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Introduction
In RAN4 #98e meeting, the scope and deployment for FR2 HST was discussed, and a WF was approved [1]. In this contribution, we provide our view on deployment scenarios and possible enhancement.
Discussion
Based on the agreed WF [1], we present an analysis framework for codebook design based on the agreed deployment scenarios. 
Number of beam and coverage analysis for agreed deployment scenarios
Two scenarios are agreed in the previous RAN4 meeting [1] with different combinations of Ds and Dmin:
	Scenario
	Ds (meter)
	Dmin (meter)

	1
	700
	10

	2
	700
	150



Additionally, baseline assumptions for D_RRH_height and D_UE_height are captured. We can calculate the  and  angle of UE and RRH beams, as illustrated in Figure 2-1 and 2-2. We first consider the uni-directional model and make the following assumptions:
1. RRH boresight direction in azimuthal angle points towards Dadd after passing the next RRH.
2. UE boresight direction in azimuthal angle is parallel to the track.
3. Both RRH and UE boresight directions in elevation angle are parallel to the ground.
4. Both RRH and UE use a genie to pick Tx and Rx beams, and the beam with the largest gain is selected.

Then the  angle of UE location relative to RRH boresight, , and  angle of RRH location relative to UE boresight, , is captured in the following figure. Dadd is the distance of RRH1 projection on track to the location where RRH1 signal power exceeds RRH0 signal power received by UE. UE receives signals from an RRH in [Dadd, Dadd+Ds] in uni-directional model with the genie beam management assumption.
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Figure 2‑1 Geometry analysis for beam direction (top view from sky)
Then we can derive the two angles in the following:



Since RRH and UE boresight directions in elevation angle are the same, we capture this angle  in the following figure:

Hdiff


Figure 2‑2 Geometry analysis for beam direction (horizontal view, parallel to track from back or front of the train)
Then we can derive  as follows:

where  is UE and RRH height difference. 
We assume Dadd = 60m for initial analysis and revisit this value in the following sections. Based on the above derivation of , , and , we can plot the angular trajectory in the following figures:
[image: ]
Figure 2‑3 Angluar variation in scenario 1
[image: ]
Figure 2‑4  Angluar variation in scenario 2
From Figure 2-3 and 2-4, we can roughly estimate the range of angle variation along the track, and determine the beam direction and number of beams accordingly. To find the best beam direction and number of beams, we estimate the throughput of different codebook design options under the following analysis framework.
The WF agreed in RAN4#98e captures the RRH antenna parameters listed in the following table. According to our analysis above, changes in the azimuthal angle are much larger than the elevation angle. Therefore, we use a narrower beam to cover the elevation angle and use wider beams to cover the horizontal plane. The agreed parameters with N>M aligns with this observation.
	Parameter
	Urban macro 30 GHz

	Am
	30

	SLAv
	30

	j3dB
	90

	q3dB
	90

	GE,max
	5.5

	LE
	1.8

	N
	16

	M
	8

	P
	2

	dv
	0.5l

	dh
	0.5l



We use the same antenna parameters as RRH for UE, except that N = 8 and M = 4.
Proposal 1: Set UE antenna parameters the same as RRH except N=8, M=4 in simulation assumptions.
With the antenna parameters, we can derive RRH antenna gain of an RRH beam as a function of  and , and similarly the UE antenna gain of a UE beam as a function of  and , with given RRH and UE beam directions. Based on the above analysis,  are functions of UE location x, given the deployment parameters and Dadd. Therefore, the antenna gain of each UE and RRH beam is a function of UE location x. 
In RAN4#98e, RMaLOS was agreed to use as path-loss model for scenario 1. Here we apply this model to both scenarios. In RMaLOS model, path-loss is again a function of x and the deployment parameters, including fc=28GHz.
	Scenario
	LOS/NLOS
	Pathloss [dB], fc is in GHz and d is in meters, see note 6
	Shadow 
fading 
std [dB]
	Applicability range, 
antenna height 
default values 

	RMa
	LOS
	
, see note 5





	








	







h = avg. building height
W = avg. street width
The applicability ranges: 









	Note 5:	Break point distance dBP = 2π hBS hUT fc/c, where fc is the centre frequency in Hz, c = 3.0  108 m/s is the propagation velocity in free space, and hBS and hUT are the antenna heights at the BS and the UT, respectively.



