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1. Introduction
At the 3GPP RAN1 NR AH meeting in January 2017, the following agreements regarding NR-PDCCH resource allocation were made. For eMBB, multiple DCIs cannot be transmitted in the same PRB except for MU-MIMO. An NR-CCE is composed of integer multiples of NR-REGs, and an NR-REG is one RB during one OFDM symbol.
Agreements:
· NR supports at least following functionalities
· At least for eMBB, in one OFDM symbol, multiple CCEs cannot be transmitted on the same PRB except for spatial multiplexing to different UEs (MU-MIMO)
· A PDCCH candidate consists of a set of CCEs. A CCE consists of a set of REGs. A REG is one RB during one OFDM symbol.
· For one UE, the channel estimate obtained for one RE should be reusable across multiple blind decodings involving that RE in at least the same control resource set and type of search space (common or UE-specific).
· At least for DL data scheduled for a slot, the DL data DMRS location in time is not dynamically varying relative to the start of slot
Agreements:
· Each candidate of NR DL Control channel search space is composed by K NR-CCE(s)

· A NR-CCE is defined in fixed number of REGs

· FFS: Different REGs can be in the same or different symbols depending on REG to NR-CCE mapping

· FFS: NR-CCE includes the REs assumed for UE-specific DMRS to demodulate that NR-CCE

· FFS: REG to NR-CCE mapping within a control resource set is frequency first, time first or gNB configurable
· FFS: Down selection of REG to NR-CCE mapping
· E.g. K can be 1, 2, 4, or 8, etc

In the same meeting, the following agreements regarding the transmission scheme and RS of NR-PDCCH were made. The number of RS REs in an NR-REG is fixed if the NR-REG contains RS REs.
Agreements:
· Transmit diversity scheme for DL control channel is supported.

· FFS; SFBC or precoder-cycling, etc

· Other schemes are not precluded

· FFS number of antenna ports (1 or 2)

· 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 this paper, we provide our views on the resource allocation and RS design for NR-PDCCH.


2. The largest coded bit length of NR-PDCCH 

In LTE, there are four PDCCH formats. They correspond to aggregation levels 1, 2, 4, and 8, where aggregation level 8 has the largest coded bit length equal to 576 bits; specifically, 

576 bits = 8 CCE * 9 REG/CCE * 4 RE/REG * 2 bits/RE

This length is determined based on the received signal quality of geographically outer-most users as well as the performance of BLER vs. SNR of the physical channel. As the channel coding scheme for NR-PDCCH is changed to the Polar code, the physical channel performance of NR and LTE is expected to be different. Therefore, the largest coded bit length in NR needs to be evaluated instead of just reusing the number of the LTE.  
Proposal 1: The largest coded bit length of NR-PDCCH needs to be evaluated instead of just reusing the number of the LTE. 
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Figure 1. Performance of the Polar code and TBCC.
In Figure 1, the performance of the Polar code and TBCC is compared over various DCI payload sizes and coded bit lengths. The legends of curves are in the format of: DCI payload size – coded bit length – type of channel encoder – length of CRC. In the legends, “CA_SCL” stands for CRC-aided successive cancellation list. It is an implementation method of the Polar code. When CA_SCL is used, the length of the CRC is set as 20 bits to reduce the list decoding false alarm rate in Polar decoding. With a longer CRC, the Polar code has a larger code rate than the TBCC. 
In the following, observations are provided using the three curves with “DCI size = 16 bits” as example. The red curve (16-576-TBCC-16) corresponds to the setting of aggregation level 8 in the LTE, and the green curve (16-576-CA_SCL-20) gives the performance of BLER vs. SNR when the TBCC in the red curve is replaced with the Polar code. Both curves are obtained when the coded bit length equal to 576. It is seen, at BLER=1%, the Polar code has a performance improvement of 0.6 dB relative to the TBCC. If the coded bit length of the Polar code is reduced to 480 bits, then the performance (shown by the blue curve) is roughly the same as that of the TBCC with 576-bit coded bit length. Observations from the curves with “DCI size = 16 bits” are applicable to other DCI payload sizes as well. Below, the summary is given. 

· Assume the coded bit length is 576, and the DCI payload size varies from 16 to 64 bits. The Polar code has a channel coding gain of 0.6 dB to 1.2 dB relative to the TBCC at BLER=1%.
· Assume the coded bit lengths of the Polar code and the TBCC are 480 and 576, respectively. The Polar code has similar (or even better) performance as the TBCC at BLER=1%.
Observation 1: From the perspective of channel coding performance, the largest coded bit length of NR-PDCCH can be set as 480 bits.
In RAN1#87, it was agreed that

Agreements:
· The time/freq. resource containing at least one search space is obtained from MIB/system information/implicitly derived from initial access information
If this default search space is allocated in a 5MHz channel bandwidth which contains 25 RBs, then
25 RB * (12-2) RE/RB * 2 bits/RE = 500 bits

can be carried in one OFDM symbol if there are 2 RS REs per RB. 


