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1. Introduction

Essentially all proposals of DL MIMO techniques for EUTRA support some level of adaptation of the MIMO scheme(s).  The set of parameters whose adaptation is considered includes the spatial multiplexing (SM) order, the selected antennas/beams, the spatial diversity scheme, the beamforming parameters, the precoding matrix, and the MCS.  
In this contribution we emphasize that the MIMO adaptation should take into account the spatial correlation of the interference.  Performance gains are achieved if the UE feeds back to the Node B information that captures not only the current channel conditions (the channel matrix through which the desired signal is received), but also the nature of the co-channel interference. The latter is in general spatially-colored, with non-negligible cross-antenna correlations, especially (1) in UEs of small form factor, or (2) in the presence of a few dominant interferers, both scenarios being frequently encountered in the cellular environment.  
We emphasize that capturing the interference statistics does not require any extra feedback to the Node B:  Whatever feedback a MIMO scheme requires, it can be replaced by an equivalent feedback that contains the information about the interference.  This will be further explained in section 2, treating the general case, and discussed in some more detail in one concrete example in section 3, where the potential gain of the proposed approach is also demonstrated.  Section 4 presents our conclusions and raises issues FFS.
2. Interference-aware MIMO approach
We discuss the general aspects of the problem in the framework of the standard narrowband MxN MIMO channel model:
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where 
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 is the Rx output array (column vector of size M), 
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 is the Tx input array (of size N), 
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 is the MxN channel matrix, and 
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 is an additive “noise”. The “noise” is composed of thermal noise generated at the receiver, assumed spatially-white and of equal power (EP) 
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 in all antennas, and an interference component whose spatial covariance we denote by 
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. Namely, under the assumption of no correlation between the thermal noise and the interference, the overall “noise” covariance is
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where H denotes the conjugate-transpose operation, 
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 is the identity matrix (of size MxM), and E{} denotes taking the expectation value.

It is well known (see e.g. [1]) that the theoretical capacity of the above system depends on the “spatially-whitened channel matrix”, defined as
(3)
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via the following expressions:
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Here “IT” stands for “Informed Transmitter”, namely the case in which knowledge of 
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 is available at the transmitter and so water-filling strategies are possible, in contrast to the Un-Informed Transmitter (UIT) case (in which EP transmission from all N antennas is the optimal choice), and the total noise-normalized transmitted power P is given by

(5) 
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The operation of an optimal receiver is also based on 
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 (or, in other words, the related processing requires spatial-whitening of the noise); however, in practical systems there is no knowledge of this exact matrix and one has to rely instead on estimated values, which are computed from the estimated channel and noise covariance matrices (
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 and 
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, respectively).  For the sake of brevity, we shall refer to a receiver – or more generally to any scheme of operation – that attempts to estimate and exploit the full noise covariance matrix as “interference-aware”.  This should be contrasted with an “interference-unaware” approach, which assumes the noise to be spatially white, or equivalently is based on estimates of
(6)  
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Thus, in closed-loop MIMO schemes such as those discussed in [2], the interference-aware approach suggests to either feed back to the transmitter direct information on  
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 (rather than on 
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 alone), or alternatively send as feedback (a codebook entry index of) the precoding matrix 
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 obtained in the SVD decomposition 
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.  Or, in MIMO schemes requiring less feedback, for instance including just the SM order and corresponding MCS(s) [3], the “rank prediction” mechanism is applied to 
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, again instead of to 
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 by itself.  This way one can utilize more efficiently the current available resources, comprising of both the channel and the interference conditions.  
3. Example: SM vs. STTD MIMO mode selection
3.1  The scheme
As a concrete simple example, we now analyze in more detail the interference-aware approach in the context of the MIMO mode adaptation proposal of [4].  This example involves a 2x2 MIMO system which can switch between two open-loop modes of operation: (1) single-stream STTD (2x2-Alamouti), and (2) SM of two streams (transferring a single codeword, using a common MCS); in both cases the transmitter transmits with equal power from the two antennas.
  The selection mechanism between the two modes is based on a comparison – performed at the receiver – of the two resulting post-processing SNRs 
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, or the equivalent capacity measures C.   Specifically, in the case of perfect channel and noise estimation (i.e., when the exact 
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and, assuming an LMMSE receiver in the case of the SM mode, 
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[To make the model more realistic, the capacities in eqs. (7)-(8) can be constrained by some max value c per stream, by replacing 
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.]  Thus the decision criterion reads
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and the corresponding 1-bit MIMO-mode indicator (MMI) is reported back to the transmitter accompanied by the CQI measure
(11)
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For transmission in subsequent time intervals, the transmitter is now supposed to use the MIMO mode indicated by the received MMI, and assign the MCS according to the reported CQI. 
The interference-unaware decision and feedback 
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 will similarly be based on the capacity measures computed using eqs. (7)-(9), but now with 
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 of eq. (6).  
3.2.  Performance gains – perfect channel and noise estimation
To estimate the potential gain in performance of the interference-aware approach, we compare the MMIs and CQI measures obtained by interference-aware and -unaware receivers.  In this section we assume perfect knowledge of the MIMO channel and the received interference statistics, the latter derived from the known channels of the interfering signals.  We focus on low mobility scenarios, taking the same type of channel for both the desired signal and the interferers.  The interference is assumed to originate from K independent antennas, transmitting random symbols at predefined average powers with respect to the desired signal, and received at a given average INR (namely, at a given average total received power with respect to the thermal noise).  All channels are assumed to undergo independent fading processes, and the correlation between the two Rx antennas is modelled via a single (complex) cross-correlation parameter 
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.  We thus define a “scenario” for analysis unambiguously by setting the average INR and the K–1 relative powers of the interferers (relative to the first, say), and study the performance of the system as a function of the average SINR (defined here as the ratio of average signal power to the average interference plus thermal noise power).  Clearly, the lower the INR is, and the larger K is, the better 
[image: image37.wmf]W

