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[bookmark: _Ref463014664]Introduction
The UE power class definition for frequency range 2 (FR2) NR has not been finalized yet. There are two major points which are still under discussion: the minimum peak EIRP and spherical coverage requirements.
Regarding the spherical coverage, in RAN4 #86 meeting a Way Forward (WF) was approved defining the main assumptions to be adopted for the evaluation of this requirement and proposing a specific action plan to finalize the requirement [1].
In this contribution, we provide a set of simulation results showing the impact of spherical coverage on the overall NR DL and UL performance in 28GHz band. The final goal of this paper is to provide information useful to finalize the spherical coverage requirement for the NR UE power class definition. 
Discussion
In this paper we will focus on the NR network performance impact of two different UE panel configurations defined by specific CDFs of antenna gains over the sphere. This contribution is an extension of our previous work in [2] modified in order to conform with the WF defined in [1]. The CDF provided in [4] is taken as reference with finite beam pointing directions for each panel:


for  and  . Panel boresight in local coordinates is at  and .
To understand the impact of finite beamforming on network performance and coverage, we analysed the difference in UE antenna gain CDFs between ideal and finite pointing angles resolution. Such comparison is shown in Figure 1 where finite beamforming assumes 25 beams pointing at directions defined above. Notice that with these assumptions, finite beamforming results in a good approximation of ideal beamforming because of the very high number of beams. As a consequence, the network coverage and performance will not be impacted if we use a dense enough discrete set of possible beamforming directions.
Observation 1: Using finite beamforming with beam directions defined in [1] does not impair network coverage and performance compared to ideal beamforming.
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[bookmark: _Ref510545164]Figure 1. Antenna gains CDF comparison between finite and ideal beamforming

The metrics adopted for performance evaluation in the rest of the paper are the SINR, average and 5%-tile throughput and outage. In particular, as agreed in [1], average and 5%-tile throughput evaluations are analysed excluding UEs in outage.
In the following sections, we will first provide a brief summary of the agreed simulation assumptions and methodology, and we will then show DL and UL throughput and coverage performance considering three different deployment scenarios, namely indoor office (InH), dense urban (UMi) and for Urban Macro (UMa).
[bookmark: _Ref498606406]Simulation assumptions 
Simulation assumptions, agreed in [1], are summarized as follows:
· Three network simulation scenarios – InH/UMi/UMa
· Baseline parameters as in TR 38.803 with main modification shown in Table 1
· UE orientation – uniform on sphere surface
· UL UE resource allocation – 20MHz and 200MHz
· UE max EIRP: 22.5dBm
· Implementation losses at UE in DL –  Receiver additional losses are 7.8dB as documented in [6]. This has direct impact on EIS.
· UE antenna pattern – mathematical model or based on simulated pattern
· Hand blockage (when used) – specific Angle of Arrival (AoA) region blocked by hand which introduces a supplementary attenuation log-normally distributed around a mean of  with a standard deviation from such value of  . Such mean and deviation values were derived from a fitting of a measurement campaign [5] and capture a more realistic view of diffraction loss with hand in many real use-cases.
[bookmark: _Ref503359305][bookmark: _Hlk503808256]Table 1. Parameters for different deployment scenarios.
	[bookmark: _Hlk503533359][bookmark: _Hlk503533384]InH
	UMi
	UMa

	UE EIRP = 22.5dBm
	UE EIRP = 22.5dBm
	UE EIRP = 22.5dBm

	As defined in TR 38.803
	Indoor/Outdoor UE ratio 
0%, 20% and 100%
	ISD = 200m and 400m

	
	As defined in TR 38.803
	25m antenna height

	
	
	25m UE to BS 
minimum 2D distance

	
	
	Indoor/Outdoor UE ratio 
0%, 20% and 100%

	
	
