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1. Introduction
At the last RAN meeting (RAN#103 in Maastricht) a new study item was initiated [1] to establish information in RAN4 to be able to respond to ITU-R WP 5D questions in previously received LS [2]. 
In the LS, ITU-R WP 5D asks for information relevant for IMT system operating within the frequency ranges 4400 to 4800 MHz, 7125 to 8400 MHz and 14800 to 15350 MHz. In addition, some general questions related to modelling array antennas for M-MIMO systems are also requested. 
Since the introduction of Active Antenna System (AAS) for base station in 3GPP specifications, RAN4 have been using a parameterized array antenna model as a crucial component in system simulations related to coexistence evaluation and network performance analysis conducted on regular basis in RAN4 SI and WI.
The array antenna model created around pattern multiplication between element pattern and an array factor pattern. When the model was developed, the goal was defining a model capable of producing an array antenna radiation pattern representable for an AAS base station. The final model has the flexibility to support different array sizes and element separations in a uniformly rectangular array lattice consuming moderated resources in terms of processing power.  
It has been noticed that the original parameter sets defined for AAS and NR are no longer sufficient to reflect AAS base station radiation characteristics for all types of base stations operating within FR1 and FR2. Since the introduction of AAS, the development of base stations products has evolved to support different antenna geometries [3] in terms of size and array geometry with different configuration for different frequency regions. A clear trend in the industry is to utilize antenna geometries with sub-arrays in the vertical domain to optimize performance. 
In Figure 1-1, some typical antenna geometries are visualized. Originally, a single element structure was considered for NR, later a sub-array configuration (3x1, 4x8) was added for 1710 to 4990 MHz.   
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Figure 1-1: Example array antenna geometries
In this contribution we present an overview of the array antenna model used in 3GPP both in RAN1 and RAN4 and provide some additional background and description required to facilitate the planned LS response to ITU-R WP 5D.



2. Discussion
The core of the array antenna model is the modelling of each individual element. The electrical power radiation pattern for a single linear polarized element is modelled as Gaussian function as:

, for arbitrary real constants a, b and non-zero c. The parameter a is the height of the curve’s peak, b is the position of the centre of the peak and c controls the width of the bell. Modelling a symmetrical peak normalized element pattern, the following parameters are selected; a=1, b=0. For radiation power characteristics it is convenient to define the element pattern based on 10 base exponential function. Rescaling the Gaussian function, the element power peak normalized radiation pattern can be expressed as a function of the spatial angle j in degrees as:

, where  is a scaling factor and j3dB is the beamwidth in degrees. By introducing Half Power Beam Width (HPBW) at the point on the curve where the peak power has dropped to 0.5 at j=0.5j3dB, the scaling factor can be determined, =1.2. 
Then the radiation pattern can be expressed in logarithmical scale as:

A threshold is applied to model front-to-back suppression as:

, where Am is the front-to-back suppression ratio with respect to the peak normalized pattern. The pattern is plotted in Figure 2-1 for jbw=90 degrees and Am=30 dB.
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Figure 2-1: Single element radiation pattern
To create a model capable of producing a radiation pattern as function of q and j angles, the one-dimensional Gaussian element model was applied to both q and j angles. This model was originally used by 3GPP for non-AAS BS evaluations.  
Observation 1: The element radiation pattern is peak normalized to 0 dB. The peak element gain is applied to offset the radiation pattern. Therefore, the peak element gain must be selected to map towards selected beam width for the model to produce correct radiation pattern. 
With the introduction of AAS base station support an array factor was added to capture characteristics relevant for main beam, sidelobes and nulls properly. In the extended array model, support for sub-array structures were added. 
The array antenna model consists of two stages or array factor is applied. The first stage is applied to model a vertical sub-array. A sub-array is a radiating element created by combining multiple individual single Gaussian elements. For AAS base stations it is common to combine elements in the vertical domain since the angular distribution of UE’s tends to be spread out widely in the horizontal domain and more narrowly in the vertical domain for many considered deployment scenarios. 
Sub-array structures are often used for AAS base stations to increase the antenna gain for a given number of transceiver branches. The sub-array is a passive array with pre-set down-tilt. Typically, the pre-set down tilt is created by having different path lengths to element within the sub-array. The pre-set down tilt in the sub-array is a static parameter that can be used to optimize coverage within the coverage area. The pre-set down-tilt is essential when performance is optimized to suppress impact from grating lobes in unintended directions.
The second stage of array factor is the array of sub-arrays. In the array the excitation will be provided electrically via the transceivers with base signals produced by layer-1 processing as input. The element separation for the considered array lattice should consider the fact that the area required for the selected peak element gain can fit within the array lattice. 
Observation 2: The element separations in the array lattice should reflect considered peak element gain for the model to produce correct antenna radiation patterns in terms of gain. 

