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1. Introduction

The downlink (DL) CoMP transmission schemes that are used in, for example, [1] to fulfill the ITU-Advanced requirements rely on the availability of downlink channel state information (CSI) at the eNodeB. Depending on the scheme the CSI requirements differ; herein, we discuss the feasibility of feedback overhead for

1. Explicit DL Channel Information, required by the joint coherent Tx CoMP scheme in [1]
2. Downlink Spatial Channel Covariance information, required by the coordinated BF scheme in [1] 
Regarding the statistical channel information, it is well known that channel covariance changes much more slowly than the coherence time and bandwidth of the channel; that is, a covariance matrix that is valid on, for example, an uplink frequency band, is valid also in a downlink frequency band—given that the duplex distance, relative the carrier frequency, is sufficiently small. Hence, if an eNodeB measures the spatial channel covariance matrix for a particular UE on uplink transmissions, the above frequency translation property and reciprocity states that the same covariance can be used in the downlink signal processing
. 

Making explicit DL channel information available on the eNodeB does however rely on feedback from the UEs. There are a number of open issues with explicit channel feedback; one of these issues is feedback overhead, which is addressed herein. We demonstrate, in a variety of channel scenarios, that the LTE Rel-8 uplink of a cell edge user can support the feedback rate required to convey sufficiently accurate explicit channel state information for a 9 cell CoMP coordinating set.
The article is organized as follows: In Section 2, we analyze how reciprocity may be used to evaluate the downlink channel covariance matrix, and the feedback overhead required for explicit channel feedback is next discussed in Section 3. Then we give a summary in Section 4
2. Using Reciprocity to Evaluate the DL Spatial Channel Covariance Matrix
The DL channel covariance matrix at an eNodeB can be expressed as 
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where
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 is the ray power density at direction of departure angle
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, and 
[image: image4.wmf](

)

J

a

 is the antenna array response (steering vector). For a uniform linear array (ULA) with isotropic antennas, the antenna array response in direction 
[image: image5.wmf]J

 is given by
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where d is the antenna separation [in meters], 
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is the wavelength of the carrier [in meters], and N the number of array antennas. It can be observed that a small change in 
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, relative the antenna spacing (i.e., a small change in carrier frequency relative the carrier frequency the array was designed for) will only result in a small perturbation of the array response.  Note that a ULA is assumed in the evaluation of coordinated beamforming in [1]. If the ULA is designed for the carrier frequency
[image: image9.wmf]0

f

, with an antenna spacing of
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wavelengths (at that frequency), the array response in the uplink and downlink is obtained as
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where 
[image: image13.wmf]DL

f

 and 
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are the downlink and uplink carrier frequencies respectively.  If the duplex distance is sufficiently small relative the carrier frequency, it therefore holds that
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. Moreover, the reciprocity of the electromagnetic propagation channel ensures that uplink and downlink ray power densities are approximately the same,
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for reasonable duplex distances. It follows from Equation (1) that, the uplink and downlink spatial covariance matrices are approximately the same,
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for sufficiently small duplex distances. A similar argument can be made for other, than ULA, antenna configurations.

For larger duplex distances, it may be necessary to apply a frequency transformation to better estimate the downlink covariance matrix based on uplink measurements. Note, for instance, that 
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 is the diagonal transformation matrix,
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By for instance estimating the dominating direction of arrival (DOA) in the uplink, 
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J

, an improved downlink covariance estimate may be obtained as
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(3)
More robust frequency translation methods, taking more than one incident angle into account, can for instance be found in [2].

2.1. Evaluation of UL to DL Estimation Error
In the evaluation we consider an 8 antenna ULA with half wavelength antenna spacing, as in the coordinated beamforming scheme in [1]. In the evaluation we assume a Gaussian ray power density,
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, for different angular spreads (standard deviations) about the direction to the UE, 
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. The FDD E-UTRA frequency bands [3] all have a duplex distance less than 10% of the carrier frequency. The 2GHz and 2.5GHz band used in the IMT-Advanced evaluation have duplex distance 5% and 10%, respectively. For the evaluation, we use the worst case scenario of 10% duplex distance, relative the carrier frequency. To improve the UL/DL transformation, we use the simple transformation given in Equation (3), even though the performance could be further improved by using a more advanced transformation, as in [2]. 
The performance was evaluated using 16 fixed beams, 
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evenly spaced between ±90 degrees. It was shown that the relative estimation error satisfied  
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for angular spreads (standard deviations) ranging from 0 to as large as 30 degrees. That is, regardless of the direction of the UE, the power estimation error of each beam is less than -10dB, relative the gain to a UE in the “best” direction of the beam.
An alternative measure is the estimated power difference. For angular spreads ranging from 0 to 30 degrees the power difference satisfied
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where 
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is the set of 
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satisfying 
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that is, 
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is the set of direction in which beam 
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radiates significant power.  In the relevant directions, the estimation error is thus less than 1.02 dB. 
Conclusion: 
· This analysis indicates that the downlink spatial channel covariance matrix can be obtained  at the eNodeB without additional standardization.
3. Feasibility of Quantized Explicit Channel Feedback

Explicit channel quantization describes the whole channel and such rich feedback seems to be needed in order to support applications like the advanced CoMP, such as coherent joint Tx CoMP evaluated in [1], where it is hard to predict exactly how the channel knowledge is most efficiently used at the eNodeB side. The channel is moreover a natural domain to work in for exploiting time and frequency correlation with the aim of achieving high feedback compression ratios. Standard techniques such as differential encoding, progressive refinement, adaptive bit allocation and channel predication can be exploited to reduce the signaling overhead. 

Next, we analyze the feedback overhead required to accurately convey explicit channel information to an eNodeB. The considered scheme avoids any advanced signal processing at the UE side, and relies on the eNodeB to accurately combine the information provided in measurement reports.