3. Considerations on NR-REG to NR-CCE mapping 
In this section, we consider the resource allocation for NR-PDCCH. When localized resource allocation is used, the coverage of the control channel can be improved by using techniques such as frequency-selective resource scheduling and beamforming/precoding if the UE CSI feedback information is reliable. When the feedback information is unavailable or unreliable, a more robust scheme is required. In this case, the distributed resource allocation can be used to exploit the frequency diversity gain. 
Proposal 2. NR-PDCCH should support both localized and distributed resource allocation for an NR-CCE. 
In NR-PDCCH, the candidates of the transmission scheme include SFBC and precoder-cycling. In order to support SFBC, the resource allocation should satisfy the constraint that no orphan resource element exits.
Proposal 3. If SFBC is supported for NR-PDCCH, there shall be no orphan resource element in the resource allocation.
In the following, FFS issues in the previous meeting on NR-REG to NR-CCE mapping are listed, and our views are provided.
· Whether NR-CCE includes the REs assumed for UE-specific DMRS to demodulate that NR-CCE?
In the previous meeting, it was agreed that an NR-REG is one RB during one OFDM symbol. If an NR-CCE does not include the REs assumed for DMRS, the NR-REG would occupy additional REs in another PRB. This contradicts to the agreement that an NR-REG is one RB during one OFDM symbol. Therefore, we suggest that an NR-CCE should include the REs assumed for UE-specific DMRS to demodulate that NR-CCE.
· Whether REG to NR-CCE mapping within a control resource set is frequency first, time first or gNB configurable?
In the following, we discuss the pros and cons of the time-first and frequency-first mappings.
· Time first mapping
· Pros: Additional time diversity
· Cons: 
· UE needs to collect more OFDM symbols before starting DCI decoding. 
· It is less feasible for the transmission of the common-PDCCH in mmWave.
· Frequency first mapping
· Pros: 
· Fast decoding: UE can perform blind detection after receiving an OFDM symbol.

· Better frequency diversity can be achieved.
· Cons: No additional time diversity gain.
We prefer frequency-first mapping mainly because of its feasibility in the transmission of the common-PDCCH in mmWave. 
· Are different NR-REGs of an NR-CCE located in the same or different OFDM symbols?
For sub-6GHz, if there is no enough time-frequency resource for transmitting the DCI, the REG(s) of one NR-CCE is (are) allowed to be allocated over the other different OFDM symbol(s) for the efficiency of resource utilization.
Proposal 4. NR-CCE includes the REs assumed for UE-specific DMRS to demodulate that NR-CCE.

Proposal 5. At least for mmWave, frequency-first mapping is used due to its feasibility in the transmission of the common-PDCCH in mmWave. 
Proposal 6. For frequency-first NR-REG to NR-CCE mapping, different NR-REGs of an NR-CCE can be allocated in different OFDM symbol only if there is no enough resource for transmitting the CCE in the same OFDM symbol.
Furthermore, to have balanced performance for all CCEs in distributed CCE resource allocation, each CCE should be endowed with similar time and frequency diversity gain for a given aggregation level and resource mapping type (distributed or localized).
Proposal 7. To have balanced performance for all CCEs in distributed CCE resource allocation, each CCE should be endowed with similar time and frequency diversity gain for a given aggregation level and resource mapping type (distributed or localized).
An example of NR-PDCCH resource allocation is illustrated in Figure 2. In this example, we assume 1 CCE consists of 4 REGs. One REG is one PRB during one OFDM symbol. Both distributed and localized resource allocations are illustrated. In Figure 2(a), two REGs are bundled together and then uniformly distributed in the frequency domain. In this case, a better channel estimation performance can be achieved due to REG bundling. In Figure 2(b), all REGs are uniformly distributed in the frequency domain. In this case, better beamforming diversity gain and frequency diversity gain can be achieved. 
Proposal 8. For distributed NR-REG to NR-CCE mapping, the following options should be further studied,

Option 1. REGs are uniformly distributed in the frequency domain with PRB-bundling.
Option 2. REGs are uniformly distributed in the frequency domain without PRB-bundling.
Option 3. REGs are uniformly distributed in the frequency domain with PRB-bundling when PRB-bundling is configured.
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Figure 2. Examples of NR-PDCCH resource allocation


4. RS design for NR-PDCCH
In this section, we consider the RS design for NR-PDCCH. In the previous 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 additional to control channel rate matching, the RS for control channel should be designed such that

