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Introduction
In RAN1#88bis meeting, using sub-time unit for CSI-RS transmission reached the following working assumption[1]
Working assumption:
· For CSI-RS for Beam Management, NR supports sub-time units equal to and smaller than an OFDM symbol in a reference numerology
· FFS details including configurability, e.g., taking into account UE implementation complexity/capability and impact on CSI-RS design 
· FFS the case of time unit larger than an OFDM symbol in a reference numerology
· E.g., 
· Opt-1: IFDMA 
· Opt-2: Larger subcarrier spacing 
· Opt-3: DFT-based
[bookmark: _GoBack]One of benefits of supporting sub-time unit within a time unit is to enable UE receive beam sweeping in a gNB transparent manner, thus reducing overhead. The time repetition structure can be easily fit in both single-beam and multi-beam operation at UE side.
In this contribution, we are going to investigate the benefit on beam measurement using such a sub-time unit for UE receive beam sweeping, and analyze the feasibility of supporting such a structure. Also IFDMA schemes is preferred if sub-time unit is supported.

Analytical model for single receive port
Let  denote the transmit CSI-RS RE, where single port transmission is assumed for simplicity and can be easily extended to multiple ports. The time duration ratio of sub-time unit to a time unit is . The modulated  using IFDMA should be

Where  is CSI-RS sequence defined on integer . By performing IFFT on , time domain CSI-RS OFDM symbol is generated as 
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Where  is the IFFT size, which is usually assumed to be divisible by . It yields a time repetition where

Assuming single-path transmission for simplicity, the beamforming gain combining both transmitter side and receiver side is assumed to be , then the receive CSI-RS symbol is denoted as 
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Time unit reception
The receive signal  for time unit reception is the reverse procedure of transmitter, which can be obtained as

The CSI-RS RE corresponds to the sample index that is a multiple of  on , i.e., , and the receive power at a CSI-RS is derived as

The beam quality can be denoted as .
Sub-time unit reception
The receive signal for sub-time unit reception takes e.g., first  time domain samples as the input of a -point FFT, i.e.,

	
	
	(3)


Combining (1), (2), and (3), one can write

The CSI-RS RE corresponds to the sample index without decimation from , and the receive power at a CSI-RS is derived as

The beam quality can be denoted as .
It shows that reduction in receive time from a time-unit to a sub-time unit will definitely reduce the receive power by the portion of reduced time. Also it is worth noting that when noise is present, the noise power on each CSI-RS RE will be kept the same for both time unit and sub-time unit, as both the FFT transforms are normalized.
Observation 1: Using sub-time unit reception will reduce the power on the CSI-RS by the portion of reduced time compared to using time unit reception.

Multiple receive ports
It is not fair to simply conclude the comparison based on single port reception, as sub-time unit reception enables receive beam sweeping on each sub-time unit, while time unit reception can only use one receive beam. Therefore, multiple receive ports should be considered.
Time unit reception
The joint design of multiple receive ports with time unit reception would yield receive beam sweeping in the port domain, i.e., different receive ports can be configured with different receive beams. UE can measure the beam quality from each individual port(s). Figure 1 shows a UE panel configuration of (M, N, P) = (2, 8, 2), where each subarry of 2x2 antenna elements forms a TXRU, and a receive port is directly mapped to a TXRU. For the two co-located ports (TXRU) with different polizations, the same RX beam is deployed, and the receive power on CSI-RS is combined using e.g., MRC. Totally four receive beams are assigned to 4 subarrays. The number of simultaneous receive beams is determined by the receive port layout, which is further determined by the physical architecture of the panel.
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[bookmark: _Ref480980004]Figure 1 Rx beam sweeping using different antenna ports

Sub-time unit reception
When multiple ports are enabled, UE can assign the same beam to all ports on a sub-time unit basis and switch beam across all sub-time units. Figure 2 shows the same UE panel configuration as in Figure 1, with all the receive ports assigned with the same beam. Considering that the measurement reflects the same beam, the results from all 8 ports need to be combined, e.g., in an MRC way. The combination can boost the receive power by the factor of number of ports, compensating the power loss due to a small observation time.
Meanwhile, sub-time unit reception can also be operated in the multi-beam mode, as configured for time-unit reception shown in Figure 1, then more beams can be swept in a time unit, each with a lower receiver power.
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[bookmark: _Ref480980861]Figure 2 Same Rx beam on different antenna ports

A seemingly fair comparison
Suppose that there are 4 receive ports at UE side, while each two co-located ports with different polarizations should use the same receive beam, there can be 2 simultaneous beams at UE side. We let , by dividing a time unit into two sub-time units. So the beam configuration should be as Table 1 shows, where port 0-2, and port 1-3 are assumed to be co-located with different polarizations, respectively.

