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1. Introduction

A new release 9 work item [2] for extending Release 8 single-layer beamforming to dual-layer transmission was approved during the recent RAN Plenary meeting. In order to progress this work item we discuss here several issues related to the performance of the release 8 beamforming feature and its evolution to dual stream transmission. After describing the system model and baseline performance in section 2 we analyse the impact of imperfections such as channel estimation errors and calibration errors from base station in section 3 and finally in section 4 we analyse the performance gains for release 8 type of multi user beamforming.
2. System Performance
Single-layer beamforming has been considered mainly as an enhancement for the cell-edge user performance. Dual stream beamforming can then be seen as a throughput enabler for users experiencing good channel conditions. In favour of this evolution from single to dual layer beamforming plays also the usage of cross polarized antenna arrays as those can typically reduce the antenna array size compared to arrays using single polarised antenna. Due to the low correlation between different polarizations it is believed that arrays based on cross polarized antenna, under typical radio channel conditions, will have at least two strong MIMO sub channels. To maximize spectral efficiency under these conditions dual layer transmission is needed. So enabling dual layer transmission can be seen as a natural evolutionary step to exploit the full benefits of beamforming with dual polarised antenna.
To evaluate the performance gain from dual layer beamforming operation we have performed a number of different simulation studies. First of all we address the spatial selectivity of the interference in case of beamforming. This is an important issue as it has decisive impact on the performance. Figure 1 REF _Ref224756029 \h 
 illustrates how the spatial interference selectivity for different antenna spacing varies as predicted by the 3GPP agreed SCM channel model [1]. From the figure we observe that the typical arrays used for beamforming (λ/2 spacing) show important spatial interference selectivity. To predict the proper performance one has to take this into account in the system simulations.

[image: image1]
Figure 1 The mean interference for different antenna spacing as seen by a user moving around an antenna array of 4 single polarised antenna with omni-directional antenna pattern. Active user is situated a 0 degree and transmitting with eigen based beamforming. Radio channel is modelled with 3GPP SCM [1].
As it requires enormous amount of computing power to run system simulations with sufficient number of sites, users and online SCM modelling for all interfering links we have applied a slightly different modelling approach to analyse the performance of dual polarised antenna arrays with λ/2 antenna spacing and altogether 8 antenna in horizontal direction of the array.

Basically we use a model based on the traditional approach to beamforming where several standard antenna patterns are supposed with complex weights in order to create the resulting beamforming radiation pattern. The complex weights are determined according to the direction of arrival (DoA) for the UE (see [3] for further details). Having created the beamforming antenna pattern towards the desired UE, two spatially uncorrelated fading channels, one for each polarization direction are simulated. Rel-8 2x2 code book is used to precode the transmission on the two beams. Precoding matrix selection and transmission rank is determined as in Rel-8 2x2 DL CL MIMO (based on DL CRS, two CRS port configured, one for each polarization).
In Table 1 the resulting spectral efficiencies are shown. Most notable is the gain from single to dual stream beamforming of around 8 %. Analysing the results we realise that the low gain is due to the bursty interference which arises from the spatial interference selectivity and rapid change of beamforming patterns due to scheduling. This makes it difficult to determine transmission rank properly and cell edge spectral efficiency is even impacted negatively giving a 22% loss when going from single to dual stream. If one considers more conservative rank adaptation algorithm it will be possible to reduce the cell edge loss but that will also reduce the gain in mean spectral efficiency from having the dual stream.
	
	Mean cell spectral efficiency [bps/Hz/cell]
	Cell edge spectral efficiency [bps/Hz/cell]

	2x2, dual stream closed loop MIMO with rank adaptation (Release 8)
	1.52 (0%)
	0.57 (0%)

	8x2, single stream BF (Release 8)
	1.92 (26%)
	1.01 (75%)

	8x2, dual stream BF with rank adaptation
	2.05 (35%)
	0.79 (39%)


Table 1 Spectral efficiencies for beamforming with λ/2 antenna spacing and dual polarised antenna.

Beamforming performance depends on the assumptions of radio channel. To analyze the beamforming gain in radio channels with high azimuth spread we have also investigated the case where transmit antennas are uncorrelated. For the SCM radio channel transmit antennas are close to uncorrelated at 4λ spacing and above. From  REF _Ref224756029 \h 
 we can also see that there is little spatial interference selectivity in the case of 4λ spacing. When antennas are uncorrelated we need frequent update of the precoder in order to maintain beamforming gain. When all 8 transmit antennas are uncorrelated then we expect significant gain from adding the second stream and this is also what we observe from the simulation results given in Table 2. We note that the beamforming simulations are assuming near to perfect channel knowledge at the transmitter (5 ms SRS periodicity) and no calibration and channel estimation error. The impact of imperfections will be analysed in next section.
	
