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1 Introduction
In the last RAN1 NR AH meeting, it was agreed to support transmit diversity scheme for the DL control channel. But which scheme to be used is FFS. In [1], we discussed the pros and cons for space-frequency block code (SFBC) and precoder-cycling in different aspects, e.g., delay spread, reference signal (RS) overhead and resource allocation flexibility. In this work, we further provide more evaluation results by taking RS design and channel estimation (CE) accuracy into account.

2 Discussion
In this paper, we consider the impact of CE accuracy on the performance of the SFBC and precoder cycling schemes.  In terms of CE, there is one distinction between the two transmission schemes. For precoder cycling, there is a trade-off between the accuracy of CE and the beamforming diversity gain. When REG-bundling is used, i.e., N (N ≥ 1) bundled REGs have the same precoder and occupy continuous RBs, the CE performance can be improved by having more RS to smooth the CE results. However, the beamforming diversity is less exploited with REG-bundling. This is not the case for SFBC since the associated RS are not precoded. The receiver can always use a number of RS pilots to improve the CE performance.
2.1 Simulation Assumptions

According to the agreement in the last RAN1 meeting, an REG is one RB during one OFDM symbol, but the number of REGs within a CCE is FFS. In the following evaluations, we assume a CCE has four REGs, and each REG includes RS REs. Figures 1(a)-1(c) present the RS patterns for different transmission schemes used in simulations. Figure 1(a) shows the RS pattern for the SFBC scheme, the RS pattern is LTE CRS-like. Figures 1(b) and 1(c) are the RS patterns for the precoder-cycling scheme having two and three RS pilots in an REG, respectively. In Figures 1(a)-1(c), the numbers of available REs for DL control channel transmission are 32 (= (12-4) RE/REG * 4 REG), 40 (= (12-2)*4) and 36 (= (12-3)*4) REs, respectively. 

Considering different factors, e.g., transmission scheme, RS pattern, and REG-bundling in the precoder-cycling scheme, we evaluate the link-level performances for the following cases:

· Case #1 (denoted as “SFBC”): This is the SFBC scheme, and the RS pattern is shown in Figure 1(a). RS pilots within 4 REGs are used for interpolation in CE.

· Case #2 (denotes as “BF, 2RS, 1REG”): It is the precoder-cycling scheme, and the RS pattern is in Figure 1(b). There is no REG-bundling, and the precoder is changed per REG.

· Case #3 (denoted as “BF, 2RS, 2REG”): The transmission scheme is precoder-cycling, and the RS pattern is shown in Figure 1(b). REG-bundling is used, where every two REGs have the same precoder. Compared with Case #2, the beamforming diversity is worse, but the CE performance can be improved.

· Case #4 (denoted as “BF, 3RS, 1REG”): This is the precoder-cycling based transmission. The RS pattern is illustrated in Figure 1(c). REG-bundling is not used in this case. Compared with Case #2, the code rate for a CCE is higher due to a larger RS overhead, but the CE quality can be further enhanced.

· Case #5 (denoted as “BF, 3RS, 2REG”): It uses the precoder-cycling scheme, and the RS pattern is displayed in Figure 1(c). REG-bundling is considered, and every two REGs have the same precoder.

The differences of Case #1 to Case #5 are summarized in Table 1. Other simulation assumptions are listed in Table 2.
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Figure 1. Three RS patterns considered in simulations
Table 1. Summary of 5 cases in simulations
	
	Transmission scheme
	# of RS REs per REG
	# of REs for control signal transmission per CCE
	# of REG-bundling

	Case #1
	SFBC
	4
	32
	Not applicable

	Case #2
	Precoder-cycling
	2
	40
	1

	Case #3
	Precoder-cycling
	2
	40
	2

	Case #4
	Percoder-cycling
	3
	36
	1

	Case #5
	Precoder-cycling
	3
	36
	2


Table 2. Simulation assumptions
	Parameters
	Values

	Duplexing mode
	FDD

	Duration of simulation
	10000 subframes

	Channel bandwidth 
	10 MHz

	Subcarrier spacing
	15 kHz

	BS antenna configuration
	2 TX

	UE antenna configuration
	2 RX

	Channel type
	TDL-C

	RMS delay spread (DS)
	30 ns, 100 ns, and 300 ns

	Duration of control resource set 
	1 OFDM symbol

	Payload size
	32 bits (including CRC bits)

	Modulation order
	QPSK

	CCE aggregation level
	1, 2, 4, 8

	# of antenna port (AP)
	2 APs for SFBC, 1 AP for precoder-cycling

	Signal generation flow
	LTE PDCCH-like

	Channel encoding
	TBCC


2.2 Simulation Results
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Figure 2. Performance for RMS DS 100 ns with ideal channel estimation
Figure 2 shows the evaluation results for ideal CE when the RMS delay spread (DS) is 100 ns. The five cases listed in Table 1 are simulated. The figure has four subplots for aggregation levels 1, 2, 4 and 8. Based on the results, it can be observed that SFBC has the worst performance because of the highest code rate, and Case #2 (precoder-cycling with 2 RS pilots per REG) has the best link performance. The gain for Case #2 over Case #1 (SFBC) is around 1 dB. Except for the beamforming diversity, the gain is mainly from the benefit of less RS overhead. 

