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Introduction
In RAN1#89, the following agreement was made:
Agreements:
· Confirm the WA of CSI-RS for Beam Management in RAN1 #88bis (copied below).
· 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
· Down-select from the below options when sub-time unit smaller than an OFDM symbol in a reference numerology:
· Opt-1: IFDMA 
· Opt-2: Larger subcarrier spacing 
· Opt-3: DFT-based 
· Note: for beam management, the reference numerology for a bandwidth part is determined based on the UE-specific configuration for the bandwidth part


In this we continue the discussion on
[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 (TRS), UL power control, and radio link monitoring, etc. 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 inherently an RE-level comb, so it fits well in a unified RS design spanning multiple use cases.
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 could then be used for coarse link adaptation. Sub-symbol time beam sweep for efficient beam management.
As stated in the agreement above, sub-time units smaller than an OFDM symbol in a reference numerology are supported. The reference numerology is the one 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. It has previously been agreed to down-select amongst 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 complexity, and potential performance advantages are not clear.
IFDMA Advantages
In our view IFDMA offers the most attractive balance between performance and complexity; moreover, it offers unique flexibility enabling its use in a variety of beam management scenarios, e.g., P2, P3, or joint P2/P3 beam sweeps.
Performance
In terms of performance, IFDMA has an advantage in that the cyclic prefix (CP) is longer compared to the Wider SCS approach. This can lead to higher CSI acquisition accuracy. With IFDMA, if the reference numerology is chosen such that typical channel delay spreads fall within the CP, then CSI acquisition accuracy may be maintained. In contrast, with the Wider SCS option, the CP may become too short, thus causing a degradation in CSI acquisition accuracy. Channel conditions may still permit measurement of RSRP with sufficient accuracy, but this is not guaranteed. We evaluate this effect in Section 3 where link-level simulation results are shown comparing IFDMA with a comb repetition factor (RPF) of 4 compared to Wider SCS where the SCS is increased by a factor of 4 compared to the reference numerology. Based on the simulation results we observe the following
[bookmark: _Toc485402822]Enlarging the sub-carrier spacing to obtain shorter OFDM symbols for sub-symbol Tx beam sweeps may have a detrimental impact on channel estimation performance in time dispersive channels. With IFDMA, such impact is minimized by maintaining the reference numerology for CSI-RS.
UE Flexibility
An additional, and important, benefit of adopting IFDMA is the obtained flexibility in receive processing window placement. This is due to the inherent repetition pattern of the time domain waveform shown in Figure 1. Since the receiver window (FFT duration) is a factor of N times shorter than that used for the reference numerology, one receive window is guaranteed to span a portion of two time domain repetitions regardless of the window placement. Hence, the portion of one repetition serves as an inherent CP for the other portion. 
[image: ]
[bookmark: _Ref485219495]Figure 1: IFDMA pattern in frequency and time. Time domain repetition pattern allows UE to sweep a flexible number of Rx beams from 1 up to N using a receive window (FFT duration) that is a factor of N times shorter than that used for the reference numerology.
[bookmark: _GoBack]This inherent feature of IFDMA is beneficial in that it relaxes the requirements on UE Rx beam switching latency, and simplifies UE grouping in the case that CSI-RS is shared 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). In fact, the UE can choose to do no beam sweeping at all, opting instead to collect energy over the multiple time domain repetitions, for example to improve coverage. The number of beams that the UE chooses to sweep is transparent to the network. 
This feature is further illustrated in Figure 1, where three different processing window scenarios are shown for the case of an RPF=4. Since one portion of time domain repetition serves as a CP for the other, 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 OFDM 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 shows the same number of samples between the sub-beam windows, this is not a strict requirement.
[bookmark: _Toc485402823]IFDMA offers the UE flexibility in Rx window (FFT window) placement and flexibility in in selecting the number of Rx beams to sweep from 1 up to the repetition factor (RPF) of the comb. The selected number of Rx beams is transparent to the network. 
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[bookmark: _Ref477789757]Figure 2: 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
One claimed advantage of Wider SCS compared to IFDMA is that if Rx beam sweeping is not needed, e.g., in a P2 beam sweep, Wider SCS can enable faster beam sweeps by creating shorter OFDM symbols. This benefit is questionable, considering the potential performance impact due to a shorter CP as discussed above. Moreover, it is not clear that the creation of sub-time units smaller than an OFDM symbol are needed for Tx beam sweeping. In typical operating scenarios for milimeter wave (mmW) deployments, a relatively large number of beams may be swept in a relatively short time frame based solely on the reference numerology.