	All other parameters 
as defined in TR 38.803



A very important element introduced here compared to our previous analysis is the need to account for additional losses at the receiver side. Indeed, many of the losses which leads to lower EIRP compared the theoretical 34dBm affects the receiver as well. In other words, there is a strong correlation between losses affecting EIRP and EIS requirements. This is well documented in our contribution in [6].
Observation 2: additional attenuation needs to be included in DL budget to account for the losses which cause lower EIRP compared to the theoretical value.
Regarding the UE peak EIRP we selected 22.5dBm which is lower compared to our previous analysis carried out with 23.2dBm. The motivation is that the requirement is not agreed and the two final proposals in the last meeting were 22dBm and 23.2dBm. This does not affect our final conclusions. The only caveat is that lower EIRP will make the system more sensitive to a good spherical coverage requirement, especially for what concerns the cell edge performance. 
Simulation methodology
To evaluate the impact of spherical coverage on NW performance we considered two different panel configurations and compared their impact on NR network coverage and capacity:
· Configuration 1 (CFG1): a single module/panel is adopted
· TR Configuration (Reference – TR CFG): multi-panel reference CDF with antenna configuration as in [4]
TR antenna configuration defined in [4] is a multi-panel (2 panels) configuration whose gains CDF resembles the one presented in our previous contribution in [2] for multi-panel case (CFG2). For this reason in this paper we will consider TR configuration as reference for multi-panel UE design as also agreed in [1].
Differently, CFG1 is defined for single panel design and the correspondent antenna pattern is retrieved from electromagnetic simulations. To simplify the methodology and reduce the simulation complexity the following methodology is adopted:
1. The antenna element response is obtained through electromagnetic simulation. The antenna gain is characterized across the sphere, i.e. for every azimuth and elevation angle.
2. The spherical antenna pattern is fed into the network simulator.
3. A rotation of the antenna pattern is applied depending on the panel location and UE orientation.
4. Array factor gain based on phase progression is added on top of the element gain.
Figure 2 shows the correspondent CDFs obtained considering an array factor of 6dB, i.e. a total of 4 antenna elements per module. Such configurations and relative CDFs have also been considered coherently with the analysis and results carried out in [7] where glass packaging CDF degradation is accounted for. In this contribution any additional loss is included in the global EIRP (for UL) and EIS (for DL) budget. In other words the overall budget adopted in this study is consistent with the CDF curves and EIS proposals presented in [6] and [7], respectively. For instance, the loss due to glass is introduced to make sure that at both Tx and Rx side the performance is consistent. 
Table 2 summarizes the CDF droops at 50%-tile and 20%-tile for all considered configurations.
[bookmark: _Ref510705450]Table 2. Gains CDFs droops at 50%-tile and 20%-tile
	
	Droop at 50%-tile
	Droop at 20%-tile

	TR CFG
	5.6 dB
	10.2 dB

	CFG1
	11.7dB
	18.4 dB
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[bookmark: _Ref510779342]Figure 2. Antenna gains CDFs –  comparison among different panel configurations and TR 38.803 configuration
Since the TR CDF represents what we believe is achievable in terms of 20%-tile and 50%-tile performance, as documented in [7], in the following we will consider the TR as a reference for multi-panel implementation.
Observation 3: the 20%-tile and 50%-tile droops characterizing the TR 38.803 CDF are consistent with our multi-panel CDF documented in [7]. As a consequence, we use the TR as a reference for multi-panel performance.
[bookmark: _Ref506813320]Simulation results 
In the following sections, we consider simulation results for all three deployment scenarios. The focus is on the impact of spherical coverage on NR network performance. The metric adopted are the following:
· SINR
· Throughput (both mean and 5% percentiles) – zero throughput UEs are excluded.
· Outage – as specified in TR 38.803 a UE is considered in outage when throughput is 0.
The results presented in the following sections are organized per deployment scenario (InH, UMi, UMa) and per link direction (DL and UL). Due to the large number of options for the configuration we will present a subset of our simulation campaign showing the most relevant results. In particular, we will focus on the “easiest” case, i.e. a configuration in which no hand blockage is considered. The goal is to show that even for this case, which represents an ideal scenario, the CDF based on multi-modules design presents significant gains.
InH
InH scenario represents the easiest scenario in terms of coverage because of the very small average minimum distance between BS and UE. If hand blockage is not considered, the scenario is still interference limited. As a consequence we might think that the impact of spherical coverage is limited. Our results show instead that multi-module configurations improve throughput performance significantly.
Since this scenario is not affected by outage we focused on the performance of 200MHz channel BW case. Figure 3 and  Figure 4 show a comparison of SINR CDFs for DL and UL scenarios, respectively.
 [image: ]
[bookmark: _Ref510686660]Figure 3. SINR CDF comparison among different panel configurations – DL scenario
 [image: ]
[bookmark: _Ref510686665]Figure 4. SINR CDF comparison among different panel configurations – UL scenario

