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1	Introduction 
The work item specifies the NR operation in the 52.6 – 71 GHz frequency range approved during the RAN #90 meeting [1].  Last meeting it was agreed in RAN4 that the commercial FR2-1 antenna module physical dimension can be treated as the feasible FR2-2 antenna module dimension, considering that the commercial FR2-1 antenna module is equipped with 1x4 or 2x2 antenna elements. RAN4 has focused the discussion on the implementation of 60 GHz assuming 4, 8 and 16 antenna elements. In this contribution we share our view on the implementation challenges for UE antenna elements at 60 GHz and on the challenges for the integration when introducing larger number of co-located antenna elements to support FR2-2.
2 Discussion
The study of a new NR frequency range opens the opportunity to provide higher data rate, due to the available wide bandwidth. However, there are several limitations when integrating the additional antenna configuration for 60 GHz to the mmWave antenna module. UE antenna element at 60 GHz will be co-located within the same mmWave module as FR2-1, that results in a significant cost and integration difficulties for consumer products. During the last RAN4 meeting the antenna configuration in Figure 1 was discussed [2], where the FR2-1 antenna elements are shown in blue and the FR2-2 antenna elements in yellow with module dimension of approximately 4mm x 22 mm.
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Figure 1: mmWave module assumption in [2]
Figure 1 shows how the additional antenna can fit within the mmWave module, however, it doesn’t accurate capture the overlap of the patch antenna active areas when introducing additional number of co-located antenna elements for the support of FR2-2. The overlap of the patch antenna has a significant impact on the performance across all antenna elements. The non-optimal element spacing makes the effective stacking of the antenna elements for FR2-2 very complex and hinders maintaining inter-band isolation. 60 GHz elements are expected to be highly susceptible to distortions from asymmetries in the module.  Tight integration with lower frequency antennas has significant impact to performance and prevents effective beamforming.

Observation 1:	Overlap of the patch antenna active areas cannot be avoided, that hinders maintaining inter-band isolation.
Observation 2:	Tight integration with lower frequency antennas has significant impact to performance and prevents effective beamforming.
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A large number of additional elements mandates additional cores for transmission line fan-out.  mm-Wave modules are required to use a high aspect ratio in order to avoid excessive growth in product thickness.  However, this creates significant limitations in fan-out and bottlenecks in routing.  
This is particularly true for multi-band designs, where bump placement is often clustered by band.  In some commercially shipping devices, transmission-line spacing for low loss designs is on the order of 0.3 - 0.4 mm.  Even assuming optimal bump placement, the maximum routing channel would support less than 12 transmission lines in each direction.  Therefore, an 8x2 array of dual-polarized elements is expected to mandate an additional 2 routing cores within the module. 
Observation 3:	The maximum routing channel would support less than 12 transmission lines in each direction.  An 8x2 array of dual-polarized elements is expected to mandate an additional 2 routing cores within the module
A key aspect component of cost-effective mm-wave module implementation is designing to minimize the layer count within the module. Many commercially available designs place the core in the antenna layers to minimize the layer count, as core layers can be significantly thicker than prepreg layers.  The thicker layer enables larger separation to ground, which corresponds to better radiation efficiency in a given layer count.  However, the additional routing layers would be at risk to drive the PCB core out of the antenna stack-up.  This could trigger further increases in module layer count in the antenna layers, even beyond those required to increase the number of stripline layers.
Observation 4:	A key aspect component of cost-effective mm-wave module implementation is designing to minimize the layer count within the module.
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Figure 2: Element Gain vs. Spacer Height


