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Introduction
RAN1 has made the following agreements on beam management.
Agreement #1: (RAN1#86bis):
· For downlink, NR supports beam management with and without beam-related indication
· When beam-related indication is provided, information pertaining to UE-side beamforming/receiving procedure used for data reception can be indicated through QCL to UE
· FFS: Information other than QCL
· FFS: When beam-related indication is provided, information pertaining to the Tx beam used for data transmission is indicated to UE 
· For downlink, based on RS (used for beam management) transmitted by TRP, UE reports information associated with N selected Tx beams
· Study how the N Tx beams can be selected 
· Study the case where N comprises of all Tx beams
· Study UE reporting information

Agreement #2 (RAN1#89AH):
· For beam management, CSI-RS with sub-time units smaller than an OFDM symbol in a reference numerology is not supported in Rel-15 

In this contribution, beam management without beam indication will be compared with beam management with beam indication. Recent developments in beam management specifications will be discussed.
[bookmark: _Ref178064866]Discussion
In the beam management development, there have been intense discussion on beam indication. The basic idea with beam indication is that the gNB informs the UE of an imminent TX beam switch. The UE would use the indication to update its RX beam, as another RX beam may be more appropriate for the new TX beam. 
However, in many cases, beam indication is not necessary. In fact, the only cases where beam indication is required are
· Several BPLs are maintained
· Simultaneous P2/P3 procedure is applied
· Beam grouping is used
In all other cases, beam indication is unnecessary.
In agreement #2, it was stated that CSI-RS with sub-time units are not supported in Rel-15. Such sub-time units were originally designed to allow for the simultaneous P2/P3 procedure. The lack of such sub-time unit CSI-RS makes design of a simultaneous P2/P3 procedure less attractive, and reduces the need for beam indication. 
Furthermore, the design of beam grouping support in the specification turns out to be quite challenging. Currently, it is unclear what beam grouping support will be available in Rel-15, and how the beam indication would fit into that.
All these facts point to that beam management without beam indication should be studied in more detail, and further explored.
 In [1], the concept of baseline and extended beam management procedures were introduced. The baseline procedure corresponds to beam management without beam indication. We will give a short recap of the baseline algorithm, and then provide simulation results. 
One case where beam indication would be motivated is when gNB and the UE must both change their beams to maintain the connection: if only one of the nodes change its beam, the connection will be lost. This scenario is depicted in Figure 1.
Hidden reflection

[bookmark: _Ref481649896]	Figure 1: Scenario with a hidden reflection.

