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1. Introduction
Advanced receivers have been recognized in recent RAN1 discussions as an efficient means to reach high performance in UL SU-MIMO, both for SC-FDMA and OFDMA [1]. Two types of advanced receivers have been considered so far: iterative soft interference cancellation receivers (also called Turbo-SIC) and maximum likelihood detectors (MLD). It is anticipated that such advanced receivers will become key components of the LTE-Advanced performance. Therefore, it is important that their performance is appropriately modeled in system-level simulations in order to provide reliable and meaningful evaluations of the LTE-Advanced performance. To this end, accurate and low-complexity performance prediction methods are needed for these advanced receivers. 

This paper focuses on turbo-SIC receivers. Turbo-SIC are non-linear receivers whose performance improves with the reliability of the interference reconstruction as the number of iterations increases, as described in Section 2.2. Modeling this interference reconstruction reliability in system-level simulations is key in order to allow realistic performance evaluations. On the one hand, assuming perfect interference cancellation yields over-optimistic results in many practical cases (for e.g. high order modulations) even if a large number of iterations is assumed. On the other hand, it is likely that practical receivers will rely on a limited number of iterations in order to limit the complexity, as exemplified in [1]; taking such practical simplification into account is also valuable to obtain realistic performance assessments of the system.  
In this paper, we present a performance prediction method for turbo-SIC receivers, primarily developed in [2]. For the sake of generality, this method is presented in a generic MU-MIMO framework, where each user transmits several spatial layers. It is applicable to both SC-FDMA and OFDMA in the UL, and also in the DL, although it is not the aim of the contribution. This method provides the expected transmission quality in terms of Frame Error Rate (FER) for each user given an instantaneous channel realization. 
In addition, some text is proposed for TR36.814 that aims at clarifying the modeling of turbo-SIC receivers in the declaration of the system-level simulations' set-up.

The remainder of the paper is organized as follows: the communication model is introduced in Section 2. The proposed method is presented is Section 3, and its efficiency is validated by simulation results in Section 4. Section 5 concludes the paper and Section 6 finally contains a text proposal for TR36.814.

2. Communication model
We consider a general MU-MIMO uplink scheme with U users transmitting over a quasi-static frequency selective channel, which is assumed to be perfectly known at the receiver. Each user uses Tu transmit antennas and sends his information toward the R receive antennas of a base station.

[image: image1]
Fig. 1 - MU-MIMO transmission context

2.1. Transmitter

The transmission scheme (bit interleaved coded modulation) for user u is given in Fig. 2. The binary messages are encoded through a binary code. The codeword is then spatially interleaved and multiplexed (which encompasses also the LTE layer mapping operation). A Gray mapping generates complex symbols to be sent through the channel. Note that the precoding operation is not explicitly accounted for in this contribution, since it can be taken into account in the channel coefficients; therefore, the number of transmit antennas Tu is equal to the number of spatial layers. Note also that the transceiver FFT / IFFT operations as well as the operations related to the cyclic prefix are not explicitly detailed for the sake of conciseness.

[image: image2]
Fig. 2 - Transmission scheme for user u
2.2. Receiver

2.2.1. Turbo-SIC strategy

After proper noise filtering and sampling of the channel output at the receiver side, the turbo-SIC detection strategy in a multi-user context consists in an iterative linear filtering with Successive Interference Cancellation (SIC) of the users, as depicted in Fig. 3. 


[image: image3]
Fig. 3 - SIC process assuming natural ordering of the users
2.2.2. Detection and decoding of one user

At a given iteration in the turbo-SIC process, the detection and decoding process of one user is given in Fig. 4. We have 
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 parallel filters, where:
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 if we assume an OFDMA approach, where 
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represents the number of groups of sub-carriers with independent channel realizations that one user's codeword encounters. Note that separate encoding per antenna can be handled in our model by modeling each transmit antenna by a virtual user. 

[image: image8]
Fig. 4 - Detection & decoding of user u at iteration I
After the parallel filtering, Log-Likelihood Ratios (LLRs) are derived by the soft demapping blocks from the equalizer outputs under a Gaussian Approximation (GA). For this purpose, the collection of SINR 
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at the filter outputs is analytically computed. 
Once computed, the LLRs 
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feed the soft-in soft-out decoding block that will generate the decoded LLRs 
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. Based on this a priori information and the hypothesis of mutual independence of the random variables, which is made relevant thanks to the interleaver, the modulation symbol probabilities 
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are obtained. Let us assume that one codeword consists of 
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blocks of 
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modulated symbols each. For the SC-FDMA case, 
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 is the FFT size, while for the OFDMA case 
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and 
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 is the number of symbols per sub-carrier group.

