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1. Introduction
In a companion contribution [1], the simulated downlink (DL) system performance with relays was presented using several different models for the in-band backhaul link, with the assumption that two transmit antennas are used at each eNB and relay node (RN). It is assumed that the “MBSFN method” is used to support backhaul traffic, whereby sub-frames configured as MBSFN sub-frames in the relay-cells are used for DL backhaul. In this contribution, the effect of using four transmit antennas on the performance of the system with relays is studied.
2. Backhaul Modeling
Four models for the backhaul link are considered. The first backhaul model is essentially that of a non-line-of-sight (NLOS) link. We refer to this model as Backhaul A. Backhaul B represents a line-of-sight (LOS) link with site planning, modeled by a “bonus” of 6 dB in the path loss and by reducing the standard deviation of lognormal shadowing to 2.6 dB. This model is referred to as Backhaul B. In Backhaul C, a directional antenna is used for the backhaul link, i.e., for receiving DL data from the eNB, while an omnidirectional antenna is still used for DL transmission on the relay-access links along with a NLOS path loss model. Finally the model that combines a directional antenna with an LOS path loss model (with a path loss) bonus is referred to as Backhaul D.
During normal, “access sub-frames”, no backhaul transmission takes place anywhere in the network. In this study, it is assumed that “backhaul sub-frames”, i.e., the sub-frames configured as MBSFN sub-frames in the relay cells, are used exclusively for backhaul traffic except when a macro-cell does not have any RNs, in which case the “backhaul sub-frames” are used to schedule traffic to UEs within that macro-cell to avoid wastage of resources.  More details on backhaul support can be found in [1].
3. Simulation Setup
A two-ring 19-macro-cell 3-sectored site hexagonal grid system layout is simulated assuming TU channels using cell wrap-around for two systems. Four-port transmission for both the eNB and the RN and dual-port UE and RN receiver operation are assumed. For System 1, 57 relays, a 5MHz bandwidth, and Deployment Scenario (DS) Case 3 are assumed; for System 2, 228 relays, a 10 MHz bandwidth and DS Case 1 are assumed. Either 570 or 1140 UEs are randomly dropped with uniform spatial probability density over the entire 57-cell network. The relays are dropped at the worst long-term C/I locations in the system identified when no relays exist. Each RN is a single cell with its own scheduler, control channels, and an omnidirectional antenna for transmission and an omnidirectional antenna or a directional antenna (with a 3-dB beamwidth of 20 degrees), depending on the backhaul model, with no vertical pattern. More details of the simulation assumptions can be found in the appendix and in [1].
The four backhaul models described in Section 2 are considered. The number of backhaul sub-frames per frame (SFpF) is 1, 2, 4, or 8, corresponding to Scenarios 1, 2, 3, and 4, respectively. To simulate in-band backhaul, the scheduler of each RN is constrained to allocate resources to its UEs only when the amount of data that it has transferred to the UEs does not exceed the amount of data the RN has received from the donor eNB.
4. Simulation Results
Table 1 and Table 2 show the detailed throughput performance for System 1 and System 2, respectively. In each table, the first row of results corresponds to the baseline scenario with no relays. Each subsequent set of four rows—the four rows correspond to the four backhaul models—provides results for a different scenario, as labeled in the first column.
Plot (a) of the following figures shows the cumulative distribution function (CDF) of the “spectral utilization”, defined as the product of the instantaneous modulation order, coding rate, channel rank, and the fraction of usable sub-carriers allocated to the backhaul link. Plot (b) shows the CDF of the instantaneous received signal-to-interference-plus-noise ratio (SINR) of the data packet transmitted on PDSCH. Figure 1 shows the results for Scenario 1 in System 1 and Figure 2 shows the corresponding results in System 2.
Table 1. Throughput Results for System 1
	Scenario
	Backhaul model with relays
	Average macro-cell throughput per sector (Mbps)
	Average backhaul-constrained relay throughput per sector (kbps)
	Average aggregate throughput per sector (Mbps)
	5th percentile UE throughput (kbps)
	Average macro-cell UE throughput (kbps)
	Average backhaul-link throughput (kbps)
	Average relay-cell UE throughput (kbps)
	Average UE throughput (kbps)

	
	
	N=570
	N=1140
	N=570
	N=1140
	N=570
	N=1140
	N=570
	N=1140
	N=570
	N=1140
	N=570
	N=1140
	N=570
	N=1140
	N=570
	N=1140

	No relays
	N/A
	13.532
	14.537
	N/A
	N/A
	13.532
	14.537
	58.11
	38.65
	1353.94
	727.08
	N/A
	N/A
	N/A
	N/A
	1353.94
	727.08

	Scenario 1: Relays with 1 backhaul SFpF
	Backhaul A
	13.865
	14.582
	222.21
	313.03
	14.087
	14.895
	64.13
	41.90
	1535.45
	800.97
	395.80
	379.63
	230.29
	174.93
	1409.51
	744.96

