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1. Introduction

In RAN1#54 relay functionality for LTE-A was discussed, and in RAN1#54b some preliminary system level performance evaluations with relays were presented [3].  This contribution continues the relay investigation with more complete system performance results. 
2. Simulation setup

A two ring hexagonal grid system layout was simulated with dual port UE receiver operation assuming TU channels and 5MHz bandwidth.  Deployment Case 3 was assumed with 19 macro-cell 3-sectored sites using cell wrap-around.  UEs were randomly dropped with uniform spatial probability density over the entire 57-cell network.  Note that this location technique is different than randomly dropping UEs with uniform spatial probability density over each of the 57 cells; see [4] for relevant discussion.  
The relays were confined within 3.5 times cell radius distance from the center eNB of the network. The minimum allowed distance between any two relays is 350 m.  The dropping of relays may have two different approaches: 

1) Dropping relays uniformly randomly in low geometry regions.  Low geometry regions are locations with long term (average) C/I less than a certain cutoff threshold (e.g. -5dB, -3dB, 0dB, 3dB) when no relays exist.
2) Dropping relays at the worst long term C/I regions when no relays exist.  Under certain assumptions it can be shown that this method is optimal in terms of network capacity.  If no lognormal shadowing exists, the worst C/I locations would be the cell edge points where 3 neighboring cells meet.  With lognormal shadowing, as it may be costly to probe all locations to find out the worst C/I locations, in the simulations a grid with 800 x 800 grid points was probed to find out the worst C/I locations and used to drop relays (subject to the minimum allowed distance requirement).
Each relay is a single cell with its own scheduler, control channels, and an omnidirectional antenna which may be down tilted.  The macro eNB’s antenna may be down tilted as well.  The vertical antenna pattern is given by 
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 = 20 degrees (the evaluation methodology document has 10 degrees; this is discussed in [5]),  SLAv = 20 dB, and 
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is the electrical antenna downtilt angle.  Each relay node site has only one cell.  Cell wraparound was assumed for macro eNBs only and not for relays.  Each relay node has a maximum power of 0.5 Watts. The communication between the macro eNBs and relays was assumed perfect and does not cost macro eNBs’ resources (see [6] for the study with more realistic assumptions).  The path loss model from the relays to UEs is given by L = 140.7 + 36.7log10(R) where R is the distance in km, which is different from the path loss model from the macro eNBs to the UEs given by L = 128.1 + 37.6log10(R).  SCM model was not used. 2x2 transmissions were used throughout. More details of the simulation assumptions can be found in Appendix A. 
It can be seen that the deployment of relays improved throughput performance in almost all cases studied (see Table 1). The sector throughputs are more significantly improved.  Average cell throughput increases with the number of omnidirectional relays.  The highlighted indicates the cases with both better sector throughputs and better cell edge throughputs. The cases based on the optimal relay dropping approach and the cases with -5 dB C/I cutoff threshold for relay dropping locations are noticeably better than those with -3 or 0 or 3 dB C/I cutoff thresholds, with the optimal relay dropping cases even outperforming the -5 dB cases.  
The downtilt of relay omnidirectional antennas between 0 to 10 degrees seems to have no significant impact on system throughput performance.  This may be due to the fact that the relay effective radius is about 85 meters and serves only 1 UE in most cases and that slight downtilt does not significantly alter the number of UEs a relay can serve.

