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1 Introduction

According to the requirement of LTE-Advanced system (R9/R10), DL throughput improvement should be considered in beamforming mode [1]. As in [2], dual layer BF can efficiently improve DL throughput by nearly 20 percent. In TDD system, channel reciprocity is expected to be fully exploited in BF processing.  As discussed in [3] [4] [5], hardware calibration should be done to achieve fully channel reciprocity in TDD. 
In section 2, hardware calibration in TDD is theoretically analyzed. In section 3, hardware calibration error modelling and its impact on channel property is analyzed in details. Next, in section 4, link-level simulation result is provided to show the performance loss with different assumption of hardware calibration errors at UE. To sum up, it shows that,
In TDD, hardware calibration at UE is indispensable for using channel reciprocity. Furthermore, only amplitude calibration is required at UE for using channel reciprocity in DL dual layer BF, if hardware calibration at eNB is well done.
2 Hardware calibration in TDD
The combined channel for each pair of transmission antenna and receiver antenna may be regarded as the combination of the radio channel, Tx chain at transmission antenna and Rx chain at receiver antenna. However, since different RF chains are used in reception and transmission for each antenna, hardware calibrations are needed in order to fully exploit channel reciprocity in TDD. 

Assuming calibration between Tx chain and Rx chain for each antenna at eNB was perfectly done, that is,
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Where 
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are RF factors respectively in Tx chain and Rx chain for antenna i (i=1…n) at eNB, 
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is a constant at eNB. In the following parts, perfect hardware calibration at eNB is always assumed to address the hardware calibration at UE.
The ratio of the combined DL channel and the combined UL channel between the ith  antenna at eNB and the lth (l=1…m) antenna at UE is 
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Where 
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are respectively RF factor in Tx chain and Rx chain for the lth (l=1,…,m) antenna at UE, 
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is a complex factor specific to the lth (l=1,…,m) antenna at UE.

So, the combined DL MIMO channel matrix is, 
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Where 
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is the rearranged combined UL channel matrix in TDD, and 
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 is the combined DL channel, 
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is a diagonal matrix with diagonal complex elements of
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Furthermore, matrix C can be expressed as below
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(4)
Using SVD decomposition, the combined DL MIMO channel matrix can be further expressed as below
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 (5)

Where 
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From equation (5), if hardware calibration is always done at eNB, it can get that,
· phase calibration at UE side is not necessarily needed to fully exploit channel reciprocity for DL BF in TDD. 

Comparing 
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, their eigenvalues and right side eigenvectors are completely same. So, whether phase calibration at UE side is done or not will not impact on the eigenvalues and right side eigenvectors of 
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.
· amplitude calibration at UE side is indispensable to fully exploit channel reciprocity for DL BF in TDD. 

From equation (5), amplitude matrix A will lead to different channel properties between 
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, i.e. different eigenvalues. However, if amplitude calibration at UE side is perfectly done, i.e. amplitude matrix A after calibration is a diagonal matrix with the same constant elements, therefore eigenvalues and right side eigenvectors of 
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are same except a constant multiplicative coefficient.
3 Impact on channel property due to hardware calibration error at UE
In this part, calibration error (CE) at UE and its impact on channel property will be further evaluated under different statistical assumption of CE. 
It is known that optimal decision of rank number and CQIs will play an important role in adaptive data transmission. The differences between eigenvalues will impact on the decision of rank number for each channel. The absolute values of eigenvalues will impact on the decision of MCS levels for data transmission. Therefore, CE modelling and its impacts on the distribution of eigenvalue will be simulated, i.e. CDF of the ratio of eigenvalues in each channel, CDF of the absolute differences between each eigenvalue in ideal channel and those in calibrated channel.
In the following, the elements of calibration error matrix C in equation (4) are assumed to be i.i.d random variables. Moreover, amplitude calibration factor 
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 is assumed to be of log-normal distribution, i.e. 
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 is assumed to be of uniform distribution within 
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. Other CE modelling  can also be found in [6].
Considering UE with 2 Tx/Rx antennas and eNB with 8 Tx/Rx antennas, the distribution of eigenvalues in block flat fading channels with/without calibrated error are evaluated as shown in figure 1 to 6, where the variance of amplitude calibrated error is assumed to be 0dB, 1dB and 6dB respectively and the phase calibration error is always assumed to be uniformly distributed within 
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. In figure 1 and 3, CDF of the ratio of the 1st eigenvalue and the 2nd eigenvalue, are plotted corresponding to ideal channel and calibrated channel with amplitude calibrated error variance of 1dB and 6dB respectively. It shows that,

· With calibrated error,   CDF of the eigenvalue ratio is different from that in ideal channel.
· With the increase of CE variance, the gap between the CDF curves becomes larger.
In figure 2 and figure 4, CDF of the absolute differences for each eigenvalue in ideal channel from those in calibrated channel are compared respectively with amplitude calibrated error variance of 1dB and 6dB respectively. So, it shows that,

· With calibrated error, there exists divergence between the eigenvalues in ideal channel from those in calibrated channel.
· With the increase of CE variance, the gap will become larger. 
With only phase calibration error within 
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, the same simulations are provided in figure 5 and 6, where the CDF curves of eigenvalues in calibrated channel completely coincide with those in ideal channel without calibration error. So, it shows that,
· Only phase calibration error will not impact the distribution of eigenvalue ratio.
· Only phase calibration error will not impact the distribution of eigenvalues.

