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1. Introduction 

As a key feature in LTE-A to improve system capacity and coverage, relay can be realized at different RAN layers. Among them, L2 relay is a suitable candidate that offers reasonable trade-off between the network cost and potential performance improvement. The choice of L0/L1/L2/L3 relays also depends on the relay scenarios [1] where L2 relay shows wide deployment possibilities. Various simulation evaluations of relays [2-7] were provided in the last several meetings and small relay node (RN) coverage scenario was assumed by many companies.          
In this contribution we discuss in more detail of the performance evaluation study presented in [8].
2. A Scenario of potential interest 

As an alternative to the small RN coverage scenario, it is worth considering wider coverage per RN to reduce the number of RNs per cell and avoid frequent switching between RNs or RN and its donor eNB.   
2.1 Motivations 
RN is supposed to be able to improve capacity and coverage. To be effective, a RN needs to have enough transmit power to overcome more severe pathloss environment anticipated in the access link (i.e., RN-UE) and significantly increase the received SNR so that the channel rate can be boosted. The antennas of RN need to have enough gains to ensure reasonable coverage area, to achieve good channel quality of relay link (i.e., eNB-RN), and to limit inter-cell interference.
Over-the-rooftop is a preferred installation which results in high rate connection of relay link and benign pathloss of access link. RN are expected be close to cell edges in general although the actual locations depend on shadow fading, user clustering, etc. 

With reasonably increased transmit power and antenna gains, the coverage per RN can be improved and the number of RNs per cell can be significantly reduced. Centralized scheduling is easy to implement with small number of RNs. Frequent switching between RNs or between RN and its eNB can be avoided in such scenario when UEs are moving, which relieves a lot of burdens on networks to handle mobility.
2.2 Simulated scenario
Each site is of clover-leaf shape (having three hexagonal cells). As an example shown in Figure 1, we place two RNs (sometimes denoted as NodeR) per cell and those RNs are at the conjuncture of three neighboring cells. Each RN serves one cell and three RNs are co-located. Each RN has two sets of directional antennas, one pointing to its donor eNB for relay link [3], and the other pointing to its served UEs for access link [9]. Antenna directivity helps to reduce inter-cell interference. For example, 
· RN receiver would see strong interference from neighboring eNBs in the downlink and from UEs of neighboring cells in the uplink. Such interference can be significantly reduced by using directional antennas in relay link and access link. 
· UE receiver and eNB receiver would see strong interference from RNs in neighboring cells in downlink and uplink, respectively. Implementing directional antennas helps to block those interferences. 
Note that the example in this simulation is used to illustrate a design principle for relay: RN can be deployed in a “reciprocating engine” fashion in order to boost the signal and reduce the interference. Three RNs need not be co-located in the real deployment and actual locations depend on network morphology, shadow fading, user clustering, etc.    
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Figure 1. Locations and antenna directions of RNs

3.  Relay system capabilities
A relay system generally includes three RAN components: donor eNB, RN and UEs. In order to effectively support L2 relay, several functionalities need to be added to each of components.
3.1 RN capabilities 
As L2 relay is considered, the simulated RN is capable of decoding and forwarding the data to UE/eNB. Not all L2 functions are supported, for example, resource scheduling. Therefore, RN just passively passes the scheduling information from its donor eNB to its subordinate UEs. RN generates reference signal for access link CQI reporting and PDSCH demodulation. To reduce the potential interference, transmission time is aligned with OFDM symbol timing of eNB, within the tolerance of cyclic prefix. Here we consider in-band relay link where certain PDSCH resource is allocated for the data transfer between RN and its donor eNB. Since the coverage of each RN is relatively bigger, multiple UEs can be supported by a RN.
3.2 New capabilities of donor eNB 

eNB can interpret CQI of access link to facilitate the centralized resource scheduling for access link, relay link and direct link (i.e., eNB-UE). Centralized scheduling helps to coordinate the resource allocations between those links. In particular, orthogonal allocation is assumed between UEs served by different RNs and there is no channel reuse. Therefore, adding RNs to the network does not introduce intra-cell interference in this case. Note that in this centralized scheduling scenario, the number of UEs served by a RN is not limited by the quality of relay link (i.e., eNB-RN). eNB can pair UE to its nearby RN based on the CQI report of access link, CQI of direct link, etc. eNB also decides the relay mode, for example, whether two-hop half-duplex, or multicast cooperative [2]. 
3.3 New capabilities of UE (downlink example) 

UE can report CQI of access link based on DL measurement of reference signal (RS). The downlink reference signal for access link may not be limited to the common RS in Rel. 8 LTE. UE can also decode the scheduling information passed from RN. Such control information may not be limited to PDCCH in Rel. 8 LTE. 
4.  Cooperation between donor eNB and RN
Cooperation between donor eNB and RN is an important technique in relay study. With proper cooperation, channel rate can be significantly increased. Cooperative transmission is inherent to L0 repeaters since the processing delay in RN is negligible and access/relay link appears to UE/eNB receiver as another multiple path in addition to the paths in direct link. In another word, the gain of cooperation is by default in L0 repeaters as long as the relay link path and the access link path is substantially isolated without significant self interference. L1 relay can also achieve such cooperation gain in certain implementations [5] where the processing delay in RN can be maintained in the order of cyclic prefix length. Note that such gain is irrespective to whether the UE is Rel.8 compatible. However, the relay link and access link separation is still an issue in those L1 relays.  
Due to the relatively long processing time in L2 and L3 RNs, cooperation is no longer inherent. However, compared to L3 relay, cooperative transmission can be done more easily in L2 relay. Note that L2/L3 relay cooperation cannot be done for Rel. 8 UEs since they cannot track the direct link and the access link simultaneously.  
Figure 2 shows two transmission modes of L2 relay: two-hop half duplex and multicast cooperative. Transmissions in red lines occur in Time 1. Multicast refers to the simultaneous transmissions to RN and UE. Black lines indicate transmissions that occur in Time 2. 