Optimal spacer thicknesses are significantly lower than those for FR2-1 frequencies, which creates a challenge for unified optimization.  Furthermore, there are additional challenges to performance posed by FR2-2:
· Due to electrical thickness of device materials, strong frequency-dependent lensing and cavity effects can occur in the 60 GHz band.  Even with spacer optimization, gain and radiation patterns can show significant sensitivity across the band.  
· Patterns are also expected to be easily perturbed due lensing and cavity effects - small asymmetries translate to large pattern distortions.  This is expected to be even more pronounced in co-located configurations with FR2-1 antennas
Lensing effects can create limitations in scanning range that also exhibit frequency-dependent behaviour. Furthermore, the limitation in scanning range due to the lensing effect will impact the spherical coverage.
Observation 5:	Due to electrical thickness of device materials, strong frequency-dependent lensing and cavity effects can occur, which translated to pattern distortions and limitations in scanning range.
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Figure 3: H-Plane and E-Plane at 60 GHz, 65 GHz and 70 GHz with different spacing


Although 28 GHz and 39 GHz bands can perform at minimal spacing, this is not an option at 60 GHz where increased spacing is mandatory in order to achieve optimal gain. This is because the antennas at minimum spacing excited significant power in guided modes in the cover glass material.  While peak gain values may be within target ranges in simple models, the distortions in the radiation patterns results in designs that are not sufficiently robust for product integration. 
Observation 6:	While peak gain values may be within target ranges in simple models, the distortions in the radiation patterns results in designs that are not sufficiently robust for product integration. 
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Figure 4: H-Plane and E-Plane for single antenna and 2x2 antenna array with 4x4 and 6x6 mm2 cavity
Figure 4 shows the H-Plane and E-Plane with single antenna and 2x2 array considering different cavity. At optimal spacing, cavity effects due to asymmetry in element positions produces pronounced distortions in the radiation patterns. These results show very simplified simulation with FR2-2 antenna only, the integration of the FR2-2 antenna with FR2-1 will make the distortion of the radiation pattern even worse. The simulation results show that in the H-Plane that the lensing effect due to the material electrical thickness produces serve distortion limiting the scanning range and preventing achieving sufficient peak gain. 
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Even at optimal spacing, cavity effects due to asymmetry in element positions produces pronounced distortions in the radiation patterns. In this figure it is possible to see that the increasing narrow scanning range the beams become more difficult to distinguish.
Power consumption is another key factor when implementing UE handheld devices. On top of the challenges in terms of the antenna integration between FR2-1 and FR2-2, the increase of antenna elements requires additional RF components per chain (e.g., power amplifiers and low noise amplifier), impacting on the overall power consumption and on the increase of the area design for the UE.
In this contribution, we have highlighted the implementation challenges on the UE antenna elements at 60 GHz and on the integration when introducing larger number of co-located antenna elements to support FR2-2. The simulations results have shown that increased spacing is mandatory in order to achieve optimal gain at 60 GHz and how strong frequency-dependent lensing and cavity effects can occur, resulting in pattern distortions which are not sufficiently robust for product integration. Due to these challenges, we propose to limit the number of antenna elements to 4 for handheld UE and further discuss the number of antenna elements for other UE types.
Proposal 1:	RAN4 should limit the number of antenna elements to 4 for handheld UE type and further discuss the number of antennas for other UE types.
3	Conclusion

In this contribution, we have highlighted the implementation challenges on the UE antenna elements at 60 GHz and on the integration when introducing larger number of co-located antenna elements to support FR2-2. 
In summary, we have made the following proposals and observations:

Observation 1:	Overlap of the patch antenna active areas cannot be avoided, that hinders maintaining inter-band isolation.
Observation 2:	Tight integration with lower frequency antennas has significant impact to performance and prevents effective beamforming.
Observation 3:	The maximum routing channel would support less than 12 transmission lines in each direction.  An 8x2 array of dual-polarized elements is expected to mandate an additional 2 routing cores within the module
Observation 4:	A key aspect component of cost-effective mm-wave module implementation is designing to minimize the layer count within the module.
Observation 5:	Due to electrical thickness of device materials, strong frequency-dependent lensing and cavity effects can occur, which translated to pattern distortions and limitations in scanning range.
Observation 6:	While peak gain values may be within target ranges in simple models, the distortions in the
Proposal 1:	RAN4 should limit the number of antenna elements to 4 for handheld UE type and further discuss the number of antennas for other UE types.
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