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Introduction 
A new study item on NR NTN Downlink coverage enhancements was approved in RAN plenary #102 with the following objectives:

	[RP-234078]:
[bookmark: _Hlk153196886]Study and specify if beneficial downlink coverage enhancements targeting support for additional reference satellite payload parameters covering both GSO and NGSO constellations operating in FR1-NTN or FR2-NTN [RAN1, RAN2, RAN4]
· Define additional reference satellite payload parameters assuming power sharing among satellite beams or different satellite beam patterns/size (i.e. wide or narrow) across the satellite footprint, such that satellite beams may not all be simultaneously active or may be active below the nominal EIRP density per satellite beam (see section 6.1.1 in TR 38.821) due to limited power and limited feeder link bandwidth.
· Define the corresponding power sharing assumptions and necessary link level and system level evaluation methodology and relevant KPIs for evaluations of the coverage, to allow for identification of physical channels/signals and system-level aspects that need enhancements and the corresponding needed improvements.
· Study and if needed specify solutions, including link level enhancements for FR1-NTN (e.g. for PDCCH, PDSCH) and/or system level enhancements for FR1-NTN and/or FR2-NTN, allowing dynamic and flexible power sharing between satellite beams or different satellite beam patterns/size (i.e. wide or narrow) across the satellite footprint.
Notes for this objective:
· SSB channel enhancement is not considered
· Antenna gain of UE shall be assumed to be -5.5dBi in case of smartphone in FR1-NTN, the UE is assumed to be a full duplex UE, and at least 2Rx are considered at the UE
· NGSO to be considered in priority: LEO Set-1 @ 600 km
· Rel-18 network energy saving techniques should be considered as baseline in the system level study




As reported in the FL summary (R1-2401844) after RAN WG1 meeting #116, the following parameters have been agreed on the SAN phased array antenna for LEO 600km scenario in FR1.
The objective of this contribution is to re-assess the values reported in [] (squared bracket) and highlighted in yellow.

[bookmark: _Ref162599817]Table 1: SAN phased-array parameters from RAN WG1 #116.
	Satellite phased array antenna Characteristics
	LEO-600

	Orbit
	LEO-600km

	Frequency range/band
	FR1/S-Band

	Antenna element pattern
	Table7.3-1 in TR 38.901

	Horizontal/vertical 3 dB beam width of single element (degree)
	[65] for H
[65] for V

	Antenna polarization
	Circular (RHCP or LHCP)

	Number of antenna elements 
	[400 elements (20 x 20)]

	Equivalent satellite antenna aperture
	2m

	Element maximum gain
	4 dBi

	Antenna maximum gain
	30 dBi

	Steering loss at 30° elevation angle 
	[4dB]



SAN Phased Array Characteristics in FR1
Operating at 2 GHz, the peak gain of an antenna with a 2-meter square aperture can be theoretically derived from [1]
		( 1 )
If an overall array efficiency of ef=50% is assumed, the antenna peak gain is 30.49 dBi, which is in line with Table 1. Given this maximum gain of G = 30 dBi, from the following equation it can be computed the single element gain of an antenna array with Nel = 400 elements
	( 2 )
and the result is Gel = 4 dBi. Again, this is in line with the agreement in Table 1.
Assuming a typical 1 dB loss for the total patch antenna efficiency, it is assumed that the directivity of each element is about 5 dBi. In antenna theory, it is common to express a generic antenna pattern with controllable tapering as a Gaussian beam since it fulfills Maxwell’s equations both in the near-field and far-field. To that end, it can be defined using a Huygens source (i.e., a combination of two orthogonal electric and magnetic dipoles) but with a complex displacement which allows to control the taper and the taper angle [2], [3]. Using this antenna pattern model, a Gaussian beam with – 3dB of taper, at  gives a peak directivity of 5 dBi. Therefore, the half-power beamwidth (HPBW) is 126°.

Another, and simpler way to represent the element pattern is with a cosine-q function. To find the value of q, it is needed to match the Gaussian beam and the cosine-q function at a given angle, e.g., . Therefore, q can be found as
    			( 3 )
which gives 0.4374 for the chosen example. Below a comparison between the Gaussian beam and the cosine-q function (normalised to the Gaussian beam peak directivity) is shown. Notice how both fully match at 63°. The HPBW is therefore 126° as well.

