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Introduction
The progress of the NR Work Item [1] had been discussed during the 3GPP RAN #80 meeting [2].  It was the decision of TSG RAN to extend the core part of the WI, which was documented with an approved exception sheet [3].  During the 3GPP RAN #81 meeting the WI was further extended, with the remaining issues documented in [4].

Analysis in [6], [7] identified a gap in the applicability of the spherical coverage requirement (it is applicable to UEs which support only a single band in FR2), as currently agreed by RAN4, and it was the decision of TSG RAN to include objectives related to this issue in the exception sheets approved during RAN #80 [3] and RAN #81 [4].

This contribution provides the technical justification to extend the peak EIRP and spherical coverage requirements’ applicability to UEs supporting multiple FR2 bands.  This contribution is updated with system level simulation results quantifying the potential trade-offs between the proposed multi-band relaxations and network performance.
Discussion
Background
Version 15.2.0 of TS38.101-2 [5] captures the agreement, reached during the RAN4 #87 meeting, on the spherical coverage requirement for FR2 power class 3 UEs:

The minimum EIRP at the 50th percentile of the distribution of radiated power measured over the full sphere around the UE is defined as the spherical coverage requirement and is found in Table 6.2.1.3-3 below. The requirement is verified with the test metric of EIRP (Link=Beam peak search grids, Meas=Link angle).
Table 6.2.1.3-3: UE spherical coverage for power class 3
Operating band
Min EIRP at 50t%-tile CDF (dBm)
n257
11.5
n258
11.5
n260
8
n261
11.5
NOTE 1: Minimum EIRP at 50 %-tile CDF is defined as the lower limit without tolerance
NOTE 2: The requirements in this table are only applicable for UE which supports single band in FR2



There is a concern among some operators that NOTE 2 in the definition above precludes the applicability of the requirement to UEs which support more than one band.  For operators who own spectrum allocations which span multiple 3GPP bands, and who wish to launch NR FR2 devices in the Rel-15 timeframe, the lack of 3GPP requirements for such UEs may pose a serious risk from the certification perspective.

Similarly, there is a concern among some device vendors that NOTE 2 in the definition above precludes the applicability of the requirements to devices which target multi-regional or global SKUs.  From the UE design perspective, such devices necessitate the integration of an antenna array which supports multiple or all FR2 bands within the same volume in the platform.

For reference, Figure 1 below illustrates the 3GPP NR FR2 bands in the scope of Rel-15 work.
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[bookmark: _Ref513477293]Figure 1: 3GPP NR FR2 Bands (Rel-15)
Observation 1: Radiated performance of UEs which support multiple bands is expected to be optimized over the entire supported range of frequencies and is proposed to be relaxed from the single-band requirement.

To address this observation, RAN4 has discussed the topic during the RAN4 #87 and #88 meetings with the different companies’ views submitted in [10 – 18].  During RAN #80 the following objective related to this issue was captured in the exception sheet [3]:

For PC3, spherical coverage requirements for UEs which support multiple FR2 bands.


During the RAN4 #88 meeting the following summary of multi-band relaxation data and related agreements were captured in the adhoc minutes [19] (NOTE: references [1] through [6] are also provided in the adhoc minutes):

	Case
	Supported bands
	Band
	Peak relaxation
	Spherical relaxation

	
	
	
	[1]
	[2]
	[3]
	[4]
	[5]
	[6]
	[1]
	[2]
	[3]
	[4]
	[5]
	[6]

	8
	n257, n258
	n257
	
	1.0
	FFS
	
	2.0
	1.5
	
	0.0
	FFS
	
	2.0
	1.5

	
	n257, n258
	n258
	
	1.0
	FFS
	
	2.0
	1.5
	
	0.0
	FFS
	
	2.0
	1.5

	7
	n258, n260
	n258
	
	1.0
	FFS
	
	
	
	
	0.0
	FFS
	
	
	

	
	n258, n260
	n260
	
	1.0
	FFS
	
	
	
	
	0.0
	FFS
	
	
	

