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1
Introduction

In LTE-A networks, relays are a key factor given the potential capacity and coverage enhancement. In [1], different relay architecture and potential interference scenarios have been discussed. It was recommended that L3 half duplex relay should be studied in conjunction with advanced interference avoidance techniques. Potential interference avoidance techniques have also been discussed in the context of CoMP techniques such as joint scheduling, cooperative beamforming and cooperative silencing [2]. It was also conjectured in [1] that the network capacity could be substantially improved with relay deployment. 
Preliminary analysis of relay performance has been provided in the previous meetings either through analysis [3, 4] or system simulations [5,6,7,11]. In [3,4], information rate studies of L1 and L2 relays were carried in the context of single source to destination link in large cells. In [5, 6], the eNB to relay link geometry has been simulated from the beam forming and relay selection perspective. In [7], system level simulations of L2 relays were carried out to study the impact of relay transmit power in co-channel deployments. In [11], the effect of range expansion and muting has been studied through simulation and analysis.
In this contribution, we provide a comprehensive study of repeater and relay performance according the evaluation methodology [8]. First we review the LTE Rel 8 baseline performance using the simplified simulation methodology for heterogeneous networks. We then evaluate the L1 relay (RF repeater) performance in uniform and clustered UE layouts. Finally, we demonstrate the L3 relay performance with and without cooperative silencing schemes. We also provide statistics to substantiate the comparison of performance shown in this contribution and those in [11].
2
LTE Release 8 Performance
In this section, we establish the baseline performance of LTE Rel 8 in a macro network with and without RF repeaters (L1 relay). The EGoS performance with 25 UEs dropped in each macro cell will be used as the baseline macro-only performance in the rest of the contribution. The detailed discussion on LTE Rel 8 performance has been provided in [9]. All simulations are based on the LTE-A evaluation methodology [8] with the exception of no vertical antenna modelling at the macro cell. The link to system mapping is provided in the Appendix. 
In the case of uniform UE dropping, UE throughputs are observed to be 251, 344 and 354 Kbps for 5% tail, median and mean values, respectively. In the case of clustered UE dropping in a macro only network, the relative performance change compared to the uniform dropping is negligible.
RF repeaters can offer coverage extension for eNBs by amplifying and forwarding received waveform. However, in order to maintain stability at the repeater, the repeater gain is often limited by transmit and receive RF isolation [1]. In this contribution, we establish an upper bound on the repeater performance assuming fixed transmit power on DL and infinite RF isolation. We further assume that a repeater only amplify signals from the desired eNB to capture possible beamforming / antenna directivity gain for the repeater to eNB link. The performance obtained under these assumptions is called “perfect repeater” performance.
The perfect repeater performance with different relay densities is shown in Table 1. Note that there is negligible improvement in tail, median and mean UE throughputs. The lack of improvements is due to the lower Tx power (30 dBm compared to 46 dBm), smaller antenna form factor (5 dBi compared to 14 dBi) and lower antenna height (below rooftop compared to 15 meter above rooftop) of the repeater compared to macro cells.
Table 1. Perfect repeater deployment UE throughput gain 
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3 
L3 Relay Performance
L3 relays act like a regular cell with wireless inband backhaul. Since L3 relays orthogonalize the backhaul and access link transmissions in time and/or frequency, no RF isolation issues need to be considered. Compared to repeaters, L3 relays are much more robust and easily to deploy [1].
Directional antennas with 70 degree beam width are used at the relay for the donor cell to relay link [8]. Figure 1 shows the macro cell to UE and macro cell to relay DL SINR CDF. It is clear that interference suppression due to the directional antenna at the relay leads to significant SINR gain over the relay backhaul link.
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Figure 1. DL SINR for UE and Relay nodes
In this contribution, we consider a two-hop design where a UE is allowed to connect to a donor cell via relay with one access link hop (UE <-> relay) and one backhaul hop (relay <-> eNB). The cell selection algorithm is based on highest DL received power among all macro cells and relay cells. The schedulers at the donor cell and the relays will coordinate the scheduling such that no relay needs to transmit and receive at the same time. At the relay scheduler, EGoS fairness is enforced among all UEs served by the relay. At the macro cell scheduler, EGoS fairness is enforced among all UEs connected either directly or indirectly to this macro cell. 

