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1 Introduction
The discussion on “radiated AAS properties” has been going on for many meetings. While it has been agreed that the radiation properties of an AAS is important and that such properties would need to be captured in some way in a specification, there seems to be very little agreement on what these properties may represent, and what value they would have.
A lot of the difficulty has been related to the understanding of the terminology used, which appears not to be common in the AAS community.

The figures of merit (FOM) describing the AAS system radiating properties and recently discussed include EIRP, TRP, EIRS, EIS, and TIS. Also the suggestion of using field strength at the antenna surface as the requirement has been on the table. This document seeks to establish an agreed terminology and understanding to be used for the continued discussion.
2 Discussion
When discussing these FOM, some fundamental antenna terminology comes handy. The following terminology can be found in basic antenna text books like e.g.[1].
Antenna terminology

A way to describe antenna radiation is in terms of lobes. Most often, it is assumed that there is one dominating lobe (the main lobe) where the intended radiation goes, and that other lobes (minor lobes or side lobes) are unintended or even unwanted. While this is not automatically the case for AAS, much of the terminology is made under this assumption, and thus this case deserves some attention. The following terms are related to this case:

Bore sight – the direction in which the main lobe has the strongest radiation.

Antenna gain – the relation between the radiation intensity in bore sight at a fixed input power at the antenna connector in relation to the radiation intensity in bore sight of a reference antenna with the same input power at the antenna connector. This reference antenna is normally an isotropic antenna (equal gain in all directions) or a tuned dipole. If the isotropic antenna is used as a reference the gain is measured in dBi (the “i” indicating that the reference is isotropic) and with the dipole as a reference, the gain is given in dBd (d for “dipole”). Since the gain of the dipole is higher, the figure dBi is higher than the figure in dBd for the same antenna gain. (0 dBi = -2.15 dBd).

The antenna directive gain is essentially defined as the antenna gain, but with an arbitrary direction (there is a different directive gain in different directions for all antennas except the isotropic). The antenna directive gain is often given by the measured antenna radiation pattern where the directive gain as a function of the azimuth (horizontal deviation angle from a fixed reference direction) and the elevation (of vertical deviation angle from the same fixed reference direction) is given. It is common to normalise the radiation pattern to the antenna gain (i.e. bore sight gain in the normalised radiation pattern is 0 dB). The actual directive gain in each direction is then given by the gain for the respective angle in the normalised radiation (dB) plus the antenna gain (bore sight) (dBi or dBd depending on preference).
The antenna directivity is the mathematical gain resulting from neglecting the losses inside the antenna. (Dant (dBi) - Lant (dB) = Gant (dBi).) The directivity can be calculated by simply dividing the maximum gain (bore sight) with the average gain (over the whole sphere enclosing the antenna). If the side lobes are small, the directivity can be calculated based on the main lobe only. A simple formula often used as a rule of thumb is DA = 32400/(HBW*VBW) where HBW is the horizontal half power beam width and VBW is the vertical half power beam width in degree, and DA is the linear directivity with isotropic reference. (An antenna with 8 degree VBW and 60 degree HBW has 18.3 dBi directivity, as an example.) (It can be noted that the definitions of both the terms HBW and VBW also assume there is one dominating lobe.) (It shall also be noted that variants of the here used rule of thumb exist, and that the here quoted variant is not proposed without further discussion.) The directivity for a chosen direction can be calculated using a normalised radiation pattern (dB) and adding the directivity instead of the antenna gain (dBi).
It deserves mentioning that the term reference antenna can either refer to the gain reference or to the reference sample with well known properties used when measuring antennas. The latter reference may have any gain as long as it is well known. We shall call that type of antenna the measurement reference antenna in this document (for clarity).
All the above antenna terminologies assume the distance from the antenna is far enough to assume plane wave propagation. (i.e. at this distance, it the curvature of the wave front so small so that it can be assumed flat over the receiving antenna aperture. Hereby, the phase distribution over the receiving antenna will reflect only the incident wave angle.) The distance range where this fulfilled is often referred to as the far field region, or the Fraunhofer region. The minimum distance fulfilling this is proportional to the antenna size squared. (A rule of thumb is that the distance between the measurement reference antenna point and any point of the measured antenna shall not differ more than 1/8 of the carrier frequency wavelength.)
(The region inside the Fraunhofer region is often referred to as the radiated near field region or the Fresnel region. Measurements of the radiated near field can be used to reconstruct the antenna far field behaviour if the exact geometric conditions are known. Near field antenna measurements (e.g. [2]) are made in the Fresnel zone. Inside the Fresnel region is the reactive near field region - where mutual conductance and capacitance effects play a significant role, and the transferred energy cannot be said to be purely from the travelling wave. Since all the above cited FOM are defined under the far field assumption, further delving into the near field is outside the scope of this paper.)
Antenna system terminology
EIRP is short for Effective Isotropic Radiated Power (or Equivalent Isotropic Radiated Power). This is the product of the antenna input power and the antenna (linear) gain (bore sight direction) where the gain is given with an isotropic reference. (In dB: Pin (dBm) + Gant (dBi) = EIRP (dBm) or Pin (dBm) + Gant (dBd) + 2.15 (dB) = EIRP (dBm).) From a distance the EIRP is equivalent to an isotropic antenna with the EIRP as the input power (when you are in bore sight). The EIRP does not give any information about other directions than bore sight.
EIRS is short for Effective Isotropic Radiated Sensitivity (or Equivalent Isotropic Radiated Sensitivity). This corresponds to EIRP but with the radiation direction reversed. The antenna gain enhances the received signal, hence improving the sensitivity. (In dB: Sin (dBm) - Gant (dBi) = EIRS (dBm) or Sin (dBm) - Gant (dBd) - 2.15 (dB) = EIRS (dBm).) The acronym EIRS is not as common as EIRP.
EIS stands for Effective Isotropic Sensitivity and is often the same as EIRS, but it is also used as a receiver directive gain (i.e. it may describe multiple directions and not only bore sight.) If it is one number it is the same as EIRS.
TRP is the Total Radiated Power, is the total radiated power integrated over the whole sphere enclosing the antenna. As a result, the antenna directivity will never affect the TRP, which in effect is the input power to the antenna minus the antenna losses. (i.e. TRP (dBm) = Pin (dBm) – Lant (dB).) Thus, the TRP and the EIRP are the same for a truly isotropic antenna. 

