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1. Introduction
E-LMMSE-IRC, SL-SIC, and ML receivers are being considered by a number of companies in RAN4 [2].  In this contribution, we consider their application to transmission modes 9 or 10, examining their complexity as compared to Rel-11 LMMSE-IRC, the required knowledge and allocation of desired and interfering DMRS ports, and their relative performance in multipath channels.  
2. Receiver Structure & Complexity
2.1. LMMSE-IRC and E-LMMSE-IRC receivers
In the Rel-11 advanced receiver study item, RAN4 studied two approaches to LMMSE-IRC receivers. One approach is to use data REs to estimate an overall signal-plus-interference-plus-noise covariance matrix 
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. The LMMSE-IRC receiver in this approach has the form:
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(Eq. 1)
Another approach to realize the LMMSE-IRC receiver is using the CRS or DMRS from the serving transmitter to estimate the channel matrix 
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 of the desired signal, and using the differences of the received reference signal and the re-constructed reference signal with the estimated desired channel on the CRS or DMRS REs to estimate interference-plus-noise covariance matrix 
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 [1] . The LMMSE-IRC receiver has a form:
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(Eq. 2)
The RAN4 Rel-11 advanced receiver study showed that the CRS or DMRS-based LMMSE-IRC receiver outperforms the data RE-based LMMSE-IRC receiver [1]. 

The above LMMSE-IRC approaches can be applied to intra-cell interference suppression in MU-MIMO scenarios as well as to inter-cell interference suppression.

For the Rel-12 NAICS study, it would be a logical extension to study the possible performance gain of an LMMSE-IRC receiver when the system assists UEs to improve their channel estimates of both desired and interfering signals. For example, the system may provide interference measurement reference signals to allow a UE to more accurately estimate 
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, or even to estimate the channel matrices from each interferer, or for combined interference, at each RE. In the rest of this paper, E-LMMSE-IRC is used to refer this type of advanced receiver. 

When channel matrices 
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 with 
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 dominant interferers can be estimated, the E-LMMSE-IRC receiver could have the following form:
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(Eq. 3)
For intra-cell interference mitigation in the SU-MIMO case, the LMMSE receiver works similarly to the above LMMSE-IRC receiver to suppress the inter layer interference.

Comparing the forms of the LMMSE-IRC and E-LMMSE-IRC receivers in Equations 2 and 3, respectively, we see that calculating the received symbol estimates takes the same amount of computation once the autocovariance estimates (
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) are formed.  It is also possible to compute 
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 iteratively in approaches such as CRS-IC or DMRS-IC. In these approaches, the computational complexity of 
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 will increase by slightly more than 
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 times, where 
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 is the number of iterations (for example 2 or 3) performed for the desired and interfering channel estimation. The overhead between each iteration (such as reconstructing the channel estimate of the interfering signal and removing it from the received signal) should be small compared to what is needed for channel estimation. 
Calculating 
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 for E-LMMSE-IRC requires that 
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 additional channel estimates be performed as compared to calculating 
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.  While these additional channel estimates can add significant computational complexity, assuming a typical linear channel estimator is used, the computation should not be dramatically greater in an E-LMMSE-IRC receiver than in an LMMSE-IRC receiver.
2.2. SL-SIC receiver
There are two types of successive interference cancellation (SIC) receivers; one is when only symbol demodulation is involved in the SIC process, Symbol-level SIC (SL-SIC), and the other one is when FEC decoding is involved,  codeword based SIC (CW-SIC). If FEC decoding is used in the SIC process, the performance should be improved compared to the one only using symbol demodulation. However, FEC decoding will require that all detailed coding information and resource allocation information of the interfering signal be available to the UE receiver. This requires a lot of system coordination and/or signaling overhead. In our view, SIC using only symbol demodulation is more feasible. 

