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1. Introduction
In RAN4 #93, Apple proposed that an investigation of beamforming with carrier aggregation (CA) on beam correspondence (BC) in terms of spherical coverage is needed in order to finalize the beam correspondence with CA requirements in Rel-16 [1].
In this contribution, we support Apple’s proposal (which was based on simulation results [1]) with our own measurement results.
2. Background
As discussed in [1], the FR2 intra-band downlink (DL) CA feature in Rel-16 allows for up to 1400 MHz of contiguously and 2400 MHz of non-contiguously bandwidth to be aggregated. For FR2 inter-band DL CA, a maximum frequency span of 5250 MHz (“Low+Low” combinations) and 6500 MHz (“High+High” combinations) is specified [2]. Since beamforming weights are typically calculated for CC1, and then applied to both CC1 and CC2, UEs with a single antenna panel will use the same set of beamforming weights for all frequencies that span both CC1 and CC2 [2].
The results of beam peak direction simulations were presented in [1] wherein an ideal 4x1 uniform linear array (ULA) with 5 mm inter-element spacing was considered. The beamforming weights were calculated for 24.25 GHz in the “Low+Low” combination and for 37 GHz in the “High+High” combination. Several beam patterns were simulated between 24.25 and 29.5 GHz and 37 and 43.5 GHz with steering angles of 0°, 30° (“High+High”) and 60° (“Low+Low”). The normalized beam patterns were compared in terms of the beam peak direction. It was found that the boresight (0°) beam is not impacted by the frequency span, but beams steered away from boresight exhibit differences in the peak angle.
In order to assess practical antennas and the effects of phase shifter and transmission line impairments, measurements were made in a compact antenna test range (CATR) using a CW signal source and an ultra-wide band dual-polarized Vivaldi probe antenna. An 8x8 element array antenna optimized for 27.5 GHz was used in receive mode. The beamforming weights were calculated for 27.5 GHz and were fixed for each measurement run during which the frequency was swept in 1 GHz steps from 25.5 to 29.5 GHz. The weights were also calculated for other frequencies and the results showed similar variations. The beams were steered to 0°, 6°, 18°, 42° and 60° relative to mechanical boresight.
3. Discussion
In order to estimate the variance of beam peak direction over frequency, the measured beam patterns were normalized to their maximum peak power. Table 1 summarizes the measurement results by showing the measured beam peak direction over frequency for several steering angles. Figure 1 quantifies the directional error with regards to the desired beam peak direction.
It can be observed that the boresight beam and the beams close to boresight are not greatly affected by the frequency of operation. This observation is in agreement with the earlier simulation results [1]. The beams steered to 0°, 6° and 18° show an angle error of up to 3° with regards to the desired beam peak direction.
Observation 1: The peak angles of the boresight beam and of beams close to boresight do not show a significant variance in beam peak direction over frequency when fixed-frequency beamforming weights are used.

Table 1: Beam peak directions over frequency and steering angle in which the beamforming weights were calculated at 27.5 GHz.
	Desired
angle
	Measurement frequency

	
	25.5 GHz
	26.5 GHz
	27.5 GHz
	28.5 GHz
	29.5 GHz

	0°
	0°
	-2°
	-1°
	2°
	-2°

	6°
	7°
	5°
	7°
	7°
	5°

	18°
	21°
	20°
	19°
	19°
	18°

	42°
	45°
	44°
	42°
	40°
	38°

	60°
	59°
	59°
	57°
	52°
	50°
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Figure 1: Peak angle error over all measurement frequencies 
as a function of the desired beam steering direction.
For beams steered further away from boresight, the pointing error increases. For example, at a desired steering angle of 42°, the beam pointing error has a maximum of 4°. At 60° desired steering angle, the angle error grows to 10°. When considering a half power beam width of 20°, this could lead to a degradation in signal power of up to 3 dB.
Observation 2: Beams steered further away from boresight exhibit greater differences in beam peak direction over frequency when fixed-frequency beamforming weights are used.

Figures 2 to 4 show the normalized beam patterns for desired steering angles of 18°, 42° and 60°. In Figure 2, where the desired steering angle is 18°, there are slight variations in the peak direction of the main lobe whereas the effect on the direction and the strength of the side lobes, visible around 45°, is more pronounced. Similar effects can be observed for the desired steering angle of 42° in Figure 3 and 60° in Figure 4.
Observation 3: Fixed-frequency beamforming weights used for different frequencies affect the direction of both the main lobe and the side lobes.

It should be noted that any variation in the strength or gain of the main lobes has been masked due to each pattern being normalized with respect to its maximum value. The frequency-dependent gain variation of the antenna array has thus been removed. In order to therefore thoroughly characterize fixed beamforming weights when used in DL CA and their effect on both beam correspondence and spherical coverage performance, such frequency-dependent gain variations have to be taken into account.

Observation 4: Any variation in the strength or gain of the main lobes has been masked due to normalization.
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Figure 2: Normalized beam patterns at 18° desired 
steering angle for all measurement frequencies.
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Figure 3: Normalized beam patterns at 42° desired 
steering angle for all measurement frequencies.
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Figure 4: Normalized beam patterns at 60° desired 
steering angle for all measurement frequencies.
Proposal 1: A thorough investigation of the impact of beamforming with DL CA on beam correspondence in terms of spherical coverage performance, regarding both the direction and strength of the beam, should be conducted.
4. Conclusion

In this contribution, the initial simulation results [1] on the effect of beamforming with carrier aggregation in terms of spherical coverage were compared to the measurement results. A number of observations and one proposal were formulated:
Observation 1: The peak angles of the boresight beam and of beams close to boresight do not show a significant variance in beam peak direction over frequency when fixed-frequency beamforming weights are used.
Observation 2: Beams steered further away from boresight exhibit greater differences in beam peak direction over frequency when fixed-frequency beamforming weights are used.

Observation 3: Fixed-frequency beamforming weights used for different frequencies affect the direction of both the main lobe and the side lobes.
Observation 4: Any variation in the strength or gain of the main lobes has been masked due to normalization.

Proposal 1: A thorough investigation of the impact of beamforming with DL CA on beam correspondence in terms of spherical coverage performance, regarding both the direction and strength of the beam, should be conducted.
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