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1. Introduction
Several contributions on evaluation methodologies of relay technologies in LTE-Advanced have been discussed in RAN1 [1~3]. Thus, it is necessary to carry out the system-level simulation to evaluate the system performance of the relay-aided cellular networks. In this contribution, we present several simulation results in order to investigate the following issues:
· Relay Node (RN) deployment, 

· Performance comparison between Case 1 and Case 3,
· Impacts of relay number per sector on the performances,
· Effects of RN transmission power on the performances,
· Performance gain due to silencing eNB.

Our system-level simulations are carried out according to the evaluation methodology defined in [3]. Firstly, the downlink system-level performances of LTE-A network with Type I RN are studied, which includes the first three issues that we are interested in. Then, the effects of RN transmission power under Case3 scenario are evaluated. Next, the so-called eNB silence technique is also discussed, which can highly boost the RN coverage. 
2. Simulation assumptions

In our simulations, both Case1 and Case3 scenarios defined in TR 36.814[3]  are taken into account, where UEs are uniformly distributed network-widely. It is assumed a fixed number of RNs are deployed per cell. Detailed simulation parameters are given in Table 9.  In order to better understand our simulation results, several important assumptions for evaluation have to be clarified as follows.
2.1. RN position

How to place the RNs will much affect the performance of the relay-aided cellular networks. Herein the RNs are placed as close as possible to the cell edge only where a qualified backhual link can be maintained meanwhile. Also, the enough distance between each RN should be kept in order to avoid strong interference between each other. Then, the RN position patterns in our simulations for different configurations (i.e. 1, 2, 4, 10 RNs/ sector) are as shown in Figure 1. For 1, 2, 4 RNs per sector cases, the RNs are placed to the circle on the center of hexagon with 1/9 ISD radius with consideration of the priority of cell edge. For 10 RN per sector case, the RNs are placed in a two-tier way to two circles, with 1/10 ISD and 1/5 ISD radius for the inner and the outer one, respectively.
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Figure 1. RN deployment patterns
2.2. Backhaul link optimization:

Two methods are applied in the simulations in order to boost the backhaul link quality, i.e.
· Using 70 degree directional antenna directed toward the donor cell at the RN side;
· Site planning techniques is used, i.e. the dedicated RN’s position is chosen from five candidates surrounding the virtual position according to backhaul SINR. The detailed methodology is specified in [R1-09xxxx, Consideration of site planning on relay evaluation methodology, CMCC, RAN1#58]
2.3. Resource utilization
According to the configuration 1 of LTE TDD frame structure, the subframes 0 and 5 are utilized for the access link (eNB-UE and RN-UE) while the subframes 4 and 9 are for the backhaul link (eNB-RN) as shown in Table 1. Therefore, the resource partition ratio between the access and backhaul link is set as 1:1 for simplicity. Note that the additional MBSFN overhead (e.g. RN control signal, RTG) for backhaul transmission is omitted in our study. 
Table 1. Frame structure
	Configuration
	Switch-point periodicity
	Subframe number

	
	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9

	1
	5 ms
	D 

(Access)
	S
	U
	U
	D
(Backhaul)
	D
(Access)
	S
	U
	U
	D
(Backhaul)


D for DL subframe, U for UL subframe, S for special subframe
2.4. Scheduling mechanism