[bookmark: _Ref480983051]Table 1 Beam deployment for time unit based and sub-time unit based reception for two beams
	
	Time unit #0

	
	Sub-time unit #0
	Sub-time unit #1

	Time unit based
	Port 0/2
	Beam #0

	
	Port 1/3
	Beam #1

	Sub-time unit based
	Port 0/1/2/3
	Beam #0
	Beam #1



Table 2 shows the beam configuration for 8 receive ports at UE side and , where port 0-4, port 1-5, port 2-6, and port 3-7 are assumed to be co-located with different polarizations, respectively.

[bookmark: _Ref480983550]Table 2 Beam deployment for time unit based and sub-time unit based reception for four beams
	
	Time unit #0

	
	Sub-time unit #0
	Sub-time unit #1
	Sub-time unit #2
	Sub-time unit #3

	Time unit based
	Port 0/4
	Beam #0

	
	Port 1/5
	Beam #1

	
	Port 2/6
	Beam #2

	
	Port 3/7
	Beam #3

	Sub-time unit based
	Port 0/1/2/3/4/5/6/7
	Beam #0
	Beam #1
	Beam #2
	Beam #3



Based on the analysis, combined with gain from MRC receiver from multiple ports with the same receive beam, both time unit reception and sub-time unit reception should have the same performance, which will be further verified by the simulation.

Simulation results
We use the beam configuration corresponding to Table 1, where 2 receive beams are deployed in
a. 4 receive ports where 2 co-located ports use the same beam (time unit reception)
b. 2 sub-time units where 4 receive ports use the same beam within a sub-time unit (sub-time unit reception)
Figure 3 shows that there is no performance difference between time unit and sub-time unit reception, which is intuitively true. The beam quality in the figure is the ratio of the beam receive power to the noise power, i.e., SNR. The simulation assumptions can be found in the Appendix.

[image: ]
[bookmark: _Ref480988270]Figure 3 Distribution of beam quality for time unit and sub-time unit reception

Observation 1: There is no performance difference between time unit and sub-time unit reception.

Limitations
For time unit reception, the number of simultaneous receive beams is determined by the physical architecture of the panel. For example, if a UE has only one active panel that is configured with one TXRU per polarization per panel. 
For sub-time unit reception, different receive beams are multiplexed in time domain, and the receive beam sweeping is not limited by the TXRU configuration of a UE panel. Also, multiple receive beams can be configured within a sub-time unit to increase the number of measured beams in a time unit, or the same receive beam can be configured across multiple sub-time units to improve the beam quality. Therefore, sub-time unit reception can be used in a wider range of use cases. However, as was discussed in RAN1#88bis, UE implementation should be taken into serious account, and the beam switching time relative to a sub-time unit reception should be evaluated by RAN4.
Table 3 and Table 4 shows the comparison between time-unit based reception and sub-time unit based reception for one RX port per polarization, and multiple RX ports per polarization, respectively. The typical value of the number of beams measured within a time unit, and the respective beam quality is presented. Generally speaking, more measurement beams will result in lower beam quality in each individual beam.

[bookmark: _Ref481596844]Table 3 Comparison for one RX port per polarization
	
	
	Time unit
	Sub-time unit

	Case 1 
	Port configuration
	[image: ]

	
	# beams measured within a time unit
	1
	e.g., 4 (1)

	
	Beam quality
	High
	Medium (High)



[bookmark: _Ref481596850]Table 4 Comparison for multiple RX ports per polarization
	
	
	Time unit
	Sub-time unit

	Case 2 
	Port configuration
	[image: ]

	
	# beams measured within a time unit
	1
	e.g., 4 (1)

	
	Beam quality
	High
	Medium (High)

	Case 3
	Port configuration
	[image: ]

	
	# beams measured within a time unit
	e.g., 4
	e.g., 16 (4)

	
	Beam quality
	Medium
	Low (Medium)



Observation 2: Sub-time unit reception can be used in a wider range of use cases compared to the time-unit, but would put challenges in UE implementation considering UE beam switching across sub-time units. 