Note that no LTE Rel 8 backward compatibility constraints, such as special subframes 0, 4, 5, 9, MBSFN overhead, etc., have been taken into account in this simulation study.

The LTE-A evaluation methodology defines four relay deployment configurations [8]. In this contribution, we evaluate configurations 1 and 4 as defined in Table A.2.1.1.2-3 for a 10 MHz deployment. In configuration 1, twenty-five UEs and a fixed number of relays are uniformly dropped within each macro cell. In configuration 4, a fixed number of UEs are dropped within each relay’s coverage and the rest of UEs are randomly dropped within each macro cell area. In this particular setup, we choose to have 2 UEs dropped within a 30 meter radius of each relay, e.g., 20 UEs in relay “coverage” and 5 UEs in macro cell coverage for the case of 10 relays / macro cell. 
The association statistics for configurations 1 and 4 are shown in Figure 2. It is observed that the fraction of UEs associated with the relays increases with the number of relays. It is also seen that a much larger fraction of UEs are associate with the relays in the clustered layout model. However, the fraction of UEs associated with the relay is still smaller compared to the fraction of UEs dropped in the relay hotzones. For example shown above with 10 relays/cell, >80% of UEs are within 30 meters of a relay but only < 30% of UEs are associated with a relay. The reason is that the Tx power, antenna gain, and antenna height imbalance between the eNB and relay nodes leads to higher RSRP from the eNB compared to the relay even for UEs within the relay node hotzone.
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(a) Config #1 Uniform UE Layout







(b) Config #4 Clustered UE Layout
Figure 2. UE association statistics for Config #1 and Config #4

The DL UE throughput statistics are shown in Tables 2 and 3. In the case of uniform UE layout in configuration 1, the throughput gain is minimal and similar to the perfect repeater performance.

In the case of clustered UE layout in configuration 4, the throughput gain is up to 30% with 10 relays per macro cell. These results are consistent with the association statistics in Figure 2. The macro UEs enjoys a capacity increase proportional to the fraction of UEs off loaded to the relay link. Since the relay enjoys a high quality backhaul link, it often takes very little resource for a donor cell to serve relays and UEs connected to relays.  On the other hand, the throughput of UEs served by the relay is also limited by the EGoS fairness enforced by the donor cell.
Table 2. Config #1 L3 relay deployment UE throughput gain
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Table 3. Config #4 L3 relay deployment UE throughput gain 

[image: image6.emf]0%

5%

10%

15%

20%

25%

30%

2 Relays

4 Relays

10 Relays

2 Relays

4% 4% 5%

4 Relays

8% 10% 11%

10 Relays

28% 27% 29%

5% UE 50% UE Mean


4
Advanced L3 Relay Performance
The L3 relay performance is limited by suboptimal cell-selection and interference management schemes in the presence of dominant interference from the macro cells. Using DL received power based cell-selection algorithm leads to a small coverage area for each low power relay node. The access link from a low power relay to a UE is also significantly limited by the dominant interference from neighboring macro cells. CoMP schemes such as joint processing, joint beamforming and cooperative silencing could be used to coordinate the macro cell and relay node transmissions [5]. 
In this contribution, we evaluate the potential performance gain of advanced L3 relays with range expansion cell-selection algorithms and cooperative silencing schemes.
4.1 
Range Expansion Cell-Selection for Advanced L3 Relays
With proper cooperative silencing schemes, dominant interference from macro cells to UEs served by a relay could be effectively mitigated. Under this assumption, a range expansion cell-selection algorithm could be designed to increase the effectiveness of relay deployment [10]. 

The DL simulation results presented in the rest of the section are based on the following relay cell-selection algorithm. A DL data rate projection is made for each UE on the direct link (macro cell to UE) and the relay link, where the relay link data rate is the minimum of the backhaul (macro cell to relay) and access (relay to UE) link data rates. Detailed algorithm is shown below:

1. Suppose the resource (bandwidth or subframes) is partitioned such that a fraction m is used for backhaul link and (1-m) for access link

