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1.	Introduction
For Rel-17, the CBM DL inter-band CA discussion has thus far focused on band pairs from different frequency groups. There has been no explicit request from a carrier as of this writing for an inter-band CA combination with bands from the same frequency group, but there was discussion in RAN4 whether such a combination should be introduced as an example combination [1]. This course of action may be justifiable because inter-band CA for band-pairs within the same frequency group is indeed a special case, as it allows a single receiver shared across both bands to become attractive and practical. We provide analysis for an example band combination from the same frequency group.
2. 	Discussion
For the sake of this discussion, a band group is defined as the super-set of bands that either overlap or are adjacent. Some examples of band groups are n258+n261+n257, and n260+n259. 
2.1	On Fs_inter
At the outset, it is useful to establish what ‘supporting a band’ means to a UE in the most basic sense:
[bookmark: _Hlk92610202]Observation 1: If a UE declares support for a band, it is understood that a network can configure it with one CC anywhere in that band. 
Inter-band CA capability therefore implies that the UE must be simultaneously configurable as described above in multiple bands. 
Observation 2: Inter-band CA capability between two bands therefore implies that the UE can be simultaneously configured with one carrier anywhere in one band and another carrier anywhere in the second band.
The proposed incapability or limitation, ‘Fs_inter’ serves to break this logical extension of the concept of a ‘supported band’ to inter-band capability, so Fs_inter cannot be justified. 
The argument to use the existence of frequency separation classes for NC intra-band CA as a precedent for introduction of Fs_inter in non-contiguous (NC) inter-band CA is not valid either. Since the basic single-band capability means that a network can configure a UE with one CC anywhere in that band:
· NC Intra-band CA is an enhancement that allows the UE to support multiple CCs in the same band over a bandwidth greater than one channel. The UE can declare to what degree it has enhanced the basic single band single CC capability by declaring a frequency separation class (among other details).
· Inter-band CA on the other hand is the enhancement of a UE to support the basic single-band capability over multiple bands. The UE can declare to what degree it has enhanced the basic single band single CC capability by declaring a limit to the number of bands it can simultaneously support in the CA configuration using band combination signalling. 
Both enhancements have well developed signalling for the UE to declare to the network how much enhancement it can provide in each, so there is no incompleteness that could justify new FS-class-like signaling. See figure 2.1-1.
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Figure 2.1-1: Inter-band and intra-band CA enhancements are orthogonal.
Observation 3: It is not valid to use the existence of FS class signaling for NC intra-band CA as justification for introducing Fs_inter.
Frequency separation class signalling remains relevant for combined inter- and intra-band configurations. Given the lack of justification and the definition-breaking effects of Fs_inter, we propose:
Proposal 1: ‘Fs_inter’ shall not be defined for inter-band CA
2.2	Single-chain receivers for inter-band CA?
A receiver’s ‘wide-banded-ness’ or wideband ability can be evaluated by its fractional BW, or the supported bandwidth in relation to the geometric centre frequency of supported spectrum. A Rel-15 UE already supports a single band fractional BW as high as 12.6% (n258).  Fractional BWs for some inter-band combinations are below:
	Band combination
	n258
	n258+n261
	n258+n257
	n260+n259

	Fractional BW (%)
	12.6
	15.6
	19.6
	16.2

	Supported BW, or equivalently, Frequency sep. (GHz)
	3.25
	4.10
	5.25
	6.50



Some band combinations represent challenging but achievable extensions of the wideband ability needed for single band capability, allowing single-band receivers to be discussed for inter-band CA within the same band group. 
2.3	Noise figure degradation with frequency separation
For intra-band CA operation, Rel-16 of the standard allows a degradation in REFSENS as a function of frequency distance between the carriers. REFSENS is sensitivity in the beam peak direction and is largely insensitive to beam squint. REFSENS relaxations are therefore directly indicative of noise figure relaxations as a function of frequency separation. Figure 2.3-1: Noise figure relaxations extrapolated from Rel-16 allowance for intra-CA REFSENS


These relaxations can be projected out to frequency separations required for inter-band CA, see figure 2.3-1. Can NF degradation for a band combination be defined along the lines of this extrapolation?
To answer this question, it helps to consider channel capacity. The basic upper-bound to channel capacity is well-understood:


In the case of inter-band CA with band 1 and band 2, the cumulative capacity with similar sized carriers can be expressed as:

