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1. Introduction

At the last meeting a set of contributions on micro-wave and millimetre-wave technology aspects for base stations was presented in [2, 3, 4, 5, 6]. The contributions were presented as text proposals for TR 38.803 with the intention to capture aspects relevant for base stations operating at micro-wave and millimetre-wave frequencies. 
Also, at last meeting a contribution on antenna technology aspects was presented [1]. In this contribution some of the information related to antenna technology is captured in a text proposal for TR 38.803.    
2. Discussion

As part of the work to capture background information in TR 38.803 a text proposal for Annex B has been created based on information presented in [1]. The information has been reduced to just capture technical aspects with direct impact on designing antenna arrays operating at millimetre wave frequencies. The text proposal captures aspects related to element characteristics, array geometry and element interaction.

3. Conclusion

This contribution proposes a text proposal for approval. The text proposal adds some background information about antenna technologies for NR base stations based on information presented last meeting.
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[Text proposal]
B.x
Array antenna theory
In general, an array antenna design consists of several parts; radiating elements, a finite ground plane and mechanical structure components. The elements are typically placed in a lattice on the ground plane. The individual location of each element together with the radiation characteristics of each element determines the composite array antenna characteristics.
The element characteristics in terms of radiation properties (aka. element factor) are specified by the use-case related to the deployment scenario. A wide area base station providing sector coverage very often requires more narrow elements pattern compared with medium range and local area base stations. Also, if the base station is mounted in a mast, it is reasonable to down-tilt the element for optimized ground coverage. Down-tilt can easily be realized by creating sub-array, where the phase is shifted between individual elements.  
In general, for a single polarized element, the individual embedded element pattern for an array antenna with N elements is described as:
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Observe that an element can be implemented using several elements and passive combining part of the Radio Distribution Network (RDN), constituting a sub-array. 
In general, the array antenna consists of many radiating elements located close to each other under weather proof encapsulation. The locations of the n-th element in an antenna array can be described by; [image: image2.wmf])
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Each element in the array antenna is feed with a signal described as a complex weight factor as [image: image3.wmf](
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For a single polarized array antenna, the transmitted signal is created from super-positioning in the far-field region. The composite field strength can be expressed as:
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, where [image: image5.wmf]k

is the wave vector defined as:
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The wave vector refers to a vector that describes the phase variation of a plane wave, in 3 orthogonal directions.
The challenge in designing array antennas is that radiation characteristics for individual element will not be the same in the whole array, due to mutual coupling effect. That means that the element factor R, cannot be seen independent of the element separation. The element separation also relates to radiation characteristics by means of spatial sampling resolution. Typically, for an array implementation where the element separation is larger than 0.5 side-lobe performance will be affected. Generally, the maximum steering without grating lobes can be expressed as:
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, where d is the element separation and max is the maximal steering angle (along one dimension).

If the spatial sampling criterion is not fulfilled folding effect will occur creating a grating lobe response. Therefore, antenna designers strive to set the element separation close to 0.5for system using large steering angles. However, when the elements are close the interaction between them is more severe, which results in ripple in radiation pattern per element level. Therefore, the element beam-width will be different. Hence the interaction between element separation and element radiation characteristics is a delicate challenge for the antenna engineer. Typical element separation is in the range of 0.5 to 0.7. The consequence of grating lobes is that energy will be spread in unintended direction, this may or may not be harmful for the system from an interference perspective. Nevertheless, the power in the intended direction drops because of large grating lobes. From a system design perspective, grating lobes, and the fact that the effective antenna area is reduced due to projection will reduce the directivity. This phenomenon is referred to as scan-loss. The scan-loss will impact EIRP in the intended direction. This effect needs considerations from a system perspective. 

The radiated transmit power delivered by an active array antenna is determined by the capability to generate and direct power as Equivalent Isotropic Radiated Power (EIRP). In general, EIRP can be expressed in logarithmical scale as:
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, where Prad is the total power accepted by the array antenna and G0 is the peak gain created by the array antenna. However, the exact calculation of EIRP for an array antenna required careful handling, since both Prad and G0 will depend on array excitation array geometry and mutual coupling.  

Antenna element coupling is caused by the fact that antenna elements are located close to each other and thus there is electromagnetic interaction between them. It is reasonable to believe that mutual coupling between elements is stronger in an active array antenna compared to a traditional passive array antenna, since beam-forming performance requires element separations to be in the region of 0.5, and it may not be possible to build high isolation circuits, such as traditional isolators in the limited space as is common for traditional passive array antennas. To a specific array antenna, the matching and mutual coupling can be evaluated by introducing a scattering matrix, S.

