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1 Introduction
In RAN1 #88bis meeting, the following working assumption was made for NR-PDCCH transmit diversity scheme. The candidates of one-port transmit diversity scheme include precoder-cycling and small-delay CDD.
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 

For NR-PDCCH structure, the approved agreements are listed as follows. The details of REGs to CCEs and CCEs to PDCCH candidate mappings are still FFS.
Agreement:
NR-PDCCH can be mapped contiguously or non-contiguously in frequency with localized or distributed mapping of REGs to a CCE (in the physical domain)

· Note: The number of contiguous REGs in the CCE needs further discussion. 
· Note: Localized/distributed mapping can be achieved without/with interleaving.
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
In this paper, we provide our views on the following issues: 
1)   Down-selection of one-port transmit diversity scheme for NR-PDCCH;
2)   Design of the NR-PDCCH structure.
2 Transmission Scheme

According to the working assumption in RAN1 #88bis, one-port transmit diversity scheme is used for NR-PDCCH. In this section, we provide the evaluation results for precoder-cycling and small delay CDD (SCDD).
The SCDD can be defined by combining phase-shift diagonal matrix and unitary precoding matrix. For NR-PDCCH with rank-1, the combined precoder of 2TX case can be represented as


[image: image1.wmf]ú

û

ù

ê

ë

é

=

ú

û

ù

ê

ë

é

×

ú

û

ù

ê

ë

é

k

j

k

j

e

e

1

1

1

1

1

0

0

1

q

q

                (1)

Where k is the subcarrier index, and θ1 denotes to the phase angles according to the delay sample. The combined precoder in Eq.(1) makes channel more frequency selective.  

The DMRS design of NR-PDCCH plays an important role in the performance comparison of different transmission schemes. One issue is whether wideband RS is supported. With the assistance of wideband RS, the channel estimation (CE) performance of SCDD can be improved by using more RS pilots for interpolation. But for the precoder-cycling, the number of available RS pilots for interpolation is bounded by the REG bundling size. From the perspective of CE accuracy, the wideband RS helps to enhance the link performance. However, it also introduces additional inter-cell interference. Moreover, the wideband RS may restrict the flexibility of the design of control resource set (CORESET). For example, if the wideband RS is applied in one CORESET, then all NR-PDCCHs which exist in this CORESET cannot be transmitted with UE-specific precoders. In addition, the CORESET with wideband RS is hard to be overlapped in physical resource elements with other CORESETs which their reference signals are precoded by different precoders. Therefore, we assume the DMRS exists only when its associated NR-PDCCH is transmitted in following simulations.
Table 1 lists the simulation assumptions. Figures 1 and 2 show the evaluation results with ideal CE for RMS delay spread (DS) 30 ns and 1000 ns, respectively. In each subplot, the red, blue and green lines illustrate the performances for precoder-cycling, SCDD with artificial delay 800 ns and SCDD with artificial delay 130 ns, respectively. When the channel is relatively flat, e.g., RMS DS 30ns, SCDD with larger artificial delay leads to better performance. Compared with artificial delay 130 ns, SCDD with artificial delay 800 ns makes the channel more frequency selective and gets larger frequency diversity gain. But, when the channel is more frequency selective, e.g., RMS DS 1000ns, the benefit of introducing larger artificial delay disappears, and both SCDD schemes have the similar performances. From the evaluation results, it can deduce that the gain of SCDD decreases when the channel is frequency selective. In addition, when the CE is ideal, the precoder-cycling has the best performance in RMS DS 30 ns and similar performance with SCDD in RMS DS 1000ns.
Observation 1: With the ideal CE, SCDD with larger artificial delay leads to better link performance due to larger frequency diversity. But the gain decreases with the increase of the channel frequency selectivity.

Figures A.1.1 and A.1.2 show the evaluation results with real CE for RMS DS 30 ns and 1000ns, respectively. Compare the SCDD performances in different artificial delays, the results show that SCDD with large artificial delay has the worst link performance. The reason is that it is not easy to do CE well when the channel varies fast in frequency. And the precoder-cycling outperforms SCDD with different artificial delays, the gain is about 0.5~1.5 dB for channels with different RMS delay spreads.
Observation 2: With the real CE, SCDD with larger artificial delay leads to worse link performance due to bad CE accuracy.

Observation 3: In both ideal and real CE, the precoder-cycling scheme provides the best link performance in most of scenarios. When real CE is applied, the gain of the precoder-cycling over the SCDD with artificial delay 800 ns is about 0.5~1.5 dB for channels with different RMS delay spreads.