TRP (dBm) + directivity (dBi) = EIRP (dBm).
TIS is the Total Isotropic Sensitivity, which corresponds to the TRP the same way the EIRS corresponds to the EIRP. The EIRS and the TIS are the same for a truly isotropic antenna. 

TIS (dBm) - directivity (dBi) = EIRS(dBm).
Field strength types of FOM are generally used in similar ways as EIRP or EIS. The far field assumption needs to be fulfilled for the use of a single figure field strength figure. Under this assumption, there is a simple transformation between the field strength and the received power using the wave impedance of the air, the absolute of the Poynting vector and the directive gain (or bore sight gain only depending on the type of requirement). Hence the use of field strength is not giving any advantage when characterizing antennas or antennas with built in transceivers. (It has great advantage for putting requirements on e.g. broadcast coverage, since a field strength figure doesn’t require any information about the receiver antenna or the receiver itself.)
Discussion on application to AAS
It deserves observing that all these figures of merit are one dimensional assessments of the radiating properties, which are by nature at least two dimensional – most likely three or more. It can be discussed whether it is reasonable to settle for one figure of merit (per respective UL and DL). It would seem reasonable to determine the radiation patterns of the antenna.
When discussing an AAS it can be assumed that the transmitted input power (to the antenna array) is not exactly known, and it cannot be. Hence it would be impossible to estimate the gain, because that exact amount of power can never be injected into the measurement reference antenna. But it is still possible to calculate the directivity by means of the measured radiation pattern, since only the relative radiation intensity is needed to estimate e.g. the lobe width.

From the network performance point of view, the exact point of reference for the output power or the sensitivity is not crucial as long as it can be determined in the same way consistently between measurements. Therefore the directivity can be used to determine the AAS output power at the “antenna surface” (i.e. the antenna losses are considered an integral part of the transmitter.) This has no impact on the legacy BS power requirement type, since this is not absolute but relative a rated output power.
The sensitivity can be determined at the “antenna surface” in a corresponding way, but this time the legacy BS requirement is a fixed maximum value. The antenna loss will add to the reference sensitivity as described in [3] when calculating the antenna surface sensitivity. (See figure 1, which is also from [3])
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Figure 1 Schematic BS with reference sensitivity reference point and EIS reference point.
The measurement of both the “antenna surface sensitivity” and the “antenna surface output power” requires an exact knowledge about the path loss between the AAS and the measurement device or the stimulus signal generator correspondingly. The same applies for EIRP or EIS measurements.
Measuring the TRP or TIS can be done if the measurement device (environment) is capable of integrating all directions of the transmitted or incoming signal. Such devices exist for UEs, but their accuracy has been debated (RAN4 OTA debate still ongoing after many years of discussion.) Magnifying these devices so that they can handle very high antenna gain and transmitted power may be challenging.

It can be noted that the “antenna surface power is essentially the TRP since it de-embeds the directivity. In the same way is the “antenna surface sensitivity” the TIS.
It is possible to apply the same TRP and TIS requirements for different antenna settings (beam declarations) if TRP and TIS requirements are used as a base for the requirements, but if EIRP and EIS requirements are applied, they will by necessity be beam specific. However, TIS and TRP may still be specified per antenna setting (presumably as manufacturer declarations). Field strength based requirements would, like EIRP and EIRS, be specific per antenna setting (or beam declaration).
3 Further discussion on AAS applications of FOM.

