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1.	Introduction
As frequency separations increase in CA, conducted domain mechanisms (like PA nonlinearity) are joined by radiative mechanisms (like beam squint) in reducing a UE’s EIRP or EIS performance. 
In this contribution we build on work in [1]. In this iteration, we used a standards element to construct virtual arrays. 
2. 	Discussion 
The beam squint mechanism projects antenna gains (‘beams’) in different frequencies in different directions, rather than the same direction. The net result is that for a given observation antenna, different transmit antenna (array) gains are perceived at different frequencies for some AoAs. See figure 2.0-1
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Figure 2.0-1: Effect of beam squint on system
This phenomenon impacts any wideband deployment with a single reference signal and common beam management across all CCs. In this sense, inter-band CA with common beam management (CBM) is just an extension of intra-band CA, with only frequency distance between RS and CC (‘combined frequency separation’) as the differentiating parameter. 
In our simulation we used a 2 DL CC configuration separated by varying frequency gap. One of the CCs is assumed to carry the reference signal (RS) for beam management (BM). In case of intra-band CA, 2 UL CCs are assumed. In case of CBM inter-band CA, only the DL CC without the BM RS is assumed to have a matching UL CC. 
While UL FS is limited to 1.4 GHz, we are not sure the possibility that the UE is configured with wider separation between UL CC and the BM RS is precluded. This type of CA configuration is shown below in figure 2.0-2
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Figure 2.0-2: UL CA with >1.4 GHz separation from CC to BM RS in Rel-16
This type of scenario impacts both UL CCs, instead of allowing at least one of the UL CCs to be pointed optimally. Further, the beam squint impairment is no longer a function of the UL CCs alone because of dependence on position of RS which is not related to UL CCs here. To simplify the problem, we propose:
Proposal 1: In FR2 CA cases, requirements apply when the BM RS is provided in a CC with a configured UL BWP
This type of restriction also ensures that the band with UL in an inter-band CBM CA configuration is optimally pointed at the gNB.
2.1 	Impact on CA EIS 
REFSENS in CA is evaluated per CC. There is no requirement on EIS spherical coverage in CA mode. This omission makes it impossible for a network planner to estimate UE performance degradation for CBM CA deployments. 
Since intra-band and inter-band CBM deployments are expected to have the same AoA at the UE, the actual impact of beam squint can be captured as a reduction in effective antenna gain for the CC being evaluated at any AoA, due to separation from the CC with BM RS. In figure 2.0-1, this quantity is shown as ‘x’. Further, to reduce noise in simulation results, the evaluation of parameter ‘x’ can be limited to coverage directions, or coverage region, i.e. the directions that contribute to compliance with spherical coverage requirements at the BM RS frequency. The procedure for this type of spatial filtering is as follows: For a direction not in coverage region, a large negative number can be added to ‘x’ to remove it from consideration for the CDF. We show a PC1 example in figure 2.1-1, which captures the CDFs of ‘x’ as frequency separation ‘FS’ to CC with BM RS increases. 
[image: ] [image: ]
Figures 2.1-1: Example of ‘x’ for PC1 in coverage directions
Analysis of this picture shows that even inside the coverage region, effective gain for a chosen CC in some AoAs can be significantly reduced, as the CC with RS is moved away. An extreme example is when the RS is at 29.5 GHz, and the evaluated CC is at 24.25 GHz. Only 5% directions, or a third of the coverage region remain unaffected by beam squint in our analysis (green dotted box). Another third of coverage directions experience a CC to CC gain difference (‘x’) between 3 dB and 25 dB (highlighted as red dotted box). In contrast, the spherical coverage CDFs of the effective antenna gain of the CC at 24.25 GHz paints a potentially misleading picture of the same device. It obscures the fact that there can be significant CC to CC gain differences inside the coverage region.
[image: ]
Figures 2.1-2: Antenna gain CDF per CC, as a function of RS separation
Motivated by the need to capture the actual network impact when UEs are configured for CBM CA, we propose:
Proposal 2: CA EIS degradation shall be quantified in terms of CDF of increase in effective antenna gain for a CC at any AoA, due to frequency separation from the CC configured the beam management reference signal.
Note that the ‘increase in effective gain’ wording is used here merely to specify the sense of the difference operation, i.e we report gain of CC with RS configured in a different CC minus the gain of the same CC if the RS were configured in it. Whether this CDF information takes the form of a new requirement, or as an entry in the TR for future reference can be discussed further in RAN4. 
2.2 	Impact on CA EIRP 
CA EIRP in the standard (peak and spherical coverage) is evaluated as the total power, received OTA, in all CCs. The cumulative power distribution in the CCs can be captured by the distribution of average antenna gain over the two CCs. The UE is assumed to select its UL beam using measurements made on a reference signal in the DL, using its beam correspondence ability. As noted before, intra-band and inter-band CBM deployments are expected to have the same AoA at the UE, but the network planner does not have a window into a UE’s performance degradation for any AoA due to CA. In figures 2.2-1 we capture two metrics: A simple ‘average gain CDF’ as required by the standard, and CDF of the gain difference due to beam squint. Like in the EIS case, we mask off directions that are outside the coverage region to reduce noise.
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Figures 2.2-1 a (left): CA EIRP antenna gain change CDF due to beam squint 
Figures 2.2-1 b (right): CA EIRP antenna gain CDF
For Rel-16 CA EIRP, due to limit on frequency separation between RS and UL CCs, there is only minor impact for some AoAs, and no impact in most AoAs in the coverage region (figure 2.2-1 a). If the gain difference CDF (section 2.1) is captured in some form where it can be easily referenced, we can adopt a convenient stand for CA EIRP: 
Proposal 3: Beam squint effect can be captured as CA EIRP CDF degradation, if proposal 2 can be adopted.
2.3 	Simulation results analysis
Simulation results and assumptions are presented in the annexes.
2.3.1	PC1  
CA EIRP gain degradation and CA EIS spherical coverage impact for PC1 UEs are captured in Annex 2
Since intra-band CA operation does not specify requirements on EIS spherical coverage, REFSENS is the sole DL RF requirement dependent on antenna characteristics. We find that REFSENS performance is not impacted by beam squint over the conditions studied. This behavior is evident from the unchanging peak antenna CC gain across multiple gain CDFs, with each CDF representing gain as a function of distance from RS (Annex 2). This result is not surprising, because best sensitivity coincides with best antenna gain, which in turn is usually a boresight beam with zero effective element to element phase progression. This specific progression translates well over all frequencies, an alternative way of saying the boresight beam is immune to beam squint.
Observation 1: FR2 PC1 REFSENS does not need special consideration due to beam squint for Rel-16
For PC1 the gain difference (‘x’) CDF is expected to have a lot of variability at the 85th %ile point, and no significant variation at %iles close to 100. The 90th%ile point seems like a good compromise because it describes degradation over 2/3rd of the coverage region for PC1. 
	PC1, worst frequency separation between RS and CC
	Antenna gain difference CDF at 90th %ile (dB)

