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1. Introduction
At RAN4#99-E an extension to the array antenna model originally defined in TS 37.840 [1] to support sub-array geometries was approved. The array antenna model extension and corresponding parameters relevant for the frequency range 1710 to 4990 MHz was communicated in a LS [2] to ITU-R WP 5D and ECC PT1. At RAN4#102-E meeting the extended antenna model and parameters representing relevant BS implementations was included as technical background for NR in TR 38.803 [3]. At RAN4#103-E corresponding antenna parameters was discussed for the frequency range 6 to 10 GHz in [4, 8].  
When NR was developed in Release 15 the BS array antenna was modelled as an array antenna using single element structures. The model and parameters used for RAN4 co-existence analysis and sharing studies in ITU-R WP 5D is captured as technical background in TR 38.803. Analysing the parameter defined for FR2 base station antenna modelling the following can be concluded:
1. The array antenna parameters defined in TR 38.803, subclause 5.2.3 for FR2 NR base stations does not reflect an antenna that can be implemented. The reason is that the parameters related to element half-power beamwidth and element gain is not aligned. The consequence is that the model produces an incorrect gain value resulting in a large gain error. The error has can be verified by comparing measured radiation patterns or directivity normalized modelled pattern with modelled radiation patterns.
2. The original parameters may reflect the understanding at the time relevant for NR Rel-15. But then the base station development has evolved which results in other array antenna structures to be used for products deployed in networks. This means that the parameters do not reflect real products. This may not have impact on RAN4 coexistence (as concluded in R4-2109872, Annex [6]) but the impact on sharing with other services is significant. 
The parameters RAN4 define to describe base station implementations will be used to conduct coexistence studies in RAN4 to defined requirements, but also RAN4 will share information with other organizations such as ITU-R and CEPT. In ITU-R WP 5D additional parameters relevant for FR2 base stations have been presented in [9].
In this contribution we provide additional information relevant for FR2 base station implementations currently deployed in networks. The new information can be seen as additional complementary information to previous defined technical background information. The intention is not to revoke previous information and force rework of specifications, but rather to give more relevant information to consider when RAN4 works evolves in coming releases and to provide relevant information to other organizations. 
A companion CR to TS 38.803 with additional information is presented for approval in [6]. The CR adds relevant parameters for base stations equipped with vertical sub-arrays and technical background information related to mitigation techniques that can be used to control suppression of grating lobes due to sparse element nature of sub-array geometries.







2. Discussion
In Rel-15 work parameter sets required to model the base station array antenna for different types of base station deployment scenarios was defined for FR2 as input for coexistence simulations. All parameter sets were defined around the original array antenna model defined in TR 37.840 [4] supporting single element structures. This antenna model was originally defined for AAS BS in Rel-13. The array antenna model added an array factor on top of previously used antenna model based on Gaussian shaped element patterns, used since before Rel-8 for non-AAS base station coexistence evaluations. In Rel-13, the focus was to model the main beam characteristics for which the model using single elements worked perfect. However, modelling characteristics also in the side lobe region requires a model and corresponding parameter set which better described real implementations. It has been noticed that evaluating base station implementations sub-array structures are used for both passive base station antennas and AAS base stations for both FR1 and FR2. 

2.1 Single element model
When evaluating array antenna model parameters currently defined for FR2 NR base stations, it can be noticed that selected parameters have a built-in gain normalization error. Also, the selected parameters do not reflect the majority of deployed FR2 base stations in commercial networks. In many implementations sub-array antenna structures have been adopted to optimize the base station coverage characteristics.
From TR 38.803, subclause 5.2.3.2 parameters describing the BS array antenna configuration for different deployment scenarios is collected in Table 2.1-1. The parameters model a single element array structure for all deployment scenarios considered.  
Table 2.1-1: Single element parameters 

	Parameters
	Urban macro, 30 GHz
	Dense urban, 30 GHz
	Dense urban, 
45 to 70 GHz
	Indoor, 
30 GHz
	Indoor,
 45 to 70 GHz

	Element gain
	8.0 dBi
	8.0 dBi
	8.0 dBi
	5.0 dBi
	5.0 dBi

	Horizontal/vertical 3 dB beam width of single element
	65 º for H
65 º for V
	65 º for H
65 º for V
	65 º for H
65 º for V
	90 º for H
90 º for V
	90 º for H
90 º for V