Notice that, despite any additional losses was considered, the gap at 5%-tile between single module and multi module configurations is as large as 4dB for both DL and UL cases.
In terms of throughput, the differences are summarized in Table 3. It reports the DL/UL average and 5%-tile throughput performance gain with multi-panel configuration. As it can be observed, for the DL case, a UE based on TR CFG has 11.4% average throughput gain and 26.5% gain at the 5%-tile point. On the other hand, for the UL scenario, the multi-panel configuration shows up to 30% throughput gain for the 5%-tile.  
[bookmark: _Ref506802689]Table 3. Throughput performance in InH scenario - no blockage.
	
	Average Throughput [bit/s/Hz]
	5%-tile Throughput [bit/s/Hz]

	
	TR reference
	CFG1
	Multi-panel gain
	TR 
reference
	CFG1
	Multi-panel gain

	DL
	4.97
	4.40
	11.4%
	2.31
	1.70
	26.5%

	UL
	2.53
	2.33
	7.7%
	1.50
	1.05
	30%



From the results collected, we can conclude that even in InH scenario there is significant benefit in defining a good spherical coverage requirement. 
It is worth mentioning again that these results were obtained without including any additional blockage. In general, it is recognized that blockage has a relevant impact on the overall performance. We already proposed a model in [3], however other companies needed more time to analyse the model. In particular, it is important to evaluate how the blockage behaves depending on the module location. Since it is impossible to foresee with 100% accuracy how the user handles the phone, in the following we analyse a worst case in which the hand blocks the module available for CFG1. In this particular case, large gain is expected in the TR CFG configurations since only one module is blocked. In other words, we want to estimate what is the panel diversity gain in case one panel is blocked by the hand. 
To evaluate this in our simulation we add a lognormal loss (mean ,  standard deviation  ) to the semi-sphere in which the panel generating CDF is located. Figure 5 shows the UL SINR distribution in this particular case. The resulting average and 5%-tile throughput gain for TR CFG over CFG1 are 12.3% and 32.6%, respectively.
 [image: ]
[bookmark: _Ref510690656]Figure 5. InH UL SINR CDF in the presence of blockage.
  
Results UMi
UMi deployment is here analyzed for both DL and UL cases. The analysis is very similar to the above for InH setting and will focus on SINR CDF differences between two different panel configurations. The DL and UL SINR CDF are shown in Figure 6 and Figure 7, respectively. We focus on the 200MHz case since no outage is present for this scenario.
  [image: ]
[bookmark: _Ref506806331]Figure 6. UMi DL SINR CDF – no blockage, all UEs outdoor.
  [image: ]
[bookmark: _Ref506806401]Figure 7. UMi UL SINR CDF – no blockage, all UEs outdoor.
A summary of the throughput performance with a comparison between CFG1 and TR CFG is shown in Table 4. As it can be observed even in this scenario, a better spherical coverage requirement allows to greatly improve system performance. The 5%-tile throughput gain of TR CFG over CFG1 goes up to 23% and 33.5% for the DL and UL case, respectively.
[bookmark: _Ref506806613]Table 4. Throughput performance in UMi scenario - no blockage.
	
	Average Throughput [bit/s/Hz]
	5%-tile Throughput [bit/s/Hz]

	
	TR 
reference
	CFG1
	Multi-panel gain
	TR 
reference
	CFG1
	Multi-panel gain

	DL
	5.62
	5.22
	7.1%
	3.73
	2.87
	23%

	UL
	2.71
	2.45
	9.5%
	1.79
	1.19
	33.5%



In summary, even for UMi case it can be concluded that a UE designed to achieve an antenna gain CDF similar to TR CFG shows significant performance improvement compared to a single module UE. The gains are observed in both DL and UL, for mean and 5%-tile throughput. 
As already argumented for the InH case, a hand blockage causing obstruction of one panel will also increase the performance gap between CFG1 and TR CFG.
Results UMa
This section analyzes UMa deployment both for DL and UL setting. The analysis is very similar to the above for InH and UMi settings and will focus on SINR CDF differences between two different panel configurations. Simulation results are shown for different parameters such as:
· ISD = 200m and 400 m
· Indoor UE ratio = 0% 
· No blockage
· Channel BW = 200MHz and 20MHz
The DL and UL SINR CDF for the above configurations are shown in Figure 8 and Figure 9, respectively.
   [image: ]
[bookmark: _Ref506481374]Figure 8. UMa DL SINR CDF – no blockage, all UEs outdoor, BW = 200MHz.
  [image: ]
[bookmark: _Ref506808869]Figure 9. UMa UL SINR CDF – no blockage, all UEs outdoor, BW = 200MHz.

