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Introduction
At RAN1-#90, Prague, a Proposed Working Assumption regarding UE_ID frozen bit insertion was drafted. The following is excerpted from the chairman’s notes with further study deferred to RAN1 NR 90bis [1]:
· Adopt UE-specific linear scrambling on UE-specific DCI messages
· Detailed mechanism FFS until NR AH#3 90bis
This contribution expands on the scrambling sequence design proposed to facilitate early termination on DCI blind detection. The design includes provisions to additionally mitigate the effects of adjacent cell interference (ACI) thereby retaining capability analogous to that found in LTE.
System Overview
The proposed method constitutes linear codeword (x-domain) scrambling referenced to respective fields of the encoder input (u-domain) as follows:
· UE-specific frozen-bit insertion: based on PRS spread mapping initialized on an assigned RNTI to enable early termination. 
· CELL/Slot-specific information-bit scrambling: based on PRS spread mapping initialized on the assigned CELL_ID and current Slot Index to mitigate the effects of ACI.
· CRC scrambling: based on direct mapping of the assigned RNTI for final UE_ID verification.
Details of the scrambling sequence design can be found in [2].
Observation-1: Coupled with CRC and CELL-specific information bit scrambling, frozen bit-insertion enables early termination on top of the modes of block discrimination available with LTE. 
Observation-2: Derived from properties of the polar code construction, early termination is a facility unique to NR that was previously unavailable in 3GPP.
Codeword Scrambling
The codeword scrambling may be implemented as a combined mask. The respective mask contributions may be added in a separable manner, appropriately zero-padded to protect the contents of the surrounding bit-fields. The resulting mask is encoded, once per subframe, then added (modulo-2) to the encoded data frame. See Figure 1.
 [image: ]
[bookmark: _Ref490551012][bookmark: _Ref490229126]Figure 1: Linear codeword scrambling (combined frozen bit and CRC mask) 
Decoder Operation
The receiver may implement the scrambling masks in the same fashion depicted in Figure 1 or in a different manner like the approach illustrated in Figure 2, where the frozen-bit and info-bit masks are removed prior to decoding and removal of the CRC is left to the end of block decoding for final RNTI identification.
 [image: ]
[bookmark: _Ref492624312]Figure 2: Polar decoder with separate frozen bit, CRC and CELL_ID+Slot Index mask removal 
Design Objectives
Objectives met with the proposed codeword scrambling can be summarised as follows:
· Discrimination early in the course of block decoding to minimize energy spent decoding blocks not intended for the present UE.
· Substantial early termination gains relative to that achieved with D-CRC.
· Inherent scalability as a function of: block size, code rate, and SNR.
· Wide code separation simplifying the task of scheduling to avoid collisions between DCIs assigned in the same subframe.
· Cell-specific scrambling to mitigate the effects of adjacent cell interference analogous to that provided with LTE.
· User identification based on an assigned RNTI.
· Additional false alarm rate (FAR) mitigation.
Observation-3: The ability with spread mapping to accommodate a variety of frozen and information bit-field lengths maximizes compatibility with rate matching.
Observation-4: The spread in assumed bit positions provides wide latitude in receiver design for early termination.
Observation-5: Implementations proposed to accommodate frozen bit insertion and removal at the transmitter and receiver, respectively, are shown to have minimal hardware cost and no impact on latency [4].
Multi-mode Block Discrimination
The codeword scrambling takes into account a range of RNTI mappings as summarized in Table 1. 
[bookmark: _Ref490652209][bookmark: _Ref490652284]Table 1: 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
	Codeword Scrambling

	
	
	
	
	
	Frozen Bit-field
	Info Bit-field
	CRC

	Individual
	one-to-one
	C-RNTI
	0/1A
	CSS
	PRS(C-RNTI)[footnoteRef:1] [1:  Assigning separate RNTIs may help discriminate blocks of different lengths and/or code rates intended for the same UE. For example, C-RNTI+0, C-RNTI+1 may be used to initialize PRS frozen bit scrambling for blocks of length0, length1…, respectively. CRC scrambling retains use of the assigned C-RNTI, i.e. C-RNTI+0.] 