In the scenario in Figure 1, the gNB and the UE communicate using the green beams. They then discover that the quality of the link would be better if they communicated via the reflection depicted by the dashed line. To switch to that link, both nodes would have to update their beams. This is the typical use case where beam indication would be necessary: the gNB would send an indication to the UE to switch beam at a certain point in time, and at that point in time, both nodes would switch beams. Clearly, if the gNB changed its beam without informing the UE, the link wold be lost. 
Of course, the gNB and UE would not switch to the hidden reflection blindly, that reflection must first be found. To do this, a joint P2/P3 sweep would be required. Note that such a beam sweep may consume a lot of resources, and may take quite some time.
Still, if hidden reflections as depicted in Figure 1 are common, beam indication could prove valuable. To investigate this, we have compared performance of a beam management using joint P2/P3 sweep, with a solution based on sequential P2/P3 sweeps. The first solution would require beam indication, and becomes more complicated. The latter solution is simpler, and would not require beam indication. 
Beam management without beam indication
The baseline procedure is characterized by the establishment of a single beam-pair link (BPL) to be used for both control (PDCCH and PUCCH) and data transmission (PDSCH and PUSCH). A BPL consists of the link between the TRP and a UE considering a particular TRP Tx beam and UE Rx beam. The establishment procedure is transparent to the UE in the sense that no explicit downlink signalling is used to inform the UE of what Tx beam is used or what UE Rx beam should be used. 
There are several options for initial BPL establishment. In this paper, we focus on the procedure where the gNB relies on beam correspondence to find a suitable SS beam already during the RACH procedure. Hence a salient feature of the baseline procedure is UE reception of CSI-RS, PDCCH and PDSCH without beam-related indication as stated in the agreement listed above. The baseline procedure primarily consists of procedure P1 during the RACH procedure, and optionally P2/P3 for moderate-length data sessions, i.e., sessions not long enough to warrant the extended procedure.
An illustrative sequence of steps in the baseline procedure to establish a single BPL without the need for beam indication is as follows:
· The UE measures on SS blocks, and determines an initial UE Rx beam without dedicated NW assistance. For instance, before performing random access, the UE has detected a suitable SS block, and during that process, the UE has adjusted its Rx beam to that SS reception. The UE may use same beam as during the RACH procedure, which may be wide beam. Hence the system must be dimensioned to ensure sufficient PDCCH coverage even if the UE is not using the strongest Rx beamforming.
· The UE transmits the PRACH preamble in the designated resources using the TX beam corresponding to the RX beam it used to receive the SS block.
· The gNB receives the PRACH in a certain receive beam.
· The gNB transmits Msg2 (Random Access Response) in the TX beam corresponding to the RX beam where it received the PRACH preamble.
· The NW configures the UE to measure and report on multiple (K) beamformed CSI-RS resources directly after the transition from IDLE to CONNECTED, or directly after a handover to a new cell. This is an initial P2 procedure.
· Depending on the configuration, the UE reports a Tx beam report including CSI or RSRP using the same beam as for PRACH.
· From now on, the gNB uses the best reported beam for both PDCCH and PDSCH transmissions. No explicit DL signalling is necessary to indicate the selected TRP Tx beam, since the UE used the same Rx beam to perform all the measurements during the beam sweep. In addition, the gNB may use the same beam direction for future reception of PUCCH/PUSCH as long as Tx/Rx correspondence holds at the gNB.
· If the NW determines that it would be useful to update the beams at the TRP and/or the UE, the NW will schedule a P2 or P3 procedure. As long as the P2 and P3 procedures are performed separately, no beam indication will be required.  In this case, the BPL may be refined using procedures P2 and/or P3.
· Refining the BPL using P2: 
a. The gNB triggers a Tx beam sweep (P2) based on configuring one or more aperiodic (UE specific) beamformed CSI-RS resources based on the previously reported best beam from the UE. 
b. The UE feeds back the best N CRI (corresponding to the N best Tx beams) together with CSI or RSRP. 
c. The gNB updates its Tx beam based on the CRI report from the UE. Note that no beam indication is required, since the UE has not varied its Rx beam during the sweep.
· Refining the BPL using P3:
a. The gNB triggers an Rx beam sweep (P3) based on configuring one or more aperiodic (UE specific) beamformed CSI-RS resources based on the previously reported best beam from the UE. The Tx beams used for the sweep will be the same.
b. The UE varies its Rx beam during the sweep, and remembers the best Rx beam.
c. The UE feeds back the best CSI for link adaptation purposes. 
d. The UE applies the new Rx beam as soon as possible. Note that the UE will not notify the NW of which Rx beam is the best.