2.1 Parameterized array antenna model
A parameterized array antenna model has been developed over time in 3GPP. The technical background and modelling aspects relevant for AAS base stations was originally described in TR 37.840, subclause 5.4.4 [4]. The model has been used for numerous studies in RAN4, including AAS, NR, HST, IAB, etc. The model has been adopted in other forums outside RAN4 and is also described in RAN1 in e.g., TR 36.897 [5] and in ITU-R in recommendation M.2101 [6]. 
The extended model including sub-array structures is documented in TR 38.803, subclause 5.2.3.2.4 [7]. The extended array antenna model has been communicated to ITU-R WP 5D for the frequency range 1710 to 4990 MHz [1]. 
The model is defined around a set of equations, which rely on a set of input parameters to describe the array antenna. At a high level the model can be described as shown in Figure 2.1-1.
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Figure 2.1-1: Model overview
Parameters can be divided into different categories:
· General parameters, which are parameters that will be required for the simulator and the array antenna model. 
· Element parameters used to model the radiating elements. 
· Sub-array parameters used to model the sub-array. 
· Array parameters used to model the array. 
The model will produce gain normalized radiation pattern for given q, j angles defined in the range  degrees and  degrees. 
The wavelength, ld is related to the design of the array and is fixed by design, while the excitation wavelength, le may vary as function of considered frequency within a specific operating band. 
The input parameters required to describe the antenna is summarized and described in Table 2.1-1.

Table 2.1-1: Model input parameters
	Category
	Parameter
	Description
	Note

	






General
	ld
	Design wavelength for array antenna in meters
	The wavelength is fixed and selected for a given design frequency. The wavelength will not vary within a given operating band for a given design. 

	
	le
	Array excitation wavelength in meters
	This wavelength varies within the considered band.

	
	
	Vertical angle in degrees
	

	
	
	Horizontal angle in degrees
	

	
	Ptx
	Total conducted power in dBm
	For a dual polarized antenna, the total conducted power is calculated over MxNx2 ports

	
	mech
	BS mechanical down-tilt angle in degrees
	The mechanical down-tilt angle is a deployment parameter selected to maximize coverage within a given coverage area. The mechanical tilt can be applied as a coordinate transformation.

	



Element
	Am
	Element front-to-back ratio in dB
	

	
	SLAv
	Element side-lobe suppression in dB
	

	
	3dB
	Element horizontal half power beamwidth in degrees
	

	
	3dB
	Element vertical half power beamwidth in degrees
	

	
	GE,max
	Element peak gain in dBi
	This parameter is related to the selection of 3dB, 3dB and LE, where
 and DE,max  is related to 3dB, 3dB and array lattice unit area for the element.   

	
	LE
	Element loss in dB
	

	






Sub-array
	Msub
	Number of element rows in sub-array
	

	
	dv,sub
	Vertical element separation in sub-array in meters
	

	
	subtilt
	Electrical pre-set sub-array down-tilt angle in degrees
	The pre-set sub array down-tilt is a fixed design parameter for a base station. It is envisaged as a passive fixed (non-varying) electrical tilt within the sub-array elements. The deployment configuration (including mechanical tilt) for a base station is dependent on the environment. Thus, a same base station with fixed pre-set subarray tilt could also be used across different environments. The value of the pre-set tilt is determined based on the intended deployment scenarios and targeted user distribution and coverage range.

	




Array
	M
	Number of sub-array rows in array
	

	
	N
	Number of sub-array columns in array
	

	
	dh
	Horizontal sub-array separation in array in meters
	

	
	dv
	Vertical sub-array separation in array in meters
	This parameter is related to Msub and dv,sub.

	
	etilt
	Electrical beam direction down-tilt angle in degrees
	

	
	escan
	Electrical beam direction scan angle in degrees
	

	
	r
	Array excitation correlation factor 
	For wanted signal , while for unwanted emission the correlation falls of as function of frequency offset from carrier within the interval . 







