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1. Introduction

In this contribution we address the downlink LTE performance (FDD mode) for cases with interference coordination with soft frequency re-use (SFR). The performance of SFR is compared against gases with pure reuse one schemes with constant maximum transmit power across the frequency band. The performance is compared in terms of average cell throughput and per user throughput at the 95% coverage probability for different schemes. We perform the evaluation for the following configurations:

1) Traditional time-frequency domain proportional fair (PF) with flat power spectrum (reuse one)
2) Dynamic QoS aware scheduling using flat power spectrum (reuse one)
3) Static soft frequency re-use (SFR) with CQI-based grouping scheduling

Many results have been reported for configuration #1 by several companies, so we use this configuration as the baseline when comparing the different performance results. In this context, the term flat power spectrum refers to a setup where we use constant equal transmit power on each sub-carrier. As known from the open literature, the PF scheduler may be characterized as an equal resource scheduler, where each user on average is scheduled with the approximate same amount of transmission resources. The latter results in unequal experienced average bit rates for the different users, with no explicit QoS control. 

Configuration #2 is slightly more advanced in the sense that we use a simple QoS-aware scheduler, so that users with low experienced SINR conditions are scheduled more often and/or on more physical resource blocks (i.e. in larger bandwidth) to make sure that their minimum QoS requirements are fulfilled. Note that the latter is equivalent to using more effective average transmission power (and potentially also bandwidth) for the coverage limited users. In this study we use two simple QoS-aware schedulers; (i) A minimum bit rate scheduler, and (ii) An equal bit rate scheduler.

Configuration #3 is using soft frequency reuse (SFR) as a mean to improve the overall experienced SINR distribution to obtained better performance. Here we use a so-called “CQI-based grouping scheduling algorithm”, which has been optimized for the case where SFR is applied. 

Configuration #1 and #2 can therefore be characterized as cases with no inter-cell interference coordination (i.e. relying on simple interference averaging), while Configuration #3 relies on simple inter-cell interference coordination via SFR. As an example, recent performance results for SFR schemes are reported in [2] and [3].

2. Simulation Methodology

2.1 Overall simulation assumptions

Simulations are conduced for a 10 MHz system bandwidth by using a quasi-static system simulator. The evaluation is conducted for Macro cellular case #1 as specified in 25.814. The additional simulation assumptions can be summarized as follows:

· 1-Tx and 2-Rx MRC.

· Best effort traffic with an average number of 30 uniformly distributed users per cell. Each user downloads the same amount of data (i.e. finite buffer traffic model) in order to have fair comparison between cell-edge and cell-centre user performance. 
· Periodic CQI reporting with a zero-mean Gaussian CQI error of 1 dB as specified in [1].

· Link adaptation is controlled to have a BLER target of 20% for first transmissions.

· The number of frequency multiplexed users per TTI is limited to maximum 15 users.

· Synchronous adaptive HARQ with Chase combining is assumed, so retransmission always are transmitted on the same number of PRBs as the original transmissions, but not necessarily on the same PRBs as the original transmission.
2.2 QoS-aware packet scheduler with flat power spectrum

The basic frame-work for the so-called QoS-aware packet scheduler is summarized in Figure 1. The scheduler is divided between a time-domain scheduler and a frequency-domain scheduler. For the time-domain part we use a simple equal throughput scheduler (scheduling metric MBET) and a minimum bit rate scheduler using the so-called barrier functions (scheduling metric MGBR). In the frequency-domain, we assume flat power spectrum and schedule the users according to their relative normalized signal equality (obtained via CQI measurements and normalization). When users with pending HARQ retransmissions are selected for scheduling, then we reserve the required number of PRBs for those users before allocating PRBs for users with new data transmission (similar approach is used in [4]). This implies that new data transmissions are send on the best PRBs (i.e., those corresponding to highest experienced SINR), while retransmissions are simply allocated on the remaining PRBs. This scheduling rule for HARQ retransmissions is applied as retransmissions are anyway benefiting from the HARQ combining gain so it is less critical to optimize the SINR conditions for those.
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Figure 1 Block diagram illustrating the basic principle of the QoS-aware scheduler.

When presenting the performance results in Section 3, we present results with labels GBR1, GRB2, and GBR3. GBR1 and GBR2 are for cases where the minimum bit rate scheduler are applied with minimum bit rate settings of 170 kbps and 240 kbps, respectively. The results with label GBR3 correspond to the case where the equal throughput scheduler is applied (i.e scheduler with approximate same average throughput per user).

