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Introduction
In RAN1#88b, the following agreement was made:
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

In this contribution, we continue the discussion on CSI-RS design for beam management, with a focus on sub-symbol based Rx beam sweeps.
[bookmark: _Ref178064866]Discussion
As per previous agreements, CSI-RS can be used to support beam management as well as CSI acquisition. CSI-RS is also being discussed for numerous other use cases to support functionality that otherwise would have been supported by the multi-purpose CRS in LTE. This includes functionality such as CONNECTED mode L3 mobility, fine time/frequency tracking, UL power control, and radio link monitoring. As discussed in [1], RE-level combs serve as a useful unifying design attribute that is well motivated to support the multiple use cases just listed. In this paper, we further discuss the IFDMA pattern listed as Opt-1 in the above agreement for supporting sub-symbol Rx beam sweeps for beam management. The structure of this signal is precisely an RE-level comb, so it fits well in a unified RS design spanning multiple use cases. RE-level combs are discussed in quite some detail in the context of fine time/frequency tracking of the channel in [2] which includes performance results as a function of repetition factor (RPF) of the comb.  
From a beam management perspective, the CSI-RS design must support beam sweeps with related reports. Specifically, the design should support gNB Tx beam sweeping and/or UE Rx beam sweeping when analog beamforming is used. Furthermore, for additional purposes, the CSI-RS structure can be optimized for the particular beam management procedure. This could, e.g., relate to the support of sub-symbol beam sweeping, which can reduce beam management related latencies. IFDMA is a good alternative to support beam management on a sub-symbol level, as will be discussed later in this contribution.
For high performance data delivery, it is desirable to configure UEs to provide CSI feedback at the same time as beam management decisions are made, e.g., beam selection. In this way, the reference signals are leveraged as much as possible, and latencies in the beam management process are minimized. This motivates a framework where the gNB transmits a sweep of multiple beamformed CSI-RS resources. The UE is configured to measure on these multiple resources, and feedback a report that includes both CSI-RS resource indicator (CRI) indicating the best beam selection, and CSI (e.g., RI/PMI/CQI) for that beam for the purposes of UE specific beamforming and link adaptation. Alternatively, only CSI-RSRP feedback for either the best beam or several of the beams can be configured as the feedback from the sweep. The CSI-RSRP then be used for a, coarse link adaptation. 
Sub-symbol time beam sweep for efficient beam management
As shown in the above, it has been agreed to support sub-time units smaller than an OFDM symbol in a reference numerology in NR. The reference numerology is the one, for example, used for transmission of the data symbols. Such design can provide a useful tool for enabling low latency beam sweep, and in some scenarios, provide overhead reduction. In the last meeting Iit has previously been was agreed to down-select amongst the available methods, given that sub-symbol beam sweep was agreed. Mainly three alternatives methods have been discussed;: IFDMA, increased SCS, and DFT filter based signal generation. Here, we mainly discuss the former two, noting that a DFT filtering based approach requires additional implementation cost, but does not provide any obvious advantages compared to the other two.  

Considering increased SCS for sub-OFDM symbol duration beam sweep, one advantage is that it allows for a flexibility in performing both Rx and Tx beam switching in any order. On the other hand, if the delay spread of the channel is too long, or there are significant synchronization errors, ICI may degrade the quality of channel estimation CQI measurements since as the CP length duration is reduced; this may be the case even . if the combined effect of synchronization error and delay spread is within what can be accommodated using the CP of the reference numerology. In section 3, we show this through link level simulations, where a channel estimation mean square error increase is observed. For RSRP based measurements and reports, the accuracy may still be acceptable while for RI/PMI/CQI measurements the degradation may be significant., but for more detailed reports (e.g., RI/PMI/CQI) this may affect the measurement quality. This could in turn mean that additional CSI-RS transmissions are needed for more accurate CSICQI reports for link adaptation, reducing the efficiency of the data delivery. Further system level studies would be required to fully understand the overall performance implications.
IFDMA, on the other hand, adds robustness towards long channel delay spread due to an inherent longer CP, which caters for  detailedaccurate CSQI reports in addition to support of sub-OFDM symbol Rx beam sweeps.One constraint is that sub-symbol Tx beam switching is not possible with IFDMA, in contrast to increased SCS. However, for most scenarios, this constraint is not an issue – especially considering the added robustness – since several OFDM symbols carrying CSI-RS will be needed for P2/P3 procedures anyway to test multiple Tx-Rx beam pairs. Comparing the IFDMA and wider SCS approach for a given number of sub-time units, there is no fundamental difference between the number of Tx-Rx beam pairs that can be measured. The only difference is the Tx-Rx switching pattern.        	Comment by Peter Hammarberg: Remove
 An additional, and important,l benefit of adopting IFDMA is the obtained flexibility in receive processing window placement. This can, e.g., relax the requirements on the UE Rx beam switching latency, and simplify UE grouping in case of shared CSI-RS amongst UEs with different switching capabilities. The UE can also, in a flexible way, reduce the number of Rx beams to be smaller than the repetition factor (RPF). An illustration is shown in Figure 1, where three different processing window scenarios are shown for the case of an RPF=4. It is important to note that flexibility in the window placement comes from the fact that each of the RPF repetitions of the time domain waveform within the OFDM symbol provides an inherent cyclic prefix for the following repetition. In this way, the benefit of the larger CP for IFDMA compared to wider SCS can be leveraged over all sub-TUs. The construction gives complete freedom to place a processing window within the symbol, noting that timing adjustments (de-rotation) of a channel estimate is required to adjust any misalignment with the repetition borders. Even though the illustration has a fixed number of samples between the sub-beam windows, this is not a strict requirement. Furthermore, the first window can at earliest be placed after the channel impulse response duration, i.e., when all multi path components has arrived to the receiver. 
[image: ]
[bookmark: _Ref477789757]Figure 1: Illustration of beam switching flexibility obtained through the use of IFDMA. In a) we have a scenario with a low delay spread channel, and moderate beam switching latency. In b) we have a moderate channel delay spread, and short switching latency. In c) we have a long channel, and long switching latency.