The total conducted power, Ptx at the Transceiver Array Boundary (TAB) is related to Total Radiated Power (TRP) in logarithmical scale as:


, where Pn is the power per transmitter branch in dBm. Total conducted power is defined as the total power for all ports, including two orthogonal polarizations. 
The equivalent isotropic radiated power (EIRP) is calculated in dBm using the model as:

The peak EIRP can also be derived from parameters as:

When co-existence is evaluated in RAN4, the focus is on the main beam pointing towards the UE, but for other compatibility scenarios, e.g., with other services, the focus is not necessarily just the main beam. Spatial regions outside the main beam may also be highly relevant. Since the sub-array topology will affect the radiating characteristics in the sidelobe region, the model needs to be extended to provide the ability to model the sidelobe region characteristics correctly with reasonable complexity.
For the case where single element array geometries is considered (Msub=1), the extended array model collapses to the original model described in TR 37.840. 
The antenna element separation is an important parameter that must be selected with care. Obviously, the value is static for a specific base station design, whereas the compatibility analysis may need to cover an entire frequency band. Typically, the antenna is designed to support given element separations for the highest frequency to avoid grating lobes for lower frequencies, but other design principles can be used for base stations supporting multiple bands or very wide operating bands.
Some parameters, such as the element beamwidths are related to the peak element gain via the element loss. This means that these parameters must be selected carefully. 
Considering base stations are optimized for various factors including performance, cost, and coverage, it is expected that sub array configurations are relevant for these bands as well as a set of physical antenna elements are combined to form a logical element. The model comprises of a basic element pattern which is then combined appropriately based on the equations to form the sub array pattern and the composite pattern. Since dual polarized elements are used in typical base stations, it is sufficient to model each polarization separately as considered in the specific model. The models are selected so that they are simple and representative to model base station performance with sufficient confidence. The element pattern is based on a simple gaussian beam which has a flat sidelobe level. The Gaussian pattern is sufficiently wide and cover most of the regions of interest, especially in the elevation domain. At high elevation angles, the flat sidelobe level is sufficient to model the side lobes of the antenna element which are significantly lower than the main beam. Thus, the proposed extended antenna model to model sub arrays is sufficient to model the beamforming capability of IMT base stations in considered frequency ranges.
Another aspect also to consider is the performance and coexistence simulator complexity. The antenna model provides is reasonable complex and produce a gain normalized radiation pattern. If parameters are selected properly, no additional directory normalization is required which will reduce complexity and save processing capacity and simulation time. 
Observation 3: If parameters are selected properly, the array antenna model produce relevant and correct radiation patterns with sufficient confidence suitable for coexistence evaluations and sharing studies. 
The antenna model has support to model the array response outside the wanted carrier bandwidth, within adjacent channels using the correlation factor, r. When the wanted signal is considered r is equal to 1. For unwanted emissions outside the wanted signal bandwidth values within the range can be considered. Further details on the frequency response of r require further investigations. 
The array antenna model is built around pattern multiplication between the element radiation pattern, sub-array array factor radiation pattern and array factor radiation pattern, as described by equations listed in Table 2.1-2.
Table 2.1-2: Array antenna model equations
	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




Observation 4: The current array antenna model is described in many different technical reports. It would be beneficial to collect technical background for the array antenna model including parameter description, model equations and relevant parameter values in the technical report created in this SI as reference. 

2.2 Relevant parameter sets
A set of parameters are defined for a given deployment scenario. It is reasonable to assume that for some deployment scenarios the same BS implementation and array configuration can be considered with different deployment parameters.
In TR 38.803 and earlier LS to ITU-R WP 5D [3] parameters for the frequency range 1710 to 4990 MHz have been established. For the frequency range 4400 to 4800 MHz, this information can be used. 
In Table 2.2-1, relevant parameters for the frequency range 4400 to 4800 MHz are listed.
Table 2.2-1: IMT parameters relevant for 4400 to 4800 MHz
	Parameter
	Macro Rural
	Macro suburban
	Macro urban
	Micro urban

	Am
	30 dB
	30 dB
	30 dB
	30 dB

	SLAv
	30 dB
	30 dB
	30 dB
	30 dB

	3dB
	90 deg.
	90 deg.
	90 deg.
	90 deg.