With obvious notations, the instantaneous mean (or soft estimation) and variance of each modulation symbol conditionally to the decoder output is computed in the following way:

(1) 
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The soft estimations will be used in the interference update block of the SIC process to reconstruct the current user's contribution, which is needed in the interference cancellation process of the other users.

The unconditional approach is applied to average the symbol variances over all the dimensions (time/frequency and space) leading to only one variance per codeword, whose expression is
(3) 
[image: image21.wmf]å

å

=

=

=

K

k

N

n

u

i

n

k

u

i

KN

v

1

1

2

,

,

,

1

s


Variance 
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 can be see as a measure of the confidence into the soft estimations {
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} to truly represent the transmitted symbols {
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 goes from Ps (no a priori) to 0 (complete determination of the transmitted symbols). This value is used to update the common diagonal
 covariance matrix used by the detection stage of the next user:
(4) 
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3. Prediction method
From the previous section it appears that the collection of SINRs at the filter outputs 
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 are necessary to compute reliable LLRs 
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 for the decoder, while the symbol variance 
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 is needed to update the covariance matrix for the detection filters (and thus SINRs) computation. Therefore, the proposed prediction method is focused on these values.
For practical interest and the sake of conciseness, the prediction method is only proposed for Gray labeling. It heavily relies on Gaussian Approximation (GA). It is based on the tracking under GA of the Average Mutual Information (AMI) per symbol, and the use of Look-Up Tables (LUTs) to simulate the demapping and the decoding behavior. These LUTs are computed off-line for an AWGN channel, as described below.
3.1. AMI computation
The true AMIs at the output of the filters could be computed with Monte-Carlo (MC) simulations. However, these quantities are channel dependent and the use of MC simulations is not possible since the prediction has to be fast.
Therefore, we use a GA on the filter output, meaning that the SINR computed at the output of the K filters is considered to be equal to the SNR of a Gaussian transmission. The equivalent AMI of each filter output can be easily obtained from the SNR using a pre-stored function:
(5) 
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 functions are plotted w.r.t. the SNR of a Gaussian channel in Fig. 5 for traditional Gray constellations.
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Fig. 5 - AMI of some constellations in a Gaussian case
3.2. Compression step

From the K AMIs, we compute a mean AMI to keep only one metric to track. This step is equivalent to the SINR compression step [3] using AMI as a compression function.
(6) 
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3.3. Demapping and decoding evaluation

Using the inverse of the 
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 function, we can recover the equivalent SNR corresponding to a Gaussian transmission of the user’s MCS:
(7) 
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Given this SNReff, the Frame Error Rate (FER) and the symbol variance after decoding 
[image: image36.wmf]out

v

 (cf. (3)) can be obtained from a LUT, constructed off-line through AWGN MC simulations, of the form: 
(8) 
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The FER will give the user performance at the current iteration inside the SIC process, while the symbol variance will be used to update the symbol covariance matrix used for the next user detection.
3.4. Algorithm
Proposed algorithm for a given user and a given channel realization:

[image: image38]
Fig. 6 - Prediction of the detection & decoding of user u at iteration i
We recall that:
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represents the number of groups of sub-carriers with independent channel realizations that one user's codeword encounters. 
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to the identity matrix multiplied by the modulation symbol average power Ps (i.e., no a priori information)

for i =1 to I,

      Order the users 

      for u = 1 to U,

            Step 1: Compute the K  SINRs 
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            Step 2: Read from the AMI LUT the associated K  AMIs: 
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            Step 3: Compress the AMI:
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            Step 4: Read from the MCS LUT the 
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            Step 5: Update 
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end for
4. Some simulations results

To validate the prediction method, we consider the following three different MIMO scenarios in an SC-FDMA approach, where one link between one transmit and one receive antenna always experiences a 3-tap channel model. Each tap follows a Rayleigh distribution with an equi-power repartition profile between the taps (EQ-3 model). The channel varies every codeword generation (quasi static model). For simplicity, the natural ordering of the users is assumed for the turbo-SIC.
4.1. Single User MIMO
We consider only one user using a QPSK modulation, 2 transmit antennas and the convolutional code (7,5)8. The receiver is equipped with 2 antennas and performs 5 MMSE-IC iterations. In this case, the turbo-SIC process is equivalent to the traditional turbo equalization.