As a decentralized-control network, eNB and RN can independently schedule its connected UEs according to the channel-aware scheduling algorithm on the access link. Especially for the backhaul link, eNB-RN transmission is designed to be triggered by data-request signals from RN, which will be sent to the donor eNB in case that the data buffer for relay UEs at RN alerts (e.g. below a given level). Moreover, the available unscheduled resources will be allocated to macro UEs in order to improve the whole system efficiency. 
3. Type I Relay Performance
The Type I RN has its own cell ID so that it can transmit its own control signals and perform radio resource scheduling. In other words, it can be viewed as a special eNB with wireless backhaul link. This enables that the Type I RNs and eNBs can reuse the system resource on the access link as shown in Figure 2 REF _Ref236414719 \h 
.
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Figure 2. Transmit mode for basic Type I relay
Typically, the transmission power of Type I RN is set to 30dBm, which is only 1/40 of the eNB power. With the traditional cell selection scheme based on RSRP, the RN coverage will be quite small compared to eNB’s. Then, with uniformly distribution of UEs, this means that few number of the relay UEs will occupy the whole frequency band, which results in an unbalanced QoS performance for the relay UE and macro UE as demonstrated by the following results. 
3.1. User distribution
As shown in Figure 3, the ratio of relay UE is increased with the number of RNs deployed per sector. For Case1 scenarios, the gains are of 8%, 15%, 24% and 50% for 1RN, 2RN, 4RN, and 10RN per sector, respectively. For Case 3 scenarios, they are  9%, 15%, 23% and 51% for 1RN, 2RN, 4RN, and 10RN per sector, respectively, which are almost as same as those in  Case 1.
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Figure 3. User distribution under Case1 and Case3 scenarios
The snapshots of user distribution in Case 3 are illustrated in Figure 4 in order to show the different coverage area of RN and eNB. It can be found that most of cell edge users are within the coverage of RN in case of 10 RNs per sector. On the assumption of the RSRP-based cell selection, the similar conclusion can be drawn in Case 1.
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Figure 4. Snapshots of user distribution (Case 3)
3.2. Throughput 
According to the user throughput CDF curves for Case 1 and Case 3, the 5% UE throughput and aggregated cell throughput gain from non-relay system are summarized in  REF _Ref238377996 \h 
 Table 2 and Table 3 REF _Ref238378006 \h 
.
Table 2. Throughput gain from non-relay system for Case 1 scenario
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Table 3. Throughput gain from non-relay system for Case 3 scenario
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Compared with the non-relay system, the aggregated cell throughput can be increased greatly by deploying the RN in the networks. The maximal gains are about 57% gain for case 1 and 71% gain for case 3, respectively, which are due to the enhanced relay backhaul capacity. 
However, it could be observed from the per-user throughput CDF that when no more than 4 RNs per sector are deployed, there are only a small portion of users who can enjoy extremely higher throughput. But in contrast, the performances of a large number of users that can’t benefit from relaying become even worse than the non-relay case. This is because:

· With the full-buffer service flow, the small portion of UEs connected to RN which can make use of the full system resource will achieve extremely high throughput; 
· However, this would affect the other majority of users connected to the eNB, for increased interference level and decreased available resource due to the huge backhaul overhead. 
The worsen situation for cell-edge macro UE results in the lower 5% CDF user throughput compared to the non-relay system. Moreover, for these cell edge (5% CDF) users, their throughputs are affected by not only the link quality of macro to UE, but also the amount of available resources and the number of macro UEs. It’s shown that the 5% user TP for 1RN/sec case is higher, which is because there are more resources left for macro UE within backhaul subframe. However, for the cases of 2~4 RNs, due to higher relay transmission requirement, the available resources for macro UE are restricted to the access subframes; therefore, fewer users associated to the eNB can achieve higher user throughput. Thus, the 5% CDF user throughput for 4RN/sec case becomes better than that the 2RN/sec case.   
It is also shown that with more RNs deployed, the ratio of users with decreased throughput is reduced. This situation is even totally altered when 10 RNs are deployed at the cell edge, where almost all the cell-edge users can get access to the RN and most macro UEs are located at cell center area. Then, the great performance enhancement both at cell-edge and aggregated cell throughput can be observed. As shown in Table 2 and Table 3 REF _Ref238377996 \h 


 REF _Ref238378006 \h 
, the throughput gain from the non-relay system at 5% and aggregated cell throughput are 19.9% and 54.1% for Case 1, and 69.7% and 77.1%, for Case 3, respectively.
In Table 4 and Table 5, the average throughput performances are compared for different RN number per sector under Case 1 and Case 3 scenario, respectively. 
Table 4. Comparison of throughputs for average cell, macro UE and relay UE with 1, 2, 4, 10 RN/sec for Case 1
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Table 5. Comparison of throughputs for average cell, macro UE and relay UE with 1, 2, 4, 10 RN/sec for Case 3
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It is demonstrated that with the number of RN increasing, the scheduling opportunity for macro UE in the backhaul subframe is continually decreased until fully diminished when the RN number reached to 10 per sector. This is because that the resource reusing between RNs can provide enormous access link capacity to the relay UEs when a lot of RNs are deployed, which would quickly drain the limited backhaul link capacity. 

