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Several companies in [2], [3], [4], [5], and [6] have proposed to scramble UE-ID over some frozen bit positions on DCI transmission for an early termination gain during the blind detection. It was concluded in RAN1#90 meeting that further study is needed to analyze them [1]:    
Proposed Working Assumption:
· Frozen bit values are set to 0
· Adopt UE-specific linear scrambling on UE-specific DCI messages
· Detailed mechanism FFS until NR AH#3
Conclusion: study further until NR AH#3
The major differences among these proposals are as below: 
· Scrambling on U-domain (information bit) or on C-domain (coded bit) 
· If scrambling UE-ID on U-domain, 
· map X (=16)-bit UE-ID on Y frozen bits 
· choose these Y frozen bits from all frozen bits 
· potential decoder that would benefit from the scrambling on U-domain     
In this contribution, we will analyze and compare these proposals, and propose a design for UE-ID scrambling on DCI.   
Since all the proposals assume that UE-ID has been masked on the CRC bits, our first proposal is:  
Proposal-1: UE-ID is masked over CRC bits. 
[bookmark: _Ref477266525]Discussion 
The 16-bit UE-ID masked on CRC bits provides limited distinguishability among UEs, particularly if the distance of two UE-IDs is very small (1 or 2 different bits) as shown in Figure 1. Adding some UE-ID-related scrambling into an encoder is expected to increase the distinguishability among UEs for DCI decoding and blind detection. 
Proposal-2: A UE-ID scrambling operation into a polar encoder increases the distinguishability among UEs for DCI transmission. 
U-domain vs C-domain 
As a polar code is a linear code, this UE-ID-related scrambling operation could take place before or after Arikan encoder. We name the scrambling operation prior to Arikan encoder as U-domain scrambling and that after the encoder as C-domain scrambling.  
· U-domain scrambling: scrambling a UE-ID or UE-ID-related sequence on the information bit domain (before the encoder). 
· C-domain scrambling: scrambling a UE-ID or UE-ID-related sequence on the coded (and rate-matched) bit domain (after the encoder). 
In [7], [8], and [5], it is proved that: 
· a U-domain scrambling code (or sequence) has a unique equivalent C-domain scrambling code (or sequence)
· However, a C-domain scrambling code (or sequence) has no unique equivalent U-domain scrambling code (or sequence)   
A U-domain scrambling code grants a decoder more flexibility to handle the descrambling operation than a C-domain scrambling code. For example, a decoder can divide a U-domain scrambling code into two U-domain sub-scrambling codes linearly, converts one of them into a C-domain scrambling code for descrambling input LLR vectors, and keeps the other on the U-domain for other purposes such as further improving an early termination ratio. In contrast, only with a C-domain scrambling code, a decoder can just descramble its input LLR vector. 
When it comes to a rate-matching scheme, a C-domain scrambling code cannot reflect the reliability distribution change due to a rate-matching scheme. A C-domain scrambling code has to align with the coded length M: various DCI information length Ks but the same coded bit length M would share the same M-bit C-domain scrambling code. Despite the same number of the coded bits to be punctured or shortened, different Ks will result into different puncturing or shortening positions on the C-domain and then different reliability distribution (pre-freezing bit positions) on the U-domain, which one single M-bit C-domain scrambling code barely catch up with. More detailed analysis has been given in [2]. In contrast, a U-domain scrambling code can be easily adjusted to a rate-matching scheme in term of K and M. 
Proposal-3: UE-ID scrambling code should be on the information-bit domain for more decoding flexibility and adaptive for a rate-matching scheme of (K,M) . 
U-domain Scrambling 
For the reasons above, focus is paid on how to design a U-domain scrambling code. To align with the rate-matching scheme in terms of K and M and to leave a decoder more flexibility, the U-domain UE-ID scrambling code can be on some frozen bits that are resultant from the pre-frozen bits on the U-domain and the punctured or shortened bit positions on the C-domain of the current rate-matching scheme.  
Proposal-4: U-domain UE-ID scrambling code (or sequence) should be put on some frozen bit positions. 
Then, a scrambling code (or sequence) design would be:
· UE-ID mapping (spreading) into a UE-sequence (scfrozen) 
· frozen bit position set (p) to hold this scfrozen  
In addition to distinguishability, we consider the following factors: 
· Flexibility for decoder 
· Low complexity 
Basically, we are looking forward to extra randomness and distinguishability with little extra complexity. Below is a summary of the proposals: 
	
	Scheme-A[2]
	Scheme-B[5]
	Scheme-C[4]
	Scheme-D [6]

	UE-ID mapping into a UE-signature (scfrozen) 