Based on the above discussion, we propose
Proposal 1: Precoder-cycling is used as the transmit diversity scheme for NR-PDCCH.
Table 1. Simulation assumptions
	Parameters
	Values

	Duplexing mode
	FDD

	Duration of simulation
	10000 subframes

	Channel bandwidth 
	10 MHz

	Carrier frequency
	4 GHz

	Subcarrier spacing
	15 kHz

	BS antenna configuration
	2 TX

	UE antenna configuration
	2 RX

	Channel type
	TDL-C

	RMS delay spread (DS)
	30 ns, 1000 ns

	UE speed
	3 km/hr

	Duration of control resource set 
	1 OFDM symbol

	DCI size
	20 bits

	CRC size
	16 bits

	Modulation order
	QPSK

	Number of REGs per CCE
	6

	CCE aggregation level
	1, 2, 4, 8

	REG bundling size 
	2

	REG-to-CCE mapping
	Frequency first and distributed mapping

	Signal generation flow
	LTE PDCCH-like

	Channel encoding
	TBCC

	Channel estimation
	MMSE based method, and only frequency direction interpolation is conducted

	DMRS density
	17 %

(RS configuration 1 in Figure 6)

	Amount of delay for SCDD
	130ns and 800ns
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Figure 1. Ideal CE performance for RMS DS 30 ns and 2 TX
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Figure 2. Ideal CE performance for RMS DS 1000 ns and 2 TX
3 NR-PDCCH structure
In this section, we consider the resource element mapping and RS design for NR-PDCCH.
3.1 Resource element (RE) mapping
The RE mapping consists of two steps: 1) REGs to CCEs mapping, and 2) CCEs to NR-PDCCH candidate mapping. An issue of REGs to CCEs mapping is whether the mapping is time first or frequency first. From the perspective of link performance, when CSI feedback is reliable, both time first and frequency first with localized REGs to CCEs mappings can be used to maximize the beamforming gain. When the CSI feedback is unavailable or unreliable, frequency first with distributed REGs to CCEs mapping can be used to maximize the frequency diversity gain. View from the angle of UE processing delay, frequency first mapping can help UE to decode NR-PDCCH as early as possible and therefore reduce the processing delay. For instance, if the REGs to CCEs mapping is frequency first and some of NR-PDCCH candidates are mapped to only the first OFDM symbol of CORESET, then UE can blindly decode NR-PDCCH candidates after receiving the first OFDM symbol. From both link performance and UE processing delay considerations, we propose
Proposal 2: At least for NR-PDCCH candidate with small aggregation levels, it is mapped to only one OFDM symbol.
For the NR-PDCCH candidate with large aggregation levels, above restriction may not be applicable. According to the working assumption in RAN1 #88bis, an NR-CCE was defined as 6 REGs. In this case, it is not possible to map a NR-PDCCH with aggregation level 8 to only one OFDM symbol if the system bandwidth is 5 MHz. Consequently, this NR-PDCCH candidate needs to be mapped to multiple OFDM symbols. Figure 3 illustrates the possible mappings when one NR-PDCCH candidate is located on more than one OFDM symbols. The working assumption in RAN1 #88bis also indicates that the UE may assume the same precoder is used for the REGs in a REG bundle. And the suggested REG bundling size is 2 or 3. Without loss of generality, we assume the duration of CORESET is 2 OFDM symbols. And by considering the REG bundling direction, e.g., in frequency or in time, and whether RS is located on the first OFDM symbol only, three cases are depicted as follows.

· Case #1: As shown in Figure 3(a). REGs are bundled in time direction, and therefore the REGs to CCEs mapping is time first. Only first symbol has RS pilots. Case #1 has the advantage of lower code rate. But it is expected that the CE performance is bad when the channel varies fast in time.
· Case #2: As shown in Figure 3(b). REGs are bundled in time direction, and therefore the REGs to CCEs mapping is time first. Each REG has its own RS pilots. In Case #2, the RS pilots in both time and frequency direction are few.
· Case #3: As shown in Figure 3(c). REGs are bundled in frequency direction, and therefore the REGs to CCEs mapping is frequency first. Each REG has its own RS pilots. In Case #3, the time direction interpolation of CE cannot be used. But there are more pilots for frequency direction interpolation. The frequency diversity gain is less in Case #3 because the bundled REGs in different OFDM symbols are forced to be aligned in frequency domain. But, in fact, the bundled REGs in different OFDM symbols can occupy different subbands to achieve better frequency diversity gain.
Figures 4 and 5 show the evaluation results for RMS DS 30 ns and 1000 ns, respectively. The UE speed is 3km/hr. The gain of Case #2 over Case #1 is about 0.5~0.8 dB in different channel RMS delay spreads. The loss for Case #1 may be bigger if the channel varies fast in time. And also based on the results, it can be observed that Case #3 can provide the best link performance especially when the channel is relatively flat in frequency. The gain for channel with RMS DS 30 ns is more than 1.5 dB. Therefore, we have
Proposal 3: NR-PDCCH supports frequency first REGs to CCEs mapping.