The SL-SIC receiver can be expressed as:
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(Eq. 4)
where 
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 is the hard or soft estimation of the interfering signal 
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Comparing the Equation 4 for SL-SIC to Equation 2 for LMMSE-IRC, we see that calculating the received symbol estimates takes the same amount of computation once the autocovariance estimates (
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) and the cancelled signal 
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are formed.  Calculating 
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for SL-SIC requires that p additional channel estimates be performed as well as p additional (hard or soft) modulation symbol estimation for each interfering PDSCH symbol compared with what is required for LMMSE-IRC, and also requires p additional matrix-vector multiply-accumulations per received symbol to remove the interfering PDSCH from the received signal as compared to E-LMMSE-IRC. If multiple iterations are employed for SIC process, the computational complexity for desired signal symbol estimation will be increased by multiple times. 
2.3. ML receiver
Treating the interference as an unknown deterministic QAM signal, ML receivers can jointly estimate the desired signal and the interfering signals. It is generally understood that ML receivers provide an optimal performance compared to other receiver structures. SIC receivers can be viewed as sub-optimal realizations of ML receivers. SIC receivers have less computational complexity with some performance degradation as compared to ML receivers. The ML receiver, like the SIC receiver, requires information of the modulation order and channel metrics of the interfering signals. The ML receiver can be expressed as:
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(Eq. 5)
where 
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 is the set of constellation points of the modulations used for desired signal and interfering signal. Note that in an actual implementation of an ML receiver, the estimate of the interfering signal 
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 can be discarded. 

For channel estimation, an ML receiver should have the same computational complexity as E-LMMSE-IRC and SL-SIC. However, for transmitted symbol estimation, when the number of layers of the desired signal plus interfering signals is large and when the modulation orders are high, the full ML receiver is very computationally complex and may not be feasible to implement. For example, a total of four layers of 64QAM modulated desired and interfering PDSCHs will require 64^4 ~= 16 million hypotheses to be searched.   The high complexity of the full ML receiver has led it to be considered generally infeasible in RAN4 [2].  Therefore reduced complexity ML (‘R-ML’) receivers (e.g. sphere detectors and the like) are being considered. There are many possible R-ML implementations that trade off some performance loss for greatly reduced computational complexity when compared with the full ML receiver. As there is ongoing discussion of these receiver types in RAN4, there is not yet a clear understanding of their computational complexity and performance relative to full ML.
Observations:

· E-LMMSE-IRC, SL-SIC, and ML receivers all require channel estimates of interferers beyond what is needed for Rel-11 LMMSE-IRC.
· LMMSE-IRC and E-LMMSE-IRC have the same structure, and their computational complexity is not dramatically different.  
· Their computational complexity differs mainly due to interferer channel estimation in E-LMMSE-IRC.
· SL-SIC has a similar structure as the LMMSE receiver types, but requires somewhat more computation due to the interfering PDSCH estimation and canceling operation.
· Reduced complexity variants of ML receiver types should be considered, as full ML requires infeasible amounts of computation.

· Further study is needed in RAN4 on the feasibility and link level performance of R-ML receivers.
3. DMRS Port Usage, Modulation Order, & Required Information

