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1 Introduction

The benefits of relays such as coverage extension and throughput enhancement have been actively discussed during past RAN meetings in various aspects. In this contribution, we provide the simulation configuration and the performance evaluation results for Type I relaying node. Three basic deployment scenarios of relay nodes (RN) are considered with one, two, and three RNs per cell. The resource allocation procedure for the access and in-band backhaul links was modelled explicitly using distributed scheduling at the eNB and RNs. Simulation results have been obtained for two simulation scenarios corresponding to the Urban Macrocell (UMa) and Rural Macrocell (RMa) IMT-Advanced test environments.
Similar assumptions and scenarios were considered in previous contributions [1, 2]. In this paper we demonstrate that significant cell spectral efficiency gain can be achieved with special directional donor antennas at the RNs, or by reusing the multi-element antenna at the RNs for access and backhaul links.
2 Simulation Assumptions
The simulation assumptions follow the IMT-Advanced evaluation guidelines [3], but some modifications related to the eNB-RN links simulation were made in accordance with the 3GPP evaluation methodology [4]. Table 7 in the Appendix summarizes the basic assumptions and parameter values used in the simulations. 
2.1 Relay Deployment Scenarios

In this evaluation we have considered three basic deployment scenarios with one, two, and three RNs per cell. The RNs were placed within a cell in the areas where typically small SINR values are observed in the conventional deployment without relays.

One RN per cell
In this scenario a single RN is placed in each cell (see Figure 1). The RN is placed exactly in the middle of the line connecting two eNBs, in the direction of eNB antenna boresight.
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Figure 1: One relay per cell deployment
Two relays per cell
In this scenario two RNs are deployed in each cell. The positions of the RNs are defined by two parameters: the eNB-RN distance r and the angle between the boresight direction of the eNB cell antenna and the LOS to the RN (see Figure 2). In our simulations the distance r was equal to 3/8 inter-site distance (ISD) and the angle was equal 30°.
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Figure 2: Two relays per cell deployment
Three RN per cell
In this scenario, the three relays are placed at 3/8 of the ISD  in such a way that the RNs in all 3 cells of an eNB are uniformly distributed with respect to their angle, as shown in Figure 3.
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Figure 3: Three relays per cell deployment
2.2 eNB-RN link simulation

In the current simulation setup, the eNB-RN link transmissions are modelled as follows: The modulation and coding scheme (MCS) for the backhaul link is calculated for the first frame in every simulation trial and is not changed during the trial. The resources for the backhaul link are assumed to be reserved for the eNB-RN transmissions and are not used for downlink transmission to the UEs. The amount of the reserved resources (backhaul link overhead) is calculated using the pre-calculated MCS of the eNB-RN link. The main assumptions for the eNB-RN link evaluation are shown in Table 8 of the Appendix.
2.3 UE cell selection
UE performs selection of the eNB or RN which the UE will work with for the rest of the simulation trial. During the initialisation phase, when the desired number of the UEs per cell is dropped in the network, the following SNR-based procedure is used. After a UE is dropped in the deployment area, the SNR values are estimated among the UE and each eNB  and RN in the deployment. The UE is associated with the eNB or RN that provides the highest SNR. 

During the second step, the UEs may be re-associated between the eNB and RN within the same cell based on the effective capacity (EC) metric. The EC calculation procedure takes into account the capacities of the RN-UE link, the backhaul link overhead, and the possibility of resource reuse on the eNB-RN link by adjacent RN(s) via MU-MIMO transmissions. The EC metric is then compared with the capacity of the direct eNB-UE link, and the link with the best metric is selected. The EC is defined as
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where reuse is the number of spatially multiplexed eNB-RN links.

2.4 Frame structure

Reference [5] specifies the configuration of the subframes for eNB-RN transmissions. In TDD, for the DL up to three subframes may be used for the eNB-RN link for different DL:UL configurations, which leads to various possible Access/Relay subframes ratios such as 1:1, 3:1, 6:1, etc. In this paper, we evaluated the TDD frame structure with 1:1 Access/Relay subframes ratio, allocating one subframe to the eNB-UE and RN-UE transmissions and one subframe for the eNB-RN transmission. The remaining resources in the second subframe not occupied by backhaul data were allocated to the eNB-UE transmissions. The simulation results are adjusted to reflect the TDD frame with 4 DL subframes and 1:1 DL:UL ratio.
2.4.1 Simultaneous eNB and RN transmissions
Introducing Type I Relay nodes allows different combinations of the eNB and RN transmissions: They can operate simultaneously on the same time-frequency resources, or they may use time/frequency division. For the case of multiple relays per cell, eNB and RNs may operate in different combinations. While division modes typically have lower interference levels than simultaneous modes, preliminary studies have shown that simultaneous modes are more efficient in terms of aggregate throughput due to the reuse of time-frequency resources by several nodes. In our simulations, we assumed simultaneous transmission of the eNB and RN for the case of one RN per cell and simultaneous transmission of eNB and all RNs in the same time-frequency resource for the case of two or three RNs per cell.
2.4.2 Distributed PF scheduling 