For example, consider a mmW deployment operating with a reference numerology of 120 kHz for data (PDSCH/PUSCH) transmission. This gives a slot duration of 125 μs. Further, consider that CSI-RS is configured with the same 120 kHz numerology and that 10 OFDM symbols in each slot are configured for Tx beam sweeping. Assuming a total sweep of 60 beams, 6 slots are required to complete the sweep. Further, assume that for a high mobility scenario, a beam sweep is performed every 40 ms = 320 slots. Clearly, this leads to quite low overhead, i.e., only 6/320 = 1.9%, even if all beams are swept every 320ms. If only relevant beams are swept, the overhead is far less. For lower mobility scenarios, this overhead is even less.
[bookmark: _Toc485402824]In typical mmW deployments, even with high mobility, a relatively large number of Tx beams may be swept with relatively low overhead without enlarging the sub-carrier spacing compared to the reference numerology.
Considering this observation as well as the performance benefit and UE flexibility aspects discussed above, we propose the following 
[bookmark: _Toc485225070][bookmark: _Toc485226724][bookmark: _Toc485227677][bookmark: _Toc477869747][bookmark: _Toc477968885][bookmark: _Toc478024728][bookmark: _Toc478123669][bookmark: _Toc478123675][bookmark: _Toc478124479][bookmark: _Toc480527138][bookmark: _Toc485402826]NR supports an RE-mapping pattern for CSI-RS based on IFDMA with configurable RPF. Supported RPF values are at least 2 and 4.
IFDMA Configurations and Mapping
Figure 2 shows three exemplary IFDMA configurations using a repetition factor (RPF) or comb spacing of 4. For simplicity, CSI-RS in only a single symbol is shown. To configure Tx beam sweeping (e.g., P2 procedure), multiple such symbols within a slot can be configured. For a P3 procedure if the UE needs to sweep 4 or fewer Rx beams, a single symbol could be sufficient. If more than 4 Rx beams are needed, then additional symbols may be used, with a fixed gNB Tx beam. The key is that a CSI-RS resource for beam sweeping is defined within a single OFDM symbol. With this approach, the UE feedback consists of one or more CSI-RS resource indicators (CRIs) (for a P2 or joint P2/P3 sweep) plus a measurement report, either RSRP or CSI. For a P3 sweep, CRI may not be necessary since the Rx beam selected by the UE is transparent to the gNB.
As shown in Figure 2(a) and (b), in which only a single CSI-RS resource is configured, the CSI-RS resource consists of either 1 or 2 ports with the port numbers alternating across the REs of the frequency domain comb structure. This configuration is appropriate, e.g., for analog beam sweeps based on a single antenna panel at the TRP consisting of either 1 or 2 antenna ports. Since for beam sweeping purposes, CSI-RS is not multiplexed with other signals, the use of CDM is not required since full PA utilization may be achieved without violating any power boosting limits.
For the case of simultaneous beam sweeps from multiple panels, multiple 1 or 2 port resources may be frequency division multiplexed within a single OFDM symbol. Figure 2(c) shows an example with two FDM’d  2-port CSI-RS resources. Clearly, as the number of multiplexed resources (antenna panels) increases, the frequency spacing of a given port corresponding to a given panel increases linearly. It is FFS how many resources may be multiplexed while still maintaining reasonable CSI estimation accuracy.
[bookmark: _Toc485225071][bookmark: _Toc485226725][bookmark: _Toc485227678][bookmark: _Toc485402827]For beam management, a CSI-RS resource is defined as 1 or 2 ports that are frequency division multiplexed onto an RE-level comb within a single OFDM symbol.
[bookmark: _Toc485225072][bookmark: _Toc485226726][bookmark: _Toc485227679][bookmark: _Toc485402828]Multi-panel beam sweeps for IFDMA are enabled by configuration of 2 or more 1/2 port CSI-RS resources frequency division multiplexed onto an RE-level comb within a single OFDM symbol. FFS: how many resources may be multiplexed without sacrificing CSI accuracy due to too low density.
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	(a)	(b)	(c)
[bookmark: _Ref478037608]Figure 3: Exemplary IFDMA CSI-RS configurations with a repetition factor (RPF) of 4 to support beam sweeping. 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. For the case of multi-panel operation, multiple 1 or 2 port CSI-RS resources are frequency division multiplexed as in (c).
