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1 Introduction
Collaborative MIMO, also called Network MIMO, has been recognized by many companies [1], [2] as a promising candidate to meet the challenging spectral efficiency requirements of LTE-Advanced (LTE-A). It is likely to be one of the key distinguishing features of LTE-A. 
Several reasons justify this considerable interest in collaborative MIMO:

· The performance of conventional non-collaborative cellular systems is limited by the amount of inter-cell interference (ICI) from neighboring cells. 
· While interference mitigation techniques such as soft or fractional frequency reuse are effective at reducing ICI, their benefit in terms of spectral efficiency is often limited.
· LTE-A collaborative MIMO instead uses a reuse factor of one and intelligently manages ICI through multi-site collaborative MIMO. 

Collaborative MIMO is implemented by means of transmit precoding at the collaborating eNBs. Note that although the current contribution deals with inter-eNB collaboration, the analysis is applicable in the case of inter-remote RF heads (RRH) collaboration and also in the case of single-cell MU-MIMO. Nonlinear precoding techniques such as dirty-paper coding (DPC) and Tomlinson-Harashima precoding (THP) are prohibitively complicated for practical collaborative MIMO networks. Therefore, linear precoding among cooperative eNBs is an attractive solution for LTE-A given its relatively lower complexity requirements at both the eNBs and the UEs [3-6]. We therefore focus on linear precoding for LTE-A in this contribution.  
This contribution investigates and compares three linear precoding schemes to achieve efficient multi-site MIMO collaboration: 
1. Conventional zero-forcing (ZF) [4]
2. Joint leakage suppression (JLS) [7]
3. Direct sum rate maximization using controlled iterative singular value decomposition (CISVD) [7]. 
ZF performs reasonably well in cancelling inter-UE co-channel interference. However, a key limitation of ZF is the constraint it imposes on the system in terms of the number of antennas that can be used. In addition, ZF suffers from its inability to deal with other sources of distortion such as unmodeled interferences. Finally, the ZF constraints do not take the noise level into account, which may lead to low signal-to-noise ratio (SNR) solutions. In contrast, JLS is a simple yet efficient precoding technique which allows to circumvent these drawbacks. Instead of minimizing the interference power received by each UE, JLS strives to minimize the power leakage onto other UEs as a result of transmitting the desired signal. The new approach reduces joint signal-to-interference-and-noise ratio  (SINR) maximization problem into  decoupled UE-centric optimization sub-problems. This decoupled approach also offers a viable means for reducing backhaul signaling. Finally for benchmarking purposes, the more computationally involved CISVD that iteratively maximizes the overall information sum rate is also considered. 
Our results demonstrate that ZF is inferior to both JLS and CISVD in terms of achievable spectral efficiency across all SNR ranges. While CISVD is shown to slightly outperform JLS, it is less suitable for a practical implementation in LTE-A, and primarily serves  as a benchmarking scheme. The results show that  JLS is an attractive candidate for LTE-A. Given the good performance/complexity tradeoff achieved by the JLS approach compared to both ZF and CISVD, we advocate its use for precoding purposes in both contexts of multi-site collaborative MIMO and single-cell MU-MIMO in LTE-A. 
2 Linear Precoding for Collaborative MIMO
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Consider the downlink of a multiuser multi-cell or multi-site system. Figure 1 illustrates a scenario compliant with the antenna reference configuration assumptions in LTE-A. It shows two multi-antenna UEs being simultaneously served by two eNBs also equipped with multiple antennas.
The 
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 eNBs (each equipped with 
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transmit antennas) cooperatively and simultaneously send data to 
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 UEs  (each with 
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denote the complex baseband channel matrix between eNB 
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 and UE 
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. Assume that the signal and interference parts from all eNBs arrive synchronously at each of the receiving users. Further, denote the intended data stream vector for UE 
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, and the linear precoding matrix used by eNB 
[image: image11.wmf]b

 (
[image: image12.wmf]1,,

bB

=

L

) for multi-stream beamforming in the direction of UE 
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Accordingly, the total discrete received signal by UE
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after matched filtering is 
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where 
[image: image19.wmf](

