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1 Introduction

Relay technologies are seen as a good candidate to improve the LTE-A throughput compared to LTE [1]. Different types of relay nodes (RN) exist, including repeaters, which amplify the received signal and forward it with a very small delay, and process-and-forward relays, like amplify-and-forward relays, which amplify the received signal and forward it in another sub-frame, and decode-and-forward relays, which perform decoding before retransmission. The latter type of relays includes L2 and L3 relays, depending on the amount of functionalities included in the relay.
In this contribution, we present system level performance results for repeaters and decode-and-forward relays in downlink. 
2 Different relaying techniques
2.1 Repeaters and advanced repeaters
Repeaters are amplify-and-forward relays, which retransmit the received signal on the whole system bandwidth within a few micro-seconds. Advanced repeaters are repeaters which only retransmit the signal received on a part of the system bandwidth. This part is pre-determined, e.g., semi-statically assigned, and the eNB schedules UEs which have to be relayed by a given repeater in priority on the pre-determined bandwidth.
Advantages: 
· Repeaters introduce negligible latency and are completely backward compatible with Rel8 UEs, as their introduction in a cell only modifies the equivalent channel impulse response. However, for advanced repeaters, the Rel8 backward compatibility must be carefully studied. For instance, the whole control signaling should keep the same structure and be completely forwarded. Furthermore, having repeaters forwarding only part of the reference signals may create abrupt channel changes, impacting channel estimation.
Drawbacks: 
· Repeaters amplify all signals, even when it is useless, for instance when the UE the signal is intended for is in good channel conditions or far from the repeater. Thus, they create useless interference on neighbouring cells. Advanced repeaters create lower interference.
· Repeaters and advanced repeaters also amplify the noise and interference. 
· Sufficient isolation is needed between reception and transmission. An isolation which is stronger than the amplification factor is required.
2.2 Process-and-forward relaying

In amplify-and-forward relays, the relay amplifies the received signal before re-transmitting it in another sub-frame. In decode-and-forward techniques, the relay decodes the received signal before re-transmitting it. In these process-and-forward techniques, the relay is able to precisely select which signals it will retransmit. The frequency allocation of UEs can also be changed before re-transmission. 
Advantages: 
· With decode-and-forward relaying, if correct decoding is achieved, noise and interference are not forwarded. 
· As advanced repeaters, process-and-forward relays only retransmit part of the received signal. Thus, they create lower interference. 

· Reception and transmission do not take place simultaneously. Thus, a strong isolation between reception and transmission is not required.
Drawbacks: 
· Process-and-forward methods at least introduce an additional latency of one TTI. In decode-and-forward relaying, the decoding process introduces a latency of several TTIs. 
· Careful design is needed in order to allow for Rel8 backward compatibility. Especially, receiving both signals from eNB and RN seems difficult for Rel8 UEs. Rel8 compatibility is easier to achieve with L3 relaying.
3 System performance results
System level simulations of a hexagonal layout including repeaters or relays in each cell have been performed for downlink. Simulation parameters are listed in Table 1. The evaluated spectral efficiency is computed from the outage capacity in bits per channel use, i.e., from the outage capacity per PRB in a cell.
	System bandwidth
	5 MHz, downlink

	MCS
	From 0 to 6 bit/s/Hz

	Receiver performance
	Outage capacity

	Frequency allocation
	1 PRB per UE

	Scheduling
	Perfect scheduling (best PRB allocated to each UE)

	Channel
	Typical Urban 6 paths

	eNB antenna configuration
	1 Tx antenna (14 dBi antenna gain, same pattern as in TR 36.814)

	RN antenna configuration
	1 Rx antenna for repeaters, 2 Rx antennas for relays (7 dBi antenna gain, same pattern as in TR 25.814), 1 Tx antenna (5 dBi antenna gain, omni-directional)

	UE antenna configuration
	2 Rx antennas (0 dBi antenna gain, omni-directional) 

	eNB-to-RN propagation
	As in TR 36.814, 0dB penetration loss

	RN-to-UE propagation
	As in TR 36.814, 20dB penetration loss

	eNB-to-UE propagation
	LTE model in TR 25.814 (eNB antenna height = 15m), 20dB penetration loss

	eNB-to-RN shadowing
	6dB standard deviation

	RN-to-UE shadowing
	10dB standard deviation

	eNB-to-UE shadowing
	8dB standard deviation

	ISD
	500 m (Case 1), 1732 m (Case 3)

	eNB Tx power
	43 dBm

	RN Tx power
	30 dBm

	RN positioning
	Circular, similar to [4]

	Number of RNs per cell
	2, 8

	Cellular layout
	Hexagonal layout with wrap around, 19 eNBs, 3 cells per eNB


Table 1: System simulation parameters.

3.1 System performance with repeaters

The signal plus noise plus interference at the repeater receiver is amplified in order to obtain a repeater transmission power equal to 30 dBm. Thus, the higher the path-loss between the eNB and the repeater, the lower the total received power including the useful signal, the thermal noise and the interference, the higher the amplification factor in the repeater. At the repeater, the interference of other repeaters is neglected. At the UE, the whole interference created by eNBs and repeaters is taken into account. However, only the useful signals from the serving eNB and the closest repeater are considered at the UE. The useful signal from other repeaters of the serving eNB is neglected. 
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Figure 1: Spectral efficiency maps without shadowing for 2 and 8 repeaters, Case 3.

