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Introduction
This contribution provides simulation results to compare DCI-based and MAC-CE based beam indication mechanism in support of the DCI-based beam indication as proposed in the companion contribution [1].

System-Level Simulation
System-level evaluation is carried out based on the agreed EVM in RAN1#102-e [2]. SU-MIMO transmission is considered in the simulation. The relevant evaluation assumptions and parameters are listed in Table 1, Table 2, and Table 4 in the Appendix. 
The UE throughput performance comparing MAC CE-based beam indication and DCI-based beam indication is used as performance metric. DCI-based is assumed to have incurred 0.5 ms latency (for the first transmission) with a BLER target of 1%, while MAC CE 3 ms with a BLER target of 10%. The overhead of the beam indication is considered in this evaluation. The details of the latency and overhead analysis for DCI-based and MAC CE-based beam indication are provided in [1]. 
The evaluation results for dense urban highway (DUH) and High-Speed Train (HST) scenarios are given below.

1.1 Dense Urban Highway
To model UE mobility, UE locations on a linear trajectory are sampled, an illustration of which is shown in Fig. 1 with blue dots where the distance between two consecutive samples = 1 meter and a total of 100 samples are modelled on each linear trajectory. The simulation time is 3 seconds, and the UE speed is set to 120 kmph, so that the UE moves to the modelled 100 samples on each linear trajectory during the simulation time. A total of 10 drops are simulated. The user throughput is collected across 10 drops. One interferer (inter-cell) is modelled in this simulation.



[bookmark: _Ref48644857]Fig. 1. An illustration of sampling on linear trajectory
The UE throughput performance comparing MAC CE-based beam indication and DCI-based beam indication is provided in Fig. 2 (average, 5%, 50%, and 95% UE throughput) and Fig. 3 (CDF of UE throughout). In Fig. 2, the results are shown with DCI-based beam indication as reference. As described in [1], the rate of beam change (hence the need for beam update) is the fastest as the UE moves past the nearest point to the gNB, and is the slowest at points far from the gNB (either end of the linear trajectory). This is verified based on the simulation results shown in Figure 4, wherein CDFs of user throughput for a UE around the nearest point to the gNB are shown. 
Based on these results, we can observe the following.

Observation 1: For the dense urban scenario, when compared with DCI,
· MAC CE based beam indication incurs 12% loss in average user throughput and 32% loss in 5% user throughput, 
· MAC CE based beam indication incurs more loss (approximately up to 15%) in low percentile regime than in high percentile regime (approximately 5%), and
· Around the nearest point to the gNB, the median performance loss with MAC CE based beam indication can be up to 40% at the nearest point to the gNB.
· The impact of beam switching latency is more profound as the UE moves past the RRH, where the rate of change of beams is fastest.


[bookmark: _Ref48644937]Fig. 2. Full buffer: average, 5%, 50%, and 95% UE throughput
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[bookmark: _Ref48738486]Fig. 3. Full buffer: CDF of UE throughput
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[bookmark: _Ref54130823]Figure 4: CDF of user throughput around gNBs for a given UE


1.2 High Speed Train (HST)
Each RRH has 32 beams in the azimuth direction, with a bearing of +/- 20o. The UE moves from RRH2 to RRH5, at a speed of 256 km/h, the trajectory is sampled every 0.5 millisecond (3.56 cm). Total number of simulated points is 16876 points (8.438 seconds). An illustration of the system layout and trajectory is shown in Fig.5. The RRH that is further away from the track the train is moving on is RRH A. The RRH that is near the track the train is moving on is RRH B. Fig. 6 illustrates the CDF for the throughput across the track. In Fig. 7 a bar chart showing the mean, 5%, 50% and 95% throughputs across the track. Fig. 8 illustrates the throughput performance across the track, near RRH A and near RRH B. Fig 9 shows the DCI-based beam indication gain over MAC CE-based beam indication gain across the track, near RRH A and near RRH B. From these results:
· The average gain in throughput across the track of DCI-based beam indication over MAC CE-based beam indication is 9.7%.
· The 5-percentile gain in throughput of DCI-based beam indication over MAC CE-based beam indication is 7.9%.
· The 95-percentile gain in throughput of DCI-based beam indication over MAC CE-based beam indication is 11.2%.
· The 95-percentile gain is larger than the 5-percentiale gain as users with higher throughput are closer to the RRH, and hence expected to benefit more from DCI-based beam indication.
· Close to RRHA the gain in throughput of DCI-based beam indication over MAC CE-based beam indication is 20%.
· Close to RRHB the gain in throughput of DCI-based beam indication over MAC CE-based beam indication is 19.2%.



