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1. Introduction

If the uplink in a FDD system can provide enough spatial information about the downlink to do beamforming and advanced MIMO techniques such as MU-MIMO and CoMP as well as normal feedback methods such as covariance feedback [1] or codebook feedback, then the system overhead can be significantly lowered because regular uplink traffic (or sounding) can be used to determine the downlink transmit weighs instead of requiring a feedback channel.  In [2] an evaluation of using the uplink covariance matrix to beamform the downlink was provided.  However, the evaluation was solely limited to beamforming and did not consider MU-MIMO which typically requires much higher resolution feedback to be able to properly steer a null.  In this contribution we provide both beamforming and MU-MIMO results for a FDD system with actual field measurements at 3.5 GHz.  Depending on the array type at the eNodeB, the results show that beamforming using the uplink covariance matrix in a FDD system only suffers a 3.3% to 9.1% loss in gain (corresponding to roughly a 1.0% to 3.0% throughput loss) over covariance feedback whereas MU-MIMO suffers a much larger throughput loss of 5.5% to 13.5%.
2. Field Data Collection Overview
Motorola has deployed an experimental 8(8 (eight transmit antennas at the base to eight receive antennas at the mobile) 20 MHz orthogonal frequency division multiplexing (OFDM) measurement system [3].  The system collects simultaneous channel measurements at two frequencies, 3.47 and 3.58 GHz.  Initially this system consisted of three uniform linear arrays (ULA) each directed toward a different 120( sector with the ability to measure channels in each sector nearly simultaneously.  This system was reconfigured to include cross-polarized (XP) arrays which consists of two XP panels spaced at 2.0( in two sectors.  The ULA is vertically polarized and has eight elements spaced at 0.509( at 3.47 GHz and 0.525( at 3.58 GHz. And an XP panel contains two cross-polarized elements, one oriented at a polarization of +45º and the other at (45º.  Both the ULA and XP arrays are located on top of a building (49 m high) on Motorola’s Schaumburg IL campus whose environment can be considered mostly suburban.  The mobile array, which is located on top of a sports utility vehicle, is a uniform circular array (UCA) of vertically polarized antennas with a radius of 2.62( at 3.47 GHz and 2.70( at 3.58 GHz.  Although the base site has three 120º sectors, the drive routes used to evaluate the ULA and XP arrays were restricted to 2827 locations (snapshots) in Sectors 1 and 2 (because the XP arrays are only located in these two sectors).  Each array is calibrated in post-processing to be manifold calibrated on both frequencies.  In other words, the transmitted channel for a single line-of-sight ray from a certain angle will have a channel response equal to the array manifold vector for that angle.  In the case of the XP array, for a single XP panel in the same line of sight channel, each antenna in the XP panel will have same gain and phase (assuming a vertically polarized antenna at the mobile).
3. Eigen Beamforming (EBF) Results

In this section the performance of non-equal-gain EBF, equal-gain EBF, and DOA-based beamforming are presented for three different eNodeB 4 Tx antenna arrays (a (/2-spaced ULA, a (-spaced ULA, and the XP array).  The EBF techniques use a downlink covariance matrix estimate which is fed back from the UE and the DOA-based technique uses an uplink covariance matrix estimate.  The covariance matrices are determined from the data directly with no additional noise added and the downlink covariance matrix is fed back unquantized and error free.  The DOA beamforming method finds the dominant DOA on the uplink (using the beamforming method to determine the DOA where essentially the array manifolds at all directions are correlated against the uplink covariance matrix) and then uses the DOA to determine the beamforming on the downlink by forming the array manifold vector on the downlink that is associated with the DOA.  The DOA method was selected because in theory the dominant DOA should be the same at both frequencies.  The simulation parameters are given in Table 1.
Figure 1 shows the beamforming gain relative to a single transmit antenna for the different transmit weights for each array type.  Figure 2 shows the loss in beamforming gain relative to non-equal-gain EBF for each array type.  The use of the uplink covariance matrix is only losing 3.3% (6.7% and 9.1%) of the gain of non-equal-gain EBF using the fed-back covariance matrix for the (/2 ULA (( ULA and XP array).  Based on results from similar simulations, the 3.3 % (6.7% and 9.1%) loss in beamforming gain corresponds to around a 1.0% (2.0% and 3.0%) loss in throughput.  Hence with beamforming very small losses are seen by using the uplink covariance matrix instead of the unquantized downlink covariance matrix.
Table 1.
Simulation Parameters for EBF/DOA Gain Comparison
	Parameter
	Value

	Carrier bandwidth
	20 MHz

	Carrier frequency
	3.58 GHz (downlink) and 3.47 GHz (uplink)

	FFT size
	2048

	Number of occupied subcarriers
	K=1200

	Array type at eNodeB
	Vertically-polarized 4 element ULA with (/2 spacing, vertically-polarized 4 element ULA with ( spacing, two XPs separated by 2 ( (each XP has two antennas, one with +45( polarization, one with -45( polarization)