	6
	n258, n261
	n258
	
	1.0
	FFS
	
	2.0
	
	
	0.0
	FFS
	
	2.0
	

	
	n258, n261
	n261
	
	0.5
	FFS
	
	2.0
	
	
	0.0
	FFS
	
	2.0
	

	5
	n260, n261
	n260
	0.0
	0.0
	FFS
	
	
	
	1.6
	0.0
	FFS
	
	
	

	
	n260, n261
	n261
	0.0
	0.0
	FFS
	
	
	
	0.0
	0.0
	FFS
	
	
	

	4
	n257, n258, n261
	n257
	
	1.0
	FFS
	
	2.0
	1.5
	
	0.0
	FFS
	
	2.0
	1.5

	
	n257, n258, n261
	n258
	
	1.0
	FFS
	
	2.0
	1.5
	
	0.0
	FFS
	
	2.0
	1.5

	
	n257, n258, n261
	n261
	
	0.5
	FFS
	
	2.0
	1.5
	
	0.0
	FFS
	
	2.0
	1.5

	3
	n257, n260, n261
	n257
	
	0.0
	FFS
	
	
	
	
	0.0
	FFS
	
	
	

	
	n257, n260, n261
	n260
	
	0.0
	FFS
	
	
	
	
	0.0
	FFS
	
	
	

	
	n257, n260, n261
	n261
	
	0
	FFS
	
	
	
	
	0.0
	FFS
	
	
	

	2
	n258, n260, n261
	n258
	
	1.0
	FFS
	
	
	
	
	0.0
	FFS
	
	
	

	
	n258, n260, n261
	n260
	
	1.0
	FFS
	
	
	
	
	0.0
	FFS
	
	
	

	
	n258, n260, n261
	n261
	
	0.0
	FFS
	
	
	
	
	0.0
	FFS
	
	
	

	1
	n257, n258, n260, n261
	n257
	2.1
	
	FFS
	1.8
	
	2.0
	1.9
	
	FFS
	2.4
	
	2.0

	
	n257, n258, n260, n261
	n258
	2.1
	
	FFS
	1.8
	
	2.0
	2.0
	
	FFS
	2.4
	
	2.0

	
	n257, n258, n260, n261
	n260
	1.5
	
	FFS
	0.0
	
	2.0
	1.8
	
	FFS
	1.3
	
	2.0

	
	n257, n258, n260, n261
	n261
	2.0
	
	FFS
	1.8
	
	2.0
	1.2
	
	FFS
	2.4
	
	2.0



Agreement: power class requirements are release independent, and multi-band relaxations are part of power class requirements; therefore, they are release-independent
Agreement: proceed with Case 5 as the highest priority and then consider other cases
Agreement: we have the ability, if shown that it is needed, to add the multi-band relaxation framework to power classes other than PC3 in a release-independent manner
Agreement: if there is a multi-band relaxation for EIRP (peak or spherical) that is zero, then it is zero for multi-band relaxation for EIS (peak or spherical)


During the RAN #81 meeting the NR work item exception sheet was updated to fully capture the open issues related to the effort on multi-band EIRP and EIS requirements [4]:

For RAN4 remaining issues:
-  TS38.101-2
· For UL CA, contiguous CA with up to 800MHz aggregated channel bandwidth is considered. The number of CCs is FFS.
· 6.2.1 UE MOP for PC1/PC2/PC3/PC4
· For PC3, spherical coverage and peak EIRP requirements for UEs which support multiple FR2 bands
· 6.2XX    MPR for PC2, 4 + CA
· 6.x.x      beam correspondence
· 6.2XX	Configured transmitted power inc CA and ULMIMO
· 6.3.3	General ON/OFF, PRACH and PUCCH time mask
· 6.3XX	Absolute/Relative/Aggregate power tolerance for CA
· Including RSRP estimation error and duration of related measurements
· 6.4.2      Transmit modulation quality for CA for PC2, PC4
· 7.3	Reference sensitivity
· For UE which supports a single FR2 band, spherical EIS requirements
· Spherical coverage and peak EIS requirements for UEs which support multi FR2 bands
· 7.4A          Max input level for CA for 64QAM
· 7.3AX	EIS for CA (NC)
· PCG