A key point in the above steps is that both the initial CSI-RS beam sweep and the optional refinement CSI-RS beam sweep, the UE receives the CSI-RS, the PDCCH and the PDSCH without explicit beam-related indication from the gNB. This is due to the fact that the baseline procedure establishes only a single BPL, and that no combined P2/P3 procedure is applied. 
[bookmark: _Toc474157000][bookmark: _Toc478108970][bookmark: _Toc478110726][bookmark: _Ref481665607][bookmark: _Ref481665610][bookmark: _Toc490200899]The baseline procedure uses a single, active BPL and operates without beam indication. 
[bookmark: _Toc474157001][bookmark: _Toc478108971][bookmark: _Toc478110727][bookmark: _Ref481665624][bookmark: _Toc490200900]The active BPL in the baseline procedure is established implicitly on the network side by the choice of Tx beam
[bookmark: _Toc474157002][bookmark: _Toc478108972][bookmark: _Toc478110728][bookmark: _Ref481665653][bookmark: _Toc490200901]The active BPL in the baseline procedure is established implicitly on the UE side as the RX beam discovered during the latest P3 beam sweep.
These observations imply that for each new measurement, the TX and RX beams for the single, active BPL may be updated.
Performance evaluation
In this performance evaluation, we compare the performance of two flavours of beam management:
Joint P2/P3 procedure: Here, a joint P2/P3 sweep is performed. All combinations of Tx and Rx beams are probed, and the best pair is selected. When the UE has selected the N best beam pairs, it sends a report to the TRP. The TRP then decides which beam pair to use, and notifies the UE which Tx beam it will use for subsequent communication. Note that the beam indication – resulting in a coordinated beam switch – is necessary, since the UE may only be able to receive data with the new RX beam if the TRP is transmitting data in the new TX beam. 
Sequential P2,P3 procedure: Here the TX sweep, i.e., a P2 procedure, is performed first. The UE maintains its original (wide) RX beam during the sweep. Once the P2 sweep is complete, the TRP updates its TX beam without informing the UE. The TRP then instructs the UE to perform an RX sweep, i.e., a P3 procedure. After the P3 procedure, the UE updates its RX beam without informing the TRP. In subsequent TX beam sweeps, the UE maintains its previously found optimal RX beam.
By using a joint P2/P3 procedure, the TRP and UE may be able to find a BPL corresponding to a “hidden reflection” as illustrated in Figure 1. This is possible since for each Tx beam, the UE “listens” in multiple receive directions. Hence, when a Tx beam in the sweep excites the hidden reflection, the UE has a good chance to measure it during its Rx beam sweep. In contrast, in a sequential P2,P3 procedure, this hidden reflection could be missed if the UE Rx beam used during the P2 Tx beam sweep is not sufficiently aligned with the reflection to start with.
Clearly, it is possible that such a reflection may appear, e.g. due to fast fading fluctuations.  The question that we are investigating in this contribution is: how common is this?
For this purpose, we have performed system simulations in 5G UMa and InH scenarios. We then compared performance of beam management with a joint P2/P3 sweep with sequential P2/P3 sweeps. We assume that the gNB has a single panel with 4x8 dual-polarized antenna elements virtualized into one TXRU per polarization using precoders taken from a 2-D DFT matrix, i.e. using 1x oversampling. The UEs are assumed to be equipped with a panel antenna with 4x2 dual-polarized isotropic elements and one TXRU per polarization. At every 50-th slot, a complete beam sweep, either joint or sequential, is assumed to be performed at the TRP using beamformed CSI-RS (however the CSI-RS overhead is not taken into account). 
For the joint P2/P3 sweep, all combinations of the 32 TRP TX beams and the 8 UE RX beams are swept, resulting in 256 reference symbols being transmitted. Without sub-time units, and 2 symbol PDCCH per 14-symbol slot, the beam sweeping would take 20 slots.  
Once the beam sweep is performed, the TRP and the UE uses the new best beams without any delay. Note that this is optimistic. a joint beam sweep would require that a beam indication is sent to the UE before the new beams are applied, causing a delay of a number of slots. Hence, the results for the joint sweep are optimistic.
[bookmark: _Ref481665671][bookmark: _Toc490200902]With a joint beam sweep, a beam indication must be transmitted to the UE prior to the synchronized beam switch.
We note that there are many uncertainties in how beam indications will be handled in NR, e.g., the signalling mechanisms are not clear, nor are the UE requirements on beam switch latency. See [4] for a discussion about beam management signalling. There is an ongoing discussion on beam grouping, a concept which would definitely put new requirements on beam indications. We thus observe
[bookmark: _Ref481665682][bookmark: _Toc490200903]There are many uncertainties regarding beam indication procedures.
For the sequential P2/P3 sweep, the 32 TRP TX beams are swept first, and the 8 UE RX beams are swept afterwards. Using the same assumptions as for the joint sweep, the beam sweeping would be completed in 3 slots. Once the beam sweep is performed, the TRP and the UE uses the new best beams without any delay. 
For comparison, we also simulate fully digital beamforming systems where there is a TXRU per TRP antenna element and polarization. In this case, non-precoded CSI-RS is transmitted every 5-th slot and a 64-port LTE Rel-13 Class A style codebook is used to determine the best beam for the downlink data transmission. The UE has either 2 or 4 antenna elements.
As another reference, a beam management system without RX beam sweeping where the UE is equipped with 2 isotropic antenna elements is evaluated as well.
All systems use a proportional fair scheduler, wideband in the analogue and frequency-selective in the digital beamforming case. Both the analogue and digital beamforming solutions rely on CSI reports every 5th slot to perform link adaptation, precoder selection, and rank adaptation. In the digital beamforming case, frequency-selective precoding with 6RB subband is used, while the analogue system of course utilizes wideband precoding.
Figure 2 shows CDFs of user throughput (in bps/Hz) for the 5G Urban macro (UMa) scenario at 30 GHz using a full buffer traffic model while Table 1 shows numerical values of the average user throughput. Details of the simulation assumptions are given in the appendix. A first observation is that an analogue system where the UE is equipped with an antenna panel performs better than the digital baseline with 2RX, due to the additional RX beamforming gain achieved. However, a 4RX digital UE implementation achieves better average throughput than a 2RX analogue panel UE, due to the additional IRC capabilities. The results further show that there is only an insignificant performance difference between the joint and sequential beam sweep solutions, around 2% in median average throughput.
[bookmark: _Ref481665724][bookmark: _Toc490200904]There is only an insignificant performance difference between joint and sequential beam sweeps.
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[bookmark: _Ref481657911]Figure 2: C.D.F of user throughput in 5G UMa

[bookmark: _Ref481657965]Table 1: Average user throughput for evaluated schemes in 5G UMa scenario
	Scheme
	Average user throughput

	
	[bps/Hz]
	Gain [%]

	Digital implementation 2RX
	0.38
	0%

	Beam management 2RX
	0.34
	-11%

	Beam management 2RX Panel Joint TX+RX sweep
	0.42
	12%

	Beam management 2RX Panel Separate TX+RX sweep
	0.43
	13%

	Digital implementation 4RX
	0.51
	34%



The corresponding results for Indoor Hotspot scenario are presented in Table 2 below. For this scenario, the FTP1 traffic model with 0.1 MB packet size has been used. As may be observed, the trend is similar as for the 5G UMa scenario: only a couple of percent in throughput gain is seen with joint beam sweep procedure over separate beam sweep procedure. As the CSI-RS overhead is not taken into account in these simulations, the results are optimistic for the joint  beam sweep procedure and the separate beam sweep procedure will likely perform much better than the joint one if CSI-RS overhead is modelled. 

