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1. Introduction

In LTE, PDCCH is transmitted in the first several OFDM symbols of a subframe. As the robustness and coverage are the keys for this channel, QPSK modulation and transmit diversity are used. For transmit diversity, 2-Tx and 4-Tx SFBC scheme based on Alamouti code are adopted which prove to be quite effective. 
In 5G NR, there exists some changes for PDCCH, such as the PDCCH region is not the whole system bandwidth. But other requirements remain the same or maybe even more strict/higher than 4G LTE. For example, due to the introduction of higher frequency bands, the coverage becomes more a severe issue thanks to the larger path loss of mmWave. The beamforming technique is introduced to ease such issue, but the transmit diversity is still needed to further increase the coverage and improve the robustness in performance. In RAN1 NR Ad-Hoc held in January of 2017, the following agreement was reached to support transmit diversity for DL control channel
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 RAN1 88 meeting, some discussion were conducted to compare different transmit diversity schemes as proposed by different companies

· SFBC with 2/4 antenna ports

· 1 port precoder cycling (design can vary in the number of REs/PRBs in a group) 

· 2 port precoder cycling (design can vary in the number of REs/PRBs in a group)

· SCDD (Could be considered to be a special case of single port precoder cycling)

It went further to specify some evaluation guidelines to further compare these schemes for  the upcoming meeting 
Agreements:
· Evaluation assumption guidelines for down selection of TxD scheme for DL control channel:

· Aggregation levels: 1, 2, 4, 8 (Proponents can evaluate higher aggregation levels in addition, e.g., 16, 32)

· DCI size: 20 and 60 bits + 16 bit CRC

· CCE size: Proponents can choose within the agreed initial estimate of 4 to 8 REGs per CCE

· Practical channel estimation

· MMSE for reference, other schemes can be evaluated in addition 

· Proponents should state assumptions on 

· Number of RS used for interpolation in time and frequency
· PRB bundling assumption
· Antenna configurations and correlations corresponding to models at carrier frequencies of 4 GHz and 30 GHz (Prioritize 4 GHz)

· DMRS density 33% (other densities can be evaluated in addition)

· Number of OFDM symbols for transmission of PDCCH: 1 (companies may additionally evaluate for other values)

· Subcarrier spacing: 15 kHz (Other subcarriers spacing may be evaluated in addition)

· Channel model

· TDL-A, TDL-C
· Delay spread 30 ns, UE speed 3 km/h, (proponents can also evaluate 70 and 500 km/hr)

· Delay spread 300 ns, UE spread 3 km/h
· Delay spread 1000 ns, UE spread 3km/h
From the discussion at the meeting, it was generally felt that transmit diversity will be beneficial. As for the number of antenna ports that could be used,  1-2 ports are considered enough. In this contribution, some issues related to transmit diversity for PDCCH and number of antenna ports are discussed and some of our views are provided. 
2. Transmit diversity for NR PDCCH and DMRS ports used 
As shown in Figure 1, in LTE system, the physical DL control channel (PDCCH) is transmitted in the first several OFDM symbols span the whole system bandwidth at the beginning of a subframe. The cell-specific reference signal (CRS) are used to demodulate the PDCCH. 2-port CRS and 4-ports CRS are supported. SFBC is adopted as transmit diversity for PDCCH, which is achieved by Alamouti encoding a pair (for 2-tx) of symbols and mapping along frequency direction.  The gap in frequency between two CRS is 2 REs, which facilitate the mapping for SFBC scheme. 
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Figure 1: CRS are used for PDCCH in LTE
In 5G NR, even though beamforming (BF) could be applied on PDCCH transmission to obtain BF gain, the transmit diversity could still be applied on top of BF to further increase the coverage and improve the performance.  The most common schemes that under discussion so far are SFBC and precoder cycling. As for antenna ports that are used, it is believed 1-2 ports are enough, mainly based on the complexity versus the gain. 

2-port SFBC is based on Alamouti codes which makes the two streams sent from each antenna orthogonal to each other in the air, thus completely remove the inter-stream interference and yet exploit the spatial diversity gain. Its decoding has closed-form formula which makes the decoding process at UE very simple. As it has been used in 4G LTE system, it can be considered as a very mature technique with proven robust performance and simple  implementation.  In 5G NR, an UE could be configured with more than one control resource sets (time-frequency resources) and that can be used as common search space and UE-specific search space.  SFBC based transmit diversity could be applied to both search spaces.  To make sure the channel does not vary much across the pair of symbols in SFBC, it is preferred to allocate two consecutive REs in frequency to facilitate the implementation of SFBC. Such design may impose a bit restriction on resource mapping, but shall not be considered a big issue as it is already done so in LTE. Figure 2 shows an example for 2-port DMRS for PDCCH, where in each PRB, two pairs of REs are used for DMRS, and the rest of 8 REs are used for PDCCH.  For each pair of REs used for DMRS, FDM/CDM could e applied to result in 2-ports of DMRS. Here, the density and gap between each pair of DMRS takes channel estimation performance into considerations.  Comparing with LTE CRS design as shown in Figure 1, the 2-port DMRS design for PDCCH as shown in Figure 2 provide similar gap/density in frequency as that in LTE, and therefore shall provide similar channel estimation performance as that in LTE. 
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Figure 2: Example of 2-port DMRS for PDCCH in NR
Another candidate for transmit diversity that could be considered is precoder cycling, which has some different variations such as 1- port percoder cycling, 2-port percoder cycling and small cycling delay diversity (SCDD) as proposed in RAN1 88 meeting by different companies . It is also used in LTE like in open-loop precoding. It is a very simple method which simply cycles  the precoder codebook over different symbols to achieve diversity. Its performance may not be as stable and robust as SFBC, but it may not require a pair of consecutive REs along frequency for the mapping. Some proponents also noticed that it may perform better than SFBC at lower SNR when CCE aggregation level is higher. However, it is not clear if such observations are due to transmt diversity gain or coding gain (as larger CCE AL is used). The pros and cons of thesex schemes (some are claimed by the proponents) are listed in Table 1. It should be noted that even though it is desirable for SFBC to have two consecutive REs in frequency for its mapping, it could work well even if these is small gap between the two REs that are used to map a pair of SFBC codes as long as the channel is not that dispersive in frequency. That could be the situation for the channel after the BF is applied, and could also be the case for higher frequency band application which targets more on the nomadic UE. 
Table 1:  Comparison of SFBC and precoder cycling as transmit diversity schemes 