Performance difference between half-duplex and multicast cooperative can be clearly seen from the effective rate equations [2] as shown below
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where RRN-UE, ReNB-UE and ReNB-RN are channel rates of access link, the direct link and relay link, respectively. Subscripts “(1)” and “(2) denote Time 1 and Time 2, respectively. It is observed that the capacity of half-duplex is only half of the capacity of cooperative mode when RRN-UE is comparable to ReNB-UE and channels do not change significantly from Time 1 or Time 2.
[image: image2.png]Two-hop half duplex

(( ) Time1
\ Time2 UE
L
eNB

NodeR

Multicast cooperative

arn .

Time2

NodeR





Figure 2. Two-hop half duplex vs. multicast cooperative transmissions

Cooperation generally results in higher channel rate compared to two-hop half duplex mode and should be the first choice in general if the capacity improvement is the major concern. Nevertheless, cooperation requires more processing at UE and certain coordination at eNB. Also the direct link could be too poor for UE to decode PDCCH, and to contribute significant gain. Therefore, two-hop half duplex may be more suitable for very poor geometry situations. 

5.  Simulation study
Simulation assumptions and parameters are listed in Table 1. Note that several parameters are different from those in [10], e.g., pathloss equations, transmit power of RN, directional antenna of RN. Reasons for those changes are explained in [9] and in the previous sections of this contribution. 
Table 1. Simulation parameters
	Parameters
	Values

	Inter-site distance
	500 m, 1732 m

	Distance-dependent path loss
	eNB-UE: L=128.1 + 37.6 log10(R) 

eNB-RN: L=103.2 + 37.6 log10(R) 
RN-UE: L=132.3 + 39.6 log10(R), R in km 

	Shadowing standard deviation
	8 dB (UE), 4 dB (RN)

	Shadowing correlation
	Between cells
	0.5

	
	Between eNB and RN
	0.4

	Building penetration Loss  
	20 dB (eNB/RN-UE),  0 dB (eNB-RN) 

	RN antenna beamwidth (horizontal), gain
	70 degree, 15 dBi (including 2 dB cable loss)

	Number of antennas in each RN 
	2 for DL receive and 1 for DL transmit

	Carrier Frequency
	2 GHz

	Channel model
	eNB/RN-UE: Typical Urban (TU), 3kmph

eNB-RN: AWGN

	eNB total power (Ptotal) – operating BW
	46 dBm – 10 MHz 

	Inter-cell interference modeling
	Explicit modeling else cell power = Ptotal

	Average number of UEs per cell
	20

	Transmit power of RN
	34 , 37, 40 dBm (10 MHz)

	L2 relay transmission mode
	Mixed: half-duplex and cooperative


Throughput results are compared in Table 2. It is seen that average cell throughput is improved by 17%~24% for ISD = 0.5 km and by 15%~23% for ISD = 1.7 km. The higher the RN transmit power, the bigger the relay gain. In terms of 5% cell edge throughput, the relay gain ranges from 21% to 39% for ISD = 0.5 km, and from 27% to 43% for ISD = 1.7 km. 
Table 2. Throughput gains from relay
	Relay TxPwr

(dBm)
	Cell throughput (Mbps)
	5% edge throughput (kbps)

	
	ISD = 0.5km
	ISD = 1.73km
	ISD = 0.5km
	ISD = 1.73km

	0 (No relay)
	11.0
	10.2
	163
	136

	34
	12.9
	11.7
	198
	173

	37
	13.2
	12.1
	215
	183

	40
	13.6
	12.5
	226
	195


More simulation results are shown in Appendix, including the cumulative distribution function (CDF) plot of user throughput, and the UE-NR associations in a subset of the network.  

3.  Conclusions

We studied a relay scenario where each RN has larger coverage area so that less number of RNs needed in a cell. RN has partial L2 functions such decode-and-forward, while scheduling is centralized in donor eNB. Significant gains were observed in average cell throughput and edge throughput.
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Appendix
Figure A1 and Figure A2 provides more details of user throughput statistics in terms of cumulative distribution function (CDF) plot, one for ISD = 0.5 km and the other for ISD = 1.73 km. It is observed that throughput of low to medium geometry users is significantly improved and better fairness is achieved. The observation is consistent with the expectation that RNs close to cell edges mainly improve the poor or moderate geometry UEs.     
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Figure A1. User throughput CDFs with ISD=0.5km
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Figure A2. User throughput CDFs with ISD=1.73km
Figures A3 to A6 show UE-RN associations in a subset of the network in the simulations. Circles, squares and diamonds in those figures correspond to UEs not served by RNs, served by RN1 and served by RN2, respectively. About 59%~71% users are served by RNs.      
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Figure A3. UE-RN associations, ISD = 0.5km, Pwr = 34dBm
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Figure A4. UE-RN associations, ISD = 0.5km, Pwr = 40dBm
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Figure A5. UE-RN associations, ISD = 1.73km, Pwr = 34dBm
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Figure A6. UE-RN associations, ISD = 1.73km, Pwr = 40dBm
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