	
	Backhaul B
	13.849
	14.569
	456.15
	609.99
	14.305
	15.179
	99.00
	54.66
	1533.73
	800.30
	812.53
	739.77
	472.74
	340.88
	1431.35
	759.19

	
	Backhaul C
	13.836
	14.549
	534.99
	775.48
	14.371
	15.325
	88.97
	53.01
	1532.26
	799.21
	952.95
	940.51
	554.45
	433.36
	1437.91
	766.47

	
	Backhaul D
	13.822
	14.534
	903.01
	1227.44
	14.725
	15.761
	99.44
	56.76
	1530.64
	798.37
	1608.48
	1488.71
	935.85
	685.94
	1473.24
	788.31

	Scenario 2: Relays with 2 backhaul SFpF
	Backhaul A
	13.137
	13.647
	447.50
	637.28
	13.585
	14.285
	75.99
	46.44
	1454.75
	749.61
	797.13
	772.88
	463.78
	356.13
	1359.13
	714.40

	
	Backhaul B
	13.110
	13.626
	915.20
	1235.17
	14.026
	14.862
	95.60
	54.11
	1451.82
	748.47
	1630.42
	1498.08
	948.50
	690.25
	1403.25
	743.26

	
	Backhaul C
	13.065
	13.580
	1101.54
	1565.65
	14.166
	15.145
	94.15
	53.34
	1446.76
	745.91
	1962.56
	1914.48
	1141.65
	874.98
	1417.32
	757.45

	
	Backhaul D
	12.961
	13.536
	1950.82
	2478.25
	14.912
	16.014
	98.63
	54.46
	1435.25
	743.50
	3491.79
	3053.88
	2022.11
	1385.04
	1491.88
	800.90

	Scenario 3: Relays with 4 backhaul SFpF
	Backhaul A
	11.747
	11.807
	840.64
	1257.26
	12.588
	13.064
	79.23
	44.10
	1300.79
	648.50
	1497.53
	1525.16
	871.24
	702.73
	1259.34
	653.35

	
	Backhaul B
	11.714
	11.787
	1709.48
	2367.38
	13.423
	14.154
	84.61
	48.59
	1297.11
	647.38
	3063.55
	2916.78
	1772.14
	1323.45
	1342.95
	707.87

	
	Backhaul C
	11.609
	11.705
	2072.91
	2917.85
	13.682
	14.623
	81.55
	48.87
	1285.38
	642.88
	3724.01
	3683.96
	2149.21
	1631.39
	1368.73
	731.33

	
	Backhaul D
	11.378
	11.585
	3539.40
	4620.6
	14.917
	16.205
	88.72
	49.00
	1259.85
	636.26
	6811.59
	6018.53
	3670.56
	2583.78
	1492.46
	810.52

	Scenario 4: Relays with 8 backhaul SFpF
	Backhaul A
	9.218
	8.729
	1584.81
	2401.74
	10.803
	11.130
	44.58
	17.18
	1020.64
	479.43
	2890.53
	3019.01
	1643.05
	1342.67
	1080.69
	556.67

	
	Backhaul B
	9.162
	8.699
	3079.69
	4236.65
	12.242
	12.935
	44.57
	17.09
	1014.48
	477.79
	6011.74
	5768.17
	3194.15
	2369.16
	1224.8
	647.02

	
	Backhaul C
	8.924
	8.580
	3371.21
	4890.62
	12.295
	13.470
	44.50
	17.08
	988.09
	471.25
	7301.48
	7207.69
	3496.21
	2735.34
	1230.10
	673.82

	
	Backhaul D
	8.494
	8.326
	5575.89
	7695.30
	14.070
	16.022
	46.46
	17.79
	940.48
	457.32
	13339.9
	11860.2
	5785.34
	4304.63
	1407.97
	801.55
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Figure 1. CDF of (a) spectral utilization and (b) SINR in System 1 for Scenario 1
The performance trends in System 1 are similar to those observed in [1] for dual-port transmission with the difference that all throughputs are increased. The results for System 2 exhibit some minor differences, however. For example, in Scenario 1, Backhaul B, Backhaul C, and Backhaul D yield small sector throughput gains when N=570 over the baseline scenario with no relays whereas with dual-port transmission only Backhaul D was found to yield gains. Furthermore, Scenario D yields larger sector throughput gains (~21–23% vs. ~17%) in Scenario 3.
Table 2. Throughput Results for System 2

	Scenario
	Backhaul model with relays
	Average macro-cell throughput per sector (Mbps)
	Average backhaul-constrained relay throughput per sector (kbps)
	Average aggregate throughput per sector (Mbps)
	5th percentile UE throughput (kbps)
	Average macro-cell UE throughput (kbps)
	Average backhaul-link throughput (kbps)
	Average relay-cell UE throughput (kbps)
	Average UE throughput (kbps)

