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1.
Discussion and Proposal
In previous RAN4 meetings, different spatial domain aspects for AAS system have been discussed. Example of spatial distribution of unwanted emissions for AAS, receiver spatial MCL and spatial EVM were presented. Simulation results for impact of mutual coupling between sub-arrays as well as directivity aspects were also discussed further.

We believe that spatial domain aspects and consequently the study results are vital for the continued work in SI and coming AAS WI and thus the need ensure that the study results and possible issues that would require further investigations are properly captured in the AAS SI report. We thus would propose to add an informative annex dedicated to AAS spatial aspects where different companies can add their assumptions and simulation results. 
The proposed informative annex should contain the following areas:

· Transmitter spatial characteristics
· Receiver spatial characteristics
· Impact of mutual coupling

· Spatial EVM characteristics
· Directivity characteristics
Additional results or areas can be added if needed when the work progresses further.
Proposal:
It is proposed that the attached text proposal is included in TR 37.840. 
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[Text Proposal]
Annex C, AAS spatial domain aspects (informative)
The purpose of this informative annex is to collect the studies and aspects considering the spatial effects observable with AAS systems. To illustrate the spatial effects under consideration, a theoretical model of a uniform linear array is examined. The parameters chosen for the model are strictly for this examination and are not claimed to be an accurate representation of physical systems. Common antenna array features such as power tapering are not considered. Note that the results given in this annex are link oriented. The spatial characteristics given in this annex may suggest further system analysis and studies where the results are captured in the main body of this TR.
C.1
Transmitter spatial characteristics

Interference emitted from AAS BS system may show different spatial characteristics to that from traditional BS, depending on the extent of beam-forming effects on the interference. Adjacent channel emissions, spurious emissions and intermodulation may be affected.

The transmitter intermodulation as a function of angle and frequency for an active Uniform Linear Array (ULA) has been elaborated by means of simulations. Power Amplifiers on each antenna element within the array were modelled with respect to non-linear behaviour to simulate the contribution from several power amplifiers / sub-arrays.  Simulations were made over separate carrier frequencies, but also using the same carrier frequency. Results showed that intermodulation products may occur outside the main beams of the carriers, and are then also in general split into several sub-beams according to general side lobe behaviour of linear array antennas. The radiating elements were modelled based on agreed antenna models and the distance between radiating elements was chosen to be 0.9 
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Figure C.1-1, ULA configuration for the simulation
C.1.2
Simulation assumptions

The simulations of AAS intermodulation spatial characteristics assume a number of antenna elements radiating into free space. Each of radiating elements is connected to an active amplifier which outputs non-linear distortion still remaining despite pre-distortion. That is, some non-linear components still do exist in order to study how these distribute over the antenna angular range.

As an example scenario a Uniform Linear Array (ULA) which has the characteristics of having all of its elements aligned along a straight line is selected. The inter-element distance is all equal among the elements and is set to 0.9( (see figure C.1-1).

In some of the plots due to chosen inter-element distance, the grating lobes which occurs at inter-element distance of larger than 0.5 ( become visible.

Another assumption is that the array antenna is fed by two E-UTRA-signals of 20 MHz, being un-correlated and having phase offsets on each antenna element corresponding to a particular scanning angle for the array. The number of antenna elements is 10.

The non-linearity of each amplifier is modelled by a simple polynomial approach having the magnitude as a variable for the non-linearity. The PA characteristics may be most conveniently described by the following equation:
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Each coefficient may be a complex number associated with the IM-level for the third order intermodulation, the fifth order intermodulation and so forth. Each antenna element is connected to one such amplifier which may either have the same coefficients or they may all have different coefficients, depending on the simulation scenario. 

In the simulations only the third order intermodulation is retained, and the phase of this coefficient is varied with the index of the antenna. The magnitude is kept the same over all amplifiers. This is done in a random manner over 360°. Thus, the representation of the PAs boils down to the following:
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The combination of having the summation of two different E-UTRA signals fed into the PA leads to some interesting results with regard to where in the angular space different IM components may occur. For the simulations in this section a few examples are shown just to highlight the behaviour.

