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1. Introduction
Closed-loop beamforming or pre-coding has shown large potentials in providing high user and system throughputs. In ‎[1] it was shown that using beamforming was one way to reach the targets stipulated in ‎[2].
2. Discussion

It has been noted that the potential signaling overhead may prohibit fast feedback with fine frequency/time/space granularity. Here we will discuss several scenarios and try to find a good compromise in order to keep the overhead on par with the expected performance gain provided by using pre-coding based transmission.
Firstly, it is noted that three different antenna deployments may arise, configurations that rely on correlated fading between antenna elements, and configurations that uses different (uncorrelated) fading between transmit antennas. In addition to spatial separation, the polarization domain is interesting, at least for deployments with up to two stream transmission. It can be noted that this is a likely deployment if existing sites should be reused ‎[3]. 

For configurations that rely on same (correlated) fading between antennas, slow update of the BF vector is possible since the fast fading, in general, is not tracked by beamforming, but rather using the CQI. For the case with uncorrelated (or at least low correlation) fast feedback is needed in to track the instantaneous fading states in order to have coherent addition of the transmitted signal at the UE antennas.

We also note that the (time) dispersion of the channel influence the frequency granularity of the weight vectors. Finally, the time variations (e.g. UE speed) will influence the needed update rate of the pre-coding vectors (matrices).

Independent of the antenna configuration and channel properties, we also note that the interference might vary heavily between TTIs if fast scheduling is used in the system. Depending on implementation this might or might not influence weight vector generation and needed update rate. In any case, this will make the CQI more or less reliable.
2.1. High correlation scenarios
For the high antenna correlations case (e.g. 0.5( antenna separation), the weight vector will form a beam that cover a certain part of the cell. Here the weights do not need to track the fast fading variations, but instead the weights are updated to follow the movements of the users. A reasonable granularity is needed, in the spatial domain, to minimize the straddling loss. From ‎[4] it is noted that a 3-4 bit code-book seem to provide good performance. Since the fast fading is not tracked by the beamforming weights, coarse granularity in the frequency domain is sufficient.
2.2. Low correlation scenarios
In installations that provide low fading correlation (e.g. large antenna separation), the fast fading need to be tracked in order to provide array gain. Here the weights need to be updated with the same speed as the fading variations. Similarly, the granularity in frequency domain must be sufficiently fine in order to provide large gain. This may lead to high signaling load in scenarios with highly dispersive channels. This also indicates that if high velocity mobiles should be tracked, a considerable overhead is needed.

2.3. Polarization setups

If different (orthogonal) polarization states are used in the transmitter and receiver the experienced MIMO channel will be long (and short) term well conditioned. Depending on XPD (Cross Polarization Discrimination), the main diagonal of the channel matrix will dominate. A typical value for the XPD depends on the channel, but in SCM it is chosen to 7.2dB for urban macro and 8dB for urban micro, respectively. 
The use of pre-coding for this scenario has not been investigated, and the performance of such a system is not well known. Further, the choice of code-book also poses an interesting problem here. This is investigated further next.