OOBE Considerations
For both IFDMA and Wider SCS, all of the power in a given OFDM symbol is allocated to CSI-RS. For the case of IFDMA which uses an RE-level comb with spacing of 4 REs (RPF = 4), the PSD is 6 dB higher at the occupied REs than if the all REs were used (RPF = 1). The question then becomes does this cause any issues with out of band emissions (OOBE)? A similar question may be posed for the case of Wider SCS as well. In order to investigate this, in Figure 4, we have plotted Power Spectral Densities (PSDs) of three equal bandwidth OFDM signals: i) OFDM with reference SCS equal to 120 kHz, ii) IFDMA with RPF =4 (SCS=120 kHz), and iii) OFDM with wider SCS (480 kHz). We observe that use of IFDMA with RPF = 4 does not create any issues with spectral confinement; the OOBE (skirts of the IFDMA spectrum) are no higher than for the 1x SCS baseline. In contrast, we observe that Wider SCS has higher OOBE than both IFDMA and the baseline. Hence to meet OOBE requirements, Wider SCS may require additional guard bands compared to IFDMA and the 1xSCS baseline. Windowing and filtering are commonly used methods for improving spectral confinement of OFDM signals. These techniques consume part of Cyclic-Prefix (CP), which is already smaller for the wider SCS. 
[bookmark: _Toc485402825]Wider SCS (xN) creates larger OOBE than IFDMA with RPF = N.
[image: ]
[bookmark: _Ref485401603][bookmark: _Ref485401675]Figure 4: Comparison of power spectral density for IFDMA with RPF = 4 and Wider SCS with 4x SCS. The baseline for both cases is 1x SCS.
CSI-RS Sequence Design
In LTE, PN sequences are used for CSI-RS. This makes sense for NR as well, at least for CSI acquisition, where data (PDSCH) may be FDM multiplexed with CSI-RS. In this scenario, there is little opportunity to reduce PAPR/CM by alternate sequence designs for CSI-RS. However, for the case of beam management, only CSI-RS is transmitted in OFDM symbols used for beam sweeping; multiplexing of data does not make sense. Hence, there may be an opportunity for beam management for reducing PAPR/CM to enable improved coverage for the beam management CSI-RS. For example, a low PAPR design could be adopted, e.g., based on ZC sequences which are known to have good PAPR/CM properties. Based on this observation we propose
[bookmark: _Toc485402829]Low PAPR sequences for beam management CSI-RS are considered for NR
To harmonize with CSI acquisition CSI-RS, we additionally propose 
[bookmark: _Toc485402830]For beam management CSI-RS, sequence IDs are UE specifically configured
[bookmark: _Ref481399352]Simulation Results
To illustrate the advantage of the inherently longer CP for IFDMA compared to Wider SCS, we investigate CSI estimation accuracy through a link level simulations. As a metric, the normalized mean square channel estimation error (MSE) is chosen. The MSE is calculated on the raw, unfiltered, channel estimates obtained at the occupied REs. The simulation parameters are listed in Table 1.    
Figure 3 shows the MSE plotted against the received SNR. As can be seen, 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 the impact this has on the end system performance, but this highlight one of the drawback of sub-TU based on larger SCS.
[image: ]
[bookmark: _Ref485215565]Figure 5: 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	Enlarging the sub-carrier spacing to obtain shorter OFDM symbols for sub-symbol Tx beam sweeps may have a detrimental impact on channel estimation performance in time dispersive channels. With IFDMA, such impact is minimized by maintaining the reference numerology for CSI-RS.
Observation 2	IFDMA offers the UE flexibility in Rx window (FFT window) placement and flexibility in in selecting the number of Rx beams to sweep from 1 up to the repetition factor (RPF) of the comb. The selected number of Rx beams is transparent to the network.
Observation 3	In typical mmW deployments, even with high mobility, a relatively large number of Tx beams may be swept with relatively low overhead without enlarging the sub-carrier spacing compared to the reference numerology.
Observation 4	Wider SCS (xN) creates larger OOBE than IFDMA with RPF = N.

Based on the discussion in this contribution we propose the following:
Proposal 1	NR supports an RE-mapping pattern for CSI-RS based on IFDMA with configurable RPF. Supported RPF values are at least 2 and 4.
Proposal 2	For beam management, a CSI-RS resource is defined as 1 or 2 ports that are frequency division multiplexed onto an RE-level comb within a single OFDM symbol.
Proposal 3	Multi-panel beam sweeps for IFDMA are enabled by configuration of 2 or more 1/2 port CSI-RS resources frequency division multiplexed onto an RE-level comb within a single OFDM symbol. FFS: how many resources may be multiplexed without sacrificing CSI accuracy due to too low density.
Proposal 4	Low PAPR sequences for beam management CSI-RS are considered for NR
Proposal 5	For beam management CSI-RS, sequence IDs are UE specifically configured

[bookmark: _In-sequence_SDU_delivery]References
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