	Horizontal/vertical front to back ratio
	30 dB 
for both H/V
	30 dB 
for both H/V
	30 dB 
for both H/V
	25 dB 
for both H/V
	25 dB 
for both H/V

	Antenna polarization
	Linear ±45 º 
or V/H
	Linear ±45 º 
or V/H
	Linear ±45 º or V/H
	Linear ±45 º or V/H
	Linear ±45 º or V/H

	Antenna array configuration (Row × Column)
	16 x 8 
	16 x 8 
	16 x 8 
	8 x 4
	16 x 8

	Horizontal/Vertical radiating element spacing
	0.5l for H, 
0.5l for V
	0.5l for H, 
0.5l for V
	0.5l for H, 
0.5l for V
	0.5l for H, 
0.5l for V
	0.5l for H, 
0.5l for V

	Array Ohmic loss
	1.8 dB
	1.8 dB
	1.8 dB
	1.8 dB
	1.8 dB

	Conducted power (before Ohmic loss) per element
	22 dBm
	12 dBm
	12 dBm
	8 dBm
	8 dBm



It can be noticed that parameter values defined for base station intended for operation at 70 GHz are not aligned with parameters captured in TR 38.808, subclause 4.2.5.1 [7] which are relevant for operation within the frequency range 52.6 to 71 GHz. 
Based on the parameters defined for FR2, it can be noticed that the antenna model will produce incorrect antenna gain. To produce correct gain an extra directivity normalization stage is required for the composite pattern. 
In Figure 2.1-1, the antenna gain error is plotted for reference direction and maximum steering directions. The x-axis describes reference direction and maximum steering direction for urban macro (1, 2), dense urban at 30 GHz (3, 4), dense urban 45 to 70 GHz (5, 6), indoor 30 GHz (7, 8) and indoor 45 to 70 GHz (9, 10).
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Figure 2.1-1: Antenna gain error
It can be noticed that defined parameters without directivity normalization is producing a gain error considering different steering angles of more than +/- 4 dB, which is a significant error considering FR2 operation. 
The gain error can be reduced by selecting element beamwidth values matched to the element gain value properly, so that the element gain is normalized considering half power beam widths and element loss or apply a directivity normalization of the composite pattern at the end.
It can be concluded that the antenna model as such is suitable for modelling array antenna radiation patterns for co-existence simulations. However, the model is very sensitivity to how parameter values are selected. Several of the parameters have dependencies, which means that sweeping one parameter while keep other fixed is not encouraged. An intermediate solution used in NR Rel-15 was to introduce a final directivity normalization stage of the modelled array pattern. This will secure that the model will produce correct directivity. However, the parameter still reflects an array antenna that cannot be implemented. For coming work it is advised to define array antenna parameters that reflects real antennas that can be built and shows good performance when modelled data is compared to measured data, which typically happens in ITU-R. 

2.2 Extended array antenna model
In TR 38.803, subclause 5.2.3.2.4 the extended array antenna model is described. The model support single column vertical sub-array structure. The extended antenna model is capable of modelling array antennas with sub-array structures for FR1 as well as for FR2 using appropriate parameters. In addition to the single element model defined originally in TR 37.840 an intermediate stage is added to model the sub-array pattern. The sub-arrays pattern is then used instead of the element patten. The extended antenna model is described by the equations given in Table 2.2-1.
Table 2.2-1: Extended model supporting vertical sub-arrays
	Description
	Equation

	Peak normalized element radiation pattern
	


	Peak gain normalized element radiation pattern
	

	Sub-array excitation
	

	Sub-array radiation pattern
	
, where


	Array excitation
	

	Composite array radiation pattern
	
, where




The parameters required by the model for each deployment scenario (urban macro, dense urban and indoor) is captured in Table 2.2-2. The model extension of the sub-array required 3 additional parameters: number of element rows in the sub-array, vertical element separation, electrical pre-set sub-array down-tilt. If the number of elements per sub-array is set to 1, the extended model collapses into the original model described in TR 37.840.
Table 2.2-2: Extended parameter definitions
	Level
	Parameter
	Symbol
	Unit

	

Element
	Front to back ratio
	Am
	dB

	
	Side lobe suppression
	SLAv
	dB

	
	Horizontal half power beamwidth
	3dB
	Degrees

	
	Vertical half power beamwidth
	3dB
	Degrees

	
	Array element peak gain
	GE,max
	dBi

	
Sub-array
	Number of elements rows in sub-array
	Msub
	Integer

	
	Vertical element separation 
	dv,sub
	m

	
	Electrical pre-set sub-array down-tilt angle
	subtilt
	Degrees

	