Table 2 and Table 3 show the throughput performance of relay cells and macro eNB cells.  It can be seen that relay cells have much larger average UE throughputs than macro eNB cells.  The reason is that a relay typically serves only 1 UE, given the relay effective radius is about 85 meters.
Figure 1 shows the total number of UEs served by relays in the network.  Ideally a linear relation is expected as the number of relays increases, and the slope, namely the mean number of UEs per relay, which is the mean of the Poisson distribution of the number of UEs per relay, is determined by the UE density and relay effective radius.  The slopes are summarized in Table 4, which is consistent with the estimation of relay effective radius being 85 meters based on relay parameters, antenna pattern, and path loss model.  Note that a large slope indicates the relays are more efficiently used.  Based on the obtained Poisson parameter 0.243, it can be computed that 78.43% of all relays serve 0 UE, 19.06% of relays serve 1 UE, 2.32% of relays serve 2 UEs, and 0.2% of relays serve 3 UEs.
3. Conclusions

System level throughput performance of Case 3 with relays was evaluated.  With the deployment of relays the average cell throughput performance improved from 5 to 29% for 2 dBW EIRP (in addition, [3] showed 10 to 40% for 11 dBW EIRP for at most 40 relays) as the number of omnidirectional relays increased from 10 to 57 in the 2 ring 3-sectored hexagonal system.  Dropping relays in the worst long term C/I regions gave better performance than the other relay dropping approach (randomly dropping in low geometry regions).  
Table 1 - Throughput results for systems with/without out-band relays
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Sector tput 

(kbps)

9893 10108 10294 10738 12614 10056 10185 10523 12572 10008 10180 10686 12139 10040 10185 10504 12437 10049 10164 11019 12803

5%ile tput 

(kbps)

155.30 156.71 159.09 161.57 148.84 156.17 156.50 159.61 149.25 156.62 156.72 158.17 148.39 156.89 157.29 160.30 148.15 156.90 158.86 166.63 151.39

Sector tput 

gain %

- 2.2% 4.1% 8.5% 27.5% 1.6% 3.0% 6.4% 27.1% 1.2% 2.9% 8.0% 22.7% 1.5% 3.0% 6.2% 25.7% 1.6% 2.7% 11.4% 29.4%

5%ile tput 

gain %

- 0.9% 2.4% 4.0% -4.2% 0.6% 0.8% 2.8% -3.9% 0.8% 0.9% 1.8% -4.4% 1.0% 1.3% 3.2% -4.6% 1.0% 2.3% 7.3% -2.5%

Sector tput 

(kbps)

10861 11134 11346 11924 12352 11072 11434 12017 12384 11118 11363 11849 12305 11014 11290 11903 12274 11127 11460 12625 12975

5%ile tput 

(kbps)

146.70 148.78 149.45 149.84 149.91 149.14 149.47 149.36 149.99 150.34 150.44 150.30 149.49 148.18 147.83 147.28 148.14 147.76 150.08 150.35 151.02

Sector tput 

gain %

- 2.5% 4.5% 9.8% 13.7% 1.9% 5.3% 10.6% 14.0% 2.4% 4.6% 9.1% 13.3% 1.4% 3.9% 9.6% 13.0% 2.4% 5.5% 16.2% 19.5%

5%ile tput 

gain %

- 1.4% 1.9% 2.1% 2.2% 1.7% 1.9% 1.8% 2.2% 2.5% 2.5% 2.5% 1.9% 1.0% 0.8% 0.4% 1.0% 0.7% 2.3% 2.5% 2.9%

Sector tput 

(kbps)

10861 11120 11315 11941 12440 11164 11417 11976 12420 10984 11231 11689 12042 11116 11431 11872 12277 11211 11524 11928 12539

5%ile tput 

(kbps)

146.70 145.18 147.83 148.02 148.87 145.28 145.77 146.93 148.86 146.18 145.83 145.94 148.32 146.99 147.53 147.64 148.64 146.37 146.84 148.79 150.42

Sector tput 

gain %

- 2.4% 4.2% 9.9% 14.5% 2.8% 5.1% 10.3% 14.4% 1.1% 3.4% 7.6% 10.9% 2.3% 5.2% 9.3% 13.0% 3.2% 6.1% 9.8% 15.4%

5%ile tput 

gain %

- -1.0% 0.8% 0.9% 1.5% -1.0% -0.6% 0.2% 1.5% -0.4% -0.6% -0.5% 1.1% 0.2% 0.6% 0.6% 1.3% -0.2% 0.1% 1.4% 2.5%

