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1. Introduction
In a companion contribution R1-094833 [1] system performance due to inband and out-of-band relays with the latest channel models as agreed in the latest 36.814 [3] is summarized.  This contribution studies coverage boosting techniques and the impact of realistic control channel modelling with coverage boosting. The following two topics are investigated:
· Performance gains due to coverage boosting techniques such as macro eNB Tx power reduction, resetting cell selection offset [2] , TDM muting [9] 

 REF _Ref244505406 \r \h 
[10] .
· Channel models are according to (latest) TR 36.814 v1.4.1 [3].
· Inband relays with non-ideal backhaul and out of band relays were studied
· Ideal control channels were assumed.

· Performance Gains with non-ideal control channel modelling for coverage boosting techniques
· Out-of-band relays were assumed. The primary motive for these simulations to understand if the coverage boosting techniques (such as macro eNB Tx power reduction, resetting cell selection offset) have any impact on the control channels. 
· The simulations were performed for old channel models according to TR 36.814 v1.0.0 [4].
Following are the conclusions drawn in this paper:
· Moderate improvements are observed with macro eNB power reduction and RN RS boost.  No benefit has been seen for using TDM muting with cell selection algorithm (proposed in [10]) for an inband relay system with non-ideal backhaul.  

· System simulations with non-ideal PDCCH modeling (with 3GPP NLOS pathloss models [4] ) demonstrates no significant performance loss due to non-ideal PDCCH for coverage boosting techniques such as macro eNB Tx power reduction and RN RS boosting with out-of-band relay. Non-ideal PDCCH has more impact on the noise-limited scenario than the interference-limited scenario. Heterogeneous modeling focuses on the latter scenario.
· Further improvements may be expected with:

· Optimum resource partitioning between backhaul link and access link

· Overlapped FDM muting with correlated antennas and beamforming
· RN placement near the cell edge (see e.g. [8] 

 REF _Ref244596279 \r \h 
 \* MERGEFORMAT [11] 
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 \* MERGEFORMAT [12] )

· Further improved backhaul link quality
2. Techniques for performance enhancement

There are several techniques for coverage boosting:- 

1. No muting (both RN and eNB use all time-frequency resources available for scheduling)

2. eNB Tx power reduction (depending on # relays active in a cell for a given subframe) which may be viewed as “soft muting”
3. Setting reselection offsets and boosting RN RS to bias cell selection so UEs are served by RNs instead of eNBs

4. Frequency division of resources or FDM muting (Figure 1 gives HetNet control example). The system performance evaluation with FDM muting is extensively studied in an accompanying contribution on heterogeneous deployments [13]. This includes 
a. non-overlapped FDM muting (eNB mutes on certain PRBs and HetNet Nodes mute on certain PRBs) and 
b. overlapped FDM muting (certain PRBs are not used by eNBs but all PRBs are available for lower power HetNet nodes (e.g. HeNBs, femtos, RNs, …)
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Figure 1 – Example k=16 symbol offsetting for reliable Rel-8 control for overlapped FDM muting [13]
In this contribution, the UEs attached to the eNB are referred to as UE1 while UE2 is used to denote the UEs that attach to the RNs. In [9], it was claimed that performance gain can be derived by TDM muting (which is also referred to as cooperative silencing). In TDM muting, the eNB mutes its downlink transmissions when RN(UE2 DL transmissions occur and vice-versa. One claimed benefit of this technique is an increase in RN coverage without a significant increase of interference seen by UE2. A new cell-selection procedure was proposed in [10] to determine the UE1/UE2 partition when TDM muting is used. 
This contribution compares the performance of the following techniques 

· eNB Tx power reduction and Relay RS boosting (where [-x,y] denotes x dB eNB power reduction and y dB RN RS boost.)
· TDM muting and the cell selection procedure both given in [10]

This section uses the same simulation conditions as an accompanying contribution R1-094833 with the latest agreed Relay channel models. 
For the inband simulations it is assumed that each eNB reserves one or four downlink subframes in a Radio Frame to transmit backhaul to the RNs at each eNB. 
Dynamic System Simulation Results 

The results derived from the dynamic system simulations comparing the boosting techniques with the baseline no relays case are shown in figures (2-5) below for inband relays (see also Table 4 and Table 5 in Annex B). Figure 6 shows the case of out-of-band relays.
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Figure 2 – Throughput gains (%) with relay system performance enhancement techniques for Case 1, 4RNs/cell. ([-x,y] denotes xdB eNB power reduction and y dB RN RS boost)
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Figure 3 – Throughput gains (%) with relay system performance enhancement techniques for Case 1, 10RNs/cell. ([-x,y] denotes xdB eNB power reduction and y dB RN RS boost)

