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1 Introduction

With a phased array (with, for example, half wavelength antenna spacing) installed at the eNB, beamforming can improve the coverage and/or throughput, particularly for cell edge users. This MIMO operation mode is very important to complement other MIMO modes, such as SU-MIMO and MU-MIMO, in a sense that minimal user throughput can be improved. 

The current MIMO operation mode can support closed-loop beamforming using the rank 1 codebook based feedback. The drawback of codebook based closed-loop beamforming is the limitation on the number of transmission antennas. To enable the mobile station to feedback the optimal beamforming vector, both reference signals for all transmit antennas and codebooks matching the antenna array dimension are required. 
On the other hand, deploying phased arrays with more than 4 elements is a possible option. Therefore, to support such antenna configurations within the currently agreed MIMO operation mode becomes difficult. The open-loop beamforming approach provides an alternative solution, which does not rely on direct channel state information (CSI) feedback from the mobile station, and requires the least support from the underlying signaling system and therefore gives flexibility in both the standardization and deployment phase. 
An essential concept in open-loop beamforming is the extraction of spatial information from uplink reception and application of it to the downlink beamforming. It is commonly understood that in TDD duplex mode, the spatial channel information on the uplink can be used directly on the downlink due to the reciprocal nature of the propagation channel. Whilst in FDD duplex mode, due to the frequency separation, only the long-term spatial information on both links is available. Therefore, there are some concerns about adopting the open-loop beamforming, particularly in FDD mode: 

1. Whether the open-loop beamforming can achieve the array gain particularly for the FDD mode, where the uplink channel is not symmetrical to the downlink channel? 
2. To achieve the array gain, whether the complexity involved in the open-loop beamforming to compensate the channel asymmetry due to array response variation on different carrier frequencies, is affordable?
In this contribution, we will analyze the operation of the open-loop beamforming, including the process to acquire the channel information and beamforming vector as well as the calibration process. We evaluate the power loss due to channel asymmetry (including frequency dependent phase array response and the antenna response variation on frequency/azimuth). In the end, beamforming performance in terms of the power gain in an E-UTRA signaling framework is evaluated to demonstrate the suitability of open-loop beamforming. 
2 Open-loop beamforming solution
2.1 Operation
In general, the open-loop beamforming operation will involve the estimation of the spatial channel from the uplink transmission and derivation of the beamforming vector on the downlink. As the channels on the two directions in FDD duplex mode are not symmetric, processing is needed to transfer the channel state information from uplink to downlink. One option is to use Direction of Arrival (DoA) based approaches [1]. However such approaches may be algorithmically complex and require full array manifold calibration which has practical difficulties. Other approaches are based on frequency transformation. There are several available approaches in the literature (e.g. [2]) providing various accuracies and accordingly demanding different level of complexities. However, the beamforming performance may not so heavily rely on the accuracy of the frequency transformation depending on the type of beamforming method adopted. In this contribution, we assume frequency transformation aided eigen-beamforming for which the complexity required is moderate. From the performance evaluation results, it is shown that this approach is not sensitive the distortion of channel information introduced during the frequency transformation. 

2.2 Required support

To support this scheme, only a certain amount of uplink transmission activity should be provided to guarantee the opportunity of channel estimation. In the current standard, various uplink transmissions, such as PUCCH and sounding reference signals, which are designed for other purposes, can be used as means for beamforming channel measurement. The correlation estimation is relatively immune to the noise, which is an advantage for the cell edge user limited by transmission power. The computation complexity required for the correlation matrix estimation and the frequency transformation process is modest. 
To enable the mobile station to perform coherent reception on the beamformed downlink transmission, a dedicated reference signal is required. Keeping the common per antenna reference signals (up to four) in the first two OFDM symbols, in the rest of the sub-frame we could, for example, replace the common reference signals for antenna 0 with the dedicated reference signal and remove the common reference signals for antennas 1 to 3. The overhead of using dedicated reference signals is then dramatically reduced compared to the common reference signal required in closed-loop beamforming scheme for more than 4 transmit antennas. 

We can see that the open-loop beamforming solution has an advantage of being flexible, which enables eNBs to be deployed with antenna arrays of any size. The closed-loop solution can only support up to four antenna-elements with limitation on reference signal and codebook. If changes on reference signal and codebooks are allowed, the overhead required for a large antenna array size on both reference signal and feedback may be prohibitive large.