3.1. Overview of the UE and eNodeB Processing
The UE estimates the frequency response of the channel on a subset of the available pilot tones (frequency bins) with CRS. The quantized representations (obtained using e.g., a simple uniform quantizer) of these samples of the estimated channel frequency response are fed back to the eNodeB over a control channel. 
The eNodeB can next reconstruct the full frequency response, based on the quantized samples of the frequency response—exploiting the underlying properties of radio propagation environments; such as frequency correlation.
3.2.  Reconstruction Error

To evaluate the required density of the frequency response sample points, the MSE of the reconstructed frequency response was evaluated for different environments. In the simulations below we assume a UE speed of 3 km/h at a carrier frequency of 2GHz. It is further assumed that the MSE of the UE channel estimator at the pilot tones is ‒20 dB. The real and imaginary parts of the selected channel estimates are digitized independently by a simple 4-bit uniform quantizer. In the following sections, we consider a single SISO link, and next in Section 3.4 the analysis is extended to a full CoMP coordination set with multiple antenna links. The mean square reconstruction error was evaluated for different number of samples in the subset that are fed back.

3.2.1 SCM Case D (Urban Micro) Link Model for 20 MHz Systems

The reconstruction MSE, for different number of feedback samples, for the SCM-D model is shown in Figure 1. In the 20 MHz SCM-D model, it is sufficient with 15 feedback samples over the bandwidth to achieve a reconstruction error of approximately -15 dB.
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Figure 1  Distribution of reconstruction MSE for different numbers of feedback samples per batch. For each sample size, 100 random channel realizations are simulated.

3.2.2 EVA Model for 20 MHz Systems

The reconstruction MSE, for different number of feedback samples, for the EVA model is shown in Figure 2. In the 20 MHz EVA model, it is sufficient with 15 feedback samples over the bandwidth to achieve a reconstruction error of approximately -15 dB.
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Figure 2  Distribution of reconstruction MSE for different numbers of feedback samples per batch. For each sample size, 100 random channel realizations are simulated.

3.3. How often should feedback reports occur?

Assume that for each SISO channel, one feedback report is transmitted every T seconds. Between consecutive feedback reports, the network must rely on previous feedback reports to form an estimate of the channel at the present time, i.e. the network must predict the value of the channel in between consecutive channel reports. The quality of this prediction determines how often the feedback reporting should occur, i.e. the better the prediction, the less often feedback needs to be reported. 

We now compare two options for predicting the channel in between feedback reports:

· Sample and hold predictor: The last reported channel value is used as the predicted channel value

· Linear predictor: A linear combination of past reported channel values is used as the predicted channel value. Note that a different predictor might be used at different times between feedback reports. 

For the two mentioned predictors, the mean-square reconstruction error is depicted in Figure 3 as a function of the reporting period T (assuming a UE speed of 3 [kph] and carrier frequency of 2 [GHz]).   The three doted curves in Figure 3 correspond to the case when a sample and hold predictor is used between consecutive reports, and the three solid lines correspond to the case when a linear predictor is used. The channel reconstruction error at the input of the predictor is varied from -15[dB] to -17[dB] as indicated in the legend of Figure 3.
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Figure 3  Prediction error variance for different reporting periods.

If an average reconstruction error (between reporting intervals) as low as -14 dB is targeted, we can conclude from Figure 3 that a reporting period of 20 msec should be sufficient with a linear predictor that exploits the time correlation of the channel. From Figure 3 one can also conclude that the loss with a sample and hold predictor is approximately 4 dB at this reporting period. 
3.4. CSI feedback overhead estimation example for CoMP: 
As an illustrative example, let us consider a UE in a system having 10 [MHz] of BW, and assume 4 transmit antennas per base, and 2 receive antennas per UE, like the scenario considered in [1]. With UE speed of 3 [kph], the analysis in Section 3.3 indicates that one feedback report every 20 [msec] should be sufficient, with 15 channel samples over the bandwidth (using 4 bits per I and Q part). For this setup, a total of (4+4)*15*4*2=960 bits of feedback are required, per link, for each report, which corresponds to a feedback rate of 48 kbps. If the UE reports the channel to 9 cells, then the total required feedback rate becomes 432 kbps. For an Urban Micro environment, this feedback corresponds to 57% of the uplink capacity for a cell edge user of a Rel-8 deployment [1]. Note that the feedback rate could be decreased significantly by, for example, 

1. reducing the number of sites that are included in the report,

2. trading increased reconstruction error for increased reporting period

Moreover, the required number of channel samples per feedback batch does not increase linearly with the bandwidth, as can be seen in the simulations above. The feedback rate, per UE, is therefore relatively unaffected by the bandwidth.

Conclusion: 
· It seems possible to provide the CSI needed for the downlink joint Tx CoMP scheme that is used to fulfill the ITU requirements in [1]; possibly at the expense of a significant overhead in the uplink.
4. Summary
Herein we have studied the feedback requirements of the ITU-Advanced fulfilling CoMP schemes evaluated in [1]. 
· The analysis indicates that the downlink spatial channel covariance matrix can be obtained at the eNodeB without additional standardization. The coordinated beamforming used to fulfill the ITU requirements in [1] can therefore be implemented with only small changes to the LTE rel-8 standard.
· It seems possible to provide the explicit CSI, for a 9-cell coordination cluster, needed for the downlink joint Tx CoMP scheme that is used to fulfill the ITU requirements in [1]; possibly at the expense of a significant overhead in the uplink.
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� It is assumed that the eNodeB has calibrated antennas, and that the frequency DL/UL duplex distance, relative the carrier frequency, is sufficiently small.


� Note that it is assumed that the Rx and Tx chains of the eNodeB antenna array are calibrated.
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