Following are some conclusions for the Case 1 results (See Figure 2, Figure 3 and Figure 6):

1. For 4 RNs/cell and 10 RNs/cell, assigning four subframes per Radio Frame for backhaul is better than one subframe/Radio Frame (see Table 4 and Table 5 in Annex B for numerical results). 
a. For 4 RNs/cell, a 3dB eNB power reduction and 3 dB RN RS boost provides substantial gains over TDM muting as well as the baseline that has no coverage boosting. The Figure 2 also shows that the TDM muting provides no enhancements compared to the scenario that has no coverage boosting.

b. For 10 RNs/cell, the baseline scenario with no coverage enhancement performs the best. TDM muting results in sector throughput loss and is worse that the 3dB eNB power reduction and 3 dB RN RS boost scenario. The 10RNs/cell makes the network too crowded and RNs interfere with each others.  However, the gain is moderate due to limited backhaul link traffic and the relatively simple backhaul/access portioning. The 10RNs/cell may outperform 4RNs/cell if backhaul link quality is further improved.

2. For Out-of-band relays (Figure 6), the TDM muting shows no benefit over the scenario that has no coverage boosting and in fact TDM muting leads to an overall performance loss. It is noted that though TDM muting shows some increase in the cell-edge throughputs, it also leads to a loss in average sector throughput, resulting in no benefit overall.
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Figure 4 – Throughput gains (%) with relay system performance enhancement techniques for Case3, 4RNs/cell ([-x,y] denotes xdB eNB power reduction and y dB RN RS boost)
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Figure 5 – Throughput gains (%) with relay system performance enhancement techniques for Case 3, 10RNs/cell ([-x,y] denotes xdB eNB power reduction and y dB RN RS boost). 
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Figure 6 – Throughput gains (%) with Out-of-Band Relay and performance enhancement techniques. 

Following are some conclusions for the Case 1 results (See Figure 4, Figure 5 and Figure 6):

1. For 4 RNs/cell assigning one subframes per Radio Frame for backhaul is better whereas for 10 RNs/cell, assigning four subframe/Radio Frames is better. (see Table 4 and Table 5 in Annex B for numerical results). 

a. For 4 RNs/cell, the scenario that has no coverage boosting outperforms both the TDM muting and the eNB Tx power reduction/RN RS boosting. TDM muting leads significant reduction on average sector throughputs. 
b. For 10 RNs/cell, the  3dB eNB power reduction and 3 dB RN RS boost scenario gives some performance benefits over the no coverage boosting scenario. However, the gain is moderate due to limited backhaul link traffic and non-optimized backhaul/access link partition. Again, it is noticed that TDM muting leads to significant performance loss. 

3. For Out-of-band relays (Figure 6), the TDM muting shows no benefit over the scenario that has no coverage boosting and in fact TDM muting leads to an overall performance loss. It is noted that though TDM muting shows some increase in the cell-edge throughputs, it also leads to a loss in average sector throughput, resulting in no benefit overall.

It is also expected that dropping relays near the cell edge can further improve the throughput performance, especially for large-cell networks such as Case 3 [8] 

 REF _Ref244596279 \r \h 
[11] 

