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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
Starting from RAN4#94, several rounds of papers discussed the impact of beam squint on EIRP and EIS assuming a common beam management (CBM) design with the general problem of “the optimized precoding for primary CC veering the beam peak direction of the secondary CCs offset from the measurement direction.” [3]. The basic problem is “Given CC1 and CC2 separated by ∆f and assuming the UE uses the codebook entry optimized for CC1, what is the degradation of CC2 spherical coverage?” [2].
This contribution examines the sensitivity of beam squint to factors including number of antennas, frequency separation, frequency carrier, and incident angle. The results of this analysis can be used to bound the amount of degradation due to beam squint. 
Discussion
Background
From the WF [2]
· For EIS spherical coverage:
· CBM inter-band DL CA: Including radiated relaxation due to the beam squint effect in the CBM inter-band CA EIS spherical coverage as below (assuming EIS spherical coverage for CBM inter-band DL CA would be defined):
· For CBM inter-band CA EIS spherical coverage, allowing X dB relaxation (at spherical coverage point on CCDF) on the secondary CC. 
· X depends on the frequency separation between primary and secondary CCs.
· The relaxation due to beam squint shall be included in the general inter-band CA relaxation.
· Intra-band DL CA: no impact to consider because spherical coverage requirement is absent. 
· The following information shall be captured in the TR for information, based on company contributions 
· CA EIS degradation quantified in terms of delta gain CDF, due to frequency separation from the CC configured as the beam management reference signal.
· Companies are encouraged to provide input on the value of X based on the agreed simulation assumption from R4-2005675 for the CBM inter-band CA spherical coverage requirement discussion
· For REFSENS:
· The beam squint effect on the CBM inter-band REFSENS is FFS, companies are encouraged to verify if best EIS value is impacted. 
And
· The beam squint effect on the Intra-band UL CA is FFS, companies are encouraged to verify if there is impact to FR2 CA EIRP (peak and spherical coverage) for FS <= 1400 MHz
The following section provides an analysis.
Analysis for OFDM system
Following the notation and analysis in [4], a uniform linear array (ULA) with N elements with d denoting the distance between two adjacent elements is modeled. Assume  where the wavelength  corresponds to the carrier frequency . The array gain can be modeled as
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where
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represents the angle  of the signal relative to the array broadside in a virtual angle domain and  represents the direction of maximum gain. Let  denote the ratio of the frequency f relative to the carrier frequency and  is the fractional bandwidth. Note . If , where  is the frequency separation, then .
The peak gain is  and the difference is received power  (dB) at direction  is
	
	
	(3)



A simulation using , B=2.8GHz, and fc=28GHz was performed for two different values of N. With this modeling, a bandwidth of B=2.8 GHz corresponds to a frequency separation of =1.4 GHz. With these parameters,  with  being used. Fig. 1 shows that with more antenna elements, the array factor is larger. However, the effects of beam squint become more pronounced.
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[bookmark: _Ref46498068]Fig. 1. Effects of N on beam squint.
Examining sensitivity effects
In (1), there are 4 parameters to consider:
· Frequency separation
· Carrier frequency
· Number of antenna elements
· Angle of signal
The following table summarizes the parameters for each simulation result in the corresponding figures.
Table 1. Simulation parameters
	Parameter
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5

	N
	4, 16, 25
	4, 16, 25
	4 to 64
	4, 16, 25

	, sin(angle of signal relative to array broadside)
	0.5
	0.5
	0.5
	0 to 0.90

	fc. carrier frequency
	28 GHz
	24 to 70 GHz
	28, 39, 50 GHz
	28 GHz

	, frequency separation
	0.4 to 2 GHz
	1.4 GHz
	1.4 GHz
	1.4 GHz
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	[bookmark: _Ref46498520]Fig. 2. Increasing the frequency separation
	[bookmark: _Ref46498529]Fig. 3. Increasing the carrier frequency
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	[bookmark: _Ref46498536]Fig. 4. Increasing the number of elements
	[bookmark: _Ref46498540]Fig. 5. Increasing the sin(angle of signal relative to array broadside), 