Λ

 approximates 
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;  the gains of the interference-aware approach are thus expected to be significant in the opposite regimes, namely in the presence of just a few dominant interferers and when the INR is relatively large. In addition, at least for large K, the gains are expected to increase as 
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 increases.
In Figure 1 we depict (for a single interferer; see scenario 1 in the Appendix) the average decision rates of preferring the SM mode on the STTD mode, according to the interference-aware and -unaware receivers, based on perfect knowledge of the desired and interference channels. The percentage of decisions in which the two approaches disagree is also shown.
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Figure 1
The figure illustrates the effect of the spatially-colored nature of the interference on the MIMO-mode selection, but does not reveal the effect on the throughput, to which we now turn.   Neglecting the delay involved in closing the mode-selection feedback loop, which is a reasonable approximation at low mobility and under the assumption that the interference statistics is not varying rapidly, the reported CQI 
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 is a good measure for the actual instantaneous throughput 
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of the link in the interference-aware approach. In the interference-unaware case, however, 
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does not reflect the actual throughput 
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 (not even at zero feedback delay), since the latter depends also on the actual noise covariance 
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.  Thus the “mismatched measure” 
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should be computed using variations of eqs. (7) or (8-9), depending on the selected MIMO mode, involving both the estimated parameters (used by the receiver for processing) and the actual ones characterizing the received signals. 
We analyzed the performance of the MIMO-mode selection scheme in the two approaches using a simplified simulation, which computes the average capacity measures 
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 and 
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 over the channel instantiations in certain scenarios. The results are presented in the Appendix.
3.3.  Performance gains – practical channel and noise estimation
When practical (rather than perfect) channel and noise estimation are used, the expressions in section 3.1 should be first modified by replacing 
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 by its estimated version 
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, in the interference-unaware receiver), obtained from 
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 and 
[image: image53.wmf]Λ

ˆ

.  The resulting expressions refer to the decision made by the receiver and the corresponding reported CQI.  However, the actual performance (still at zero feedback delay) should be computed also using the actual 
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 and 
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, in “mismatched” conditions for both the interference-aware and -unaware receivers.
We repeated part of the simulations with practical channel estimation, and observed that most of the relative gain of the interference-aware approach is maintained. One example of the interference-aware gain with practical channel-estimation is shown in the appendix.
3.4.  General observations from the simulation results

In addition to confirming the basic intuitions (cf. section 3.2) regarding in which scenarios the gains of the interference-aware approach are high, the following conclusions can be drawn from the simulation results: 
1. Two sources contribute to the gains of the interference-aware approach: (a) A more “intelligent” decision regarding the preferred MIMO mode (a better “rank predictor”), and (b) a higher (predicted and actual) CQI measure, due to improved processing at the receiver which takes into account the spatial correlation of the interference.
2. At very high SINR the performance of the dual-stream SM mode surpasses that of the STTD mode and saturates the capacity, no matter which approach is used. Thus, there is no significant gain when using the interference-aware approach in this regime. At very low SINR, on the other hand, the STTD mode takes over in general, but the interference-aware approach still shows a large potential gain even though the absolute capacities are low, due to point 1(b) above.
3. In the intermediate SINR region, which is the most realistic one, the interference-unaware approach is seen to be biased towards the SM mode of operation. More generally, this suggests that a “rank predictor” which is blind to the spatially-colored nature of the interference tends to be too optimistic about the maximal SM order supported by the channel. 
The interference-aware approach yields relative gains of up to few tens of percents in a variety of interference scenarios, few of them summarized in Table 1.
	  Avg INR = 9.5dB;        Avg SINR [dB] =
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	5.7%


