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1 Introduction: 

We propose a PMI recommendation technique which exploits the presence of multiple antennas at the BS and MS. In this proposal, a significant portion of the interference contained in the signals processed by the MS is suppressed by applying suitable precoders at the desired BS as well as at the co-channel BSs which cause dominant interference, and using a receiver filter. The precoders to be used at the respective BSs are recommended to the serving BS by the MS. The MS receiver filter weights, and the recommended precoder values are determined by the MS using estimates of the channel state information (CSIT) of the desired signal, CSIT of dominant interferers, and the covariance of the rest of-the interference plus back ground thermal noise. We show that complete elimination of co-channel interference is possible when the interfering BSs allocate the PMI requested by the MS.
Our analysis shows that, by jointly optimizing the precoder weights and MMSE receiver filter weights, it is possible to completely eliminate any number of dominant co-channel interferers as long as the CSIT of those dominant interfering signals is available to the MS. The system performance is mainly dictated by the covariance of the weaker interferers plus the background thermal noise level
We also show that complete elimination of dominant interferers is possible with infinite rate feedback. In contrast to the conventionally used DFT based code books which quantize the phase information, it is shown that code books which allow amplitude variation are essential for complete elimination of interference. In 2Tx, 2-Rx system, a simple code book which uses either 1 or 2-bits for amplitude quantization, and 3-bits for phase quantization is able to provide nearly full interference suppression. 
Simulation results show that by jointly optimizing the MMSE receiver filter and precoding matrices, the system can completely null several interferers at the transmitter and suppresses the remaining interferers at the receiver using multiple receiver antennas. In contrast, conventionally used PMI recommendation method is far inferior in performance compared to the proposed method.

 Details 
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baseband MIMO system described by
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where,
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	-
	Number of dominant interferers (tier-1).
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	-
	Number of weaker interferers (tier-2 & 3).
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	-
	Received Signal Vector of MS1 of size [image: image8.png]


× 1.
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	-
	Unit Energy baseband symbol transmitted by [image: image11.png]BS,
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channel matrix between MS1 and its intended BS
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 channel matrix between MS1 and its dominant interferers
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channel matrix between MS1 and its weaker interferers
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precoding vector used by [image: image26.png]BS,
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	-
	Additive White Gaussian Noise with zero mean and variance, [image: image31.png]
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.
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	-
	Number of antennas at the receiver and transmitter respectively.


The optimal linear receiver is the one that multiplies the received signal vector with suitable weights such that the SINR at the output of the receiver is maximized. As an illustration we consider a 2 × 2 system. In this case, the receiver can be represented as follows.

[image: image278.png]





 [image: image36.png]


            [image: image38.png]


 




[image: image40.png]Vi1









   [image: image42.png]£, =wiyy + Wiy,





[image: image44.png]



Fig.1 - Optimal Linear Receiver that maximizes SINR

The tap weights[image: image46.png]w=[w; w,]7



 are derived as a function of the effective channel of the desired symbol and the co-variance of the interference plus noise. The tap weights [image: image48.png]


 are given by,
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The equation for the tap weights mentioned above hold for any number of receiver antennas. The conventional method of interference mitigation relies on minimizing the power on the interfering links by choosing appropriate precoders for those links. These precoders are from a codebook common to both MS and the BS and the feedback from the MS contains the index of the appropriate precoder. The codebook used for this purpose is given below.

	Vector index
	1
	2
	3
	4
	5
	6
	7
	8

	v1
	0.7071
	0.7071
	0.7071
	0.7071
	0.7071
	0.7071
	0.7071
	0.7071

	v2
	-0.7071
	-0.5- j0.5
	-j0.7071
	0.5- j0.5
	0.7071
	0.5+j0.5
	j0.7071
	-0.5+ j0.5


However, with the receiver in Fig. 1, this technique is sub-optimal since it is not concerned about the spatial distribution of the interfering signals. The receiver can be thought of as projecting the received signal in a direction obtained from the co-variance of the received signal and the effective channel of the desired symbol. If this projection can be made to nullify the interfering links by precoding them suitably, the performance of the receiver improves.

The precoding vector is evaluated as follows. The co-variance of the weaker background interferers plus noise[image: image54.png]


 is determined by the MS of the cell-edge user. The MS then estimates the channel states, [image: image56.png]


 of the dominant interferers. This can be done reliably since the received power level of the dominant interferers would be in par with the desired signal. The precoder [image: image58.png]


to be used by the [image: image60.png]


 BS for the subsequent transmission is evaluated as follows.
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Subject to the power limit constraint: [image: image63.png]pip, =
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is the desired link of the MS, and [image: image69.png]


, and [image: image71.png]