SNR1 and SNR2 are degraded versions of the single-band SNRs respectively, due to inter-band operation. To simplify the problem, we assume that both bands have identical noise figure degradations and identical operating SNRs. For a given DL power, SNR tracks inversely as noise factor, so SNR degradations can be tied directly to NF degradation. 
Figure 2.3-2 shows the DL throughput capacity increase with inter-band CA, relative to single-band throughput, for AWGN channels, as a function of NF degradations in the bands. Viewed in relation to an arbitrarily chosen but reasonable 50% net improvement goal, the trends in the figure show that a 3 dB degradation limits the benefit to only high SNR conditions. A further consideration is that these curves are expected to migrate towards even higher SNRs for realistic fading channels. More aggressive benefit goals than the admittedly modest 50% goal above would further restrict allowed NF degradation.Figure 2.3-2: Capacity benefit vs noise figure degradation
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Observation 4: For a tangible benefit with inter-band CA operation, a receiver’s noise figure degradation due to large frequency separation should be capped to a value significantly less than 3 dB. 
The RF gain characteristics, as well as the NF problem described above are known for the design goal, and measures can be taken to ensure sufficiently good performance. There are other limitations however (gain control and beam squint) that are not easy to overcome for single-chain receivers and must be addressed.
2.4	The common gain state problem
Gain control is shared across both bands being processed through the single-chain receiver, so it is impossible for this type of UE to optimize its receiver performance individually for each band over all deployment conditions. Single-chain receivers can be expected to display optimal performance however (on par with IBM inter-CA) under special deployment conditions: for example, if the DL powers and AoA are such that the conducted domain PSDs are similar, a single gain state can be optimal for both bands.
We have previously shown [3] that this constraint of single chain receivers can be addressed by adopting a simultaneous sensitivity condition for sensitivity tests.
[bookmark: _Hlk91601544]2.5	Beam squint
Beam squint is a challenge that is rooted in the physics of the problem, and is not easily overcome, at least until true adjustable time delay can be implemented economically in the FR2 UE phase shifter context. Beam squint and its impact on common spherical coverage can be estimated by simulation. 
2.5.1	Simulation assumptions
The UE was assumed to have 2 4x1 antenna modules, arranged as one module in one face, and the second in the opposing face of the UE. n258+n261 was chosen as the example band combination. 
Now, a typical 2-module design in this configuration performs much better than the standards requirement for EIS spherical coverage. This is also true of when the array is constructed from elements using the radiation pattern assumptions from TR38.803. It is therefore necessary to normalize the spherical coverage performance of the UE to prevent inherent margins in the evaluated design from incorrectly under-reporting necessary delta(RIB). The normalization process forces each band individually to just meet its spherical coverage requirement (marginal compliance). Only normalized data is presented below. The Annex has detail on the relative spherical coverage maps of each band as well as the normalization process.
2.5.2	Results and analysis for delta(RIB_sph)
Recall that for IBM, delta(RIB_sph) for a band pair sourced from different band groups (example: n260+n261) was derived as the cumulative effect of relaxations from multiple mechanisms:
· Relaxation ‘R_overlap’ due to imperfect overlap in spatial coverage of the participating bands
· MBR
· Mutli-chain desense: A de-sense factor from having to keep 2 receiver sets simultaneously operational
R_overlap is the relaxation (dB) in the spherical coverage criterion so 50% of the test sphere is covered by both bands (common coverage) for PC3. ‘R_overlap’ for n258+n261 is tabulated below for the single chain CBM inter-band CA case, as well as the IBM case as a baseline. For the IBM baseline case, two identical chains were assumed, one dedicated to n258 and the other to n261. Both chains share the same phase shifter settings, rather than optimized phase settings for each band. This assumption has the impact of reduced spatial similarity in the beams for n258 and n261 and therefore an inflated R_overlap value.
	Common coverage fraction for n258+n261 (%), frequency separation = 4.1 GHz

	R_overlap (dB)
	IBM
	CBM, BMRS in n258 (@ 24.25 GHz)
	CBM, BMRS in n261 (@ 28.35 GHz)