Based on the arguments above, supporting sub-symbol beam sweeping, enabled through IFDMA, should be adopted in NR. 
[bookmark: _Toc481438977][bookmark: _Toc481438984][bookmark: _Toc481438991][bookmark: _Toc481438998][bookmark: _Toc481439061][bookmark: _Ref481753840][bookmark: _Ref481753846][bookmark: _Toc477869747][bookmark: _Toc477968885][bookmark: _Toc478024728][bookmark: _Toc478123669][bookmark: _Toc478123675][bookmark: _Toc478124479][bookmark: _Toc480527138][bookmark: _Toc481784002][bookmark: _Toc481788201][bookmark: _Toc481788272]To enable and flexible UE Rx beam sweeping/receive window size, and ISI robustness matching that of the reference data numerology, NR supports an RE-mapping pattern for CSI-RS based on IFDMA with configurable RPF.
[bookmark: _Toc481438978][bookmark: _Toc481438985][bookmark: _Toc481438992][bookmark: _Toc481438999]When it comes to the supported number of sub-symbols to support, i.e. the RPF in case of IFDMA, a too large number will have impact on the switching requirements on the UE, and will also reduce the effective measurement SNR. The flexibility of the Rx processing window, inherent in the IFDMA solution, suggest that a single value may be sufficient to enable sub-symbol beam selection at the receiver. This could reduce the signalling cost, since it will only be required to indicate to the UE that sub-symbol sweeping is enabled. 
[bookmark: _Toc481438979][bookmark: _Toc481438986][bookmark: _Toc481438993][bookmark: _Toc481439000][bookmark: _Toc481439062][bookmark: _Ref481753855][bookmark: _Ref481753864][bookmark: _Toc481784003][bookmark: _Toc481788202][bookmark: _Toc481788273]Allowed RPF values are at least 2 and 4, other values FFSConsider using a single RPF factor for enabling sub-symbol beam sweep, e.g. RPF = [4].
Beam management configurations and mapping
Figure 2 shows two exemplary CSI-RS configurations to enable beam sweeping. In this example, 2 ports are mapped to each CSI-RS resource (one resource = 1 symbol), and various numbers of resources are configured to support either a full slot beam sweep or a partial slot beam sweep. This could apply, for example, to a scenario where a single antenna panel supporting analog beamforming with 2 antenna ports is used at the gNB.
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	(a)	(b)
[bookmark: _Ref478037608]Figure 2: Exemplary IFDMA CSI-RS configurations with RPF 4 to support beam sweeping. (a) Full slot beam sweep over 7 OFDM symbols, and (b) Partial slot beam sweep over 3 OFDM symbols. In both cases, 2 ports are mapped to each CSI-RS resource (1 symbol = 1 resource). The REs not occupied by CSI-RS are blanked (zero power) to create the IFDMA pattern. The RE mapping pattern is assumed to extend across the entire configured CSI-RS bandwidth.
In this figure, an IFDMA-type RE pattern is created with RPF = 4. The “in-between” REs not occupied by CSI-RS are blanked (zero power). This IFDMA pattern allows the UE 4 opportunities to adjust its RX beam within a single OFDM symbol since the OFDM waveform repeats 4 times each symbol. With the above configurations, a beam sweep of up to RPF·N Tx-Rx beam pairs can be supported, where N = 7 and 3 in Figure 2(a) and Figure 2(b), respectively. An inherent feature of this pattern is that a time unit is defined as 1 OFDM symbol, and RPF sub-TUs are located within each TU. 
Note that while the examples here consider beam sweeps with a relatively small number of Tx-Rx beam pairs, larger beam sweeps can be supported by configuring CSI-RS resources in additional slots. Moreover, if 14 symbol slots are used instead of 7, this allows twice as many beams to be swept per slot.
A key observation is that if the UE is configured to report CRI indicating the best Tx-Rx beam pair amongst the multiple CSI-RS resources, the UE is able to simultaneously report CSI based on the CSI-RS pattern in Figure 2. In the CSI estimation process, the effective channel corresponding to each CSI-RS port needs to be measured. This is still possible with the IFDMA pattern, recognizing that a channel estimate sample per port is obtained every RPFxP subcarriers, where P is the number of ports (P = 2 in the figure). Alternatively, the UE could be configured to provide only CSI-RSRP feedback from the sweep for either the best beam or several of the beams which can be used for rudimentary, coarse link adaptation.
Another important observation is that the CSI-RS design in Figure 2 can be used for procedures P1, P2, and/or P3. The key aspect is that the gNB is able to configure multiple CSI-RS resources, and how it maps the resources to Tx beams is up to the implementation. As mentioned above, for procedure P3, however, it is necessary for the UE to understand for which resources the gNB holds its Tx beam constant, thus allowing the UE to adjust its Rx beam.
[bookmark: _Ref481399352]Simulation results
To illustrate the impact of the shorter cyclic prefix, in the case of increased SCS for sub-symbol beam sweeps, on the CSI estimation performance link level simulations were performed. As a metric, the normalized mean square channel estimation error (MSE) was chosen. The MSE was calculated on the raw, unfiltered, channel estimates obtained at the occupied REs. The simulation parameters are listed in Table 1.    
As can be seen from Figure 1, where the MSE is plotted against the received SNR, the impact on channel estimation performance can be significant. The performance difference depends on operating point, channel conditions and the specific beam pair (which can have an impact on the effective maximum delay of the channel). This implies that CSI reports bases on sub-TU measurements could be of worse quality in case of larger SCS, as compared to IFDMA. System level simulations are required to fully quantify which impact this has on the end system performance, but this highlight one of the drawback of sub-TU based on larger SCS.
[bookmark: _Toc481752196][bookmark: _Ref481754067][bookmark: _Ref481754073][bookmark: _Toc481788269]Scaling the numerology to obtain shorter OFDM symbols for sub-symbol beam sweeps may have a detrimental impact on channel estimation performance in time dispersive channels. With IFDMA, the cyclic prefix is kept as in the reference numerology.
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Figure 3: Normalized channel estimation MSE comparison between IFDMA with RPF = 4, and larger SCS by a factor of 4.
[bookmark: _Ref481140691]Table 1: Simulation parameters
	Carrier freq. 
	30 GHz