	Transmit diversity schemes
	Pros 
	Cons

	SFBC 
	Superior performance due to its orthogonality among two streams
	 A pair of consecutive REs in frequency is desirable

	1-port Precoder cycling
	Simple, does not require a pair of consecutive REs in frequency. Can be transparent
	Diversity gain may be weaker compared with SFBC in some scenarios

	2-port Precoder cycling
	Can be transparent, May allow more robust MU-MIMO transmission
	Diversity gain may be weaker compared with SFBC in some scenarios

	SCDD
	May not be sensitive to the channel estimation. Could be transparent. 
	Diversity gain may be weaker compared with SFBC in some scenarios


Bsed on the discusion, the following proposal could be considered:

Proposal:

· The adoption of transmit diversity for the control channel shall consider the performance robustness as well as the implemenation complexity. 
The support of  2-tx TxD does not preclude the support of 1-port transmission, which either could allow a simple gNB that supports only single transmit antenna or as a fall back operation of 2-port transmission. The DMRS design for 1-port could be considered similarly as that for 2-tx.  Figure 3 shows an example of 1-port DMRS design for PDCCH. In the example shown, 2 REs in each physical resource block (PRB) is used for DMRS and rest 10 REs are used for PDCCH. The locations of resource elements (RE)s for DMRS considers the DMRS density, gap for channel estimation.  Figure 4   shows an alternative example of 1-port DMRS design for PDCCH in NR, where two null REs are reserved in the PRB. Even such change reduce the REs for PDCCH from 10 to 8 in each PRB, it would allow power boosting  for DMRS by borrowing power from null REs and hence improve channel estimation accuracy. It also leads to the same RE mapping as shown in Figure 2 for 2-port DMRS, and therefore results in the same number of REs for PDCCH in each PRB (also called REG for PDCCH) to facilitate a more unified design of PDCCH regardless of the number of DMRS antenna ports
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Figure 3: Example of 1-port DMRS for PDCCH in NR
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Figure 4: Alternative example of 1-port DMRS for PDCCH in NR
In LTE, the CRS ports are cell-specific and therefore does not change on per UE basis. In LTE Rel-11, 1-port DMRS is specified for localized EPDCCH demodulation and 2-port DMRS are specified for distributed EPDCCH demodulation. In 5G NR, as DMRS are adopted for PDCCH and could be transmitted embedded in the PRBs that carries PDCCH, the number of DMRS port could be UE-specific and configured on per UE basis semi-statically using higher layer signal. For example, if a UE is at cell center, and may not need transmit diversity to improve its PDCCH performance, it could be configured with 1-port DMRS and use exemplary DMRS design as shown in Figure 3 or Figure 4 for its PDCCH demodulation. This may provide it with more REs for PDCCH if DMRS design in Figure 3 is sued.  For another UE, which is at cell edge and may need to use transmit diversity to improve its PDCCH performance/coverage, 2-port DMRS could be configured and SFBC transmit diversity could be used. The exemplary DMRS design in Figure 2 could be used. The DMRS port configuration for DL PDCCH could be in conjunction with DMRS configuration for data (transmitted in PDSCH - physical dedicated shared channel ), or they could be configured separately. For example, both PDCCH or PDSCH could be configured with 1-port DMRS (even though the DMRS port index for PDCCH and PDSCH could be different with different DMRS pattern and density). Alternatively, number of DMRS port for PDCCH could be configured as 1-port, while number of DMRS ports for PDSCH could be configured as 2-8 DMRS ports. 

Proposal:

· The number of DMRS port for NR PDCCH could be configured on per UE basis semi-statically.
3. Conclusions
In this contribution,  some aspects are discussed with respect to transmit diversity and DMRS design and configurations for NR PDCCH. The following proposals are highlighted 
Proposals :  
· The adoption of transmit diversity for the control channel shall consider the performance robustness as well as the implemenation complexity.  

· The number of DMRS port for NR PDCCH could be configured on per UE basis semi-statically.  
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