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1
Introduction

In RAN4#68bis it was decided to inform RAN1 via LS [1] on the progress of NAICS study item in RAN4, and more specifically, a list of candidate NAICS receivers was appended as a TP to TR36.863. 
In our previous RAN4 contributions, we have discussed various receiver structures for the NAICS study [2]. We have also highlighted the importance of further enhancing IRC receiver processing, which is already made possible through existing network coordination mechanisms. 
The third objective of the NAICS study targets a system level evaluation, including tradeoff analysis of performance vs. network signalling and coordination. For this purpose, the link to system modelling is another aspect to be considered by RAN1.

In this contribution we present system performance and specification impact of the widely linear MMSE IRC (WLMMSE-IRC) receiver. The details of WLMMSE-IRC processing have been discussed in [5], while the system modelling is discussed in [6].  
2
WLMMSE receiver operation
2.1

Cell edge operation with WLMMSE receiver
Strengthening the advanced receivers operation in LTE is of key importance for a balanced system evolution.          Cancellation/suppression of dominant interference has been addressed in various forms by feICIC and CoMP. Current advanced receivers are used to tackle different forms of interference: LMMSE estimators mitigate spatial interference in SU/MU-MIMO; Interference Cancellation (IC) receivers have been mostly discussed until now in the context of Heterogeneous Network scenarios (e.g. CRS-IC). 

Further enhancements to inter-cell interference mitigation could be achieved by increasing the degree of co-operation between the transmitter and the receiver. Through network assistance/coordination, the UE receiver may perform suppression of non-circular interference by adding different modulation alphabets. Simple mechanisms like coordination of the allocated modulation and rank improve the system performance as further discussed in this contribution. Moreover, existing coordination mechanisms (e.g from eICIC, CoMP/(eCoMP) may be leveraged.

Widely linear LMMSE (WLMMSE) processing offers one solution for extending the degrees of freedom for interference suppression at the UE receiver. The current LTE system is based on complex valued modulations (i.e. QAM). For two UEs in different cells interfering with each other at the cell edge, several configurations may be exploited in terms of modulation type, as shown in Table 1. The third and fourth cases in Table 1 assume that real valued modulations (i.e. PAM) would coexist in the same system together with QAM modulation in a flexible manner, which is totally at the network discretion.
From Table 1 it is observed that WLMMSE gains are achieved when the target UE is exposed to favorable dominant interference characteristics: when dominant interferers use PAM modulation (schemes #3 and #4), the UE benefits from additional degrees of freedom through WLMMSE receiver processing. We note that PAM transmission alleviates the penalty experienced with dynamic point blanking when one of the UEs is not served with any throughput.

Table 1. Cell edge operation in terms of modulation type / blanking
	Scheme #
	Cell 1, UE1
	Cell 2, UE2
	System Operation

	1.
	QAM
	QAM
	Current baseline LTE operation assuming no network side coordination

	2.
	QAM
	0
	Possible for legacy UEs as coordinated scheduling. Interference coordination specified in Release 11 as CoMP (DPB)

	3.*
	QAM
	PAM
	Alleviates the penalty of scheme #2, allowing throughput to UE2 and thereby increased overall system performance

	4.*
	PAM
	PAM
	Better system balance can be achieved if tighter modulation alphabet coordination is allowed


Observation:

· PAM transmission for dominant interference alleviates the throughput penalty of dynamic point blanking.
Existing LTE Release 11/12 coordination schemes (e.g from CoMP, feICIC) can be used to achieve such modulation type/allocation coordination. The coordination could be even semi-static, hence not requiring much from backhaul perspective. In order to maximize the benefits, real valued modulation (RVM) should be allocated in a cell being a dominant interferer to the victim UE. Complex valued modulation (QAM) can still be used for suitable UEs and can be used even in conjunction with RVM, for example when the desired stream is QAM modulated and the dominant interference is PAM modulated.
Observation:

· RVM transmission is needed only for dominant interferer transmission, hence for aggressor transmission. 

· The desired/victim UE can receive either QAM or PAM modulation.

