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Introduction
The agreements on transmission schemes for DL control channel in RAN1 #88bis is as follows [1]:
	Working assumption:
· One-port transmit diversity scheme with REG bundling per CCE is used for NR-PDCCH
· FFS the bundling size
· FFS: REG bundling is also for localized mapping in time and/or frequency-domain
· Companies are encouraged to provide evaluation results for 10 MHz and 20 MHz for larger aggregation levels and 5 MHz and 10 MHz for smaller aggregation levels
Agreements:
· A CCE may be mapped to REGs with interleaved or non-interleaved REG indices within a CORESET
· Definition of a REG bundle: The UE may assume that the same precoder is used for the REGs in a REG bundle and that the REGs in a REG bundle are contiguous in frequency and/or time 
· REG bundling per CCE is supported for NR-PDCCH
· FFS: Whether this applies to common search space
· FFS: Whether all REGs have DMRS or not
· FFS: Whether wideband precoding is supported and the definition of a REG bundle if it is supported
· FFS: whether REG bundle size is different for mapping of NR-PDCCH with or without interleaved mapping of CCE to REGs 
· FFS on REG bundle size
· FFS whether REG bundle size is configurable



The remaining issues include details of REG bundling (definition, size, configuration, etc.) and whether wideband DMRS is supported or not. In this contribution, we provide link-level evaluation results for NR-PDCCH with 1-port TxD schemes and compare the performances of wideband RS and narrowband RS to see whether there is a need to support the wideband RS for distributed NR-PDCCH transmission. In addition, the performances of two 1-port TxD schemes, i.e., precoder cycling and small delay CDD (SCDD) are compared under wideband and narrowband RS, from which some additional observations are derived.

Discussion
The main advantage of wideband precoding for NR-PDCCH is that larger REG bundling size can be applied in the frequency domain regardless of the PDCCH mapping structure, from which improved channel estimation performance can be obtained. If the distributed CCE-REG mapping is combined with the wideband precoding, each PDCCH can achieve the frequency diversity gain and high channel estimation accuracy at the same time. This is exactly the same as LTE PDCCH where the REGs are interleaved in time and frequency and CRS is transmitted over the whole bandwidth. In return for the benefit, the use of the wideband RS may consume additional power resources and may increase the inter-cell interference by a certain amount, however, this can be an issue only in very limited situations (e.g., low control traffic load).
In this section, the PDCCH performances with wideband precoding and narrowband precoding are compared based on link-level evaluation results. The simulation parameters are given in Appendix A and as the TxD schemes 1-port precoder cycling and 1-port SCDD are taken into account. Fig. 1 illustrates the PDCCH mappings applied in the simulation for CCE aggregation levels 1, 2, 4, and 8 and one symbol CORESET. In both cases of wideband RS (Fig. 1(a)) and narrowband RS (Fig. 1(b)), the REGs constituting a PDCCH are evenly distributed over the CORESET bandwidth, i.e., 96 PRBs.
Different frequency domain REG bundling is applied to wideband RS and narrowband RS. When there is wideband RS, REG bundling of relatively larger size is applied over the CORESET bandwidth regardless of the PDCCH mapping structure which we call as ‘wideband REG bundling’. On the other hand, if there is only narrowband RS, REG bundling of relatively small size is applied within each PDCCH and within each REG group which we call as ‘narrowband REG bundling’. In the simulation, 16 REGs and 2 REGs are bundled for wideband precoding and narrowband precoding, respectively.



(a) Wideband RS, REGs are evenly distributed over CORESET bandwidth


(b) Narrowband RS, REGs are evenly distributed over CORESET bandwidth
Fig. 1. Simulation assumption on REG mapping and REG bundling within a CORESET