This paper provides a comprehensive analysis of the peak EIRP and spherical coverage metrics for two multi-band scenarios and proposes the associated multi-band relaxations.
Analysis of multi-band performance variation
The impact of joint optimization across both 28 GHz and 39 GHz frequency ranges on the peak EIRP and EIRP at 50%-tile CDF can be quantified by considering two sets of spherical coverage CDF simulations:  one set assumes the UE supports all FR2 bands (n257, n258, n260, and n261; labeled Model 6), while another set assumes the UE supports a single FR2 band (labeled Model 4a and 4b).  Model 6 consists of two array designs:  one design covers the frequency range from 24 to 30 GHz, and another co-located design covers the frequency range from 37 to 40 GHz.  Additional detail about the simulation assumptions is provided in the Annex.

The single-band result is taken as the baseline and is compared to the multi-band result; differences in the performance of peak EIRP and EIRP at 50%-tile CDF metrics are quantified in the analysis.

Figure 2 below illustrates the results for 28 GHz.

a)[image: ]b)[image: ]
[bookmark: _Ref520383311]Figure 2: Multi-band analysis for 28 GHz

Figure 3a illustrates the EIRP CDF for the single band reference (Model 4a, black curve) and EIRP CDF curves for three frequency points of the multi-band design (Model 6, dotted magenta, black, and blue curves).

Observation 2: EIRP CDFs (Figure 3a) quantify the multi-band impact on the peak EIRP requirement as a 2.1 dB reduction for band n257, 2.1 dB reduction for band n258, and 2.0 dB reduction for band n261.

Observation 3: EIRP levels at the 50%-tile CDF (Figure 3b) quantify the multi-band impact on the spherical coverage requirement as a 1.9 dB reduction for band n257, 2.0 dB reduction for band n258, and 1.2 dB reduction for band n261.

Figure 3 below illustrates the results for 39 GHz.

a)[image: ]b) [image: ]
[bookmark: _Ref520383852]Figure 3: Multi-band analysis for 39 GHz

Observation 4: EIRP CDFs (Figure 4a) quantify the multi-band impact on the peak EIRP requirement as a 1.5 dB reduction for band n260.

Observation 5: EIRP levels at the 50%-tile CDF (Figure 4b) quantify the multi-band impact on the spherical coverage requirement as a 1.8 dB reduction for band n260.
Analysis of two-band performance variation
The simulation study in [9] has provided the EIRP CDF results for Model 3 across the following frequency ranges:  (26, 30) GHz and (37, 43) GHz.  In an effort to improve the understanding of the performance impact of UEs supporting NR bands n261 and n260 vs. single band UEs, the antenna designs using the same simulation setup as Model 3 were optimized for the single band (n261 or n260) and dual band (n261 and n260) configurations.  The dual-band design (Model 5) consists of two array designs:  one design covers the frequency range from 27 to 29 GHz (band n261), and another co-located design covers the frequency range from 37 to 40 GHz.  

Simulations have shown that the low band array (Model 5, frequency in the range of 27 to 29 GHz) performance is not significantly impacted by optimizations for high band support when compared to Model 4a in band n261.  Any differences observed were negligible. 

Observation 6: For a device which optimizes just bands n260 and n261, it is reasonable not to have peak EIRP reductions from the single-band requirement.

Observation 7: For a device which optimizes just bands n260 and n261, no impact on the performance in band n261 is observed, and no relaxation of the single band spherical coverage requirement is proposed for this band.

Figure 4 below illustrates the difference in the EIRP 50%-tile CDF between the dual band (Model 5) and single band (Model 4b) models.
 [image: ]
[bookmark: _Ref515879751]Figure 4: Single band vs dual band results for NR band n260


Observation 8: For a device which optimizes just bands n260 and n261, the impact of dual band antenna array optimization over band n260 ranges from 0.8 to 1.6 dB.  Since the spherical coverage requirement is a minimum requirement for the UE, a relaxation of 1.6 dB of the single band spherical coverage requirement is needed for this band.
Glass spacing study
In an effort to further illustrate the practical challenges of multi-band antenna array integration and to motivate the relaxations proposed in this paper, a study of array gain vs. spacer thickness was conducted.  The results are plotted in Figure 5 below.

