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1. Introduction
In [1], some initial evaluation results of NR-PDCCH transmission diversity schemes were provided. In RAN1#88 [2], the following guidelines were agreed for evaluation of transmission diversity schemes. In this contribution, the performance of NR-PDCCH Tx diversity schemes, precoder cycling and SFBC, is further evaluated based on the guidelines.

	Agreements:
· Evaluation assumption guidelines for down selection of TxD scheme for DL control channel:

· Aggregation levels: 1, 2, 4, 8 (Proponents can evaluate higher aggregation levels in addition, e.g., 16, 32)

· DCI size: 20 and 60 bits + 16 bit CRC

· CCE size: Proponents can choose within the agreed initial estimate of 4 to 8 REGs per CCE

· Practical channel estimation

· MMSE for reference, other schemes can be evaluated in addition 

· Proponents should state assumptions on 

· Number of RS used for interpolation in time and frequency
· PRB bundling assumption
· Antenna configurations and correlations corresponding to models at carrier frequencies of 4 GHz and 30 GHz (Prioritize 4 GHz)

· DMRS density 33% (other densities can be evaluated in addition)

· Number of OFDM symbols for transmission of PDCCH: 1 (companies may additionally evaluate for other values)

· Subcarrier spacing: 15 kHz (Other subcarriers spacing may be evaluated in addition)

· Channel model

· TDL-A, TDL-C
· Delay spread 30 ns, UE speed 3 km/h, (proponents can also evaluate 70 and 500 km/hr)

· Delay spread 300 ns, UE spread 3 km/h
· Delay spread 1000 ns, UE spread 3km/h


2. Simulation Assumptions
NR-CCE Size

Two different NR-CCE sizes are considered for performance evaluations.

· Case 1: NR-CCE is composed of 6 REGs, which gives a coding rate of about 0.79 with DCI size of 60 bits case (+ 16 bit CRC) and 1/3 DMRS density.

· Case 2: NR-CCE is composed of 8 REGs, which gives a coding rate of about 0.59 with DCI size of 60 bits case (+ 16 bit CRC) and 1/3 DMRS density.
DMRS

The same DMRS overhead is considered for both SFBC and precoder cycling. 
1) For SFBC, two DMRS ports (e.g., denoted by port 0 and port 1) are considered. 
2) For precoder cycling, only one DMRS port (e.g., port 1) is turned on. The transmission power of port 1 DMRS is 3dB higher compared to the SFBC case with both port 0 and port 1 turned on.
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Figure 1. DMRS assumptions
REG-CCE mapping 
The following REG-CCE mapping options are considered, as described in the figure and table below.
a) Distributed REG-CCE mapping
b) Distributed REG-CCE mapping with REG Bundling
c) Localized REG-CCE mapping
d) Localized REG-CCE mapping with REG Bundling
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Figure 2. REG-CCE Mapping assumptions
	
	SFBC
	Precoder Cycling

	Distributed REG-CCE Mapping
	The channel estimation for a RE is based on frequency domain interpolation of DMRSs in 1 REG.
	One precoder is defined for each REG. The precoder is transparent to the UEs. The channel estimation of a RE is based on frequency domain interpolation of DMRSs in 1 REG.

	Distributed REG-CCE Mapping with M-REG bundling 
	The channel estimation for a RE is based on frequency domain interpolation of DMRSs in the M bundled REGs.
	One precoder is defined for M bundled REGs. The precoder is transparent to the UEs. The channel estimation for a RE is based on frequency domain interpolation of DMRSs in M bundled REGs.

	Localized REG-CCE Mapping
	The channel estimation for a RE is based on frequency domain interpolation of DMRSs in 4 surrounding localized REGs.
	One precoder is defined for each REG. The precoder is transparent to the UEs. The channel estimation of a RE is based on frequency domain interpolation of DMRSs in 1 REG.

	Localized REG-CCE Mapping with M-REG bundling 
	
	One precoder is defined for M bundled REGs. The precoder is transparent to the UEs. The channel estimation for a RE is based on frequency domain interpolation of DMRSs in M bundled REGs.