The resulting signal as a function of the angle ( may be described by the following equation:
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Where ( is to be taken as the observation angle from broadside direction. If the output signal is transferred into frequency domain, by use of for example the FFT, then the radiation pattern may be plotted in two dimensions being angle in one dimension and frequency in the other direction.

C.1.3
Simulation results
With the method described in above, the 2D radiation patterns may be plotted when different PA’s are configured in various ways and at the same time the beam for the two E-UTRA signals is steered towards different directions. Note that the E-UTRA signals may be deployed at different carrier frequencies or even at the same carrier frequency (spatial multiplexing/MIMO). 

Figure C.1.3-1 represents the scenario where the PAs have only 3:rd order intermodulation products and the PA non-linear characteristics to be identical. The two E-UTRA-signals are phase adjusted differently into all the 10 PAs such as to form a constructive antenna pattern in some direction for the first E-UTRA carrier while letting the second carrier radiate constructively in a yet another direction. 

The result shows that if all the PAs can be assumed identical, then the intermodulation also shows an ordered radiation pattern with its associated side-lobe pattern very much like the radiation pattern for the two carriers themselves. However, it can be noted that the 3:rd order intermodulation is radiated into slightly different angles being it one left or right side of the carrier spectrum. Note the pronounced antenna lobe for the intermodulation in two distinct directions. 

The blue area represents the carriers while the red/yellow areas in the plots represent the intermodulation / unwanted emissions. 
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Figure C.1.3-1, Same PAs, two different E-UTRA carriers, different scan angles.
In figure C.1.3-2 similar to figure C.1.3-1, the two E-UTRA carriers were given phase distributions to produce beams in slightly different direction. It can be seen that the intermodulation follows the main beams and also similar to figure C.1.3-1, the angular distribution of the two 3:rd order IM bumps are aligned asymmetrically with respect to the angular beam directions. 
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Figure C.1.3-2, Same PAs, two different E-UTRA carriers, yet another scan angles.
In figure C.1.3-3 to C.1.3-7, the different PAs were given individual non-linear characteristics. A set of randomly picked phases (0-360°) has been chosen for each PA. The results may be seen in the 2D-plot where the intermodulation now has become more smeared out over all angles, but with still the typical side-lobe behaviour of a linear uniform array is maintained. 
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Figure C.1.3-3, Same PAs, two different E-UTRA carriers, different scan angles.
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Figure C.1.3-4, Same PAs, two different E-UTRA carriers, different scan angles.
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Figure C.1.3-5, Same PAs, two different E-UTRA carriers, different scan angles.
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Figure C.1.3-6, Same PAs, two different E-UTRA carriers, different scan angles.
Figure C.1.3-7 and C.1.3-8 represent the behaviour when the two E-UTRA signals are actually placed at the same carrier frequency which would resemble a dual layer beam-forming. In first scenario, the phase of the third order intermodulation coefficient is the same over all 10 amplifiers which lead to the intermodulation being well concentrated around the carriers. In second scenario where the phases of the coefficient for the third order intermodulation is each given a different phase, it can be observed that the intermodulation products are smeared out over the angular space.
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Figure C.1.3-7, Same PAs, two different E-UTRA carriers, same frequency and different scan angles.
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Figure C.1.3-8, Different PAs, two different E-UTRA carriers, same frequency and different scan angles.
The simulations above indicate that there is a difference on how unwanted emission expressed as transmitter intermodulation can vary in spatial domain, depending on the beam-forming applied to each carrier and the amount of correlation between third order intermodulation products. This emphasises the need for carefully investigating the spatial domain aspects for AAS transmitters.
C.2
Receiver spatial characteristics

AAS sub-arrays experience different spatial selectivity compared to fixed beam antennas. Furthermore, a sub-array may experience a differing spatial selectivity to the AAS array as a whole. In figure C.2-1, a visualization of spatial selectivity loss in AAS is given where an interfering UE close to antenna would pose higher interferer level towards a sub-array compared to full antenna beam. 

