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1. Introduction & Background
Similar to LTE, downlink control channel design shall consider basic control element. This contribution compares different alternatives in NR CCE design and provides some initial observations for future discussion.
2. CCE definitions
Similar to LTE design, basic control channel size is one CCE. And multiple CCE can be aggregated as a larger container for better NR-PDCCH performance. This contribution investigates basic CCE definition for polar code.
A definition of CCE shall at least contain the following aspects,
a) Modulation order
· BPSK, QPSK, 16QAM and so on.
b) Time-frequency mapping
c) Coding scheme
· Including rate matching/puncture, ordering, and basic coding/decoding scheme and so on.
d) Integrity check
· Similar to LTE, CRC attachment could be considered as a basic scheme. At the same time, RNTI scrambling on CRC is a good indication the UE without adding additional overhead. Other approaches are not precluded with better performance.
· Howerver, [1][2] show that 16-bit CRC might not be enough.
e) RS
· Front-loaded and even-distributed RS are possible candidates for demodulation.
2.1. Description of CCE Definition Alternatives 
According to the aspects (a)~(e) aforementioned, several aspects are investigated as an initial evaluation (3km/h)
Various RB size
The alternatives are picked up according to the following principles:
· RS overhead are similar to LTE. Interpolation between RSs across multiple RBs is used for those cases that the RS density is very sparse.
· Puncture is avoided as much as possible, i.e., the number of coded bits of polar encoder is close to a number of  2n, (
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· (4RB_2_30_16_64_1OS_1/3_0.47_c_s_3km)  Alt 1L:  4RB, 1/3 RS, 30/64bits 
· (3RB_2_30_16_48_1OS_1/3_0.63_c_s_3km)  Alt 2La: 3RB, 1/3 RS, 30/48bits 
· (3RB_2_30_16_64_1OS_1/9_0.47_c_s_3km)  Alt 2Lbs: 3RB, 1/9 RS, 30/64bits (single-RB) 
· (3RB_2_30_16_64_1OS_1/9_0.47_c_m3_3km) Alt 2Lbm: 3RB, 1/9 RS, 30/64bits (multi-RB) 
· (3RB_2_30_16_60_1OS_1/6_0.50_c_s_3km)  Alt 2Lcs: 3RB, 1/6 RS, 30/60bits (single-RB) 
· (3RB_2_30_16_60_1OS_1/6_0.50_c_m3_3km) Alt 2Lcm: 3RB, 1/6 RS, 30/60bits (multi-RB) 
· (5RB_2_30_16_80_1OS_1/3_0.38_c_s_3km)  Alt 3La: 5RB, 1/3 RS, 30/80bits 
Impact on modulation order
· (8RB_1_30_16_064_1OS_1/3_0.47_c_s_3km) Alt 4La: 8RB, 1/3 RS, 64bits BPSK
· (8RB_2_30_16_128_1OS_1/3_0.23_c_s_3km)  Alt 4Lb: 8RB, 1/3 RS, 128bits QPSK
· (8RB_4_30_16_256_1OS_1/3_0.12_c_s_3km)  Alt 4Lc: 8RB, 1/3 RS, 256bits 16QAM
2.2. Simulation results
Modulation order
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BPSK, QPSK, 16QAM (one-symbol NR-PDCCH, 8RB, 1/3 RS, 30-bit, CRC16, 3km/h)

 

 

BPSK:  8RB|1|30|16|064|1OS|1/3|0.47|c|s|3km

QPSK:  8RB|1|30|16|128|1OS|1/3|0.23|c|s|3km

16QAM:8RB|1|30|16|256|1OS|1/3|0.12|c|s|3km


Figure 1. performance comparison between BPSK/QPSK/16QAM
From the figure, QPSK outperforms BPSK and 16QAM according to the simulation assumption.  
· QPSK outperforms 0.3dB than BPSK at 1% BLER
· QPSK outperforms 1.5dB than 16QAM at 1% BLER
At least for low speed UEs, QPSK shall be considered as the best modulation scheme. 
For high speed case, certain channel estimation algorithm will largely impact the performance. Details should be FFS.
Proposal 1: For low speed case, QPSK should be modulation scheme for NR-PDCCH. High speed case is FFS.
Various RB size
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Alt 1L:  4RB, 1/3 RS, 30/64bits

Alt 2La: 3RB, 1/3 RS, 30/48bits

Alt 2Lbm: 3RB, 1/9 RS, 30/64bits (multi-RB)

Alt 2Lbs: 3RB, 1/9 RS, 30/64bits (single-RB)

Alt 2Lcm: 3RB, 1/6 RS, 30/60bits (multi-RB)

Alt 2Lcs: 3RB, 1/6 RS, 30/60bits (single-RB)

