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1. Introduction
In [1], some initial evaluation results of NR-PDCCH transmission diversity schemes were provided. In this contribution, the performance of NR-PDCCH candidate transmission diversity schemes for NR-PDCCH, e.g., SFBC or precoder cycling, are further evaluated.

2. Simulation Assumptions
Based on the agreements in RAN1 Adhoc, a PRB is the resource unit size for the NR control channel. The following configurations are considered for NR-CCE by adapting the DMRS density:

· NR-CCE Configuration#1: One NR-CCE consists of 4 PRBs, with 4 DMRS REs among 12 REs per PRB, i.e., there are 8 available REs in a PRB during one OFDM symbol for DCI transmission. 
· NR-CCE Configuration#2: One NR-CCE consists of 5 PRBs, with 6 DMRS REs among 12 REs per PRB, i.e., there are 6 available REs in a PRB during one OFDM symbol for DCI transmission. 
A final determination can be made once the exact DCI formats are known in order to determine a minimum code rate associated with 1 NR-CCE. The aggregation levels of 1, 2, 4, and 8 NR-CCEs are considered. 
For SFBC based transmission, two DMRS ports (e.g., denoted by port 0 and port 1) are considered. Both localized and distributed transmissions are considered. The channel estimation is per PRB based for distributed transmission and per 2-PRB based for localized transmission.
For precoder cycling based transmission, one precoder is defined for each PRB (i.e., PRB-level precoder cycling). For example, PRB#0 uses w0, and PRB#1 uses w1, etc. Only one DMRS port (e.g., port 0) is necessary for each PRB. The transmission power of port 0 DMRS is 3dB higher compared to the case when both port 0 and port 1 are turned on. The precoder is transparent to the UEs. Both localized and distributed transmissions are considered. The channel estimation is always per PRB based for both distributed and localized transmissions.

Table 1 lists the assumptions used in the simulations.

Table 1: Simulation Assumptions
	Attributes 
	Values or Assumptions 

	Carrier Frequency 
	2GHz

	System Bandwidth
	20MHz

	DCI Payload Size 
	50bits

	Modulation 
	QPSK

	Channel coding
	TBCC

	Sub-carrier spacing 
	15kHz

	Channel model 
	TDL-C (RMS DS 300ns/100ns/30ns)

	BS antenna configuration 
	2Tx

	UE antenna configuration
	2Rx

	Transmission scheme
	SFBC or Precoder Cycling

	Channel estimation 
	Perfect or MMSE with DMRS frequency-domain interpolation


3. Simulation Results

In Figures 1, the BLER performance of SFBC and precoder cycling is shown, for NR-CCE Configuration#1 with different aggregation levels. The channel model is TDL-C with RMS delay spread of 300ns, and perfect channel estimation is assumed. With single NR-CCE transmission (AL=1), the BLER performance is dominated by the high code rate, and SFBC achieves lower BLER than precoder cycling, where about 2dB gain is obtained at 1% BLER. In case of AL=2, the performance is accordingly improved, and the performance gap between SFBC and precoder cycling becomes shorter, about 0.5dB. For both SFBC and precoder cycling, about 1.5dB gain is obtained in the distributed transmission (compared to localized transmission) due to frequency diversity. As the AL increases to 4 and 8, the performance gap between SFBC and precoder cycling is further reduced, and the gain due to frequency diversity in distributed transmission becomes smaller.
In Figure 2 and Figure 3, the BLER performance of SFBC and precoder cycling is shown, respectively for the channel model TDL-C with RMS delay spread of 100ns and 30ns under perfect channel estimation. Similar performance trends are observed, where the performance gap between SFBC and precoder cycling decreases as the AL increases. In general, it is observed that the frequency diversity gain due to distributed transmission is larger in low delay spread cases.
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Figure 1: SFBC vs. Precoder Cycling (NR-CCE=4PRBs, 4 DMRS per PRB, CDL-C DS 300ns, Perfect CE)
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Figure 2: SFBC vs. Precoder Cycling (NR-CCE=4PRBs, 4 DMRS per PRB, CDL-C DS 100ns, Perfect CE)
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Figure 3: SFBC vs. Precoder Cycling (NR-CCE=4PRBs, 4 DMRS per PRB, CDL-C DS 30ns, Perfect CE)
In addition to verify the expected performance of transmission diversity schemes under perfect channel estimation, it is also important to check the performance with practical channel estimation. 
In Figure 4, the BLER performance of SFBC and precoder cycling is shown, for NR-CCE Configuration#1 with different aggregation levels. The channel model is TDL-C with RMS delay spread of 300ns, and practical channel estimation is assumed, MMSE with DMRS frequency-domain interpolation. Comparing with Figure 1, it is observed that the performance trend is slightly different in high ALs, e.g., 2, 4 and 8. For SFBC, in case of AL=2, the performance of localized transmission is better than distributed transmission at lower SNRs but worse at higher SNRs. This result occurs because there is difference in terms of channel estimation accuracy. In localized SFBC transmission, more number of DMRS can utilized for frequency interpolation to improve the channel estimation accuracy, which affects the performance more at lower SNRs. On the other hand, DMRS power boosting improves the channel estimation performance in precoder cycling case. It is observed that, distributed precoder cycling slightly performs better than distributed SFBC at 1% BLER. In case of AL=4, the performance gain due to frequency diversity becomes smaller and the performance of distributed SFBC is further degraded by worse channel estimation in lower operating SNR. When the aggregation level increases to 8 (AL=8), it is observed that the performance of distributed SFBC becomes worst; while the localized SFBC performs best due to relatively higher channel estimation accuracy. 
Due to the limited DMRS availability in NR-PDCCH transmission (per-RB level channel estimation), and lack of time-domain interpolation, the accuracy of channel estimation may be highly restricted, especially in the low SNR region, which affects the performance of NR-PDCCH transmission significantly. 
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Figure 4: SFBC vs. Precoder Cycling (NR-CCE=4PRBs, 4 DMRS per PRB, CDL-C DS 300ns, Practical CE)
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Figure 5: SFBC vs. Precoder Cycling (NR-CCE=5PRBs, 6 DMRS per PRB, CDL-C DS 300ns, Practical CE)

In Figure 5, the BLER performance of SFBC and precoder cycling is further compared for NR-CCE Configuration#2, i.e., with increased DMRS density. It is observed that there is very marginal change of performance gap between SFBC and precoder cycling by increasing DMRS density from 1/3 to ½. In practice, it is not acceptable to increase the DMRS density further.
In summary, from the simulation results, we can observe that:
· Ideally SFBC performs better than or similar as precoder cycling. However, the actual performance may depend on the code rate, channel environment, DMRS design, channel estimation scheme, etc.

· SFBC is more sensitive than precoder cycling to channel estimation errors in low SNR region and high frequency selective fading channels, where precoder cycling can have better performance than SFBC.
· The performance difference of SFBC and precoder cycling dies not change much by increasing DMRS density (assuming same DMRS density for both).

4. Conclusions
In this contribution, the performance of different PDCCH transmission diversity schemes is evaluated by a set of simulations. The observations are as follows:
· Ideally SFBC performs better than or similar as precoder cycling. However, the actual performance may depend on the code rate, channel environment, DMRS design, channel estimation scheme, etc.

· SFBC is more sensitive than precoder cycling to channel estimation errors in low SNR region and high frequency selective fading channels, where precoder cycling can have better performance than SFBC.

· The performance difference of SFBC and precoder cycling dies not change much by increasing DMRS density (assuming same DMRS density for both).
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