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Introduction
At RAN1 Ad-hoc (Jan-2016, Spokane, WA), an agreement was reached to adopt Polar Coding for eMBB DL Control Information (except FFS for very small block lengths where repetition/block coding may be preferred) [1].
In [2], we discuss the benefits of parallel decoding afforded a MiNP architecture in reducing the latency of DCI blind detection. Each parallel decoder instance is assigned multiple PDCCHs to interrogate in succession. Once the last block assigned to a given UE has been identified, any ongoing decoder operations as well as those scheduled for the remaining PDCCHs can be abandoned to minimize energy consumption.
This contribution introduces a method of early block discrimination derived from an approach outlined by AT&T [3] to embed a UE ID (C-RNTI) in a subset of the Polar Code frozen bit positions as a means of reducing signaling overhead. It is our belief that transmitting the C-RNTI as part of the random access response as specified for LTE adds minimal overhead. We instead assume with our proposal that the UE ID is known to the UE at the time of PDCCH decoding and can therefore be used to discriminate blocks intended for the UE in question from those destined for another user. The aim is to enable a UE during the course of Polar block decoding to determine which PDCCHs should be decoded to completion based on correct assertion of the UE ID versus those that can be abandoned. 
The following observations asserted in the previous contribution are carried forward to the present contribution:
Observation-1: Latency for DCI blind detection can be made increasingly small by adding decoder instances.
Observation-2: Block-level termination permits the surrounding decoder resources to return to a low power state once the list of required PDCCHs has been identified.
Observation-3: A MiNP DSP implementation enables dynamic resource assignment permitting reallocation of processing resources to proceed with data channel processing on successful DCI detection. This can be taken into account when examining area efficiency.
Polar Decoder Block Processing
Our method of UE ID insertion starts with a conventional Polar Code construction where a code of length N = 2n assigns k information bits (CRC included), A  [N], and N-k frozen bits, Fc=[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 information bits, the values of which the decoder is tasked with estimating, relative to the block size.
Observation-4: Embedding information in frozen bits does not affect the code rate provided the inserted information contents are known to the receiver prior to the start of decoding.
Successive cancellation (SC) decoding of Polar codes is unique in that bits are examined 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. This feature can be leveraged to facilitate blind decoding provided the prescribed bit field coincides with an assignment of frozen bits[footnoteRef:1], the contents of which are agreed upon beforehand between transmitter and receiver. [1:  The assigned frozen bit field need not be contiguous for the methods of early block discrimination described herein to be effective.] 

List decoding presents a disproportionate workload per bit. An information bit encountered at a leaf node requires path maintenance, i.e. sorting, pruning, and potential data exchange, in addition to the succession in branch node processing and path metric updates incurred with every bit. Conversely, for frozen bits, explicit path processing beyond the path metric updates can be suspended until occurrence of the next information bit.
Observation-5: The cumulative workload per bit with SC-list decoding increases disproportionately as the distribution of information bits becomes more dense 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. 
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. As a result, appreciable reduction in energy consumption can still be had even when the determination to abandon decoding is made later in the course of block decoding. See Figure 1.
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[bookmark: _Ref471712375]Figure 1: Cumulative processing workload
Early Block Discrimination
In [2], we show the effectiveness with multiple decoder instances operating in parallel to minimize decoder latency with DCI blind detection. See Figure 2. 
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[bookmark: _Ref471717605]Figure 2: DCI Blind Detection with Multiple Decoder Instances
Early block discrimination has the added benefit of reducing the energy consumption 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 that 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 so as not to impact false alarm rate (FAR) with the added frozen bit assignments. Missed detect performance is ultimately determined by the algorithm used for block discrimination. As such, the designer should take care to maximize reliability of the bit observations used in determining when to abandon decoding while minimizing the time spent and energy expended interrogating blocks not meant for the present user.
Observation-6: 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. Lack of differentiation in path metric accumulation might be used to indicate a mismatch in the assumed and asserted frozen bit contents.
Recommendation-1: Embed within the frozen bit contents a sequence derived from the UE ID (C-RNTI) to afford a means of early block discrimination.
Channel Reliability
The challenge lies in where to place the UE ID among the frozen bits and how to best encode it. Positioned early in the block, the embedded UE ID permits a receiver to spend minimal processing time on any PDCCHs not intended for its receiver thereby reducing energy consumption compared to that incurred when tasked with decoding each block to completion, the validity of which is determined on successful evaluation the descrambled CRC. The channel reliability and in turn the accuracy of block discrimination improve with increasing bit index as illustrated in Figure 3.
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[bookmark: _Ref474159424]Figure 3: Example Code Construction, k = 200 bits, R = 1/6
Assuming a 16-bit C-RNTI, the figure includes a trend line in mutual information taken over contiguous bit fields (with no regard for the time being of info/frozen/punctured bit positions).
Observation-7: 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-8: Delaying UE ID placement, examined above in 16-bit intervals, results in an appreciable gain in channel reliability as the block midway-point approaches with diminishing gains thereafter. 
Frozen Bit Field Contents
For a given field extent (in terms of number of inserted bits), the objective is to ensure maximal separation between assigned UE IDs. A baseline assumption prevails in the literature on Polar Codes suggesting that frozen bits be uniformly assigned “0” values. Deviating from this convention in the interest of differentiating between assigned UE IDs imposes certain limitations on the range of available C-RNTIs.
Observation-9: Given the baseline assumption that frozen bits are uniformly assigned “0” limits the range of C-RNTI based UE IDs that will be effective in discerning an intended block transmission versus one meant for another user.
Recommendation-2: Find an alternative approach in frozen bit assignment that extends the field length beyond that afforded a direct C-RNTI mapping.
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 illustrationto 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 frozen bits.
Sequences  and  are generated as follows:


where  and  are initialized as follows:


The frozen bit contents are filled according to:

Extending the pseudo-random sequence length to the number of available frozen bits, MPN = N-k, yields a bit field that affords substantial separation in user assignment without adversely affecting code rate or decoder performance provided the intended frozen bit contents as determined by the assigned bit sequence generation. 
Recommendation-3: 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-4: 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.
Conclusion
This contribution describes a method of frozen bit assignment to facilitate early block discrimination with DCI blind detection. The proposal leverages a unique property of polar codes that permits use of frozen bits to carry ancillary data. Replicated at the receiver prior to the start of decoding, this data is meant to ease the task of discerning blocks intended for the receiver amid multiple candidate PDCCHs, the vast majority of which are destined for another user.
The intent is not to dictate how to implement early discrimination or the algorithms employed but to recommend a method of frozen bit assignment that significantly improves the viability of early block discrimination with polar codes.
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