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Introduction
In RAN1 NR #88 Meeting [1], RAN 1 reached the following agreements on CSI-RS design for sub-time unit required for NR beam management;
· For beam management overhead and latency reduction, NR considers following options for a CSI-RS supporting beam sweeping within an OFDM symbol
· Opt-1: IFDMA [e.g., R1-1700350, R1-1703179]
· Opt-2: Larger subcarrier spacing [e.g., R1-1700350, R1-1701813]
· Opt-3: DFT-based [e.g., R1-1702329, R1-1703179]
· Other options are not precluded
· If supported, down-selection among the options during WI phase
· Note: the symbol duration is based on a reference numerology

In discussing the details of measurements, reporting mechanisms, selection criteria and configuration aspects, an efficient CSI-RS transmission scheme needs to be agreed on. As indicated in another agreement, the design of CSI-RS pattern should comply with the requirements for beam sweeping and sub-TU generation mechanism,
· FFS: the applicability of above proposals for beam management (e.g., for beam sweeping, for generation of sub-time units)

In design of the sub-TU generation, overhead and latency considerations are among the key aspects of the beam management, and they need to be considered in early phase of CSI-RS design for beam management. 
In this contribution, we provide our views and discuss features and performance of the DFT-based Sub-TU generation mechanism.

CSI-RS Transmission 
In NR, three beam management procedures are considered to support beam selection and pairing. The beam selection is conducted across the available beams of a TRP, or across beams of several TRPs. While P3 is mainly to support UE Rx beam selection, P-1/2 procedures require creation of several beams by gNB to allow a UE to select the best beam, The created beams in P1/2 procedures are considered as a CSI-RS transmission mechanism. 


[bookmark: _Ref473721808]Figure 1: Beam-sweeping over  Sub-TU 
An efficient design of the CSI-RS transmission mechanism should enable a fast beam pairing process. The scheme may be applicable to all or a subset of P-1 and/or P-2 and/or P-3 pairing processes. As shown in Figure 1, the key feature for achieving a fast pairing process is the capability of beamforming at sub Time Unit (TU) intervals. The importance of a fast beam pairing process is even more pronounced for a TDD system where the transmission opportunities are more scarce. Therefore, assuming a beam sweep process with  sub-TU, the duration for a full beam cycle can be potentially reduced by a factor of . Beside allowing a fast initial beam pairing, a sub-TU beamforming also offers a faster beam recovery in the case of an RLF event. 
 Proposal 1 – NR supports a beam sweeping based on sub-TU at least for P-1.
DFT-based Sub-TU CSI-RS Transmission 


[bookmark: _Ref470792381][bookmark: _Ref468709636]Figure 2: DFT-based Sub-TU CSI-RS in OFDM Transmitter
Figure 2 shows the basic block diagram of an OFDM-based CSI-RS transmitter where the input vector  - with a length of  - is mapped to a specific location in the frequency domain, and then it is converted to a time domain signal by the IFFT function. The possibility of transmission of the CSI-RS at an arbitrarily part of the band could prevent potential inter/intra-cell interference and yield a more robust beam management. By a proper definition of the input vector , the output vector  can exhibit certain features that can be used for sub-TU transmission and beamforming. 
To produce a waveform with  independent segments in time, the vector  can be defined with DFT transform of input signal vector ,

where the vector  may be partitioned into  segments as . As such, the output signal  becomes an interpolated version of the vector  with the interpolation ratio of  . As such, by proper definition of the vector , the output signal  can be sliced into  multiple independent sub-TUs per OFDM symbol to allow independent beamforming and support implementation of a fast beam sweeping mechanism.  
To allow a controlled transition from one beam to another and prevent beam leakage during the measurement periods, each  may start and end with a number of zero element, i.e.,  where  is a non-zero vector. Figure 3 shows an OFDM symbol composed of 8 sub-TU’s, where each sub-TU is beamformed with a unique pattern. As explained earlier, the padded zeros to  vector creates some time-gaps between sub-TU’s that provides some time for beam reconfiguration.
Another important aspect of the proposed OFDM-based sub-TU CSI-RS transmission is that since each  could be different from other ’s, each generated segment of the output signal  can be different and carry some unique information or indication related to that sub-TU that could further facilitate beam management process. 
  


[bookmark: _Ref473725622]Figure 3: Beam-sweeping over 8 sub-TU of an OFDM symbol 
There are several characteristics of DFT-based Sub-TU that makes its use very relevant for NR beam management that we briefly discuss in the following.
Frequency attributes: 
· Unlike the IFDMA-based approach, the generated DFT-based Sub-TU can be mapped at an arbitrarily location across the frequency band. Therefore, such capability facilitates interference coordination and scheduling among the neighboring cells and mitigate sustained beam measurement-related interference among the cells.
· Since following the beam pairing process, a scheduled data transmission would start, it is important the frequency selectivity of the channel be counted in during the beam selection. A wideband transmission like IFDMA would experience the average gain of the antennas that is often deviates from its narrowband gain by 1-2 dB. Therefore, the selected beam pair may not be the best pair intended for the data transmission.