	 0.8 GHz
	-

	> 0.8 GHz,  1.4 GHz
	0 (baseline from Rel-15)

	> 1.4 GHz,  2.4 GHz
	1

	> 2.4 GHz,  6.5 GHz
	4



Translated into English, the table above says, for example, that for a PC1 device, only the top 10% directions will have less than 4 dB injected power imbalance due to beam squint when the CCs are separated between 2.4 and 6.5 GHz. The contrast is with a PC1 device with 800 MHz or less frequency separation, where the entire top 15% of directions have negligible injected power imbalance. Our simulations show mild impact for frequency separations of around 1.5 GHz.
CA EIRP gain spherical coverage impact for PC1 UEs is captured in Annex 2. For CA EIRP we noticed insignificant differences in antenna gain CDF (both peak and spherical) between single CC and CCs spanning up to 1400MHz. Simulations with the standards element reproduced the finding from an array constructed from proprietary elements:
	PC1, worst frequency separation between RS and CC
	EIRP degradation at 85th %ile (dB)

	
	Proprietary Element [1]
	Modified element from TR38.803 (Annex 1)

	 0.8 GHz
	0 (baseline)
	0 (baseline)

	> 0.8 GHz,  1.4 GHz
	0
	0

	> 1.4 GHz,  2.4 GHz
	N/A
	N/A

	> 2.4 GHz
	N/A
	N/A



Observation 2: FR2 PC1 CA EIRP (peak and spherical coverage) does not need special consideration due to beam squint for Rel-16, assuming condition listed in proposal 1
2.3.2 	PC3  
CA EIRP gain degradation and CA EIS spherical coverage impact for PC3 UEs are captured in Annex 3. Drawing on reasoning used for PC3, we notice that REFSENS is not impacted by Rel-16 CA assumptions.
Observation 3: FR2 PC3 REFSENS does not need special consideration due to beam squint for Rel-16
For PC3 the gain difference (‘x’) CDF is expected to have a lot of variability at the 50th %ile point, and no significant variation at %iles < 80. The 60th%ile point seems like a good compromise because it describes degradation over 80% of the coverage region for PC3. 
	PC3, worst frequency separation between RS and CC
	Antenna gain difference CDF at 60th %ile (dB)

	 0.8 GHz
	-

	> 0.8 GHz,  1.4 GHz
	0 (baseline from Rel-15)

	> 1.4 GHz,  2.4 GHz
	1

	> 2.4 GHz,  6.5 GHz
	2



Translated into English, the table above says, for example, that for a PC3 device, only the top 40% directions will have less than 2 dB injected power imbalance due to beam squint when the CCs are separated between 2.4 and 6.5 GHz. The contrast is with a PC3 device with 800 MHz or less frequency separation, where the entire top 50% of directions have negligible injected power imbalance. Our simulations show mild impact for frequency separations of around 1.5 GHz.