The summary of throughput performance, including the gain of TR CFG over CFG1 is shown in Table 5. Since this is a typical noise limited scenario, in order to improve the link budget and reduce the outage, we analyze the 20MHz configuration as well. As it can be observed the degradation due to a single panel configuration can be quite severe compared to a multi-panel UE. The 5%-tile throughput can be impacted up to 56.7%, while the mean throughput impact goes up to 20.5%.
[bookmark: _Ref510693097][bookmark: _Ref511478276]Table 5. Throughput performance in UMa scenario - no blockage.
	
	
	Average Throughput [bit/s/Hz]
	5%-tile Throughput [bit/s/Hz]

	
	
	TR 
reference
	CFG1
	Multi-panel gain
	TR 
reference
	CFG1
	Multi-panel gain

	200MHz
	DL - ISD 200m
	5.64
	5.38
	4.7%
	3.84
	3.19
	17%

	
	DL - ISD 400m
	4.85
	4.37
	10%
	2.13
	1.49
	30.1%

	
	UL - ISD 200m
	2.32
	1.89
	18.7%
	0.74
	0.32
	56.7%

	
	UL -ISD 400m
	1.38
	1.10
	20.5%
	N.A.
	N.A.
	N.A.

	20MHz
	DL - ISD 200m
	5.69
	5.51
	3.2%
	4.03
	3.36
	16.7%

	
	DL - ISD 400m
	5.41
	5.10
	5.7%
	3.32
	2.70
	18.7%

	
	UL - ISD 200m
	2.69
	2.49
	7.4%
	1.72
	1.07
	37.8%

	
	UL -ISD 400m
	1.96
	1.66
	15.3%
	0.26
	0.15
	42.5%



Another important observation is related to the outage affecting the ISD=400m in UL. We observed that the number of UEs in outage is about double if CFG1 is selected. This observation holds for both 20MHz and 200MHz cases.

[bookmark: _Ref511381613]Sensitivity to EIRP CDF percentiles points
In this section we will analyze the sensitivity of network performance to EIRP CDF percentile points variation. Following the approach in [8], the antenna gains are reduced by 0 to 8 dB when the gains percentile are lower than either 50% or 20%. The goal is to understand the sensitivity of throughput performance to the 50%-tile and 20%-tile values, respectively. To generate these results a discontinuity is applied compared to the pattern described in TR 38.803, as illustrated in Figure 10 where 8dB degradation is taken into account.
[image: ]
[bookmark: _Ref511317158][bookmark: _Ref511477823]Figure 10. CDF obtained by considering additional 8dB degradation at 50%-tile (red dashed curve) and 20%-tile (yellow dashed curve). The blue curve represents the reference CDF from TR.
The throughput simulation results are shown in Figure 11 and Figure 12 for urban macro (UMa) UL scenario with ISD = 200m, considering the case in which the 20%-tile and 50%-tile CDF intercept points are degraded up to 8dB, respectively. The results are expressed in terms of 5%-tile and average throughput compared to the reference TR CDF throughput performance. In summary:
· For 20%-tile CDF degradation, the 5%-tile throughput loss goes up to ~26% while the average throughput loss reaches ~5%. 
· For 50%-tile CDF degradation, the 5%-tile throughput loss goes up to ~60% while the average throughput loss reaches ~18%.
Despite the impact of the CDF degradation on network performance is already evident in both cases, it is worth noting that such a degradation as reported in Figure 10 represents an ideal case that cannot be achieved with realistic antenna patterns. The discontinuity which can be created with a mathematical formulation does not represent real antenna performance, since higher percentile points would naturally be affect by losses as well. In other words, for the same degradation at a specific percentile point, the CDF generated with the discontinuity represented in Figure 10 represents the absolute best case scenario in terms of performance. For example, if we want to have degradation at 20%-tile, we could expect the two curves to diverge around 50%-tile, as shown in Figure 13 for 8dB CDF degradation at 20%-tile. It is important to underline that such a modification of the CDF shape it is also not meant to represent a real antenna pattern CDF but it is generated just to give an idea of the network performance sensitivity at 20%-tile in a less ideal scenario.
Correspondent results are shown in Figure 14. The performance loss is doubled compared to the previous analysis resulting in a throughput loss at 5%-tile up to ~55% and ~10% for average throughput. These number are fully consistent with our data in Table 5 showing the validity of our analysis.
[image: ]
[bookmark: _Ref511318429]Figure 11. Network performance loss for antenna gains CDF 20%-tile degradation from 0 to 8 dB

