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Introduction
Separate scrambling sequence design methodologies have been put forward to enable early termination on DCI blind detection: generic scrambling specified at the encoder output [1] vs. user/group ID insertion referenced to respective fields of the encoder input [2]. Either approach can, as an implementation choice, be equivalently applied at the encoder output, therefore constituting codeword scrambling. See Figure 1.
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[bookmark: _Ref485367697]Figure 1: Scrambling sequence design applied equivalently at the polar encoder output vs. input

[image: ]
[bookmark: _Ref490551012][bookmark: _Ref490229126]Figure 2: Scrambling sequence removed at the input to the polar decoder 
The receiver may likewise remove the scrambling sequence ahead of the decoder. See Figure 2. Codeword scrambling given user ID insertion referenced to the frozen bit-field and UE_ID insertion mapped directly to the encoder input have been shown to yield identical PM behavior [3]. The principal difference lies in the manner in which the scrambling sequence is defined.
Observation-1: What has been touted as generic codebook scrambling is indeed a specific example of UE_ID insertion referenced to the input frozen bit-field. The equivalence shown in PM behavior derives from explicit reference to fields of the encoder input when determining the codeword mapping.
Observation-2: The advantages derived from UE_ID frozen bit insertion, in terms of the reliability of detection and accelerated availability of early termination, are fully retained when recasting the mapping as codeword scrambling applied at the encoder output.
Observation-3: Removing the scrambling on the received LLRs at the decoder input permits unrestricted use of existing decoder methods, including FAST SSC decoding.
Observation-4: The scrambling mask derived from frozen bit insertion corresponds to an all-zero information bit field as illustrated in the top portion of Figure 1. As such, the likelihood of mistaking the result of a mismatched scrambling mask for a valid codeword is highly remote.
Early Block Discrimination
Early block discrimination seeks to discern blocks presenting a match in inserted ID from those exhibiting a mismatch. The aim is to terminate blocks mismatched with the assigned user/group ID early in the course of block decoding, thereby minimizing energy consumed decoding blocks not meant for the present user. UE_ID insertion in the frozen bit-field is meant to facilitate early termination on a mismatch in the user/group ID inserted at the gNB relative to that assigned to the present UE.
UE_ID Insertion
Proposals for UE_ID frozen bit insertion can be categorized as direct vs. spread mapping, each intended to facilitate early block termination. Direct mapping assigns in select frozen bit positions a sequence equal in length to the C-RNTI based UE_ID. The sequence may be repeated multiple times to extend detectability [4].
Spread mapping places a pseudo-random binary sequence (PRBS) initialized by the UE_ID in a subset of the frozen bit-positions, e.g. those surviving puncturing/block shortening, overlapping those selected with direct mapping as the “best” frozen bit positions [5]. Referring again to Figure 1, the proposed encoding retains the CRC scrambling employed by LTE for user identification, referenced to the input fields whether applied directly at the encoder input or at the encoder output as a combined codeword scrambling mask.
Observation-5: UE_ID frozen bit insertion provides a means to discriminate matched from mismatched blocks, thereby facilitating early termination.
Observation-6: Early termination based on polar codes is a capability unique to NR, mitigating concerns stemming from LTE of high energy consumption associated with DCI blind detection.
User Identification
Given the potential for early termination with NR, a receiver may take a tiered approach in determining a match/mismatch in assigned UE_ID:
A. UE_ID frozen bit insertion provides the first means of block discrimination. A metric that violates the match/mismatch threshold results in early termination based on UE_ID. The block can in parallel be subjected to other criteria. In the event of a pass with regard to UE_ID frozen bit insertion, those additional criteria may be applied as further validation of the presumed UE_ID. 
B. Distributed CRC/PC provides a second means to validate a candidate encoding. A CRC failure, provided the UE_ID insertion threshold has not been violated to this point, may also signal the opportunity to terminate block decoding based on distributed CRC or Parity Check (PC). Given a limited number of available bit positions, distributed CRC/PC is effective in eliminating only a portion of the potential block assignments, a subset of which will report identically on a potential match. 
C. Final CRC appended to the information bit-field with each block encoding provides the final validation of user/group ID. The final CRC does not afford any energy savings, even in the event of a final CRC failure, constituting a block mismatch or some other cause of decode failure.
The first available opportunity for ET coincides with the UE_ID insertion on frozen bits (A). A pass in the corresponding ET metric indicates the need to further assess the validity of the presumed UE_ID based on a check of the distributed CRC (B). If the distributed CRC check passes, UE_ID validation is then subjected to the final CRC (C). A pass with regard to all three criteria indicates a valid DCI at which point the decoded contents may be appropriately acted upon. Failure with regard to frozen bit insertion or distributed CRC is intended to yield a savings in processing time/energy. Failure with regard to the final CRC prevents an erroneous decoding from triggering incorrect actions by a UE.
Observation-7: The rate of energy savings is directly proportional to the availability of early termination in terms of decoded bit position.
Observation-8: UE_ID frozen bit insertion enables termination in the earliest accessible bit positions given SC or SCL decoding.
Observation-9: UE_ID frozen bit insertion for early block discrimination is complementary to early termination afforded through distributed CRC/PC and the final CRC check.
Performance Considerations
Early Termination Metrics
Removing the combined mask at the decoder input uncovers the original CRC. It also returns the frozen bit field to the all zero state provided the scrambling sequence used by the receiver matches that assigned at the transmitter, i.e. transmitter and receiver assume the same C-RNTI.
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[bookmark: _Ref489453635]Figure 3: PM Growth, match vs. mismatch, R=1/3, K=200, QPSK
A match in user/group ID will manifest differently as seen by a variety of ET metrics, e.g. LLR accumulation, PM growth, as compared to that observed on a block mismatch. See Figure 3.
Minimal PM accumulation results in the case of a match (BLUE) whereas a mismatch yields a faster rate of accumulation (RED) due to a disproportionate number of bit positions where the expected and received LLRs have opposite signs. The best PMs associated with either case are indicated in (GREEN). 
Observation-10: PM growth is in proportion to the rate of deviation in frozen bits from the all zero state. A mismatch in UE_ID induces an increase in PM growth relative to the match case. On the other hand, PM growth in information bits is not in direct proportion to the rate of match/mismatch from a presumed state in the information bit field, negating the efficacy with information bit scrambling to influence ET decisions, though information bit scrambling might find other uses in block discrimination, e.g. cell separation.