Fig 5: An illustration of the HST scenario layout and UE trajectory.
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Fig 6: CDF distribution of relative throughput across the track.
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Fig 7: Bar chart of throughput across the track.
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Fig 8: MAC CE vs DCI performance across the track, near RRH A and near RRH B.
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Fig 9: Throughput gain of DCI over MAC CE

Observation 2: For the HST scenario, when compared with DCI,
· MAC CE-based beam indication incurs 9.7% loss in average user throughput and 7.9% loss in 5% user throughput,
· MAC CE-based beam indication incurs less loss (approximately up to 7.9%) in low percentile regime than in high percentile regime (approximately 11.2%), and
· MAC CE-based beam indication incurs 20% loss in average user throughput near the RRH.

As a UE travels along the track, the beam used for communication between the UE and the network changes. A beam indication signal (e.g. DCI-based or MAC CE-based) is used to convey the beam indication from the RRH to the UE. The RRH uses the most recent previously signalled beam for the channel used to signal the new beam. The most recent previously signalled beam is no longer the most optimum beam to use (hence a new beam is being signalled), and its quality degrades quickly. Fig. 10 shows the quality (SINR) of the channel used to signal the new beam after X ms from the time of identifying a new candidate beam. Four values of X have been considered {0.5, 2, 3, 5} ms. The effect of the beam indication channel delay near RRH A and RRH B has been evaluated. As expected the signal degrades more rapidly near RRH B than near RRH A. A rapid degradation in the signal level can lead to a radio link failure if the delay of the beam indication channel is large and the first transmission fails to be successfully decoded. For example, for a UE that moves near RRH B, with a beam indication latency of 3 ms, we observe a drop of between 10 and 20 dB in the SINR of the beam indication channel. If the first transmission of the beam indication channel is not successfully received (MAC CE is assumed to have a BLER target of 10%), it is unlikely that a second transmission will be successfully received, leading to beam indication failure, and radio link failure.

[image: ][image: ]
Fig. 10: Impact of beam latency on SINR of channel carrying beam indication signal. The arrows represent the points of beam change.

Observation 3: For the HST scenario, a channel with a large beam indication latency can suffer from beam indication failure, leading to RLF.

Conclusion
1 
2 
In this contribution, the following observations are made: 
Observation 1: For the dense urban scenario, when compared with DCI,
· MAC CE based beam indication incurs 12% loss in average user throughput and 32% loss in 5% user throughput, 
· CDF of UE throughput, MAC CE based beam indication incurs more loss (approximately up to 15%) in low percentile regime than in high percentile regime (approximately 5%), and
· Around the nearest point to the gNB, the median performance loss with MAC CE based beam indication can up to 40% at the nearest point to the gNB.
· The impact of beam switching latency is more profound as the UE moves past the RRH, where the rate of change of beams is fastest.

Observation 2: For the HST scenario, when compared with DCI,
· MAC CE-based beam indication incurs 9.7% loss in average user throughput and 7.9% loss in 5% user throughput,
· MAC CE-based beam indication incurs less loss (approximately up to 7.9%) in low percentile regime than in high percentile regime (approximately 11.2%), and
· [bookmark: _GoBack]MAC CE-based beam indication incurs 20% loss in average user throughput near the RRH.

