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1 Introduction

The importance of receivers related to CoMP studies has been acknowledged throughout the discussions during RAN1#63bis meeting [1]
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[4]. It is widely accepted that from a receiver perspective RAN1 needs a common basis facilitating performance comparison, while on the other hand the evolution of CoMP studies needs to take into account potential receiver enhancements as well since both are tackling the same problem of inter-cell interference. While current baseline receiver in practical implementations is MMSE, it is likely that more advanced receivers would be implemented in the future. However there are practical challenges related to the implementation of more advanced receivers that could be tackled by transmission coordination at network side.

Coordinated transmission in support of interference aware receivers is one flavour of CoMP studies. In this contribution we conduct a preliminary study on the potential of enhanced receivers (only linear receivers are considered) by comparing single cell single user MIMO transmission scheme to a coordinated beamforming transmission scheme assuming a receiver which assumes that the interference is white or colored. Furthermore, with a simple example it is discussed whether CoMP coordination could be used to facilitate enhanced interference estimation at the UE. It is emphasized that coordination required by the receiver enhancements may be clearly less strict than what for example even simplest coordinated beamforming requires.
2 Interference aware receivers and CoMP

As stated in the revised SID CoMP proposal [1], coordinated multi-point transmission and reception has been considered as a tool to improve the coverage, cell-edge throughput and also to increase system throughput. During the LTE-Advanced Study Item, the CoMP studies focused on various transmission schemes, most of the evaluations being dedicated to transmit processing and feedback design. The CoMP bottlenecks identified in previous studies, for example the utilization of X2 interface, have been taken into account in the new scenarios considered for Release 11 investigation, most promising ones relying on RRH utilization and hence starting from the assumption that the backhaul links are ideal. On the other hand the new scenarios targeting flavours of heterogeneous deployments are also dealing with a higher level of interference, which is the particular case CoMP should address. One should not forget the fact that even if we discuss about multipoint coordination techniques, receivers play a key role and in certain circumstances might provide significant benefits relying on much less side information than what is the case for pure transmit coordination. From this perspective we see great potential in studying interference aware receivers as part of CoMP transmission schemes as discussed in RAN1#63bis meeting [5]
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[6]. 
Linear interference rejection capability boils down to constructing/estimating the interference knowledge at the receiver. As described in [3] various degrees of interference knowledge lead to specific receiver implementations, ranging from simple MMSE/MRC type of receiver which do not make any assumption/use on the other cell interference to more advanced techniques which assume a larger degree of interference knowledge. One should note that non-linear receivers are beyond the scope of this discussion. Advanced interference aware receivers, like interference rejection combining (IRC), have been in fact considered in 3GPP MIMO/CoMP evaluations, however most of the time considering ideal interference knowledge, which is highly unrealistic. Our main goal is essentially exploring ways in which the interference estimation, hence IRC, may be aided with network information in order to estimate the interference in a realistic manner and hence making this type of receiver more appealing for future implementation into the UE. One concern was modling of the realistic IRC in sytem simulations, however severeral ways have been proposed [7], [8]. 
UE may perform interference estimation, essentially constructing the interference covariance matrix needed in the IRC, considering several degrees of knowledge. In a most trivial way, which is also standard transparent, the UE may estimate its own desired signal, substract the own cell contribution from the received signal and calculate sample average over one PRB to estimate the covariance matrix of the remaining signal. Several other schemes requiring standard support may be easily envisioned. Dominant interference may be estimated if there are means of estimating the channel of the dominant interferer, operation which implies knowledge of the dominant interferer reference signals. The interference rejection capability of the receiver depends also on the number of receive antennas and streams of interest. For example in a situation of two receive antennas present at the UE, if one desired stream is received, there is only one degree of freedom left for efficient interference suppression. From this perspective, coordination of transmission rank between different cells [1]
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[6] might be needed such that enhanced interference suppression is facilitated. Typically the UE/eNB cannot assume much about the variations in interference structure due to per PRB scheduling decisions, transmission schemes etc. All these factors imply that the receiver is bound to do per PRB processing of the covariance, hence handling a small number of samples which naturally lead to a poor interference covariance estimate and consequently to insufficient knowledge for interference suppression capability. This problem can be alleviated by employing PRB bundling of the interference such that more robust estimates are constructed at the UE.
In summary, we briefly presented several ways in which one may achieve a more realistic, network aided IRC. It should be noted that IRC may be seen as a way of achieving more robust gains and also exploiting the network information in a potentially more light way than transmit-centric schemes which are typically investigated in CoMP studies. Indeed, interference aware receivers rely mostly on downlink signalling and network coordination of resources. On the opposite side, transmit-centric CoMP relies on heavy UE feedback, UL resource utilization and low-latency information exchange between transmission points. 
3  Simulation Evaluation