Figure 1 shows the spectral efficiency as a function of the UE position with 2 and 8 repeaters, without shadowing for Case 3. Figure 2 shows the cdf of the spectral efficiency and Table 2 summarizes the cell-edge and average spectral efficiency gains. Repeaters exhibit some gains, especially in Case 3; but they require a high isolation in order to compensate the amplification factor needed to reach a 30dBm transmission power. Indeed, Figure 3 shows that the amplification factor may be higher than 100 dB with 8 repeaters. Even if directional Rx and Tx antennas are used to allow for simultaneous reception and transmission, a strong isolation higher than 100 dB is needed, which makes the cost and size of the repeater grow.
	
	Case 1
	Case 3

	
	Gain on 5-percentile compared to system w/o repeaters
	Gain on average compared to system w/o repeaters
	Gain on 5-percentile compared to system w/o repeaters
	Gain on average compared to system w/o repeaters

	2 repeaters per cell
	10%
	9%
	26%
	15%

	8 repeaters per cell
	21%
	17%
	47%
	38%


Table 2: System simulation results with repeaters.
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Figure 2: cdf of the spectral efficiency with repeaters

(relative gains compared to a system without relays).
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Figure 3: cdf of the amplification factor 

in the repeater (with 8 repeaters per cell, Case 3).


3.2 System performance with orthogonal perfect decode-and-forward relays

We consider an amplify-and-forward protocol in which the BS to RN link is perfect. Decode-and forward protocols are likely to meet this assumption and we call OPDF (Orthogonal Perfect Decode and Forward) this situation. The RN only monitors signals of identified UEs transmitted by the eNB, and retransmits the signal on a PRB of another sub-frame. The frequency resource can be the same as the original signal transmitted by the BS or the signal can be re-transmitted with a better resource allocation. We further assume that a RN never transmits on the same resource as the eNB or other RNs of the cell. 

The RN has a maximum transmit power of 30 dBm. The transmit power on a PRB is the maximum power divided by the number of PRBs. Thus, the total transmit power may be lower than 30 dBm if a few UEs are relayed in a given sub-frame. The interference experienced by a UE varies according to the load of relays in neighbouring cells. For UEs in communication with a relay, the spectral efficiency is computed from the outage capacity obtained when assuming an SINR equal to the sum of the SINRs on the eNB-to-UE and RN-to-UE links, divided by 2. We investigate two types of RN-UE association strategies. For the best capacity association, the choice of the relaying strategy – no relaying or OPDF – is made according to the best obtained spectral efficiency, assuming a SINR only taking into account the interference from eNBs (assuming that there is no relaying in the neighbouring cells). In the highest useful signal association, the UE is associated to the eNB/RN corresponding to the highest received power. We assume that no frequency re-allocation is processed at the relay, i.e., that the same frequency resource is used for the RN-to-UE transmission as for the BS-to-UE transmission. Indeed, in [2], we have seen that the gain brought by a separate frequency allocation on the eNB-to-UE link and on the RN-to-UE link is quite low. 
Figures 4 and 5 show the spectral efficiency cdf. Table 3 summarizes the cell-edge and average spectral efficiency gains. We see that with best capacity UE/RN association, the number of relayed UEs is small because the association takes into account the spectral efficiency loss brought by relaying. The number of relayed UEs with highest useful signal association is much higher, which benefits to the cell-edge spectral efficiency. However, some UEs suffer from a wrong association because the relaying spectral efficiency loss has not been taken into account. Furthermore, since more UEs are relayed, the total transmitted power from neighbouring cells is reduced but the interference increases, especially in Case 1, because RNs are closer to the cell boundary. Thus, the average spectral efficiency gain is in most cases lower and even negative in Case 1 with 8 RNs.
In OPDF, there is a loss of spectral efficiency inherent to the orthogonal relaying protocol. However, the multi-user dimension can be used for recovering this loss by scheduling other UEs (e.g., UEs close to the eNB) on the same resource as a RN-to-UE transmission. We call it overloading. 
	
	Best capacity UE/RN association
	Highest useful signal UE/RN association

	
	Gain on 5-percentile 
	Gain on average 
	Proportion of relayed UEs
	Gain on 5-percentile 
	Gain on average 
	Proportion of relayed UEs

	2 RN per cell
	9%
	5%
	6%
	18%
	3%
	37%

	8 RN per cell
	18%
	8%
	22%
	52%
	-2%
	68%


Table 3: System simulation results with OPDF, Case 1

(relative gains compared to a system without relays).