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

· Unified solution for sub-6GHz and mmWave.
In Figure 3, RS designs to fulfill the above constraints are proposed. In the proposed design, two REs are used for each antenna port per REG. When the control resource set has one OFDM symbol (Figure 3(a)), two antenna ports are required for SFBC; for precoder-cycling, only one antenna port is required. 
When the control resource set has two OFDM symbols (Figure 3(b)), four antenna ports are required when the transmit diversity scheme is SFBC and the analog beam is changed per OFDM symbol. In this case, channel estimation for SFBC can be performed per analog beam. For other cases, only two antenna ports are required. For example, if SFBC is used in sub-6GHz, CCE 0 can use RS port 0 and port 1, and so do CCE 1. If precoder-cycling is used, RS port 0 can be used for decoding CCE 0, and RS port 1 can be used for decoding CCE 1. 
When the control resource set has three OFDM symbols (Figure 3(c)), six ports are required when the transmit diversity scheme is SFBC and the analog beam is changed per OFDM symbol. In this case, channel estimation for SFBC can be performed per analog beam. For other cases, only three antenna ports are required. For example, if SFBC is used in sub-6GHz, RS port 0, port 1 and port 2 can be shared by CCE 0, CCE 1, and CCE 2. If precoder-cycling is used, RS port 0, 1, and 4 can be, respectively, used for decoding CCE 0, CCE 1, and CCE 2. 
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Figure 3. RS design for NR control channel
The advantages of the proposed RS design include
· Easier for UE to perform rate matching

· Better channel estimation quality

· Unified RS design in mmWave and sub-6GHz
· Same code rate for PDCCHs with the same aggregation level 
Based on the discussion above, we propose

Proposal 9. The number of RS REs per REG is configurable when the REG contains RS REs.
· There can be two or four RS REs per REG.

· The configuration can be semi-statistically signaled by gNB through RRC.
· Four RS REs per REG is configured when 
· Control resource set has one OFDM symbol, and the transmit diversity scheme is SFBC 

· Control resource set has two or three OFDM symbols, the transmit diversity scheme is SFBC, and analog beam is changed per OFDM symbol
· Two RS REs per REG is configured for other cases.


5. Conclusion
In this contribution, we provided our views on several issues with regards to the structure of NR-PDCCH. First, since the channel coding scheme of the control channel has been changed from the TBCC to the Polar code, the largest coded bit length of NR-PDCCH should be re-evaluated instead of just reusing the number of the LTE. According to the simulation results, the largest coded bit length can set as 480 bits. Secondly, we expressed our views on several FFS issues of NR-REG to NR-CCE mapping. In particular, they include whether REGs of an NR-CCE should be located in the same or different OFDM symbols; whether an NR-CCE should include the REs assumed for UE-specific DMRS; whether the mapping should be time-first, frequency-first, or configurable. Thirdly, the RS design for NR-PDCCH was provided. The proposal is a unified design for sub6 and mmW. Moreover, the locations of RS REs are the same across REGs, having the benefits of easier rate matching and uniform code rate for all PDCCHs with the same aggregation level.   
We had the following observation and proposals.  
Observation 1: From the perspective of channel coding performance, the largest coded bit length of NR-PDCCH can be set as 480 bits.
Proposal 1: The largest coded bit length of NR-PDCCH needs to be evaluated instead of just reusing the number of the LTE.
Proposal 2. NR-PDCCH should support both localized and distributed resource allocation for an NR-CCE. 

Proposal 3. If SFBC is supported for NR-PDCCH, there shall be no orphan resource element in the resource allocation.

Proposal 4. NR-CCE includes the REs assumed for UE-specific DMRS to demodulate that NR-CCE.

Proposal 5. At least for mmWave, frequency-first mapping is used due to its feasibility in the transmission of the common-PDCCH in mmWave. 
Proposal 6. For frequency-first NR-REG to NR-CCE mapping, different NR-REGs of an NR-CCE can be allocated in different OFDM symbol only if there is no enough resource for transmitting the CCE in the same OFDM symbol.
Proposal 7. To have balanced performance for all CCEs in distributed CCE resource allocation, each CCE should be endowed with similar time and frequency diversity gain for a given aggregation level and resource mapping type (distributed or localized).
Proposal 8. For distributed NR-REG to NR-CCE mapping, the following options should be further studied,

Option 1. REGs are uniformly distributed in the frequency domain with PRB-bundling.
Option 2. REGs are uniformly distributed in the frequency domain without PRB-bundling.
Option 3. REGs are uniformly distributed in the frequency domain with PRB-bundling when PRB-bundling is configured.
Proposal 9. The number of RS REs per REG is configurable when the REG contains RS REs.
· There can be two or four RS REs per REG.

· The configuration can be semi-statistically signaled by gNB through RRC.
· Four RS REs per REG is configured when 
· Control resource set has one OFDM symbol, and the transmit diversity scheme is SFBC 

· Control resource set has two or three OFDM symbols, the transmit diversity scheme is SFBC, and analog beam is changed per OFDM symbol
· Two RS REs per REG is configured for other cases.
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