3. Simulation Results

This section compares the performance of precoder cycling and SFBC in various scenarios. The related BLER curves are shown in the Appendix. 
Table 1 summarizes the performance of distributed transmission for NR-CCE size of 6 REGs and 8 REGs. It is observed that precoder cycling mostly outperforms SFBC, while SFBC only has better performance in several cases when a single CCE (high coding rate) is used. 
· For AL=1, SFBC is better than precoder cycling (high coding rate case) by 1.5dB (DCI size = 76bits, CCE=6REG, code rate = 0.79), but minor gain at 0.59 coding rate (DCI size = 76bits, CCE=8REG), and worse than precoder cycling at 0.375 coding rate (DCI size = 36bits, CCE=6REG)
· For AL=2, 4, 8, precoder cycling is better than SFBC by 0.5~1.7dB, where the higher gain is observed in high ALs. 
The main reason that SFBC is more beneficial at higher coding rates is because of the low diversity achieved via channel coding and precoder cycling provides limited gains. In addition, for high SINRs, SFBC BLER degradation due to channel estimation loss is low compared to precoder cycling with 3 dB DMRS boosting. For low SINRs, precoder cycling can benefit from improved channel estimation due to DMRS boosting and the low coding rate and hence achieve better performance than SFBC. Based on the presented simulation results, it can be expected that precoder cycling outperforms SFBC at coding rates lower than 1/2. It is noted that antenna diversity is expected to be primarily beneficial for low SINRs (low coding rates) and for the transmissions of UE-common DL control channels while localized transmission is expected to be primarily beneficial for high SINRs, where CSI feedback can be reliable, and for transmissions of UE-specific DL control channels .
Table 1: Distributed Transmission 
	 
	Required SNR @1% BLER (DCI Size=76 bits, CCE=6REG)

	
	TDL-C, DS 30ns
	TDL-C, DS 300ns
	TDL-C, DS 1000ns

	
	AL=1
	AL=2
	AL=4
	AL=8
	AL=1
	AL=2
	AL=4
	AL=8
	AL=1
	AL=2
	AL=4
	AL=8

	Distributed
	SFBC
	9.5
	4.5
	1.8
	-0.4
	9
	3.4
	0.6
	-1.6
	9.6
	3.6
	0.7
	-1.5

	
	PC
	11
	3.8
	0.8
	-1.6
	10.6
	2.8
	-0.3
	-2.8
	11
	3.2
	-0.2
	-2.6

	 
	Required SNR @1% BLER (DCI Size=76 bits, CCE=8REG)

	
	TDL-C, DS 30ns
	TDL-C, DS 300ns
	TDL-C, DS 1000ns

	
	AL=1
	AL=2
	AL=4
	AL=8
	AL=1
	AL=2
	AL=4
	AL=8
	AL=1
	AL=2
	AL=4
	AL=8

	Distributed
	SFBC
	6.7
	3.2
	0.8
	-1.4
	6
	2.2
	-0.4
	-2.5
	6.3
	2.3
	-0.3
	-2.5

	
	PC
	6.6
	2.3
	-0.4
	-2.5
	6.3
	1.4
	-1.5
	-3.8
	6.4
	1.5
	-1.4
	-3.8

	 
	Required SNR @1% BLER (DCI Size=36 bits, CCE=6REG)

