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1. Introduction 

A model of antenna mechanical downtilt is given in 3GPP TR 36.814 [1]. That model is a simplification that works well for small tilt angles, but gives increasingly incorrect radiation pattern behavior as the antenna tilt is increased, including violating conservation of energy. Furthermore, that model is limited to scalar, i.e., non-vector (non-polarized) field representations and does not capture the relationship between field components in an antenna local coordinate system and field components in a global (Earth-fixed) coordinate system.

The model error, of the tilt model in [1], arises by the assumption that the elevation angle is independent of the azimuth angle; in fact it is a function of the azimuth. To illustrate this, take the extreme example that an antenna is tilted 90 degrees. Then in the direction of the tilt the elevation angle should be modified with 90 degrees, in line with the current text in the TR. However, in the perpendicular azimuth angle, the gain of the antenna should be unchanged (it is only the polarization that has changed); this is clearly not captured by the current model.
The present contribution contains a proposal for a more complete antenna mechanical tilt model. This model gives the proper relationship between global Earth-fixed coordinates and local antenna-fixed coordinates, and provides support for both non-polarized and polarized field representations. This tilt model also conserves the energy. Despite the many improvements of the proposed model, it is still very simple.
Note that the proposed model does not affect the electrical tilt model in TR 36.814 [1].
2. Antenna mechanical tilt model

The reason for having a mechanical tilt model is that antenna radiation patterns are typically defined (modeled or measured) in terms of angles of a coordinate system that is fixed with respect to the antenna, whereas most other directions and distances, for example as used in simulations, are defined in global coordinate systems which are fixed with respect to Earth. Thus it is common to relate global coordinate systems to a horizontal plane and a vertical direction, such that the x- and y-axes define a horizontal plane with the z-axis coinciding with a vertical axis. Since a local coordinate system fixed to an antenna subjected to mechanical tilt will rotate with the antenna, there is a need for a transformation from global coordinates to local coordinates, and vice versa.
2.1. Definitions of spherical coordinates
To facilitate a discussion of antenna tilt, introduce a coordinate system that provides spherical angle definitions that can be used to describe directions in space. Consider a Cartesian coordinate system with corresponding spherical angle coordinates as defined in Figure 1. This illustrates the relationship between spherical coordinates and Cartesian coordinates.
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Figure 1 
 Definition of spherical angles and spherical unit vectors in a Cartesian coordinate system

The two spherical angles are
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. Three basis vectors for a spherical coordinate system can then be defined in terms of the Cartesian basis and the spherical angles as


[image: image8.wmf]y

x

ˆ

cos

ˆ

sin

ˆ

f

f

f

+

-

=




(1)


[image: image9.wmf]z

y

x

ˆ

sin

ˆ

cos

sin

ˆ

cos

cos

ˆ

q

q

f

q

f

q

-

+

=



(2)


[image: image10.wmf]z

y

x

n

ˆ

cos

ˆ

sin

sin

ˆ

sin

cos

ˆ

ˆ

ˆ

q

q

f

q

f

f

q

+

+

=

´

=

.

3
2.2. Spherical angles in rotated system
Assume a global coordinate system with Cartesian coordinates (x,y,z)  and a local (“primed”) coordinate system with Cartesian coordinates (x’,y’,z’) the two coordinate systems sharing a common origin and with the 
[image: image11.wmf]'

y

-axis being parallel to the y-axis. Assume also that an antenna is installed with its main radiation direction (radiation pattern peak for a conventional sector antenna; antenna aperture normal vector of an array or multi-column antenna) in the x’z’-plane (= xz-plane) and that the antenna pattern is defined in terms of angles in the local coordinate system, with the local coordinate system antenna-fixed. By rotating the local coordinate system with respect to the global coordinate system the same effect as mechanical tilting is attained. Figure 2 shows the local coordinate system rotated an angle 
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 around the y axis, which is equivalent to mechanically tilting the antenna an angle
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. 
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Figure 2   
The local coordinate system rotated an angle 
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 around the y axis of the global coordinate system (equivalent to mechanically tilting the antenna an angle 
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)

Since the antenna pattern is defined in the local coordinate system, which has been rotated with respect to the global coordinate system, a transformation must be performed to allow evaluation of the tilted antenna pattern as a function of coordinates in the global coordinate system. This transformation relates the spherical angles (
[image: image17.wmf]q

,
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) in the global coordinate system to spherical angles (
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) in the local (antenna-fixed) coordinate system. Figure 3 shows the (primed) spherical angles in the local coordinate system, when the local coordinate system has been rotated an angle 
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 around
[image: image22.wmf]y

ˆ

.

[image: image23]
Figure 3
Illustration of spherical angles and spherical unit vectors in the local coordinate system when the latter is rotated an angle 
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Now, 
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 is the azimuth angle between the x’z’ plane and the plane spanned by 
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. Again, three basis vectors can then be defined, now in terms of the primed Cartesian basis, as
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where
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and 
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is used, since 
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The direction 
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is the same in both coordinate systems, hence by comparing (3) and (6) using (7) and (8)
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leading to the relationship between local and global spherical angles: 
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Having only the gain pattern 
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given by (11) and (12).
2.3. Polarized antenna patterns
Having a polarized gain pattern with complex field amplitudes 
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given in the rotated antenna-fixed coordinate system, which relates to the total gain as  
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, results in the complex field amplitudes
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in the global coordinate system. Since
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, the projection of local coordinate system basis vectors on global coordinate system basis vectors can be written
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By multiplying (16) and (17) with 
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and
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Since 
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and 
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where 
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 is the angle between 
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, see Figure 4.
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Figure 4
Definition of 
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 in the local and global coordinate system.
Taking the sum of (18) with ‘j’ times (19) for the left- and right-hand sides, respectively, and inserting (20) and (21), gives
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and hence
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2.4. Complete mechanical tilt model
In conclusion, the field components in a fixed global coordinate system, in terms of field components in the antenna-fixed local coordinate system rotated an angle 
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 around the y (=
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where
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 EMBED Equation.3  [image: image87.wmf]b

q

b

q

f

cos

cos

sin

sin

cos

+

),

(26)