[image: A graph of a function

Description automatically generated]
Figure 1: Directivity comparison for the selected Gaussian beam and a cosine-q function that gives the same value of -3 dB of taper at 63°.

Proposal 1: The horizontal/vertical 3 dB beam width of each single radiating element of the satellite antenna should be 126 degrees.

[bookmark: _Hlk162603833]If we still consider 400 radiating elements in the 2-meter × 2-meter antenna aperture, the array spacing is exactly d=0.667l, where l is 0.15 meter. There is an analytical formula that bond the array spacing and the angular position of the grating lobes, and it is reported below [4].
    			( 4 )
[bookmark: _Hlk163131597]By reverting this formula and using the current array spacing, it is obtained qg = 30°. Unfortunately, this antenna scanning angle at which the grating lobes are visible is lower than the maximum angle to serve a user on ground at 30° degrees elevation. Indeed, the maximum scanning angle from the satellite antenna shall be 52.3°, which corresponds to 30° degrees elevation for the user terminal on ground. The maximum scanning angle for which the Earth is still visible can be computed as
   		( 5 )
Knowing the relation between the array aperture and the spacing and number of elements, Eq. (1) can be expressed as [4]
[bookmark: _Ref163134781]   	( 6 )
where  and  and  and  are the array spacing and number of elements in each axis.

[bookmark: _Hlk163057799]Figure 2 shows three examples of beams generated by this array. Common to the three plots there is the following:  from Eq. (5) in green; the theoretical maximum gain of the array function of the observation angle,  from Eq. (6) in black; and the gain for the beam at broadside ( and ) in blue. As a reminder, ,  and . In red it is shown a beam which is steered at  (left plot),  (centre plot) and  (right plot), all for . The grating lobe and consequent gain loss can be appreciated. It is therefore judged that the current array spacing, d=0.667l, in the 2-meter × 2-meter aperture is sub-optimal.

[image: ]
[bookmark: _Ref162603778]Figure 2: Satellite antenna radiation patterns with d=0.667l as a function of different scanning angle.

Observation 1: The current set-up with the element spacing of d=0.667l and 400 elements is very sub-optimal for the satellite phased-array antenna.

Specific array size and spacing optimization
Based on the previous analysis, hereafter three different antenna design examples are summarized. All these proposed antenna optimizations are based on the constraint to ensure that qg ≥ qmax. This will guarantee the absence of the grating lobes within the satellite field of view, as long as the user elevation is higher than 30°.

· Option 1: Keeping the total array elements to 400 (20 × 20 elements) and qg= qmax. This yields to the optimal radiating element spacing of d=0.5583l. In this case, we are not using the total satellite antenna aperture.
· Option 2: Keeping the previous element spacing and fill up to the 2-meter × 2-meter aperture. This yields to 529 (23 × 23 elements). Also in this case, we are not completely using the total area of the satellite antenna.
· [bookmark: _Hlk162618797]Option 3: Decrease the radiating element spacing (i.e., qg > qmax) and fill exactly the satellite aperture. This yields to 676 (26 × 26 elements) and d=0.5l.

The antenna layout result of these three different options is depicted in the figure below.
[image: ]
Figure 3: Phased-array layout within the constraint of 2-meter x 2-meter and based on the three options. 
a) Option 1 – b) Option 2 – c) Option 3.

Given the three options and the specific parameters (e.g., the elements spacing and the total number of elements), we can compute the satellite antenna patterns as a function of the scanning angle. 
[image: ]
Figure 4: Satellite antenna pattern based on the three options. 
The blue curve is the radiation pattern at the boresight, while the red curve is generated at q=qmax.
First of all, by design, all three options are not generating grating lobes within the operational field of view, q < qmax. Then, few considerations are in order:

· Option 1: The peak gain is only 29 dBi, and while scanning the antenna gain is lower than the maximum achievable (i.e., the black dotted curve) due to the grating lobe starting to generate, even if outside of the field of view.
· Option 2: The peak gain is now 30.23 dBi, however similar behavior while scanning.
· [bookmark: _Hlk162618872]Option 3: The peak gain is 30.38 dBi, and the maximum gain is also achieved when scanning. The beam steered at qmax (i.e., 52.3°) gives a peak gain of 27.82 dBi. Therefore, the steering loss at 30° user elevation angle is about 2.56 dB, lower than the proposed value of 4 dB. For the sake of clarity, the theoretical steering loss can be computed as , and it results equal to 2.14 dB.

