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1. Introduction
In this paper, we expand with more details on the proposed link-abstraction method in [1] for R-ML receivers with validation results. We also propose to capture the method in TR36.866 as a modeling method for ML/R-ML receivers. 
2. Link-abstraction for R-ML receivers 
The general approach is to derive the mutual information per bit (MIB) on each RE of the PDSCH, and then averaged the MIB over all REs before mapping avg(MIB) to a BLER [2]. We estimate the received bit mutual information rate (RBIR) of R-ML receiver based on a weighting between the MIBs at a lower-bound and an upper-bound SNR. 
Before presenting the detail procedures, we first formulate the signal model for the received signal though a 2-by-2 MIMO as follows. Suppose x1 is the desired layer and x2 is the interference layer.
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where Q1 is an unitary matrix and U is a upper triangular matrix. Q1 is not unique and one simple example of Q1 is given above. Alternatively, we can use another unitary matrix Q2 to project H onto the interference signal space of h2:
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(3)
Obviously, the SNR upper bound is the total desired signal power (i.e., with perfect cancellation of interference) and we can use 
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as a lower bound [3] (
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represents the power of the signal space orthogonal to the interference):
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It is possible to back-off the lower-bound by a constant offset value, e.g., 0.5 dB (which is what we used in the LUT given below), in case the complexity-reduced receiver may sometimes perform worse than the lower bound. Similar to the approach in [4], the mutual information per bit (MIB) of the R-ML receiver is approximated by a linear weighting of the MIBs at upper and lower bounds of the SNR, i.e., 
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where the function 
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maps one SNR value to the corresponding RBIR, and w is calibration factor that will be used to approximate the post-processing RBIR in the actual R-ML receiver. Given a MIMO channel realization (frequency-flat), we run link-level simulations to get (SNR(i), BLER(i)) pairs over a range of SNR or BLER. With these actual data points, we search for an optimal w such that 
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 is minimized over the range of BLER of interest (typically the “water-fall” region). In other words, we choose the optimal w to fit the BLER curve of the actual receiver performance. By applying the optimal w to obtain MIBML on each subcarrier, the effective SNR is then given by the average of MIB as
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Finally the BLER is approximated by the BLER in SISO AWGN channel at SNR = SNReff. 
An example, we show a SISO reference SNR vs. BLER curve in AWGN channel at MCS=16 (red curve in Figure 1), along with many (SNReff, BLER(i)) pairs generated for several random 2x2 channels. With appropriate choice of w for different channels, such mutual-information averaging approach seems to provide acceptable accuracy for SLS evaluation.
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Figure 1 and 2. Reference SNR-BLER curve and predicted effective SNR values with random MIMO channel realizations with resolution of w=0.01 (Figure 1) and 0.05 (Figure 2) 
We have shown in Figure 1 that with the right choice of w, decent curve fitting can be obtained for all kinds of channels. Figure 2 further shows that with some coarser w with a resolution of 0.05 the estimated effective SNR may introduce error less than [image: image13.png]


0.5 dB, which seems still acceptable. The remaining issue is how we build a look-up table (LUT) of w so that channels with similar “characteristics” maps to the similar w.  We observe that the following key parameters can be used to characterize w:

(1) The MCS of the desired layer (29 values)
(2) The modulation order of the interference layer (three values)
(3) The three parameters that adequately characterize the channel: inter-layer cross-talk l21, interference total power l22 , and remaining desired signal power after the interference-nulling projection l11. As an example, we can use the normalized pair (α=|l22|/|l21|, β=|l11|/|l21|) to characterize w. 
3. Detail procedures to build LUT for optimal w
In Section 2 we already presented how to obtain an optimal w for a given MIMO channel. The next step is to tabulate the optimal w that can cover for all possible MIMO channels. Any 2x2 channels will map to an (α,β) pair as described above. In our method as an example, we pre-generated w for the range of 
[image: image14.wmf][25,40]

a

Î-

dB and 
[image: image15.wmf][35,30]

b

Î-

dB to cover almost all realistic 2-by-2 channels. The w corresponding to the closest pre-generated (α,β) pair values will be used for a 2-by-2 channel. The more (α,β) pairs we compute and store in the look-up table, the more precise we get for w. However, as shown above, a coarse resolution for w still gives decent BLER prediction accuracy. In our evaluation, 100 well-spaced typical (α,β) could be enough to characterize w for most random MIMO channel realizations. After obtaining the optimal w for these 100 typical reference (α,β) pairs, we can then populate the LUT with certain granularity, so that for any (α,β) pairs, the corresponding optimal w-values could be easily obtained as the w-value according to the closest tabulated (α,β) pair. The attached two files are exemplary LUTs for the cases (MCS1=7, MOD2=QPSK) and (MCS1=21, MOD2=QPSK), with α=-25:0.1:40 and β=-35:0.1:30 (i.e., with a granularity of 0.1dB), after we interpolated from 100 typical reference w-values. Each line in these files represents (index of α, index of β, w). 
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4. Numerical validation
For static frequency-flat channels, the BLER curves from actual simulation and prediction are typically very close, as seen in Figure-1 above. Here, we used a rank deficient (i.e., rank-1) MIMO channel H= [1 1; 1 1] as an extreme case for demonstration. Figure 1 shows the results obtained LLS and link-abstraction. The MCS of desired signal is 1 and the interference is QPSK modulated.  
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We further verify the proposed method under a frequency-selective EPA channel with Doppler spread = 5Hz. Here we assume perfect channel information and no HARQ. Following two figures show simulation result of average throughput obtained by LLS and that predicted by link-abstraction model. MCS levels used for two layers corresponding to each figure are (7, 5) and (21, 5), respectively. Two layer signals are of the same power. The throughput is collected for the first layer only. 
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From throughput results under frequency-selective statistical channels and BLER results for a large number of instantaneous static MIMO channels, we believe the link-abstraction methodology proposed here is accurate enough to facilitate system-level performance evaluations. 
5. Proposed Text
-----------------------------------------start of TP ----------------------------------------------------------------

