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Background
In RAN4#82 bis in Spokane antenna configurations was discussed [1] and [2]. A way forward on mmW antenna ref architecture was approved in [3]:
	Way Forward
· Companies are encouraged to study
· What could be baseline receiver configuration from options in previous slide, or other options.
· In case of diversity receiver, which diversity method: polarization diversity or pattern diversity or both or an other methods, if applicable, should be baseline receiver



In this contribution UE antenna configuration regarding number of UE antennas and spatial coverage will be discussed for mmWave 28 GHz band. We start to draw some conclusions from agreements in previous RAN4 meetings. Those agreements are mostly related to UL, however, the same antennas are supposed to be used for DL. Our conclusion regarding special multiplexing will apply also to DL. HW aspects regarding UL special multiplexing is discussed in chapter 4.5.
Antenna configuration versus antenna gain
In this document smart phone UE is studied (eMBB use case). 
[bookmark: _Ref481498877]Agreements and discussions from previous meetings
Regarding EIRP/EIS directional requirements, according to [4] “Priority for Rel-15 WI is handheld and full spherical performance”. From [5] ”Minimum of peak EIRP” “ Proposed value range is [27dBm-34dBm]”. In [6] it was agreed: “UE must be able to produce certain EIRP” and “Power class definition includes upper limit for TRP which need to be met regardless of beamforming settings”. Values for maximum TRP has not been agreed but example as 23dBm [7] or 20dBm [8] has been discussed. 
Combining the figures gives an antenna gain (including beam forming gain) in the range of [7 - 11] dB. 
Observation 1: Required beamforming gain is in the range of [7 – 11] dB
Relation between TRP and EIRP
As was shown in [9] the relation between TRP and EIRP is 

Where G is the antenna gain and 0 is the antenna efficiency (usually in the range –0.5 to –2dB). Looking at the directivity D only, where D = G / 0 it can be written as [9]

Observation 2: Minimum required antenna gain is the difference between minimum required EIRP and maximum allowed TRP (minus antenna efficiency).

Theoretical minimum number of antenna elements
For full spherical coverage (at least) the same number of antenna elements as required minimum antenna gain, are needed. As an example looking at a lossless mathematical antenna with a gain of 2 (3dB) covering half sphere then two elements are needed for full sphere coverage (refer to Figure 1). 
[image: ]
[bookmark: _Ref481504549]Figure 1. Illustration of a mathematical half sphere coverage antenna

Referring to section 2.1 assuming 9dB required antenna directivity (i.e. there is a 9dB difference between minimum required peak EIRP and maximum allowed TRP), then at least 8 antenna elements are needed. In a real implementation (many) more elements are needed for full spherical coverage due to overlap between antenna patterns in a practical implementation. Depending on type of antennas (antenna element gain) and other implementation choices the elements could be grouped in different ways; e.g. 1x8 array or 2 different arrays with switched diversity (1x4 or 2x2). Note that this reflects theoretical minimum with no overlapping between antennas. This also reflects single stream. For diversity or 2x2 MIMO the number of antenna ports has to be doubled.
Observation 3: For full spherical coverage, at least, the same number of antenna elements as required minimum antenna gain, are needed. 
[bookmark: _Ref481655420]Coverage Efficiency
The coverage efficiency (c) can then be formulated as [10]: 

The coverage area is the total angles that could be covered by the antenna array (with some threshold gain level). The total area is the whole sphere if we assume the incoming signal is isotropic (i.e. the UE is randomly orientated). The coverage area is found by a total scan pattern simulation (or measurement). 
Simulation setup
We will study two hybrid beamforming cases each having total 16 antenna ports and two digital ports (see Figure 2). Beamforming use 4 element/ports for each polarization. The antennas investigated are:
1. Two 2x2 dual polarized patch matrixes. One on front of smart phone and one on rear side. Total 16 ports.
2. Four 4x1 linear arrays. One on each side of the side of the smartphone. Antenna elements are edge mounted dipole antennas. Total 16 ports
Each array is assumed to have 5 discrete possible beam settings (lookup table phase shifter). Thus there are 10 possible beams for each polarization, total 20 beams for UE1. UE2 has 20 possible beam directions. The simulation is done in free space. Perfect polarization match is assumed between base station and UE antennas.
[image: ]
[bookmark: _Ref481504624]Figure 2. Two dual polarized patch antennas (left), four uncorrelated single polarized linear dipole arrays (right)

