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1. Introduction
This document illuminates the promising usage of fixed and adaptive beamforming as a MIMO technique for increasing sector throughput.

Measurements have shown that the typical MIMO channel rank of macro cells tends to be low [1]. Additionally macro cells have to cope with low SINRs and often high UE velocities. 

Transmit beamforming based on long-term channel state information is therefore our proposed solution for spatial processing in wide area environments. This is also shown by many investigations (e.g. [2]). The achieved transmitter array gain improves the SINR at the receive side. Additionally interference to other cells is reduced as the directivity of resulting antenna patterns spatially concentrates the emitted power to certain angular ranges and thus reduces it for all other directions. 

The focus on long-term channel state information greatly reduces the required feedback rates and ensures robustness for high mobility.

To further exploit the channel properties and allow a proper low-rate feedback for long-term channel state information it is suggested to use correlated antennas (e.g. linear arrays with (/2 spacing) in conjunction with beamforming. With this setup spatial multiplexing, meaning multiple data streams to one user, will give not any benefits. For increased sector throughput it is suggested to extend beamforming with SDMA, meaning multiple data streams towards multiple users.
As a basic difference the transmit weights can either rely on a fixed set resulting in a codebook based linear precoding. Or the weights are computed freely without a codebook.

Both approaches will be further described below as fixed or adaptive beamforming. Their different requirements and properties are shown in section 2 and performance results are given in section 3.
2. Details of the suggested spatial schemes
2.1. Description of the fixed beams approach

The fixed beams can be formed out of steering vectors which form a suitable partition of a 120° sector. 
For transmission to a certain user the beam​forming vector v is chosen from a predefined static set of complex numbered antenna weights, so-called beams. In the case of one spatial layer the receive vector of each user and subcarrier has the following form:
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The weights are chosen from a fixed codebook
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 with I denoting the number of available beams. H is the MIMO channel matrix, p the square root of the transmit power, s the transmitted symbol and z the vector of interference plus noise.

The antenna weights vi (with non tapered beams) are calculated from the main beam direction (i of beam i and from the m-th transmit element position dm for all M elements, with k = 2(/( being the wave number, according to:
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A 4 (8)-el. uniform linear array with λ/2 spacing has the element positions 
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For a 120° sector for 4 antenna elements 8 beams are chosen with beam directions according to equal spacing in beam-space (resulting in equal beam crossing levels), which gives as beam directions (i  in degrees: {±49.3, ±32.8, ±19.0, ±6.2}
For N beams ld N feedback bits are needed to feed back the codebook index. Due to the correlated transmit antennas this feedback is suitable for the whole band and can be updated on low frequency as the adaptation is based on directions and not on fast fading. 

The antenna pattern for 4 transmit antennas in figure 1 below shows that 8 beams ensure almost full array gain over the whole sector.
[image: image6.png]nnnnnnnnnnnnn

il

A/



      
Figure 1 – Resulting antenna pattern for a 120° sector with 70° HPBW, 4 elements are used to form 8 beams

Tapering can be used on top of the antenna weights to improve the shape of the beam directivity pattern for SDMA. For the investigations Chebyshev tapering [7] was chosen as it is optimal in the following sense: For a given side lobe level, the width of the main lobe is minimized. When using SDMA with fixed beams, increasing tapering decreases cross-talk between side lobes and increases robustness due to beam mismatch. Tapering is not recommended for single stream grid of beams (non-SDMA) as lower side lobes are not needed there.
SDMA user selection is based on scheduling score and best beam index.  The score is based on CQI and a proportional fairness criterion [4]. Each physical resource block now is an independent instance for user allocation. The user with the highest score is allocated first.  When users and thus corresponding beams are allocated, neighbour beams on each side are blocked (The number of blocked beams depends on the scenario, the SNR and number of beams used.). Now the user with the second highest score will be allocated, except its corresponding beam is already blocked. This approach is continued until all users were checked or a desired maximum number of spatial streams (e.g. 2) is reached. 
On system level this approach was already used in [12] and shows that it performs well compared to other MIMO schemes.
2.2. Description of the adaptive beams approach
The proposed adaptive beams approach is especially tailored to scenarios where the long-term channel transmit covariance matrix 
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 tends to have one dominating eigenvalue. At the transmitter, the knowledge of the eigenvector x corresponding to the dominating eigenvalue of R is assumed to be available via feedback from the UE.
In order to be able to react to the fast fading conditions for scheduling the short-term channel quality information (CQI) is also required. 
The user selection per physical resource block is based on a greedy heuristic approach which takes into account proportional fairness for the scheduling resources [6]. For a certain resource block, the user with the highest scheduling score is selected first. To ensure spatial separability: The orthogonality between the eigenvector xk of this user k and all other users is now checked with the inner product of dominating eigenvectors xkH xi for user i with i ε [1,2, ..., N], i ≠ k, and N denoting the number of users. All users that are below a certain threshold T are candidates for transmission. From these candidates the user with the highest priority score is selected for joint transmission with user k.
For the weight design it is suggested to use a generalised eigenbeamforming approach, as also used in [8][9]. The weights v of a certain user k are designed to maximise the ratio of the wanted signal over sum interference caused to others:
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This problem can be solved as a generalised eigenproblem [10].
2.3. Requirements
As adaptive beams allow an individual design of weights, for the channel estimation they require dedicated pilot symbols.