2.2
Network operation assisting WLMMSE receiver
We consider a homogeneous nework configuration following the assumptions of NAICS Scenario 1 as seen in the table of assumptions in Appendix A. In this setup, a time-frequency network coordination technique aimed at assisting WLMMSE-IRC receivers is compared against the SU-MIMO baseline and other forms of coordination such as the best CoMP performance in Scenario 1 (provided by joint transmission). We note that Scenario 1 consists of intra-site coordination, hence this is the only form of coordination allowed for WLMMSE-IRC schemes as well as for the CoMP schemes. 

The network coordination for WLMMSE-IRC is based on the alignment of modulation types between the coordinated cells (in this case only intra-site coordination is applied). The objective is that the WLMMSE-IRC receiver would experience as much PAM-type interference as possible without loss in system performance. PAM and QAM modulation types are used (including all the QAM MCS currently in use in LTE). UE terminals compute and provide two types of feed-back to eNodeB: PAM-CQI and QAM-CQI. The eNodeBs would use both CQIs to make the link adaptation decisions as described below:
· Based on PMI and both CQIs, eNB scheduler can decide for a given PDSCH allocation, for a given UE, if PAM-type modulations or QAM-type modulations would provide higher system performance. The decision includes the assumption on intra-site coordination, that is, interference is considered PAM-type when PAM modulations are tested by link adaptation/scheduler algorithms. Similarly, when QAM-type modulations are being tested, QAM-type interference is assumed. Note that since the coordination is intra-site, the rest of the interference (i.e. inter-site) is assumed as QAM-type interference. 

· If PAM-type modulation is considered beneficial, then eNodeB sends a request for other eNBs to use PAM-type modulation in the respective allocation. Otherwise, QAM-type modulation is used. 

Since the coordination of modulation type is intra-site only, the actual interference experienced at the UE is a mixture of QAM-type and PAM-type, where QAM-type interference originates from inter-site (and mostly weaker) interferers. The needed PAM modulation orders is still open, but we consider 2-, 4-, and 8-PAM with different coding rates. QAM modulations follow current LTE specifications.

3
System simulation results
The system performance results are shown in Table 2 while the system level modelling methodology is described in a companion contribution [6]. We observe that realistic intra-site network coordination for WLMMSE-IRC receiver provides better coverage gain than for CoMP. The baseline consists of single user transmission while the CoMP schemes are joint transmission and dynamic point selection, all these being applied in NAICS Scenario 1. In the case of WLMMSE-IRC, the modulation coordination was confined to be intra-site, further gains are possible if the modulation coordination is happening wider in the network, as shown in Table 2.
Table 2. System level performance

	Technology / Configuration
	Coverage [bps/Hz/UE]

[Gain %]
	Average-cell SE [bps/Hz/cell]

[Gain %]

	Baseline
	0.0477
	1.979

	CoMP DPS
	 0.0503 [+5%]
	1.974 [+0% ]

	CoMP JT
	0.0507 [+6%]
	1.966 [-1%]

	WLMMSE Intra-site only
(M-PAM-QAM link adapt. per alloc.)
	0.0536 [+12%]
	1.958 [-1%]

	WLMMSE Full-network coordination
	0.0619 [+30%]
	1.965 [-1%]


4
Standardization and implementation aspects
4.1

 Standardization impact

The standardization impact for supporting WLMMSE operation is limited to the introduction of PAM modulation and corresponding changes to CQI feedback. Note that the introduction of PAM can be done at the same time with the introduction of 256 QAM, if the latter is found feasible. It should be investigated further how many PAM modulations classes are beneficial to WLMMSE operation. As WLMMSE processing is likely to be utilized in low SINR conditions, the existing MCS table needs to be extended only in the lower end. 