	
	TDL-C, DS 30ns
	TDL-C, DS 300ns
	TDL-C, DS 1000ns

	
	AL=1
	AL=2
	AL=4
	AL=8
	AL=1
	AL=2
	AL=4
	AL=8
	AL=1
	AL=2
	AL=4
	AL=8

	Distributed
	SFBC
	4.2
	1.5
	-0.8
	-2.8
	3.2
	0.4
	-2
	-4
	3.4
	0.5
	-1.9
	-3.8

	
	PC
	3.6
	0.4
	-2.2
	-4.1
	3.1
	-0.5
	-3.1
	-5.4
	3.1
	-0.4
	-3.1
	-5.3


Table 2 summarizes the performance of distributed transmission with REG bundling for NR-CCE size of 6 REGs. With 2 or 3 REG bundling, the performance of SFBC becomes better since channel estimation accuracy can be improved by interpolation within 2 or 3 REGs. For high CCE aggregation level, e.g., AL=8, it is observed there is about 1~1.6dB gain compared to the case without REG bundling. For precoder cycling, channel estimation is improved but there is also some diversity loss. Due to this tradeoff, the performance is degraded in low CCE aggregation levels while significant gain is still observed at high CCE aggregation levels,  e.g., up to 1.6 dB for AL=8 CCEs.
Table 3 summarizes the performance of distributed transmission with REG bundling for NR-CCE size of 8 REGs. The observation for NR-CCE size of 6 REGs above still holds. With relatively lower coding rate and less diversity loss for NR-CCE size of 8 REGs, precoder cycling outperforms SFBC at aggregation levels 2, 4 and 8, and the performance gap at aggregation level 1 becomes smaller. 

Table 4 summarizes the performance of localized transmission. With more available REGs for DMRS interpolation to enhance channel estimation accuracy, the performance of SFBC is further improved compared to REG bundling case. However, by applying REG bundling, precoder cycling can still achieve better or equal performance as SFBC in high aggregation levels, e.g., AL=4 and AL=8. 
Table 2: Distributed Transmission with REG Bundling for NR-CCE of 6 REGs
	 
	Required SNR @1% BLER (DCI Size=76 bits, CCE=6REG)

	
	TDL-C, DS 30ns
	TDL-C, DS 300ns
	TDL-C, DS 1000ns

	
	AL=1
	AL=2
	AL=4
	AL=8
	AL=1
	AL=2
	AL=4
	AL=8
	AL=1
	AL=2
	AL=4
	AL=8

	Distributed 

(1-REG)
	SFBC
	9.5
	4.5
	1.8
	-0.4
	9
	3.4
	0.6
	-1.6
	9.6
	3.6
	0.7
	-1.5

	
	PC
	11
	3.8
	0.8
	-1.6
	10.6
	2.8
	-0.3
	-2.8
	11
	3.2
	-0.2
	-2.6

	Distributed
(2-REG Bundling)
	SFBC
	9
	3.6
	0.8
	-1.6
	8.6
	2.8
	-0.3
	-2.6
	9.2
	3.2
	0
	-2.5

	
	PC
	11.5
	3.4
	0
	-2.5
	11.5
	3
	-0.7
	-3.6
	11.2
	3.4
	-0.6
	-3.3

	Distributed
(3-REG Bundling)
	SFBC
	8.6
	3.2
	0.4
	-2
	8.9
	2.6
	-0.5
	-3
	9.5
	3
	-0.2
	-2.8

	
	PC
	12.3
	3.5
	-0.2
	-3
	12
	3
	-0.7
	-3.8
	11.4
	3.2
	-0.6
	-3.6


Table 3: Distributed Transmission with REG Bundling for NR-CCE of 8 REGs
	 
	Required SNR @1% BLER (DCI Size=76 bits, CCE=8REG)

	
	TDL-C, DS 30ns
	TDL-C, DS 300ns
	TDL-C, DS 1000ns

	
	AL=1
	AL=2
	AL=4
	AL=8
	AL=1
	AL=2
	AL=4
	AL=8
	AL=1
	AL=2
	AL=4
	AL=8

	Distributed 

(1-REG)
	SFBC
	6.7
	3.2
	0.8
	-1.4
	6
	2.2
	-0.4
	-2.5
	6.3
	2.3
	-0.3
	-2.5

	
	PC
	6.6
	2.3
	-0.4
	-2.5
	6.3
	1.4
	-1.5
	-3.8
	6.4
	1.5
	-1.4
	-3.8

	Distributed
(2-REG Bundling)
	SFBC
	6.1
	2.2
	-0.3
	-2.6
	5.5
	1.5
	-1.3
	-3.6
	6
	1.6
	-1
	-3.5

	
	PC
	6.6
	1.8
	-1.2
	-3.6
	6.5
	1.2
	-2
	-4.6
	6.5
	1.3
	-1.8
	-4.5


Table 4: Localized Transmission 
	 
	Required SNR @1% BLER (DCI Size=76 bits, CCE=6REG)