The distributed scheduling approach was used for allocating resources at each network node. Resources for UEs are scheduled by the eNB and RN independently by different scheduler instances running at the eNB and RNs, respectively. During the first subframe (see Figure 4) both eNB and RN can schedule their associated users. In the second subframe the resources for the backhaul eNB-RN link are allocated first, and the remaining resources can be used for eNB-UE transmissions.
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Figure 4: Frame structure and scheduling process illustration
2.4.3 HARQ simulation

Chase combining HARQ was used in the simulations. The HARQ retransmission is scheduled on the same places as the original transmission and is sent from the same station (eNB or RN) as the original transmission.
2.5 MIMO Signal processing

We assume that both eNB and RN are equipped with 4 antennas, while the UE has two antennas. SU-MIMO was used for the eNB-UE and RN-UE links with up to 2 streams per UE. 
3 Simulation Results

3.1 eNB-RN link 
The eNB-RN link performance is critical for the overall relay performance as it is usually the bottleneck in the two-hop eNB-RN-UE transmission. Spatial Multiplexing (MU-MIMO) on the eNB-RN links is the key technique for increasing the aggregate backhaul link spectral efficiency in the case of multiple relays. We analysed the performance of eNB-RN links for different scenarios and MIMO techniques. The performance of the relay link is determined mainly by the LOS probabilities for the main link and interfering links [4]. Due to careful placement of the RN in a cell the useful signal at the RN is usually very strong. Therefore, in most cases the SINR of the backhaul link is high enough to use the highest possible MCS.

3.1.1 Omni-directional donor antenna at the RN

The results for the case of omni-directional antennas at the RNs are summarized in Table 1 and 2. 
Table 1: eNB-RN link spectral efficiency analysis for the IMT-Advanced UMa test environment
	Scenario
	eNB-RN

link spectral efficiency 
bits/tone
	Aggregate

spectral efficiency bits/tone 
	Probability of

the highest MCS

	1 RN/cell
SU-MIMO

(1 stream per RN)
	4.01
	4.01
	45.5%

	2 RN/cell
SU-MIMO
	4.83
	4.83
	78.6%

	2 RN/cell
MU-MIMO
	4.12
	8.24
	52.14%

	3 RN/cell
SU-MIMO
	3.9
	3.9
	46.2%

	3 RN/cell
MU-MIMO
	1.92
	5.76
	7.8%


Table 2: eNB-RN link spectral efficiency analysis for the IMT-Advanced RMa test environment
	Scenario
	eNB-RN

link spectral efficiency
bits/tone
	Aggregate

spectral efficiency bits/tone
	Probability of

the highest MCS

	1 RN/cell
SU-MIMO

(1 stream per RN)
	4.75
	4.75
	81.2%

	2 RN/cell
SU-MIMO
	5.07
	5.07
	94.5%

	2 RN/cell
MU-MIMO
	4.94
	9.88
	84.17%

	3 RN/cell
SU-MIMO
	4.33
	4.33
	62.38%

	3 RN/cell
MU-MIMO
	2.20
	6.60
	11.11%


Observation:
From Table 1-2 we can conclude that for the assumed channel and pathloss models, the eNB-RN link has performance close to the maximum possible value (>4 bits/tone per RN) in the case of SU-MIMO with 1 RN/cell and in the case of MU-MIMO with 2 RNs/cell. For 3 RNs/cell the performance of the backhaul links degrades due to increasing interference.

The results for the RMa test environment are better than for the UMa test environment since the interference is more likely to be NLOS and less powerful for larger distances.

3.1.2 Case of high-directional donor antennas at the RN

For this scenario a separate set of simulations has been conducted to investigate the achievable spectral efficiency at the backhaul links. It has been shown that with the donor antenna having a gain of 20 dB, HPBW of 350, and -30dB side lobe level the backhaul link spectral efficiency achieves about 5 bits/tone. This estimate was used for the evaluation of the system-level performance with high-directional donor antennas (see Section 3.3).
3.2 Cell spectral efficiency for the case of omni-directional donor antennas at RNs
3.2.1 Cell spectral efficiency
Tables 3 and 4 show the throughput performance metrics – the average aggregate cell SE and the cell-edge (5%) user SE for the considered deployment scenarios.
Table 3:  Performance metrics summary for the IMT-Advanced UMa test environment – omni-directional donor antennas at RNs
	Scenario
	Cell SE