The received power at UE is

where ERP is the radiated power per RRH antenna element.
The received signal SNR can be derived by

where NW is the total noise power on the signal bandwidth at the receiver. We use  in the following analysis to get reasonable SNRs. 
The throughput can be estimated by

Based on the above analysis, given a set of beam directions and the number of beams, we can derive the throughput estimation. Note that in the analysis, we assume that RRHs are all on the same side. However, in practice, RRHs can be on both sides of the track and UE needs additional beams to cover the other side. Due to the symmetric RRH deployment, the analysis from one side can apply to the other side.
· Uni-directional channel analysis
For scenario 1, we ran the following experiments for the three beam (codebook) designs listed below. From figure 1, we can observe that the ranges of  are about 10 degrees. Therefore, we use 1,2,4 (1,3,7 for two sides) beams distributed evenly to cover the range of 10 degrees. To simplify the initial analysis, we further assume that the numbers of beams of UE and of RRH are the same. The results are listed in the following table.
	Beam design
	Beam direction relative to boresight (one side)
	Number of beams (two sides)
	Throughput ratio (w.r.t. beam design 1)

	1
	[0]
	1
	1

	2
	[0 6]
	3
	1.06

	3
	[0 3 6 9]
	7
	1.08



Before the throughput analysis, we need to revisit Dadd. The geometry is illustrated in 
Dmin

Ds
Source RRH
Target RRH

Figure 2‑5 Dadd analysis
We can observe from the below figure that the target RRH (the closest RRH) SNR exceed the source RRH (the previous RRH) at 80m passed the target RRH. Therefore, we set Dadd = 80m.
Proposal 2: For the uni-directional model, the RRH boresight in azimuthal angle points to 780m from the projection of the RRH on the track.
[image: ]
Figure 2‑6 SNR comparison between target RRH beam and source RRH beam
The azimuthal angle, , are both small most of the time due to small Dmin. Therefore, we can observe that even when RRH has only one beam, throughput degradation is within 10% compared to RRHs with more beams.  Moreover, by comparing SNR trajectory under beam design 1 and 3 in , we can observe that beam design 3 has better SNR than beam design 1 in the region that SNR changes quite fast. To fully explore such SNR gain in beam design 3, fast CSI acquisition and MCS change are required, which may not be practical under high speed scenarios. Therefore, we conclude that beam (codebook) design 1 is chosen for scenario 1.
Proposal 3: For the uni-directional model, use one RRH beam for scenario 1 (Dmin = 10m). 
[image: ]
Figure 2‑7 SNR trajectory comparison of beam design 1 and 3

In the previous analysis, we observe an issue in neighboring cell detection and handover. Note that the serving cell is interference when UE searches for neighboring cells on the same frequency as the serving cell. In Figure 2-8, we plot the SNR trajectories of the target (cell) RRH and source (cell) RRH. Before the source cell SINR drops below -5dB, target cell SINR is with stable SINR above -6dB, to be detectable by UE, for less than 600ms. Note that the SINR is calculated based on genie beam selection assumption based on the target cell SNR, and the set of UE beam is from the beam design 4 in scenario 2, which covers a larger angle. We can observe that UE beam selection can eliminate some interference from the source cell in a short area after passing the first RRH from the new target cell. However, since Dmin is small, UE quickly goes back to the beam that better aligns to the source cell RRH direction. Besides, target cell RRH is weak during this period due to lack of coverage. In practice, the delay of UE beam selection may further degrade the SINR of the target cell. Adding more RRH beams doesn’t help because UE moves too fast. The newly detected RRH beam may become too weak when measurement and HO procedures are performed. Since the neighboring cell detection time itself requires 600ms, UE may fail in HO procedure in uni-directional model. 
[image: ]
Figure 2‑8 SNR comparison between target RRH (cell) and source RRH (cell) in neighboring cell detection
We can resolve this issue by adding a panel on one RRH to cover the handover region. This design is similar to the bi-directional model. We explain the design in the following. As we explain above, the short transition time when entering the RRH coverage with new CID is due to the lack of coverage by the target RRH in the area close to it. We add a panel to the next RRH to serve the area under the first RRH (T0 in Figure 2-9) to resolve this issue. UE has plenty of time to detect the neighboring cell (CID=2) with the additional panel since now the beams from the second RRH with CID = 2 and from last RRH with CID = 1 are with similar SNR in T0. 
 Figure 2‑9 Neighboring cell detection and HO improvement
T0
CID =1
CID =2
CID =2
HO

Similarly, for the train travels in the opposite direction, the second last RRH in CID = 1 needs to have an additional panel to serve the area around the last RRH in CID=1 to ensure smooth handover.
Figure 2‑10 Neighboring cell detection and HO improvement (opposite direction)
HO
CID =1
CID =1
CID =2
T0