9
System-level Performance Evaluation 
[Editor's note: This section will capture the system level performance evaluated under objective #3]
9.1
System-level Modelling Methodologies 
[Editor's note: This section will capture the system-level modeling for different types of receivers.]
9.1.1 System-level Modelling Methodologies for ML/R-ML
To model BLER performance of ML/R-ML receivers for a PDSCH over any allocation under an instantaneous channel, the general approach is to derive the mutual information per transmitted bit (MIB) on each RE of the PDSCH, and then average the MIB over all REs before mapping avg(MIB) to a BLER. 
The received bit mutual information (i.e., MIB) of R-ML receiver at a RE is based on a weighting between the MIBs at a lower-bound and an upper-bound SNR which is described below, i.e., 
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where the function 
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maps one SNR value to the corresponding MIB and one such function can be pre-derived numerically for QPSK/16QAM/64QAM or approximated with an mathematical expression (refer to [2] for an example). The procedure to obtain w by curve fitting to the actual receiver BLER performance, as well as the definition of SNRL and SNRU, will be given later. After averaging MIBML over multiple REs in the PDSCH, an effective SNR is then obtained as
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Finally the BLER of the interested PDSCH is approximated by the BLER of a SISO AWGN channel at SNR = SNReff.
The particular model to derive MIBML at a RE is for a 2-by-2 MIMO channel where the two data stream can come from a single user or one desired layer (say x1) and one interference layer (say x2). In the case of more than 2 total layers (say N), the NxN MIMO channel matrix can be reduced to 2x2 with linear processing for example, after which ML/R-ML can be applied on the “filtered” 2x2 channel matrix.  Note that the impact of channel estimation error to BLER can be modeled separately based on channel estimation error model which is not described here. 
The SNR upper bound is the total desired signal power (i.e., after perfect cancellation of interference) and the lower bound is defined as 
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which represents the power of the signal space orthogonal to the interference, i.e., 
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Where
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where Q1 and Q2 are unitary matrices and they are not unique and simple examples are given above. 
Note that in case the complexity-reduced receiver is found sometimes performs worse than what is predicted by the lower bound, an offset of the lower-bound by a constant offset value, e.g., 0.5 dB can be applied. 
The procedure to obtain an optimal w for a given MIMO channel is described here. Given a MIMO channel realization (frequency-flat), link-level simulations are run first to get (SNR(i), BLER(i)) pairs over a range of SNR and BLER at different MCS levels. With these actual data points, an optimal w is searched numerically so that that 
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 is minimized over a range of BLER of interest (typically the BLER “water-fall” region). This method is heuristic but general enough to accommodate any actual implementation and performance sensitivities to coding type, MCS, and degradation incurred by reduced-complexity approximation of ideal ML receivers. 
Since the BLER performance depends on a number of factors including coding and instantaneous channel, the following key parameters are used to characterize w:
(4) The MCS of the first layer (e.g., MCS1 has 29 levels)
(5) The modulation order of the second layer (i.e., MOD2=QPSK, 16QAM, 64QAM)
(6) The three parameters that adequately characterize the channel: inter-layer cross-talk l21, interference total power l22 , and remaining desired signal power after the interference-nulling projection l11. As an example, the normalized pair (α=|l22|/|l21|, β=|l11|/|l21|) can be used.  
A set of pre-generated w can be used in system level simulation. The remaining issue is to build a look-up table (LUT) of w so that channels with similar “characteristics” maps to the similar w.  Any 2x2 channels will map to an (α,β) pair as described above. As an example, w can be pre-generated for the range of 
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dB and 
[image: image31.wmf][35,30]

b

Î-

dB to cover almost all realistic 2-by-2 channels. The w corresponding to the closest pre-generated (α,β) pair values will be used in system simulation. The more (α,β) pairs to be computed and stored in the look-up table, the more precise is w. However, a coarse resolution for w still gives decent BLER prediction accuracy. One example to obtain a LUT is to first obtain the optimal w for 100 well-spaced typical (α,β) and then populate the entire LUT with a desired granularity after interpolation from those typical w-values. Note that a LUT for w can be generated for each (MCS1, MOD2) pair.
-----------------------------------------end of TP ----------------------------------------------------------------
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