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1. Introduction

In the RAN1#86 meeting, it was agreed to study 
· Study the relationship of beam(s) used for L1 control channel and beam(s) used for data channel

· E.g. Using different beamwidth for data and control
· E.g. Using different beam directions for data and control
· E.g. At least one beam is shared by data and control
· E.g., same beam for data and control
In this contribution, we first introduce potential beamforming options, and then discuss beamforming relationship between L1 control channel (NR PDCCH) and data channel (NR PDSCH). We assume that multi-beam is supported for both control and data channel. The definition of multi-beam is that the beam weight of a specific antenna panel is dynamically changed in this mode of operation (not the number of beams which is simultaneously formed). 

Further we show evaluation results of each options. And finally we discuss operation scenarios for L1 control channel. The goal of this part is to compare control channel transmit/reception using single best beam and multiple beams. Particularly, we account for differences in performance and operational/beam management flexibility of these two schemes.
We assume that beam training/management mechanism (e.g. [1]-[3]) is carried out between TRP and UE beforehand.
2. Beamforming Options
In [4] and [5], we proposed
· Both digital and hybrid (analog and digital) beamforming techniques shall be considered for NR.
· NR MIMO should be supported by using DM-RS signals and (dynamically and semi-static scheduled) CSI-RS.

· NR system design should consider UE beamforming in various aspects including: UE side beam acquisition; Beam management in various scenarios; Downlink/uplink channel/signal design.
In this contribution, we assume the hybrid beamforming architecture as a baseline UE receive beamforming assumption since the architecture has more restriction than full digital beamforming architecture where the UE receive beamforming is more flexible. Also, we consider beamformed reference signal.
With these assumptions, the following beamforming options can be considered.
Option 1: A single TRP Tx and UE Rx beam, which is aligned with dominant channel cluster direction. 

Option 2: Multiple TRP Tx and UE Rx beams, which are aligned with best-B channel cluster direction.  
Option 3: Switching TRP Tx beam (based on condition) and multiple UE Rx beams, which are aligned with best-B channel cluster direction.  

Option 4: Multiple TRP Tx and omni UE Rx beam.
 
[image: image1.emf]reflector

reflector reflector

Dominant Path

Secondary Path

Option 1 Option 2/3 Option 4

option3


Figure 1 Beamforming options for TRP and UE
The beamforming options above are illustrated in the Figure 1. The main motivation of option 1 is to offer flexibility in maximizing beamforming gain for control channel transmission, while in option 2, 3 and 4 provides more flexible beamforming operation to provide more robust transmission against possible channel blockage effect.
In case of option 1, TRP may not be able to change beam directions without indication to UE or without properly defined procedure for beam changing. On the other hand, in option 3, TRP may change beam direction within best two beams. As an extreme case, in option 4, TRP can change beam directions to whatever it wants or even different TRPs can transmit without any indication or without extra procedure (e.g. fast sector/TRP changing). Also, option 4 does not require UE to form multiple beam at the same time. So, operation point of view, option 4 is the most flexible following option 2 and then option 1 while the expected performance will be in opposite order, i.e. option 1 > option 2/3 > option 4. More detail discussion on operation scenario can be found in Section 5.
3. Relationship of Beam(s) Between Control and Data Channel
Suppose that distributed resource allocation and localized resource allocation for control channel are considered. In case of distributed resource allocation (if supported), it seems natural to use the Shared-RS by two or more UEs who are allocated to physical resource blocks which contain control channel elements for those UEs. Figure 2 shows an example of control resource units (yellow, green and blue, and different color block corresponding to different control channel resources for different UE) and shared-RS (red) for demodulation. 
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Figure 2 Example of control channel resources (yellow, green and blue) and Shared-RS (red)
In this case, the shared-RS should cover all beam coverage for yellow, green and blue. If data resource allocation is different from the control channel (e.g. one of control channel is not for DL grant, and resource block level distributed mode for data channel, etc) and different UE prefers different beams, then the beam for control may be broadened to cover all these UEs. Note that the broad beam is not limited to physical broad beam but it covers logical broad beam (e.g. multiple beams with different beam pointing angles).
In addition to distributed mode, even for localized mode, the beamwidth for control channel may be broader than data channel. This is mainly due to number of UEs for multiplexing and thus number of beams for control channel can be larger than that of data channel. To support larger number of beams, especially for sub-array type hybrid beamforming architecture, the number of physical antennas per beam is reduced. In this case, the beamwidth of beam may be broadened.  
Observation 1. Different resource allocation for data and control may cause different beamforming for data and control. In this case, the beamwidth of control channel may be broader than that of data channel. The broad beam is not limited to a physical broad beam but it covers logical broad beam (e.g. multiple beams with different beam pointing angles). 
As we discussed in Section 2, there could be several beamforming options, i.e. single beam transmission and reception, multiple beams transmission and reception, single beam transmission and multiple beam reception, and multiple beams transmission and omni beam reception. Among these options, single beam transmission and reception option is the best option in terms of performance when there is no blockage effect. And thus, single beam transmission and reception is suitable for high throughput target operation. For the eMBB type of application, it is natural to assume scheduler is targeting high throughput and supported by HARQ retransmission. On the other hand, control channel should be target more robust transmission since there is no HARQ support for control channel, and thus the impact of losing the control channel is more severe than data channel. As shown in Section 4, multiple beam reception (and transmission) performance is more robust against channel variation such as blockage, and thus more suitable for control channel. Still, we shall not exclude the possibility of “at least one beam may be shared by data and control” or “same beam may be used for data and control”. For example, if we allow “at least one beam may be shared by data and control” or “same beam may be used for data and control”, then TRP can omit some of demodulation reference signal for data for the port using shared beam or identical beam, or UE can use all the demodulation reference signals in control and data to improve channel estimation performance. The later example (enhancing channel estimation performance) is crucial to make increase coverage, and pursuing maximum beamforming gain even for control channel is necessary choice for cell edge UE. 
Observation 2. Different transmission strategy of data and control channel may require different beamforming strategy including different beam directions (or different number of beams). 