Observation:

· Several PAM based MCS classes need to be introduced.
In terms of feedback support, minimum modifications to CSI estimation and UE feedback procedures are needed. The existing framework with multiple CSI processes can be reused. Similarly to DPB operation, the UE needs to transmit different CQI hyphothesis based on the configured modulations. In terms of interference estimation, the same IMR configuration specified in LTE Release 11 may be reused. One can also exploit the Rel-11 feICIC feedback mechanisms with the CSI measurements subsets.
Observation:

· Existing LTE Release 11 multi-process CSI feedback mechanisms can be reused.
An additional change is related to the demodulation reference symbols which are currently complex-valued sequences. As the UE needs to capture the real valued nature of the interference, the demodulation RS should be also real valued, hence real valued sequence generation for UE-specific RS should be specified.
Observation:

· Real valued sequence generation for UE-specific RS is necessary in order to capture similar interference characteristics as for PDSCH.
4.2
Implementation impact

Transmitter complexity

On the transmission side, real valued modulations should be introduced by, for example, augmenting the MCS table. Link adaptation needs to account for real and complex valued modulations, while the coordination mechanisms can follow the same principles as for CoMP. This is in fact a common denominator for any type of advanced receiver relying on network coordination. Note that current QAM modulations are constructed from two PAM branches simplifying needed modifications. 

UE receiver complexity 

WLMMSE-IRC yields a simple modification to the well-known LMMSE-IRC receiver, hence only a marginal complexity increase. The WLMMSE estimator works on augmented matrices by stacking the real and imaginary parts to the same matrix. The matrix sizes are larger but the matrices are real valued instead of complex valued indicating similar complexity level for e.g. matrix inversion. The interference covariance matrix estimation must be done also in real valued domain potentially increasing the complexity slightly. Note that from the considered RAN4 advanced receiver candidates, WLMMSE-IRC has overall quite low computational complexity. As a further note, we have assumed WLMMSE-IRC algorithm to utilize similar DM-RS residual based covariance estimation as for baseline LMMSE-IRC, hence no additional information is required at the receiver. Naturally, WLMMSE-IRC can be enhanced similarly to the ELMMSE-IRC with modified covariance estimation at the expense of requiring the knowledge of the interfering cell DM-RS.
In addition, WLMMSE builds on top of LMMSE-IRC which has RAN4 minimum performance requirements specified in LTE Release 11, and its capabilities are well understood in 3GPP. WLMMSE reference receiver can clearly be described, since linear interference suppression is well known.
5
Conclusions

In this contribution we have provided initial system simulation results showing promising gain potential in terms of coverage with intra-site coordination of the modulation format together with WLMMSE-IRC receiver processing. Indeed, better coverage performance was achieved compared to existing CoMP techniques. It is noted that the assumed coordination mechanism does not require significant changes to the current LTE Release 11 specifications as feedback mechanisms therein can be reutilized. The standardization impact of WLMMSE-IRC was discussed and the following observations were made:

· Several PAM based MCS classes need to be introduced.
· Existing Release 11 multi-process CSI feedback mechanism can be reused.
· Realed valued sequence generation for UE-specific RS is necessary in order to capture similar interference characteristics as for PDSCH.
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Appendix A: System level simulation parameters

	Parameter
	Value

	Compared technologies
	CoMP
WLMMSE receiver

	Cellular layout
	Hexagonal grid, 19 sites, 3 sectors per site, center site simulated, 500 m ISD

	Deployment scenarios
	NAICS Scenario 1, Full ITU Uma.
For outdoor UEs : 0dB
For indoor UEs : 20dB+0.5din (din : independent uniform random value between [ 0, min(25,d) ] for each link)

	Carrier frequency
	2.00 GHz

	Antenna configuration
	2 Tx XPOL, 2 Rx XPOL

	Number of Ues
	10 UE / macro geographical area / Uniform UE dropping
20% outdoor UEs
80% Indoor UEs

	Transmission scheme
	2x2 SU-MIMO with  rank adaptation

	UE receiver
	LMMSE and WLMMSE

	Channel estimation for feedback and demodulation
	Ideal

	UE Feedback (technology dependent)
	Rank adaptation; Frequency selective CQI and wideband PMI (Release 8 CB)
CoMP:  two points DPS 
WLMMSE receiver: two CQIs

	Degree of coordination
	CoMP : Intra-site coordination
WLMMSE: Intra-site coordination and full-network coordination

	Scheduler
	TD-FD; PF-PF

	Handover margin
	3 dB

	Traffic model
	Full buffer