Array
	Number of elements/sub-array rows
	M
	Integer

	
	Number of elements columns
	N
	Integer

	
	Horizontal element separation
	dh
	m

	
	Vertical element/sub-array separation
	dv
	m

	
	Electrical down-tilt angle
	etilt
	Degrees

	
	Electrical scan angle
	escan
	Degrees



Depending on frequency range different parameter values needs to be selected to model product characteristics for different frequency bands within FR1 and FR2. In Figure 2.2-1, the definition of parameters related to the sub-array is visualised. 
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Figure 2.2-1: Base station array antenna geometries

2.3 Representative sub-array parameters for FR2-1
Since the start of Rel-15 we see that FR2-1 (24250 to 52600 MHz) base station development has evolved from single element structures to also include sub-array structures. One driving factor behind this development is the need larger antennas as results of increased coverage to meet requests from network operators. 
For FR2-1 base station using single element structures as well as sub-array structures is commercially available and deployed in networks. Requirements in RAN4 is developed based on single element array antenna structures, however the introduction of sub-arrays structures will not affect network performance where the main beam characteristics is considered as shown in simulation results presented in [5]. For sharing studies towards other services conducted in ITU-R the characteristics of the side-lobe region is essential. Since RAN4 typically provides ITU-R with technical input it is vital that RAN4 technical reports (e.g., TR 37.840, TR 38.803, TR 38.921, etc.) holds relevant information. 
In addition to already available information captured for FR2-1, additional information relevant for base station implementations with sub-array antennas is provided in Table 2.3-1. The antenna parameter values are relevant for AAS base stations operating with in FR2-1 (24250 to 52600 MHz). 
Table 2.3-1: FR2-1 sub-array parameters
	Parameter
	Urban macro
	Dense urban
	Indoor

	Element gain
	5.5 dBi
	5.5 dBi
	5.5 dBi

	Horizontal/vertical 3 dB beam width of single element
	90 º for H
90 º for V
	90 º for H
90 º for V
	90 º for H
90 º for V

	Horizontal/vertical front to back ratio
	30 dB for both H/V
	30 dB for both H/V
	30 dB for both H/V

	Antenna polarization
	Linear H/V
	Linear H/V
	Linear H/V

	Antenna sub-array configuration (Row × Column)
	8 x 24
	4 x 24
	4 x 8

	Horizontal/Vertical radiating sub-array spacing
	0.5l for H, 
1.2l for V 
	0.5l for H, 
1.2l for V
	0.5l for H, 
1.2l for V

	Number of element rows in sub-array
	2
	2
	2

	Vertical element separation in sub-array (dv,sub)
	0.6l
	0.6l
	0.6l

	Pre-set sub-array down-tilt
	0 º
	0 º
	0 º

	Array Ohmic loss
	2.0 dB
	2.0 dB
	2.0 dB

	Conducted power (before Ohmic loss) per sub-array
	7 dBm
	7 dBm
	7 dBm

	Base station horizontal coverage range 
	+/-60 º
	+/-60 º
	N/A

	Base station vertical coverage range 
	90-105 º
	90-105 º
	N/A

	Mechanical down-tilt
	15 º
	10 º
	90 º 
(Ceiling mounted)



For FR2-2 (52600 to 71000 MHz) sub-arrays may also be considered, but it is suggested to wait until FR2-2 is deployed before new parameters are considered. 
The parameters are selected with the intension to minimize the modelled composite radiation pattern gain error. 