Declaration assumptions

The AAS offers potentially a vast number of radiation variations due to the possibility to incorporate many individually controlled radiators. In the attempt to make the description of such variations useful, the concept of antenna beams has been introduced. This has both the advantage of an intuitive understanding of the radiation setting, and the big advantage of being virtually independent of the antenna structure itself. In order to describe the beams, and their relation to the AAS, there must be a common coordinate system for the antenna structure and the beam descriptors. But this may be defined per AAS individual, as long as the beam descriptors and the intended horizontal plane can be defined in it. The following section shall discuss such beam descriptors.
Beam properties 

Related to an AAS beam is some kind of transmitted power or radiation intensity, or sensitivity, but also a range of solid angles inside which the sensitivity or radiation intensity applies. While the beam properties can readily be measured for the transmitted power, the sensitivity may, due to its definition, be cumbersome and very time consuming to measure, so the use of a beam concept may be even more useful with regard to sensitivity. The sensitivity may be described as EIS that should be applicable inside a certain solid angle range. Comparing with the traditional antenna, this may correspond to e.g. the half power beam width, but the criterion for fulfilling the sensitivity requirement may differ from the half power beam width requirement. 
Reference [3] suggests defining the manufacturer declared elevation angular range of operation as the range of elevation angles where the requirement is fulfilled. This is corresponding to the elevation beam width of a property more easily measureable (like e.g. the transmitted beam). Correspondingly, the azimuth angular range of operation is defined. The two angular ranges are used to calculate an estimated assigned directivity of the antenna, in the same way the two beam widths are used to estimate the directivity. The exact formula for this is yet to be determined, but several candidates can be found in the literature, e.g.; beam directivity estimates based on main lobe 3 dB beam widths – R.S. Elliott, Tai and Periera, or Krauss.
Following the above reasoning, the following terms can be defined:
Antenna surface power output, Pantsurf: the EIRP de-embedded by the antenna directivity, representing the radiated power flow through the antenna surface.  Pantsurf = EIRP - Dant
Antenna surface sensitivity, Santsurf: The EIRS de-embedded by the assigned antenna directivity, representing the minimum required received power flow through the antenna surface for a defined data throughput. Santsurf = EIRS + Dass
Assigned directivity, Dass: A directivity figure calculated from the declared angular range of operation for the OTA sensitivity requirement. Formula is TBD.
Beam Azimuth Angle Range of Operation θBAARO: A declared azimuth angle range defined by the difference of two extreme angles inside which the OTA sensitivity requirement is declared to be fulfilled in a fixed beam steering.

Beam Elevation Angle Range of Operation θBEARO: A declared elevation angle range defined by the difference of two extreme angles inside which the OTA sensitivity requirement is declared to be fulfilled in a fixed beam steering.

The AAS discussions in RAN4 appear to sometimes confuse the concept of beam width with the concept of beam steering, or at least the application of the two concepts. In order to enhance clarity in the discussions the following definitions are proposed:
Beam pointing direction: A manufacturer declared direction in the manufacturer defined coordinate system, representing the direction to which the maximum radiation density is transmitted, or from where the minimum needed received power is coming. (Note that this definition is looser than the bore sight definition in order to allow beam shapes that differ from the assumptions discussed in the antenna terminology section above.) 
Beam steering: The capability of an AAS BS to alter the pointing direction of a fixed beam. (I.e. adapting beams as a result from e.g. diversity combination is not referred to a beam steering.)
No steering direction: Beam direction declared by the manufacturer to be the reference direction for panning. The tilt value of the no steering direction is defined by the declaration. (This direction is the only declared beam direction for AAS BS without beam steering capability.)
Panning: Beam steering in the azimuth direction. Right in relation to the no steering direction is defined as positive.

Tilting: Beam steering in the elevation direction. Downwards in relation to the horizontal plane is defined as positive.

The above definitions are depicted in figure 2 below.
It can be noted that tilting and panning are established terms in the industry, and that the application here adheres to the common use as e.g. the use of tilt in 3GPP Iuant [4].
It is a well known fact that the beam width as well as the side lobe levels and directions are generally affected by (electrical) tilting or panning. It can therefore be assumed that beam declarations can differ between the no steering direction and the extremes of tilting and panning.
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Figure 2, Schematic of AAS DUT depicting beam steering directions, (green dashed lines), and beam steered at max pan and min tilt (blue dashed lines). The elevation angle range of operation is in darker blue dashed lines and the azimuth angle range of operationis is in lighter blue dashed lines.
4 Conclusion
The following can be said to be true from the definitions of the terms listed above:
· Determining the antenna directivity requires three dimensional radiation pattern information about the AAS.
· With the antenna directivity and the radiation pattern, determined, any of the FOM EIRP, EIS, TRP or TIS can be established. 
· TIS and TRP can be recalculated into EIRP and EIS using the directivity, and therefore the any FOM can be used for establishing a requirement.

· TIS and TRP requirements can be made applicable for multiple antenna settings (beam declarations).
The following terms are proposed to be defined for the future discussion:

· Antenna surface power output

· Antenna surface sensitivity

· Assigned directivity

· Beam Azimuth Angle Range of Operation
· Beam Elevation Angle Range of Operation

· Beam pointing direction
· Beam steering

· No steering direction
· Panning
· Tilting
A small set of manufacturer declarations related to the beam properties is discussed.
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