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1. Introduction
At the last RAN4 meeting (RAN4#84bis in Dubrovnik) the procedure required to derive the OTA reference sensitivity level for FR2 UE was discussed without consensus. In general, the capability to receive transmissions with weak signal levels is determined by the system noise figure, Fsys and array gain, Gsys. Assuming Fsys being the noise figure per branch and Gsys being the array gain, results in describing the lower bound of achievable sensitivity performance. Careful considerations are needing to determine a minimum requirement level for OTA reference sensitivity. If not, the requirement will be a very tight requirement describing the up bound on performance for a specific implementation.    
In this contribution we present a more thorough analysis on how EIS relates to array size and other aspects relevant for FR2.

2. Discussion
This contribution presents an overview of array antenna theory with focus on power gain achieved using beamforming and related losses for non-ideal array antenna implementation.
An array antenna consists of N antenna elements, where each element is routed to receiver front-end branch. For the down-link, the array gain is created in a summation point where signals and noise from all receiver branches, as showed in Figure 2.1. The principle architecture is just an example, different types of implementations exists with respect to the locations of frequency down-conversion and analogue-to-digital conversions. 
[image: ]
Figure 2.1: Principle architecture 
For simplicity it is assumed that all branches are equal in terms of GE,n, G1,n, F1,n. Also, all amplitude weights are set to wn=1. 
With these assumption, EIS can be determined as:

		(Equation 1)
, where B is the bandwidth in Hz, F is the noise figure per receiver branch in dB, N is the supported number of array elements per polarization and GE is the element gain. 
The signal-to-noise ratio at the detector (SNR) is associated to a link quality threshold part of the sensitivity requirement. It is proposed to use 95% throughput for defined type of signal, referred to as fixed reference channel (FRC), as the link quality threshold. This threshold directly relates to a SNR value. Currently, the SNR is not determined for the NR FRC signal but -1dB per baseband channel is used as working assumption. 
Equation 1, gives a lower bound in EIS, for an implementation assuming N, F and GE. This model mandates certain implementation by hard wire the element separation to 0.5. Also, it does not capture scan-loss and system noise figure properly.    
Since RAN4 now is deriving a minimum requirement EIS level (maximum EIS level in absolute terms) as reference to other down-link requirements it is crucial to understand the background. The minimum requirement level will be set as the bore-sight direction as well in other directions, therefore the spatial aspects of EIS needs considerations. Also, at higher frequencies losses due to material and tolerances cannot be neglected. 
The simplified model used in Equation 1 is therefore expanded:

		(Equation 2)
, where GE=DE-LE (according to IEEE in [5]), DE is the element directivity, LE is the dissipative loss in the element, LS is a directivity scan-loss factor due to steering, LR is a loss factor related to radome losses, LP is a polarization loss, LRDN is a transmission loss in the feeder network aka RDN due to transmission loss and matching loss and LC is a combination loss, due to non-perfect coherent combining. 

2.1 Array Antenna Geometry
In the summation point the coherent combining of the wanted signal and non-coherent combining of the noise results in a directivity growth of 10log(N), where N is the number of branches. However, this is only true for element separation equal to 0.5, assuming perfect combination of the wanted signal. Due to mutual coupling effects in the array antenna, the element directivity DE at 0.5 separation must be considered, as described in TR 38.803, Annex C. 
The half-power beam-widths (e.g. BWv as the vertical half-power beam-width and BWh as the horizontal half-power beam-width) can be used to estimate the element. Assuming 90 degrees symmetrical half-power beam-widths (e.g. a typical patch element), the element directivity is 6 dBi. The dissipative loss LE, for a patch element designed in materials suitable for a handheld UE is in the range 0.5 to 1 dB for array antenna operating at 28 GHz. 
Since elements are located close to each other the radiation characteristics for individual elements will not be the same in the whole array. When elements are placed at their dedicated location in the array the radiation pattern will be distorted due to mutual coupling. That means the element directivity, 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 will resulting in less spatial selectivity due to growth of grating lobes. On the other hand, for an array with a separation equal to or smaller than 0.5will result in increased losses due to mutual coupling.
Generally, the maximum steering without grating lobes can be expressed as:

		(Equation 4)
, 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 effects will occur creating a grating lobe response. Therefore, the element separation often is set 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. The element directivity is dependent on the element aperture which is of course affected by the element spacing, i.e. a 0.7 element cannot be spaced at 0.5. Hence the interaction between element separation and element radiation characteristics is a delicate challenge to resolve. 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 but maybe more important is that 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. 