Some observations:
· The number of antenna elements is significant factor in the amount of degradation due to beam squint. Increasing the number of elements causes a sharper beam. When the beamformer is used for another frequency, there will be a larger mismatch. With such high directivity, independent beam management may be appropriate
· Increasing the frequency separation shows as increased loss especially if the number of beams is large.
· Increasing the carrier frequency reduces the sensitivity; this can be due to smaller differences in wavelength mismatch in the array factor formula. Notice higher carrier frequency can reduce the effects of a large number of elements.
· As the signal becomes orthogonal to the array broadside, there is less loss due to beam squint.
Note that the degradation calculation assumes that the beamformed signal is aligned to direction of the actual signal. In practice, the direction of the beamformed signal is located in a window about the direction of the actual signal. For example, in Fig. 6, the function  is plotted for N=4. The 3 dB points are computed as described in the annex. If the direction is at x=-0.2, the gain can be larger for the second component carrier if it corresponds to direction x=0. In another example, if the direction x=0.2 is used, and the direction of the second CC is at 0.4, the degradation can be 6 dB.
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[bookmark: _Ref46739247]Fig. 6. Example of window
General comments
The equations and analysis show that the array factor changes with several parameters. How to convert the computed degradation into sensitivity is more complicated than applying the computed degradation to the existing requirements. While reference sensitivity is defined at the RX beam peak direction, the degradation can be computed given the number of antennas and frequency separation, i.e., a theoretical x dB loss should manifest itself as a x dB loss in sensitivity for the secondary CC. However, the actual degradation needs to account for various implementation margins, e.g. the degradation may be greater than x dB for certain implementations and test conditions.
Fig. 7 shows the degradation for several frequencies for N=4 antenna elements (for PC3, it is assumed that UE is equipped with 4 antennas in an antenna array when deriving requirements for EIRP or EIS).
[image: ]
[bookmark: _Ref46824130]Fig. 7. Effects of frequency separation for N=4 elements for various carrier frequencies
Based on results in Fig. 7, it should be expected that the overall degradation should be less than 0.2 dB – 0.3 dB. The following table quantizes the degradation as a function of frequency separation.
Table 2. Theoretical degradation (without implementation margins)
	
	Carrier frequency, 28 GHz
	Carrier frequency, 39 GHz

	fs  0.8 GHz
	~ 0dB
	~0 dB

	0.8 < fs  1.4, GHz
	< 0.1 dB
	< 0.1 dB

	1.4 < fs  2.4, GHz
	0.1 dB
	0.1 dB

	2.4 < fs  6.5, GHz
	< 0.2 dB
	0.3 dB



Some results for frequency separation from other companies show a larger degradation than the 0.25 dB shown in Fig. 7. Those results likely include implementation margin as well as realistic base station and UE models. 
The expected degradation using the formula is consistent but lower than the results from other companies. The smaller degradation is expected because the formula does not capture any implementation margin.
Observation: the sensitivity degradation using a formula based on evenly-spaced antenna elements for a linear array (without any implementation margins) is consistent with reported values
It may be possible to express the effects of beam squint as the sum of the expected degradation and implementation margin. One approach is to consider an acceptable implementation margin for future bands.
Proposal: With agreed-upon implementation margins, a formula-based approach can be used to determine sensitivity degradation due to beam squint as a function of carrier frequency, frequency separation, and number of elements.
For example, the formula can be captured in a technical report/
[bookmark: _Ref129681832][bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusion
This contribution provides a procedure to compute the degradation due to beam squint. There is a formula (using a linear array) parameterized by the number of antenna elements, frequency separation, incident angle, and carrier frequency.
Observation: the sensitivity degradation using a formula based on evenly-spaced antenna elements for a linear array (without any implementation margins) is consistent with reported values
For future work
Proposal: With agreed-upon implementation margins, a formula-based approach can be used to determine sensitivity degradation due to beam squint as a function of carrier frequency, frequency separation, and number of elements.
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Annex
How to determine the 3 dB point for the function 

where  and , is given by a 4th order Taylor series 

With some factoring

Substituting values for a and b

Putting in the 3 dB value

And rearranging leads to a quadratic equation in :

Using the quadratic equation:

And simplifying

Note that the smaller value of  is used for the 3 dB point. For N≥8, the 3 dB point is approximately 0.8883/N.
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