bps/Hz/sect
	Cell-edge user SE

bps/Hz/sect
	eNB:RNs
throughput ratio, %

	eNB-only
SU-MIMO at eNB -UE
	1.34
	0.071
	-

	1 RN/cell
SU-MIMO at eNB,RN-UE
	1.62 (+21%)
	0.066 (-7%)
	65% : 35%

	2 RNs/cell
SU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	1.73(+29%)
	0.06 (-15%)
	50% : 25% : 25%

	2 RNs/cell
MU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	1.86(+38%)
	0.054 (-24%)
	50% : 25% : 25%

	3 RNs/cell
SU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	1.52 (+14%)
	0.025 (-65%)
	57%:14%:15%:14%

	3 RNs/cell
MU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	1.35 (+0.01%)
	0.02 (-70%)
	70 %:  6% : 19% :  6%


Table 4: Performance metrics summary for the IMT-Advanced RMa test environment – omni-directional donor antennas at RNs
	Scenario
	Cell SE

bps/Hz/sect
	Cell-edge user SE

bps/Hz/sect
	eNB:RNs

throughput ratio

	eNB-only
SU-MIMO at eNB -UE
	1.60
	0.071
	-

	1 RN/cell
SU-MIMO at eNB,RN-UE
	1.72 (+7.5%)
	0.07 (0%)
	68% : 32%

	2 RNs/cell
SU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	1.83 (+14.4%)
	0.063(-11%)
	50% : 25% : 25%

	2 RNs/cell
MU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	2.22(+38%)
	0.081(+14%)
	52% : 24% : 24%

	3 RNs/cell
SU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	1.72 (+7.5%)
	0.035 (-50%)
	57%:14%:15%:14%

	3 RNs/cell
MU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	1.65(+3%)
	0.03 (-60%)
	69 %:  7% : 18% :  7%


Observation
Tables 3-4 show that adding RNs to the conventional deployment can significantly increase the average aggregate cell SE – up to 38% for 2 RNs/cell. However, in some scenarios degradation of the cell-edge SE is observed. This can be explained by the interference level increase in the simultaneous transmission mode. Additional investigations and PF scheduler parameter adjustments are needed to improve this metric and force RNs to schedule resources more in the favor of cell-edge UEs.

Also, it can be seen that for the case of 3 RN/cell, the overall performance is severely degraded, due to the inefficiency of the backhaul link. Advanced MIMO techniques and/or directional RN antennas may be used to improve the situation observed for 3 RNs/cell.

3.2.2 Throughput CDFs
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Figure 5: UE throughput CDF for UMa (left) and RMa (right) scenarios
3.3 Cell spectral efficiency for the case of directional donor antennas at RN

According to Section 3.1.2, it is assumed that the spectral efficiency of the eNB-RN links equals 5 bits/tone in all considered deployment scenarios.
Table 5: Performance metrics summary for the IMT-Advanced UMa test environment – directional donor antennas at RNs
	Scenario
	Cell SE

bps/Hz/sect
	Cell-edge user SE

bps/Hz/sect
	eNB:RNs

throughput ratio, %

	eNB-only
SU-MIMO at eNB -UE
	1.34
	0.071
	- 

	1 RS/cell
SU-MIMO at eNB,RN-UE
	1.69 (+26%)
	0.066 (-7%)
	57% : 43%

	2 RNs/cell
SU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	1.75 (+30.5%)
	0.065 (-8.5%)
	46% : 29% : 25%

	2 RNs/cell
MU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	2.34 (+74.6%)
	0.082 (+15%)
	39% : 30% : 31%

	3 RNs/cell
SU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	1.85 (+38%)
	0.07 (-1.5%)
	40% : 20% : 20%: 20%

	3 RNs/cell
MU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	2.84 (+112%)
	0.093 (+30%)
	31% : 23% : 23% : 23%


Table 6: Performance metrics summary for the IMT-Advanced RMa test environments – directional donor antennas at RNs
	Scenario
	Cell SE