Sector tput 

(kbps)

10861 11153 11352 12051 12614 11203 11481 12093 12572 10979 11246 11756 12139 11141 11476 11975 12437 11217 11551 12042 12803

5%ile tput 

(kbps)

146.70 145.07 146.98 146.81 148.84 145.25 145.33 146.91 149.25 146.44 145.97 145.51 148.39 146.81 147.11 147.29 148.15 145.77 146.89 148.50 151.39

Sector tput 

gain %

- 2.7% 4.5% 11.0% 16.1% 3.1% 5.7% 11.3% 15.8% 1.1% 3.5% 8.2% 11.8% 2.6% 5.7% 10.3% 14.5% 3.3% 6.4% 10.9% 17.9%

5%ile tput 

gain %

- -1.1% 0.2% 0.1% 1.5% -1.0% -0.9% 0.1% 1.7% -0.2% -0.5% -0.8% 1.2% 0.1% 0.3% 0.4% 1.0% -0.6% 0.1% 1.2% 3.2%
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Note: highlighted indicates both the sector throughput and 5%ile user throughput are better than any others with the same number of relays, for each row
Table 2 - Throughput results for out-band relay cells
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(kbps)

5256.1 5216.9 6013.5 7721 4432.9 4482 4682.1 7283.6 5059.9 5333.5 5320.8 6567.6 5896.6 5556.3 5426.1 7105.2 5109.5 3880.2 5645.8 10088

user tput 

(kbps)

5076.4 4526.8 5160.9 7165 4158.4 4073.2 4310.9 6483.8 4455.4 4963.6 4734.9 6108.3 4536.4 4890.1 4786.2 6140.3 4462.9 3555.5 4828.9 8372.6

Sector tput 

(kbps)

8115.6 7401.3 7444.4 7339.2 6402.7 6856.9 7258.4 7369.5 6410.6 6192.8 6539 6848.4 7521.8 7412.7 7394.4 7115.5 11271 10937 10930 10365

user tput 

(kbps)

6966 6381.1 6467.1 6384.8 6044.4 6223.5 6351.9 6427 5791.7 5142 5623.5 5800.7 6726 6794.7 6549.5 6310.5 11617 9986.2 9861.7 9024.4

Sector tput 

(kbps)

6373.6 5753.2 6285 6681.2 7754.4 6898.1 6802.7 6352.7 4688.6 5740.9 5961.5 5757.3 5372 5938.1 6123.1 6126.2 8366.1 7563.2 7620.9 8444.7

user tput 

(kbps)

5418.1 4606.6 5550.5 5958.9 8407.6 6629.9 6041.3 5635.7 3430.3 4980.2 5548.6 5434 4279.7 4622.1 5148 5142.3 6267.5 5982.3 5962.5 6894.9

Sector tput 

(kbps)

7194.4 6308.5 7291.6 7721 8661.2 8168.7 7991.1 7283.6 5199.7 6555.5 6718.1 6567.6 6035.9 6765.1 7212.1 7105.2 9945.2 8397.6 8808 10088

user tput 

(kbps)

6505.1 5802.9 6762.8 7165 9489.2 7736.7 7233.7 6483.8 3522.9 5617.1 6167.4 6108.3 5219 5434.7 6171.2 6140.3 7539.1 6780.1 7035.2 8372.6
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Note: cell edge user throughputs are not included as each relay cell has fewer than 3 UEs.
Table 3 - Throughput results for macro eNB cells
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Sector tput 
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Figure 1 – Number of UEs served by relays vs number of relays
Table 4 – Number of UEs per relay
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Appendix A: simulation assumptions

Table 5 - Simulation Assumptions
	Parameter
	Assumption/Value

	Cellular layout
	Hexagonal grid, 19 macro eNB cell sites, 3 cells per site, wrapped‑around

