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Introduction
At RAN1-#90, Prague, a Proposed Working Assumption regarding UE_ID frozen bit insertion was drafted. The following is copied from the discussion recorded as part of the chairman’s notes [1]:
· Adopt UE-specific linear scrambling on UE-specific DCI messages
· Detailed mechanism FFS until NR AH#3
This contribution expands on the scrambling sequence design proposed to facilitate early termination on DCI blind detection.
System Overview
The proposed method constitutes linear codeword (x-domain) scrambling referenced to respective fields of the encoder input (u-domain) as listed below:
· UE_ID frozen bit insertion: based on PRS spread mapping initialized on an assigned C-RNTI to enable early termination. 
· CRC scrambling mask: based on direct mapping of the assigned C-RNTI for final UE_ID verification.
Details of the scrambling sequence design can be found in [2].
Spread/Direct Mapping
Spread mapping denotes an approach to UE_ID frozen bit insertion where a sequence substantially longer than the UE_ID is inserted in a significant portion of the frozen bit-field. The spreading sequences are chosen to maximize separation between adjacent codewords. Contrast this with direct mapping whereby a sequence equal in length to the UE_ID (if not the UE_ID itself) is inserted in select frozen bit positions [3][4].
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, the encoding of which originates with an all-zero frozen bit-field. 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 mask is removed prior to decoding and removal of the CRC mask is left to the end of block decoding for final RNTI identification.
[image: ]
[bookmark: _Ref492624312]Figure 2: Polar decoder with separate frozen bit and CRC mask removal 
Features
PRS spread mapping:
· Accelerates the availability of early termination ahead of that afforded by generic codeword scrambling given express reference to the frozen bit-field, the results of which are presented first at the decoder output assuming SC(L) decoding.
· Ensures codeword separation given superb cross-correlation properties as compared to direct mapping, eliminating the need for codeword grooming to avoid collision between UE_IDs assigned in the same subframe.
· Inherent scalability:
· To fit any arbitrary bit-field length as a function of block size.
· To fit any arbitrary bit-field length as a function of code rate. 
· To maintain detectability with decreasing SNR.
· To enable termination exceedingly early with increasing SNR.
Observation-1: PRS spread mapping overlaps the bit positions assumed with the direct-mapped frozen bit insertion proposals. PRS spread mapping thus ensures detectability on par with or exceeding that afforded by direct mapping.
Observation-2: The observed overlap in assumed bit positions admits the possibility for a receiver to assume a direct mapping in selecting metrics to accumulate when making decisions regarding early termination. Given a PRS spread mapping, the receiver retains its choice of preferred 16 or 32 or 48 or… bits to examine in making early termination decisions.
Design Considerations
Rate Matching
The principal difference between direct and PRS spread mapping lies in the underlying correlation properties. Two approaches exist to maximize early termination performance under rate matching:
1. To the extent possible, map the frozen bit insertion in a way that avoids bit positions subjected to puncturing/shortening. 
2. In the event punctured/shortened bit positions cannot be avoided, the underlying correlation properties can be leveraged to improve the resilience of match/mismatch determinations in the presence of puncturing/shortening.
Observation-3: The scalability with spread mapping permits the sequence design to fit any frozen bit field length.  Spread mapping is ideally suited for puncturing/shortening.
Observation-4: Based on Gold Codes specified for LTE PRS, the proposed spread mapping affords an inherent resilience to puncturing/shortening.
Sequence generation
The encoding complexity incurred at the receiver for sequence generation has been cited as a point of differentiation between spread and direct mapping. The following considerations illustrate that encoder complexity at the receiver is minimal:
· Sequence generation occurs once per assigned RNTI, per block length and code rate. A single sequence generation may be applied to multiple decode attempts.
· Computation associated with rows in the Kronecker matrix which coincide with zero padding on the mask input can be avoided.
· For the remaining rows, the regular structure of the Kronecker matrix affords efficiencies in encoder implementation that offset the added expense with spread mapping as compared to direct mapping which requires additional logic to track discontinuities in bit mask assignment.