bps/Hz/sect
	Cell-edge user SE

bps/Hz/sect
	eNB:RNs

throughput ratio, %

	eNB-only
SU-MIMO at eNB -UE
	1.60
	0.071
	-

	1 RS/cell
SU-MIMO at eNB,RN-UE
	1.81 (+13%)
	0.071 (+0%)
	63% : 37%

	2 RNs/cell
SU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	1.88 (+17.5%)
	0.069 (-2%)
	50% : 26% : 24%

	2 RNs/cell
MU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	2.35 (+47%)
	0.084 (+18%)
	45% : 28% : 27%

	3 RNs/cell
SU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	1.93 (+20.5%)
	0.077 (+8%)
	40% : 20% : 20%: 20%

	3 RNs/cell
MU-MIMO at eNB-RN

SU-MIMO at eNB,RN-UE
	2.79 (+74%)
	0.093 (+30%)
	39% : 21% : 21% : 20%


Observation:
By employing directional donor antennas at the RN, the eNB-RN link efficiency and thus the overall efficiency of the relay system can be significantly improved. The usage of MU-MIMO on the backhaul links leads to simultaneous increase of the aggregate cell SE and the cell-edge user SE for deployment scenarios with 2 and 3 RNs.
3.4 Geographical distributions of the post-processing SINR and Spectral efficiency
The figures in the following subsections (3.4.1-3.4.4) show the geographical distributions of the post-processing SINR and the distributions of the per-UE spectral efficiency. The per-UE SE is defined in the same way as the cell SE – as the average throughput of a single UE normalized by the effective bandwidth occupied by the UE.
3.4.1 Single BS
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Figure 6: SINR (left graph) and SE (right graph) for eNB-only deployment
3.4.2 1 RN per cell
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Figure 7: SINR (left graph) and SE (right graph) for 1 RN per cell deployment
3.4.3 2 RNs per cell
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Figure 8: SINR (left graph) and SE (right graph) for 2 RN/cell deployment
3.4.4 3 RNs per cell
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Figure 9: SINR (left graph) and SE (right graph) for 3 RN/Cell deployment
4 Conclusion

· Relay nodes with omni-directional donor antennas can give cell spectral efficiency performance improvement of 8-21% in the case of one RN per cell and 38% in the case of two RNs per cell. In the case of three RNs per cell with omni-directional donor antennas, the performance is limited by the mutual interference at the backhaul links.
· The throughput performance of the eNB-RN links is critical for the spectral efficiency of 3GPP LTE Release 10 with relay nodes. MU-MIMO (spatial multiplexing) is an efficient way to increase the aggregate throughput on the eNB-RN links and the overall system performance. However, for number of RNs greater than two, the performance of RNs with omni-directional donor antennas severely degrades and directional donor antennas should be employed to keep the eNB-RN link at acceptable performance levels.
· Relay nodes with directional donor antennas give significant cell spectral efficiency performance improvement over deployments without relays. The improvement is 13-26% in the case of one RN per cell, 47-74% in the case of two RNs per cell, and 74-112% for the case of 3 RNs/cell.
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6 Appendix
Table 7 SLS assumption summary

	Parameter
	Assumption/Value

	Simulation scenarios
	IMT UMa, IMT RMa

	Channel models
	IMT UMa, IMT RMa 

	Cellular layout
	Hexagonal grid, 19 sites, 3 cells, wrap‑around

	Relay deployment
	1, 2, 3 relays per cell

	UE number
	20 UEs per cell

	Total eNB TX power (Ptotal)
	49dBm

	Total relay TX power
	36dBm 

	eNB height
	25m (UMa), 35m(RMa)

	RN height
	25m (UMa), 35m(RMa)

	Bandwidth
	20 MHz

	Subcarrier spacing
	15 kHz

	Resource block size
	180 kHz (12 subcarriers)

	Allocation quantum
	10 Resource blocks

	Number of OFDM symbols per subframe
	14 (11 used for data)

	Channel Estimation
	MMSE

	Control channel overhead
	L=3 symbols

	HARQ

	Chase combining with
maximum of 4 retransmissions

	CQI feedback delay
	1 frame

	Traffic Model

	Full buffer

	Scheduling algorithm 
	PF, distributed eNB and RN scheduling

	DL/UL division type
	TDD

	PHY Abstraction type
	Mean Mutual Information per Bit

	Antenna configuration, eNB
	4 antennas, 0.5 (, directional (70° HPBW)

	Antenna configuration, RN
	4 antennas, 0.5 (, 
omni-directional

	Antenna configuration, UE
	2 antennas, 0.5 (, omni


Table 8 eNB-RN link assumption summary

	Parameter
	Assumption/Value

	Channel models
	IMT UMa/ IMT RMa (V = 0 km/h)

	Pathloss models
	LOS : 100.7+ 23.5log10(R)

NLOS 125.2 + 36.3log10(R)

[4] Table A.2.1.1.2-3

	Relay Site planning model
	Improved pathloss, improved LOS probability

[4] Table A.2.1.1.4-2

	Total eNB TX power (Ptotal)
	49dBm

	Bandwidth
	20 MHz

	Control channel model
	Ideal

	Channel Estimation
	Ideal

	Control channel overhead
	L=3 symbols

	HARQ

	Not simulated

	PHY Abstraction type
	Mean Mutual Information per Bit

	Antenna configuration, eNB
	4 antennas, 0.5 (, directional (70° HPBW)

	Antenna configuration, RN
	4 antennas, 0.5 (, omni-directional or 

Directional antenna with 35° HPBW
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