	Array type at UE
	One antenna (first antenna in the UCA is chosen)
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Figure 1: Beamforming gain for covariance feedback (EBF which is non equal gain EBF and EQG which is equal-gain EBF) and DOA beamforming where the downlink beamforming (equal-gain) weights are determined from the uplink covariance matrix.
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Figure 2: Percent loss of each array type over non-equal gain EBF with covariance feedback (EQG is equal-gain EBF using the fed-back downlink covariance matrix and the DOA beamforming weights are determined from the uplink covariance matrix).
4. MU-MIMO Results

In this section throughput results are presented for downlink MU-MIMO with two receive antennas at all UEs with the system parameters give in Table 1.  The throughput is based on two eNodeB-to-UE communication links that occupy the same time-frequency resource.  A narrowband allocation is assumed (36 subcarriers by 7 OFDM symbols).  For covariance feedback, downlink covariance matrices from four UE locations is assumed to be available over the 36(7 allocation and for the uplink covariance matrix-based method a wideband uplink covariance matrix is assumed to be available for the same four UEs.  The first UE’s location is deterministically chosen from the 2827 possibilities such that each successive choice follows a drive route in chronological order (i.e., the order in which the data was collected).  Any location that is outside of sector 1 or 2 is not included in the analysis.  Three additional UE locations are randomly selected from within UE one’s sector and from this set of three, the second UE’s location is selected such that it is the most orthogonal to the first UE (i.e., the UE with the dominant eigenvector that is least correlated with the first UE’s dominant eigenvector where the dominant eigenvectors are computed from the downlink spatial correlation matrix averaged across the 36(7 allocation).  For downlink covariance feedback, the MU-MIMO weights are designed as the regularized zero-forcing weights using the spatial correlation matrix for both UEs (the regularization term for a UE is the noise power of the UE where the null is being steered).  For the MU-MIMO weights designed from the uplink covariance matrix, a DOA-based approach is used where a dominant DOA is estimated on the uplink after the UEs perform a broadband sounding (using a sounding decimation of 24 subcarriers) to compute the uplink spatial correlation matrix.  The DOA on the uplink is then estimated using the uplink spatial correlation matrix using the beamforming method (i.e., the covariance matrix is correlated against the known manifold vectors at all angles).  The uplink DOA is converted into a downlink manifold vector associated with the DOA and then the manifold vectors are used to compute downlink weights using zero-forcing weights with regularization (the eNodeB is assumed to know an average noise power at the UEs as well and the regularization term is the larger of 0.1 and the noise power of the UE where the null is being steered).

The receive weights use MMSE interference cancellation with ideal downlink channel knowledge (in a real system this information can be estimated through the use of dedicated pilots).  The C/I is chosen based on the signal strength at the UE location and results in C/Is similar to a 133 cell reuse strategy.  To obtain an average throughput over all 2827 locations, each location’s throughput is determined by averaging 10 different second-UE locations and these averages are then averaged over all locations.  The effect of feedback delay (from the time the weights are computed when they are applied) is not modeled.
Figure 3 shows the throughput (in bits/subcarrier) for the different array types with either downlink covariance feedback (labeled “DL”) or using the uplink covariance matrix to determine the MU-MIMO weights (labeled “UL”).  The use of the uplink covariance matrix results in a 5.5% (10.0% and 13.5%) throughput loss for the (/2 ULA (( ULA and XP array).  Some losses would be smaller when using codebook or quantized covariance feedback but it should be noted that the measured channels were in a suburban environment with many line of sight locations and hence these losses would be expected to be higher in urban locations.
Table 2.
MU-MIMO Simulation Parameters

	Parameter
	Value

	Carrier bandwidth
	20 MHz

	Carrier frequency
	3.58 GHz (downlink) and 3.47 GHz (uplink)

	FFT size
	2048

	Allocation
	36 subcarriers by 7 OFDM symbols

	Array type at eNodeB
	Vertically-polarized 4 element ULA with (/2 spacing, vertically-polarized 4 element ULA with ( spacing, two XPs separated by 2 ( (each XP has two antennas, one with +45( polarization, one with -45( polarization)

	Array type at UE
	Two vertically polarized antennas (2( spacing)

	Number of UEs for MU-MIMO transmission
	2

	Number of UEs to select from
	4
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Figure 3: Throughput of the different array types with either downlink covariance feedback (labeled “DL”) or DOA-based MU-MIMO based on the uplink covariance matrix (labeled “UL”).
5. Conclusion

This contribution used measured channel data to investigate using the uplink channel to determine the downlink transmit weights in a FDD system.  The uplink of a FDD system can be used to obtain downlink transmit weights but there will be a loss in the system.  For beamforming the loss in the beamforming gain for using the uplink covariance matrix over feeding back the downlink covariance feedback is relatively small at 3.3% for a (/2 ULA and 9.1% for a XP array (likely to result in throughput losses of around 1.0% and 3.0% respectively).  For MU-MIMO the throughput loss of using the uplink covariance matrix over feeding back the downlink covariance matrix is 5.5% for the (/2 ULA and 13.5% for the XP array.  The measured channels were in a suburban location with many line of sight locations and hence the losses of using the uplink covariance matrix to beamform relative to feeding back the covariance matrix measured on the downlink in urban environments are expected to be greater.  Thus for MU-MIMO and CoMP applications it is still desirable to have CSI feedback such as covariance feedback instead of solely relying on uplink covariance matrices as long as the feedback overhead is reasonable.
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