At the same time, the relay UE’s total throughput gradually ceases increasing and even begins to drop. The cell-splitting-like gain can not be exhibited despite with even more RNs deployed. This is also because that the backhaul link is becoming the bottleneck to limit the relay UE throughput and its quality varies with the locations and number of the RNs  So the resulting cell throughput can even decrease with more RNs deployed. 

Comparing the performances under Case 1 and Case 3 scenarios, we observe that the relay UE could achieve higher throughput under Case 3 than Case 1. This is because the backhaul link quality is better under Case 3. Moreover, for the neighboring interferers are more distant under Case 3, the access link for relay UE is also better compared to Case 1.  As a result, the backhaul limiting effect becomes obvious with fewer RNs deployed under Case 3 than Case 1. 
4. Relaying with different transmission power 
Under Case 3 scenario, the higher transmission power can be used at RN in order to provide the better coverage. For example, the performance of the system with 37dBm transmission power at RN is evaluated in this section. As shown in Figure 5, with the same network layout pattern, the ratio of relay UEs increased to 13%, 23%, 32% and 65% for 1RN, 2RN, 4RN and 10RN per sector, respectively, i.e. the relay coverage can be improved by 30~60% when RN’s power increased from 30dBm to 37dBm (almost 5 folds). 
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Figure 5. User association statistics 

The 5% user throughput and aggregated cell throughput gain from non-relay system is compared in Table 6. The detailed total throughput for macro UE and relay UE under different RN configurations are further given in Table 7. 
Table 6. Throughput gain from non-relay system of 37dBm case (5% user and aggregated cell throughput)
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Table 7. Comparison of throughputs for 30dBm and 37dBm RN transmission power
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It is shown that there is a slightly gain for 5% user throughput with 2RN and 4RN per sector compared to 30dBm case. This is because as more cell-edge users can get access to the RN, the number of macro UE reduced; then the ratio of user with degraded throughput decreased compared to the 30dBm case. For the case of 1RN/sec, with boosting relay access link capacity, the resource on backhaul link becomes no more available for macro UE, therefore the 5% UE is even decreased compared to 30dBm case. 

However, for the total cell throughput, it is shown that no more gain can be obtained with higher relay transmit power when the number of RNs exceeds 2 per sector. This can be foreseen for that the relay system performance is limited by the relay backhaul link capacity. 
5. Using relay to provide full coverage 
It is proposed in [4] that eliminating the co-channel interference from the eNB can provide high quality access link for RN and greatly increase the RN coverage. This stimulates us to evaluate the so-called eNB silence scheme. In this method, all the UEs are connected to the RN for two-hop transmission, and the eNB is used only to communicate with the RNs for backhaul transmission. Figure 6 shows the transmit mode of the system with eNB silence. 
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Figure 6. Transmit mode for eNB silence
The performance of the system with eNB silence is investigated with both geometry and throughput performance illustrated in the following. In Figure 7 and Figure 8, the geometry performance of the system using eNB silence is given for both case1 and case 3 scenarios. It can be observed that to get geometry performance gain for all the users, more than 3 relays per cell are needed in case 1 scenario, while this value becomes 8 relays per cell in the case 3 scenario. With more relays per cell, the system can achieve better geometry performance. 
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Figure 7. CDF curves of the downlink geometry performance for case 1 scenario with eNB silence
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Figure 8. CDF curves of the downlink geometry performance for case 3 scenario with eNB silence
The performance gain of both 5% user throughput and aggregated cell throughput in the case 1 scenario is given in Table 8. Owing to the limited backhaul link capacity, the aggregated cell throughput is degraded. The decrement of the 5% user throughput is diminished as the increase of the relay number. 

Table 8. Throughput gain of eNB silence compared to the without relay case (5% user throughput and aggregated cell throughput)
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6. Conclusion

Following the above simulation results and analysis of the LTE-Advanced system with type I relay, we can draw the conclusions as follows:

· By introducing type I relay, the system achieves considerable throughput gain compared to the without relay case. With more relay node, the throughput gain increases. However, the system performance is restricted by the capacity of the backhaul link when 4 or 10 relays are deployed per cell;
· By increasing the transmit power of the relay node from 30dBm to 37dBm, the coverage of the relays in the case 3 scenario is extended by more than 30%. Meanwhile, the cell edge performance can be improved, but the aggregated system throughput did not increased dramatically due to the bottleneck of backhaul link capacity;

