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Introduction
Several bit scrambling schemes have been proposed for control channel and they can be summarized as the following two categories:
· U-domain scrambling, particularly frozen-bits only scrambling
· X-domain scrambling, similar to LTE PDCCH scrambling
In this contribution, we will provide analysis and evaluation of these schemes.
Discussions on the benefits and limitations of bit scrambling
The topic of UE ID scrambling is not new to NR or polar coding specifically, it is a common tool used to randomize interference or to differentiate information intended for or coming from different UEs.
It should be noted that, scrambling itself may not be universally beneficial. In some scenarios, scrambling may lead to added complexity without much benefit. For example, in LTE, there are cases where the same PDCCH payload size could be decoded, multiple RNTIs could have the same payload size. In that case, different RNTIs sharing the same scrambling is preferred (both in U domain and X domain) such that one decoding hypotheses followed by multiple CRC hypotheses could be performed to determine the final decoded payload under different CRC RNTI mask hypotheses. This is especially benefitial in polar codes where list decoding has high complexity. Also, in control channel design, scrambling for common search space (CSS) should be common to all UEs (but may be cell specific) by definition and UE-specific search space (UESS) scrambling could be UE specifically configured for different UEs. Finally, CSS and UESS can overlap.
CRC bit masking
1. 
2. 
3. 
Figure 1 illustrates LTE type of RNTI masking of CRC. The UE-ID directly flips the CRC bits. As discussed in the previous session, this scheme is an effective way to save computations by avoid multiple hypothesis decodings of the same payload size. After one decoding, the RNTI type can be detected by performing multiple CRC mask hypothesis checks instead of performing multiple blind decodings.


[bookmark: _Ref481764198][bookmark: _Ref481764180]Figure 1. LTE-like UE-specific CRC masking

An alternative to CRC masking is to initiate CRC by different initial states, as a result, it will also differentiate the final CRC value for different RNTIs even if they happen to have the same payload size.
Observation 1: CRC bit masking, CRC state initialization can help to avoid hypothesis decoding of different RNTIs
Proposal 1: CRC bit masking or CRC state initialization is considered for NR to reduce the number of blind hypotheses.
U-domain scrambling on Polar codes
In this section, we will study the different scrambling designs. 
Scramble Frozen bits using UE-ID
Some proposals consider the use of UE-ID to mask some of the frozen bits. The reasoning behind this approach is that mismatched values of frozen bits will cause the following decoded bits more likely to fail CRC check and/or to result in significant differences path metric values to be able to achieve early termination. At the same time, randomization of coded bits can be achieved.


Figure 2. UE-ID masks some of the frozen bits

Scramble the whole frozen set using UE-specific PRS 
To improve the distinguishablity of between different UE-ID, the whole frozen set is scrambled using some peseudo-random sequence (PRS) generated by UE-ID.


 
Figure 3. Scrambling the whole frozen bits using PRS generated by UE-ID

Some considerations on U-domain scrambling schemes
One major problem that U-domain scrambling may suffer is the that, though some frozen bits are scrambled, it may not be sufficient to randomize all the coded bits. In other words, due to the nature of polar code, coset codes based on frozen bits scrambling may not provide sufficient scrambling in the overall M-dimensional space that makes it robust enough to have large distance from different coset codes. As a result, at high SNR, there is still a chance that they are decoded incorrectly to the wrong coset.
As an example, supposing that the code rate is lower than half and the different bit of two UE-ID bits is located at the first half of the mother code, then even with some frozen bits scrambled, the lower half of the coded bits may still correct errors due to these mismatched frozen values. A graphical explanation is shown below.