[bookmark: _Ref481659954]Table 2: UPT for evaluated schemes in Indoor Hotspot scenario
	Scheme
	Cell edge UPT
	Average UPT

	
	[bps/Hz]
	Gain [%]
	[bps/Hz]
	Gain [%]

	Digital implementation 2RX
	0.61
	0%
	2.47
	0%

	Beam management 2RX
	0.43
	-28%
	2.02
	-18%

	Beam management 2RX Panel Joint TX+RX sweep
	0.70
	15%
	2.43
	-2%

	Beam management 2RX Panel Separate TX+RX sweep
	0.72
	17%
	2.44
	-1%

	Digital implementation 4RX
	1.1
	76%
	3.15
	28%




These results show that for the evaluated scenarios, the hidden reflections shown in Figure 1 are extremely uncommon. There seem to be little if any potential performance gains with procedures that are optimized to capture these effects, even when overhead is not considered. 
Note that beam indications are required in a multi-BPL case [2]. In that case, the UE may establish a new BPL with another TRP, and perform a switch to that TRP should the active BPL become bad. The motivation for this use of beam indications is more robustness than capacity, and for that case, beam indications are relevant. In this contribution, we have only studied beam indications for the single-BPL case, to enable a joint P2/P3 sweep, to capture hidden reflections. The motivation for this type of functionality seems weak:
[bookmark: _Ref481743514][bookmark: _Toc490200905]Introducing beam indications to enable a joint P2/P3 sweep in a single-BPL scenario is not motivated.
Conclusions
In this contribution, we made the following observations:
Observation 1	The baseline procedure uses a single, active BPL and operates without beam indication.
Observation 2	The active BPL in the baseline procedure is established implicitly on the network side by the choice of Tx beam
Observation 3	The active BPL in the baseline procedure is established implicitly on the UE side as the RX beam discovered during the latest P3 beam sweep.
Observation 4	With a joint beam sweep, a beam indication must be transmitted to the UE prior to the synchronized beam switch.
Observation 5	There are many uncertainties regarding beam indication procedures.
Observation 6	There is only an insignificant performance difference between joint and sequential beam sweeps.
Observation 7	Introducing beam indications to enable a joint P2/P3 sweep in a single-BPL scenario is not motivated.
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Appendix
Simulation assumptions
	Attributes
	Values of assumptions

	Carrier Frequency
	30 GHz

	Mode
	DL SU-MIMO

	Simulation bandwidth
	40 MHz

	Subcarrier Spacing for data
	60 kHz

	Channel Model
	5G UMa or 5G Indoor Hotspot

	TXRU mapping to antenna elements
	One TXRU per polarization

	TXRU mapping weights
	2D TXRU virtualization weights is the Kronecker product between vertical and horizontal weight vectors taken from DFT with 1x oversampling

	Scheduling algorithm
	PF scheduler

	Link adaptation
	Based on CSI-RS

	Traffic Model
	Full buffer with 5 UEs/cell for 5G UMa
FTP1 with 0.1 MB packets for Indoor Hotspot

	BS antenna configurations
	(M, N, P, Mg, Ng) = (4, 8, 2, 1, 1). (dV, dH) = (0.8, 0.5)λ

	BS antenna element radiation pattern
	According to TR38.802

	UE antenna configurations
	2RX panel UE: (M, N, P, Mg, Ng) = (4, 2, 2, 1, 1)
X-RX UE: (M, N, P, Mg, Ng) = (1, X/2, 2, 1, 1), X=2,4

	UE antenna element radiation pattern
	Isotropic

	UE receiver type
	MMSE-IRC 

	MCS
	LTE MCS









image1.png
C.DF.[%]

100

%

80

70

60

50

40

EY

20

10

Normalised User Throughput

= Digital implementation 2RX

Beam management 2RX
Beam management 2RX Panel Joint TX+RX sweep
Beam management 2RX Panel Separate TX+RX sweep

~— Digital implementation 4RX

L 1 1 L 1

05 1 15 2 25
Normalised User Throughput [bps/Hz]

35




