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1. Introduction

The user equipment (UE) receiver model to study the performance of downlink coordinated multi-point (CoMP) transmission was discussed. The following points were agreed and captured in the simulation assumptions [1]. 

· Mandatory: Minimum mean square error (MMSE) receiver model option1 in [2].
· Recommended: Advanced MMSE receiver and/or interference rejection combining (IRC) receiver
· Companies should specify the modelling of advanced MMSE/IRC
Among these points, the IRC receiver, which suppresses other cell interference, is effective in improving the cell-edge user throughput. The IRC receiver is typically based on the MMSE criteria, which requires channel estimation and covariance matrix estimation including the inter-cell interference with high accuracy. Therefore, the gain of the IRC receiver over the baseline receiver (option 1 in [2]) should be carefully investigated considering the channel estimation and covariance matrix errors. This contribution investigates the gain of the IRC receiver over the baseline receiver with and without channel estimation error based on the multi-cell link level simulation. 
2. MMSE-IRC Receiver to Suppress Inter-cell Interference
2.1. Signal Model

The NRx-dimensional received signal vector of the k-th subcarrier and the l-th OFDM symbol, y(k,l), is expressed as follows.
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where Hi(k,l) represents the (NRx ( NTx) channel matrix between the i-th cell and the UE, WTx,i(k,l) represents the (NTx ( NStream) precoding weight matrix of the i-th cell, si(k,l) represents the NStream-dimensional information signal vector of the i-th cell, and n(k,l) is the NRx-dimensional noise vector with variance 2. Here, NTx, NRx, NStream, and Ncell are the numbers of transmitter antennas at each cell, receiver antennas at the UE, transmission streams for the UE, i.e., transmission ranks, and total number of cells, respectively. The 0-th cell (i = 0) is defined as the serving cell for the UE. The recovered signal vector at the UE, 
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, is detected by using the (NStream ( NRx) receiver weight matrix WRx,0(k,l) as follows.
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Based on the MMSE criterion, the receiver weight matrix, WRx,0(k,l), is obtained as
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where P0, 
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denote the transmission power of the serving (0-th) cell, the composite channel from the serving cell, the (NRx ( NTx) channel matrix of the serving cell, and covariance matrix, respectively. 

2.2. Baseline MMSE Option 1 Receiver [2]
Here, the agreed baseline MMSE option 1 [2] receiver is defined as the receiver that only suppresses the inter-stream interference, i.e., separates multiple data streams that achieve the maximum SINR for each data stream, within a cell. Here, the inter-cell interference is assumed to be AWGN at each receiver antenna, i.e., making its covariance matrix a diagonal matrix. In the special case of a one-stream transmission, the MMSE option 1 receiver is equivalent to the MRC receiver. When a composite channel from the serving cell can be obtained, the covariance matrix without the inter-cell interference can be represented by the composite channel from the serving cell, and the interference power from other cells and noise power. Therefore, the respective MMSE weight matrixes in the case of ideal and realistic channel estimation, i.e., Wideal MMSE opt.1(k,l) and West MMSE opt.1(k,l), are obtained as follows.
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where 
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, and diag denote the ideal composite channel matrix, the estimated composite channel matrix based on the demodulation reference signal (DM-RS), which is precoded in the same manner as the data signals, the interference power from other cells at the j-th receiver antenna, the noise power, and the diagonal matrix, respectively.

2.3. MMSE-IRC Receiver [2]
The MMSE-IRC receiver [2] can suppress not only the inter-stream interference but also the inter-cell interference when the degrees of freedom at the receiver are high, i.e., the number of receiver antennas is higher than that of the desired data streams. If the composite channels from Ncell cells are perfectly known at the receiver, the ideal IRC weight matrix, Wideal IRC(k,l), is obtained as
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However, when we assume that the composite channel matrices from other (Ncell-1) cells cannot be estimated at the receiver, the covariance matrix including the inter-cell interference is obtained by averaging the receiver signal as
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In the equation, E denotes the expectation operation. Then, the resultant IRC weight matrixes in the case of ideal and realistic channel estimations, i.e., Wideal IRC-cov (k,l) and West IRC(k,l), are obtained as
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The accuracy of the IRC weight depends on the accuracy of the channel estimation and covariance matrix. Therefore, in order to obtain an accurate covariance matrix, the covariance matrix needs to be averaged using the received samples (resource elements (REs)) which suffer the same precoding matrix at the transmitter and the same channel matrix with high correlation. More specifically, in order to ensure the same precoding matrix, we assume that the covariance matrix is averaged within one resource block (RB) using samples except for the control signaling, the cell specific reference signal (CRS), and the channel state information reference signal (CSI-RS). This is because, in Rel.10 and beyond LTE, a different precoding matrix can be multiplied with different RBs, and some signals such as control signaling, the CRS, and CSI-RS are transmitted without precoding.

