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1 Introduction
3GPP Tdoc R1-094622, R1-093026 discussed the impact of reciprocity errors on MIMO performance and concludes that reciprocity calibration is necessary. 3GPP Tdoc R1-080494 and R1-090563 provided several over-the-air calibration schemes for calibrating the baseband-to-baseband non-reciprocity for a single cell scenario. R1-093378 first-time noticed that antenna array calibration under TDD CoMP scenario may need special attention. R1-094623 provided calibration solutions for antenna calibration in TDD CoMP scenario. R1-100428 provides a solution for the TDD scenario where reciprocity becomes a problem when the number of UE’s receive antennas is more than that of its transmit antennas.
All discussions in above literatures are mainly on the eNB side calibration. It has been noticed very early that UE side reciprocity errors may have relatively less impact. R1-094622 first provided theoretical analysis and system level simulation results on the UE side reciprocity error impact. It showed that from system level throughput aspect of view, the impact of UE side reciprocity errors is much less than that of the eNB side. Our latest link level results basically verified this conclusion, e.g., for low to medium SNRs, UE side reciprocity error is not a key performance factor. But it is found that UE side reciprocity error might become a blocking factor for capacity approaching of an individual user with good signal quality (medium to high SNR, low mobility). In this contribution, a simultaneous eNB/UE calibration with almost no extra UE complexity is proposed for achieving nearly optimum performance. 
2 Simultaneous eNB and UE Calibration
Self calibration (Self Cal) does not require air-interface signaling and can provide full band accurate RF mismatch calibration thus has been deployed in many TDD systems. However, conventional Self Cal requires hardware RF connections between antenna elements for transmitting internal calibration pilots which might be difficult if not impossible for distributed antenna systems.  Over-the-air calibration (OTA Cal) is a pure software calibration, and does not require any hardware support. Most importantly, OTA Cal does not require physical RF connection between antenna element which is impractical for a distributed antenna system (RRH, CoMP, etc), thus OTA Cal has attracted increasing interests from 3GPP LTE-A community. The simultaneous eNB and UE calibration is based on OTA calibration.
For OTA calibration, it is usually the eNB’s responsibility to collect uplink and downlink channel measurements and calculate the reciprocity calibration weight due to its hardware advantage over the UE. Traditionally, it is believed that  to carry out UE calibration would require extra UE complexity thus cause battery and size expansion. Since battery and size are usually more critical for a UE compared with the limited calibration gain, UE side calibration was generally thought unnecessary. In this contribution, we propose a simultaneous eNB/UE calibration solution which enables UE reciprocity calibration at the eNB side without incurring any extra UE complexity. Simulation results show that this solution can provide notable gain compared to eNB only calibration in the medium to high SNR region.

To derive the simultaneous eNB/UE OTA calibration, we employ the reciprocity error model proposed in [1]. The effective downlink and uplink channel can be related as,
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The target of reciprocity calibration is to calculate eNB side reciprocity error 
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,  and UE side reciprocity error 
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from pilots, and compensate them back to the user signals so as to guarantee the reciprocity of 
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For systems with uplink and downlink channel measurement pilots, 
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 are measurable via pilot signalling, i.e., downlink CSI-RS and uplink SRS in LTE-A. The equation 
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 can be written into its elementary form as,
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where 
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are unknows. For solutions, the equation can be written as
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By using 
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 as reference, the eNB side reciprocity errors can be solved as,
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This is equivalent to the conventional relative calibration.

If the UE side also use 
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 as reference, the UE sice reciprocity errors can be solved as,


[image: image16.wmf]ï

ï

î

ï

ï

í

ì

=

=

=

-

-

-

-

-

-

-

-

-

-

1

,

1

1

,

11

,

1

11

,

1

1

,

1

,

21

,

1

21

,

11

,

1

11

,

1

1

,

1

2

,

1

1

,

1

1

,

...

M

dl

M

ul

ul

dl

m

M

m

dl

ul

ul

dl

m

m

m

m

h

h

h

h

e

e

h

h

h

h

e

e

e

e


If the UE side use 
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 as reference, the UE sice reciprocity errors can be solved as,
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Other operations for removing common factors in the solutions are possible for different relative calibration purposes.
With the solved (relative to the reference) eNB/UE side reciprocity errors, the eNB calibration weight can be calculated as,
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The UE calibration weight is,
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And the calibration operation can be expressed as,
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   By first solving the UE side reciprocity, the eNB side reciprocity can be more accurately estimated by using a matrix least square (MLS) estimator, e.g.,
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where 
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 is estimated as previously described, 
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are downlink and uplink channel estimations. A matrix MMSE estimator can be also employed if the second order statistics (auto-covariance) of 
[image: image27.wmf]b

E

ˆ

is available. More advanced estimation algorithm such as iterative estimation of 
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 can be also employed for further performance improvement. 
Link level simulations have been run to verify the proposal. We selected a LTE-A JP-CoMP link which is in our view most vulnerable to reciprocity errors. Key configurations of the link are listed as follows,

	Number of UEs
	3

	Number of eNBs
	3

	Number of Antennas per UE
	2

	Number of Antennas per eNB
	4

	MCS
	Turbo Code (1/2 rate) + 16QAM

	Velocity
	1 meter/second

	Scenario
	Urban Micro Scenario

	Other-cell-interference level
	-5dB

	Feedback quantization
	6 bit simple I/Q quantization

	BsElementPosition
	4 lambda

	MsElementPosition
	0.5 lambda

	FFT size
	2048

	CSI-RS granularity
	Full band, 1 symbol per eNB

	SRS granularity
	CSTD between UEs

	Carrier Frequency
	2GHz


The simulation results are as shown in the figure below. We used the signal to interference plus noise ratio (SINR) of the demodulator input signals as performance metric. This metric can be mapped to BER/BLER by look up the input/output SNR mapping table of 16QAM+Turbo Codes. 
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Fig. 3 Simulation results for UE+ eNB OTA calibration 
It can be seen that simultaneous eNB and UE OTA calibration based on matrix LS (MLS) algorithm can achieve almost perfect performance for the given link. UE calibration performed in the eNB can significantly improve the link performance at medium to high SNR region (Link SNR>10dB). Compared with eNB only calibration with traditional calibration algorithm, more than 2dB of demodulator input SINR gain can be achieved for the whole SNR region by simultaneous eNB and UE OTA calibration.
3 Conclusion
Over-the-air calibration should be supported for TDD to enable reciprocity based processing, especially for distributed antenna systems such as RRH and CoMP. With OTA calibration, UE calibration can be implemented at the eNB side without any extra UE complexity or air interface overhead for enhancing eNB calibration, improving a specific UE’s downlink performance, or enabling uplink reciprocity based processing.
Based on above discussion, we conclude that:

1) No additional feedback is needed to support UE-side calibration; 
2) CSI feedback can be designed to take UE-side calibration into account;

3) The use of OTA calibration could enable a longer CSI feedback cycle to be used, thus reducing the overhead.
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