[image: ]
[bookmark: _Ref525719244]Figure 5: Array gain vs. spacer thickness

The design used in this study consists of two array designs:  one design covers the frequency range from 24 to 30 GHz, and another co-located design covers the frequency range from 37 to 40 GHz; more details are provided in Section 2.2 of this paper.  The array gain relative to a reference value is plotted as a function of spacer thickness, and details sensitive to the design have been removed from the plot.

Observation 9: The spacer thickness parameter represents a trade-off in the performance of the co-located design across the 28 GHz and 39 GHz bands.  As an example, optimizing the spacer thickness for 39 GHz leads to a 3 dB degradation at 28 GHz.  As another example, optimizing the spacer thickness for 28 GHz leads to a 2.5 dB degradation at 39 GHz.
Summary of the multi-band framework
Based on the technical analysis provided in this paper, we propose to define relaxations for peak EIRP and spherical coverage limits, labeled ΔTMBP (EIRP peak relaxation) and ΔTMBS (EIRP spherical coverage relaxation), respectively.  These relaxations are indexed by the bands which the device supports and are applicable in a band-specific manner, as shown in Table 1 below.

[bookmark: _Ref525857804]Table 1: Summary of the multi-band framework
	Case
	Supported bands
	Band
	ΔTMBP (dB)
	Peak EIRP limit (dBm)
	ΔTMBS (dB)
	50%-tile CDF EIRP limit (dBm)

	8
	n257, n258
	n257
	
	
	
	

	
	n257, n258
	n258
	
	
	
	

	7
	n258, n260
	n258
	
	
	
	

	
	n258, n260
	n260
	
	
	
	

	6
	n258, n261
	n258
	
	
	
	

	
	n258, n261
	n261
	
	
	
	

	5
	n260, n261
	n260
	0.0
	20.6
	1.6
	6.4

	
	n260, n261
	n261
	0.0
	22.4
	0.0
	11.5

	4
	n257, n258, n261
	n257
	
	
	
	

	
	n257, n258, n261
	n258
	
	
	
	

	
	n257, n258, n261
	n261
	
	
	
	

	3
	n257, n260, n261
	n257
	
	
	
	

	
	n257, n260, n261
	n260
	
	
	
	

	
	n257, n260, n261
	n261
	
	
	
	

	2
	n258, n260, n261
	n258
	
	
	
	

	
	n258, n260, n261
	n260
	
	
	
	

	
	n258, n260, n261
	n261
	
	
	
	

	1
	n257, n258, n260, n261
	n257
	2.1
	20.3
	1.9
	9.6

	
	n257, n258, n260, n261
	n258
	2.1
	20.3
	2.0
	9.5

	
	n257, n258, n260, n261
	n260
	1.5
	19.1
	1.8
	6.2

	
	n257, n258, n260, n261
	n261
	2.0
	20.4
	1.2
	10.3

	NOTE 1: ΔTMBP and ΔTMBS Values in cells which are left blank are TBD and are not assumed to equal zero



Proposal 1: The multi-band framework, as summarized in Table 1, is proposed to be defined in the draft CR accompanying this contribution [20].

We further note that although no agreement on the prioritized case (Case 5) was reached during the RAN4 #88 meeting, this does not preclude seeking agreement on cases in addition to Case 5.

Proposal 2: Efforts to define multi-band applicability of the peak EIRP and spherical EIRP requirements for Case 5 and Case 1 shall be prioritized.
Network performance simulations
In an effort to quantify the trade-offs between the proposed multi-band relaxations and network performance, a set of system level simulations have been performed.  The simulation assumptions take the system level simulation assumptions from Clause 5 of TR38.803 [21] as a baseline and apply the agreed modifications of the assumptions as described in [22] and [23].

Using the UMa channel model and placing all UEs outdoor, throughput loss was characterized across three cases as a function of frequency:  as proposed in Section 2.5 (Case 1) of this paper, using a 1 dB relaxation of the spherical coverage requirement (according to the methodology described in [24]), and using a 2 dB relaxation of the spherical coverage requirement (according to the methodology described in [24]).  All of the cases take the single-band EIRP CDF as the baseline; in the case of the “multi-band” relaxation, performance using the multi-band EIRP CDF is quantified, and in the 1 dB and 2 dB relaxation cases the single-band EIRP CDF 50%-tile point is relaxed according to the methodology described in [24].  We note that simulations for Band n260 were not performed, because RAN4 has not yet discussed nor agreed system level simulation assumptions for 39 GHz.