If this additional panel design is adopted, the network needs to inform UE of such deployment. With this signaling, UE can infer the correct direction to look for neighboring cell beams.
Proposal 4: For the uni-directional model, add an additional panel to the second and second last RRHs in a BBU to cover the HO region when Dmin is small. Define a network signaling to inform UE the presence of the additional panels.
For scenario 2, we ran the following experiments for the three beam (codebook) designs (1~3) listed below. Assume that one panel can accommodate beam directions from 0 to 45 degrees in azimuthal angle. In beam design 1 to 3, we use 4,7,13 (7,12,35 for two sides) beams distributed evenly to cover the range of 45 degrees. The results are listed in the following table.
	Beam design
	Beam direction relative to boresight (one side)
	Number of beams (two sides)
	Throughput ratio (w.r.t. beam design 2)

	1
	[0 15 30 45]
	7
	0.75

	2
	[0 7.5 15 22.5 30 37.5 45]
	13
	1

	3
	[0	3.75	7.50	11.25	15.00	18.75	22.50	26.25	30.00	33.75	37.50	41.25	45.00	]
	25
	1.06

	4
	RRH: [0 7.5 15 22.5 37.5] 
UE: [0 7.5 15 22.5 30 37.5 45]
	9 (RRH)/ 13 (UE)
	0.96



Before the throughput analysis, we need to revisit Dadd. We can observe from Figure 2-11 that the target RRH (the closest RRH) SNR exceeds the source RRH (the previous RRH) at 80m away from the target RRH. Therefore, we set Dadd = 80m.
[image: ]
Figure 2‑11 Dadd analysis
Beam design 2 throughput is about 30% higher than design 1, but only about 5% lower than design 3. Therefore, beam design 2 is the best option for scenario 2. However, we can observe from Figure 2-12 that the DL Tx beam dwelling time of the first three beams are 174ms, 391ms, 453ms. All these three beam dwelling times are smaller than the beam detection time of 600ms from RAN4 requirement. Therefore, UE can’t detect the new beam before it switches to it. Moreover, the ideal UE Rx beam switch time is in the middle of each RRH DL beam, which requires UE to constantly measure different Rx beams to enable a fast switch to the best Rx beam.
[image: ]
Figure 2‑12 DL beam dwelling time analysis for beam design 2

If we remove the last and third last beams (45 and 30 degrees) in design 2, we get beam design 4, in which we get a minimum beam dwelling time of 814ms, as shown in Figure 2-13. 814ms is enough for UE to detect a new beam based on the RAN4 requirement. The throughput loss comparing design 4 to design 2 is insignificant, only 4%.
[image: ]
Figure 2‑13 DL beam dwelling time analysis for beam design 4
Proposal 4: For uni-directional model, use the following beam (codebook) design.
	Beam direction relative to boresight (one side)
	Number of beams (two sides)

	RRH: [0 7.5 15 22.5 37.5] 
UE: [0 7.5 15 22.5 30 37.5 45]
	9 (RRH)/ 13 (UE)



The neighboring cell detection and handover issues observed in scenario 1 are not presented in scenario 2. UE can use the Rx beams better aligning with target cell RRH direction for a longer time to eliminate the interference from source cell RRH since Dmin is large enough. However, this is with the genie beam management assumption. Further study is needed to verify if this works in practice.
[image: ]
Figure 2‑14 SNR comparison between target RRH (cell) and source RRH (cell) in neighboring cell detection
· Bi-directional channel analysis
For bi-directional channel, two types of deployments can be considered:
1. RRH boresight points to Ds+Dadd from RRH, the same as uni-directional channel case, on both directions
2. RRH boresight points to Ds/2 from RRH
The advantage of 2 is a larger antenna gain since the coverage of an RRH is close to its boresight. However, when UE is close to an RRH, the azimuthal angle can increase to 90 degrees w.r.t. track orientation. In practice, UE antenna panel can cover the azimuthal angle up to 45 degrees. The azimuthal angle of 90 degrees is very likely out of UE panel coverage. To resolve this coverage issue, the RRH at a distance Ds behind the UE can serve the UE and fill in the coverage hole when UE is close to an RRH. In this case, in the area close to RRH, bi-directional RRH coverage is the same as uni-directional. Therefore, RRH boresight direction in bi-directional model should follow that of uni-directional to provide the necessary coverage.
Proposal 5: For the bi-directional model, the RRH boresight in azimuthal angle points to 780m from the projection of the RRH on the track.
If we assume deployment option 1, the uni-directional angle analysis for  can be reused in bi-directional analysis.  However, the beam from the next RRH needs to be taken into consideration for optimal beam selection in bi-directional RRH, as depicted in the following figure.
Dmin
Ds-x