	Numerology
	120kHz SCS for IFDMA, and 480kHz 

	Number of ports
	2, one for each polarization, separated by combs

	Number of sub-TU symbols
	4

	Tx antennas
	2x4 dual polarized antenna elements

	Rx antennas
	1x4 dual polarized antenna elements

	Channel model
	CDL B, 100ns RMS delay spread

	Beam forming
	DFT based grid of beams



Conclusions
In this contribution we made the following observations:
Observation 1	Scaling the numerology to obtain shorter OFDM symbols for sub-symbol beam sweeps may have a detrimental impact on channel estimation performance in time dispersive channels. With IFDMA, the cyclic prefix is kept as in the reference numerology.

Based on the discussion in this contribution we propose the following:
Proposal 1	To enable flexible UE Rx beam sweeping/receive window size, and ISI robustness matching that of the reference data numerology, NR supports an RE-mapping pattern for CSI-RS based on IFDMA with configurable RPF.
Proposal 2	Consider using a single RPF factor for enabling sub-symbol beam sweep, e.g. RPF = [4].







Proposal 1	To enable efficient beam management, NR supports sub-time units for beam sweeping as a fraction of an OFDM symbol length in the reference data numerology.
Proposal 2	To enable gNB Tx and UE Rx beam sweeping, NR supports an RE-mapping pattern for CSI-RS based on IFDMA with configurable RPF. Allowed RPF values are at least 2 and 4, other values FFS.
Proposal 3	A time unit (TU) is defined as one OFDM symbol in a reference numerology, and sub-time units are obtained through IFDMA.
Proposal 4	To enable gNB Tx and UE Rx beam sweeping, NR supports configuring a UE to measure on multiple single OFDM symbol CSI-RS resources and provide both CRI and CSI feedback for the CSI-RS resource corresponding to the selected gNB Tx/UE Rx beam pair.
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