We give priority to the time-domain averaging over frequency domain averaging within a RB since the channel variation within a subframe, i.e., 1 msec, is smaller than that within a RB in the frequency domain. In the contribution, two averaging methods, i.e., time-domain only, and time and frequency-domain averaging, are performed. The resultant covariance matrices, Ryy time and Ryy time/freq, are defined as
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where Nt and Nt,f denote the average number of samples for the time-domain only averaging, and time and frequency-domain averaging, respectively.

2.4. Compensation Schemes for Performance Degradation of MMSE-IRC Receiver
The performance of the MMSE-IRC receiver depends on the channel conditions, channel estimation,  and covariance estimation accuracy. For example, let us consider that a UE with two receiver branches is located in the cell center, multiple streams are assigned to the UE, and inter-stream cancelation is only required for the UE. In such a case, the performance of the MMSE-IRC receiver with realistic channel estimation would be worse than that for the MMSE option 1 receiver with only canceling of the inter-stream interference due to the inaccuracy of the covariance matrix estimation (See evaluation results in Section 4). To compensate for the performance degradation, two schemes are investigated in the contribution.
· Diagonal Loading

The performance levels of adaptive beamforming algorithms using a sample covariance matrix, e.g., (11) and (12), are degraded when the number of samples is quite short [3][4]. To address this problem, the diagonal loading scheme was investigated in [3] and [4]. The diagonal loading scheme improves the ill-conditioned covariance matrix, and this scheme is represented as
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where 
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 and  are the covariance matrix employed in the diagonal loading and the diagonal loading value, respectively. 
· Dynamic Switching between MMSE-IRC and MMSE Option 1 Weight
The performance of the MMSE-IRC receiver with high order modulation may be degraded due to the inaccuracy of the channel estimation and the covariance matrix estimation even when one stream is assigned to the UE. To avoid performance degradation of the MMSE-IRC receiver, we investigate a dynamic switching scheme for the MMSE-IRC and MMSE option 1 based on the modulation and coding scheme (MCS) level, NMCS, and the number of streams, NStream. In this scheme, according to NMCS and NStream, which are carried by the control channel, the receiver weight matrix is determined.
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where Nth denotes the threshold level for the dynamic switching scheme. Using this scheme, it is possible to obtain a gain from the MMSE-IRC receiver in a low throughput region, i.e., cell edge region, and to avoid degradation in a high throughput region.