Ds+Dadd





Assume that the uni-directional model and bi-directional model use the chosen beam (codebook) designs from the uni-directional model analysis. We compare the throughput ratio of the bi-directional model and uni-directional model in the following table:
	
	Uni-directional
	Bi-directional

	Scenario 1
	1
	1.09

	Scenario 2
	1
	1.07



We observe that the bi-directional model achieves almost 10% throughput gain compared to the uni-directional model. However, this is at the expense of deployment and beam management complexity. The bi-directional RRH requires two panels to cover both directions. More beam switches are required to achieve such performance, as shown in Figure 2-15, 2-16. The first k beam indexes are from the LHS RRH, and the [k+1, 2k] beam indexes are from the RHS RRH. We can observe that the best beam is from RHS RRH in [Ds/2, Ds-Dadd], and from LHS RRH in [Dadd, Ds/2] and [Ds-add, Ds+add]. In fact, in [Ds-add, Ds+add], beams from the RRHs on both sides (the LHS RRH and the RRH next to the RHS RRH) are with received power on the same scale. The network can serve the UE by only one RRH in this region if lower beam management complexity is preferred. The RRH coverage is illustrated in Figure 2-14. gNB can restrict UE to receive data from one RRH in each region based on the RRH coverage region explained in this paragraph to avoid unnecessary beam switches.
Figure 2‑15 RRH coverage under bi-directional model

[image: ]
Figure 2‑16 DL beam dwelling time analysis for scenario 1
[image: ]
Figure 2‑17 DL beam dwelling time analysis for scenario 2

Uni-directional and bi-directional deployment
In the following table, we summarize the difference between the uni-directional and bi-directional models based on the previous section's analysis.
	
	Uni-directional
	Bi-directional

	Boresight direction
	Ds+Dadd
	(1) Ds+Dadd 
(2) Ds/2
Our analysis suggests (1) to ensure coverage

	Beam management
	Each RRH covers [Dadd,Ds+Dadd] region, one region
	Each RRH covers 
(1) [-Ds/2,-Dadd], [Dadd,Ds/2] and [Ds-Dadd, Ds+Dadd] three noncontiguous regions
(2) [-Ds, -Ds+Dadd], [-Ds/2,-Dadd], [Dadd,Ds/2] and [Ds-Dadd, Ds] four noncontiguous regions

	Throughput
	About 10% worse than bi-directional model
	About 10% gain over uni-directional channel

	Handover
	One additional panel is needed for some RRHs
	No additional panel is needed.

	Doppler spread (Dp = fc*v/speed of light)
	0 if single path, <Dp if mult-path is considered
	2*Dp if signal is received from two RRHs closest to UE on opposite side



Observation 1: Comparison of uni-directional and bi-directional models are listed in the above table.

Conclusion
Proposal 1: Set UE antenna parameters the same as RRH except N=8, M=4 in simulation assumptions.
Proposal 2: For the uni-directional model, the RRH boresight in azimuthal angle points to 780m from the projection of the RRH on the track.
Proposal 3: For the uni-directional model, use one RRH beam for scenario 1 (Dmin = 10m). 
Proposal 4: For the uni-directional model, add an additional panel to the second and second last RRHs in a BBU to cover the HO region when Dmin is small. Define a network signaling to inform UE the presence of the additional panels.
Proposal 5: For the bi-directional model, the RRH boresight in azimuthal angle points to 780m from the projection of the RRH on the track.
Observation 1: Comparison of uni-directional and bi-directional models are listed in the following table:
	
	Uni-directional
	Bi-directional

	Boresight direction
	Ds+Dadd
	(1) Ds+Dadd 
(2) Ds/2
Our analysis suggests (1) to ensure coverage

	Beam management
	Each RRH covers [Dadd,Ds+Dadd] region, one region
	Each RRH covers 
(1) [-Ds/2,-Dadd], [Dadd,Ds/2] and [Ds-Dadd, Ds+Dadd] three noncontiguous regions
(2) [-Ds, -Ds+Dadd], [-Ds/2,-Dadd], [Dadd,Ds/2] and [Ds-Dadd, Ds] four noncontiguous regions

	Throughput
	About 10% worse than bi-directional model
	About 10% gain over uni-directional channel

	Handover
	One additional panel is needed for some RRHs
	No additional panel is needed.

	Doppler spread (Dp = fc*v/speed of light)
	0 if single path, <Dp if mult-path is considered
	2*Dp if signal is received from two RRHs closest to UE on opposite side
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