	Mean cell spectral efficiency [bps/Hz/cell]
	Cell edge spectral efficiency [bps/Hz/cell]

	2x2, dual stream closed loop MIMO with rank adaptation (Release 8)
	1.52 (0%) 
	0.57 (0%)

	8x2, single stream BF (Release 8)
	1.75 (15%)
	0.87 (53%)

	8x2, dual stream BF with rank adaptation
	2.21(45%)
	0.85(49%)


Table 2 Spectral efficiencies for beamforming with 4λ antenna spacing and dual polarised antenna.
3. Imperfections

In the following we analyse the performance impact by considering different imperfections into account. Different approaches to beamforming need different error analysis but in general errors can be categorised as follows:

· Channel estimation errors: Estimating radio channel parameters from UL sounding transmission in the presence of noise and interference can not be done perfectly. The channel estimation errors will depend on the signal to noise and interference ratio and this parameter is to be estimated.
· Calibration errors: These are modelling the possible mismatch between DL and UL transceiver chains. These errors need to be accounted for when considering reciprocity in TDD, which is when using UL channel state measurements to represent the DL channel state. In case some form of calibration is implemented to handle the mismatch between DL and UL transceiver chain this error can be reduced. Else this error could be important. Note that as shown in [4], the UE calibration error is not sensitive to the performance of channel reciprocity based short-term beamforming, hereby mainly the calibration error at base station due to imperfection is considered.
· SRS transmission rate: Sounding symbols are not transmitted in the whole band every TTI for all UEs for all antennas. If maintaining an estimate of the full channel state this can only be updated according to the sounding transmission. Under typical conditions it will be difficult to achieve update period less than 10 ms.
To estimate accurately the performance of beamforming it is important to take into account these three types of imperfection. For uncorrelated transmit antennas, beamforming gain can only be obtained by adapting the beamforming vector to the short term channel state. In this case performance is especially sensitive to different errors. We use following equation to map the ideal CSI to a measured CSI.
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The variable delay is fixed to 10 ms. The term herror is given by the following equation:
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As a simple approach, errors are modeled by independent normal distributed stochastic variables:
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: Normal distributed in radians with standard deviation of 0.05π. The value of this error is generated at the beginning of the snapshot and fixed during one simulation snapshot.
	
	Mean cell spectral efficiency [bps/Hz/cell] and gain over 
	Cell edge spectral efficiency [bps/Hz/cell]

	2x2, dual stream closed loop MIMO with rank adaptation (Release 8)
	1.52 (0%) 
	0.57 (0%)

	8x2, single stream BF (Release 8)
	1.38 (-9%)
	0.56 (-1%)

	8x2, dual stream BF with rank adaptation
	1.81 (19%)
	0.63 (9%)


Table 3 Spectral efficiencies for beamforming with 4λ antenna spacing when imperfections are taken into account. 
In Table 3 we show the obtained spectral efficiencies when including the imperfection model. From this we can see that beamforming gains are reduced dramatically when taking imperfections into account.
For the beamforming with λ/2 spaced arrays we rely mainly on long term statistics of the channel (DoA), so this approach is less sensitive to measurement and calibration errors as those errors can be reduced by filtering. In the simulations shown above already a 5 degree normal distributed error in calculating DoA is applied, the impact to the results of this error have been found to be negligible. Moreover the precoding applied in between polarization directions for beamforming with λ/2 spaced arrays is based on Rel-8 2x2 DL CL MIMO solution which is not sensitive to calibration error.
4. Multi User Beamforming System Performance

Dual layer beamforming targets single user throughput increase. When it comes to cell capacity our studies show that multi user beamforming will have some additional benefits. Multi user beamforming is already supported in LTE Rel-8 as two or more UEs in transmission mode 7 can be scheduled to the same PRB. In case grid of beam (GoB) type of beamforming is applied there will be good attenuation between different users allocated to different beams so the performance of DRS based channel estimation at the UE is not impacted, at the same time the effective DRS density per user is not reduced which would have been the case if LTE-A type of orthogonal DRS is used. The dominant interference source for most of the users will still be inter-cell interference. 
To make a rough estimate of the capacity gain from Rel-8 based MU beamforming we have simulated a GoB type of setup where 4 antennas are used to create 4 orthogonal beams covering one sector (see Figure 2). MIMO precoding is applied between overlapping beams in different polarisation directions. 
Users are dropped in the simulation area with uniform probability distribution. The number of users per sector is constrained to be 10 users so if a user is dropped and selects a sector with already 10 users then the user will be redropped. With this methodology there will be a varying number of users per beam, in case no users are active in a beam the PDSCH resources on this beam remains idle. 
Simulation results are given in Table 4. From these results we can see that if MU technology is deployed, Rel-8 type of MU beamforming can provide important gains. These gains should be used as baseline for evaluating other MU techniques. Note also that due to the high multi user order:

· UE SINR is relatively low so there are only few UEs using rank 2 transmission. This means that the MU gain shown does not depend much on the support of dual layer transmission. Similar to other schemes increasing the frequency reuse, low SINR is over compensated by the increase in UE bandwidth.
· Interference is stabilized and flashlight effect is reduced so CQI has higher correlation with the actual channel quality.

· Channel aware scheduling gain is reduced due the low number of users per beam, in case more users are simulated the performance will improve.

[image: image7]
Figure 2 Beam patterns for 3 sector site where 4 antennas in each sector are used to create 4 orthogonal beams.

	
	Mean cell spectral efficiency [bps/Hz/cell]
	Cell edge spectral efficiency [bps/Hz/cell]

	2x2, dual stream closed loop MIMO with rank adaptation (Release 8)
	1.52 (0%) 
	0.57 (0%)

	8x2, Grid of Beams + dual layer transmission (Release 9)
	3.2 (112%)
	0.82 (58%)


Table 4 Cell spectral efficiency for non-MIMO release 8 system and gains for Rel-8 MU beamforming.
5. Conclusions

In this contribution we analysed the performance of Release 8 single layer beamforming and its extension to dual layer. It was highlighted that SCM channel model predicts important spatial interference selectivity when antenna spacing is λ/2. Spatial interference selectivity (flashlight effect) impacts the predictability of the UE SINR and makes it challenging to do fast rank adaptation. The system simulation results shows that gain from enabling dual layer in case of λ/2 arrays is 8 % and due to difficulties in doing proper rank adaptation cell edge performance is reduced by 22 %. Under ideal assumptions, the cell spectral efficiency gain of enabling dual layer beamforming is more important when transmit antennas are assumed uncorrelated (26%).
After giving the spectral efficiency of beamforming under idealistic assumptions with correlated and uncorrelated transmit antenna we analysed the impact of imperfections in the case of uncorrelated antennas. It was shown that beamforming gain in this case is very sensitive to imperfections. Dual layer beamforming cell spectral efficiency gain over Rel-8 2x2 CB MIMO was reduced to 19% (ideal case 46%).
Finally MU beamforming gain was analysed. It has been shown that existing Rel-8 multi user beamforming can provide important capacity gains while maintaining Rel8 DRS density for all users. These capacity gains should be used as baseline for evaluating other MU beamforming techniques for Release 9 inclusion.
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Appendix - System simulation assumptions

	Parameter
	Assumption 

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Inter-site distance
	500m

	Distance-dependent path loss
	L=128.1 + 37.6log10(.R), R in kilometers

	Lognormal Shadowing
	Log Normal

	Shadowing standard deviation
	8 dB

	Correlation distance of Shadowing
	50 m

	Shadowing correlation
	Between cells
	0.5

	
	Between sectors
	1.0

	Penetration Loss  
	20dB

	Antenna pattern [4] (horizontal)
(For 3-sector cell sites with fixed antenna patterns)
	θ3dB= 70 degrees,  Am = 20 dB 

	Carrier Frequency / Bandwidth
	2.0 GHz

	Channel model
	Typical Urban (TU)

	UE speeds of interest
	3km/h

	Total BS TX power (Ptotal)
	46dBm - 10MHz carrier

	Minimum distance between UE and cell
	>= 35 meters [7]

	PS Algorithm
	Proportional fair

	rank adaptation
	Dynamic

	Control channel
	3 OS (including some common reference signals)

	Reference signal configuration
	CRS: Port 0 and 1 enabled

DRS: 12 RE per PRB for single layer beamforming, 6+6 RE for dual layer.

	UE Channel estimation 
	Ideal

	CQI reporting
	Ideal

	Sounding configuration
	Wideband sounding, 5 ms period, antenna switching on
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Figure 3 Illustration of the UE specific beams used for modelling beamforming with λ/2 spaced arrays. The input antenna patterns are as defined by 3GPP. Beams are generated assuming 5 degree radio channel azimuth spread.
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