2.2 [bookmark: _Hlk498070342]Polarization
To secure the receiver characteristics, the polarization properties need to be taken into account. A UE for NR FR2 is mandated to have two receiver chains [1] however it is not mandated those two paths are connected to antennas with orthogonal polarisation. Diversity performance could rely on polarization diversity as well as pattern diversity. One could argue polarization diversity has advantages in a real environment for mmWave since the line-of-site is stronger. However, in a rich environment e.g. the indoor case the antenna systems designed for pattern diversity is advantageous. A simulation of two antenna systems in a real environment, designed for polarization diversity respectively for pattern diversity, was shown in [3]. Taking the relative small difference between the two antenna systems into account and the fact that antenna design and configuration are tightly connected to UE form factor and industrial design it was suggested to leave as much as possible freedom to the device manufacturer when it comes to antenna configuration. Having said that, it is strongly recommended to define the conformance test in a way not being disadvantageous for any of the antenna design principles. Further aspects of polarization is described in [2].

2.3 Beam Pointing Loss
For systems operating with a set of fixed beams the directivity for a certain direction is varying depending if the direction is aligned with beam peak direction or to the crossing between beams. This is referred to as beam pointing loss. The beam pointing loss is a consequence of switching between a fixed set of beams, which is often used for analogue, pre-coder based beamforming at millimetre wave frequencies. The beam pointing loss depends on the number of beams and how they are placed to create coverage within the full sphere. Especially when the UE has to switch from one antenna array to another antenna array, maybe in another location at the UE, the drop can be substantially. For the test of peak EIS (or EIRP) this will not be an issue but rather for the spherical coverage (CDF test).

2.4 Distribution Loss
For traditional measurements (LTE and FR1) the reference plane is defined in the RF connector at the transceiver. The transmission loss (including matching and insertion loss) due to the feeder transmission line between the transceiver and antenna is not considered.  However, for integrated FR2 UEs, without any access to the antenna reference point or RF connectors, these losses must also be considered being part of the implementation. For UEs operating at millimetre wave frequencies the transceiver electronics is tightly integrated with the array antenna. Even though, the transmission losses between single element and the transceiver cannot be seen as neglectable. For the UL this could be compensated with a higher power from the power amplifier, even though there are a lot of challenges involved such as heat issues etc. For the DL there is no such way to compensate.

2.5 Combination Loss
For the analogue or digital down-link beam forming, the array gain is achieved by adding signals from multiple antenna branches together coherently. The foundation for doing this coherent power combination, is that the system amplitude and phase characteristics is known. At 28 GHz, where analogue beam-forming is used, the output SNR is proportional to N/F in the ideal case assuming perfect coherent signal combining. But due to imperfections, such as impedance matching variation between branches, an implementation margin is required. This is was studied in [4] where it was found that the combination loss is typically in the range of 0-1 dB. 

2.6 Plastic Loss
The plastic loss or radome loss has been discussed a lot. The plastic materials often have dielectric properties with high relative permittivity constant (3.5 or higher). 
As a general rule for housing design is that it should be invisible at the frequency of design. Industrial design may often be in conflict to this. The signal loss due to the housing can be split up in three main contributions; dissipative loss, reflections loss and directivity loss. The dissipative loss is associate to the selected housing material parameters. Typically, this loss is in the range of 0.2 to 0.5 dB for 28 GHz. The reflection loss depends on material, surface smoothness and mechanical tolerances. Typically, this loss is in the range 0.5 to 1 dB for 28 GHz. The last loss factor will change the directivity as function of steering angle. This effect is often referred to the defocusing effect and result in scattering of the lobe pattern and increase of grading lobes. The peak gain in the very best direction may not be affected very much but there will be a ripple in the spatial domain of 2 – 5 dB compared to no housing. 

3. Conclusion
In this document we have discussed different aspects of antenna design for UE handsets for NR mmWave (FR2) in general and the impact on REFSENS EIS in particular. We have found that further discussion on REFSENS in general and REFSENS test methods are needed.  
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