Observation 3. At least one beam may be shared by data and control or same beam for data and control may be used.  

From these observations, we propose

Proposal 1. A default assumption is that data and control channel beamforming is different while using same beam for data and control (at least one beam) is also allowed. 
4. Performance Comparison

To evaluate the performance vs robustness trade-off, option 1, option 2 and option 3 were simulated using link-level models. Detail simulation assumptions can be found in appendix. 

For option 2, the control channel transmitted using two best Tx/Rx beams pairs. For option 3, the control channel transmitted using best Tx beam when there is no blockage and second best Tx beam when there is blockage while UE receives with the two best Rx beams all the time. 
For two beam transmission/reception case, these two beams were applied to the antennas of different polarizations. For all cases, we applied TxD as a transmission mode.
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Figure 3 CDL-A Performance with and without blockage
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Figure 4 CDL-B Performance with and without blockage
Figure 3 and Figure 4 show that the link-level performance for CDL-A and CDL-B channel models, respectively. Two antenna configuration were considered (4,32,2) and (4,8,2) at the transmitter and (4,4,2) was used at the receiver. For with blockage results, the blocker position was selected in such way to block the centre of the main channel cluster after beamforming setup. In this case, the channel gain corresponding to the main path is reduced by about 10-15dB. 

As expected, Option 1 (red with circle) provides the performance better than Option 2/3 (blue with diamond or magenta with triangle) when there is no blockage. In the meantime, it can be seen from figures, there is significant performance loss of single beam transmission of the control channel comparing to multiple beams. In other words, multiple beams is more robust against the channel blockage. Interestingly, single beam (i.e. Option 1) performs similar to multiple beams (option 2/3) in case of CDL-A even after blockage. This is due to the best cluster is much better than second best cluster in terms of power and angle of departure (AoD). On the other hand, in CDL-B channel model, the best two clusters are quite symmetric, and thus, Option 2/3 is better than Option 1 after blockage. Summarizing discussion above the following proposal can be made:
Observation 4: A single beam performs better when there is no blockage.
Observation 5: Multiple beams shows more robust performance when there is blockage on the main path.

5. Operational Scenarios  
Apart from performance aspects, operational flexibility or beam management efficiency should also be a consideration in designing beamforming for NR PDCCH. In this section, we provide exemplary operation scenarios using aforementioned options and discuss their operational flexibility. The beam management efficiency aspects are discussed in [1]. We assume UE reports best-M TRP(s) beams and UE knows corresponding receiver beamforming for the best-M TRP(s) beams. In scenario 1, 2-1 and 2-2, we assume there is a single search space while in scenario 2-3, we assumed there are multiple search spaces. More detail information on multiple search space can be found in companion paper [6].
Scenario 1. Spectral efficiency transmission (Option 1)
· TRP informs UE that it will use the best beam, and TRP uses the best beam. 