	16-bit UE ID
	PRBS mapping
	PRBS mapping
	16-bit UE ID

	frozen bit position set (p)
	16 frozen bits with greatest dmin
	All frozen bits after 1st punctured one
	All shortened frozen bits
	16 most reliable frozen bits

	Decoder
	Descramble LLRs
	Descramble LLRs
	Replace LLRs on shortened bit positions
	First decoding trial treats 16-bit UE ID as information bits


Table 1	Summary of the proposals on UE-ID scrambling on frozen bits
All these four proposals strive to have good distance scrambling code on both U and C domains. All of them rely on a UE-ID mapping algorithm to generate a U-domain scrambling code and frozen-bit set for this scrambling code. 
· For UE-ID mapping algorithm to have a UE-sequence (scfrozen), PRBS-generator in Scheme-B and Scheme-C results into more randomness and distinguishability than a 16-bit UE-ID in Scheme-A and Scheme-D. 
· For frozen-bit position set (p), although scheme-A and B tend to select the bit positions of “dmin” that are encoded over as many coded bits as possible to ensure large distance on the C-domain:   
· The frozen set (p) in Scheme-A are subset of the frozen set (p) in Scheme-B; 

The decoders of Scheme-A, B, and C convert the entire U-domain scrambling code into a C-domain one to descramble its input LLR vector; whereas, that of Scheme-D keeps using a U-domain sequence but treats it as information bits. The most early-termination gain on top of DCRC has been observed in the decoder in Scheme-D that treats some bits of UE-ID as information bits.
PRBS on all frozen bits 
Our proposal is simple on transmitter and leaves more flexibility for decoder. 
Proposal-5: UE-ID is spread over all the frozen bits by a PRBS generator. 
This method provides the maximum randomness and distinguishability on the u and c domains. It must include the bit positions with the greatest dmin, shortening frozen bits, and most reliable frozen bits, but requests no extra complexity to find a frozen set (p). This is robust for any type of rate-matching scheme. 
In the following figure, we show the early-termination gain when two UE-IDs are very close to each other (e.g. two UEIDs only differ at the last bit). Without UE-ID scrambling on all frozen bits, the decoder relies on only UE-ID masked on CRC bits. No early termination gain is observed (pink one). If this UE-ID is spread over all the frozen bits by PRBS generator, a significant early termination gain is observed (blue one). 
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[bookmark: _Ref492471385]Figure 1	Early-Termination Gain when two UE-IDs are very close to each other 
In our opinion, PRBS-on-all-frozen-bits would leave more flexibility for a decoder. It’s better to allow a decoder implementation to decide which benefit is its priority target. Early termination is one of them. Because a polar code is a linear code, one U-domain scrambling code can be divided into several ones.
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[bookmark: _Ref492641926]Figure 2	An example of a decoder to separating a UE-sequence into two parts and treating them differently for more early termination gain on top of DCRC 
In this example, a decoder divide the U-domain UE-sequence into two parts: 
· scfrozen’: one-bit signature (sc2 in Figure 2) that takes the last frozen bit position just before the 1st information bit 
· scfrozen’’: the rest UE sequence bits (sc0, sc1, and sc3 in Figure 2)   
The decoder will generate a C-domain scrambling code sccoded’’ from scfrozen’’ to descramble the entire LLR vectors. During the ensuing SC decoder, this one bit scfrozen’ is treated as information bits ([6]) or a flag for an early termination. 
Simulation setup: 
· AWGN input (Blue)
· Wrong UEID (pink)
· Right input (red) 
· K = [32 48 64 80 120 200]; M = [96 192 384 768]
· 24-bit distributed CRC [9]
· New sequence [10]
· 16-bit UE-ID spread over all frozen bits by a PBRS generator [5]
· 1-bit signature before the 1st information bit
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Figure 3	Simulation Results of Early Termination with UE-ID scrambling operation  
With 1-bit BLER degradation, we can trade for up to 30% early termination gain. 
Alternatively, a decoder can choose to keep the most reliable frozen bit before the 1st information bit on the U-domain and to convert the rest into the C-domain. This would lead to different early-termination gain.   
Conclusion
Proposal-1: UE-ID is masked over CRC bits. 
Proposal-2: A UE-ID scrambling operation into a polar encoder increases the distinguishability among UEs for DCI transmission.
Proposal-3: UE-ID scrambling code should be on the information-bit domain for more decoding flexibility and adaptive for a rate-matching scheme of (K,M) . 
Proposal-4: U-domain UE-ID scrambling code (or sequence) should be put on some frozen bit positions.
Proposal-5: UE-ID is spread over all the frozen bits by a PRBS generator. 
References
[1] [bookmark: _Ref477333292][bookmark: _Ref492386101]Chairman’s notes in 3GPP TSG RAN WG1 NR 90#
[2] [bookmark: _Ref492386208][bookmark: _Ref492393574]R1-1712256, ‘Enhancement of Early Termination by Placing UE-ID on Frozen Bits’, Tsofun Algorithm, August 2017, Prague
[3] [bookmark: _Ref492386295]R1-1707747, ‘Polar Code Construction for Control Channels’, AT&T, May 2017, Hangzhou, China
[4] [bookmark: _Ref492386367]R1-1713966, ‘Scrambling Design for Polar Codes’, NTT Docomo, August 2017, Prague 
[5] [bookmark: _Ref492386460]R1-1714067, ‘UE_ID Frozen Bit Insertion for DCI Early Block Discrimination’, Coherent Logix Inc. August, 2017, Prague 
[6] [bookmark: _Ref492386555]R1-1713317, ‘Early Stopping of Blind Detection with Distributed CRC’, McGill University, August, 2017, Prague 
[7] [bookmark: _Ref492391709]R1-1708316, ‘Study of early termination technique for polar code’, Intel Cooperation, May, 2017, Hangzhou, China
[8] [bookmark: _Ref492391924]R1-1704249, ‘Channel Coding for PBCH’, Huawei, HiSilicon, April, 2017, Spokane, China
[9] R1-1715494, ‘Distributed CRC for Polar code construction’, Huawei, HiSilicon, September, 2017, Nagoya, Japan
[10] [bookmark: _Ref492417646]R1-1712168, ‘Sequence for Polar code’, Huawei, HiSilicon, August 2017, Prague