Observation 3: For the HST scenario, a channel with a large beam indication latency can suffer from beam indication failure, leading to RLF.
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Appendix
The relevant simulation assumptions are according to the agreed EVM in RAN1#102-e, and are copied below. 
[bookmark: _Ref54128722]Table 1 Baseline assumptions for SLS: common for intra-cell mobility and MPE/MP-UE
	Parameters
	Values

	Frequency Range
	FR2 @ 30 GHz, SCS: 120 kHz, BW: 80 MHz

	Transmission Power
	Maximum Power and Maximum EIRP for base station and UE as given by corresponding scenario in 38.802 (Table A.2.1-1 and Table A.2.1-2)

	BS Antenna Configuration
	(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
TXRU weights mapping: 2D DFT based beam per polarization
Beam selection: based on L1-RSRP
Number of BS beams: 16

	BS Antenna radiation pattern
	TR 38.802 Table A.2.1-6, Table A.2.1-7

	UE Antenna Configuration
	Number/location of panels: 3 panels (left, right, and back) 
Panel structure: 1x4x2 or (M, N, P) = (1, 4, 2), dH = 0.5 λ 
TXRU weights mapping: 1D DFT
Beam and panel selection: based on L1-RSRP
Number of UE beams: 12 (4 per panel)

	UE Antenna radiation pattern
	TR 38.802 Table A.2.1-8, Table A.2.1-10

	Beam correspondence
	Ideal

	Link adaptation
	Based on CSI-RS

	Traffic Model
	Full buffer

	Inter-panel calibration for UE
	Ideal, non-ideal following 38.802 (optional) – Explain any errors

	Control and RS overhead
	DMRS, CSI-RS, PDCCH

	Control channel decoding
	Ideal

	UE receiver type
	MMSE-IRC

	BF scheme
	1 TXRU per polarization per panel

	Transmission scheme
	Codebook-based, rank 1 only

	Other simulation assumptions
	Companies to explain serving TRP selection: Similar to sub-6GHz, based on 1 TXRU at gNB sweeping 16 beams and all TXRUs at UE sweeping 4 beams; metric = max sum received power
Scheduling algorithm: PF based

	Algorithm details (when applicable)
	Companies to report:
· Beam reporting mechanism: DCI, MAC CE based
· Beam metric L1-RSRP
· Number of active panels: 1 at a time

	Other potential impairments
	Not modelled (assumed ideal) 



[bookmark: _Ref48865806]Table 2 Baseline assumptions for SLS: Intra-cell mobility scenarios
	Parameters
	Values

	Scenarios
	High speed @FR2:
· Dense Urban (macro-layer only, TR 38.913) @FR2, 200m ISD, 2-tier model with wrap-around (7 sites, 3 sectors/cells per site), 100% outdoor
· One UE is dropped for each of the 21 sectors/cells (see mobility description below)
· High speed train (TR 38.802/38.913) @FR2
· One UE is dropped for one cell (see mobility description below) 

	UE Speed
	For Dense Urban: 120 km/hr  
For HST: 256 km/hr 

	UE Mobility and trajectory handling 
	Linear trajectory, intra-cell mobility (constrained within one cell)
· Trajectory sampling at most spaced by decorrelation distance
Dense Urban:




For each of the 21 cells: One UE is dropped as follows: For the upper right sector/cell (can be extended analogously to the upper left and lower sectors/cells, see Appendix B) with d=30m, the UE starts at P and moves along the 120-deg line downward to Q

Each sector is a cell and that the cell association for intra-cell mobility is geographic and not RSRP based.

Note: Optionally, if for some reason a company would like to simulate only one cell/sector, the company should clearly state this in the contribution, including the assumed interference model.


HST (based on TS38.802/913): 



The origin (0,0) is assumed to be at RRH2 and between the 2 tracks
· Only one UE is simulated (representing one CPE in the train)
· Distance between two adjacent RRHs is drrh = 200 m
· Distance between the tracks is dtrack = 6 m
· Distance between RRH and nearest track is drrh_track = 5 m
· RRH has a bearing angle  or  where =20 degrees
· The UE starts near RRH2 and moves towards RRH5, or starts near RRH5 and moves towards RRH2
· Possible starting points are near , , ,  
· There are two possible randomly selected travel directions for the UE, each with two possible starting locations (a total of four trajectories):
· Direction 1: The UE starts near RRH2 (at either P or S) and moves on a horizontal line to the right
· Direction 2: The UE starts near RRH5 (at either R or Q) and moves on a horizontal line to the left

	UE and panel orientation
	· For dense urban, the three panels located facing the right, left and to the front of the direction of motion tend to result in maximum signal reception.
· For HST, the three panels located facing up (+90o), down  (-90o), and left (+180o) tend to result in maximum signal reception.

