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1 Background

Beamforming at the BS sites is an essential and necessary part of NR, but it can also be beneficial at the UE for both UL and DL transmissions. In this contribution we show the gains that can be achieved by applying UL beamforming in terms of an increased wanted signal power at the BS and reduced interference to other BS. A study has been conducted at 15 GHz using measured antenna patterns of an array implemented in a prototype of a smartphone form factor. The antenna measurements have been made by Sony Mobile.
UE implementation of multiple antennas is feasible if the device is large compared to the wavelength. Already today 4RX antenna ports are specified for LTE and are considered feasible for high bands in typical UE form factors (e.g. above 1.7 GHz), although some form factors could support more than two ports also at lower frequencies. 
Devices are large in terms of wavelengths at 15 GHz and potential NR bands above 24 GHz:

· elements get more directive compared to around 2 GHz;
· a single element will not offer omnidirectional coverage;
· the use of multiple elements with beam patterns pointing in different directions and with different polarizations will improve link budget and offer omnidirectional coverage.
Moreover, distributed PAs are likely to be used since the losses by the feeder networks will be reduced, and integration of radio and antennas is likely so UL/DL coherency within the RFIC can probably be achieved with sufficient accuracy (CSI acquisition relies on coherency).

In this study we have considered 4 and 8 antennas at the UE. Although the results are obtained at 15 GHz, the benefits of UL beamforming will also be seen above 24 GHz. The results for 4 antennas may be particularly interesting for use of beamforming below 6 GHz if physical dimensions are scaled with the wavelength.
2 Prerequisites for simulation of UL beamforming
The purpose of this study has been to indicate the ballpark gains of UL beamforming and how these gains change under different channel conditions, precoding and CSI feedback. The metrics for evaluation are the increase of the wanted UL signal power at the connected BS and any interference reduction seen at the other BS.
The channel model is as follows: each realization of the channel is a superposition of
· Nray pairs of rays

· a pair of rays is a model of a path between the BS equipped with two orthogonally polarized antennas (or rather beams) and the UE

· each ray is dual polarized with the two polarizations subject to independent Rayleigh fading 

· the angle-of-arrival AOA (= AOD) is randomly selected per pair; the azimuth distribution is uniform  [image: image1.png][-180°1807]



and the elevation angle is uniform  [image: image2.png][60°90°]



 (see description of the UE antenna patterns below)
· all antennas on the UE see the same type of channel but channel responses differ due to different locations, orientations and polarizations for the UE antennas, which means that different UE antennas see different sub-channels.
Furthermore, a channel realization consists of a set of 1, 10 or 50 pairs of rays. Each pair has the same direction (assuming dual polarized BS antenna) but the polarizations are subject to independent fading modeled as a complex Gaussian. The directions for the pairs of rays are independent from each other. The received signal per UE antenna is the coherent sum of the antenna responses for all rays, see Figure 1.
[image: image3.png]



Figure 1: received DL signal as a coherent sum of dual-polarized rays.
In the frequency domain a block fading channel has been assumed with either 1 block (narrowband) or 25 blocks, where the fading is independent between the blocks. The total power over all the block(s) is observed at the BS. 

The precoding for UL transmissions is based on either reciprocity or feedback. We assume that the hardware is reciprocal w r t UL and DL. 
For reciprocity the following precoders are evaluated for transmission based on reciprocity:
1. Maximum ratio transmission (MRT) for which the precoder [image: image4.png]Wy RT



 is the eigenvector corresponding to the largest eigenvalue of the channel correlation matrix

2. Phase-only (PO) precoding with [image: image5.png]1 1
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 is the number of UE antennas, i.e. the phase-only precoder is constant modulus where the phase component is given by [image: image7.png]Wy RT



