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1. Introduction

Non-codebook based precoding is a promising scheme in LTE-A TDD systems for the frequency symmetry of downlink and uplink. The reciprocity assumption is widely accepted and used to effectively estimate the channel. However, in realistic situations the reciprocity might not be perfect [1]. One of the key concerns on reciprocity based processing is that its performance might be highly sensible to uplink/downlink channel reciprocity errors. Slight reciprocity errors may cause significant performance degradation [2]. Thus, reciprocity calibration has attracted many interests in latest TDD related 3GPP RAN1 discussions. 
Generally, reciprocity errors may come from three aspects of a TDD system: 
1) different transmitting/receiving RF circuits; 
2) different interference profiles at the user side and at the BS side; 
3) systematic differences between uplink and downlink baseband-to-baseband channels due to different frequency sub-bands, different channel estimation algorithms, Doppler shift, etc.
BS self-calibration schemes [2] and signaling aided over-the-air calibration scheme as proposed in [1] are targeting at reciprocity errors of the first kind. Asymmetric interference calibration in [3] is targeting at reciprocity errors of the second kind. The aim of this contribution is at providing efficient over-the-air calibration schemes for LTE-A downlink transmission with spatial multiplexing. The targeted reciprocity errors are all the three kinds.
2. SU-MIMO
Fig.1 illustrates the transmitter and receiver structure of a SVD based SU-MIMO system. The transposition of effective uplink CSI 
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Herein, matrices 
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is known as the Hermitian operation and denotes the transposed complex conjugate of the argument. Suppose there are nt antennae at the transmitter and nr antennae at the receiver, and thus 
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Fig.1 transmitter and receiver structure of a SVD based MIMO system

For SVD based precoding technique, the 
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 matrix is exploited, where a column of 
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, which is related to an eigenmode of the communication channel. The precoding technique at BS is operated by matrix-vector multiplication given by 
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Then, the received signal vector 
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Note, while exploiting eigenmode selection precoding approach, a number of largest eigenvectors (e.g. K eigenvectors), which are usually chosen to be less than the number of transmit antennae (K<nt), construct precoding matrix. 
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that uplink and downlink channels are ideally reciprocal, we have 
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However, in practice, uplink and downlink channels are not ideally reciprocal even in TDD systems, due to the three factors mentioned previously. Therefore, 
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, which causes link performance degradation. In order to compensate the channel reciprocity error, this contribution proposes a new over-the-air calibration algorithm which is thoroughly described as follows.

Suppose the rank of CSI matrix 
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 and therefore the desired precoding matrix is 
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 The reciprocity error 
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Considering the downlink “effective channel” 
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the SVD decomposition result of 
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 can be any arbitrary phase. X denotes an M by (N-r) matrix. Since 
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 Here, (:,1:r) indicates the first r columns. The calibrated precoding matrix therefore is 
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It has been agreed in the recent 3GPP RAN1 WG1#57 that demodulation reference signal (DM RS) is precoded and R-8 sounding reference signal (SRS) is non-precoded for UL MIMO. Obviously, SRS can be directly utilized for uplink channel estimation. Also, the precoded DMRS can be adopted for this purpose, because the precoding weight is known by eNB and thus the “raw uplink channel response” can be easily derived. The uplink and downlink RS should be carefully designed to ensure the propagation channel changes as less as possible during the calibration procedure. 
In addition, in OFDM based wideband systems, frequency selective fading is considered. Calibration factor 
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 could be calculated separately per each sub-band, such as per subcarrier, per RB, or per coherent bandwidth, etc. eNB then use different 
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 in different sub-band for calibration. Alternatively, a composite 
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 can be considered for the sake of complexity and overhead reduction, and therefore the same calibration factor can be used throughout the whole bandwidth. We only need to replace the frequency selective CSI by an effective non-frequency-selective value, e.g. average the estimated
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 in the whole band, and the same procedure is feasible. Here, averaging is just an instance for acquiring the non-frequency-effective channel, other operations, such as liner combination, selecting deputation sub-band etc, are not precluded.
Therefore, a feasible calibration procedure for TDD LTE-A system is described as below:
1. Calibration procedure is triggered based on some predetermined mechanism by any system controlling entity.
2. eNB estimates the uplink CSI 
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 from SRS or DMRS.  If wide band precoding approach is adopted, an effective non-frequency-selective CSI 
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3.  eNB operates SVD decomposition, and obtains the precoding unitary matrix 
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4. eNB transmits dedicated pilot 
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5. Channel estimation at UE. With dedicated pilot 
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6. Calculate channel calibration factor. SVD decomposition is operated by UE that 
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7. UE feeds back 
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 to eNB. Note, when narrow band precoding approach is adopted by the system, UE shall feedback multiple 
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 matrices with each 
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 corresponding to a certain sub-band.
8. eNB utilizes the feedback calibration factor to compensate the precoding matrix. The calibrated precoding matrix therefore is 
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 will be utilized until the calibration procedure is triggered again.
Note, the dimension of calibration factor 
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, the proposed approach might have less overhead, especially when r is much smaller than nt. Besides, the proposed method only requires dedicated pilot, which implies less air interface overhead compared with the existing solution (US 2008/0125109), where both common pilot and dedicated pilot are needed.
In practical systems, the triggering of a new calibration depends on many factors such as temperature change, power variation, escaped time from last calibration, etc. To provide precise predictive triggering, the control entity (normally sitting in the eNB) needs to pull these stats occasionally and acknowledge the other entity (the UE) once decision is made so that the UE can carry out corresponding measurements and feedbacks. This may mean extra circuits, processing efforts and air interface overhead. In the current scheme, the triggering could be done in the UE based on instant downlink measuring. If uplink and downlink channel are ideally reciprocal, the downlink effective channel should be 
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The matrix can be exploited to trigger the calibration procedure, for instance, when the ratio of average power of the diagonal elements of 
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 to the off-diagonal elements is below a threshold, UE should request the eNB to initiate a new calibration.
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Fig. 2 the proposed calibration procedure for SVD based SU-MIMO
3. MU-MIMO
MU-MIMO has been selected by the 3GPP RAN1 as a feature to be implemented in future LTE/LTE-A systems. One of the key concerns on TDD reciprocity based MU-MIMO system is that its performance is highly sensible to uplink/downlink channel reciprocity errors. Slight reciprocity errors may cause significant performance degradation. Thus, reciprocity calibration has attracted many interests in latest 3GPP RAN1 discussions for TDD systems. 