	
	TDL-C, DS 30ns
	TDL-C, DS 300ns
	TDL-C, DS 1000ns

	
	AL=1
	AL=2
	AL=4
	AL=8
	AL=1
	AL=2
	AL=4
	AL=8
	AL=1
	AL=2
	AL=4
	AL=8

	Localized
	SFBC
	8.8
	3.5
	0.2
	-2.5
	9
	3
	-0.6
	-3.5
	9
	2.9
	-0.5
	-3.1

	
	PC
	12
	4.5
	1.3
	-1.5
	11.3
	3.5
	0
	-2.8
	11
	3.2
	0
	-2.8

	
	PC 2-REG Bundling
	11.6
	3.9
	0.4
	-2.5
	11.5
	3.2
	-0.6
	-3.6
	11.2
	3.2
	-0.5
	-3.3

	
	PC 3-REG Bundling
	12.3
	4
	0.2
	-2.8
	12
	3.5
	-0.6
	-3.8
	11.3
	3.1
	-0.6
	-3.5


In summary, SFBC is in general beneficial in high SNR regions associated with a coding rate and a low CCE aggregation level, e.g., AL=1. Conversely, precoder cycling provides better performance in low SNR region with medium and high CCE aggregation levels and has the benefit of greater flexibility than SFBC to adapt to different conditions. Considering the robustness requirement and flexible operation of NR-PDCCH transmission together with the fact that transmit antenna diversity is primarily needed for UEs with low SINRs and for UE-common DL control channels, precoder cycling is preferable as the transmit diversity scheme.
It is noted that partly due to worse channel estimation than for PDCCH and partly due to the larger DCI size relative to LTE, an AL of 8 CCEs does not achieve 1% BLER at -6 dB SINR and an AL of 16 CCEs is expected to be needed to obtain a same coverage as in LTE unless fallback DCI formats with smaller DCI size are used for UEs with SINR around the 5% geometry CDF. The outperformance of precoder cycling relative to SFBC is expected to hold, and probably increase, for SINRs around -6 dB. Further, precoder cycling is expected to remain preferable when support for UEs requiring coverage enhancement is introduced in NR.   
Proposal: Support precoder cycling as the NR-PDCCH Tx diversity scheme.
4. Conclusions
In this contribution, the performance of different NR-PDCCH Tx diversity schemes is evaluated by a set of simulations. Based on the observations, the proposal is as follows:
Proposal: Support precoder cycling as the NR-PDCCH Tx diversity scheme.
5. References
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6. Appendix

Table 1 lists the assumptions used in the simulations.

Table 1: Simulation Assumptions
	Attributes 
	Values or Assumptions 

	Carrier Frequency 
	4GHz

	System Bandwidth
	20MHz

	DCI Payload Size 
	36 bits/76 bits (including 16 bits CRC)

	Modulation 
	QPSK

	Channel coding
	TBCC

	Sub-carrier spacing 
	15kHz

	Channel model 
	TDL-C (RMS DS 30ns/300ns/1000ns)

	BS antenna configuration 
	2Tx

	UE antenna configuration
	2Rx

	Transmission scheme
	Precoder Cycling or SFBC

	DMRS Density
	33% 

	Channel estimation 
	Frequency-domain interpolation (MMSE)


Simulation Results
· Distributed Transmission, DCI size = 76 bits, CCE = 6 REGs
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· Distributed Transmission, DCI size = 76 bits, CCE = 8 REGs
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· Distributed Transmission, DCI size = 36 bits, CCE = 6 REGs
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· Distributed Transmission with PRB Bundling (1, 2, 3), DCI size = 76 bits, CCE = 6 REGs
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· Distributed Transmission with 2 REG Bundling, DCI size = 76 bits, CCE = 8 REGs
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· Localized Transmission, DCI size = 76 bits, CCE = 6 REGs
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· Localized Transmission with REG Bundling for Precoder Cycling, DCI size = 76 bits, CCE = 6 REGs
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