In Fig. 7 we present the prediction results (red curves) versus the complete simulation (blue curves) for various iterations over almost 200 instantaneous channel realizations. For each channel realization, Monte-Carlo simulations of the complete system are performed. The averaged FER (blue point) is reported against the effective SNR, which is simply obtained from 
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, for all iterations. The prediction curve obtained for various effective SNRs is then plotted on the same figure, showing an accurate prediction of the instantaneous FER with our method.
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Fig. 7 - SU-MIMO, QPSK: prediction versus complete simulation for various instantaneous channel realisations

In Fig. 8, we performed a complete simulation over the EQ-3 distribution for a large range of SNRs to obtain an average FER. The same was done with the prediction method. Here again, the prediction shows a good accuracy for all iterations.
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Fig. 8 - SU-MIMO, QPSK: prediction versus complete simulation for a 2x2 MIMO EQ-3 channel
4.2. Multi User MIMO

We consider two users, where each user employs the same MCS as previously for a total of 4 transmit antennas. The receiver is equipped with 4 receive antennas and performs 5 MMSE-IC iterations (turbo-SIC). This case can be seen as a single user case (SU-MIMO), where the user transmits two independent codewords coded with the same MCS, each codeword being transmitted over 2 antennas. We plot in Fig. 9 and Fig. 10 the same type of curves as previously, for the same level of accuracy of our method.
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Fig. 9 - MU-MIMO, QPSK: prediction versus complete simulation for various instantaneous channel realizations
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Fig. 10 - MU-MIMO, QPSK: prediction versus complete simulation over MIMO 4 x 4 EQ-3 channel

4.3. Multi User MIMO with high order modulation

We keep the same MU-MIMO configuration, but each user employs now a 16QAM modulation. We plot in Fig. 11 and Fig. 12 the same type of comparison curves as previously. While the prediction method loses accuracy at the second iteration, it still gives very good prediction results otherwise. The error in the prediction is due to the Gaussian Approximation at the output of the MMSE filters, which is less valid at the second iteration for high order modulations.
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Fig. 11 - MU-MIMO, 16QAM: prediction versus complete simulation for various instantaneous channel realizations
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Fig. 12 - MU-MIMO, 16QAM: prediction versus complete simulation for a 4x4 MIMO EQ-3 channel

5. Conclusion

We believe that it is important that the performance of advanced receiver performance is appropriately modeled in system-level simulations, in order to provide reliable and meaningful evaluations of the LTE-Advanced. 

This paper has proposed a performance prediction method for turbo-SIC receivers modeling the reliability of the interference reconstruction. The prediction has been shown to be accurate via comparisons with Monte-Carlo simulations. Its low complexity makes it suitable for implementation in system-level simulators in order to allow realistic performance assessments. 
We would be happy to discuss with other companies whether they use a similar method, or others, for turbo-SIC modeling. In addition, whether or not common modeling methods for advanced receivers should be agreed is a discussion topic that we would like to open. 

In order to clarify the simulation set-up statements, we propose some text for TR36.814 which requests:

· to indicate whether the interference reconstruction reliability is modeled or not in system-level simulations involving iterative soft interference cancellation receivers;
· to briefly describe the modeling method in case it is used;

· to indicate the number of iterations, as this parameter impacts the receiver performance as well as its complexity.
6. Text proposal for TR36.814

-------------------------------------------------- Start of text proposal -----------------------------------------

A2.1.X Advanced receivers modeling 
A2.1.X.1 Iterative soft interference cancellation receivers 

Advanced receivers based on iterative soft interference cancellation receivers (e.g. Turbo SIC) are non-linear receivers whose performance improves with the reliability of the interference reconstruction as the number of iterations increases. Modeling this interference reconstruction reliability or not in system-level simulations has a significant impact on the accuracy of the performance evaluation, especially if only a small number of iterations is performed in order to limit the receiver complexity. 

Therefore, for system-level simulations employing a link-to-system abstraction of iterative soft interference cancellation receivers, the simulation conditions should state whether the interference reconstruction reliability is modeled or not. If it is modeled, the modeling method should be briefly described. Modeling the interference reconstruction reliability should be preferred.

In addition, the number of iterations should be indicated, as this parameter impacts the receiver performance as well as its complexity.

-------------------------------------------------- End of text proposal -----------------------------------------
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