 
3. Antenna selection (AS): select the strongest antenna per block  
For reference, the performance for a single isotropic antenna is evaluated.
The precoder codebooks for closed-loop beamforming have been defined for rank = 1 only, where the constellation is based on QPSK, i.e. four different phases and equal amplitude. Two types of precoders have been devised:
1. Codebook type 1 for no correlation between antennas (channels), antennas
2. Codebook type 2 for a combination of full correlation and no correlation between antennas (channels), the codebook sizes 16, 32 and 64 evaluated for 4 and 8

Two types of power distribution (PA configuration) have been evaluated:
1. Common resource (Com), the total output power is limited

2. Distributed resource (Dist), the total output power is equally shared between antennas; the available, but not necessarily used, output power per antenna in this case is [image: image8.png]Ptot/nyg




The precoders are normalized such that the magnitude is unity for common PA, whereas the maximum magnitude per PA is 1/sqrt(nUE) for distributed PAs. The total output power is the same no matter the number of antennas; the radiated power depends on the precoder configured and the PA configuration. The distributed resource is more likely at mm-wave frequencies with the PA closer to the antenna in order to reduce feeder losses, see Figure 2. The PO precoder is designed with this architecture in mind.
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Figure 2: the PA architectures considered in the study.
The UE prototype is of a smartphone form factor as shown in Figure 3 with the antennas indicated by the blue circles along the y-axis.  
[image: image10.png]



Figure 3: antenna arrangement on the UE.
A sample pattern of one of the eight antenna elements is shown in Figure 4 for the two polarization planes. The black rectangle indicates the evaluation area considered in this study: the pairs of rays in the channel model are launched such that the AOA in the DL (AOD in UL) is uniform [image: image11.png][-180°1807]



in azimuth and uniform in [image: image12.png][60°90°]



 in elevation. 
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Figure 4: sample pattern of one of the UE antenna elements.

Shadowing by a user (taking the measurement) is also noticeable: encircled in red is the area where the user is shadowing, which leads to a lower gain measured roughly between 240 and 300 degrees in azimuth. 
The metric for evaluation is the total power in the UE at the 50% level. Figure 5 shows the results at line-of-sight (LOS) for which the direction for one pair of rays (the direct path) uniformly distributed in the evaluation area indicated in Figure 4. The precoding is based on reciprocity. The median gain relative to the “maximum element gain” is 7.5 dB and we observe a 0.8 dB difference between MRT and PO precoding. 
The dotted curves indicate the performance in the shadowed region between 240 and 300 degrees azimuth, the gain is then lower than that achieved by a theoretical isotropic antenna (only a single antenna at the UE).
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Figure 5: performance at LOS.
3 UL beamforming gains with eight UE antennas
Next we show results in various scenarios with different number of rays (directions) per channel realization, number of blocks (fading) in frequency and precoding. For the latter we also introduce a channel information degeneration in terms of a rotational and a phase error. The former is a UE rotation with regard to the optimal precoder configured by the channel estimation, and modeled as normally distributed with zero mean and standard deviation per angle of 0, 1, or 10 degrees (the UE is rotated before the optimal precoder is used for UL transmission). The phase error is assumed to be normal distributed with zero mean with a standard deviation of 0 (no error) or 30 degrees in the results shown below, and is independent between all radio branches and channel realizations.
Besides the wanted signal to the connected BS we also evaluate the signal received by interfered BS. The precoder for the desired signal is selected based on channel knowledge between the serving (connected) BS and the UE, while the UL received power per antenna at the interfered BS is estimated by a making a random channel realization (including direction of rays) given the selected precoder for the desired signal. The average channel gain is the same for all channel realizations allowing relative comparison between signals received. No interference suppression/rejection assumed at the interfered BS.

In all scenarios considered we assume two BS “beams”, i.e. two orthogonal polarizations each with a set of DL RS (two ports), while the number of UE antennas are either 4 or 8. MRC combining is used in the BS receiver. Only single-layer UL transmission is considered (one stream), and the codebook size is always 32. Recall that the AOA (=AOD) of the rays at the UE is uniform [image: image15.png][-180°1807]



in azimuth and uniform  [image: image16.png][60°90°]



 in elevation as described in Section 2. The scenarios considered are summarized in Table 1. 