Table 1: Relative capacity gains (in %) in various interference scenarios (cf. the Appendix for details) 
3.5 A note on robustness and complexity

In an interference-unaware UE with M receive antennas, the noise variance is taken to be the average of the M (real) variances estimated at each antenna.  Namely, the entries along the diagonal of the full noise covariance (hermitian) matrix are computed and averaged. The interference-aware processing does not average the two diagonal terms, and in addition requires estimating also the M(M–1)/2 off-diagonal (complex-valued) entries.
  The additional complexity for the UE is very small, but because the number of estimated parameters is larger (M2 real parameters instead of 1 in the interference-unaware case), the estimation error is bigger. Thus the gain of the interference-aware feedback should be further validated with both link-level and system-level simulations and under a variety of channels (such as the SCM [6]) and  interference scenarios.

4. Conclusions
The potential of MIMO adaptation using an interference-aware approach was demonstrated for a MIMO-mode selection feedback in a 2x2 antenna configuration. It is expected that other MIMO feedbacks and schemes will also show signifcant gains from the interference-aware approach. The amount of gain in more realistic scenarios (than the example studied here) should be evaluated in link and system level simulations, and a simple mechanism should be added to prevent potential loss of the interference-aware feedback due to poor estimation of the interference statistics. 
In view of the potential gain at no UL feedback cost, we propose to consider the interference-aware approach for downlink MIMO feedback and adaptation in the EUTRA concept evaluation (cf. a companion text proposal [5]).
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Appendix
All channels in the simulations reported here are of type TU6 at 3 km/h, with 5 MHz bandwidth (300 subcarriers at 15 KHz spacing) around a 2 GHz carrier. Zero feedback delay is assumed, as well as perfect channel and noise estimation (except in one example). The results for each average-SINR point were obtained by analyzing thousands of consecutive 0.5 msec sub-frames, assuming Round-Robin scheduling.  In the current simulations the decisions between the two MIMO modes in question were made at the sub-frame rate.

In all cases the capacity measures were clipped by assuming a max value of 5 b/s/Hz per stream (i.e., c = 5 in the notation of section 3.1).  
Scenario 1:  A single interferer (K = 1) at an average INR of ~9.5 dB (namely, the thermal noise is 0.1 of the total noise plus interference power), with no Rx-antenna cross-correlation (
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 = 0).  
Figure 2 shows the average capacity measures of the interference-aware and -unaware approaches, namely 
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 and 
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 in the notation of section 3.2, alongside the averaged theoretical capacity 
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 of eq. (4).   
Figure 3 depicts the resulting relative performance gain of the interference-aware approach, namely 
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Figure 2
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Figure 3
Scenario 2:  Four interferers (K = 4), the last three having powers of -3, -6, and -9 dB relative to the first, and INR ~ 9.5 dB, with no Rx-antenna cross-correlation (
[image: image68.wmf]r

 = 0). 
Figures 4 and 5 depict the capacity measures of the interference-aware and -unaware approaches and the resulting relative performance gain, respectively. 
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Figure 4
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Figure 5
Scenario 3:  Four EP interferers at INR ~ 9.5 dB (i.e. the power of each interferer is ~3.5 dB above the thermal noise), with a Round Robin scheduler.
Figure 6 depicts the resulting relative performance gains of the interference-aware approach, for both zero and several nonzero Rx-antenna cross-correlation values (
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 = 0, -0.3042, 0.0861+i0.431, -0.6948±i0.342 
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= 0, 0.3042, 0.4395, 0.7744, respectively), which are the reference MS correlation values of the SCM (cf. Table 4.2 of [6]). 
Figure 7 shows the capacity measures for the 2 extreme cases of 
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Figure 6
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Figure 7
� The following discussion pertains to a single frequency bin.  Some averaging mechanism over bins should be added when the MIMO mode selection is applied to a whole resource block.  


� This observation naturally leads one to consider a “half-way improvement” of the interference-unaware approach, in which the noise covariance matrix is assumed diagonal but not necessarily proportional to the identity matrix; this amounts to replacing eq. (6) by


(6’) 		� EMBED Equation.3  ���  .


Evaluating this approach in our simulations we noticed just a minor performance gain, namely only about 5%-20% of the gain the full interference-aware approach yields. 


� Clearly, if frequency allocation at a lower rate is used, then the decision rate can also be reduced by some mechanism of smoothing over time; this issue remains FFS.
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