[image: image88.wmf]arg(

'

=

f
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3. Simulation results
To show the difference between the proposed (correct) tilt model and the current tilt model described in [1], the two tilt models have been applied on measured radiation patterns for a real base station antenna with 
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 degrees polarization. The 3D gain pattern (for the port corresponding to −45 degree nominal polarization in boresight) of the base station antenna can be seen in Figure 5, together with a schematic antenna model showing the size and orientation of the actual antenna. 
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Figure 5
Radiation pattern,
[image: image93.wmf]2
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, and physical orientation of a real un-tilted base station antenna for the port corresponding to −45 degree nominal polarization in boresight.
The radiation pattern of the base station antenna, for the port corresponding to −45 degree nominal polarization in boresight, was mechanically downtilted 16 degrees around the y-axis and the results after applying the two tilt models for the gain can be seen in Figure 6, which shows the relative gain projected on flat ground with the antenna installed at a height of 32m above ground. 
The difference in calculated antenna gain from the two tilt models is shown in Figure 7, which equals the error of the old tilt model in [1] for the total gain. Note that the error in calculated antenna gain is more than ±5 dB for the mechanical tilt model in [1], even though the gain performance for the two tilt models appears similar in Figure 6. For the chosen radiation pattern and tilt value, the error manifests itself mainly in the sidelobe region, generating erroneous intra-site interference levels.
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Figure 6
The footprint on flat ground of the total gain of a measured base station antenna with 16 degrees mechanical tilt. The relative gain for the current tilt model in [1] is shown to the left and for the proposed (correct) tilt model to the right.
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Figure 7
The footprint error of the total gain for the old tilt model of a measured base station antenna with 16 degrees mechanical tilt.
Figure 8 shows the total gain and co- and cross-polar field components in the global coordinate system for the conical cut with 
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 for the port corresponding to −45 degree nominal polarization in boresight and with the radiation pattern mechanically downtilted 16 degrees. Here, the co-polarized field for a −45 degree polarized antenna is defined as
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. Note that a significant proportion of the power is associated with the cross-polar components and that this proportion depends partly on the mechanical tilt angle.
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Figure 8
Radiation pattern in conical cut with 
[image: image101.wmf]o
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 for the port corresponding to −45 degree nominal polarization, with the radiation pattern mechanically downtilted 16 degrees, for total gain (solid, blue), co-polar field components (dashed, red), and cross-polar field components (dash-dotted, black). 
4. Proposal
TP to TR36.814:

---------------------------------Start of text proposal for TR 36.814------------------------------------

A.2.1.6
Antenna gain for a given direction and mechanical tilt angle

A global coordinate system with Cartesian coordinates (x,y,z)  and a local (“primed”) coordinate system with Cartesian coordinates (x’,y’,z’) are defined with a common origin, with the y’-axis being parallel to the y-axis; that is, the x-axis of the global coordinate system, should be aligned with the pointing direction of the sector
. The global coordinate system is oriented with its z-axis along a vertical direction, thus having its xy-plane coinciding with a horizontal plane, and all directions in space (angles of arrival and departure) are defined in the global coordinate system angular coordinates 
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, see Figure A.2.1.6-1. 

Assume that an antenna is installed with the antenna aperture normal direction (and antenna main beam peak for a conventional sector antenna) in the xz-plane and that the antenna radiation pattern is defined in terms of angles 
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and 
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 in the local coordinate system, with the local coordinate system antenna-fixed. 

Mechanical tilt is modeled as a rotation of the antenna-fixed coordinate system around the y-axis. For zero mechanical tilt the antenna-fixed coordinate system coincides with the global coordinate system. Conventionally, for sector antennas with cylindrical shape, the antenna radiation pattern defined in the antenna-fixed coordinate system is measured with the antenna cylinder axis installed to coincide with the z'-axis of the antenna-fixed coordinate system. Note that electric tilt, and hence beam pointing direction, does not in general affect the choice of antenna-fixed coordinate system.

By rotating the local coordinate system with respect to the global coordinate system the same effect as mechanical tilting is attained. Since the antenna pattern is defined in the local coordinate system, which has been rotated with respect to the global coordinate system, a transformation must be performed to allow evaluation of the tilted antenna pattern as a function of coordinates in the global coordinate system. This transformation relates the spherical angles (
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) in the global coordinate system to spherical angles (
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) in the local (antenna-fixed) coordinate system and is defined as follows:
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where 
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 is the mechanical tilt angle around the y-axis as defined in figure A.2.1.6-2.


Having only the total gain pattern 
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with 
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given by (1) and (2).
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Figure A.2.1.6-1
Definition of spherical angles and spherical unit vectors in a Cartesian coordinate system
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Figure A.2.1.6-2
Definition of angles and unit vectors when the local coordinate system has been rotated an 
angle 
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 around the y-axis of the global coordinate system.

For polarized fields a transformation of the field components is needed, in addition to the coordinate transformation. For a mechanical tilt angle 
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, the global coordinate system field components 
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As an example, in the horizontal cut, i.e., for 
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and similarly for the 
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� Note that the global coordinate system should not be interpreted as a system wide global coordinate system, but a coordinate system centered at the site antenna, with the xy-plane parallel to horizontal plane.
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