Spread Mapping
While metrics for early termination are not subject to 3GPP standardization, it is instructive to study PM growth as a generic ET metric in comparing methods of code construction. 
The following provides side-by-side comparison of various points of UE_ID spread mapping to the frozen bit-field. The current recommendation is to insert the UE_ID derived PRBS in the field of frozen bits present after accounting for block puncturing/shortening. This approach is listed as CASE 1. The cases evaluated to date, corresponding to distinct points of UE_ID insertion, can be summarized as follows:
· CASE 0 - frozen bit mapping beginning with the start of the block
· CASE 1 - frozen bit mapping beginning with the first frozen bit position not subjected to puncturing
· CASE 2 - frozen bit mapping beginning with the frozen bit position following the first information bit
· CASE 3 – frozen and information bit mapping scrambling the entire block, i.e. generic codeword scrambling
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[bookmark: _Ref490165876]Figure 4: Side-by-side comparison - UE_ID frozen bit insertion after puncturing vs. insertion at the block start, coincident with the first frozen bit.
Note that PM growth is accelerated on UE_ID match with CASE 0 as compared to CASE 1. See Figure 4. This is due to the fact that part of the PRBS gets punctured when applied to all frozen bits, thereby undermining its correlation properties. As a result, PM growth with UE_ID match in CASE 0 is less differentiated from that with UE_ID mismatch, reducing the effectiveness of applying the PRBS coincident with the first frozen bit relative to that observed when suspending application of the PRBS until the first frozen bit after puncturing as is done with CASE 1.
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[bookmark: _Ref490215712]Figure 5: Side-by-side comparison - UE_ID frozen bit insertion after puncturing vs. insertion starting with the frozen bit-field following the first information bit.
In CASE 2, PM growth on UE_ID mismatch is reduced compared to that seen in CASE 1. See Figure 5. An observed lack of growth appears where the PRBS might have been assigned in initial frozen bit positions. Without this initial growth, the separation between match/mismatch with CASE 2 is also diminished, again limiting the effectiveness of suspending the PRBS mapping until after the first information bit relative to that observed when suspending application of the PRBS until the first frozen bit after puncturing as in CASE 1.
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[bookmark: _Ref490165891]Figure 6: Side-by-side comparison - UE_ID frozen bit insertion after puncturing vs. generic codeword scrambling
In CASE 3, PM growth on UE_ID mismatch is muted compared to that in CASE 1. This is due to the fact that PM updates on information bits do not directly reflect the presence of a match/mismatch to a presumed bit pattern.
The PM separation in CASES 0, 2, 3 is relatively small, thereby compromising the reliability of ET with respect to that where the UE_ID insertion occupies the frozen bits not subjected to puncturing. 
Observation-11: The PRBS mapping to the frozen bit-field has measurable impact on ET performance.
Observation-12: Information bit scrambling does not have a direct influence in metrics affecting early termination.
Recommendation-1: Adopt PRBS insertion initialized with an applicable RNTI into the frozen bit-field to facilitate early discrimination on DCI blind detection.
Recommendation-2: Initiate the PRBS insertion with the first frozen bit position following any block puncturing/shortening.
Recommendation-3: Additionally assign the UE_ID or portion thereof to the distributed CRC/PC bits and final CRC to enable tiered user identification and validation.
Evaluation Criteria
The following lists criteria to take into consideration in evaluating the benefits of UE_ID frozen bit insertion for early termination.
· Termination Rates – the ET Ratio (ETRatio) measures the ratio of mismatched blocks that are successfully terminated to the total number of blocks evaluated at a given Eb/N0. ETRatio must be balanced against the rate of false termination (FTRatio) which indicates the ratio of matched blocks that are wrongly terminated. The rate of false termination is to be minimized in that it adds directly to the missed detect rate.
· Energy Savings – the rate of ET only tells part of the story. A more direct measure is the energy saved in decoding blocks not meant for the present user. The rate of energy savings takes into account the availability of ET in terms of the bit position at which termination may be declared and the cumulative workload to that point. Any advance in the availability of ET increases the realized energy savings.
· Scalability with SNR – it is expected that the potential for energy savings scales with increased SNR. The rate of termination is expected to improve as Eb/N0 increases. Given UE_ID insertion based on spread mapping, the availability of ET also has potential to improve as the ET metric reliability improves as a function of bit position. Advanced availability of ET results in increased energy savings as compared to direct mapping to a select set of frozen bit positions. 
· Scalability with Code Rate – spread mapping has the potential to scale with code rate. A PRBS based spread mapping fills the available frozen bit positions, e.g. the field of frozen bits that remains after puncturing. As code rate reduces, the available frozen bit field increases in extent effectively improving the correlation properties of the underlying PRBS. The approach improves the reliability of detection and potential for early termination.
Observation-13: Energy savings is the preferred measure of the efficacy of early termination.
Observation-14: UE_ID frozen bit insertion accelerates the availability of early termination thereby yielding the greatest potential energy savings.
Preliminary Results
Given the guidance presented in the preceding subsection, Figure 7 illustrates the merits of various ET performance measures. The test case employs the following parameter settings: K = 200 info bits, code rate R = 1/3, block size M = 600, N = 1024 polar code.
[bookmark: _GoBack][image: ]
[bookmark: _Ref490647454]Figure 7: ET Availability and Energy Savings: K = 200, R = 1/3, Eb/N0 = 0.5dB
The plot shows the bit position at which termination occurs (BLUE) across multiple blocks, rank ordered to highlight the energy savings. The block index is normalized to allow results comparison of different record lengths taken at various Eb/N0 levels. The rate of consumption is normalized as well where 100% coincides with decoding to the end of the block. The rate of termination (SOLID GREEN) indicates the percentage of blocks terminated prior to the end of the block. The energy consumed per block is overlaid on each point of termination (RED). The gap in consumed energy relative to 100% consumption per block represents the energy savings. The dashed lines show the mean point of termination (CYAN) and mean energy consumed (MAGENTA) for the listed Eb/N0 level, respectively.
A summary of the results taken over a relevant Eb/N0 range is listed in Table 1. Work is underway to refine threshold settings and extend to a wider range of block configurations.
[bookmark: _Ref490652209][bookmark: _Ref490652284]Table 1: Performance Summary
	