Modulation scheme of sub-time unit
Three options have been considered for the modulation of CSI for sub-time unit, namely, 
· Opt-1: IFDMA
· Opt-2: Larger subcarrier spacing 
· Opt-3: DFT-based
If sub-time unit smaller than an OFDM symbol in a reference numerology is supported, the IFDMA scheme is more preferred to the larger subcarrier spacing scheme, due to the following reasons:
a. The numerology of CSI-RS is the same as the reference numerology at least from the transmitter side. There is no need to consider the spectrum confinement when CSI-RS is multiplexed with other signals that is in the reference numerology in the frequency domain.
b. Using IFDMA makes receiver easily adaptive to switch between sub-time unit reception and time-unit reception, since the phase continuity is maintained at the boundary between two sub-time units. What receive scheme is deployed is also transparent to transmitter.
c. The phase shift on the equivalent CSI-RS in each individual sub-time unit does not have any impact on beam management as the beam quality is based on the receiver power.
For DFT-based scheme, it is a time-domain signal modulation scheme, which may suffer from path regrowth due to the DFT spread upsampling, and is less immune to inter-symbol (sub-time symbol) interference, which is also less preferred.
Proposal 1: IFDMA should be supported for CSI-RS for beam management, if sub-time unit smaller than an OFDM symbol in a reference numerology is supported.

Conclusion
In this contribution, UE receiving using time unit and sub-time unit is analyzed and simulated. Based on the presented discussion, we have the following observations and proposal:
Observation 1: There is no performance difference between time unit and sub-time unit reception.
Observation 2: Sub-time unit reception can be used in a wider range of use cases compared to the time-unit, but would put challenges in UE implementation considering UE beam switching across sub-time units. 
Proposal 1: IFDMA should be supported for CSI-RS for beam management, if sub-time unit smaller than an OFDM symbol in a reference numerology is supported.

References
[1] [bookmark: _Ref477870568]3GPP RAN1, “Chairman’s Notes RAN1_88bis”, RAN1#88bis, Spokane, USA, Apr., 2017.
[2] [bookmark: _Ref480908031]3GPP TS 36.211, “Evolved Universal Terrestrial Radio Access (E-UTRA); Physical channels and modulation (Release 14)”, V14.2.0, Mar. 2017.
[3] [bookmark: _Ref480966142]3GPP TS 36.212, “Evolved Universal Terrestrial Radio Access (E-UTRA); Multiplexing and channel coding (Release 14)”, V14.2.0, Mar. 2017.

Appendix
Simulation assumptions are shown in 
	Carrier Frequency
	30 GHz

	Subcarrier Spacing
	60kHz

	CSI-RS allocation
	Based on IFDMA generation, comb-2. 8 ports using FDM, i.e., REs for a port is separated every 16 REs.

	Channel Model
	CDL-A
· delay spread =100ns
· UE speed=0km/h.  
· The angles of BS, i.e., AoD, ZoD, are uniformly distributed within [-60, 60] degrees in azimuth domain and [90, 135] degrees in zenith domain, and those of UE, i.e., AoA, ZoA, are uniformly distributed within [-180, 180] degrees in azimuth domain and [45, 90] in zenith domain, via applying uniform-distribution desired mean angle in Section 7.7.5.1 in TR 38.900 accordingly.

	TXRU mapping to antenna elements
	One TXRU per panel per polarization at gNB
One TXRU per 2x2 subarray per polarization at UE

	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.

	Criteria for BS beam selection
	Beam Selection Method 1: Adopt the approach proposed by Nokia.  The DFT beam directly is pointing to the strongest cluster.

	Criteria for UE beam selection
	ZoA corresponds to the strongest cluster
AoA corresponds to the 2 oversampled beams within the non-oversampled DFT beam that is the closest to the strongest cluster

	BS antenna configurations
	(M,N,P,Mg,Ng) = (4,8,2,2,2). (dV,dH) = (0.5, 0.5)λ. (dg,V,dg,H) = (2.0, 4.0)λ

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

	UE antenna configurations
	(M, N, P, Mg, Ng) = (2, 8, 2, 1, 2); (dV,dH) = (0.5, 0.5)λ. (dg,V,dg,H) = (0, 0)λ. 2)
Θmg,ng=90; Ω0,1=Ω0,0+180;

	BS array orientation
	azimuth 0 degree; mechanic downtilt: 0 degree 

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

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

	BF scheme
	Single beam at gNB, where a CSI-RS port is mapped to one TXRU at gNB and all TXRUs use the same beam.

	Metrics
	CDF of beam quality (SNR) assuming transmit SNR is 0dB
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