Time attributes: 
· The possibility of assigning different sequence to each segment, also facilitate creation of independent nulling of sub-time unit that may enable better interference control among different cells. 
· Also, uplink and downlink beams can be multiplexed in a different sub-time unit within an OFDM symbol 

Observation: following benefits observed from the proposed DFT-based Sub-TU CSI-RS
· Supports a flexible arrangement for generation of sub-TU’s required for a fast and efficient beam sweeping mechanism.
· Allows transmission of independent sub-TU’s, that each could carry some unique information related to the sub-TU.
· Offers the possibility of transmitting the CSI-RS at an arbitrarily part of the band to avoid potential inter/intra-cell interference. 
· Allows better consideration of antenna gain and frequency selectivity of channel for a more accurate beam selection process.
· Enables creation of sub-time unit nulling for better interference control and measurement.

Performance Evaluation of DFT-based Sub-TU CSI RS
In this section, we provide results of our simulation studies for DFT-based, IFDMA sub-TU generation mechanisms. We also have included the results for OFDM symbol-based measurement as a benchmark for a better comparison. 
In both cases of DFT-based and IFDMA, each symbol is divided into 4 sub TUs. It is assumed that the TX beam is pointed in the direction of the strongest cluster. For the receiver, 4 RX beams are considered for the search. For each drop, one of the RX beams is pointing to the strongest cluster, while the others are randomly selected from a set of angles that are spanned equally around the strongest cluster selected. As for the performance metric, similar to the contribution [2], we considered the metric , where  and  are the corresponding RSRP measurements for the selected and ideal beams`, respectively. The inaccuracy of the selection is evaluated based on the percentage of the time that , where  is set at -1dB.
The detail simulation results are presented in Table 1. Figure 4 shows performance evaluation of the sub-TU generation mechanism. As demonstrated, both IFDMA and DFT-based sub-TU CSI-RS result in a similar performance. The symbol-based OFDM exhibit a better performance, however this improvement is at the cost of having 4 times longer span for beam selection and pairing. 
Proposal 2 – RAN1 considers DFT-based Sub-TU CSI-RS for a reduced and a low latency beam management.
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[bookmark: _Ref478120286]Figure 4: Performance evaluation of sub-TU generation mechanisms
[bookmark: _Ref478120756]Table 1 Simulation Assumptions
	Carrier frequency
	30 GHz

	Subcarrier spacing
	60 kHz

	Bandwidth
	80 MHz

	Channel model
	CDL-A

	Delay spread
	100 ns

	UE speed
	3 km/h

	TXRU mapping to antenna elements
	One TXRU per panel per polarization

	TXRU mapping weights
	2D TXRU virtualization weights for each panel is the Kronecker product between vertical and horizontal weight vectors taken from DFT, i.e., 2D sub-array partition model defined in TR36.897.

	BS antenna configuration
	(M,N,P,Mg,Ng) = (4,8,1,1,1)

	BS antenna element radiation pattern
	Table A.2.1-6 in TR 38.802

	UE antenna configuration
	(M, N, P, Mg, Ng) = (2, 4, 1, 1, 1)

	UE antenna element radiation pattern
	Table A.2.1-8 in TR 38.802

	BS array orientation
	azimuth 0 degree; downtilt: 110 degree

	UE array orientation
	ΩUT, uniformly distributed on [0,360] degree, ΩUT,= 0 degree, ΩUT, = 0 degree

	Number of TX beams
	1 (pointing to strongest cluster)

	Number of RX beams
	4 (1 pointing to the strongest cluster, other 3 randomly selected) 

	Number of beam sweeping sub TUs per OFDM symbol (IFDMA, DFTS)
	4



Hierarchical beamformed CSI-RS
In a beam-based system, multiple beams, each with a different beamwidth can be used according to the type of the downlink channel. For instance, beams with a wider beamwidth can be used for a control channel to make the control channel more robust to UE mobility and to support a group of UEs while beams with a narrower beamwidth can be used for a data channel for higher throughput.
A hierarchical beamformed CSI-RS can be used for better support of beam measurement with different beamwidths. For example, a single wide beam can be associated with multiple narrow beams as shown in Figure 5, where a wide beam may be used for a control channel and the associated narrow beams may be used for a data channel. Therefore, a UE may search a preferred narrow beam among the associated narrow beams and report the narrow beam index for beam adaptation.


Figure 5: An example of a hierarchical beamformed CSI-RS
Assuming that a UE is in control beam coverage, the hierarchical beamformed CSI-RS can reduce the beam index search space, thus resulting in lower UE complexity and signaling overhead.
Proposal-3 – NR considers a hierarchical beamformed CSI-RS for beam management.
Conclusion
In this contribution, we discussed DFT-based CSI-RS design for beam management and provide our views on the design and requirements of CSI-RS transmission mechanism. Based on the provided discussion, following observations and proposals are provided;   
Observation: following benefits observed from the proposed DFT-based Sub-TU CSI-RS
· Supports a flexible arrangement for generation of sub-TU’s required for a fast and efficient beam sweeping mechanism.
· Allows transmission of independent sub-TU’s, that each could carry some unique information related to the sub-TU.
· Offers the possibility of transmitting the CSI-RS at an arbitrarily part of the band to avoid potential inter/intra-cell interference. 
· Allows better consideration of antenna gain and frequency selectivity of channel for a more accurate beam selection process.
· Enables creation of sub-time unit nulling for better interference control and measurement.

Proposal 1 – NR supports a beam sweeping based on sub-TU at least for P-1.
Proposal 2 – RAN1 considers DFT-based Sub-TU CSI-RS for a reduced and a low latency beam management.
Proposal-3 – NR considers a hierarchical beamformed CSI-RS for beam management.
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