)

k

m

n

is the discrete additive white Gaussian noise vector with covariance matrix 
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, the operator 
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represents a matrix conjugate transpose and 
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, aggregate channel and precoding matrices from all eNBs to UE 
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 , respectively, are defined for notational convenience. Transmission power is normalized according to
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. The power constraints on the transmitted signals can be reduced to constraints on  the norms of the precoding matrices 
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. Furthermore, the transmitted data for different UEs are independent of each other, i.e., 
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Our goal is to jointly optimize the transmitter precoding matrices 
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  so as to maximize the sum of information rates over all the 
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 UEs, given the channel states 
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. To ensure fairness between users, a per-UE power constraint of the following form is used in the results shown in this contribution:
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, where the power constraint threshold PT is predetermined. In addition to ensuring fairness among users, this also has the advantage that it leads to analytically tractable solutions. More general power constraints, such as a per-eNB power constraint, can be obtained numerically. 
The first term in Equation (1) represents the desired signal, while the second term represents the ICI. The SINR metric for UE 
[image: image35.wmf]k

, upon which link adaptation relies,  can therefore be expressed as
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Note that every precoding matrix appears in each UEs’ SINR expression as either desired signal or interfering power. It is likely that maximizing the SINR of one UE will result in a reduction in the SINR of the other UEs involved in the cooperation.  Hence the problem of finding the optimal precoding matrices for each eNB is coupled, non-linear, non-convex, and amounts to a formidable multi-dimensional optimization task. Conventional brute-force numerical optimizations techniques are also of questionable practical relevance given the large number of parameters involved. The three precoding techniques considered herein instead use different approaches to determine the precoding matrices at the collaborative eNBs.
2.1 Zero-Forcing (ZF) Precoding
A popular method for determining the precoding matrices is the ZF precoding technique. Its aim is to annul inter-UE interference (and thus eliminate ICI). This technique is widely applied in intra-cell multi-user scenarios due to its simplicity and relatively good performance. The ZF method makes the transmitters satisfy the constraint: 
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. Then the ZF precoding matrix for UE 
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where 
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which is clearly another undesirable limitation. 
2.2 Joint Leakage Suppression (JLS)
The JLS approach allows on an eNB-by-eNB basis precoding matrix optimization by considering interference leakage suppression. For UE 
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, the precoding matrix 
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 maximizes a ratio of the power of its desired signal received at UE 
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 over the sum of the noise and the total power due to ‘leakage’ of the signal 
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 to other UEs. We call this the signal-to-leakage-plus-noise-ratio (SLNR). Accordingly, the SLNR for UE 
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Clearly, the SLNR can now be maximized for different UEs independently. 

2.2.1 Similarities and differences between SLNR and SINR
The distinction between SINR and SLNR is that SINR measures the ratio of useful signal power to a UE relative to the interference and noise experienced by the same UE, while SLNR measures the ratio of useful power a UE receives owing to the use of the desired precoding matrix relative to the noise plus the interference power that is “leaked” onto other UEs due to the use of the desired precoding matrix. 
It is worthwhile to note the similarities between SLNR and SINR, which is actually the more relevant metric to optimize. In the expression for SINR for UE
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in Equation (2), the interference power term in the denominator sums over the different precoding matrices TK of different UEs, while the channel realization term is the same. On the other hand, the leakage power of SLNRk in Equation (5) sums over the different channels associated with different UEs, while the precoding matrix is the same. SINR and SLNR are random variables, as they are functions of the channel state, which is a random variable. The fact that the overall amount of power of the interference equals that of the power of interference leakage, suggests that the JLS method described above is still effective for inter-cell interference reduction.
We restrict the set of the precoding matrices Tk to be scaled versions of semi-unitary matrices. This choice is in line with the unitary precoding codebooks used for single user MIMO in LTE. Thus,
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where the 
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. Orthonormality ensures that there is no cross-talk among the Lk data streams for UE 
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Even though the optimization of the precoding matrices 
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 is still intractable. Instead, we maximize  the following  lower bound on SLNRk
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where 
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In this case, the values for the columns 
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that maximize the lower bound of  SLNRk in Equation (7) can be expressed in closed-form and read:
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where 
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 represents the eigenvector of the matrix 
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 corresponding to the lth largest eigen value. 
Since the precoder chosen by each eNB has no impact on how other eNBs determine their precoders, no exchange of precoding matrices is required and hence backbone signaling in LTE-A will be significantly lower than for other schemes.
2.3 Controlled Iterative Singular Value Decomposition (CISVD)

CISVD is a sub-optimal yet simple iterative procedure [7] aimed at maximizing the information sum rate over all users. The algorithm falls under the class of greedy “alternate and maximize” algorithms and is similar to the iterative water-filling algorithm in [8]. 