Multi-RNTI
The potential exists with UE_ID frozen bit insertion to accommodate the multi-RNTI use case with a single decode attempt per DCI instance as is done in LTE. With LTE, this objective is met by discriminating user ID solely through CRC scrambling. 
A similar arrangement can be made by introducing a MULTI-RNTI for use in frozen bit scrambling, retaining the use of CRC scrambling for final C-RNTI discrimination. The MULTI-RNTI may in turn be associated with the list of C-RNTIs assigned to a particular UE, i.e. MULTI-RNTI  {C-RNTI0, C-RNTI1, ...}. The assigned MULTI-RNTI need not be static as it can be explicitly or implicitly communicated to the receiver in the same manner as for a single RNTI.
The codeword scrambling is modified accordingly:
W = f(MULTI-RNTI) | zeros0:K-1 | f(C-RNTI)
Provided the associated grouping of C-RNTIs is inclusive of those assigned to a given UE, the early termination benefits are preserved based on MULTI-RNTI frozen bit scrambling. Meanwhile, final UE_ID verification can be made based on the C-RNTI based CRC mask. Together, MULTI-RNTI frozen bit insertion followed by C-RNTI CRC scrambling permit a single decode attempt per DCI instance while still providing the opportunity for early termination. The only added expense relative to the single C-RNTI use case is the evaluation of multiple CRC scramblings, i.e. C-RNTI0, C-RNTI1, …, which is no different than that incurred with LTE.
HARQ Retransmission
The impact of HARQ retransmission on any early termination gains must be viewed from a few different perspectives. The user for which any retransmissions must be scheduled is presumably in a low RX SNR condition relative to the gNB. Take UEB for example in Figure 3. 
[image: ]
[bookmark: _Ref492643487]Figure 3: HARQ retransmission with early termination 
DCI transmissions meant for UEB are shown in GREEN. Those meant for UEA and UEC are shown in RED and ORANGE, respectively. A first transmission for any DCI is designated with the label 0. Any retransmissions are labeled 1, 2, … Let’s assume that UEB requires two retransmissions (3 transmissions in total). We observe that new transmissions for UEA and UEC coincide with each retransmission to UEB. Any decode attempts terminated ahead of the final CRC are marked with X, color coded according to the UE making the ET decision. Any unmarked blocks are assumed to have been decoded to completion.  
· UEB RX: Assuming no false termination due to frozen bit insertion, UEB will attempt to decode each of its intended transmissions through to completion or until otherwise instructed by a check of the distributed CRC bits. It is also bound to decode a portion of the transmissions intended for UEA and UEC through to completion given reduced ET gains available at low SNR. The ET benefits for UEB are not impacted by HARQ retransmission.
· UEA, UEC RX: UEA and UEC will attempt to decode their intended blocks through to completion. UEA is bound to terminate transmissions meant for UEC given appreciable ET gains. Similarly, UEC is bound to terminate transmissions meant for UEA. Given relatively high SNR, UEA and UEC have potential to terminate most if not all transmissions intended for UEB, providing added energy savings inclusive of any HARQ retransmissions. 
Observation-5: The potential ET gains vary as a function of RX SNR, no differently than they would with HARQ disabled.
Observation-6: Early termination based on UE_ID frozen bit insertion requires no special consideration regarding HARQ retransmission.
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 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 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.
[bookmark: _GoBack]The False Termination Ratio remains below 10e-3. See Figure 5.
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[bookmark: _Ref492893899]Figure 4: Rate of Early Termination (ETRatio) and Mean Energy Savings
[image: ]
[bookmark: _Ref492894009]Figure 5: Rate of False Termination (FTRatio)
Conclusions
This contribution provides an updated description of the proposed codeword scrambling arrangement. It lists the system benefits as compared to competing methods of UE_ID frozen bit insertion. Finally it summarizes ET gains and discusses any special considerations, including those related to MULTI-RNTI and HARQ retransmission.
Recommendation-1: Adopt linear codeword scrambling referenced to respective u-domain fields to enable early termination on DCI blind detection.
Recommendation-2: Introduce UE_ID frozen bit insertion integral to a combined scrambling mask.
Recommendation-3: Retain CRC scrambling carried over from LTE as part of the combined scrambling mask.
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