[image: ]
[bookmark: _Ref511319378]Figure 12. Network performance loss for antenna gains CDF 50%-tile degradation from 0 to 8 dB
[image: ]
[bookmark: _Ref511321318]Figure 13. Antenna gains CDF 8dB degradation at 20%-tile with divergence at 50%-tile

[image: ]
[bookmark: _Ref511380929]Figure 14. Network performance loss for antenna gains CDF 20%-tile degradation from 0 to 8 dB
General observation and proposals
In section 2.3 we tried to evaluate the impact of spherical coverage requirement considering different aspects. We analyzed different deployment scenarios (Indoor, Dense Urban, Urban Macro), different channel BW (20MHz and 200MHz) and different blockage conditions. Our observations can be summarized as follows:
· Performance of multi-panel is always better than single-panel in all scenarios
· With lower EIRP, the gap between the two configurations will be even higher
· The impact of spherical coverage requirement affects both DL and UL
· Even if blockage is not considered TR CFG (multi-panel configuration) significantly outperforms CFG1
· In all the simulations, a completely random UE orientation uniform on sphere surface is considered. Typical UE position is not completely random, and this could make the difference between two configurations even larger. 
· We also carried a sensitivity analysis to the 50% and 20% CDF values emphasizing the impact of those levels on the overall network performance.
Considering the above observations, we see a clear benefit in defining a spherical coverage requirement based on multi-panel configuration. In particular, based also on the analysis carried out in Section 2.4, we conclude that 20%-tile droop is a fundamental requirement to guarantee good coverage and performance even for cell-edge UEs. 
Proposal: to define 20%-tile and 50%-tile points for the spherical coverage requirement.
Also, from the results collected defining a spherical coverage requirement achieving both 20%-tile and 50%-tile level similar to TR 38.803 would guarantee acceptable system performance. 
Observation 4: from a network performance perspective, defining a spherical coverage requirement achieving both 20%-tile and 50%-tile level similar to TR 38.803 would guarantee acceptable system performance. This means that ~10dB droop at 20%-tile and ~5.5dB droop at 50%-tile would be needed to achieve the target network performance.
Conclusions
In this contribution we studied the spherical coverage requirement for UE operating in FR2. 
At first, we analyzed the impact of finite beamforming on network coverage and performance, and observed:
Observation 1: Using finite beamforming with beam directions defined in [1] does not impair network coverage and performance compared to the ideal beamforming case.
We also made the following observation regarding UL and DL losses:
Observation 2: additional attenuation needs to be included in DL budget to account for the losses which cause lower EIRP compared to the theoretical value.
We compared two UE implementations corresponding to two different CDFs representing single module (CFG1) and multi-modules (TR CFG) design, observing the following:
Observation 3: the 20%-tile and 50%-tile droops characterizing the TR 38.803 CDF are consistent with our multi-panel CDF documented in [7]. As a consequence, we use the TR as a reference for multi-panel performance.
We analyzed several deployment scenarios and results always show significant benefit when multi-module configuration is adopted. The gains were observed for the following metrics: mean throughput, 5%-tile throughput and outage. A good spherical coverage requirement improves both DL and UL directions, by improving peak EIRP and EIS. We concluded with the following proposals:
Proposal: to define 20%-tile and 50%-tile points for the spherical coverage requirement.
Observation 4: from a network performance perspective, defining a spherical coverage requirement achieving both 20%-tile and 50%-tile level similar to TR 38.803 would guarantee acceptable system performance. This means that ~10dB droop at 20%-tile and ~5.5dB droop at 50%-tile would be needed to achieve the target network performance.
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