, respectively. An aligned DCI shares the same CCE start, DCI size, and AL as those assumed as part of the receiver hypothesis. A misaligned DCI presents a mismatch in one or more parameters relative to the receiver hypothesis.
[image: ]
[bookmark: _Ref490551012][bookmark: _Ref490229126]Figure 1: CCE assignment depicting interfering DCIs 
Any unassigned CCEs, shaded grey, are deemed vacant or empty presenting AWGN at the receiver input. The DCI loading is calculated as the number of assigned CCEs as compared to the total number of available CCEs in a subframe. 
Overlap in DCI Assignment
The potential for ET exists when a DCI allocation overlaps the CCEs contained by the receiver hypothesis. Our analysis shows that ET gains may be realized in the case of full as well as partial overlap as depicted in Figure 2. A DCI transmit assignment is indicated in red. The receiver hypothesis is marked in blue. A dashed red line denotes the allocation of information bits, high  A  [N], and frozen bits, low  Fc=[N]\A . A solid blue line denotes the same for the receiver hypothesis. A solid red line indicates any unassigned/vacant CCEs.
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[bookmark: _Ref498642622]Figure 2: Unintended DCI interference scenarios 
Observation-6: ET gains are observed in scenarios beyond those to which UE-specific scrambling was relegated in previous discussions, e.g. cases 1-7.
Observation-7: ET gains are unavailable in numerous scenarios previously deemed as yielding random QPSK without the benefit of UE-specific scrambling, e.g.: case 4 exhibiting a mismatch in DCI size, cases 5a, 5b most notably with a mismatch in DCI size, case 6b where the receiver hypothesis assumes a DCI size larger than the current allocation, case 6c which exhibits a match in every parameter aside from RNTI.
Interference Scenarios
The potential interference scenarios can be categorized in terms of match/mismatch with respect to the list of DCI parameters as shown in Table 1. For each search case, a check mark () denotes a match with respect to an assigned DCI parameter, i.e. CCE Start, DCI Size, AL, RNTI. An (Χ) denotes a mismatch with respect to an assigned parameter.
[bookmark: _Ref498674145]

Table 1: DCI search cases
	Search Case
	Alignment with DCI Hypothesis
	Receiver Hypothesis

	
	CCE Start
	DCI Size
	AL
	RNTI
	[N]\A Overlap
	

	1
	
	
	Χ
	Χ
	Partial
	Assumes larger AL than allocation; followed by AWGN

	2
	
	Χ
	Χ
	Χ
	Partial
	Assumes larger AL than allocation; followed by second allocation

	3
	Χ
	Χ
	Χ
	Χ
	Partial
	Assumes AWGN followed by different DCI size; different AL

	
	Χ
	Χ
	Χ
	
	
	

	4
	
	Χ
	Χ
	Χ
	Partial
	Assumes smaller AL than allocation; same CCE start

	
	
	Χ
	Χ
	
	
	

	5a
	Χ
	Χ
	Χ
	Χ
	Partial
	Assumes smaller AL than allocation; different DCI size, CCE start

	
	Χ
	Χ
	Χ
	
	
	

	5b
	Χ
	
	Χ
	Χ
	Partial
	Assumes smaller AL than allocation; same DCI size

	
	Χ
	
	Χ
	
	
	

	6a
	
	Χ
	
	Χ
	Partial
	Assumes smaller DCI size than allocation

	
	
	Χ
	
	
	
	

	6b
	
	Χ
	
	Χ
	FULL
	Assumes larger DCI size than allocation

	
	
	Χ
	
	
	
	

	6c
	
	
	
	Χ
	FULL
	Aligned. Baseline RNTI (Mis-)match scenario.

	
	
	
	
	
	
	

	7
	
	
	
	
	