	Performance metrics
	· CDF of UE throughput, avg. and 5% UE throughput, cf. Appendix B
· TCI state update (beam indication) signallingp overhead (separate analysis from SLS)
· Beam switching latency



Table 3 Baseline assumptions for SLS: Additional simulation assumptions for HST scenario (FR2), mainly from TR 38.802, e.g. Table A.2.1-2
	Parameters
	Values

	Carrier Frequency
	30 GHz

	Scenario
	UMa LOS

	System BW
	80 MHz

	BS and RRH Tx Power
	30 dBm, max EIRP 69 dBm

	Maximum UE Tx Power
	21 dBm, max EIRP 43 dBm

	BS receiver Noise Figure
	7 dB

	UE receiver Noise Figure
	13 dB

	Distance between cell and nearest lane
	5m

	Inter site distance
	200m

	BS Antenna height
	2.5m

	UE Antenna height
	1.5 m

	Train penetration Loss
	38.901, sec 7.4.3.2: μ = 9 dB, σp = 5 dB

	RRH and cell association
	For intra-cell mobility simulation, all RRHs are assumed to be associated with one cell (for simplicity). The DL transmission is based on dynamic point selection (DPS) instead of, e.g. SFN. Therefore, one UE receives transmission only from one RRH at a time.

For inter-cell mobility simulation, a cluster of 3 RRHs is associated with one cell.



[bookmark: _Ref48000013]Table 4 Baseline assumptions for SLS: Additional simulation assumptions for Dense Urban scenario (FR2) mainly from TR 38.802 Table A.2.1-1, and TR 38.901.
	Parameters
	Values

	Carrier Frequency
	30 GHz

	Scenario
	UMa LOS

	System BW
	80 MHz

	BS Tx Power
	40 dBm

	Maximum UE Tx Power
	23 dBm

	BS receiver Noise Figure
	7 dB

	UE receiver Noise Figure
	10 dB

	Inter site distance
	200m

	BS Antenna height
	25m

	UE Antenna height
	1.5 m

	Car penetration Loss
	38.901, sec 7.4.3.2: μ = 9 dB, σp = 5 dB




Table 2: Simulation assumptions for HST
	Parameters
	Values

	Scenarios 
	HST train scenario with 6 RRHs as illustrated in Fig. 5

	Frequency Range
	FR2 @ 30 GHz, SCS: 120 kHz, BW: 80 MHz

	Channel Model
	Following related assumption in TR 38.802/38.901

	TXRU mapping to antenna elements
	2D DFT based beam per polarization

	TXRU mapping weights
	gNB: 32 1D DFT beams (32 in azimuth and 1 in zenith)
UE: omnidirectional antenna

	Criteria for selection for serving RRH
	Within RRH based on 1 TXRU at RRH sweeping 32 beams and all TXRUs

	Criteria for beam selection for serving RRH
	Based on RSRP or 38.215 CSI-SINR metrics

	Constraints for the range of selective beams per RRH sector
	Uniform in azimuth and zenith: azimuth within 65 degree, and zenith within [0,180]

	Scheduling algorithm
	Single user

	Link adaptation
	Based on CSI-RS

	Traffic Model
	Full buffer

	BS antenna configurations
	(M, N, P, Mg, Ng; Mp, Np) = (4, 64, 2, 1, 1; 1, 1). (dV, dH) = (0.5, 0.5) λ

	BS antenna element radiation pattern
	According to TR38.802

	Inter-panel calibration for UE
	Ideal

	Beam correspondence 
	Ideal

	Control and RS overhead
	DMRS, CSI-RS, PDCCH

	Control channel decoding
	Ideal

	UE receiver type
	MMSE-IRC

	BF scheme
	1 TXRU per polarization per panel

	Transmission scheme
	Codebook-based, rank 1 only

	UE speed
	256 km/h

	UE mobility and trajectory
	Linear trajectory

	Performance metrics
	Relative Throughput



120 kmph

UE-spec DCI	Avg. user thp	5% user thp	50% user thp	95% user thp	1	1	1	1	MAC CE	Avg. user thp	5% user thp	50% user thp	95% user thp	0.88340751216671509	0.6756517049199976	0.86152335612478559	0.94425965328090355	
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