	3dB
	65 deg.
	65 deg.
	65 deg.
	65 deg.

	GE,max
	6.4 dBi
	6.4 dBi
	6.4 dBi
	6.4 dBi

	Msub
	3
	3
	3
	3

	dv,sub
	0.7l m
	0.7l m
	0.7l m
	0.7l m

	subtilt
	3 deg.
	3 deg.
	3 deg.
	0 deg.

	M
	4
	4
	4
	4

	N
	8
	8
	8
	4

	dh
	0.5l m
	0.5l m
	0.5l m
	0.5l m

	dv
	2.1l m
	2.1l m
	2.1l m
	2.1l m

	etilt
	  deg.
	  deg.
	  deg.
	  deg.

	escan
	 deg.
	 deg.
	 deg.
	 deg.

	r
	1
	1
	1
	1

	Ptx
	46 dBm
	46 dBm
	46 dBm
	37 dBm

	mech
	3 deg.
	6 deg.
	6 deg.
	6 deg.



A fundamental aspect that will have impact on implementation is the size of the antenna required to achieve acceptable network coverage. Assuming similar intercell distance as current deployed networks would indicate that the physical antenna area remains similar as the size used for 4400 to 4800 MHz. This would consequently lead to array antennas architecture where the number of elements scale a factor 4 every time the frequency is doubled. 
In Table 2.2-2, relevant parameters for the frequency range 7125 to 8400 MHz are listed.
Table 2.2-2: IMT parameters relevant for 7125 to 8400 MHz
	Parameter
	Macro suburban
	Macro urban
	Micro urban

	Am
	30 dB
	30 dB
	30 dB

	SLAv
	30 dB
	30 dB
	30 dB

	3dB
	90 deg.
	90 deg.
	90 deg.

	3dB
	65 deg.
	65 deg.
	65 deg.

	GE,max
	6.4 dBi
	6.4 dBi
	6.4 dBi

	Msub
	3
	3
	3

	dv,sub
	0.7l m
	0.7l m
	0.7l m

	subtilt
	3 deg.
	3 deg.
	0 deg.

	M
	8
	8
	8

	N
	16
	16
	8

	dh
	0.5l m
	0.5l m
	0.5l m

	dv
	2.1l m
	2.1l m
	2.1l m

	etilt
	  deg.
	  deg.
	  deg.

	escan
	 deg.
	 deg.
	 deg.

	r
	1
	1
	1

	Ptx
	46 dBm
	46 dBm
	37 dBm

	mech
	3 deg.
	6 deg.
	6 deg.



For the frequency range 14800 to 15350 MHz sub-array structures will be required to achieve a high gain array antenna with reasonable number of transceiver chains. The specific sub-array size and corresponding parameters require some further investigation.  






3. Conclusion
The characteristics of AAS base stations have evolved since the introduction in 3GPP specifications in Rel-13 and support for new frequency bands have been added. Consequently, the array antenna model has been extended to better reflect real base station implementations using sub-arrays and relevant parameters have been provided for specific frequency regions. Parameter sets relevant for real base station implementations operating within specific frequency regions for relevant deployment scenarios should be defined. 

In the technical overview of the background of the antenna model following observations was made:
Observation 1: The element radiation pattern is peak normalized to 0 dB. The peak element gain is applied to offset the radiation pattern. Therefore, the peak element gain must be selected to map towards selected beam width for the model to produce correct radiation pattern. 
Observation 2: The element separations in the array lattice should reflect considered peak element gain for the model to produce correct antenna radiation patterns in terms of gain. 
Observation 3: If parameters are selected properly, the array antenna model produce relevant and correct radiation patterns with sufficient confidence suitable for coexistence evaluations and sharing studies. 
Observation 4: The current array antenna model is described in many different technical reports. It would be beneficial to collect technical background for the array antenna model including parameter description, model equations and relevant parameter values in the technical report created in this SI as reference. 

In this contribution the background for the array antenna model used in 3GPP is captured together with some description on parameters and parameters that depend to each other. It would be beneficial to capture this information in the technical report. 
With correct parameter values assumed experiences gives that the model is accurate for performance and sharing studies within 3GPP and other groups such as CEPT and ITU-R WP 5D.
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