	AWGN


The list of candidate search cases is referenced to the scenarios depicted in Figure 2. The aim is to provide finer granularity than characterization in terms of aligned/misaligned/vacant might permit as listed below:
1-3: the receiver hypothesis assumes a larger AL than the current allocation presenting an extended LLR input field to the decoder.
4-5: the receiver hypothesis assumes a smaller AL than the current allocation presenting a truncated LLR input field to the decoder.
6: the receiver hypothesis and DCI allocation share the same CCE starting position and AL but are otherwise mismatched in one or more parameters.
7: AWGN input for the full range of CCEs assumed by the receiver hypothesis.
Performance Evaluation
The potential for ET is assessed with respect to the interference scenarios depicted above. The rate of termination for a selected set of match/mismatch conditions is measured as the ratio of blocks successfully terminated to the number of mismatched blocks considered over a range in SINR.
Selected ET Performance
The results are examined below to highlight select performance differences. Our interest is to evaluate ET performance under different interference scenarios including those that represent partial overlap in DCI assignment, categorized previously as the misaligned case. We aim to show that UE-specific scrambling has broader applicability than previously considered. 
The following plots highlight results that challenge assertions made that ET gains with u-domain scrambling are only available when the interfering DCI and receiver hypothesis are aligned in CCE assignment.
[image: ]
Figure 3: case 4 - Assumes smaller AL than allocation; same CCE start
Observation-8: No scrambling fails to yield ET gains when encountering a mismatch in DCI size despite alignment in CCE starting position and irrespective of RNTI match. ET benefits are retained with u-domain and c-domain scrambling under the same conditions.
[image: ]
Figure 4: case 6b - Assumes larger DCI size than allocation
Observation-9: No scrambling and c-domain scrambling fail to yield ET gains when encountering an RNTI mismatch when the DCI size is also mismatched. ET benefits are retained with u-domain scrambling under the same conditions.
[image: ]
Figure 5: case 6c - baseline (i.e. aligned) RNTI scenario
Observation-10: ET performance, including the rate of false termination, is retained with UE-specific scrambling in the baseline RNTI (mis-)match scenario. No scrambling fails to yield ET gains when aligned in all DCI parameters including RNTI. 
ET Gains
A measure was derived to highlight the incremental gain afforded by UE-specific scrambling versus block discrimination given no scrambling, presuming AWGN or random QPSK at the receiver input. The intent is to show that ET gains are limited in the aligned and misaligned cases without the benefits of UE-specific scrambling. 
[image: ]
[bookmark: _Ref492893899]Figure 6: Mean Early Termination Savings
The rate of termination is accumulated at different levels of DCI loading assuming a uniform distribution across the suite of candidate search cases. See Figure 6.
Observation-11: The rate of termination due solely to AWGN diminishes steadily with increased DCI loading. No scrambling shows incremental gain with increased DCI loading due to the subset of interference scenarios shown to conform to the presumed random QPSK assertion. Each underperforms in numerous search cases, e.g. 4, 5, 6b, reducing their net impact.
Observation-12: UE-specific scrambling shows appreciable incremental gain with increased DCI loading. U-domain scrambling provides 20% incremental gain relative to no scrambling when the DCI loading exceeds 50%. The incremental gain exceeds 35% toward the 90% DCI loading endpoint. This trend in incremental gain relative to the no scrambling configuration persists over a range in SINR.
Conclusions
This contribution provides systematic analysis of DCI search space considerations. UE-specific scrambling is effective in providing appreciable ET gains across a host of interference scenarios.
Observation-13: ET performance varies as a function of DCI loading. Reliance on AWGN for block discrimination proves inadequate as DCI loading increases. No scrambling concedes ET gains to UE-specific scrambling in numerous search cases.
Observation-14: Meanwhile, u-domain scrambling delivers consistent ET gains across aligned and misaligned search cases including those not presenting random QPSK at the receiver input.
Recommendation-1: [bookmark: _GoBack]Consider a range in DCI loading when assessing the effectiveness of an ET scrambling method to maximize coverage against stated 5G NR requirements.
Recommendation-2: Adopt UE-specific scrambling over no scrambling to maintain ET gains over a range in DCI loading.
Recommendation-3: Favor u-domain over c-domain scrambling. U-domain exhibits superior incremental gains over no scrambling. Straightforward methods exist to eliminate receiver latency incurred in sequence generation. 
Recommendation-4: Retain the methodology prescribed for handling a variety of RNTI mappings as summarized in Appendix A should some form of UE-specific scrambling be adopted.
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A. Multi-mode Block Discrimination
Past contributions [3][4] proposed a methodology for handling a variety of RNTI mappings including Group-RNTI and Multi-RNTI. See Table 2.
[bookmark: _Ref490652209][bookmark: _Ref490652284]Table 2: RNTI Mapping (using LTE RNTIs and DCIs as an illustrative example)
	RNTI Classifi-cation
	Intended RNTI-UE Mapping
	RNTI(s) + NR TBD
	DCI Formats
	Search Space
	Block Discrimination

	
	
	
	
	
	ET
	ACI Mitigation
	CRC User ID

	Individual
	one-to-one
	C-RNTI
	0/1A
	CSS
	PRS(RNTI)
	PRS(CELL_ID, Slot Index)
	RNTI

	
	
	
	0/1A & {1, 1B, 1D, 2, 2A, 2B}
	USS
	
	
	

	
	
	SPS C-RNTI
	0/1A
	CSS
	
	
	

	
	
	
	0/1A & {1, 2, 2A, 2B}
	USS
	
	
	

	Broadcast
	one-to-many (ALL)
	SI-RNTI
	1A & 1C
	CSS
	PRS(RNTI)
	PRS(CELL_ID, Slot Index)
	RNTI

	
	
	P-RNTI
	1A & 1C
	CSS
	
	
	

	
	
	RA-RNTI
	1A & 1C
	CSS
	
	
	

	
	
	Temporary C-RNTI
	0/1A
	CSS
	
	
	

	
	
	
	1 & 1A
	USS
	
	
	

	Group
	one-to-many (some)
	TPC-PUCCH-RNTI
	3/3A
	CSS
	PRS(RNTI)
	PRS(CELL_ID, Slot Index)
	RNTI

	
	
	TPC-PUSCH-RNTI
	3/3A
	CSS
	
	
	

	Multi
	many-to-one
	GROUP/ BCAST-RNTI+INDIV-RNTI
	Combos as defined above
	Combos as defined above
	PRS(GROUP/ BCAST-RNTI)
	PRS(CELL_ID, Slot Index)
	INDIV-RNTI

	Vacant
	none-to-any
	AWGN
	
	
	NONE
	NONE
	NONE
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