Figure 6 below illustrates the results.
[image: ]
[image: ]
[bookmark: _Ref526415086]Figure 6: Impact of multi-band relaxations on network performance 

Observation 10: The impact of the multi-band proposal on mean throughput is 6% or less across the 28 GHz bands. By considering further compromise on the relaxations it is possible to maintain this loss below 3%.

Observation 11: The impact of the multi-band proposal on 5%-tile throughput is below 30%. By considering further compromise on the relaxation it is possible to maintain this loss below 15%.

Conclusions
This contribution has identified an issue with the applicability of the power class 3 requirements to UEs which support multiple FR2 bands.  The following observations and proposals have been made:

Observation 1: Radiated performance of UEs which support multiple bands is expected to be optimized over the entire supported range of frequencies and is proposed to be relaxed from the single-band requirement.

Observation 2: EIRP CDFs (Figure 3a) quantify the multi-band impact on the peak EIRP requirement as a 2.1 dB reduction for band n257, 2.1 dB reduction for band n258, and 2.0 dB reduction for band n261.

Observation 3: EIRP levels at the 50%-tile CDF (Figure 3b) quantify the multi-band impact on the spherical coverage requirement as a 1.9 dB reduction for band n257, 2.0 dB reduction for band n258, and 1.2 dB reduction for band n261.

Observation 4: EIRP CDFs (Figure 4a) quantify the multi-band impact on the peak EIRP requirement as a 1.5 dB reduction for band n260.

Observation 5: EIRP levels at the 50%-tile CDF (Figure 3b) quantify the multi-band impact on the spherical coverage requirement as a 1.8 dB reduction for band n260.

Observation 6: For a device which optimizes just bands n260 and n261, it is reasonable not to have peak EIRP reductions from the single-band requirement.

Observation 7: For a device which optimizes just bands n260 and n261, no impact on the performance in band n261 is observed, and no relaxation of the single band spherical coverage requirement is proposed for this band.

Observation 8: For a device which optimizes just bands n260 and n261, the impact of dual band antenna array optimization over band n260 ranges from 0.8 to 1.6 dB.  Since the spherical coverage requirement is a minimum requirement for the UE, a relaxation of 1.6 dB of the single band spherical coverage requirement is needed for this band.

Observation 9: The spacer thickness parameter represents a trade-off in the performance of the co-located design across the 28 GHz and 39 GHz bands.  As an example, optimizing the spacer thickness for 39 GHz leads to a 3 dB degradation at 28 GHz.  As another example, optimizing the spacer thickness for 28 GHz leads to a 2.5 dB degradation at 39 GHz.

Observation 10: The impact of the multi-band proposal on mean throughput is 6% or less across the 28 GHz bands. By considering further compromise on the relaxations it is possible to maintain this loss below 3%.

Observation 11: The impact of the multi-band proposal on 5%-tile throughput is below 30%. By considering further compromise on the relaxation it is possible to maintain this loss below 15%.

Proposal 1: The multi-band framework, as summarized in Table 1, is proposed to be defined in the draft CR accompanying this contribution [20].

Proposal 2: Efforts to define multi-band applicability of the peak EIRP and spherical EIRP requirements for Case 5 and Case 1 shall be prioritized.
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Annex: EIRP CDF simulation assumptions
Simulation assumptions for EIRP CDF analysis were agreed by RAN4 in R4-1803275 (shown below).  The analysis in this paper focuses on assumption A1 (highlighted).

Table 2: EIRP CDF simulation assumptions [R4-1803275]
[image: ]

An example set of simulated physical parameters from R4-1806185 with 2 arrays is shown below.  Given our preference to define RAN4 requirements assuming a single-panel UE architecture, the results presented in this paper consider alternate placement of a single array with all other physical parameters remaining the same as the example.

[image: ]
Figure 76: Physical parameters of the EIRP CDF simulation
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