MU-MIMO is of most interest for the downlink transmission because in the downlink BS has the access to all users’ channel information, and can arrange the transmission most effectively by performing proper pre-coding. Thus, we will centre our following discussion on a downlink MU-MIMO model as illustrated below.
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Fig.3 A typical downlink MU-MIMO system
Consider the scenario as shown in Fig.3 where 
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denote the k-th transmit symbol vector and the additive white Gaussian noise vector, respectively. The actual transmitted signal vector for user 
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 denotes the precoding matrix for the k-th user (or the precoding vector if user k is equipped with a single antenna). We assume that service will be provided to a set of 
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The received signal vector at the k-th user is
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The goal of linear precoding is to design 
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Zero-Forcing precoding is a potential precoder design technique for downlink MU-MIMO. The main benefit of ZF precoding is that the interference is pre-canceled at the transmitter-side. This implies that BS has most of the computational complexity in designing the precoder, and each terminal needs only information regarding its own data streams for reception. 

The ZF precoder can be designed using the Moore-Penrose pseudo-inverse as, 
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where ‘+’ denotes the pseudo-inverse operation. The signals received at the users can be written as
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Signals seen by user i actually experienced a virtual matrix channel 
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, which is estimatable if all RSs are orthogonal. For a TDD system with perfect reciprocity, the precoded matrix channel as seen by all users would be 
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 e.g., a unitary diagonal channel. 
As mentioned previously, imperfect reciprocity is usually the case for practical TDD systems which results in a non-diagonal pre-coded channel. We introduce a matrix 
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 to denote all reciprocity errors between the uplink and downlink channels (or a calibration matrix), e.g., to express downlink channel as,
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Given the dimension of the downlink (or uplink) channel matrix 
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. Then with the ZF pre-coding, the effective downlink matrix channel would be,
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where 
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 denotes the matrix channel as seen by user i. The above equation suggests that the downlink matrix channel estimated by users can be fed back to the BS for reciprocity calibration, e.g to assure that the precoding is based on a precisely predicted downlink channel. 

Note that theoretically, 
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 can be either a left or a right multiplier. Herein, we introduced 
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 as a left multiplier because a left multiplier can be estimated by separate downlink receivers without exchanging information. Another benefit of a left multiplier
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 is that the number of receive antennae is usually limited by the number of transmit antennae in MU-MIMO systems, e.g.,
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would not exceed the number of entries of the channel matrix. This indicates reduced feedback overhead compared with calibration schemes requiring channel matrix feedback [1].  