3. Performance of pre-coding for polarization setups

We have performed some simple link level simulations to illustrate the performance of pre-coding together with polarization setups. A 2x2 MIMO system with frequency-nonselective fading is studied. A spatially uncorrelated Rayleigh fading scenario is considered where the BS and the UE are both assumed to have dual-cross polarized antennas. Such a polarization setup results in a MIMO channel matrix with strong diagonal components and small inter-stream cross-talk if the XPD is sufficiently large. To model different XPD levels, the average power of each off-diagonal element is attenuated according to the XPD. Perfect channel estimation and ideal link adaptation is moreover assumed. 
The focus of the investigation is on selective PARC (S-PARC) with and without pre-coding. For pure S-PARC, the pre-coding corresponds to selecting between the vectors w1 = [1; 0], w2 = [0; 1] for single-stream and W1 = [1 0; 0 1] for dual-stream transmission. When pre-coding is used, the vectors and matrices to choose from are the ones used in DTxAA for WCDMA, i.e., w1 = [1; 1+j], w2 = [1; -1+j], w3 = [1; -1-j], w4 = [1; 1+j], W1 = [w1 w2] and W2 = [w3 w4]. Two types of receivers have been studied, MMSE and MMSE based SIC. 
Figure 1 depicts the CDF of throughputs for different XPD values at an SNR level slightly above 20 dB. Throughput CDF:s for pure dual-stream transmission schemes with either a fixed unitary pre-coding matrix or the identity matrix are also illustrated as benchmarks. 
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Figure 1: Throughput for pre-coded and non pre-coded transmission at various XPD levels.
From the above it is clear that SIC gives large gains over a linear receiver and if it is used, pre-coding or not does not affect the performance for SU-MIMO, regardless of XPD level. Only a limited gain with pre-coding is seen when a linear receiver is used for a scenario with XPD = 0 dB (corresponding to IID Rayleigh fading). But this is the most pre-coding friendly scenario in our simulations. In fact, for XPD levels at or above the mean (8 dB) assumed in the SCM model of an urban micro scenario, there is a significant loss associated with using pre-coding together with a linear receiver. This is not surprising considering that the channel matrix becomes on average more and more diagonal as the XPD level increases, thereby reducing inter-stream cross-talk in absence of pre-coding. The performance of a linear receiver thus approaches that of SIC. The situation is however quite different for pre-coding. The two symbol streams are then intentionally mixed, creating strong inter-stream cross-talk that the receiver has to cope with. A linear receiver will suffer badly since the two channel coefficients on the diagonal are likely to be unbalanced possibly leading to strong noise-enhancement. As the low throughput part of the graphs indicate, the DTxAA weights are also unsuitable for single-stream transmission. In the worst case of a completely diagonal channel matrix with one non-zero element, the beamforming vectors clearly waste half the transmit power. Beamforming weights corresponding to no pre-coding are clearly suited for such a scenario.

It should also be noted that an increasing XPD will make it increasingly harder for the UE to reliably select the best pre-coding option as the DTxAA vectors and matrices are all equally ill-suited for scenarios where the channel matrix tends to have strong diagonal elements. This could make MU-MIMO more challenging since the scheduler would have to deal with pre-coding weights that are more or less selected at random. In contrast, using no pre-coding would preserve the strong stream separation ensured by a high XPD.
4. Summary and conclusions

It is clear that different antenna installations and channel properties will lead to fairly different control signaling schemes. If efficient support for both high and low correlation scenarios are desirable, different UL and DL signaling might be needed. If the signaling is optimized for the low correlation and high UE speed, the use in a high correlation, low speed scenario will be very inefficient. Similarly, if the signaling is optimized for the high correlation scenario, the gains with pre-coding for low correlation situations will diminish.
It is concluded that a re-configurable signaling scheme is needed for efficient support of beamforming. It is proposed that this should be configurable, at least on a cell level. We suggest that 3 cases are considered. 

· Slow pre-coding feedback with coarse frequency granularity

· Slow pre-coding feedback with finer frequency granularity
· Fast pre-coding feedback with coarse frequency granularity

The exact definition of fine/coarse and slow/fast is for further study. But we believe that coarse frequency granularity is in order of every 10th RB while fine might be every RB or every second RB. Fast update rate in time domain is in the order of 1 TTI, while slow means less than every 10th TTI. Limiting beamforming support to the three above cases opens up the possibility for keeping the total signaling constant at a low rate while focusing signaling resources to the domain (frequency, time or space) where it is needed the most. The exact feedback schemes and the load associated with those will depend on the general DL/UL signaling scheme and is for further study.
We have also investigated the use of pre-coded transmission when a polarization setup is used. Such an antenna configuration is believed to be a very likely deployment scenario and constitute a promising way to achieve substantial MIMO gains in practice. It is therefore crucial that all proposed pre-coding schemes take a polarization setup into account and can effectively deal with environments with at least moderately high XPD. The simulations conducted in this contribution indicate that pre-coding does not help, in fact it may be harmful to introduce pre-coding for polarization setups. In view of this and in order to limit signaling overhead, we propose that the identity matrix and unity vectors should preferably form a codebook of their own. In any case, they should at least be part of the E-UTRA codebook. With the latter in mind and since the selection of pre-coding weight in the UE is likely to affect the CQI estimation, we also think it is important for the network to be able to restrict the weight selection to only a subset of the weights in a codebook. Similarly, for 4x4 MIMO, weights should include the identity matrix and appropriate vectors with two zero-elements to suit scenarios where a four-antenna array is formed from two closely spaced dual-cross polarized antenna arrays. 
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