With this proposal, the REGs to CCEs mapping is unified for all aggregation levels. If the NR-PDCCH is required to be mapped to multiple OFDM symbols due to shortage of frequency resources, it can be achieved by CCEs to PDCCH candidate mapping. In our view, CCEs are mapped to a NR-PDCCH candidate by the CCE indices. There is no need to consider time first or frequency first for this mapping. Thus, we propose
Proposal 4: CCEs are mapped to a PDCCH candidate by CCE indices. There is no need to consider time first or frequency first for the CCEs to a PDCCH candidate mapping.
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Figure 3. PDCCH candidate is mapped to multiple OFDM symbols
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Figure 4. Real CE performance for RMS DS 30 ns and UE speed 3 km/hr
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Figure 5. Real CE performance for RMS DS 1000 ns and UE speed 3 km/hr
3.2 RS design of NR-PDCCH

In this section, we consider the RS design for NR-PDCCH. In 3GPP RAN1 NR AH meeting, it was agreed that 
· A UE assumes fixed number of RS REs per REG for control channel rate matching when the REG contains RS REs

· FFS;  if the fixed number is configurable

In addition to the control channel rate matching, the RS for control channel should be designed such that

· Each REG has the same code rate for a given aggregation level (to have balanced performance for each CCE). 

· Unified solution for both sub-6GHz and mmWave.

Figure 2 shows the proposed RS designs for satisfying above requirements. Three RS configurations are proposed.

· Configuration 0 (channel estimation (CE) quality enhancement)

In this configuration, CDM with orthogonal cover code {1, 1} is used for RS port 0. RS port 0 is transmitted using four RS REs in an REG, and there is no RS port 1 transmitted in these four REs. Since CDM is used, the noise power is halved, and thus the CE performance is improved. This configuration is used for broadcast/multicast PDCCH because this kind of NR-PDCCH already has lower code rate, and power boosting is more efficient to enhance the performance.
· Configuration 1 (lower code rate)

In this configuration, two REs are used by RS port 0, and the remaining REs are used for NR-PDCCH or NR-PDSCH. In this case, the code rate is lower than the other two configurations. This configuration can be used for NR-PDCCHs with lower aggregation levels.

· Configuration 2 (Multiplexing two NR-PDCCHs in an REG)

In this case, two NR-PDCCHs corresponding to RS port 0 and port 1 can be multiplexed in an REG by CDM with orthogonal cover codes {1, ±1}. The antenna port can be signalled implicitly in a similar way as EPDCCH. 
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Figure 6. RS design for NR-PDCCH
We propose
Proposal 5: The RS pattern for a NR-PDCCH is configurable.
· The basic unit for RS configuration is an REG.

· Three configurations are considered
· Configuration 0 for CE enhancement

· Configuration 1 for lower code rate

· Configuration 2  for NR-PDCCH multiplexing in an REG
· All REGs which constitute a NR-PDCCH have the same RS configuration. 
· The configuration can be semi-statistically signalled by gNB through higher layer signalling.
4 Conclusions

In this paper, we discuss the issues in transmit diversity scheme and structure of NR-PDCCH. Based on the provided simulation results, we have following observations for transmit diversity scheme.
Observation 1: With the ideal CE, SCDD with larger artificial delay leads to better link performance due to larger frequency diversity. But the gain decreases with the increase of the channel frequency selectivity.

Observation 2: With the real CE, SCDD with larger artificial delay leads to worse link performance due to bad CE accuracy.

Observation 3: In both ideal and real CE, the precoder-cycling scheme provides the best link performance in most of scenarios. When real CE is applied, the gain of the precoder-cycling over the SCDD with artificial delay 800 ns is about 0.5~1.5 dB for channels with different RMS delay spreads.

And we propose

Proposal 1: Precoder-cycling is used as the transmit diversity scheme for NR-PDCCH.
For the PDCCH structure, we also have following proposals based on the simulation results and discussions.
Proposal 2: At least for NR-PDCCH candidate with small aggregation levels, it is mapped to only one OFDM symbol.
Proposal 3: NR-PDCCH supports frequency first REGs to CCEs mapping.
Proposal 4: CCEs are mapped to a PDCCH candidate by CCE indices. There is no need to consider time first or frequency first for the CCEs to a PDCCH candidate mapping.
Proposal 5: The RS pattern for a NR-PDCCH is configurable.

· The basic unit for RS configuration is an REG.

· Three configurations are considered

· Configuration 0 for CE enhancement

· Configuration 1 for lower code rate

· Configuration 2  for NR-PDCCH multiplexing in an REG

· All REGs which constitute a NR-PDCCH have the same RS configuration. 

· The configuration can be semi-statistically signalled by gNB through higher layer signalling.
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Appendix
A.1 More Evaluation Results of Transmit Diversity Scheme
In this section, more results for transmit diversity scheme performance evaluation are provided. Table 1 lists the simulation assumptions. Figures A.1.1 and A.1.2 illustrate the evaluation results with real CE for RMS DS 30 ns and 1000ns, respectively. In each subplot, the red, blue and green lines illustrate the performances for precoder-cycling, SCDD with artificial delay 800 ns and SCDD with artificial delay 130 ns, respectively
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 Figure A.1.1 Real CE performance for RMS DS 30 ns and 2TX
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Figure A.1.2 Real CE performance for RMS DS 1000 ns and 2TX
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