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1. Introduction

During RAN #43, it was agreed to set up a work item [1] in Rel9 to further extend the Rel8 single-layer beamforming to single user dual-layer beamforming following the same design principles. One aspect related to dual-layer beamforming applied in TDD mode operation is to utilize channel reciprocity to derive the downlink (DL) channel state information (CSI) from uplink (UL) channel estimation over e.g. sounding signals transmitted by the terminals. However, the “channel” is actually made up of the propagation channel (the medium between the transmit and receive), the antennas and the transceiver RF, IF and baseband circuits at both sides of the link. Though, the propagation channel can be assumed nearly reciprocal if the time interval between UL and DL transmission is much less than the coherence time of the propagation channel, the transceiver circuits are usually not reciprocal (i.e. the Tx and Rx frequency responses are different) and this may jeopardize the performance of beamforming realized by non-codebook based precoding relying UL/DL channel reciprocity i.e. derive DL CSI from UL sounding. This is schematically illustrated in Figure 1. 
During the email discussion prior to RAN1#57 on dual-layer beamforming, it was suggested to investigate the performance impact of particularly UE Tx/Rx mismatch including both amplitude and phase (while there seems to be a common understanding that eNB Tx/Rx calibration is required e.g. it is used in TD-SCDMA network already) and try to make a decision in the RAN1#57 meeting taking into account both performance impact as well as complexity and cost on UE implementation and finally no clear conclusion has been reached. 
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Figure 1 Channel reciprocity

In the following sections of the paper, we first derive a simple modelling of the Tx and Rx mismatch due to RF imperfections and few link simulation cases are presented to investigate the performance impact from the Tx/Rx mismatch at either eNB only, UE only or both sides against the ideal channel reciprocity case i.e. both eNB and UE have perfect calibrated Tx/Rx chain. We further looked at the UE Tx/Rx mismatch with different level of amplitude delta assuming fully calibrated Tx/Rx chains at eNB side.
2. Modelling of Tx and Rx Mismatch
Notations used in this paper are as following:


[image: image2.wmf]BS

T

 and 
[image: image3.wmf]BS

R

 as square diagonal matrices of size 
[image: image4.wmf]m
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 antenna/transceivers at base station (eNB), respectively;
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 antenna/transceivers at user equipment (UE), respectively;
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 denote the DL and UL transmitted data symbol vector, respectively;
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 is the DL precoding matrix, 
[image: image13.wmf]H

 is the propagation channel from eNB to UE, and 
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 is the Gaussian noise perceived at the receiver;

DL received signal is represented by:
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UL received signal is represented by 
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where 
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From (2), we can derive 
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Then
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Using (1) and (4) we get 
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From this equation it is clear that in case we don’t have 
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 the effective UL and DL channel will be different so if we use effective UL channel to derive DL precoder the precoder will be sub optimal.

To restore channel reciprocity we introduce a calibrated channel 
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. The calibrated channel is generated from the effective channel by applying precoding in the two transmitters as follows:

Downlink calibrated channel:
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Uplink calibrated channel: 
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where 
[image: image28.wmf]BS

BS

BS

T

R

K

/

=

 and 
[image: image29.wmf]UE

UE

UE

T

R

K

/

=

 are square diagonal matrices of size 
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 representing the calibration factor at eNB and UE, respectively.