=[image: image73.png]


 is the covariance of the residual weak interference+noise, [image: image75.png]


 is the thermal noise power, and [image: image77.png]


 is an identity matrix. In practice, an estimate of [image: image79.png]


will be used. With proper choice of precoders, the post-processing SINR at the output of the receiver becomes:
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If the residual interference is absent, the receiver fully nulls all dominant interferers. In that case, the system performance will be limited thermal noise only. 
Note: The mathematical details of the above stated results are given in the Appendix

Note: The precoders [image: image82.png]
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 are assumed to be either constant or they change slowly in time. 
Precoder calculation
1) At the MS side, acquire the CSIT of desired, dominant interferers, and estimate the covariance of weak interferers+back ground noise i.e.,[image: image86.png]R,..-R,.R,




2) Calculate recommended precoder [image: image88.png]Py



 to be used by the desired signal by maximizing: 
[image: image90.png]


 where [image: image92.png]hy

Hip,



.

a. In certain cases, if the estimate of [image: image94.png]


 is unreliable, compute  [image: image96.png]Py



 by maximizing the following metric:[image: image98.png]


, where [image: image100.png]hy
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.
3) In a multi-user communication set up, in which the desired and interfering BSs exchange information about the precoders reported by the MSs, the precoder which is applied at the desired BS may be different from the one requested by the MS. Each BS chooses a precoder to strike a compromise between a) maximizing the beamforming (BF) gain  for its own MS and b) minimizing the interference caused to for another co-channel MS which is attached to a different BS. In such scenarios, the serving BS is reserved the right to make a decision on choice of  [image: image102.png]Py



 . In such cases, MS may learn about the used precoder and uses this information to decide the recommended precoders for the interfering BSs. 

a. In the presence of best-band scheduling, each BS may indeed be able to find the frequency sub-band in which the precoder requested by its own MS matches the one requested by other co-channel MSs which are attached to different BS.
4) After determining [image: image104.png]Py



, solve:
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,
The precoder computation method, can be depicted as follows.
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Simplified Interpretation:
Case 1: Interference Alignment in the absence of weak interferers
Let us assume that there are [image: image116.png]


 dominant interferers and the rest of the interference is modeled as AWGN. For this case, the optimal MMSE filter weights are given by:
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Applying this filter to the received signal, we have:
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Rewriting the above in term of signal and interference terms we have:
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The precoder for the desired BS is given by maximizing the metric: [image: image121.png]h?H,p,



.
Further, the filtered signal is devoid of interference if:
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.

Let us find an arbitrary vector[image: image127.png]


 , such that  [image: image129.png]h¥,
g=0



 . Then the precodes can be chosen to satisfy:
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Where [image: image135.png]


is a non-zero constant chosen such that [image: image137.png]pip, =



. The optimum solution is given by:
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for [image: image141.png]


.

It is interesting to note that the precoded channel of all interference signal are aligned with a single vector[image: image143.png]


 which is orthogonal to the precoded channel vector of the desired signal. 
Case 2: Interference Alignment in the presence weak interferers

The precoder weights can be expressed in closed form as shown below. Let us express:
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Where [image: image146.png]


 is obtained from Cholesky decomposition. Let 
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The optimum receiver first whitens the received signal to using a whitening filter to obtain:
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After the whitening step, the system model becomes:
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Where [image: image154.png]


is the whitened noise+plus residual interference term.  Now, the optimum percoders for dominant interferers can be obtained as:

Let us find an arbitrary vector[image: image156.png]


 , such that  [image: image158.png]
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. Then the precodes can be chosen to satisfy:
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Where [image: image166.png]2l



is a non-zero constant chosen such that [image: image168.png]pip, =



. The optimum solution is given by:
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for [image: image172.png]


.

It is interesting to note that the precoded channel of all interference signal are aligned with a single vector[image: image174.png]
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which is orthogonal to the precoded channel vector of the prewhitened desired signal [image: image178.png]



Note: The precoders [image: image180.png]


, for  [image: image182.png]M, +1..M,



 are assumed to be either constant or they change very slowly in time. 
1.1 Code Book Design

The precoder obtained through the above mentioned technique is computed at the MS and this has to be fed back to the appropriate BS. For this purpose, the precoders have to come from a codebook common to both MS and BS so that the feedback sent to the BS is minimized. It is to be noted that the precoding vector, can be assumed to have unit norm without loss of generality. Such a unit norm precoder for 2 transmit antenna case is given by,

[image: image183.png]6y
v, e’

oot




[image: image184.png]



[image: image185.png]p=e'sp, where p [v e,(,,ﬁ, )




It is to be noted that both [image: image187.png]


are linearly dependent. Therefore, either of them can be used for precoding. However, it is easy to create a codebook out of vectors that resemble[image: image189.png]


. This is because both [image: image191.png]v, & v,



 are positive and subject to the constraint[image: image193.png]vi+vi=1



. Therefore, this doublet [image: image195.png][vy v,]



 can be represented by [image: image197.png][v; v,] = [cose sing],



 with φ distributed uniformly in[image: image199.png][0,7/2]



. Similarly the phase difference [image: image201.png](6, — 6,




 can also be said to be uniformly distributed in[image: image203.png][0,2 n]



. Therefore, the precoding vector[image: image205.png]


can be given by,
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is uniform in[image: image210.png][0,7/2],6



is uniform in [image: image212.png][0,2m)]



.
For example, with one bit quantization for φ and three bits for θ, the optimal values for φ and θ are given by,
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The number of bits used for quantizing φ and θ is arbitrary.  In some cases, phase only quantization can be used and in other cases a mix of amplitude and phase quantization can be used.