As this study is mainly a preliminary investigation of potential gains behind network aided IRC, the following stage investigation will focus on the agreed CoMP simulation scenarios. In the current evaluation two transmission schemes are simulated, single cell transmission and coordinated beamforming. The single cell transmission scheme is a conventional 2x2 precoded single user MIMO simulated as a reference. The coordinated beamforming scheme is a CoMP scheme where the CoMP UE signals the best companion precoding weight for the dominant interfering cell. Purpose of the best companion weight is to reduce the interference level using spatial domain. The simulations are made assuming intra site CoMP where the maximum path loss difference between the serving cell and the dominant interfering cell is limited to 10 dB. In other words, not all UEs in the CoMP simulations are in the CoMP mode. The rank adaptation is supported in both schemes. Note that using rank 2 transmission means that interference coordination can not be used due to the limited degrees of freedom with 2 transmit antennas.
Only a sector in the center cell is simulated by uniformly dropped UEs. Other sectors and sites produce interference assuming full load. The CoMP scheduling is assumed to be ideal in the sense that optimum PMI companion can be used all the time. Hence, the results show an upper bound on coordinated beamforming performance.
3.1
Simulated Receiver Algorithms
Two different receiver algorithms are studied. First one is a multi stream LMMSE receiver where other cell interference is assumed as white noise. In other words the spatial receiver filter equals
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for multiple data streams. The H matrix is the spatial channel matrix of the serving cell and WTx is the transmitter precoding matrix. In this receiver the other cell and thermal noise covariance matrix is assumed to be diagonal. Note that in single stream case, the algorithm is reduced to MRC combining.
Second algorithm is a multi stream LMMSE receiver where other cell interference is assumed to be colored. In other words the receiver filter equals
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.
Both the diagonal elements of the Cn matrix and all the elements of the CI matrix are estimated from the DM-RS symbols. First serving cell DM-RS symbols are subtracted and then sample average over available samples is calculated. 
One of the performance limiting factors in the interference aware receiver is the quality of the interference covariance estimate. In the current specification, the precoding weights may change per resource block due to the scheduling in the neighboring cells which limits the number of samples available for the estimate. In order to improve the estimate quality, a PRB bundling scheme is simulated where the precoding and scheduling granularity is increased to 2 or 5 RBs. In this case larger sample set may be assumed in the receiver. Use of this method requires agreement between the cooperating cells.
3.2 Simulation results
The simulations are conducted in the case 1 macro cell layout and main simulation parameters can be found from the Appendix. Note that no frequency domain scheduling is used in these simulations and the eNB antennas are relatively highly correlated due to the narrow antenna spacing.
Figure 1 and Figure 2 depict the throughput CDF of the various schemes. The labels are as follows:
· “Single cell, WN 1RB”: Single cell transmission scheme. Receiver assumes the noise to be white and the noise level is estimated from the DM-RS. It is assumed that 1 PRB can be used for one interference estimate.
· “Single cell, CN 1RB”: Single cell transmission scheme. Receiver assumes colored noise, which is estimated from the DM-RS. It is assumed that 1 PRB can be used for one interference estimate.
· “Single cell, CN 2RB”: Single cell transmission scheme. Receiver assumes colored noise, which is estimated from the DM-RS. It is assumed that 2 PRBs can be used for one interference estimate. This also means that the precoder granularity is reduced to 2 PRBs in all cells.
· “Single cell, CN 5RB”:  Same as above but now the estimation bandwidth is 5 PRBs.
· “CoBF, WN 1RB”:  This is the intra site coordinated beamforming scheme. Receiver assumes the noise to be white but noise is estimated over 1 PRB from the DM-RS.
· “CoBF, CN xRB”: The transmission scheme is the same as above but the receiver assumes the noise to be colored.  Estimation is performed over x PRB from the DM-RS. The number of considered x PRBs was 1, 2, 5.
In the simulations, the dual stream transmission is rarely used in the fully loaded macro environment making both the CoBF and linear interference suppression attractive methods. Both methods are linear and similar limitations on the maximum number of the supported streams apply. On the other hand, the intra-site limitation of the CoBF means that roughly 20 % of UEs are in CoMP mode.
As can be observed from the Figure 2 the interference aware receiver improves the single cell throughput at 5th percentile by 33 % achieving similar performance as the CoBF scheme. This is partly due to the fact that the receiver algorithm is not intra-site limited like CoBF. Thus larger amount of UEs get the benefit. On the other hand, allowing the PRB bundling for the receiver coordination means that it is not intra-site limited either, however this is a fair assumption considering that the coordination is merely semi-static rather than dynamic requiring low-latency connections between the eNBs as in case of CoBF. 
Even in the urban macro channel, the bundling of 2 PRBs together improves the estimate quality. On the other hand, increasing the bundling bandwidth to 5 PRBs does not increase the performance anymore because the frequency selectivity of the macro channel becomes the limiting factor. An improvement of 10% can be observed when the bundling size is 2 PRBs while an additional 4% improvement can be achieved when bundling size is 5 PRBs.  One may expect even greater potential from PRB bundling if operating in more frequency flat channels, such as those typical in home eNB or pico scenarios which as well fall in the scope of such techniques requiring only (semi-)static transmission coordination.
The interference aware receiver improves the cell edge UE performance whereas the CoBF scheme improves performance slightly at wider geometry factor range. Combining the CoBF transmission scheme and interference aware receiver scheme leads to some performance gain at medium geometry factors.
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Figure 1. Throughput CDF of different schemes.
	[image: image5.png]= single cell, WN 1RB
=== single cell, CN 1RB
s single cell, CN 2RB ||
====single cell, CN 5RB