 
Figure 4. Scrambling only part of frozen bits may cause severe high FAR
Observation 2: frozen-bit scrambling scheme may suffer from insufficient scrambling and causing false decoding to the wrong codeword at high SNR.
Scrambing the whole-frozen bits using PRS genenrated by UE-ID is needed to avoid the FAR elevation and the impact of very high code rate case is still unclear and even with all frozen bits scrambling, there may still be FAR issues. 
In general, u-domain scrambling has the following drawbacks:
Observation 3: all these u-domain scrambling schemes share these drawbacks:
1. Frozen bits scrambling, requires additional decoder side work to initiate frozen bit values, which is unnecessary considering the exact same can be achieved via x-domain scrambling
2. The number and locations of frozen bits vary with the payload, it requires a bit locating or interleaving process of the mask bits, which causes additional implementation complexity;
X-domain scrambling on Polar codes
In this section, we discuss applying UE-specific scrambling in the X-domain before rate-matching. The N-bit PRS is generated based on certain criterion, and scrambling the output of mother encoder. 
This code-domain scrambling can achieve both randomization of coded bits and facilitate early termination if preferred. The scrambling process will not change when payload changes and not effected by the adoption of distributed CRC. Moreover, this scrambling is external to polar decoder, which can achieve similar goals as U-domain scrambling without having to getting into unnecessary extra steps in polar decoding. The exact need for such scrambling needs to be discussed and justified in control channel sessions. However, if such scrambling is needed, X-domain scrambling appears to be the most robust design choice.


Figure 5. UE-specific scrambling on x-domain

Proposal 2: all frozen bits of polar codes are set to zeros.
Proposal 3: Adopt UE-specific scrambling scheme using PRS generated by UE-ID on x-domain if it is needed.
[bookmark: _GoBack]Performance evaluation
The BLER and early termination performances under QPSK modulated AWGN channel are compared in this section (24-bit CRC is assumed). Figure 6 sets the UE-ID bit difference ramdonly. It can be seen that X domain scrambling gives exactly the same performance as U domain scrambling when all the frozen bits are scrambled, which does not require invasive operation into polar decoder. If only part of the frozen bits are scrambled, significant higher FAR is observed.
From the simulation, we can find that the x-domain PSR scrambling has the equivalent performance against whole-frozen-set PSR scrambling scheme. This is the case across different payload sizes and different aggregation levels.
Observation 4: x-domain PSR scrambling can achieve the same performance as U domain scrambling without compromising FAR with significantly simplified design and much lower decoding complexity.
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Figure 6. Performance when UE-ID difference is randomly configured.

Complexity Comparison of x-domain vs. u-domain scrambling
Setting the frozen bits to 0, enables complexity and latency reduction in the decoder. While it is possible to apply these techniques on an ASIC or FPGA platform with non-zero frozen by calculating frozen-bit values in parallel, some complexity is unavoidable. For example, calculating the first information-bit LLR after the initial set of frozen-bits is a simple summation of some received channel LLRs when all the frozen bits are zero. On the other hand, if the initial frozen bits are non-zero, the LLRs are combined using both addition and subtraction. This incurs additional latency to calculate control bits that determine which operation to perform and additional hardware to perform both. Therefore, it is beneficial for the receiver to remove LLR scrambling prior to decoding.
While there is a linear relationship between u-domain and x-domain scrambling, their complexity is not equivalent, especially in the receiver. To calculate the unscrambling mask for LLRs, the receiver needs to calculate the value of frozen bits and encode them, all while taking rate matching into account. These operations must be performed before blind decoding and for every hypothesis, increasing PDCCH decoding latency. X-domain scrambling does not require any of these operations therefore incurring lower latency hit than U-domain scrambling.
Conclusions
Observation 1: CRC bit masking, CRC state initialization can help to avoid hypothesis decoding of different RNTIs
Observation 2: frozen-scrambling scheme may suffer from insufficient scrambling and causing false decoding at high SNR.
Scrambing the whole-frozen bits using PRS genenrated by UE-ID provides enough distinguishability and completely avoids the obove FAR risk unless the code rate is extremely high. However, 
Observation 3: all these u-domain scrambling schemes share these disadvantages:
1. Frozen bits scrambling, requires additional decoder side work to initiate frozen bit values, which is unnecessary considering the exact same can be achieved via x-domain scrambling
2. The number and locations of frozen bits vary with the payload, it requires a bit locating or interleaving process of the mask bits, which causes additional implementation complexity;
Proposal 1: CRC bit masking or CRC state initialization is considered for NR to reduce the number of blind hypotheses.
Proposal 2: All frozen bits of polar codes are set to zeros.
Proposal 3: Adopt UE-specific scrambling scheme using PRS generated by UE-ID on x-domain if it is needed.
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