3.1. E-LMMSE-IRC

In order to get the best channel estimates for E-LMMSE-IRC, it is desirable to minimize the interference between the desired and the dominant interfering DMRS.  Therefore, it is desirable for the DMRS ports of the dominant interferers and the desired PDSCH to be mutually orthogonal.  For example, a desired PDSCH might use ports 7 and/or 8, while a dominant interferer might use ports 11 and/or 13.  Alternatively, further orthogonality could be obtained at the cost of higher overhead by using ports 9 and/or 10 for the dominant interferer.   Similar port arrangements are also possible with more dominant interferers, and up to 8 DMRS ports can be used.
As long as different DMRS ports are assigned to different cells that strongly interfere with each other, when the same DMRS sequence is used, the orthogonality of the DMRS ports can be exploited. In order to maintain this DMRS port orthogonality between cells, when the rank of a PDSCH is less than the maximum rank used by the desired or dominant interfering PDSCHs, the unused DMRS ports at each cell should be set to zero power (rather than having PDSCH occupy the unused DMRS port).  We note while reserving these unused DMRS ports improves channel estimation performance, it also increases the RS overhead.
The receiver needs to know the DMRS ports used on the p dominant interferers in Equation 3 for E-LMMSE-IRC.  The ports associated with a given PDSCH could be signaled dynamically or semi-statically, trading off overhead for scheduler flexibility.  While these mechanisms require further study, if dynamic signaling is used to indicate the DMRS port usage on an interfering cell, the dynamic signaling should be carried in DCI of the serving cell. Alternatively, the maximum number of DMRS ports used in the p dominant interferers can be signalled semi-statically to a UE. The UE can blindly detect which DMRS port is actually used in a particular subframe within the set of DMRS ports defined by the maximum number of DMRS port signaled.
3.2. SL-SIC
Similar to E-LMMSE-IRC, the receiver needs to know the DMRS ports used on the p dominant interferers in Equation 4 for SL-SIC.  It also benefits from improved channel estimation resulting from minimal interference between the desired and the dominant interfering DMRS.  Therefore, the same use of mutually orthogonal and/or zero power desired and dominant interfering DMRS ports as for E-LMMSE-IRC is beneficial for SL-SIC.
Additionally, an SL-SIC receiver needs to know the modulation order of the dominant interferers.  The dominant interferers’ modulation orders may be determined by estimation (at the cost of some complexity and performance loss) or through signaling carried on the serving cell (at the cost of some overhead and/or tighter backhaul delay requirements).

3.3. ML Receiver
The ML receiver needs essentially the same information as the SL-SIC receiver.  The ML receiver as exemplified in Equation 5 needs to know the DMRS ports used on the p dominant interferers and also benefits from improved channel estimation resulting from minimal interference between the desired and the dominant interfering DMRS.  Therefore, the same use of mutually orthogonal and/or zero power desired and dominant interfering DMRS ports as for the other two receiver types is also beneficial for ML receivers.    Furthermore, like the SL-SIC receiver, the ML receiver needs to know the modulation order of the dominant interferers, and may determine them through estimation or signaling carried on the serving cell using similar mechanisms.

Observations:

· For transmission mode 9, E-LMMSE-IRC, SL-SIC, and ML receivers all use knowledge of the interfering DMRS.

· ML and SIC receivers must also determine the modulation order of the interfering PDSCHs.

· Signaling will be needed to allow the UE to find the DMRS used on the interferer(s) PDSCHs.
· If the signaling is dynamic, it should be carried in DCI of the serving cell.

· It is also possible to blindly detect which DMRS port of a configured set of DMRS ports is used.

· It is desirable to minimize the interference between the desired and the dominant interfering DMRS.  For the best channel estimates,
· the DMRS ports should be mutually orthogonal where possible

· unused DMRS ports should be set to zero power.
4. Performance

We performed some link level simulations in order to gain insights into the gains possible from the different advanced receivers in different conditions.  Our study focused on the effect of multipath and MCS state.  Some selected simulation parameters are:

	Channel Model:
	EPA, ETU

	Antenna Configuration:
	2x2

	Channel Estimation:
	real MMSE channel estimation for desired and interfering channels

	Dip Values (in dB):
	 [-1.7079   -7.5079]

	MCS: 
	1) S: MCS5   I1: MCS5, I2: MCS5

2) S: MCS14, I1: MCS14, I2:MCS14

3) S: MCS5, I1: MCS25, I2: MCS25

	Interferer on/off states:
	I1: on, I2: on 

	Receiver type:
	LMMSE-IRC, E-LMMSE-IRC, SL-SIC, ML


Note: the DIP values correspond to I1/Noc = 6.6 dB and I2/Noc = 0.8 dB. These values were proposed for RAN4’s Phase-1 link level simulation parameters during their email discussions [3]. 

Other simulation parameters are summarized in the table in Annex A.