Maximum ratio combine (MRC) 
The MRC is similar to rank1 with diversity in legacy LTE. For the MRC simulation there are two baseband receivers connected to each polarization (maximum ratio combining diversity). Switched diversity is assumed where the two best beams are chosen from front or backside (patch) versus top/left or bottom/right (dipole). Base station antenna is dual polarized and there is perfect polarization match between UE and base station.
Switched diversity
For the switched diversity only one baseband input is used. The best beam is chosen. Perfect polarization match is assumed.
Result
Single array scan pattern
The single array total scan pattern for the patch antenna arrays (UE 1) is shown in Figure 3. The two polarizations are equal. As expected the pattern for front side and rear side arrays are similar. The linear dipole arrays (UE 2) are shown in Figure 4. Here two arrays are combined, top-left versus bottom-right.
[image: ][image: ]

[bookmark: _Ref481593092]Figure 3. Single array total scan pattern patch antenna arrays (UE 1).

[image: ][image: ]
[bookmark: _Ref481593166]Figure 4. Single array total scan pattern linear dipole arrays (UE 2).

[bookmark: _Ref481656556]Maximum ratio combine (MRC)
Maximum ratio combine pattern for patch arrays (UE1) and dipole arrays (UE2) are shown in Figure 5. For the maximum ratio combine the two best beams are received and combined in the baseband. This is similar to rank1 diversity in legacy LTE. As will also be seen from the coverage efficiency the patch arrays are stronger in the main directions (perpendicular to front or rear) where the linear dipole arrays have better total coverage. However, none of the antenna configurations have a really weak spot.
Observation 4: For maximum ratio combine both path array and linear dipole array antenna configurations have good coverage. 
[image: ]
[bookmark: _Ref481594704]Figure 5. Maximum ratio combine pattern for patch arrays (UE1) and dipole arrays (UE2).
Switched diversity
Switched diversity pattern for patch arrays (UE1) and dipole arrays (UE2) are shown in Figure 6. In this simulation only one single beam is used and thus only one baseband receiver. This is pretty much the pattern we would see for 2x2 MIMO case for the patch array in LOS since h-polarization and v-polarization are almost identical in the patch element. However, for the linear dipoles and NLOS scenarios a channel estimate has to be taken into account (like presented in [1]) and more analysis is needed. 
Observation 5: For coverage estimate for 2x2 MIMO more analysis is needed.
[image: ]
[bookmark: _Ref481652882]Figure 6. Switched diversity pattern for patch arrays (UE1) and dipole arrays (UE2).
Coverage Efficiency
The coverage efficiency according to definition in chapter 2.4 for the two antenna configurations is shown in Figure 7. Coverage efficiency for patch arrays (UE1) and dipole arrays (UE2). Single array, switched diversity and maximum ratio combine configurations are analyzed. Looking at maximum ratio combine (MRC) configuration, also observed in chapter 4.2, it could be seen that the patch arrays (UE1) has an advantage for very high threshold gain requirements and low requirement on coverage efficiency. For higher requirement on coverage efficiency the dipole arrays (UE2) have an advantage (still MRC configuration). E.G. for a coverage efficiency requirement of 90% the threshold gain is 2.8dB higher for the linear dipole array (UE2). However, both antenna arrangement (UE1 and UE2) have good coverage for the MRC configuration.
For the switched diversity configuration and the single antenna array configurations the coverage efficiency is worse than the MRC configuration.
Observation 6: The maximum ratio combine (MRC) configuration has advantage over the switched diversity configuration.

[image: ]
[bookmark: _Ref481655897]Figure 7. Coverage efficiency for patch arrays (UE1) and dipole arrays (UE2). Single array, switched diversity and maximum ratio combine configurations are analyzed.

[bookmark: _Ref481689103]HW implementation aspects
The maximum ratio combine diversity requires dual base band paths. This is the baseline in legacy LTE DL and should also be possible for mmW. UL diversity, however, needs further analysis. 
Observation 7: UL diversity needs further analysis.
Conclusion
Two different antenna configurations, patch arrays and linear dipole arrays, for the 28GHz band has been analyzed from a diversity point of view. The following observations were made:
Observation 1: Required beamforming gain is in the range of [7 – 11] dB
Observation 2: Minimum required antenna gain is the difference between minimum required EIRP and maximum allowed TRP (minus antenna efficiency).
Observation 3: For full spherical coverage, at least, the same number of antenna elements as required minimum antenna gain, are needed.
Observation 4: For maximum ratio combine both path array and linear dipole array antenna configurations have good coverage.
[bookmark: _GoBack]Observation 5: For coverage estimate for 2x2 MIMO more analysis is needed.
Observation 6: The maximum ratio combine (MRC) configuration has advantage over the switched diversity configuration.
Observation 7: UL diversity needs further analysis.
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