	Early Termination: K = 200, R = 1/3)

	Eb/N0 (dB)
	0.0
	0.5
	1.0
	1.5
	2.0

	Rate of Early Termination (ETRatio)
	14.8%
	36.7%
	60.5%
	75.9%
	85.0%

	Mean Bit Savings
	10.3%
	25.3%
	42%
	53.7%
	61.5%

	Mean Energy Savings
	12.4%
	30.5%
	50.4%
	63.7%
	72%

	Rate of False Termination (FTRatio)
	1.8e-3
	4.4e-3
	7.4e-3
	4.3e-3
	1.6e-3


Conclusions
This contribution expands on the virtues of UE_ID frozen bit insertion to facilitate early block discrimination on DCI blind detection. The approach leverages a property unique to polar codes that permits use of frozen bit contents to convey user ID. Frozen bit insertion complements the use of a distributed CRC bits to validate user ID. Ultimately, the polar code construction should be decided based on the energy savings enabled by the chosen method of UE_ID insertion. 
Recommendation-4: Introduce energy savings per bit (or mean energy savings per block of bits) as a valid measure of ET performance.
Recommendation-5: Monitor energy savings alongside ETRatio and FTRatio in evaluating methods of early termination.
Recommendation-6: Consider scalability in SNR and Code Rate in evaluating methods of UE_ID frozen bit insertion.
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