	PRS(CELL_ID, Slot Index)
	RNTI

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

	
	
	SPS C-RNTI
	0/1A
	CSS
	
	
	

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

	Broadcast
	one-to-many (ALL)
	SI-RNTI
	1A & 1C
	CSS
	PRS(BCAST-RNTI)[footnoteRef:2] [2:  For Broadcast DCIs in the CSS, initialize the PRS frozen bit scrambling with a fixed known RNTI, i.e. BCAST-RNTI. CRC scrambling retains use of the specific RNTI, e.g. SI-RNTI, P-RNTI, RA-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
	UESS
	
	
	

	Group
	one-to-many (some)
	TPC-PUCCH-RNTI
	3/3A
	CSS
	PRS(GROUP-RNTI)[footnoteRef:3],[footnoteRef:4],[footnoteRef:5] [3:  GROUP-RNTI is assigned dynamically in the same manner as an individual C-RNTI requiring only that a Group be allocated an RNTI distinct from others active in the same subframe.]  [4:  Assigning the Group RNTI the same as that used for Broadcast, i.e. GROUP-RNTI = BCAST-RNTI, has the potential to minimize the required CSS decode attempts. However, this precludes the ability to address non-overlapping subgroups separately.]  [5:  Conversely, assigning distinct GROUP-RNTIs provides the ability to address non-overlapping subgroups, via GROUP-RNTIi, GROUP-RNTIj, GROUP-RNTIk…, for example.] 

	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)[footnoteRef:6] [6:  The protocol for selecting which RNTI to use for frozen bit insertion shall be established by agreed upon convention, i.e. GROUP/BCAST-RNTI over INDIV-RNTI for frozen bit insertion in the Multi-RNTI case. Use of the INDIV-RNTI is retained for CRC scrambling.] 