Since the receiver spatial characteristics of the sub-arrays would influence the minimum coupling loss and thus receive requirements for AAS, the spatial aspects of the receiver and its possible impact in terms of minimum coupling loss of an example AAS implementation based on several sub-arrays compared to a fixed beam antenna was investigated. In sub-clause C.2.1 simulations of simple example antenna indicate that the height, direction and distance would influence coupling loss and consequently the blocking interferer level. 
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Figure C.2-1, Visualization of spatial selectivity loss in AAS.
C.2.1
Simulation results

Simulation results for the minimum coupling loss of an example antenna array at 2 GHz and compared to various number of array elements for various cases are presented in the following sub-clauses.

C.2.1.1
Antenna patterns for sub-arrays
For this simulation the element far-field pattern is defined by elements models defined in section 5.4.4.2.

The element separation was set to 0.9. The composite sub-array pattern is calculated using the superposition principle. The sub-array gain is obtained from the maximum normalized far-field pattern compensated with respect to the antenna directivity.

The sub-array gain patterns for a single, 2, 4 and 8 element array is shown in Figure C.2.1.1-1.
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Figure C.2.1.1-1, Gain pattern for different sub-array configurations.
C.2.1.2
Coupling loss
Considering the example antenna (2 GHz) and taking into account  1,2, 4 and 8 element arrays, the coupling loss for 1, 2, 4, 8 element-arrays are compared for the down tilt angles of  0( and 10( respectively is given in figure C.2.1.2-1 to  C.2.1.2-2. Base station antenna height was set to h=30 m.

The coupling loss is calculated with free space path loss as propagation model.
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Figure C.2.1.2-1, Coupling loss, 0 degrees tilt for an antenna with 1, 2, 4 and 8 elements
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Figure C.2.1.2-2, Coupling loss, 10 degrees tilt for 1, 2, 4 and 8 elements.
The simulation results indicate that there is a distance and tilt dependent minimum coupling loss comparing a full antenna beam and also 2, 4 and 8-element arrays. 

C.3
Impact of mutual coupling

Coupling between sub-arrays in a base station antenna array can in general have an impact on antenna performance since some of the energy coupled to other sub-arrays is re-radiated.  In this sub-clause, the impact of coupling between sub-arrays on the sub-array patterns and on the composite patterns for a simple example antenna is shown.

The sub-array pattern as a function of the coupling magnitude has been simulated for an arrangement of four sub-arrays as shown in Figure C.3-1. The horizontal spacing between sub-arrays is 0.5. 

The input signals to the sub-arrays are given by:
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Each sub-array has a horizontal radiation pattern defined by:
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The composite array pattern is given by:
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 is the array factor.

The re-radiated energy due to mutual coupling between sub-arrays is represented by a coupling matrix 
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The coupling to an adjacent sub-array is 
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 (e.g. from sub-array 1 to 2), to an alternate sub-array is 
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(e.g. from sub-array 2 to 4), and to a second alternate sub-array is 
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(e.g. from sub-array 4 to 1).  The actual amount of coupling in practice will depend on many factors such as element design, sub-array spacing, impedance matching etc.

The horizontal radiation pattern is determined by the following matrix product:
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Figure C.3-1, Geometry of four sub-Arrays.
C.3.1
Simulation results
The coupling impact to the sub–array patterns is simulated by applying a signal to each sub-array in turn and applying the coupling matrix 
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 for Sub-Array 1 of 4) The total power into the sub-arrays is normalized to the level corresponding to the case when c=0 (i.e. no coupling).

Composite patterns are determined by vector addition of the normalized sub-array patterns using a magnitude weighting of ¼ and applying a fixed phase progression.

Figure C.3.1-1 represents the coupling impact with a signal fed into the leftmost sub-array (Sub-Array 1 of 4) represented by the top row of C and where the coupling c ranges from 0 to 0.25.
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Figure C.3.1-1, Coupling impact on Sub-Array Patterns (Sub-Array 1 of 4).
The coupling impact with a signal fed into the rightmost sub-array (Sub-Array 4 of 4) represented by the fourth row of C will be the same as that in Figure C.3.1-1 but flipped left-right.

Figure C.3.1-2 represents the coupling impact with a signal fed into the second sub-array (Sub-Array 2 of 4) represented by the second row of C and where the coupling c ranges from 0 to 0.25.
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Figure C.3.1-2, Coupling impact on Sub-Array Patterns (Sub-Array 2 of 4).
The coupling impact with a signal fed into the third sub-array (Sub-Array 3 of 4) represented by the third row of C will be the same as that in Figure C.3.1-2 but flipped left-right. 
With some level of coupling the sub-array bore site gain is not necessarily the highest, the sub-array pattern may not be symmetrical and the 3 dB beam width can be affected.