In the context of LTE-A, it has been agreed that for high order downlink MIMO transmission, reference signal (RS) targeting at PDSCH demodulation (for LTE-A operation) are UE specific and subject to the same pre-coding operation with the data. Also, the RSs for different layers should be orthogonal. These agreements enable user i to estimate and feedback the matrix channel 
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Therefore, a feasible over-the-air calibration procedure for a non-codebook based TDD MU-MIMO system is proposed as below:
1.  Initialization: eNB initializes a calibration matrix 
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 for an MU-MIMO user group.
2.  Pre-coding: eNB calculates the downlink pre-coding matrix 
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 for all users in the group by using the calibrated uplink channel matrix 
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3.  Channel estimation: User i estimates matrix channel  
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based on all downlink orthogonal RSs. By inspecting the channel estimation results, the user determines whether or not a new calibration should be triggered.
4.  Feedback: If a new calibration is triggered, user i feeds back the estimated matrix channel to eNB. Note that the estimated channel can be fed back via a signalling channel, or can be transposed first and modulated to the uplink reference signals if uplink and downlink antenna configurations are symmetrical.
5.  Update: eNB updates the corresponding sub-matrix(sub-matrices) of the calibration matrix 
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 for the MU-MIMO group based on all users’ feedbacks, the new calibration matrix 
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MU-MIMO interactions between the BS and UEs are illustrated in Fig.4. Steps impacted by this contribution are highlighted.

It should be noted that in this scheme, we proposed to feedback the matrix channel as seen by user i. The target is to assure the reciprocity of the whole matrix channel and bring performance gain. However, in the case of low SINR, the off-diagonal entries fed back from users may become inaccurate. This inaccuracy will be propagated to other users via matrix operation 
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 and cause multi-user interference. Therefore, as a consideration for implementation, user i should check its SINR first and set the elements other than its own channel to 0 when the SINR is low.
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Fig.4 The over-the-air calibration procedure for ZF based MU-MIMO
In practical systems, the triggering of a new calibration depends on many factors such as temperature change, power variation, time escaped since last calibration, etc. To provide precise triggering, the control entity (sitting in the eNB as proposed in [1]) needs to pull these stats occasionally and acknowledge the other entity (the UE) once decision is made so that the other entity (the UE) can carry out corresponding measurements and feedbacks. This may mean extra circuits, processing efforts, and most importantly waste of air interface resource due to incorrect trigger timing. In the current scheme, the UE is responsible for determining the timing of a new calibration. Since the effective downlink matrix channel 
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 reveals the reciprocity between the real channels 
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, a user can trigger a new calibration at the exact time when it is needed by inspecting the entries of the matrix channel 
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, i.e., the reciprocity error vector. BS may initiate a new calibration, for instance, in case any MU-MIMO UE raises a trigger. Consequently, the trigger complexity in the eNB is removed, and the trigger timing is guaranteed to be precise.
Regarding to the feedback load, as mentioned previously, the dimension of the feedback matrix in [1] is 
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. It is well known that the number of receive antennae is usually limited by the number of transmit antennae in MU-MIMO systems, e.g.,
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, which means less feedback load is required by the current solution. Furthermore, as demonstrated previously, the estimated downlink channel 
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 reveals the relative difference between the uplink and downlink channels. It would be a diagonal identity matrix for a TDD systems operated with perfect reciprocity. For practical TDD systems operated with slight or medium reciprocity errors, its entry values would be less varying compared with the entry values of a raw fading channel matrix. The number of quantization bits required by this scheme would thus be less than that required by straight channel response feedback as suggested in [1]. 
Finally, neither the eNB nor the UE needs to perform calibration-specific channel estimations in this scheme.
4. Conclusion 
We propose the following:

The over-the-air schemes described in section 2 and 3 should be adopted for SVD based SU-MIMO and ZF based MU-MIMO systems with spatial multiplexing because,

· Over-the-air calibration employing the method proposed can calibrate all three types of reciprocity errors. 

· The downlink overhead incurred will be limited to 1 bit of trigger indicator.

· The uplink overhead incurred is minimized and limited to the report of reciprocity errors and 1 bit for new calibration request.

· UE can request a new calibration at the exact time when it is needed by inspecting the reciprocity error matrix or its derivative.

Note that in the current discussion, we assumed that the dimensions of uplink and downlink channel matrices are symmetrical, e.g., if the dimension of the uplink channel matrix is 
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 then the dimension of the downlink channel matrix dimension is 
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. There is a scenario that the uplink and downlink channel configurations are asymmetrical. In this case, the conventional uplink sounding will not be able to capture the full characteristics of the downlink channel. And the calibration scheme for this scenario is for further study.
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