Wideband RS vs. narrowband RS with precoder cycling
In this section, 1-port precoder cycling scheme is evaluated, where 4 different precoders (P1=1/sqrt(2)*[1;1], P2=1/sqrt(2)*[1;-1], P3=1/sqrt(2)*[1;j], P4=1/sqrt(2)*[1;-j]) are regularly cycled through different REG bundles as described in Fig. 1.
Figs. 2-4 show the BLER performance comparison between the wideband RS and the narrowband RS in TDL-C 30ns, 300ns, and 1000ns, respectively. From the results, it is observed that wideband precoding with REG bundling size of 16 provides up to 2dB gains over narrowband precoding with REG bundling size of 2. Since the two cases have similar PDCCH mappings over the frequency domain as in Fig. 1, the most part of the gain is expected to come from the improved channel estimation performance. The gain becomes larger as the channel delay spread gets smaller. Moreover, for 30ns and 300ns, wideband precoding with CCE aggregation level of 8 achieves the coverage requirement of 1% BLER at SNR -6dB without relying on any complicated scheduling and receiver algorithms.
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Fig. 2. BLER of distributed PDCCH with 1-port precoder cycling in TDL-C 30ns
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Fig. 3. BLER of distributed PDCCH with 1-port precoder cycling in TDL-C 300ns

[image: ]
Fig. 4. BLER of distributed PDCCH with 1-port precoder cycling in TDL-C 1000ns

Wideband RS vs. narrowband RS with SCDD
In this section, 1-port SCDD scheme is evaluated. The delay parameter of the SCDD was optimized per channel delay spread by simulation search. The optimized values used in the simulation are 200ns, 400ns, and 800ns for the delay scaling of 30ns, 300ns, and 1000ns, respectively. The performance of SCDD over various delay parameters is given in Appendix B. Since the SCDD allows unlimited REG bundling size in principle, full REG bundling case, i.e., REG bundling size of 96, was evaluated in addition to the 16 REGs bundling case.
In Figs. 5-7, the similar trends to those found in Section 2.1 are observed, i.e., up to 2dB gains by the wideband precoding are retained and 1% BLER performance at SNR -6dB is fulfilled. Comparing the curves of full REG bundling and 16 REGs bundling in the wideband RS case, it is shown that the additional performance gain from the full REG bundling is negligible, i.e., within 0.3dB in most cases. This is due to the fact that the Wiener filter performance depends not only on the number of observations but also on the correlation among unknown parameters. Therefore, we argue that considering the channel estimation complexity, up to 16 REGs are sufficient as the size of the wideband REG bundling in the case of SCDD as well.
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Fig. 5. BLER of distributed PDCCH with 1-port SCDD in TDL-C 30ns
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Fig. 6. BLER of distributed PDCCH with 1-port SCDD in TDL-C 300ns
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Fig. 7. BLER of distributed PDCCH with 1-port SCDD in TDL-C 1000ns

To summarize the discussions in Section 2.1 and 2.2, we have the following observations:
Observation 1: For both 1-port precoder cycling and SCDD, wideband precoding with larger REG bundling size provides up to 2dB gains.
Observation 2: For both 1-port precoder cycling and SCDD, wideband precoding with AL=8 achieves BLER 10-2 at SNR=-6dB when the channel delay scaling is 30ns and 300ns.
Observation 3: Up to 16 REGs are sufficient as the size of wideband REG bundling in frequency.

Based on the observations, the followings are proposed:
Proposal 1: Wideband DMRS can be configured for NR-PDCCH.
· Wideband DMRS is mapped over all REGs in the first CORESET symbol.
· FFS: other than first symbol.
Proposal 2: Both common and UE-specific search space can use the wideband DMRS.
Proposal 3: The followings are supported.
· If wideband DMRS is configured, frequency domain REG bundling is applied within CORESET bandwidth (i.e., wideband REG bundling).
· If wideband DMRS is not configured, frequency domain REG bundling is applied within each PDCCH and within each REG group (i.e., narrowband REG bundling).
Proposal 4: At least in the case of wideband DMRS, frequency domain REG bundling size is configurable.
· E.g., REG bundling size is 16 for CORESET bandwidth of 96 PRBs, and 8 for CORESET bandwidth of 48 PRBs.
Proposal 5: Wideband precoder cycling should be taken into account in the REG interleaver design.