2.3 SFR with CQI-based grouping scheduling

For cases with SFR, we assume that the bandwidth is divided into three sub-bands per cell. The relative transmit power mask equals [0 dB; -4 dB; -4 dB]. The power mask is rotated between the different cells to maximize the overall SINR footprint in the network. Simulations have been conducted with different power masks, we only report results for [0 dB; -4 dB; -4 dB] as this setting provides the best results. The packet scheduling algorithm used for this configuration can be summarized as follows:

· UE average CQI = sum of CQIs on all PRBs of one UE

· Sorting UEs by their average CQIs, dividing UEs into group0 (low CQI), group1 (high CQI) and group2 (retransmission group)

· Reserve Z RBs needed exactly for retransmission UEs in group2.

· At first allow UEs in group0 to select X best PRBs.

· Then schedule UEs in group1 to occupy Y best PRBs from the remaining (Y + Z) PRBs, where Y=(total number of PRBs–X –Z).

· Finally schedule all retransmission UEs in group2 to the remaining Z PRBs.

· Scheduling algorithm for three groups is proportional fairness algorithm.

The performance especially depends on the grouping parameters and the maximal number of PRBs that can be assigned to one user. Numerous simulations with different grouping parameters have been conducted, and the three most promising cases have been selected, corresponding to

· Case 1: 12 users in group0 and max 4 PRBs per UE.
· Case 2: 6 users in group0 and max 10 PRBs per UE.
· Case 3: 6 users in group0 and max 4 PRBs per user.

3. Performance Results

The average cell throughput and the user throughput at the 95% coverage probability are reported in Figure 1 and Figure 2, respectively. Starting from the left, the first bar is the result for standard PF (red bar), while the next three bars are for SFR, and the last three bars are for QoS-aware scheduling with flat power spectrum. It is observed that both SFR and QoS-aware scheduling offer mechanisms for improving the coverage and chancing the average cell throughput.

[image: image2.emf]
Figure 2 Average cell throughput for the different configurations.
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Figure 3 Per user throughput at the 95% coverage probability.

For further comparison of the results, we have reported the relative performance difference in cell throughput and coverage for Configurations #2 and #3, relative to Configuration #1 in Figure 3. It is observed that the coverage (user throughout at 95% coverage probability) can be increased for both Configuration #2 and #3, over Configuration #1 (standard proportional fair scheduling and flat power spectrum). For the cases with QoS-aware scheduling (Configuration #2), the improved coverage is obtained at the expense of lower cell throughput by scheduling the users at the cell edge more often and/or in larger bandwidth. The coverage improvement is, however, larger than the loss in cell throughput. For Configuration #3 with SFR, the coverage improvement is obtained via a more favourable SINR distribution from applying the transmit power mask. 
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Figure 4 Relative performance difference of SFR and QoS-aware scheduler compared to standard PF with plat power spectrum.

When evaluating the relative performance of SFR and flat power spectrum with QoS-aware scheduling, the results look different from those reported in Figure 3. Given the assumed simulation assumptions and scheduling algorithms, we can extract the following example results:

· For both SFR and QoS-aware PS, we can achieve the same user coverage of approx 165 kbps with an equivalent cell throughput of approximately 10.7 and 9.0 Mbps, respectively. Hence, a gain of approximately 5% from using SFR over flat power spectrum for this particular example.

· With QoS-aware scheduling and flat power spectrum, we have reported coverage results of more than 250 kbps per user, which is higher than the reported results for SFR (see the results in Figure 3). However, higher coverage results (at the expense of lower cell throughput) are most likely also achievable with SFR by using a more aggressive time-domain scheduling strategy for the cell edge users.

Given these results, SFR is found to provide no, or marginal, performance gain over a simple reuse one configuration with flat transmit power spectrum. This finding is inline with recently reported findings in [2] and [3], where simple frequency reuse one also is found to be the preferred configuration.

4. Conclusions

Based on the observations from this simulation study, we draw the following conclusions. The QoS-aware packet scheduler is able to offer attractive trade-offs between cell-edge user data rates and average cell throughput (this is also demonstrated in [4]) with a simple reuse one configuration. When comparing the performance of soft frequency reuse and flat power spectrum with QoS-aware scheduling, we observe marginal gain of a few percentages and in some cases no gain, or a loss. Here it is worth noting that QoS-aware packet scheduling does not require any additional standardization effort and is able to quickly adapt to traffic variations, while full support for inter-cell coordinated soft frequency reuse requires further standardization work. Given these observations, we see lack of justification for the additional complexity from standardizing inter-cell coordinated soft frequency reuse schemes. Clearer gains of performance versus complexity trade-offs are needed before considering standardization of dedicated signalling to enable soft frequency reuse and other IC schemes (this shall be informed to RAN3 as well). Hence, a scheduled UE can assume equal transmit power on the allocated PRBs.
For potentially new performance studies of using inter-cell interference coordination schemes (such as e.g. SFR) compared to using pure reuse one with a simple flat power spectrum, we suggest to use a smarter (QoS-aware) packet scheduler as a reference (rather than the standard proportional fair). The latter is suggested as the performance results depends on the applied eNode-B packet scheduling algorithm.
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