	PRS(CELL_ID, Slot Index)
	INDIV-RNTI

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


The proposed mapping enables multiple modes of block discrimination.
One-to-one:
· Spreading an assigned C-RNTI in the frozen bit-field provides the means to discriminate blocks not intended for the present user, including any vacancies (i.e. AWGN) encountered in the candidate search space. The frozen bit mapping might additionally enable early termination on decode attempts representing a mismatch in expected DCI size/code rate. 
· The information bit scrambling will lead to a CRC failure even in the event the correct RNTI was assigned, albeit in an adjacent cell.
· The CRC mask provides the means to verify the received RNTI, i.e. C-RNTI or SPS C-RNTI.
One-to-many:
· Assigning a BROADCAST-RNTI (BCAST-RNTI) in the frozen bit-field facilitates search of the CSS with final block discrimination based on the RNTI-specific CRC mask. It provides the means to discriminate UE-specific encodings as well as any vacant search space candidates.
· The GROUP-RNTI provides the means to distinguish respective sub-groups occupying a shared search space. The ability to address multiple non-overlapping sub-groups while preserving the benefits of early termination might prove beneficial for NR. 
Many-to-one:
· The MULTI-RNTI was introduced to eliminate the need for multiple decode attempts in the case where a UE anticipates the possibility of multiple DCI types of the same length but associated with different RNTIs in a given subframe [3].
· The individual RNTI is used in the CRC mask for final DCI verification.
No Mapping (i.e. Vacant):
· Similar to a mismatch in UE_ID, AWGN in a candidate search space should result in a mismatch in the descrambled frozen bit contents providing the potential for early termination.
· If necessary, the CRC mask should provide final discrimination upon encountering a vacancy in the candidate search space.
Performance Summary
UE_ID insertion aims to minimize the energy spent decoding blocks not meant for the present user on DCI blind detection. Early termination performance benefits may be measured in terms of the following: 
· ETRatio: measures the ratio of the number of blocks presenting a mismatch in UE_ID for the present user which were successfully terminated early relative to the total number of candidate block mismatches.
· Average Energy Savings: measures the average energy savings, normalized with respect to the energy needed to decode a block to completion, attributed to blocks which were successfully terminated early upon identifying a mismatch in UE_ID for the present user.
The Rate of Energy Savings exceeds 70% for some block configurations. The savings exceeds 50% at high EbN0 for all configurations listed. See Figure 4.
The cost of early termination based on UE_ID frozen bit insertion is measured in terms of the number of blocks which were falsely terminated: 
· FTRatio: measures the ratio of the number of blocks which were falsely terminated, i.e. they represent a match in UE_ID for the present user, relative to the total number of candidate block matches. The False Termination Ratio remains below 10e-3. See Figure 5.
[image: ]
[bookmark: _Ref492893899]Figure 4: Rate of Early Termination (ETRatio) and Mean Energy Savings
[image: ]
[bookmark: _Ref492894009]Figure 5: Rate of False Termination (FTRatio)
[bookmark: _GoBack]Conclusions
This contribution provides an updated description of the proposed codeword scrambling arrangement. The design provides facilities analogous to those found in LTE, namely ID verification based on UE-specific CRC scrambling, and ACI mitigation based on CELL/Slot-specific information bit scrambling. It additionally enables early termination based on UE_ID frozen bit insertion to reduce energy consumption on DCI blind detection.
Recommendation-1: Adopt linear codeword scrambling referenced to respective u-domain fields to enable early termination on DCI blind detection.
Recommendation-2: Introduce PRS spread UE_ID frozen bit insertion for early block discrimination.
Recommendation-3: Provide CELL/Slot-specific scrambling by way of a PRS spread information bit mask.
Recommendation-4: Retain CRC scrambling carried over from LTE as part of the combined scrambling mask.
References
[1] [bookmark: _Ref465145735][bookmark: _Ref466028992][bookmark: _Ref492632500][bookmark: _Ref473121835][bookmark: _Ref484075954][bookmark: _Ref492369782][bookmark: _Ref473120464][bookmark: _Ref465951447]“Chairman's Notes”, TSG RAN1 #90, v014, Aug. 2017.
[2] [bookmark: _Ref492632517]R1-1711571, “Scrambling Sequence Design for Early Block Discrimination on DCI Blind Detection”, Coherent Logix Inc., TSG RAN1 NR AH#2, Jun 2017.
[3] [bookmark: _Ref492708938]R1-1716534, “Linear Codeword Scrambling for Early Termination on DCI Blind Detection”, Coherent Logix Inc., TSG RAN1 NR AH#3, Sep 2017.
[4] R1-1715775, “On the hardware implementation of frozen bit insertion and removal”, Accelercom, TSG RAN1 NR AH#3, Sep 2017.
[5] [bookmark: _Ref494462135]R1-1715498, “UE-ID and value of frozen bits for Polar code”, Huawei, Hisilicon, TSG RAN1 NR AH#3, Sep 2017.                                 
7/7

image1.emf
Polar 

Encoder

RNTI

Generate

PRS

wG

sG

Polar 

Encoder

(s+w)

×

G

Output 

scrambling

Zero 

Pad

/N-K

w

All-zero

Frozen

Bit-field

s

GetDCI

contents

Calculate 

CRC

Code block 

(DCI) size

Generate

CRC

Mask

Info Bits

w/ CRC

Zero 

Pad

/N

RNTI

Generate

PRS

Zero 

Pad

/K Info

CELL_ID,

Slot Index


image2.emf
Polar 

Encoder

(s+w)·G s+w

Polar 

Decoder

RNTI

Generate 

PRS

Zero 

Pad

/N-K

Generate

CRC

Mask

/N

RNTI

Remove frozen and 

info bit masks prior 

to decoding for ET

Polar 

Encoder

ŝ 

Remove CRC and 

CELL_ID+Slot masks 

after decoding

DCI, 

CRC

Generate

PRS

Zero 

Pad

/K Info

CELL_ID,

Slot Index

Zero 

Pad

All-zero Frozen

and info

Bit-fields

(CRC excluded)


image3.emf
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Early Termination Performance: K = 200 Information bits

EbN0(dB)

Percentage

 

 

ETRatio R = 1/12

ETRatio R = 1/6

ETRatio R = 1/3

Energy Savings R = 1/12

Energy Savings R = 1/6

Energy Savings R = 1/3


image4.emf
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

10

-4

10

-3

10

-2

10

-1

10

0

False Termination: K = 200 Information bits

EbN0(dB)

Percentage

 

 

R = 1/12

R = 1/6

R = 1/3