 REF _Ref228592731 \r \h 
[12] .
These TDM muting simulation results are in parallel to the FDM muting results presented in [13] .  In [13] it is shown that non-overlapped FDM muting (eNB mutes on certain PRBs and RNs mute on the other PRBs) with out-of-band low-power serving nodes has little or no performance benefit over non-muting.  It is also shown that, with 1) overlapped FDM muting (certain PRBs are not used by eNBs but all PRBs are available for RNs), 2) out-of-band low-power serving nodes, 3) half wavelength spacing for eNB and RN antennas, 4) eigen-beamforming, FDM muting outperforms non-muting.  As suggested by these results in [13] , further coverage boosting techniques for inband relay systems, such as overlapped FDM muting with correlated antennas and beamforming, may provide better performance gains than TDM muting simulated in this paper and will be subject to further study.
3. Control channel modeling for coverage boosting techniques
Most relay system-level simulation contributions so far assumed ideal PDCCH modelling.  It is important to model non-ideal PDCCH since some UEs may experience relatively lower PDCCH SINR, because they are at the cell edge or they are biased to be connected to the RN (see e.g. [2] 
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[13] ). The system simulation assumptions used in this section are shown in R1-093413 [2].
System simulations with out-of-band relays were carried out to simulate non-ideal PDCCH. Since the current relay pathloss model is regarded to have some disparity between the eNB-UE link and RN-UE link, the original NLOS 3GPP Case 1 (interference limited system) and Case 3 (noise limited system) pathloss models were used instead.  For this reason, the RN-UE link was also assumed to have NLOS only.  That is, the pathloss models in this section are according to TR 36.814 v1.0.0 [4] .  Note the PDCCH does not behave differently when pathloss models are changed as long as the system remains interference limited (or noise limited).  Note also that in these simulations the network is heavily loaded (1425 UEs in 57 macro cells). 
Table 1 shows the performance loss of each throughput metric relative to the ideal PDCCH modelling baseline. The PDFs of instantaneous PDCCH SINR and PDSCH SINR are shown in Figure 7 and Figure 8 for 3GPP DS Case 1 and 3GPP DS Case 3, respectively.  Following are some observations:
· Non-ideal PDCCH impacts the noise limited scenario more than the interference limited scenario.  
· For 3GPP DS Case 1, at most 2% loss is introduced by non-ideal PDCCH modelling (relative to ideal PDCCH), even for up to 6 dB eNB power reduction and up to 3 dB relay RS power boosting.  
· For 3GPP DS Case 3, the throughput loss due to non-ideal PDCCH modelling is higher (up to 11.2%). However, it is to be noted that there is still a significant throughput benefit of deploying relays (with 82%~112% sum throughput gains compared with no relay cases) as shown in Annex A.

· Noise limited scenario experiences more low quality PDCCH than interference limited scenario.

· For 3GPP DS Case 1, in low SINR regime, PDCCH SINR is better than PDSCH SINR, even in heavily loaded networks.
· For 3GPP DS Case 3, in low SINR regime, PDCCH SINR is worse than PDSCH SINR. This indicates that higher power boosting, or larger CCE aggregations (e.g. 8 CCEs or more), may be needed to reach cell edge.

· It is expected that PDCCH SINR can be improved for interference limited situations if the network load is lighter. This can be attributed to PDCCH interference randomization (due to the subblock interleaver) that helps in reducing inter-cell PDCCH REG collisions. 
· Compared with 0 dB eNB power reduction and 0 dB RN RS power boosting, using >3 dB eNB power reduction and 3 dB RN RS power boosting leads to lower PDCCH SINR, for both Case 1 and Case 3 (see Figure 7 and Figure 8).  However, the probability that a UE would experience outage (PDCCH SINR < -10 dB) is still small and hence only limited throughput loss is expected (which is confirmed by results shown in Table 1).  Case 3 sees even larger PDCCH SINR loss with 6 dB eNB power reduction and 3 dB RN RS power boosting.

· 3GPP DS Case 1 allows up to 6 dB eNB power reduction and up to 3 dB RN RS power boosting

· 3GPP DS Case 3 allows up to 3 dB eNB power reduction and up to 3 dB RN RS power boosting. 
Table 1 – System throughput performance loss introduced by non-ideal PDCCH modeling (relative to ideal PDCCH modeling) (C/I in this table refers to long term data C/I)
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Figure 7 – PDFs of 3GPP DS Case 1 Instantaneous PDCCH SINR (CCH) and Instantaneous PDSCH SINR (Data).  [-x,y] specifies coverage boosting technique of using x dB eNB power reduction and y dB RN RS power boosting
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Figure 8 - PDFs of 3GPP DS Case 3 Instantaneous PDCCH SINR (CCH) and Instantaneous PDSCH SINR (Data).  
Therefore, for realistic PDCCH modeling, it can be concluded that:

· In 3GPP Case 1, up to 6 dB eNB power reduction and up to 3 dB RN RS power boosting can be used to improve relay coverage and overall system performance.  
· The loss due to non-ideal PDCCH modeling is insignificant (~2%).  
· With 4 RNs/macro cell, the sum gain (defined as sector average t-put gain + 5%-ile UE t-put gain) can be ~175% compared to the baseline with no relays.
· In 3GPP Case 3, up to 3 dB eNB power reduction and up to 3 dB RN RS power boosting can be used.  
· Non-ideal PDCCH modeling yields moderate performance loss.  
· Sum gain with 4 RNs/macro cell can be ~111% compared to the baseline.
4. Conclusions

Following are the conclusions drawn in this paper:
· Moderate improvements are observed with macro eNB power reduction and RN RS boost.  No benefit has been seen for using TDM muting with cell selection algorithm (proposed in [10]) for an inband relay system with non-ideal backhaul.  