	Relay layout
	1 cell per site, not wrapped‑around

	Inter-site distance (ISD)
	1732 m

	Distance-dependent path loss for macro eNBs
	L = 128.1 + 37.6log10(R), R in kilometers

	Distance-dependent path loss for relays
	L = 140.7 + 36.7log10(R), R in kilometers

	Lognormal Shadowing 
	As modeled in UMTS 30.03, B 1.4.1.4

	Shadowing standard deviation: macro to UE
	8 dB

	Shadowing standard deviation: relay to UE
	8 dB

	Correlation distance of Shadowing
	50 m

	Shadowing correlation
	Between sites
	0.5

	
	Between cells per site
	1.0

	Penetration loss from macro to UE
	20 dB

	Penetration loss from relay to UE
	20 dB

	Carrier frequency
	2 GHz

	Bandwidth
	5 MHz

	Subcarrier spacing
	15 kHz

	Resource block size
	180 kHz (12 subcarriers)

	Subframe duration
	1.0 ms

	Number of OFDM symbols per subframe
	14 (11 used for data, 2 for control (n=2), 1 for RS overhead)

	Channel model
	Typical Urban (TU) used for PDSCH 

	UE deployment
	570 UEs over 57 cells (uniform random spatial distribution over the network)

	Minimum distance between UE and BS
	35 m

	Minimum distance between relays
	350 m

	Frequency reuse factor
	1

	Hybrid ARQ scheme
	IR , Chase combining (asynchronous) (2/3<MCS<4.8), 16 levels

	Hybrid ARQ round trip delay
	8 subframes ( ms)

	Thermal noise density
	-174 dBm/Hz

	Antenna pattern for macro eNBs (horizontal)
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 = 70 degrees, Am = 25 dB  (70 degree horizontal beamwidth)

	Antenna pattern for relays (horizontal)


	0dB for all directions

	Antenna pattern for macro eNBs and relays (vertical)
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 = 20 degrees,  SLAv = 20 dB

	Total macro BS TX power
	20 Watts, 43 dBm 

	Total relay TX power
	0.5 Watt, 27 dBm

	BS and relay antenna gain (incl. cable loss)
	14 dBi and 5 dBi respectively

	BS and relay transmitter
	2 antennas

	UE speed 
	3 km/h

	UE receiver
	2 antennas

	UE antenna gain
	0 dBi

	UE noise figure
	9 dB

	CQI feedback delay
	2 ms

	CQI subband size
	180 kHz (12 subcarriers)

	CQI quantization
	5 bits per value/subband

	CQI feedback cycle
	2 ms

	CQI Error
	1dB for low SINR and 0.5 for high SINR

	Traffic type
	Full buffer

	Scheduler
	Time and frequency selective Proportional Fair scheduler

	Control channel model
	Ideal

	UE Channel Estimation
	Non Ideal

	Simulation drops
	15


Appendix B: Relay drop locations
To verify that the optimal approach of dropping relays is to drop at the worst long term C/I location, simulations were carried out, in which 1 relay was dropped at random locations within the center cells followed by the evaluation of the system rate (system capacity) with the relay, and the location that maximizes the system rate was found.  
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Figure 2 –Figure of the worst C/I locations for center cells without relay, and figure of the optimal relay location identified to maximize system rate, with lognormal shadowing off
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Figure 3 – Figure of the optimal relay location identified to maximize system rate, with lognormal shadowing on

The following algorithm was then adopted in system simulations to drop relays:
1. Compute the long term C/I at each of the N x N grid points within the given range (e.g. 3.5 x cell radius area) (N=800)

2. Drop a relay at the worst C/I location, if that location is not within the exclusion zone of a dropped relay

3. Repeat 2 until all relays are dropped

The next figure shows an example of the locations of the 57 relays.
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Figure 4 – Locations of UEs, macro eNBs, and 57 relays, relays dropped according to optimal dropping algorithm
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