Using (5), (6) and (7) we can now see that the calibrated effective channel measured at UE and Node B satisfies the channel reciprocity relation:
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The calibration process is basically to derive 
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, i.e. the delta of amplitude and phase of each Rx/Tx chain. To model calibration error we assume that erroneous calibration precoders 
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 are used instead of the ideal ones. The calibration error can then be modelled in the following way:
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Note that in case 
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, eNB is not calibrated; in case 
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, UE is not calibrated.
Now if we use the non-ideally calibrated channel in UL 
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 to derive the precoding vector 
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 using SVD the obtained precoder will satisfy the following equation:
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Where σ represents the largest singular value of the non-ideal calibrated channel. Rearranging this equation we get
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Further, let’s model the calibration error as the following diagonal matrix:
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 is the number of Rx/Tx chain at UE side. 
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 represent the amplitude and phase delta or calibration error between 
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 Rx and Tx chain at UE, respectively. Then we note the following result
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And rewrite () to the following
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And we can see that phase calibration error at the UE does not impact the precoder selection. Moreover we note that it's the relation between different amplitude delta which is important not the absolute value. Assuming that UE have 2 Rx/Tx chains it's the deviation from unity of the relation 
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 which is important for the UE calibration errors impact to the precoder selection.
Looking further at the impact of calibration error to the DL transmission we note that the received signal at the UE including effect from calibration and calibration error can be written as:
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From this equation we see that the calibration error at the base station is multiplied to the signal as a secondary precoder. Typically both precoder weights and calibration error will be close to unity amplitude wise so the phase error will be dominant. Again it is important to notice that the absolute phase error is not important but it is the size of the relative phase error in between different Rx/Tx chains which are important (in case of 2 Rx/Tx chains at the Node B the deviation from unity is the number 
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So we conclude that the error from using the non-ideal UL calibrated channel to calculate the precoder for DL transmission is mainly depending on the calibration error at the base station but imbalance in amplitude between UE tx/rx chain calibration errors would also have impact.
3. Performance investigations
To further investigate the performance impact from Tx/Rx mismatch at eNB and UE, simplified link simulations have been carried out and simulation results are shown in Figure 2, Figure 3, Figure 4 and Figure 5. Other simulation parameters are summarized in Table 1. First, we look at the Tx/Rx mismatch impact from eNB and UE in Figure 2 and Figure 3 where it shows that the Tx/Rx chain mismatch at UE has much smaller impact to performance than the Tx/Rx mismatch at eNB for both rank1 and rank2 transmission and this is inline with the analysis made in the previous section and also known from today TD-SCDMA. Figure 4 shows that the impact of amplitude offset between two Tx/Rx chain at UE for rank1 transmission is negligible; and in Figure 5 rank2 transmission when offset goes up to 6dB the performance degrade around 2-3%, otherwise the impact is negligible as well which is also inline with the analysis made in previous section.

Table 1, Simulation assumptions

	Parameter description
	Value / Comment

	Transmission bandwidth
	5 MHz

	Channel model & UE velocity
	SCM-C Urban Macro – 3 km/h

	Antenna configuration
	8 Tx / 2 Rx antennas, half lambda spacing at both eNB and UE

	Channel estimation
	Ideal

	Tx/Rx Phase Mismatch distribution
	Constant over the PRBs, vary from subframe to subframe with variance of 1 rad, independent between Tx/Rx chains

	Tx/Rx Amplitude Mismatch at UE
	Amplitude mismatch is not changed over one simulation, and the offset between two Tx/Rx chain, i.e. 
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Figure 2 Performance impact of Tx/Rx mismatch at eNB and UE, rank1
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Figure 3 Performance impact of Tx/Rx mismatch at eNB and UE, rank2
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Figure 4 Performance impact of UE Tx/Rx mismatch, ideal Tx/Rx match at eNB, rank1
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Figure 5 Performance impact of UE Tx/Rx mismatch, ideal Tx/Rx match at eNB, rank2
4. Conclusions and remarks
In this contribution we have investigated how calibration error impacts the performance of channel reciprocity based short-term dual-layer beamforming for LTE TDD. It was shown that mainly calibration errors at the eNB will impact the performance. Phase calibration errors at the UE have no effect on the performance, and relative amplitude calibration mismatch at UE side can have some impact.

Simulation results show that performance degradation is insignificant, i.e. negligible to few percent according to different assumptions on calibration error. The results verify the conclusions made from the model analysis:
· UE calibration error have little effect to the performance of reciprocity based beamforming

· Calibration at eNB is essential to maintain reasonable performance.
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