3. Simulation Conditions
3.1. Averaging Schemes for Covariance Matrix
Figure 1 shows the frame structure and averaging scheme for the covariance matrix in the contribution. As shown in Fig. 1, the first 3 OFDM symbols are used for control signaling and the CRS. The CSI-RS is assumed to be multiplexed in the 10th and 11th OFDM symbols. Furthermore, the CSI-RSs for different cells (three cells in the evaluation) are assumed to be multiplexed in a different subcarrier. Thus, the samples (REs) for control signaling, the CRS, and the CSI-RS are not included to obtain the accurate covariance matrix as described in Section 2.3. On the other hand, the REs for the DM-RS are used to obtain the covariance matrix. The resultant numbers of samples in the case of only the time domain averaging and the time and frequency domain averaging are Nt = 9 (11) and Nt,f = 126, respectively.
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Figure 1 – Frame structure and averaging scheme for calculating covariance matrix.
3.2. Simulation Configuration
To evaluate the throughput performance obtained using the MMSE-IRC receiver, a multi-cell link simulation is conducted. The channel model is assumed to be a 6-ray typical urban (TU) channel model. In the evaluation, the transmitter and receiver correlations are assumed to be 0.5. The cell layout is assumed to be a hexagonal grid, assuming 19 cell sites with 3 cells per site. The channel-domain scheduling algorithm is not considered, i.e., one UE is selected randomly from the UEs that are uniformly distributed in the cell. A link-level simulation is performed between each UE and its serving cell as well as the neighboring cells. The number of transmission rank and the precoding matrix of each neighboring cell are selected randomly in subframe-by-subframe assuming different UEs are multiplexed. Note that the precoding granularity of each neighboring cell is assumed to be same as the number of allocated RBs for the UE, i.e., 4 RBs in the evaluation. A synchronized system is assumed in the time domain. Regarding frequency shift for CRS, we assume that the MBSFN subframes are configured, i.e., CRS is transmitted only in the control region. Outer-loop link adaptation (OLLA) [5] is employed with the target block error rate (BLER) of 10%. In the evaluation, the two transmitter antenna codebooks defined in Rel. 8 are used for precoding transmission assuming the maximum number of streams of two for all UEs. The channel estimation scheme for CSI-RS is assumed to be MMSE channel estimation [6] for all evaluations. On the other hand, the channel estimation scheme for the DM-RS is assumed to be both ideal channel estimation and 2-dimensional MMSE channel estimation [6]. Note that a uniform delay power spectrum within the cyclic prefix length of 4.76 sec and a uniform Doppler power spectrum with the maximum Doppler frequency of 5.55 Hz are assumed for the MMSE channel estimation filter. In this contribution, the UE throughput is obtained by averaging 400 subframes. The number of streams is determined adaptively every 400 subframes. The hard handover hysteresis is set to 3 dB in the evaluation. The diagonal loading value, , is assumed to be the standard deviation of the diagonal elements of the covariance matrix generated by the received signal, i.e., (11) or (12) is used [4]. The other simulation conditions are given in Table 1.
Table 2 shows the MCS levels assumed in the evaluation. For the dynamic IRC switching, the three thresholds, i.e., Nth = 3 (QPSK with coding rate of 1/2), Nth = 6 (QPSK with coding rate of 3/4), and Nth = 8 (16QAM with coding rate of 1/2), are investigated.
Table 1 – Simulation Conditions.
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Table 2 – MCS Levels.
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4. Performance Evaluation
4.1. Ideal Channel Estimation for DM-RS
Figure 2 shows the overall UE throughput performance for ideal channel estimation for the DM-RS and the performance in a low UE throughput region by extracting a lower throughput part of the overall performance. From the results, the performance of the ideal MMSE-IRC receiver using the received weight in (7) is better than that for the MMSE option 1 receiver up to nearly the CDF = 90% because of the effects of suppressing the inter-cell interference. The reason why the performance of the ideal MMSE-IRC receiver is almost the same as that for the MMSE option 1 receiver in the region over nearly CDF = 90% is that there are two selected transmission streams; therefore, all the degrees of freedom at the receiver are used for cancelling the other data stream of its own UE. On the other hand, the performance of the MMSE-IRC receiver using the received weight in (9), which is calculated by using the covariance matrix obtained in (8), is degraded compared to that for the MMSE option 1 receiver excluding the low throughput region due to the inaccurate covariance matrix. However, in the low throughput region, the gain from the MMSE-IRC receiver can be obtained. Comparing the averaging schemes of the covariance matrix, the performance for the averaging scheme only in the time domain, which is calculated using (11), is inferior to that for the averaging scheme in the time/frequency domain, which is calculated using (12). This is because there are less than 11 averaged samples in the time domain as shown in Fig. 2. Therefore, it is beneficial to average the samples in the frequency domain in addition to the time domain to obtain an accurate covariance matrix. Table 3 shows the CDF = 5% and the average UE throughput for each case. As shown in Table 3, the CDF = 5% UE throughput, which is defined as the cell-edge UE throughput, can be improved significantly by using the MMSE-IRC receiver compared to the MMSE option 1 receiver. Furthermore, in the case of ideal channel estimation for the DM-RS, a gain exceeding 21% is achieved by the MMSE-IRC receiver even if the covariance matrix averaging in the time/frequency domain is used for the MMSE-IRC receiver at the cell-edge, although the average UE throughput performance of that receiver is severely degraded compared to that for the MMSE option 1 receiver.
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Figure 2 – UE throughput for ideal channel estimation using DM-RS.
Table 3 – CDF=5% and Average UE Throughput for Ideal Channel Estimation Using DM-RS.
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4.2. Realistic Channel Estimation for DM-RS
Figure 3 shows the UE throughput performance assuming realistic channel estimation for the DM-RS. From the results, all performance levels are degraded compared to that for ideal channel estimation for the DM-RS as shown in Fig. 2 due to the channel estimation error. In particular, the degradation in the MMSE-IRC receiver is greater than that for the MMSE option 1 receiver. This tendency shows that the channel estimation error is more sensitive to the MMSE-IRC receiver using the covariance matrix obtained in (8) than the MMSE option 1 receiver. However, when the covariance matrix averaging in the time/frequency domains is used for the MMSE-IRC receiver, the gain of the MMSE-IRC receiver can be obtained in a low throughput region. Table 4 shows the CDF = 5% and average UE throughput values for each case. From these results, for the cell-edge UEs, the MMSE-IRC receiver achieves a gain exceeding 12% when the covariance matrix averaging in the time/frequency domains is used for the MMSE-IRC receiver although the same level is not obtained when averaging only in the time domain. For the average UE throughput, the performance of the MMSE-IRC receiver is highly degraded in the same manner as that for the ideal channel estimation for the DM-RS shown in Table 3.
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Figure 3 – UE throughput for realistic channel estimation using DM-RS.