On contrast to that: Fixed beams can also operate with common pilots per antenna. The UE knows the codebook and the chosen beam index and can thus combine the transmit weights v with the raw channel matrix H to obtain the effective channel H·v. (A possible weight mismatch, e.g. due to signalling errors can be handled with so-called ‘antenna verification’ techniques, e.g. [13]) On the other hand, the presence of dedicated pilots also improves the fixed beam performance, as the quality of the channel estimation will be improved by the beamforming gain on the dedicated pilot symbols.
Beamforming always benefits from array calibration [5]. Fixed beams can also be designed for the absence of calibration, but will suffer from performance loss. 
The complexity of UE receivers can be kept very low as proper NodeB processing can ensure to keep intra-cell interference caused by multi-stream transmission is made negligible by the interference reduction properties of transmit beamforming. Thus even very low complex and robust MRC reception can be used. (In the presence of coloured neighbour cell interference, the degrees of freedom of the receiver can then be used to reduce the inter-cell interference instead of having to deal with intra-cell interference, e.g. with optimum ratio combining [11].)
3. Simulation Results

Multi-link simulations are performed, based on the LTE parameter sets listed up in the appendix.
Table 1 below shows the system level performance of the fixed and adaptive beamforming schemes with and without SDMA for a large noise limited cell.
	No. Antennas
	Name of spatial scheme
	Number of (SDMA) streams
	 Throughput in Mbit/s 
	Gain vs. SISO 

	1x1
	SISO
	1
	4.64
	+0%

	1x2
	Rx Diversity
	1
	6.77
	+46%

	4x2
	Grid of fixed Beams
	1
	8.53
	+84%

	4x2
	Grid of fixed Beams
	2
	9.72
	+109%

	4x2
	Adaptive Beams
	2
	11.34
	+144%


Table 1 –Performance of investigated schemes
4. Conclusion

Beamforming gives large gains compared to the SISO case. SDMA additionally increases the sector throughput. Even in the SDMA case, low complex and robust UE receive combining techniques (e.g. MRC) can be used.
Adaptive beams show a better performance than fixed beams, but the difference is not large with about 17%. Fixed beams have the advantage that they require less calculational complexity for the NodeB baseband signal processing, they require less uplink feedback signalling overhead and they are not strictly bound to operate with dedicated reference symbols.
Due to the advantages for the channel estimation for both fixed and adaptive beams we propose to have dedicated reference symbols also in the case of FDD frame structure 1.
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Annex

Simulation Assumptions
Table 2 shows the simulation parameters.
Table 2: Simulation parameters

	Parameter
	Assumption

	Cellular Layout
	Single isolated 120° sector 

	Cell Radius
	3500 m

	Distance-dependent path loss
	According to SCME urban macro

	Lognormal Shadowing
	According to SCME urban macro

	Shadowing standard deviation
	8 dB

	Penetration Loss  
	0 dB 

	Antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
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 = 70 degrees,  Am = 20 dB 

	LTE carrier frequency / bandwidth
	2 GHz / 10 MHz

	LTE channel model
	Spatial Channel Model (SCME), urban macro scenario

	UE speed
	3 km/h

	LTE total BS TX power
	46dBm

	Inter-cell Interference Modeling
	None

	Users dropped uniformly in entire sector
	From -60° to +60°

	Minimum distance between UE and cell
	>= 35 meters

	LTE CS levels
	QPSK, R = 1/9, 1/6, 0.21, 1/4, 1/3, 0.42, 1/2, 0.58, 2/3, 0.73

16-QAM, R = 0.43, 0.46, 1/2, 0.54, 0.58, 0.61, 2/3, 0.73, 4/5

64-QAM, R = 0.58, 0.62, 2/3, 0.70, 0.74, 4/5, 0.85, 0.9

	LTE Scheduler
	Score Based Proportional Fair [4], 5 neighboured PRBs form one scheduling unit

	LTE HARQ
	Not modeled

	LTE Link Adaptation
	Initial target BLER = 30%

	LTE CQI feedback range and granularity
	-10 dB … + 21 dB for blocks of 5 PRBs in frequency

	LTE Channel Estimation
	Ideal

	Traffic model
	Full buffer

	Number of UEs per cell
	10

	LTE Link to system interface
	Mutual Information Effective SNIR Mapping (MIESM) [3]


Table 3: EUTRA Reference Node-B

	Parameters
	Model Assumptions

	Node-B Transmitter
	1 and 4 Antennas, respectively

	BS antenna gain plus cable loss
	14 dBi

	Pilot channel overhead 
	Explicitly simulated

	Control channel overhead
	First three OFDM symbols per TTI


Table 4: Reference EUTRA UE parameters

	Parameters
	Model Assumptions

	Receiver
	2 Antennas, 1/2 Lambda

	Receiver type
	MRC

	Interference Cancellation
	Not applied

	Antenna gain
	0 dBi

	Noise Figure
	9 dB

	Receiver Noise Floor
	Not considered

	UE Receiver
	MRC

	Interference Cancellation Schemes
	Not applied
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