2.3 Calibration requirement

Another consideration for open-loop beamforming is that some form of calibration of the transmitter/receiver responses of the eNB may be required. While feasible, this may add cost and/or complexity to the eNB. As mentioned above the approach considered in this study is not based on DOA estimation, which is commonly assumed for FDD open-loop solutions. It is instead based on eigen-beamforming with some correction applied to compensate for differences between uplink and downlink frequencies. This approach does not require full array manifold calibration, but still requires some calibration of the relative transmitter/receiver response for each element, and as such still represents a complexity overhead.
3 Performance evaluation
3.1 Impact of antenna response and array response on frequency
In FDD mode, the channel asymmetry between uplink and downlink is due to two causes. First, the array responses to the same angle of arrival with different carrier frequencies are different. The carrier frequency is explicitly modeled in the array response for each incident ray. Secondly, the same antenna will have response variations with frequency. The variation will be different on different azimuth angle. We use measured antenna response data, rather than a theoretic antenna pattern, to calculate the resulting spatial channel gain. Below, we sample all antennas in an array with a 90 degree 3dB beamwidth to obtain the response variation between two frequencies separated by 100MHz (in the vicinity of 3.5GHz) at different azimuth angles. 
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Figure 1 Amplitude and phase response variation on frequency
We also show below the antenna response variation across different azimuth (standard deviation for each antenna). It is observed that for the same antenna, the response variation on different azimuth (within the main beam for the sectorised antenna) is small (less than -11 dB standard deviation and 12 degree standard deviation for 90 percentile).  
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Figure 2 CDF of amplitude and phase variation on azimuth angle
With the realistic modeling of the channel asymmetry, we will examine the achievable power gain of the open-loop beamforming with frequency transformation to correct the phase array response difference. We use the power loss with respect to the eigen-beamforming with perfect downlink channel information as a metric to evaluate the goodness of the proposed scheme. The phased array has eight antenna elements with half wavelength separation. The uplink and downlink frequency separation is 100MHz. We assume ideal uplink channel information, based on which the downlink beamforming vector is derived. 
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Figure 3 Gain (power) loss on angular spread and mean angle of arrival (departure)

In Figure 3 we show the gain (power) loss vs. angular spread and mean angle of arrival for open-loop eigen-beamforming with and without frequency transformation. We can see that with proper frequency transformation, most of array gain can be achieved within the sectorised coverage area (less than 60 degree of mean angle of arrival), although some significant power loss is observed when the mobile station appeared on the end-fire direction. 

3.2 Beamforming gain in E-UTRA system

We also look at the realistic beamforming gain in the E-UTRA signaling framework. Two receive antennas (with uncorrelated fading) and one transmit antenna are assumed at the UE. We examine the total received power (beamforming gain averaged over all sub-carriers of allocated sub-band) collected from both received antennas from all transmit antennas. In the open-loop beamforming, uplink channel information is assumed to be obtained from uplink sounding reference signal (one OFDM symbol with a 72 or 300 sub-carriers bandwidth). The sounding reference signal is assumed to be present once every 10ms. Therefore, with 2ms processing delay, the staleness of channel information is assumed to be a random value between 2ms and 12ms. 
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Figure 4 Open-loop beamforming gain with 8 Tx antennas
In figure 4 we show the mean received power gain and 10 percentile power gain at different operating SNRs in the uplink. As reference, we also show the ideal beamforming gain with ideal instantaneous channel information. 

Compared to figure 3, greater power loss over the ideal case can be observed, which is due to the channel estimation on the uplink sub-band not being representative of the downlink sub-band. Increasing the uplink sounding bandwidth can reduce this loss to around 0.5dB in mean power gain. It can be also observed that the 10 percentile power gain suffers a greater loss than the mean power gain (from 1 dB to more than 2dB), with higher losses at lower uplink SNRs. It is worth noting that this low 10 percentile of the gain distribution is primarily due to the long term nature of eigen-beamforming (as can be seen from the 10 percentile results for the ideal eigen-beamforming), rather than being related to user distance from the cell. Similar statistics would be expected for closed loop beamforming due to feedback limitations. 
4 Conclusions
In this contribution, we have shown that methods of supporting open-loop beamforming exist with moderate complexity and low reference symbol overhead. 
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