· UE forms the receive beam corresponding the best TRP beam.
· Both NR control and data channels are transmitted using single beam, and possibly same beam.
Scenario 2-1. Diversity transmission: Multiple beam transmission (Option 2)
· TRP informs UE that it may use B beams out of the best-M beams for control channel transmission. 
· UE forms the receive beam corresponding the B beams or omni beam (depending on capability) during control channel reception.

· TRP transmits a NR PDCCH using B beams. 

· UE measures the received signal strength of different beams. If the best beam direction is weaker than the other, then UE requests to switch beam. 

· Transmit beamforming point of view, NR data channel still can be transmitted using single beam for best effort traffic type (e.g. eMBB). In case of URLLC type of traffic, NR data channel also can be transmitted using multiple beam to provide robust transmission.

Scenario 2-2. Diversity transmission: Transmit beam switching (Option 3)
· TRP informs UE that it may use B beams out of the best-M beams for control channel transmission. 
· UE forms the receive beam corresponding the B beams or omni beam (depending on capability) during control channel reception.

· TRP uses the best beam for the control. 
· If there is no ACK/NACK from the UE, then the TRP switches its beam to secondary beam(s) or secondary TRP to transmit NR PDCCH. Additionally the NR PDCCH may send a beam switching command so that UE can form receiver beam properly during NR PDSCH.
· Transmit beamforming point of view, NR control and data channels are transmitted using single beam, and possibly same beam. However, UE may not be able to use control channel demodulation reference signal for data channel demodulation since receive beamforming configuration may be different.
Scenario 2-3. Diversity transmission: Multiple search space 
· TRP informs UE that it may use B beams out of the best-M beams for control channel transmission. 
· UE only can form a single beam at a given time.

· TRP transmits NR PDCCHs using B beams via different time resources.
· UE finds the best beam among the B beams, and also measure the received signal strength of different beams.  

· UE uses the best beam to receive the rest of the control channel. If the best beam direction has changed, UE requests to switch beam.   

· NR data channel should be transmitted by single beam due to UE constraint.
Different scenarios can be multiplexed in TDM manner as well. For example, scenario 1 can be used on most of the subframes while performing scenario 2(-1 to -3) in a selected subframes. 
Observation 6: Using multiple beams in control channel provides more flexible beam operation.

Proposal 2: Study multiple beam operation in control channel.
Conclusions

In this contribution, we discussed beamforming for control channel.

Observation 1. Different resource allocation for data and control may cause different beamforming for data and control. In this case, the beamwidth of control channel may be broader than that of data channel. The broad beam is not limited to a physical broad beam but it covers logical broad beam (e.g. multiple beams with different beam pointing angles). 
Observation 2. Different transmission strategy of data and control channel may require different beamforming strategy including different beam directions (or different number of beams). 

Observation 3. At least one beam may be shared by data and control or same beam for data and control may be used.  

Observation 4: A single beam performs better when there is no blockage.
Observation 5: Multiple beams shows more robust performance when there is blockage on the main path.

Observation 6: Using multiple beams in control channel provides more flexible beam operation.

RAN1 take into account the noted observations when defining the beamforming design for control channel.
Proposal 1. A default assumption is that data and control channel beamforming is different while using same beam for data and control (at least one beam) is also allowed. 

Proposal 2: Study multiple beam operation in control channel.
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Appendix

Table 1: Simulation assumptions
	Parameter
	Values

	Scenarios 
	CDL-A, CDL-B

	Sectorization
	Random AoD offset from -60o to 60o

	BS antenna configurations
	Mg = Ng = 1; (M,N,P) = (4, 32 or 8,2), (dV,dH) = (0.5, 0.5)λ, 2 RF chains,
Antenna modelling based on TR38.900 V2.0.0, i.e. HPBW = 65o, GE,max =8dBi with Am = 30dB

	UE antenna configuration
	Mg = Ng = 1; (M,N,P) = (4, 4, 2), (dV,dH) = (0.5, 0.5)λ, 2 RF chains,

Antenna modelling: Omni

	BS and UE Analog codebook
	Two dimensional DFT based with oversampling equals one

	Carrier Frequency
	30 GHz

	Bandwidth
	100MHz

	Subcarrier Spacing
	60kHz

	UE speed
	3km/h

	Blockage Modelling
	Blockage Model A TR38.900 V2.0.0 without self-blockage. First blocker is set to the maximum cluster after analog beamforming setup

	DMRS pattern and 

Channel Estimation
	Same as CRS in first symbol but RB-wise MMSE Channel estimation

	NR PDCCH
	LTE PDCCH Format 1
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