2. Direct and backhaul links share the fraction m of the total bandwidth

a. Bandwidth per direct or backhaul link = m / NUE, where NUE is the number of UEs directly or indirectly served by the macro cell.
3. Access links use the remaining (1-m) of the bandwidth

a. Average number of UEs per relay =  NUE/Relay  α NUE / NRelay 
b. Assuming α of all UEs associate with relays, in this simulations α is fixed at 70%
c. Bandwidth per access link = (1-m) / NUE/Relay
4. Projected rate for direct link

a. R = (m / NUE) B r(CDirect), where B denotes the system bandwidth, r(.) denotes the SNR to spectral efficiency mapping function and CDirect denotes the direct link signal to noise ratio.
5. Projected rate for relayed link

a. R = min { RBackhaul, RAccess} 

b. RBackhaul = (m / NUE) B r(CBackhaul)

c. RAccess = [(1-m) / NUE/Relay  ] B r(CAccessGAccess), where GAccess is used to account for partial loading gain in C/I in the access link. In this simulation GAccess is set to 1.
This rate projection could be based on CQI, RSRP reporting and loading information at each cell and relay.  Then the cell or relay with the highest DL data rate is selected for each UE subject to link budget and control channel reliability constraints. Note that the range of each relay is greatly expanded since dominant interference silencing has been taken into account in the CAccess for access link rate projection. 
Association statistics of configuration 1 and 4 based on the algorithm described above are shown in Figure 3.  Compared to the DL received power based cell-selection algorithm, a much larger fraction of UEs are seen to be associated with relays. For example, 33% UEs are associated with relays when there are 2 relays per macro cell in configuration 1 while only less than 2% associated with relays with the highest DL received power cell-selection scheme.
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(a) Config #1 Uniform UE Layout






(b) Config #4 Clustered UE Layout
Figure 3. UE association statistics with range expansion for Config #1 and Config #4

4.2 
Advanced L3 Relay Deployment UE Throughput
A simplistic cooperative silencing scheme is used to generate the simulation results shown below. During each radio frame, the macro cells are assumed to be silent for 3 subframes, which are used for relay to UE transmissions. The resulting UE throughput statistics are shown in Tables 4 and 5 for uniform and clustered UE layout.
In the case of uniform UE layout in configuration 1, the relays are shown to provide 55% and 67% gain at the tail and median UE throughput with 10 relays per macro cell (Table 4). Note that the corresponding performance gain without range expansion and cooperative silencing is only 6% as shown in Table 2.
Table 4. Config #1 Advanced L3 relay UE throughput gain 
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In the case of clustered UE layout in configuration 4, similar performance gain is observed with somewhat larger gain with lower relay densities (Table 6). For example, 25 to 35% gain is observed at tail and median in the case of 4 relays per cell. Additional throughput CDFs are included in the Appendix.
Table 5. Config #4 Advanced L3 relay UE throughput gain 
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In summary, advanced L3 relays with Tx power and form factor close to WiFi access points are shown to provide significant capacity gain. Compared to hotzone cells with the same form factor, the relay deployment is shown to provide similar tail throughput improvements with uniform UE layout [9]. The median and mean throughput with relay is much less compared to hotzone cells because of the relay backhaul link capacity limitation. Higher gains for relay could be achieved with enhanced relay backhaul link.
5
Techniques to enable range expansion

In the previous section, we demonstrated the benefits that could be obtained through the use of an interference efficient cell-selection strategy. Such a strategy, however, implies that a UE does not always connect to the eNB with the strongest downlink received power. In other words, the UE would have to operate at a very low, interference-dominated geometry for its serving cell. 
In [11], range expansion techniques has been investigated with and without interference coordination. More specifically, a handoff bias in RSRP has been applied to relay node in order to balance the load between eNB and relay nodes. Simulations without “muting eNB” (cooperative silencing) was shown to provide 22% gain in tail capacity with 23% of UEs associated with relay nodes. 
A similar association algorithm has been simulated to verify the reported performance gain, where the DL SINR distribution is shown in Figure 4. The single hop case refers to the case where there are only macro eNBs. The multihop case refers to the case where there are 4 relays / cell and UE has 12 dB association bias towards the relay. Under the multihop case, we investigated three type of links: backhaul link denotes the serving eNB to relay link; access link denotes the serving relay to UE link; direct link denotes the serving eNB to UE link. As shown in Figure 4, the access link DL SINR is below -10 dB for more than 45% of the time. This implies that at least 45% of UEs served by a relay would be in outage without cooperative silencing even under optimistic assumptions. 
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Figure 4 DL SINR for range expansion without cooperative silencing.