The scattering matrix will capture the S-parameters seeing the array antenna as an N port circuit. The S-parameters hold information about the relationship between reflected and incident waves. For an N port array antenna, the S-parameter matrix is given by:
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The diagonal holds the voltage reflection coefficient for each radiating element, other indices holds coupling coefficients between all radiating elements. The reflection coefficients determine the impedance matching between the transceiver array and individual elements in the array at the Antenna Reference Point (ARP). For millimeter wave systems there will be no access the ARP due to the expected integration of the transceiver and the antenna element. Without access to ARP the S-matrix can be determined from electromagnetic simulation. The impedance matching is directly related to the realized gain of the active array antenna. All the elements in the S-matrix are dependent of frequency.
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Figure B.x-1: Antenna reference point

In an active array antenna, the array excitation is determined by the total voltage, defined as the sum of forward and reflected voltage wave at the ARP. The total voltages at ARP for all elements can be expressed as a vector:
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In the case where the ARP is in the aperture plane the total voltage at each antenna terminal is determined by the element excitation voltage V+, the voltage feed from the PA to the antenna element and the reflected voltage V- as:
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 is the forward voltage waves and 
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 is the reflected voltage waves. 

If the ARP is separated from the aperture plane with a feeder transmission line, the characteristics of the transmission line with respect to V+ and V- should also be considered. For many implementations there will be a feeder line in the PCB between the PA and the radiating element. 

The intended beam characteristics are determined by amplitude weights (e.g. amplitude tapering could be applied to reduce side-lobes) and phase progression (i.e. phase weights applied to each transceiver in the transceiver array).

The reflected voltage vector can be calculated from the scattering matrix as:


[image: image16.wmf]+

-

×

=

V

S

V


The reflected power component is moving back-wards towards the power amplifier and must be handled properly (That is, the PA in the transceiver array should be designed such that the signal appearing at its output does not substantially disturb its behavior).

The power accepted by the array antenna Pacc can be expressed as a function of excitation vector and scattering matrix as:
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This means that the radiated power is a complex function of deployment parameters such as steering angle and design parameters such as antenna mutual coupling. Therefore, EIRP will be a function of both Prad and G0, which both depends on the array excitation and mutual coupling characteristics of the array antenna. The complex characteristic of EIRP includes several phenomena. A common phenomenon is referred to as scan-blindness, where EIRP drops unexpectedly due to interactions between coupling characteristics and excitation of the array. Note that EIRP can be affected by both scan-loss and scan-blindness at large steering angles, which means that the radiated power will drop considerably. 

Another aspect is that radiation the individual radiation patterns or embedded radiation pattern will suffer from mutual coupling. The embedded pattern is distorted with a ripple, where characteristics such as beam pointing direction and beam-width may be impacted. 

A simple and ideal, but still quite realistic, model for the element pattern should satisfy the earlier explained relation:
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Written as power, or gain, patterns, the array antenna gain can be expressed as:
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If the element distances in the array are small enough to not produce any grating lobes, and the array is a planar array, the maximum array gain for any scan angle should equate the gain of a planar aperture, i.e.
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, where A is the total area of the antenna array and  is the angle off the normal direction. 

Here we also neglect all losses related to reflections and mutual coupling. The factor cos() comes from the projection of the array area as seen in the direction of observation. Maximum array gain is achieved when all elements have the same amplitude, and are co-phased in the scan direction, i.e. the array factor.
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This implies that the element factor should be:
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 are the element distances in x and y direction. The 3 dB beamwidth thus becomes 
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degrees and the maximum element gain for an array with 0.5 element spacing is , or ~5 dBi.

In practice, however, the 3 dB beam width is lower than 120°, typically around 90° to 100°. This discrepancy to the theoretical 120° 3 dB beam width derived above is partly due to power loss from mutual coupling effects, which typically gets higher for larger scan angles. Also, for element distances larger than 0.5, the presence of grating lobes will destroy the above derivation of the beam shape, since at large scan angles, power will be dissipated in the grating lobes. The element pattern beam width should also be related to the element gain, since element gain is only a measure on how focused the energy is in the far-field. An approximate formula relating the gain and beam widths is
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, where HPBW and HPBW are the 3dB beam widths in two orthogonal planes. Combining this way of calculating the maximum gain with the above expression relating the maximum element gain with the antenna area yields
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A practical element pattern model could be a Gaussian pattern with peak gain equal to 
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and beam widths related to the element distance as described above. This model would thus to some degree account for reflection and mutual coupling losses for large scan angles and losses due to grating lobes. It also scales the antenna element patterns gain and beam widths with the element spacing of the array in such a way that the superposition of all the elements in the array gives a total antenna gain equal to the array area.

 [The end of text proposal]