Figure C.3.1-3 represents the coupling impact on the composite horizontal pattern with equal magnitude weighting and a phase progression of 0 degrees.
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Figure C.3.1-3, Coupling impact on Composite Pattern (phase progression of 0 degrees).
Figure C.3.1-4 represents the coupling impact on the composite horizontal pattern with equal magnitude weighting and a phase progression of 90 degrees.
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Figure C.3.1-4, Coupling impact on Composite Pattern (phase progression of 90 degrees).
As expected, the coupling between sub-arrays has an impact on individual sub-arrays as well as the composite pattern for the example antenna. The impact would certainly vary depending on the implementation. In AAS BS systems involving sub-arrays, it may be necessary to consider the coupling impact to define the AAS requirements. It should be noted that coupling and its impact on composite beam for an AAS antenna can not be captured by performing conducted test.

C.4
Spatial EVM characteristics

In existing BS specifications, the EVM consist of both linear and non-linear distortion. Group delay variation in the filters is a kind of linear distortion while phase noise and peak reduction algorithms induced distortion is categorized as non-linear distortion. The EVM requirements for E-UTRA are defined in such a manner that the test equipment should contain an equalizer to remove the linear contributions to EVM while for UTRA such equalization is not allowed.

EVM in active antenna arrays will give rise to unwanted in-band emissions that in general do not follow the beam forming or beam shaping that one might anticipate. This is due to the fact that the individual EVM contributions from the different radios supporting each element array separately will in general not be identical but rather in some cases actually being uncorrelated. 

The relation between correlated and uncorrelated contributions where peak reduction distortion can possibly be assumed as correlated in some cases but depending on implementation, this contribution could vary significantly and consequently the portion of correlated versus uncorrelated contributions affecting the EVM in particularly side-lobes or nulls.

Considering the peak reduction scheme also called clipping which is one of the main contributing mechanisms to EVM, The spatial distribution of EVM for a 10-element antenna array is further investigated.

As normally only the magnitude of the signal is undergoing the peak reduction process, the phase of the clip distortion is unchanged and follows the carrier phase itself. This means that the clip distortion in this case, follows the beam shaping in the same manner as the carrier itself. The result will be that the same EVM figure will be measured all over the angular sphere as what is measured at each individual antenna port. 

A simple simulation is presented below, where a 10-element linear and uniform array antenna is undergoing clipping at a certain magnitude threshold. It is seen that although the phase of the carrier in each branch varies with the port number, the EVM as a function of angle will in fact be constant as shown in figure C.4-1.

The amplitude taper will have a uniform distribution as described below, and the clip threshold is set to 0.5 in relation to normalized amplitude of 1.
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Figure C.4-1, Spatial EVM with uniform amplitude tapering weights.
The outcome would somewhat be different if the clip contributions are not identical from the different array elements. In this case we have tapered the actual antenna weights instead of having a uniform distribution and the spatial EVM is shown in figure C.4-2. The amplitude taper weights were assumed to be as following:
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Figure C.4-2, Spatial EVM with non-uniform amplitude tapering weights.
It can be seen that in the null regions in the radiation pattern and side lobes from a linear array antenna with individual array element clipping, the EVM may rise to very high values. The reason is mainly due to the fact that the EVM contributions may not any longer be considered as correlated among array elements and as a result does not give the usual beam forming characteristics as a coherent antenna array system. 

We recognize this behaviour regardless of the actual implementation of the peak reduction schemes, and stress the importance to further study this characteristic. 

There are however case which we may relax this spatial distribution of EVM behaviour. Viewing a linear uniform array antenna, that is with equal amplitude tapering on all radio branches and given an only down-tilt to the beam by means of applying a progressive phase shift to the carrier, then the clip distortion will in fact be identical from all of the sub-arrays. 

Given the complexity, different level of correlations which would also have tapering weight dependency, the linear and non-linear distortion depending on the RAT as well as implementation specific behaviour, we would propose to further investigate the spatial EVM for AAS. 
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