	
	Best capacity UE/RN association
	Highest useful signal UE/RN association

	
	Gain on 5-percentile 
	Gain on average 
	Proportion of relayed UEs
	Gain on 5-percentile 
	Gain on average 
	Proportion of relayed UEs

	2 RN per cell
	8%
	6%
	10%
	13%
	8%
	25%

	8 RN per cell
	26%
	15%
	27%
	39%
	12%
	60%


Table 4: System simulation results with OPDF, Case 3

(relative gains compared to a system without relays).
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Figure 4: cdf of the spectral efficiency, 
OPDF without re-allocation at the RN, 
best capacity UE/RN association.
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Figure 5: cdf of the spectral efficiency, 
OPDF without re-allocation at the RN, 
highest useful signal UE/RN association.




3.3 System performance with L2/L3 relaying
We now consider separately the backhaul link, the direct link and the access link. We assume that a UE is either associated to the eNB and receives signal through the direct link (eNB to UE), or is associated with a RN and receives signal through the access link (RN to UE). In the latter case, data for the UE must be forwarded by the eNB to the RN through the backhaul link (eNB to RN). 
We first assume that the eNB and the RNs in a same cell cannot transmit on same resources. This assumption is close to orthogonal decode and forward or L3 relaying with scheduling coordination at the eNB and its RNs. It differs from OPDF in two ways: The backhaul link quality is considered (no perfect decoding) and relayed UEs do not have a useful signal on the direct link. Furthermore, in orthogonal decode and forward, a poor backhaul link would limit the access link capacity, whereas, here, it results in a higher backhauling overhead. Highest useful signal UE/RN association is applied. The spectral efficiency for relayed UEs is reduced due to the backhaul link. However, this reduction may be different from 2 (the value for OPDF) due to the backhaul link quality. Therefore, in Figure 6, we observe from the spectral efficiency cdf, that the spectral efficiency of relayed UEs does not saturate at a value equal to 3, unlike OPDF.

If schedulers are completely independent between the eNB and the RNs in the same cell, the same resource can be shared by the direct link and the access links of all RNs in the cell. It results in an overloading capacity compared to an eNB without relaying. In order to take this gain into account, we increase the spectral efficiency by a factor depending on overloading. The cdf of the spectral efficiency is shown in Figure 7. We observe the overloading gain on high spectral efficiencies (higher than 6 b/s/Hz). In Case 3, the gain from overloading appears to be higher than the loss from interference increase. Thus, in Case 3, L2/L3 relaying with eNB/RN and RN/RN overlap exhibits better cell-edge and average spectral efficiency than L2/L3 relaying without eNB/RN and RN/RN overlap.
Considering that the main interference on relayed UEs arises from the eNB (RNs have a small transmit power), different resources can be used by the eNB and its RNs, whereas RNs of a same cell use the same resources. This method is close to the silencing method proposed in [3]. It benefits from both overloading gain and interference reduction. The corresponding spectral efficiency cdf is shown in Figure 8 and we see from Table 4 and 5 that it achieves the best cell-edge spectral efficiency / average spectral efficiency compromise with 8 RNs per cell. 

	
	No eNB/RN overlap, 

no RN/RN overlap
	eNB/RN overlap, 

RN/RN overlap
	No eNB/RN overlap,

RN/RN overlap
	All

	
	Gain on 5-percentile
	Gain on average 
	Gain on 5-percentile 
	Gain on average 
	Gain on 5-percentile 
	Gain on average 
	Proportion of relayed UEs

	2 RN per cell
	11%
	1%
	11%
	25%
	24%
	18%
	37%

	8 RN per cell
	34%
	-6%
	19%
	26%
	26%
	27%
	68%


Table 5: System simulation results with L2/L3 relaying, Case 1

(relative gains compared to a system without relays).
	
	No eNB/RN overlap, 

no RN/RN overlap
	eNB/RN overlap, 

RN/RN overlap
	No eNB/RN overlap,

RN/RN overlap
	All

	
	Gain on 5-percentile
	Gain on average 
	Gain on 5-percentile 
	Gain on average 
	Gain on 5-percentile 
	Gain on average 
	Proportion of relayed UEs

	2 RN per cell
	14%
	9%
	25%
	30%
	27%
	22%
	27%

	8 RN per cell
	43%
	12%
	55%
	52%
	67%
	52%
	59%


Table 6: System simulation results with L2/L3 relaying, Case 3
(relative gains compared to a system without relays).
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Figure 6: cdf of the spectral efficiency, L2/L3 relaying without eNB/RN and RN/RN overlap.
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Figure 7: cdf of the spectral efficiency, L2/L3 relaying with eNB/RN and RN/RN overlap.
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Figure 8: cdf of the spectral efficiency, self-backhauling 
without eNB/RN overlap, with RN/RN overlap.
4 Summary

Repeaters can achieve some spectral efficiency gain, especially at cell-edge. However, they require a strong isolation between reception and transmission. 
Advanced solutions, like decode-and-forward relays or L3 relays, avoid the isolation issue and reduce the inter-cell interference:
· A RN/UE association associating a UE to the eNB/RN with the highest useful signal seems to be appropriate in Case 3 since it increases the relaying usage and the inter-cell interference is not strongly increased.

· Some coordination between the eNB and its RNs brings cell-edge spectral efficiency increase over independent scheduling at the eNB and its RNs

· Control signalling overhead for this solution must be investigated

· Avoiding having RNs of a same cell transmitting on the same resource does not bring performance benefit in Case 3.
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