Figure 1 shows the throughput performance of the four reference receivers (LMMSE-IRC, E-LMMSE-IRC, SL-SIC and ML) with MCS configuration MCS5 used for the desired signal as well as the two interferer signals. Figure 2 and Figure 3 show the receiver performance under conditions with different MCS configurations, thus different modulation order combinations. All three figures have results for an EPA channel and an ETU channel (in the left and right plots, respectively).
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Figure 1 Receiver throughput vs. SINR with MCS configuration MCS5-MCS5-MCS5.
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Figure 2 Receiver throughput vs. SINR with MCS configuration MCS14-MCS14-MCS14.
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Figure 3 Receiver throughput vs. SINR with MCS configuration MCS5-MCS25-MCS25.

From the simulation results shown in Figure 1 through Figure 3, we have the following:

Observations:

· The performance of all three receiver types can be significantly improved using enhanced DMRS based channel estimation of dominant interferers.  Gains of at least 2 dB relative to LMMSE-IRC are observed for E-LMMSE-IRC, SL-SIC, and ML receivers in ETU channels for multiple MCS combinations.  
· ML receivers can provide significant performance gain over SL-SIC and E-LMMSE-IRC receivers only when both desired signal and interfering signals have lower order modulation (such as QPSK).  We find roughly 2dB in EPA channel and roughly 1dB in ETU channel at half the maximum observed throughputs over SL-SIC and E-LMMSE-IRC receivers, but when both the desired signal and all interfering signals are QPSK. When either the desired signal or an interfering signal has higher modulation order, the performance gain of ML receivers with respect to SL-SIC and E-LMMSE-IRC is very limited.

· SL-SIC and E-LMMSE-IRC receivers perform slightly better than baseline LMMSE-IRC receiver in a nearly flat fading channel such as EPA, but perform significantly better in more frequency selective channels such as ETU.

5. Conclusion
We have considered three types of advanced receivers: E-LMMSE-IRC, SL-SIC, and ML, comparing their complexity, the knowledge and allocation of desired and interfering DMRS ports, and their relative performance when used with transmission modes 9 or 10.  This leads us to the following observations and proposals: 
Observations:

· The performance of all three receiver types can be significantly improved (often by 2 dB or more in multipath channels) using enhanced DMRS based channel estimation of dominant interferers.  
· ML receivers can provide significant performance gain over SL-SIC and E-LMMSE-IRC receivers only when both desired signal and interfering signals have low order modulation (such as QPSK).
· SL-SIC and E-LMMSE-IRC receivers perform slightly better than baseline LMMSE-IRC receiver in channels with low delay spread (such as EPA), but perform significantly better in frequency selective channels (such as ETU).

Proposals:

· For E-LMMSE-IRC, SL-SIC, and R-ML receivers, further study mechanisms to 
· allow the UE to find the DMRS used on interfering cells

· assign mutually orthogonal DMRS ports among desired and interfering PDSCHs
· reduce DMRS port interference by setting some DMRS ports to zero power
· For SL-SIC and R-ML receivers, further study mechanisms to

· find the modulation used on interferers 
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7. Annex A – Simulation assumptions

Table 3:  Simulation assumptions used in the link-level simulation.

	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	Transmission mode on Serving cell
	TM9 with 1-layer for 2x2 case

	Transmission mode on interfering cell
	TM9, always 1-layer

	Interference on/off 
	On – On

	MIMO configuration
	2x2, low correlation

	Channel model 
	EPA, ETU, 3km/h

	Channel Estimation
	MMSE channel estimation for desired and interfering channels by orthogonal DMRS

	CSI-RS configuration
	4 CSI-RS ports, and 5 ms periodicity

	MCS
	1) S: MCS5   I1: MCS5, I2: MCS5
2) S: MCS14, I1: MCS14, I2:MCS14

3) S: MCS5, I1: MCS25, I2: MCS25

	
	

	DIP value (dB)
	dip2=[-1.7079   -7.5079] (i.e. I1/Noc = 6.6 dB, I2/Noc = 0.8 dB)

	PMI for target signal
	wideband PMI

	H-ARQ
	8 HARQ processes and max 1 transmissions

	Feedback periodicity for target signal
	Feedback periodicity: 5 ms; Feedback delay: 8 ms

	PCFICH
	CFI = 2

	Cyclic prefix
	Normal

	Simulation length
	4000 sub-frames
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