image3.png
ET saving

K =32, L =8, QPSK/AWGN, w/o signature bits
T T T

08

o
3
T

o
=)
T

o
3
T

o
~
T

o
w
T

02

-15

—

EsNO (dB)

10




image4.png
ET saving

K =32, L =8, QPSK/AWGN, sig on last frozen
T T T

o
3
T

o
=)
T

o
3
T

o
~
T

o
w
T

01

0

B

-20

e

EsNO (dB)

10




image5.png
ET saving

K =48, L =8, QPSK/AWGN, w/o signature bits
T T T T

08

o
3
T

o
=)
T

o
3
T

o
~
T

o
w
T

02

o

EsNO (dB)

15




image6.png
ET saving

K =48, L =8, QPSK/AWGN, sig on last frozen
T T T T

o
3
T

o
=)
T

o
3
T

o
~
T

o
w
T

01

0

-20

S

EsNO (dB)

15




image7.png
ET saving

K = 64, L =8, QPSK/AWGN, w/o signature bits
T T T T T

o
3
T

o
=)
T

o
3
T

o
~
T

o
w
T

01

il

EsNO (dB)

15

20




image8.png
ET saving

K =64, L =8, QPSK/AWGN, sig on last frozen
T T T T T

o
3
T

o
=)
T

o
3
T

o
~
T

o
w
T

01

EsNO (dB)

15

20




image9.png
ET saving

K =80, L =8, QPSK/AWGN, w/o signature bits
T T T T

o
3
T

o
=)
T

o
3
T

o
~
T

o
w
T

01

10 5 0 5
EsNO (dB)

10

15




image10.png
ET saving

K =80, L =8, QPSK/AWGN, sig on last frozen
T T T T

o
3
T

o
=)
T

o
3
T

o
~
T

o
w
T

01

0

-20

T

EsNO (dB)

10

15




image11.png
ET saving

K=120,L = 8,

, QPSK/AWGN, w/o signature bits
T T T

o
3
T

o
o
T

o
o
T

o
~
T

o
w
T

01

EsNO (dB)

15

20




image12.png
ET saving

K=120,L = 8,

, QPSK/AWGN, sig on last frozen
T T T

o
3
T

o
o
T

o
o
T

o
~
T

o
w
T

01

EsNO (dB)

15

20




image13.png
ET saving

K =200, L =8, QPSK/AWGN, w/o signature bits
T T

o
3
T

o
=)
T

o
3
T

o
~
T

o
w
T

01

i

-15

5 0 5
EsNO (dB)

10

15




image14.png
ET saving

K =200, L =8, QPSK/AWGN, sig on last frozen
T T

o
3
T

o
=)
T

o
3
T

o
~
T

o
w
T

01

-15

-10

5 0 5 10 15
EsNO (dB)




image1.png
ET saving ratio

05

K=100,M= 384, List=8

045

04

035

03

025

02

015

01

0.05

——— Other UEID, wio PRBS scrambling
——— Other UEID, w/ PRBS scrambling

EsNO (dB)

10




image2.png
Encoder
Arikan Puncture
Encoder &
shorten

Decoder

. Puncture
Arikan
[ &
Encoder
shorten
deScramble DePugcture SCL
on LLRs Deshorten decoder