2.4 Spatial interference mitigation techniques
In this section it will be illustrated that the impact of different mitigation techniques to suppress spatial interference caused by side-lobes. 
Given an antenna array with M multiplied by N identical elements/sub-arrays, the radiation pattern of the array antenna can be described according to the pattern multiplication theorem as:
	 	(Eq. 2.4-1)
where RE is the radiation pattern for the array elements (for single element structures just one element or a sub-array for sub-array structures) and RA is the radiation pattern associated to the array factor. The element patten, RE(,, is based on a parameterized Gaussian shaped element or a sub-array constituted of multiple Gaussian shaped elements, with floors to model for side-lobe levels and front-to-back ratio. The element peak gain is directivity normalized, hence the peak element gain GE,max, element loss LE and half power beam widths 3dB and 3dB should be selected carefully to maintain correct antenna gain. 
It can be noticed that both the element factor and the array factor can be used to shape the composite radiation pattern. The element pattern can be used to suppress side-lobe characteristics. For a limited steering range, a sub-array element can be used to suppress side-lobes better than a single element configuration. Typically for an AAS base station implementation the element radiation pattern and the array factor are customized to optimize the coverage within a specific coverage range for a given deployment scenario.  
For a general array antenna, the array factor radiation pattern for transmitting array antenna with MN elements/subarrays per polarization can be expressed as:
	 	(Eq. 2.4-2)
, where 
-	wn is the complex array excitation, 
-	k is the wave vector of the transmitted wave, and 
-	r is the element location matrix.
From Eq. 2.4-1 it can be noticed that both the element factor and the array factor can be used to shape the composite radiation pattern, which will be further described later. The element pattern can be used to suppress side-lobe characteristics. For a limited steering range, a sub-array element configuration can be used to suppress side-lobes better than a single element configuration. Typically for an AAS base station implementation the element radiation pattern and the array factor are customized to optimize the coverage within a specific coverage range and coexistence with other services for a given deployment scenario.  
For an array antenna with single element structure and element separation of 0.5l or less the first side-lobe is the strongest. For uniform amplitude excitation the first side lobe power level is approximately 13 dB below the main beam power level. For array antenna with element separation larger than 0.5l folding effects will create grating lobes in the side lobe region when the main beam is steered. A common scenario with element separation larger than 0.5l is when sub-array is used in the vertical domain. The angular location of the grating lobe is determined by the element separation and steering angle and the power level of the grating lobes is determined by the element factor. 
As an example, in Figure 2.4-1, the impact of element separation is visualised for an 8x8 element Uniform Rectangular Array (URA) with single element structure where the vertical beam steering directions is set to 130 degrees.
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Figure 2.4-1: Impact of element separation on vertical radiation pattern
The array factor described by Eq. 2.4-2 will produce maximum directivity for the wanted carrier for which the system is calibrated minimizing the excitation error. For unwanted emission outside the carrier the directivity will roll-off gradually to a point where the array factor directivity is lost. 
The relation between array excitation correlation and directivity can be modelled as described in TR 37.840, subclause 5.4.4.1.4. The average radiation pattern for different correlation values is plotted in Figure 2.4-2. The maximum directivity is achieved for correlation equal to 1 and the minimum directivity equal to the element directivity is achieved for correlation equal to 0. 
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Figure 2.4-2: Relation between excitation correlation and directivity
To be able to conduct accurate coexistence analysis the unwanted emission directivity roll-off characteristics is required. The decorrelation effect in an array antenna will together with traditional filters provide suppression of unwanted emission EIRP levels required to guarantee coexistence with other adjacent services. 
There is no single general solution available to mitigate all possible interference situations. Depending on situation one or more mitigation techniques described in following section can be used to guarantee coexistence between AAS base stations and other services operating in adjacent spectrum.
There is no single general solution solving interference issues for all situations. Depending on situation mitigation solutions described in following sections can be used to protect adjacent neighbouring other services. 




2.4.1 Electrical and mechanical tilt
To avoid high-EIRP level to be transmitted above the horizon electrical and/or mechanical down-tilt will be used. There is a conceptual difference between mechanical and electrical down-tilt as illustrated in Figure 2.4.1-1.
	

	
	

	a) without tilt
	b) electrical tilt
	c) mechanical tilt


[bookmark: _Ref98165933]Figure 2.4.1-1: Illustration of different kind of tilt options
It can be noticed that mechanical down-tilt can be used to reduce the vertical steering angle, which minimize the impact due to side lobes excited by large steering angles. In Figure 2.4.1-2, vertical radiation pattern visualises the impact of mechanical and electrical tilt, assuming antenna parameter values in Table 2.3-1.
[image: ][image: ]
	
	

	a) Electrical tilt
	b) Electrical tilt combined with mechanical tilt of 6 degrees


[bookmark: _Ref98167640]Figure 2.4.1-2: Normalized EIRP pattern after being tilted electrically or mechanically

2.4.2 Individual beam power control
Selective reduction of power for specific beams will ensure an equivalent drop in EIRP for both the main lobes and the grating lobes. This achieves a reduction in grating lobes without loss of performance. This is illustrated in Figure 2.4.2-1. In this case, the EIRP of the lowest pointing beams are reduced by increasing values (From 0.5 to 6 dB).  Note that also the grating lobes are reduced by the same number of dB. Figure 2.4.2-1 further shows the combined effect of mechanical tilt and individual beam power control. 
[image: ][image: ]
[bookmark: _Ref98164779][bookmark: _Ref98164770]Figure 2.4.2-1: Normalized array EIRP patterns when using individual beam power control and the combination of individual beam power control and mechanical tilt.