Table 4 – CDF=5% and Average UE Throughput for Realistic Channel Estimation Using DM-RS.
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To mitigate the degradation of the MMSE-IRC receiver caused by the inaccuracy of the covariance matrix due to the small number of samples, as shown in Fig. 2 and Fig. 3, the performance of the MMSE-IRC receiver employing the diagonal loading scheme is evaluated. Figure 4 shows the UE throughput performance for realistic channel estimation using the DM-RS and when employing the diagonal loading scheme. From the results, the cell-edge UE performance of the MMSE-IRC receiver when averaging only in the time domain is improved compared to that of the MMSE receiver without the diagonal loading scheme as shown in Fig. 3. This is because the covariance matrix is inaccurate in this case. On the other hand, there is no improvement in the cell-edge UE performance of the MMSE-IRC receiver when averaging in the time/frequency domains. However, regardless of the averaging schemes, the performance levels in the middle and high throughput regions are improved significantly (but these are still degraded compared to the MMSE option 1 receiver) by employing the diagonal loading scheme. Table 5 shows the CDF = 5% and average UE throughput values for each case. From these results, the average UE throughput is slightly degraded compared to the MMSE option 1 receiver.
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Figure 4 – UE throughput using diagonal loading.

Table 5 – CDF=5% and Average UE Throughput Using Diagonal Loading.
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As the other scheme for mitigating the degradation of the MMSE-IRC receiver using the covariance matrix obtained in (8) in the middle and high throughput regions as shown in Fig. 3, the dynamic switching between the MMSE-IRC and the MMSE option 1 weight is evaluated. Figure 5 shows the UE throughput performance for realistic channel estimation for the DM-RS and when employing the switching scheme. Note that the MMSE-IRC receiver is assumed to use covariance matrix averaging in the time/frequency domains in this evaluation. From the results, the degradation in the MMSE-IRC receiver can be mitigated using the switching scheme without decreasing the cell-edge UE performance. Comparing the threshold levels, the performance using the threshold of Nth = 3 (QPSK with coding rate of 1/2) exhibits the best performance. Table 6 shows the CDF = 5% and the average UE throughput for each case. From these results, the gain from the MMSE-IRC receiver is approximately 11% when the switching scheme is employed and the threshold is assumed to be Nth = 3 (QPSK with the coding rate of 1/2) without any degradation in the average UE throughput.
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Figure 5 – UE throughput using dynamic IRC switching.

Table 6 – CDF=5% and Average UE Throughput Using Dynamic IRC Switching.
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Based on these evaluations, we show that the MMSE-IRC receiver improves the cell-edge UE throughput even when the realistic channel estimation for the DM-RS and the covariance matrix estimation obtained by averaging the received samples are considered. Furthermore, using the compensation schemes for performance degradation such as diagonal loading, dynamic switching between the MMSE-IRC and the MMSE option 1 weight, and the combination of these techniques, the degradation in the MMSE-IRC receiver can be mitigated without decreasing the cell-edge UE performance. However, the performance degradation in the realistic MMSE-IRC receiver is much higher than that in the ideal MMSE-IRC receiver as shown in Fig. 2 and Table 3. Therefore, when the system performance of the MMSE-IRC receiver is evaluated in system level simulations, the error models of both the covariance matrix and the channel estimation for DM-RS should be carefully considered.
5. Conclusion

In this contribution, the performance of the MMSE-IRC receiver in multi-cell environments was investigated considering the interference from the 56 surrounding cells to be the same as the desired signals in a link-level simulation. The simulation results showed that the performance degradation of the MMSE-IRC receiver using the estimated covariance matrix, which was obtained by averaging the received samples, is caused by an inaccurate covariance matrix and channel estimation error. Therefore, when the system performance of the MMSE-IRC receiver is evaluated by system level simulation, the error models of both the covariance matrix and the channel estimation for DM-RS should be carefully considered.
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