In Annex A, the distribution of wideband eigenvalues in SCM-C channel are also evaluated, where the variance of amplitude calibrated error is assumed to be 1dB, 3dB and 6dB respectively and the phase calibration error is also assumed to be uniformly distributed within 
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. The similar conclusion as above can also be made. 
From all the above simulations, it shows that 
· Amplitude calibration error will impact on the eigenvalue ratio, which will possibly impact on rank decision for data transmission.
· Amplitude calibration error will lead to eigenvalue divergence from those in ideal channel, which will possibly impact on MCS selection for data transmission.
· Phase calibration error will not impact on eigenvalue.
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Fig 1 CDF of eigenvalue ratio with amplitude calibrated error variance of 1dB
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Fig 2 CDF of eigenvalue divergence with amplitude calibrated error variance of 1dB
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Fig 3 CDF of eigenvalue ratio with amplitude calibrated error variance of 6dB

[image: image37.emf]0 2 4 6 8 10 12 14 16

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

eigenvalue form ideal channel(dB)- eigenvalue from pratical channel(dB)(absolute value)

F(x)

CDF of eigenvalue divergence

absolute difference between the 1st eigenvalues

absolute difference between the 2nd eigenvalues

Fig 4 CDF of eigenvalue divergence with amplitude calibrated error variance of 6dB
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Fig 5 CDF of eigenvalue ratio with only phase calibrated error  within 
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Fig 6CDF of eigenvalue divergence with only phase calibrated error  within 
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4 Simulation results
In this part, throughput comparisons with different assumption of calibration errors are evaluated in DL dual layer BF transmission. In the simulation, two codewords are always assumed for DL dual layer BF transmission. And, MCS level for each codeword are derived based on DL noise level and UL channel response in TDD. In order to highlight the impacts of calibration error on DL transmission, ideal UL channel estimation from UL SRS is assumed. Furthermore, fixed rank of 2 is always assumed in the link-level simulation. The relevant simulation parameters and assumptions are listed in Annex B. 

In Figure 7, calibration error model in section 3 is assumed. And it shows that, 
· With CE variance of 6dB, it will incur nearly 12% throughput loss compared with those without CE at median SNR of  6dB and 10 dB, and it will incur nearly 8% throughput loss at SNR of 16dB. 
· With the reduction of CE variance, it will incur less performance loss.
It will incur nearly 0.2 dB and 0.6 dB SNR penalty loss respectively with CE variance of 1dB and 3dB. With CE variance of 6dB, it will incur nearly 1.2 dB SNR penalty loss. 
In Figure 8, calibration error in equation (4) is assumed to be i.i.d complex Gaussian random variables with mean value of 1 and variance of 
[image: image42.wmf]2

s

. And, it shows that,

· The throughput curve with CE variance of 0.01 nearly approximate to that without CE.

· With the increase of CE variance, it will incur much performance loss. 
It will incur as much as nearly 0.7 dB SNR penalty loss with CE variance of 1. With CE variance of 10, it will incur as much as 4 dB SNR penalty loss within median SNR range, and it will incur less SNR penalty loss within high SNR range. 
From all the above simulation, even with fixed rank =2, i.e. rank mismatch due to amplitude calibration error is not  considered, it will still incur throughput loss due to MCS level mismatch caused by amplitude calibration error. 
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Fig7 Throughput comparison with amplitude calibration errors in dual layer BF
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Fig 8 Throughput comparison with complex gauss CE in dual layer BF
5 Conclusion

In this contribution, hardware calibration error modelling and its impact on channel property are analyzed. Performance loss in DL dual layer BF transmission with different assumption of hardware calibration errors at UE is proven by link-level simulation. To sum up, it shows that,
· In TDD, only amplitude calibration is required at UE for using channel reciprocity in DL dual layer BF, if hardware calibration at eNB is well done.
· With amplitude calibration error, rank decision and MCS level selection will be impacted if using channel reciprocity in TDD. 
Although it is proven that, with higher amplitude calibration error variance, much throughput loss will be suffered due to MCS level mismatch, rank mismatch due to amplitude calibration error and its impact on the performance loss should be further evaluated.
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Appendix A：wideband eigenvalues distribution in SCM-C 8x2 polarized channel
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Figure A.1 CDF of eigenvalue ratio with amplitude calibrated error variance of 1dB
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Figure A.2 CDF of eigenvalue ratio with amplitude calibrated error variance of 3dB
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Figure A.3 CDF of eigenvalue ratio with amplitude calibrated error variance of 6dB
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Figure A.4 CDF of eigenvalue divergence with amplitude calibrated error variance of 1dB
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Figure A.5 CDF of eigenvalue divergence with amplitude calibrated error variance of 3dB
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Figure A.6CDF of eigenvalue divergence with amplitude calibrated error variance of 6dB

Appendix B：Simulation Assumptions
	Carrier Frequency
	2.0 GHz

	system bandwidth
	5MHz

	UE Speed
	3km/h 

	Number of Antennae
	8×2 

	Channel Model
	SCM-C (dual polarization)

	Calibration error modeling
	Perfect calibration at eNB. 

calibration error at UE.

	SRS estimation loss
	Ideal

	CodeWord
	2

	Number of Layers 
	2

	AMC
	CQI calculation based on UL channel in TDD and DL noise level.

	CQI delay (ms)
	1

	Rank Adaption 
	 fixed rank=2

	Harq
	NO

	BF processing
	Eigenvecotr based beamforming (EBB) based on UL channel in TDD

	PDSCH Channel Estimation
	ideal

	number of PRBs
	4 (scheduling granularity)

	granularity of Beamforming(RB)
	1

	Subband bandwidth of CQI(RB)
	4

	overhead
	Control region: 3 OFDM symbols per 1 ms subframe
CRS:  port 0~port 3 as LTE R8
DRS: 12 REs for a pair of PRB
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