Observation 2: The element spacing of d≤0.5583l is needed for ensuring grating lobes outside the operational field of view.

Proposal 2: The number of satellite antenna elements shall be 676 (26 × 26 elements) and assuming the element spacing d=0.5l to avoid the generation of grating lobes, even if outside of the field of view.

Proposal 3: The steering loss at 30° user elevation angle shall be 2.5 dB.

3.1	Considerations on the phased-array pattern generation
The previous antenna pattern plots were obtained with an in-house array simulator which has been previously validated against TICRA Tools [2]. The discussed Gaussian beam has been used as array element. No amplitude tapering has been applied to any example. In order to obtain a beam, the element beam weights are obtained using a phase-only method and hence adding constructively all elements at the desired direction. 
A different and simpler way to obtain the array pattern is using the array factor (AF) model, which equation is well known in literature [5]. Since no amplitude tapering is applied, the AF summations can be solved manually and be expressed as sines, as
 	( 7 )
where  and , and  and , with  and  being the array beam scanning spherical coordinates. This function is normalized to 1. The peak gain can be obtained from Eq. (6). If a cosine-q function is added to account for the element pattern, the final array gain can be expressed as

  	( 8 )
As mentioned, the absolute gain of the array comes from Eq. (6). Therefore, this methodology does not take into account the gain loss due to grating lobes, even if it can predict accurately the grating lobe location and its shape. There are equations to predict the efficiency loss due to the grating lobe [6], but it would complicate more the methodology. Besides, the chosen and recommended baseline (i.e., Option 3) has an element spacing of half-l, which ensures no grating lobes. 
Figure 5 shows a comparison between the in-house array simulation tool, in blue, and the AF method described above, in red, for a beam generated at broadside (solid lines) and one at qmax (dotted lines). The Gaussian beam element has been used for both the in-house array tool and the cosine-q for the AF method.
Table 2 summarizes the main beam parameters. A good agreement between the in-house array tool and the AF method is observed. The small disagreements in peak gain or in sidelobe level (SLL) come from the fact that, in the AF method, the peak gain comes from Eq. (6) instead of from the directivity equation (i.e. computing the power radiated and normalizing to 4π), and from the use of the cosine-q function instead of the Gaussian beam.
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[bookmark: _Ref163225234]Figure 5: Comparison between the array antenna tool generating a beam at broadside and one at qmax using the Gaussian beam as element, in solid and dotted blue, and the same beams generated by the AF method using the cosine-q as element, in solid and dotted red.

[bookmark: _Ref163200100]Table 2: Beams parameters comparison.
	
	In-house Array tool broadside
	AF method broadside
	In-house Array tool steered
	AF method steered

	Peak gain
	30.38 dBi
	30.27 dBi
	27.82 dBi
	28.14 dBi

	Relative SLL
	13.25 dB
	13.24 dB
	12.54 dB
	12.54 dB

	HPBW (Az, El)
	(3.89, 3.89) °
	(3.89, 3.89) °
	(6.33, 4.47) °
	(6.33, 4.47) °





Conclusions
In this contribution, the S-band satellite phased-array antenna model characteristics have been discussed with the following observations and proposals:

Proposal 1: The horizontal/vertical 3 dB beam width of each single radiating element of the satellite antenna should be 126 degrees.

Observation 1: The current set-up with the element spacing of d=0.667l and 400 elements is very sub-optimal for the satellite phased-array antenna.

Observation 2: The element spacing of d≤0.5583l is needed for ensuring grating lobes outside the operational field of view.

Proposal 2: The number of satellite antenna elements shall be 676 (26 × 26 elements) and assuming the element spacing d=0.5l.

Proposal 3: The steering loss at 30° user elevation angle shall be 2.5 dB.
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