· System simulations with non-ideal PDCCH modeling (with 3GPP NLOS pathloss models [4] ) demonstrate that there is no significant performance loss due to non-ideal PDCCH for coverage boosting techniques such as macro eNB Tx power reduction and RN RS boosting with out-of-band relay. Non-ideal PDCCH has more impact on the noise-limited scenario than the interference-limited scenario.  Heterogeneous modeling focuses on the latter scenario.
· Further improvements may be expected with:

· Optimum resource partitioning between backhaul link and access link

· Overlapped FDM muting with correlated antennas and beamforming (see [13])
· RN placement near the cell edge (see e.g. [8] 
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· Further improved backhaul link quality
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Annex A - Simulation Results with Ideal vs. Non-Ideal PDCCH modeling 
Note: All simulation assumptions in Annex A are according to descriptions in Section 3 and TR36.814 v1.0.0
Table 2 – 3GPP DS Case 1 Throughput Performance w Ideal/Non-Ideal PDCCH Modeling
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Table 3 – 3GPP DS Case 3 Throughput Performance w Ideal/Non-ideal PDCCH Modeling
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Annex B- Simulation Results with Coverage Boosting Techniques and Ideal PDCCH modeling 

Note: All simulation assumptions in Annex B are according to descriptions in Section 2 and TR36.814 v1.4.1
Table 4 - Simulation results with enhancement techniques  (four RNs/cell, 25 UEs/cell). [-x,y] denotes xdB eNB power reduction and y dB RN RS boost, m is used in [10] to denote the estimated fraction of UE2
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InBand Relay with nonideal 

backhaul link (1 backhaul 

subframe/Radio Frame) [-3,3]

2.9447 6.1% 0.013 -40.6% 3.065 6.4% 0.0212 -2.8%

InBand Relay with nonideal 

backhaul link (4 backhaul 

subframe/Radio Frame)

2.8686 3.3% 0.0231 5.5% 2.9692 3.1% 0.017 -22.0% 2.7117 -2.3% 0.0235 7.3% 2.5446 -11.7% 0.0129 -40.8%

InBand Relay with nonideal 

backhaul link (4 backhaul 

subframe/Radio Frame) [-3,3]

3.0396 9.5% 0.0259 18.3%

3.1038 7.8% 0.0189 -13.3%

Non-muting results Muting (cell selection per R1-091456) m=0.7


Table 5 - Simulation results with enhancement techniques (ten RNs/cell, 25 UEs/cell) [-x,y] denotes xdB eNB power reduction and y dB RN RS boost, m is used in [10] to denote the estimated fraction of UE2
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Gain 
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to 

baseline

Gain 

compared 

to 

baseline

Gain 

compared 

to 

baseline

Gain 

compared 

to 

baseline

Gain 

compared 

to 

baseline

No Relays (Baseline)

2.7764 0.0% 0.0219 0.0% 2.8802 0.0% 0.0218 0.0% 2.7764 0.0% 0.0219 0.0% 2.8802 0.0% 0.0218 0.0%

Out-of-Band Relays 

12.761 359.6% 0.0742 238.8% 14.048 387.7% 0.0472 116.5% 7.9783 187.4% 0.0885 304.1% 10.218 254.8% 0.0612 180.7%

InBand Relay with nonideal 

backhaul link (1 backhaul 

subframe/Radio Frame)

2.5487 -8.2% 0.0123 -43.8% 2.9027 0.8% 0.0192 -11.9%

InBand Relay with nonideal 

backhaul link (1 backhaul 

subframe/Radio Frame) [-3,3]

2.6157 -5.8% 0.0098 -55.3% 3.0056 4.4% 0.0148 -32.1%

InBand Relay with nonideal 

backhaul link (4 backhaul 

subframe/Radio Frame)

2.7434 -1.2% 0.026 18.7% 3.0243 5.0% 0.0255 17.0% 2.4376 -12.2% 0.0235 7.3% 2.6622 -7.6% 0.0185 -15.1%

InBand Relay with nonideal 

backhaul link (4 backhaul 

subframe/Radio Frame) [-3,3]

2.9228 5.3% 0.0236 7.8%

3.2366 12.4% 0.0269 23.4%

Non-muting results Muting (cell selection per R1-091456) m=0.7
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