Table 1: scenarios
	Scenario
	Number of pairs of rays

(Nray)
	Number of fading blocks in frequency
	Phase error (Degrees)
	Rotational error

(Degrees)

	1
	1
	1
	0 or 30

	0

	2
	1
	1
	
	1

	3
	1
	1
	
	10

	4
	10
	1
	
	0

	5
	50
	1
	
	0

	6
	50
	25
	
	0 

	7
	10
	1
	
	1

	8
	10
	1
	
	10

	9
	1
	25
	
	10

	10
	1
	25
	
	0

	11
	10
	25
	
	0


The results for are shown in Figure 6 for all scenarios with 8 UE antennas and a zero degree phase error (but with a rotational error for each scenario according to Table 1). The graphs show the received power level at the 50% level normalized to the total output power of the UE (with the average channel gain of unity).  Single PMI and Multiple PMI refer to feedback-based precoding; the precoding granularity is the same as that for the fading blocks (see Section 2 for an explanation of the notions of reciprocity based precoding).
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Figure 6: results for the scenarios with an assumed phase error of 0 degrees.

First we note that the gain of the wanted signal is almost 2 dB for the isotropic antenna for all scenarios, this is close to the theoretical result for MRC combining of two independent exponentially distributed outcomes (one per polarization) with a mean of unity. 
In general we observe that 
· the UL beamforming results in significant gain for the serving BS and reduced interference at other BS compared to the isotropic antenna. The interference increases when the channel gets richer (e.g. scenario 6) 

· the wanted signal is very sensitive to large (10 degree) rotations. 
Moreover, the reciprocity-based schemes outperform the feedback based. Multiple PMI gives improved performance than Single PMI in scenarios for which the number of fading blocks is 25. Note that the codebooks are designed for, and with an assumed, distributed PA architecture so it is relevant to compare the feedback-based schemes with PO.
The corresponding results for a 30 degree phase error are shown in Figure 7. Then we observe some reduction in the wanted signal, whereas the interference is unaffected as expected. 
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Figure 7: results for the scenarios with an assumed phase error of 30 degrees.

The results are obtained above at 15 GHz, but it is expected that similar observations can be made above 24 GHz.
4 Four UE antennas 
Next we look at the performance with 4 UE antennas for the cases in Table 1 assuming the same UE output power. Figure 8 shows the results with a zero phase error. Comparing with the results displayed in Figure 6 for 8 antennas we note an expected decrease in the wanted signal level but the interference is almost the same. 
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Figure 8: results for the scenarios with an assumed phase error of 0 degrees (4 UE antennas).

These results are obtained at 15 GHz but it can be expected that similar performance gains can be seen at lower frequencies if physical dimensions are scaled with the wavelength. Hence UL beamforming can give performance gains below 6 GHz using four UE antennas, which is already specified for the RX for bands around 2 GHz.
5 Conclusions

In this contribution we have demonstrated the gains that can be achieved by applying UL beamforming in terms of an increased wanted signal power at the BS and reduced interference to other BS. Simulations have been made using measured antenna patterns of an array implemented in a prototype of a smartphone form factor at 15 GHz. The evaluations thus obtained for 4 or 8 UE antennas show 
· a significant potential for an increased wanted signal power at the serving BS;
· that the interference reduction is significant at other BS for both reciprocity and feedback-based precoding schemes.
It is also observed that reciprocity-based precoding outperforms feedback-based precoding assuming reciprocal hardware.
Performance gains are also present using 4 UE antennas, which suggest use of UL beamforming also below 6 GHz with device form factors seen for LTE.
The results obtained at 15 GHz indicate that UL beamforming is feasible and should be considered for NR specification, both below 6 GHz for e.g. four antennas and above 24 GHz for a larger number of antenna elements.