Precoder cycling vs. SCDD
In this section, we compare the performance between the precoder cycling and the SCDD under the same simulation setup as in the previous sections. Fig. 8 and Fig. 9 correspond to the results with the wideband RS and the narrowband RS, respectively. In both figures, it is observed that there is no performance difference between the two schemes. Although the results are under the assumption of ideal timing and frequency offset estimation, the trend in practice is expected to be similar. One thing that should be noted is that for 1-port SCDD, the delay parameter should be optimized for each channel environment to achieve the best performance (refer to Appendix B). However, for 1-port precoder cycling, a given set of precoders (P1~P4 in our evaluation) well applies to various channel environments, which is likely to be more favorable to the implementation.
Observation 4: For both wideband RS and narrowband RS, the performances of 1-port precoder cycling with 4 orthogonal precoders and 1-port SCDD with optimized delay parameter are almost the same.
Observation 5: For 1-port SCDD, different channel delay spread gives different optimized delay value.
Observation 6: For 1-port precoder cycling, a given set of precoders well applies to various channel environments.
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Fig. 8. 1-port precoder cycling vs. 1-port SCDD with wideband RS in TDL-C 30/300/1000ns

[image: ]
Fig. 9. 1-port precoder cycling vs. 1-port SCDD with narrowband RS in TDL-C 30/300/1000ns


Conclusion
In this contribution, we provide link-level evaluation results of distributed NR-PDCCH with 1-port TxD schemes and analyze the results under different RS conditions and different TxD schemes. Based on the analyses, we have the following observations:
Observation 1: For both 1-port precoder cycling and SCDD, wideband precoding with larger REG bundling size provides up to 2dB gains.
Observation 2: For both 1-port precoder cycling and SCDD, wideband precoding with AL=8 achieves BLER 10-2 at SNR=-6dB when the channel delay scaling is 30ns and 300ns.
Observation 3: Up to 16 REGs are sufficient as the size of wideband REG bundling in frequency.
Observation 4: For both wideband RS and narrowband RS, the performances of 1-port precoder cycling with 4 orthogonal precoders and 1-port SCDD with optimized delay parameter are almost the same.
Observation 5: For 1-port SCDD, different channel delay spread gives different optimized delay value.
Observation 6: For 1-port precoder cycling, a given set of precoders well applies to various channel environments.

Also we have the following proposals:
Proposal 1: Wideband DMRS can be configured for NR-PDCCH.
· Wideband DMRS is mapped over all REGs in the first CORESET symbol.
· FFS: other than first symbol.
Proposal 2: Both common and UE-specific search space can use the wideband DMRS.
Proposal 3: The following is supported.
· If wideband DMRS is configured, frequency domain REG bundling is applied within CORESET bandwidth (i.e., wideband REG bundling).
· If wideband DMRS is not configured, frequency domain REG bundling is applied within each PDCCH (i.e., narrowband REG bundling).
Proposal 4: At least in the case of wideband DMRS, frequency domain REG bundling size is configurable.
· E.g., REG bundling size is 16 for CORESET bandwidth of 96 PRBs, and 8 for CORESET bandwidth of 48 PRBs.
Proposal 5: Wideband precoder cycling should be taken into account in the REG interleaver design.
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Appendix A: Link-level evaluation assumptions

Table 1. Link-level simulation parameters
	Parameter
	Value

	Carrier frequency
	4 GHz

	Subcarrier spacing
	15 kHz

	System bandwidth
	20 MHz

	Channel
	TDL-C, 30/300/1000 ns

	Antenna configuration
	2x2

	UE mobility
	3 km/h

	CORESET size
	96 PRBs (=17.24 MHz) and 1 OFDM symbol

	CCE size
	6 REGs

	DCI payload size
	20 bits (+ 16 bits CRC)

	Channel coding
	TBCC

	Channel estimation
	MMSE estimation + linear interpolation

	DMRS overhead
	2 REs per REG




Appendix B: Performance of SCDD over various delay parameter values
[bookmark: _GoBack]In Figs. 10-12, the BLER performance of distributed PDCCH with 1-port SCDD over various delay parameter values, i.e., 200ns, 400ns, 800ns, and 1600ns, is provided in TDL-C 30ns, 300ns, and 1000ns, respectively.
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             (a) wideband precoding                           (b) narrowband precoding
Fig. 10. BLER of distributed PDCCH with 1-port SCDD in TDL-C 30ns
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(a) wideband precoding                           (b) narrowband precoding
Fig. 11. BLER of distributed PDCCH with 1-port SCDD in TDL-C 300ns
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(a) wideband precoding                           (b) narrowband precoding
Fig. 12. BLER of distributed PDCCH with 1-port SCDD in TDL-C 1000ns
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