The code books used for different BSs may be different. 
Simulation Results:

Consider a system with two interferers, one at 0 dB (in par with the desired signal) and another at -3 dB with respect to the desired signal. The transmitter and the receiver are assumed to have two antennas. The user employs QPSK modulation with a rate ½ turbo code. Results are presented for the technique developed above for different levels of feedback. In all the cases feedback is assumed to be sent to only one interferer - the 0 dB interferer. An EGT precoder is used for desired signal. 
The conventional PMI recommendation scheme uses 3-bit phase only code book does not suppress interference well. The proposed scheme suppresses two interferers almost fully, using a code book that uses 2-bits for amplitude and 3-bits for phase.  The performance is quite good when a total of 4-bits is used for feedback (1 or 2 bits for amplitude and 3 or 2 bits for phase).  With 1-bit amplitude only feedback the system is not able suppress interference well. However, the proposed  1-bit scheme, outperforms a 3-bit conventional PMI recommendation.

[image: image215.emf]
Figure 2: Performance comparison in two interferers [0 -3] feedback set to 0-dB interferer

Now we consider a two interferer scenario where feedback is sent to both the interferers. The interferers are considered to be at 0 dB and -3 dB with respect to the desired signal. The performance of the proposed method for different levels of quantization is presented. Once again, the proposed method outperforms the conventional method which uses a DFT codebook. Further, the case with no restriction on quantization is same as the interference free performance.

[image: image216.emf]
Figure 3: Performance comparison in two interferers [0 -3 -6] feedback set to both 0 and -3dB interferers 

As a second case, we consider 3 interferers with the following profile: [0 -3 -6] dB with respect to the desired signal. The channel states of the desired link and the link between the 0 dB interferer is assumed to be known to the MS. The co-variance of the remaining interference plus noise is also known to the MS. The MS evaluates a precoder for the 0 dB interferer using different codebooks based on the number of bits that could be fed back. The user employs QPSK modulation with a rate ½ turbo code. The block error rate curves are plotted below along with that of the conventional case which uses a 3 bit DFT codebook. It is evident that the proposed scheme performs much better than the conventional method.
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Figure 4: Performance comparison in two interferers [0 -3 -6] feedback set to 0-dB interferer
Conclusions: 

Our results show that by jointly optimizing the MMSE receiver filter and precoding matrices, the system can completely null several interferers at the transmitter and suppress the remaining interferers at the receiver using multiple receiver antennas. In 2-Tx, 2-Rx system, a code book with either 1 or 2 bits for amplitude and 2 or 3 bits used for phase quantiziation is able to perform close to no quantization case. When combined with best-band scheduling, the system may be able to assign the precoders requested for each MS and thus reap the full benefits of interference cancellation through joint transmit-receiver precoder optimization. The proposed approach, and also the code books presented in this contributions should be considered for PMI co-ordination. 

Figure 3: Performance comparison in three interferer case with various code books
Optimal Precoder Derivation
The SINR at the output of an un-biased MMSE receiver is given by: [image: image219.png]


.

Assuming [image: image221.png]


 is known to MS, then the remaining precoders [image: image223.png]


is obtained by maximizing the SINR at the output of the MMSE receiver i.e. maximize, [image: image225.png]h¥R1h,



.

Where 
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Let us define:

[image: image228.png]
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Express [image: image234.png]


 as:
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Using Matrix Inversion Lemma which states that,
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Let enforce the condition:[image: image243.png]
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becomes:
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Now express [image: image250.png]


as:

[image: image251.png]



[image: image252.png]hiR3hy
(1— hER;'h,)

B R3'hy — hRThy




Let enforce the condition:[image: image254.png]
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becomes:
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After successive implementation of Matrix Inversion Lemma, the we get the general result:
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When the above conditions are satisfied, the post-processing SINR at the output of the receiver becomes:
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which is devoid of covariance terms of all dominant interferers. 

The precoder [image: image264.png]


to be used by the [image: image266.png]


 BS for the subsequent transmission is evaluated as follows:
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Subject to the power limit constraint: [image: image269.png]pip, =
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is the desired link of the MS, [image: image275.png]
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 is the covariance of the residual weak interference+noise. 
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