2.4.3 Beam widening
Another mitigation technique is to reduce the directivity of those lobes that generate grating lobes, thereby reducing the EIRP. This is achieved through widening of those beams; the concept is shown in Figure 2.4.3-1.
	[image: ]


[bookmark: _Ref98241565]Figure 2.4.3-1: Normalized array EIRP patterns when using beam widening

2.4.4 Power back-off
The previous mitigation techniques can be further supplemented by additional power back-off schemes for reduction of side lobes and grating lobes for out-of-band and spurious domain interference scenarios. These schemes would apply to only those carrier combinations that contribute most to the disturbance out-of-band/spurious and are within acceptable limits for product performance. 
[image: ]
Figure 2.4.4-1: Carrier power allocation
Figure 2.4.4-1 provides an example of this. Carrier C3, C4 and C5 is configured with equal power, while for carrier C1 and C2 the power is backed off to suppress emission in directions related to grating lobes at frequencies allocated to adjacent services.

2.4.5 Pre-set sub-array down-tilt
Sub-array tilt is decided already in the BS design and will shift the peak location as well as alter the sidelobes of the subarray, and thus also alter the positions of the grating lobes for the array, see Figure 2.4.5-1 below. The first plot shows the antenna patterns for different electrical tilts for 0 degrees sub-array tilt, and the second for 10 degrees sub-array down-tilt.
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Figure 2.4.5-1: Carrier power allocation

2.4.6 Amplitude tapering
AAS offer a wide range of opportunities on optimizing the directivity patterns through amplitude and phase control. High directivity antenna array also has side lobes which are often undesirable since they may cause intra-cell or inter-cell interference. Side lobe levels can be reduced via tailoring the amplitude across the antenna array which is often referred as amplitude weighting technology. Whilst amplitude weighting/tapering reduces the side lobes it also makes the main lobe wider and hence reduces gain. It needs trade-off between antenna gain and side lobe suppression. Amplitude tapering does not impact the grating lobes. 
Applying tapering electrically for the complete array will results in a main beam peak EIRP drop due to the amplitude window itself. In addition, the directivity will also reduce as an effect of a wider beam as the effective array antenna aperture size decrease.
For sub-array structures larger than 2 element sub-arrays tapering within the sub-array can be used. If tapering is applied at sub-array level the power is redistributed between elements in the sub-array, hence the impact additional power loss can be minimized.

3. Conclusion
In this contribution we present some issues related to antenna parameters currently assumed for FR2 base stations and some additional information to consider when RAN4 shares information to other organizations. 
The current parameters assumed for single element structures is attached with a large gain normalization error. The error is caused by the fact that dependent parameters are selected arbitrary. The antenna model requires parameters to be selected carefully to guarantee than the modelled pattern accuracy produce correct gain. The normalization error can have impact on RAN4 co-existence studies but is most probably absorbed by the variation in sharing results provided by all participating companies in Rel-15 co-existence simulations. 
Also, in this contribution we present technical background information relevant for modelling base station antennas with sub-array structures within the frequency range 24250 to 52600 MHz. The extended antenna model is capable of modelling sub-array antenna structures which is commonly used in products deployed in networks. 
Relevant parameter sets describing AAS base station products is presented to be used as additional information to current single element parameter sets. The parameters for sub-array structures are selected to be directivity normalized and representable for real antenna array implementations. 
Together with the sub-array model and additional parameter sets, additional information related to interference mitigation techniques are provided (similar information as already captured in TR 38.921 [10] for 6 to 10 GHz). 
Considering the information provided in this contribution we propose following:
Proposal 1: Adopt the extended array antenna model for FR2.
Proposal 2: Capture sub-array parameters as technical background information for NR FR2 in technical report TR 38.803.
Proposal 3: Capture interference mitigation techniques relevant for FR2 in technical report TR 38.803. 
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