· With eNB silence and more than 3 relays per cell for Case 1 scenario, the UEs can achieve better geometry performance compared with the non-relay case. However, the aggregated cell throughput performance did not increased dramatically due to the limited backhaul link capacity;

· The throughput performance of the LTE-Advanced system with type I relay is seriously limited by the backhaul link; thus, advanced techniques to increase backhaul capacity should be further considered.
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8. Appendix
8.1. CDF curves of the geometry and per-user throughput performance
Relay transmit power 30 dBm：
[image: image23.emf] 

-10 0 10 20 30

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

C.D.F

DL wideband SINR(dB)

 w/o relay

 1RN/sec

 2RN/sec

 4RN/sec

 10RN/sec


Figure 9.  CDFcurves of the downlink geometry performance for Case1 scenario,  RN power30 dBm
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Figure 10. CDF curves of the downlink geometry performance for Case3 scenario,  RN power30 dBm
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Figure 11. CDF curves of per-user throughput Case1 scenario, RN power 30dBm
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Figure 12. CDF curves of per-user throughput Case3 scenario, RN power 30dBm

Relay transmit power 37dBm in case 3 scenario
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Figure 13. CDF curves of the downlink geometry performance for Case3 scenario, RN power 37dBm
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Figure 14. CDF curves of per-user throughput Cas3 scenario, RN power 37dBm
8.2. Simulation parameters
Table 9. Simulation parameters
	Parameter
	Assumption

	Carrier freq/Band width
	2G, 10MHz

	ISD
	Case 1: 500m

Case 3: 1732m

	Cellular layout
	Hexagonal grid, 19 sites, 3 cells per site

	Relay deployment
	1,2,4,10 relays per cell,

	UE number
	25 UEs per cell

	Total eNB TX power (Ptotal)
	46dBm

	Total relay TX power
	30dBm for Case1;30,37dBm for Case3

	eNB antenna gain plus cable loss
	14 dBi

	RN antenna gain plus connector loss
	5dBi for RN to UE

	
	7dBi for RN donor antenna to eNB

	UE antenna gain
	0 dBi

	Noise figure at RN
	5dB

	Noise figure at UE
	9dB

	Distance-dependent
Path loss(dB)
	eNB-UE
	128.1+37.6log10(R), R in km

	
	eNB-RN

	L=Prob(R)PLLOS(R)+ [1-Prob(R)]PLNLOS(R) 

For 2GHz, R in km.
PLLOS(R)=100.7+23.5log10(R)

PLNLOS(R)= 125.2+36.3log10(R)
ISD 0.5 km: Prob(R)=min(0.018/R,1)*(1-exp(-R/0.063))+exp(-R/0.063)

ISD 1.73 km:

Prob(R)=exp(-(R-0.01)/1.0)

	
	RN-UE
	L=Prob(R) PLLOS(R)+[1-Prob(R)]PLNLOS(R)

For 2GHz, R in km

Where,

PLLOS(R)=103.8+20.9log10(R)

PLNLOS(R)=145.4+37.5log10(R)

Case 1: Prob(R)=0.5-min(0.5,5exp(-0.156/R))+min(0.5, 5exp(-R/0.03))

Case 3: Prob(R)=0.5-min(0.5,3exp(-0.3/R))+min(0.5, 3exp(-R/0.095))

	Shadowing standard deviation
	8dB for eNB to UE
10dB for RN to UE
6dB for eNB to RN

	Shadowing correlation
	Between cells
	0.5

	
	Between sectors
	1.0

	Shadowing Correlation distance
	50m

	Fast fading model
	eNB-UE, Relay-UE
	SCME

	
	eNB-Relay
	SUI-2

	Thermal Noise Density
	-174 dBm/Hz

	Penetration Loss (dB)
	eNB-RN：0dB
eNB-UE，RN-UE：20dB

	UE speeds of interest
	3km/h

	Antenna pattern  (horizontal) 

 (For 3-sector cell sites with fixed antenna patterns)
	

	Users dropped uniformly in entire cell
	

	Minimum distance between UE and cell
	>= 35 meters

	MIMO configuration 
	eNB-RN-UE: 2×2×2 spatial multiplexing

	MCS
	29 levels according to [5]

	HARQ

	Chase combining HARQ
maximum retransmission times: 4

	CQI feedback delay
	5ms for per hop

	Traffic Model

	Full buffer

	Scheduling algorithm 
	PF

	L-S interface
	EESM
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