The optimization problem is 
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 From Equation (1), the bandwidth-normalized information rate Rk at UEk is given by
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where 
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is the covariance of noise and interference for UE 
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 and is given by 
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The following table summarizes some of the features for the three linear precoding schemes considered in this contribution:
	
	ZF
	JLS
	CISVD

	Iterative
	No
	No
	Yes

	Noise-aware
	No
	Yes
	Yes

	Dimension constraints
	Yes
	No
	No


3 Simulations Results

In practice, in LTE-A, the number of eNBs that collaborate will likely be very small. We therefore focus on this case in this section. We simulate a 2-cell 2-UE collaborative MIMO network using the 3GPP spatial channel model (SCM) [9]. The UEs are uniformly distributed in a limited cell area so that any UE is at least 200m from its serving eNB, since this is the region where collaboration is most useful. Other simulation parameters are summarized in Table 1. Without loss of generality, the channel path-loss values are normalized with respect to the largest in-cell path-loss in the cell.
In Fig. 2, we plot the spectral efficiency vs. transmit SNR for various precoding schemes. As can be seen from the simulation results, CISVD performs better than JLS for all SNR values, and JLS also performs better than ZF for all SNR values. In low SNR regime, JLS and CISVD have similar performance. This is because the system is in noise-limited regime. On the other hand, JLS and CISVD outperform ZF in low SNR regime as ZF does not take the noise level into consideration. In high SNR regime, ZF and JLS have similar performance while CISVD outperforms both. In high SNR regime (and thus interference-limited regime), the iterations in CISVD allow for significant improvements over the non-iterative schemes.
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                           Figure 2 Sum throughput of various collaborative MIMO Schemes.
                                                        Table 1 Main simulation parameters

	Parameter
	Value

	Cellular Layout
	Two cells

	Distance-dependent path loss (dB)
	L=34.53+38log10(D), Urban Micro NLOS

L=34.5+35log10(D), Urban Macro

L=31.5+35log10(D), Suburban Macro

D in meters

	Inter-site distance
	500 m

	Minimum UE distance from BS
	200 m

	Antenna configuration
	2x2, 4x2

	Shadowing
	Lognormal shadowing, std. dev. = 8dB

	Channel Model
	SCM

	FFT size
	1024

	Bandwidth
	10MHz

	Carrier Freq.
	2GHz

	UE velocity
	3km/h – 30km/h


Fig 3 plots the throughput comparison under urban macro environment. The same relative performance is observed, although the difference is less noticeable than in the urban micro scenario. Fig. 4 plots the throughput comparison under suburban macro environment. Again, the same relative performance is observed.

Fig. 5 plots the CDF of the SINR experienced by UEs under urban micro scenario. Notice that CISVD slightly outperforms JLS, which in turn slightly outperforms ZF.

Fig. 6 plots the CDF of the SINR experienced by UEs under urban macro scenario. Due to channel hardening, we see that the three cooperation schemes have roughly the same performance. This observation aligns with the throughput comparison plot in Fig. 3.

Fig. 7 plots the CDF of the SINR experienced by the UEs under the suburban macro environment. Again, the same trends are observed for the relative performance of the three cooperation schemes.
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Figure 3: Sum-rate comparison of the 3 precoding schemes under urban macro. environment.
Figure 4: Sum-ratecomparison of the 3 precoding schemes under suburban macro environment.
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Figure 5: SINR distribution under urban micro environment with transmit SNR at 12 dB.
Figure 6: SINR distribution under urban macro environment with transmit SNR at 12 dB.
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            Figure 7: SINR distribution in suburban macro environment with 12 dB transmit SNR.
4 Conclusion

Signal-to-leakage-and-noise-ratio (SLNR)-based precoding is proposed for LTE-A collaborative or Multi-site MIMO. It has been shown that SLNR is an effective metric to be optimized for inter-cell interference reduction in the context of multi-site collaborative MIMO in LTE-A. In addition to its low-complexity, this approach also provides a viable means for reducing backhaul or inter-site communication requirements for collaborative MIMO in LTE-A. Our simulation results show that minimizing the signal leakage via JLS by optimizing SLNR fares just as well as the conventional SINR based metrics in interference-limited cellular scenarios. JLS outperforms ZF-based precoding  and closely matches the performance of the more complicated but not so practical sum rate maximization approaches. We therefore propose that SLNR be considered as a candidate for LTE-A. 
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Figure � SEQ Figure \* ARABIC �1�: A simplified view of the proposed collaborative MIMO scheme.
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