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Introduction
At RAN1 #88bis (Mar-2017, Spokane, WA), the discussion on code construction included numerous methods of enabling early block termination for DCI blind detection [1]. A conclusion was reached to continue studying methods:
to facilitate early termination (i.e. before decoding all the information bits) without degrading BLER performance or latency (especially considering the time for deinterleaving the information and assistance bits) compared to purely implementation based methods such as path-metric based pruning
· e.g. assistance bits distributed in the codeword in such a way that error detection can be performed after partial decoding
· Investigate performance, complexity and FAR impacts
· Study of use of data-independent scrambling to facilitate early termination is also not precluded

In [2], we proposed an alternative frozen bit assignment to facilitate early block termination. The method delivers a means of discriminating during the course of block decoding those PDCCHs not intended for a given UE thereby reducing the required workload and incurred latency.
The approach embeds in the frozen bit positions a pseudo-random bit sequence derived from the C-RNTI based UE_ID. The embedded sequence can be viewed equivalently as an XOR bit mask assigned zero (0) where applied to user data dependent bits, i.e. information, PC and/or CRC bits, and assigned the UE_ID sequence values where applied to the field of frozen bits. Upon receipt of the C-RNTI, the PRBS contents can be determined at the receiver therefore presenting negligible added decoder complexity as compared to the case where the frozen bit positions are assumed to contain all zeros. 
This contribution refines the proposed frozen bit assignment with added considerations to minimize deviation from presumed baseline encode and decode procedures: (i) the input mask is transformed (once upon initial receipt of the C-RNTI) so that it might be applied to the encoder output as opposed to its input; (ii) use of the PRBS mask is suspended until after the first information bit has been assigned retaining the original all zero state in any frozen bit positions preceding the first information bit.
Polar Block Encoding
The proposed method of UE_ID insertion starts with a conventional Polar Code construction where a code of length N = 2n assigns k information bits (inclusive of CRC and/or PC bits), A  [N], and N-k frozen bits, F   =[N]\A, the assigned values of which are known a priori to the receiver [4]. The code rate, R = k/N, is determined by the number of user data dependent information bits relative to the block size.
Observation-1: Assigning a non-zero sequence in frozen bit positions does not affect the code rate provided the contents of the embedded sequence are determinable at the receiver prior to the start of decoding.
Adopting the bit mask interpretation, the mask positions corresponding to user data dependent bits shall contain zero values XORed with the encoder input so as to leave those bits unchanged. The same will be done for the frozen bits preceding the first information bit, leaving all zeros in the initial frozen bit positions. The mask positions corresponding to frozen bits encountered after the first information bit shall be assigned values taken from the UE_ID based PRBS thus uniquely imprinting the encoded block as belonging to an intended UE.
Given a linear transform, application of the Kronecker matrix can be distributed to relate the assigned bit mask to the encoder output:

The result represents a bit-wise XOR of the encoded UE mask, wG, computed once per DCI instance, with the original encoder output, uG.
Early Block Discrimination
The previous contribution showed the effectiveness with multiple decoder instances operating in parallel to minimize decoder latency on DCI blind detection [2]. See Figure 1. 
[image: ]
[bookmark: _Ref471717605]Figure 1: DCI Blind Detection with Multiple Decoder Instances
Early block discrimination has the added benefit of reducing the energy consumed per decode attempt, especially for those PDCCHs deemed in the course of block decoding as not destined for the present user. The approach is predicated on the observation that a frozen bit inverted relative to the value asserted by the encoder deteriorates path metric accumulation, the occurrence of which can be monitored as a condition for early block discrimination. The CRC appended at the end of a block remains intact as a final measure to mitigate false alarm rate (FAR). 
Recommendation-1: With a valid block decoding, i.e. one in which the assumed frozen bit contents match those asserted by the transmitter, certain of the path metrics will accumulate constructively relative to the surrounding path metrics. Destructive path metric accumulation might be used to indicate a mismatch in the assumed and asserted frozen bit contents.
Recommendation-2: Embed within the frozen bit contents a sequence derived from the UE_ID (C-RNTI) as a means of affording early block discrimination.
Distribution in Decoder Workload
Successive cancellation (SC) decoding of Polar Codes is unique in that it examines bits individually in the course of block decoding. Even with SC-List decoding, path metric updates are made on a per-bit basis affording the opportunity to interrogate a prescribed bit field prior to the completion of block decoding. Given the progression in mutual information as a function of the underlying channel polarization, the predominance of information bits and associated path maintenance tend to be concentrated in the higher bit indices. See Figure 2. 
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[bookmark: _Ref480359261]Figure 2: Cumulative processing workload
Given the proposed method of frozen bit assignment/masking, when to terminate block decoding is left to the discretion of the receiver manufacturer enabling a tradeoff between missed detect performance and reduction in energy consumption.  
Observation-2: The cumulative workload per bit with SC-list decoding increases disproportionately as the distribution of information bits becomes denser due to additional path maintenance as compared to that for frozen bits or any information bits not subjected to full path processing, e.g. high reliability bits.
Observation-3: The reliability of block determination, including the decision to abandon decoding, improves as a function of bit position in accordance with the gains in underlying channel reliability. 
Recommendation-3: Distribute the structured sequence throughout the frozen bit positions to provide the implementer wide latitude in determining when to terminate block decoding.
Proposed Frozen Bit Assignment
LTE specifies a method of pseudo-random sequence generation adapted for a variety of purposes [5]. It is listed here for illustration to indicate that this method or one similar can be applied to fill the frozen bit contents, the initialization of which is based on the C-RNTI UE_ID.