Like for PC1, for CA EIRP we noticed insignificant differences in CDF (both peak and spherical) between contiguous CCs and CCs spanning up to 1400MHz. Simulations with the standards element reproduced the finding from an array constructed from proprietary elements:

	PC3, worst frequency separation between RS and CC
	EIRP degradation at 50th %ile (dB)

	
	Proprietary Element [1]
	Modified element from TR38.803 (Annex 1)

	 0.8 GHz
	0 (baseline)
	0 (baseline)

	> 0.8 GHz,  1.4 GHz
	0
	0

	> 1.4 GHz,  2.4 GHz
	N/A
	N/A

	> 2.4 GHz
	N/A
	N/A



Observation 4: FR2 PC1 CA EIRP (peak and spherical coverage) does not need special consideration due to beam squint for Rel-16, assuming condition listed in proposal 1
2.4 Field operation implications
In field operation, and possibly during compliance testing, beam squint must be considered when constructing test cases, as the combined frequency separation across bands in an inter-band CBM configuration increases beyond Rel-15 limit of 1.4 GHz. Beam squint has the impact of injecting power imbalance similar to the effect of non-flat RF gain and NF.
Additionally, closed loop power control may introduce an imbalance in conducted power per CC to compensate for different OTA gains at each frequency. This type of compensation must be carefully studied for compliance test cases. 
3.	Conclusion
To bound the problem to reasonable deployment scenarios:
Proposal 1: In FR2 CA cases, requirements apply when the BM RS is provided in a CC with a configured UL BWP
There is no requirement on EIS spherical coverage in CA mode. This omission makes it impossible for a network planner to estimate UE performance degradation for CBM CA deployments. Motivated by the need to capture the actual network impact when UEs are configured for CBM CA, we propose:
Proposal 2: CA EIS degradation shall be quantified in terms of CDF of increase in effective antenna gain for a CC at any AoA, due to frequency separation from the CC configured the beam management reference signal.
It is FFS if proposal 2 should become a requirement. It can be captured as entries into a TR, for future reference
Proposal 3: Beam squint effect can be captured as CA EIRP CDF degradation, if proposal 2 can be adopted.
Our simulation results suggested that there is no explicit standards impact:
Observation 1: FR2 PC1 REFSENS does not need special consideration due to beam squint for Rel-16
Observation 2: FR2 PC1 CA EIRP (peak and spherical coverage) does not need special consideration due to beam squint for Rel-16, assuming condition listed in proposal 1
Observation 3: FR2 PC3 REFSENS does not need special consideration due to beam squint for Rel-16
Observation 4: FR2 PC3 CA EIRP (peak and spherical coverage) does not need special consideration due to beam squint for Rel-16, assuming condition listed in proposal 1
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5.	Annex 1, Simulation assumptions
The element prototype used in simulations is derived from TR38.803:

	Parameter
	Values

	Antenna element vertical radiation pattern (dB)
	


	Antenna element horizontal radiation pattern (dB)
	



	Combining method for 3D antenna element pattern (dB)
	
, modified to ensure total radiated gain < 0dB

	Maximum directional gain of an antenna element GE,max
	5 dBi

	(Mg, Ng, M, N, P) 
	 PC3: (1, 1, 4, 1, 2) 
PC1: (1, 1, 8, 8, 2)

	(dv, dh)
	(0.5λ, 0.5λ) - depends on design and band combination
Low band group centered at ~ 26 GHz
High band group centered 37 to 42 GHz

	UE orientation
	Random orientation in the azimuth domain: uniformly distributed between -90 and 90 degrees*
Fixed elevation: 90 degrees

	NOTE:	This is done to emulate two panels: the configuration is equivalent to 2 panels with 180 shift in horizontal orientation and UE orientation uniformly distributed in the azimuth domain between -180 and 180 degrees.










6.	Annex 2, PC1 simulation results
Single CC Coverage

[image: ] [image: ]

Single CC antenna gain spherical coverage CDFs confirm that the beam codebooks enable the UE to deliver standards compliant gain drop to the 85th %ile point.
Separately optimized codebooks are assumed for each group of frequencies.



CA EIRP
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Data for points outside the UEs spherical coverage region are masked off for CBM CA cases

CA EIS
 [image: ] [image: ] [image: ] [image: ]  
Data for points outside the UEs spherical coverage region are masked off. L+L cases shown



[image: ][image: ] [image: ] [image: ]
Data for points outside the UEs spherical coverage region are masked off. H+H cases shown




6.	Annex 3, PC3 simulation results

[image: ] [image: ]
Single CC antenna gain spherical coverage CDFs confirm that the beam codebooks enable the UE to deliver standards compliant gain drop to the 50th %ile point.
Separately optimized codebooks are assumed for each group of frequencies.


CA EIRP
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Data for points outside the UEs spherical coverage region are masked off for CBM CA cases

EIS
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 [image: ] [image: ] 
Data for points outside the UEs spherical coverage region are masked off. L+L cases shown
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Data for points outside the UEs spherical coverage region are masked off. H+H cases shown
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