The performance under ideal CE with the RMS DS equal to 30 ns and 300 ns are provided in Figures A.1 and A.2 (in Appendix), respectively. Similar observations can be drawn from there. 
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Figure 3. Performance for RMS DS 100 ns with real channel estimation
Figure 3 illustrates the performance when real CE is used, and the channel RMS DS is 100 ns. Discussion is itemized below. 
· Performance of Case #2 degrades significantly due to the CE error. Compared with Case #2, the gain for Case #4 (precoder-cycling with 3 RS pilots per REG) at BLER=1% is about 0.5~2 dB from high SNR to low SNR by introducing one more RS pilot in an REG. Under ideal CE, Case #4 has a higher code rate, leading to a worse BLER performance. When real CE is applied, the CE accuracy dominates the BLER performance, and Case #4 outperforms Case #2. The gain is especially significant at aggregation level 8 because the operating SNR is low and the CE error is large. 
· REG-bundling provides a huge gain because more RS pilots can be used for CE interpolation. Compared with Case #2, the improvement is around 1.5~3 dB for Case #3 (precoder-cycling with 2 RS pilots per REG, and REG-bundling is applied). Compared with Case #4, the gain for Case #5 (precoder-cycling with 3 RS pilots per REG, and REG-bundling is used) is approximately 1 dB. Case #3 and Case #5 have comparable BLER performance when the impact of RS overhead and CE accuracy are jointly taken into account. 
· Different from the simulation results with ideal CE, SFBC (Case #1) has the best performance when real CE is used. Although SFBC scheme has the highest code rate, it can use the largest number of RS pilots to help enhance the CE quality. 
· For SFBC and precoder cycling, the performance at ideal CE and real CE has a distinction of around 1~3.5 dB. In the simulations, only frequency-direction interpolation is employed in CE since RS pilots occupy only one OFDM symbol. This restricts the CE performance due to lack of time-direction interpolation. 
The performance with real CE with the RMS DS equal to 30 ns and 300 ns are provided in Figures A.3 and A.4, respectively. Similar observations can be drawn from there. Summing up the results in Figures 3, A.3, and A.4, we collect the gains of Case #1 (SFBC scheme) over Cases #2-5 (precoder-cycling scheme) at BLER 1% in Table 3. 
Table 3. Summary of the gain (in dB) of SFBC (Case#1) over precoder-cycling (Case#3-5) in the required SNR to achieve BLER 1% with real channel estimation
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According to the simulation results, our observations are as follows.
Observation #1: For precoder cycling, either more than two pilots corresponding to an antenna port or REG-bundling should be considered to improve channel estimation quality.
Observation #2: At 2TX, SFBC performs slightly better than precoder cycling especially in larger aggregation level scenarios since, at low SNR, the detrimental effect of inaccurate CE on precoder cycling is more serious than that on SFBC.
Observation #3: For both SFBC and precoder cycling, the BLER performances degrade significantly due to channel estimation error. The time-direction interpolation in channel estimation may be required to improve the channel estimation performance.
The numbers in Cases #3 and #5 of Table 3 indicate the performance of SFBC and precoder cycling is quite close. It is suggested the transmission scheme of NR-PDCCH should be further evaluated with more factors considered, e.g., 4 TX BS antenna configuration with SFBC and precoder cycling using 2 and 1 APs, respectively. It is expected the latter enjoys a larger beamforming gain, while antenna virtualization is utilized for the former. 
Moreover, besides purely from a performance perspective, determination of the transmission scheme may be based on other design viewpoints. For example, as identified in a companion paper [2], the largest coded bit length of NR-PDCCH (i.e., the size of coded bits of the highest aggregation level) should be re-evaluated instead of just reusing the number of the LTE (since the channel coding scheme is changed). Given that the number of REs available for DCI transmission is different for SFBC and precoder cycling, the two transmission schemes have different coded bit lengths in a control resource set. 
Proposal: Transmission scheme of NR-PDCCH should be further evaluated with more factors considered, e.g., 4TX BS antenna configuration, the largest coded bit length of NR-PDCCH, etc.
3 Conclusion

In this paper, we compared the performance of SFBC and precoder-cycling transmission schemes for NR-PDCCH. For precoder cycling, different RS patterns and REG bundling granularity were taken into account, yielding four cases of the settings. Simulation results indicated the performance of SFBC and precoder cycling is quite close. It was proposed the transmission scheme of NR-PDCCH should be further evaluated with more factors considered. Two examples were identified. In 4-TX BS antenna configuration with SFBC and precoder cycling using 2 and 1 APs, respectively, the latter enjoys a larger beamforming gain, while antenna virtualization is utilized for the former. Moreover, the two transmission schemes have different coded bit lengths in a control resource set. Therefore, determination of the transmission scheme and the largest coded bit length (i.e., the size of the coded bits of the highest aggregation level) of NR-PDCCH are bundled.  
We have the following observations and proposal.
Observation #1: For precoder cycling, either more than two pilots corresponding to an antenna port or REG-bundling should be considered to improve channel estimation quality.
Observation #2: At 2TX, SFBC performs slightly better than precoder cycling especially in larger aggregation level scenarios since, at low SNR, the detrimental effect of inaccurate CE on precoder cycling is more serious than that on SFBC.
Observation #3: For both SFBC and precoder cycling, the BLER performances degrade significantly due to channel estimation error. The time-direction interpolation in channel estimation may be required to improve the channel estimation performance.
Proposal: Transmission scheme of NR-PDCCH should be further evaluated with more factors considered, e.g., 4TX BS antenna configuration, the largest coded bit length of NR-PDCCH, etc.
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Appendix
· Ideal channel estimate
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Figure A.1. Performance for RMS DS 30 ns with ideal channel estimation
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Figure A.2. Performance for RMS DS 300 ns with ideal channel estimation

· Real channel estimate
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Figure A.3. Performance for RMS DS 30 ns with real channel estimation
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Figure A.4. Performance for RMS DS 300 ns with real channel estimation