CoBF WN 1RB
=== CoBF CN 1RB
s CoBF CN 2RB
==== CoBF CN 5RB

user throughput [bps]

8 9

5
x10




	[image: image6.png]0.98 -

0.92 -

0.9

0.86 -

= single cell, WN 1RB
=== single cell, CN 1RB
s single cell, CN 2RB ||
====single cell, CN 5RB

CoBF WN 1RB
=== CoBF CN 1RB
s CoBF CN 2RB
==== CoBF CN 5RB

user throughput [bps]

2.5

x10






Figure 2. Low and high percentiles of the throughput CDF.
4 Conclusions
Based on the conducted studies, the interference aware receiver has potential to achieve similar cell edge performance levels as the intra site coordinated beamforming scheme in the macro cell environment possibly with less strict coordination. When applied into the agreed CoMP scenarios, advanced receivers may show even greater gains as the interference conditions are richer. Thus, transmission coordination methods as CoMP coordination methods to improve UE interference estimation possibilities show an interesting potential which should be explored further.
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6 Appendix: simulation parameters
	parameter
	value

	carrier frequency,                           
	2e9 Hz

	pathloss model                              
	128.1 + 37.6*log10(dist[km]) 

	shadow fading model                        
	log normal, deviation 8 dB

	shadowing  correlation                             
	0.5

	fast fading model            
	SCM urban macro, BS AS 15 degrees

	Path delays 
	Random according to case C2 in winner D5.2

	path power
	Random according to case C2 in winner D5.2

	number of cell tiers
	2, inter site distance 500 m

	bandwidth 
	10MHz. 

	scheduling                         
	full band, RR in time domain

	UEs per cell
	1 

	MinBSMSSeparation                 
	35 m

	BTSAntennaHeight                     
	15 m

	antenna pattern                             
	3D three sectors per site, 

	BTSAntennaGain                         
	14 dB 

	MobileNoiseFigure                       
	9 

	mobile speed                                    
	3 km/h 

	antenna correlation                            
	ULA, antenna separation 0.5 lambda for BS and UE 

	MIMO scheme
	Precoded 2x2 MIMO, LTE codebook, link and rank adaptation

	CSI-RS
	Yes

	DM-RS
	Yes

	BS tx power                                   
	48 dBm 

	Interference covariance estimation
	Based on DM-RS REs

	PRB bundling level
	1, 2 or 5 PRBs