New techniques may need to be introduced in order to operate efficiently in such an environment. Techniques that should be considered in this context include:

1) Deep penetration synchronization signals: The current LTE acquisition structure (i.e., structure of PSC, SSC and PBCH) enables detection only for geometries seen in traditional macro-cellular operating environments. As discussed above, geometries seen in a range expansion environment will be substantially lower and may therefore necessitate a new acquisition design. 

2) Knowledge of transmit power for serving cell selection: An important aspect mentioned in the previous section is that serving cell selection based on path-loss can provide superior performance to serving cell selection based on downlink received power in the case of heterogeneous networks. In order to achieve this, the entity which determines the serving cell for handover or initial access (either the eNB or the UE) will have to be aware of the transmit power of both eNBs (or relays). Thus, we will need a mechanism to communicate transmit powers to neighboring eNBs and/or UEs

3) Deep penetration control channels: In addition to the acquisition signals, we also need a mechanism to communicate other control channels (such as PDCCH and PHICH on the DL and PUCCH on the UL) in low geometry environments. 

4) Interference coordination techniques: The benefits of range expansion were described under the assumption that there was no interference from the macro eNB while the relay was serving a UE in its expanded coverage. In other words, we need to introduce techniques to reduce macro eNB power (or blank the resource entirely) on the resources used to serve UEs in expanded relay coverage region. Note that without such coordination, it may be completely impossible for the relay to serve any data to UEs in its expanded range, since the SINR of these UEs taking macro interference into account will be extremely low. The choice and number of resources on which macro transmit power is reduced can be determined based on factors such as the number of relays in macro coverage, number of users being served by the pico and macro eNBs, QoS and buffer status of these users and fairness among different users in the network (potentially across eNBs). Different time-scales for interference coordination can be considered, ranging from per-subframe interference coordination to coordination on the time scale of hundreds of milliseconds. Per-subframe interference coordination can yield additional benefits by taking buffer status of different UEs into account in addition to the factors mentioned above. Interference coordination on a slower time-scale will not be able to take buffer status into account, but may enable easier implementation.

6
Conclusions
In this contribution, the performance of L1 and L3 relays has been compared through network simulations according to the LTE-A evaluation methodology [8]. A performance upper bound for L1 relays (repeaters) is obtained by simulating  perfect RF isolation and perfect other cell interference rejection at each relay. The performance improvement of L1 relays is found to be very limited under the small form factor assumptions. L3 relays without advanced cell-selection and cooperative silencing technique is also found to provide limited performance gain.
Advanced L3 relays with range expansion cell-selection and cooperative silencing are found to provide substantial gain in both ad hoc deployments (configuration 1) and operator optimized deployments (configuration 4). WiFi-AP sized relays provide 24% and 68% gain at 5% UE throughput with a density of 4 and 10 relays per cell, respectively. While advanced L3 relays are found to be effective in providing tail UE performance enhancement, relays could not provide orders of magnitude of improvement at median and mean throughput as observed in dense hotzone deployments [9]. Further improvement in backhaul link could potentially narrow the performance gap between relay and hotzone cells.
Appendix
A.1 
Physical Layer Abstraction

The fast fading is disabled in network simulations for relative performance comparison according to the draft evaluation methodology [2]. The effect of fast fading and HARQ is captured in single UE link level simulations, where an average SNR to capacity look up table is generated for each DL/UL configuration. Figure 5 shows the DL 2x2 MIMO and UL 1x2 SIMO SNR to capacity mapping curves for IID fading with TU multipath profile.  

The DL 2x2 MIMO efficiency curve is obtained based on link level simulations with wideband RI and frequency selective CQI and PMI report with 5ms periodicity of report. The operating bandwidth is assumed 10MHz in the link simulations. The curve incorporates subband scheduling based on the reported CQI. The UL SIMO 1x2 curves on the other hand are based on link simulations with no frequency selective scheduling. Both curves account for channel estimation errors.
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Figure 5. SNR to capacity mapping with TU multipath profile

A.2 
UE Throughput CDFs

Additional UE throughput CDFs are shown in the following figures. Figure 6 shows the relay performance without cooperative silencing for uniform and clustered UE layout. Figure 7 shows the relay performance with cooperative silencing for uniform and clustered UE layout.
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(a) Config #1 Uniform UE Layout
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Figure 6. UE throughput for L3 relay 
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Figure 7.UE throughput CDF for advanced L3 relay deployments
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