where Nc = 1600 and MPN is determined by the number of affected frozen bits.
Sequences  and  are generated as follows:


where  and  are initialized as follows:
[bookmark: _GoBack]

The frozen bit contents are filled according to:
where m F   beyond the first information bit
Extending the pseudo-random sequence length to the number of available frozen bits beyond the first information bit, MPN = N-k-index(uA(0)), affords user separation in an entirely deterministic manner. 
Recommendation-4: Adapt the method of pseudo-random sequence generation specified by LTE to form the frozen bit contents initialized by C-RNTI to facilitate early discrimination with DCI blind detection.
Recommendation-5: Populate the entirety of the frozen bit contents with the resulting UE ID derived pseudo-random sequence to provide a reliable and efficient means of early block discrimination.


Proposed Method of Early Block Discrimination
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[bookmark: _Ref481483202]Figure 3: Moving average, best LLRs, R=1/12, K=40, QPSK
UE ID Sequence Detection
Given a UE_ID derived frozen bit assignment, early block discrimination amounts to ML sequence detection. A match in the asserted frozen bit position yields a positive accumulation. A mismatch yields a negative accumulation. A predominance of positive accumulation as seen by a moving average provides a reliable means to discriminate those blocks meant for the current user from those meant for another user. This tendency persists even at low SNR. See Figure 3.
LLR Accumulation
For the purposes of block discrimination, let’s take the best LLRs as the set seen at each bit position as belonging to the best path, i.e. the path exhibiting the smallest path metric. There is no assertion that the perceived best path during the course of block decoding will survive as the remaining best path. However, indication of the perceived best path can prove useful in deriving metrics to facilitate early discrimination.
A moving average of the best LLRs exhibits an increasing trend upon match in frozen bit assignment and will trend downward when there is a mismatch in expected bit assignment. Referring again to Figure 3, the top two plots correspond to a mismatch in frozen bit assignment between encoder and decoder. As expected, the accumulated LLRs exhibit a sharp downward trend as the number negative matches begins to accumulate. The onset of this downturn is a function of the length of the applied moving average. It occurs earlier with shorter moving average and later with longer moving average. 
Examining a match in encoder/decoder frozen bit assignment, we observe that the LLR accumulation is largely positive. This observation is again a function of the length of the applied moving average. A relatively short moving average, e.g. MA[8], MA[16], is susceptible to short-lived fluctuations rending the metric less reliable for block discrimination. See the bottom two plots of Figure 3. Ultimately, a tradeoff can be found in MA size that balances power savings due to early block discrimination and the reliability of the mechanism used to make that determination.
Decoder Operation
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[bookmark: _Ref481577840]Figure 4: Running average, best LLRs, R=1/3, K=200, QPSK
A mismatch in frozen bit assignment has a secondary effect as it relates to expected decoder operation. The SC and SCL decoders are characterized by a succession of f and g-operators. While the f-operator depends solely on input LLRs, the g-operator output is conditioned on the preceding bit estimates:


If a portion of the previously estimated bits, fed back in the form of partial sums to the g-operator, are in error due to a mismatch in frozen bit assignment, the downstream LLRs are bound to be affected as well in a manner that is incremental to disturbance due to channel itself. See Figure 4. Taken at relatively high SNR, the LLRs in the bottom right-hand plot predominantly trend in the positive direction whereas those in the upper right-hand plot show the disruptive effects of the channel coupled with erroneous feedback in the g-operator. 
Observation-4: The combined effects of sequence mismatch and error propagation due to g-operator feedback give rise to heuristics that might prove useful for early block discrimination. See Figure 5.
Observation-5: Erroneous feedback in the g-operator propagates to downstream bit decoding, frozen and info-bits alike, further reducing FAR should an unintended PDCCH elude early termination and make its way to a final CRC check. 
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[bookmark: _Ref481579567]Figure 5: Running average, best LLRs, R=1/3, K=200, QPSK, SNR=1.0dB
Conclusions
This contribution describes a method of frozen bit assignment integral to the polar code construction to facilitate early block discrimination on DCI blind detection. The proposal leverages a property unique to polar codes that permits use of frozen bit contents to convey user ID. Replicated at the decoder, this imprinting is useful in discerning blocks intended for the receiver amid multiple candidate PDCCHs, most of which are destined by design for some other user.
Observation-6: The reliability of block determination, including the decision to abandon decoding, improves as a function of bit position in accordance with the underlying channel reliability. 
Observation-7: The approach is compatible with PC, CRC or hybrid methods of code construction still under consideration. 
Observation-8: The proposed method of embedding UE ID imposes minimal changes in presumed encoder and decoder implementations. It further provides wide latitude in algorithms design permitting receiver manufactures to trade power savings for reliability of early termination.
Recommendation-6: RAN1 adopt embedded UE ID frozen-bit assignment as an integral part of the DCI polar block construction given the potential for reduced energy consumption with early block discrimination on DCI blind detection and reduced FAR even without early block discrimination enabled.
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