Alt 3La: 5RB, 1/3 RS, 30/80bits
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Observations are as follows.
1. Number of RBs
Generally speaking, the BLER performance becomes better when the number of RBs for a CCE increases. 
For 30-bit DCI length and 1/3 RS overhead
· (3RB_2_30_16_48_1OS_1/3_0.63_c_s_3km)  Alt 2La: 3RB, 1/3 RS, 30/48bits 
· (4RB_2_30_16_64_1OS_1/3_0.47_c_s_3km)  Alt 1L:  4RB, 1/3 RS, 30/64bits
· (5RB_2_30_16_80_1OS_1/3_0.38_c_s_3km)  Alt 3La: 5RB, 1/3 RS, 30/80bits 
3 RB CCE performs dramatically worse due to higher coding rate (0.63). Probably better shortening and puncturing scheme will increase the performance in such situation. Otherwise, 3 RB CCE shall not adopt large code rate.
Proposal 2: 3RB, 4RB or 5RB is preferred candidate for a basic CCE. 3 RB CCE shall not adopt large code rate.
2. Coded bit length
For 4 RB CCE, comparison between 48-bit, 60-bit and 64-bit are done. The following alternatives are relevant,
· (3RB_2_30_16_48_1OS_1/3_0.63_c_s_3km)  Alt 2La: 3RB, 1/3 RS, 30/48bits 
· (3RB_2_30_16_64_1OS_1/9_0.47_c_s_3km)  Alt 2Lbs: 3RB, 1/9 RS, 30/64bits (single-RB) 
· (3RB_2_30_16_64_1OS_1/9_0.47_c_m3_3km) Alt 2Lbm: 3RB, 1/9 RS, 30/64bits (multi-RB) 
· (3RB_2_30_16_60_1OS_1/6_0.50_c_s_3km)  Alt 2Lcs: 3RB, 1/6 RS, 30/60bits (single-RB) 
· (3RB_2_30_16_60_1OS_1/6_0.50_c_m3_3km) Alt 2Lcm: 3RB, 1/6 RS, 30/60bits (multi-RB) 
60-bit/48-bit CCE has higher RS than 64-bit CCE which results in better channel estimation accuracy. However, at least for low speed case, 64bits > 60bits > 48bits in terms of BLER performance.
On the other hand, 64-bits polar encoder/decoder does NOT need any shortening/puncturing scheme, which will avoid unnecessary performance loss. The performance gap between 60-bit/64-bit is 0.5dB (@1% BLER),  which is higher than ideal value, i.e., 64/60 = 0.28dB.
Proposal 3:  At least for low speed, 64-bit is preferred CCE size for 3RB/4RB.
3. Multiple-RBs channel estimation
For 4 RB CCE, comparison between single RB and multiple RB channel estimation are shown,
· (3RB_2_30_16_64_1OS_1/9_0.47_c_s_3km)  Alt 2Lbs: 3RB, 1/9 RS, 30/64bits (single-RB) 
· (3RB_2_30_16_64_1OS_1/9_0.47_c_m3_3km) Alt 2Lbm: 3RB, 1/9 RS, 30/64bits (multi-RB) 
· (3RB_2_30_16_60_1OS_1/6_0.50_c_s_3km)  Alt 2Lcs: 3RB, 1/6 RS, 30/60bits (single-RB) 
· (3RB_2_30_16_60_1OS_1/6_0.50_c_m3_3km) Alt 2Lcm: 3RB, 1/6 RS, 30/60bits (multi-RB) 
For 1/6 RS overhead, 3-RB channel estimation out performs single-RB 1dB.
For 1/9 RS overhead, single-RB channel estimation does not work properly (error floor). 3-RB channel estimation dramatically increase the performance.
Proposal 4: multi-RB channel estimation shall be supported.
3. Conclusion
In this contribution, the performance of CCE is studied. It is proposed that,
Proposal 1: For low speed case, QPSK should be modulation scheme for NR-PDCCH. High speed case is FFS.
Proposal 2: 3RB, 4RB or 5RB is preferred candidate for a basic CCE. 3 RB CCE shall not adopt large code rate.
Proposal 3:  At least for low speed, 64-bit is preferred CCE size for 3RB/4RB.
Proposal 4: multi-RB channel estimation shall be supported.
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Annex A: Notation description
The notation of the different cases is described as an example in Table A.1.
Table A.1. The meaning of the notation for different cases
	5RB_2_30_16_60_2OS_1/3_1/3_a_m2_3km

	5
	number of occupied RBs

	2
	Modulation order

	30
	payload size

	16
	number of CRC bits

	60
	coded bits size

	2
	number of OFDM symbols occupied

	1/3
	RS overhead

	1/3
	Equivalent code rate

	a/b/c
	a: front loaded RS for 2 OSs/ b: evenly distributed RS for 2OSs / c: RS for 1 OS

	s/m2
	s: single-RB RS demodulation/ m(x): multiple-RB RS demodulation, x denotes the number of RBs

	3km
	UE speed


Annex B: Simulation assumptions
	Parameter
	Assumption

	Bandwidth
	20 MHz

	Channel model
	3 Km/h, TDL-C, AWGN

	Channel estimation
	Ideal MMSE

	Resource allocation
	Only first-OFDM symbol are reserved for CCE mapping

	
	Continuous subcarriers in frequency domain are reserved for a CCE

	 Control Channel Payload
	30-bit payload, 16-bit CRC(same as LTE)

	Coding scheme
	Polar Code [3] 
Punctured and ordering scheme according to [3]

	Modulation Scheme
	QPSK/BPSK/16QAM, Max-log-likehood algorithm

	Subcarrier spacing
	15kHz

	Symbol length
	Normal CP 160Ts + 2048 Ts, Ts =1/30.72us 

	Antenna Model
	1 Tx, 1 Rx

	Reference signals
	See below


Figure B.1 RS(1/3 overhead) - for Alt 1L, 2La, 3La, 4La, 4Lb, 4Lc
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Figure B.2 RS(1/6 overhead) - for Alt 2Lcs, 2Lcm
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	Figure B.3.1 RS(1/9 overhead) - for Alt 2Lbs
single RB channel estimation
	Figure B.3.2 RS(1/9 overhead) - for Alt 2Lbm
multi RB channel estimation
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