	0.0
	43.7
	39.2
	39.4

	0.8
	46.8
	42.3
	42.9

	1.6
	50.4
	46.1
	46.2

	2.4
	55.6
	50.0
	50.0



For an IBM UE, R_overlap is 1.6 dB in n258+n261. As noted above, this value is conservative (inflated) due to identical and un-optimized chains. With band-specific optimization we expect R_overlap for IBM to improve (reduce) by 0.5 dB, but this is neglected for now. The estimate for R_overlap allows delta(RIB_spherical) to be calculated as (dB):
· R_overlap = 1.6
· MBR = 0.7
· Mutli-chain desense = 1.0 (common with precedent band combinations)
i.e for n258+n261 with IBM, delta(RIB_spherical) is [3.5] dB
For single chain receivers, delta(RIB_sph) would be derived as the cumulative effect of relaxations from multiple mechanisms similar to the IBM case:
· Relaxation ‘R_overlap’ due to imperfect overlap in spatial coverage of the participating bands (2.4 dB)
· MBR (0.7 dB)
· Mutli-chain desense (not applicable due to absence of multiple chains)
· (NEW) NF degradation due to frequency separation (? dB)
The multi-chain desense factor is not applicable for single chain UEs, but instead, some allowance is necessary for NF degradation over the large fractional BW of this inter-band CA combination. We established earlier (section 2.3) that NF degradation must be capped to make the feature worthwhile. A 3 dB increase in NF is strongly self-limiting for this feature and at the other extreme, maintaining single CC NF over the entire frequency spectrum would be the ideal enhancement, so some intermediate value in the 1.5 dB range seems reasonable.
i.e for n258+n261 with a single chain receiver, delta(RIB_spherical) can be [4.5] dB
In the estimate above the relatively large value of R_overlap is driven by beam squint. This value is expected to degrade (increase) for band combinations with wider separations, which in turn would call into question the suitability of the single-chain implementation for that band combination. 
A competitive multi-chain implementation of CBM with band-optimized chains can be reasonably expected to match the conservative R_overlap estimate above for IBM. At the other end of the performance spectrum, a lower bound for performance of multi-chain implementations can be realized by simply replicating the RF chain used in the single-chain implementation and making identical decisions for both. Neither chain copy is optimized for its intended band assignment in this lower-bound scenario. In this case, the performance of the multi-chain implementation will converge with that of the single-chain implementation. i.e., the expected performance of multi-chain implementations for inter-band CA within the same band group ranges between those of IBM and single-chain implementations respectively. We can therefore conclude based on our simulation for n258+n261 that specification of the delta(RIB_spherical) value is gated by the single-chain implementation.
Proposal 2: For DL CA for n258+n261, delta(RIB_spherical) is [3.5] dB for IBM, and [4.5] dB for CBM
2.5.3	delta(RIB_peak)
The derivation of the parameter value for delta(RIB_peak) for bands from different band groups suffers from a lack of an explicit list of mechanisms, resulting in a value that is not easy to justify in retrospect. A more transparent approach for deriving the parameter delta(RIB_peak) can be established by first listing all the physical mechanisms that apply. 
	Mechanism
	Single-Chain CBM
	Multi-chain CBM and IBM
	Notes

	Imperfect overlap in coverage areas (R_overlap)
	Not applicable
	Not applicable
	This parameter is unique to enabling compliance with common spherical coverage requirements. REFSENS can be measured independently for each band, therefore no relaxation is justified

	MBR
	0.7 dB
	0.7 dB
	

	Multi-chain de-sense
	Not applicable
	1.0 dB
	For inter- DLCA, de-sense (~ 1 dB) was used to capture impact on SNR when receivers from multiple bands were simultaneously operational

	NF degradation due to wide frequency separation
	[1.5] dB
	Not applicable
	

	Totals
	2.2 dB
	1.7 dB
	



CBM UEs can be either single chain or multi-chain, and an inclusive approach means delta(RIBpeak) should be specified as the maximum of 1.7 and 2.2. We assume a margin of 0.3 dB in the proposals below:
Proposal 3: For DL CA for n258+n261, delta(RIB_peak) is [2.0] dB for IBM, and [2.5] dB for CBM
3. 	Conclusion
Fs_inter:
Observation 1: If a UE declares support for a band, it is understood that a network can configure it with one CC anywhere in that band. 
Observation 2: Inter-band CA capability between two bands therefore implies that the UE can be simultaneously configured with one carrier anywhere in one band and another carrier anywhere in the second band.
Observation 3: It is not valid to use the existence of FS class signaling for NC intra-band CA as justification for introducing Fs_inter.
Proposal 1: ‘Fs_inter’ shall not be defined for inter-band CA.
n258+n261:
Observation 4: For a tangible benefit with intra-band CA operation, a receiver’s noise figure degradation due to large frequency separation should be capped to a value significantly less than 3 dB. 
Proposal 2: For DL CA for n258+n261, delta(RIB_spherical) is [3.5] dB for IBM, and [4.5] dB for CBM
Proposal 3: For DL CA for n258+n261, delta(RIB_peak) is [2.0] dB for IBM, and [2.5] dB for CBM
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5. 	Annex
The coverage regions of n258 (24.25 GHz) and n261 (28.35 GHz) respectively are shown below in yellow for the modelled single-chain UE:
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Figure 5-1: Coverage map for each band, based on gain drop to achieve 50% coverage in each band
The patterns and the choice of evaluation frequencies are useful to visualize the impact of beam squint. For n258, each module can scan a wider azimuth range, but the azimuth scanning ability reduces for higher frequency carriers due to beam squint. A section view through the beam peak direction (phi = 90) reveals how the beam patterns differ.
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Figure 5-2: Section view through beam peak direction along phi = 90 degrees
The gain cut-offs are determined during the normalization process to ensure that the single band coverage area for each band individually is maintained at 50%. All directions where the gain is lower than the cut-off represent out of coverage areas. For the inter-band case, the gain cut-off is relaxed by a scaled version of R_overlap to account for any margin present in the design. For example, if the evaluated design covers its 50th %ile direction with an 8 dB gain drop when the standard allows 11 dB, R_overlap_scaled is calculated as R_overlap*8/11, where R_overlap is described in section 2.5.2. Common coverage is judged based on overlap of coverage areas of each band based on R_overlap_scaled for that band.
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