	
	
	N=570
	N=1140
	N=570
	N=1140
	N=570
	N=1140
	N=570
	N=1140
	N=570
	N=1140
	N=570
	N=1140
	N=570
	N=1140
	N=570
	N=1140

	No relays
	N/A
	28.800
	31.621
	N/A
	N/A
	28.800
	31.621
	188.28
	130.77
	2882.71
	1581.84
	N/A
	N/A
	N/A
	N/A
	2882.71
	1581.84

	Scenario 1: Relays with 1 backhaul SFpF
	Backhaul A
	26.954
	29.310
	1101.94
	1208.30
	28.056
	30.518
	76.69
	30.06
	4123.44
	2309.13
	483.16
	372.30
	318.84
	165.56
	2808.51
	1526.92

	
	Backhaul B
	26.878
	29.311
	2095.33
	2312.77
	28.974
	31.624
	156.88
	74.17
	4111.96
	2309.32
	918.75
	712.61
	606.27
	316.90
	2900.35
	1582.26

	
	Backhaul C
	26.983
	29.288
	1947.53
	2188.89
	28.930
	31.477
	121.47
	55.12
	4127.81
	2307.47
	853.92
	674.44
	563.50
	299.93
	2895.93
	1574.89

	
	Backhaul D
	26.972
	29.300
	3379.96
	3851.46
	30.352
	33.151
	177.55
	103.07
	4126.47
	2308.39
	1482.13
	1186.78
	978.02
	527.75
	978.02
	1658.61

	Scenario 2: Relays with 2 backhaul SFpF
	Backhaul A
	25.649
	27.440
	2261.59
	2487.38
	27.910
	29.928
	135.50
	59.08
	3923.73
	2161.71
	991.77
	766.44
	654.42
	342.38
	2793.81
	1499.84

	
	Backhaul B
	25.636
	27.503
	4383.08
	4840.33
	30.019
	32.343
	176.19
	108.71
	3921.75
	2166.78
	1923.23
	1491.71
	1268.42
	663.27
	3004.72
	1618.13

	
	Backhaul C
	25.649
	27.500
	4025.81
	4527.44
	29.675
	32.027
	165.35
	91.69
	3923.96
	2166.45
	1765.61
	1395.22
	1165.01
	620.37
	2970.43
	1602.27

	
	Backhaul D
	25.658
	27.496
	6977.64
	7916.38
	32.636
	35.412
	202.28
	132.45
	3925.15
	2166.18
	3090.77
	2465.60
	2019.82
	1084.98
	3266.64
	1771.64

	Scenario 3: Relays with 4 backhaul SFpF
	Backhaul A
	22.399
	22.947
	4612.78
	5234.42
	27.012
	28.182
	158.16
	100.09
	3426.29
	1807.55
	2036.59
	1613.71
	1335.03
	717.30
	2703.52
	1409.70

	
	Backhaul B
	22.326
	22.979
	8584.55
	9914.12
	30.911
	32.893
	187.35
	129.58
	3415.19
	1810.06
	3937.57
	3104.46
	2485.23
	1358.99
	3093.78
	1645.46

	
	Backhaul C
	22.409
	22.984
	8055.72
	9254.43
	30.465
	32.239
	177.87
	117.73
	3427.85
	1810.52
	3607.45
	2883.28
	2332.13
	1268.48
	3049.15
	1612.72

	
	Backhaul D
	22.323
	22.912
	13271.5
	15433.6
	35.594
	38.345
	208.91
	136.41
	3414.68
	1804.76
	6276.96
	5022.61
	3843.21
	2115.99
	3562.79
	1918.33

	Scenario 4: Relays with 8 backhaul SFpF
	Backhaul A
	9.771
	8.662
	8801.28
	10458.9
	18.572
	19.121
	103.14
	65.58
	1494.01
	682.15
	4149.96
	3320.58
	2548.08
	1433.77
	1858.31
	956.42

	
	Backhaul B
	9.536
	8.632
	14724.4
	17310.2
	24.260
	25.943
	116.84
	69.89
	1457.99
	679.79
	7227.93
	5799.41
	4264.19
	2373.62
	2427.85
	1297.89

	
	Backhaul C
	9.748
	8.658
	14485.1
	17302.3
	24.233
	25.961
	113.69
	68.43
	1490.57
	681.84
	6895.00
	5634.12
	4195.12
	2372.41
	2425.30
	1298.75

	
	Backhaul D
	9.380
	8.526
	18602.9
	22536.1
	27.982
	31.062
	115.86
	73.53
	1434.14
	671.39
	9285.72
	7565.83
	5388.77
	3090.63
	2800.92
	1554.20
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Figure 2. CDF of (a) spectral utilization and (b) SINR in System 2 for Scenario 1

5. Conclusions

In this contribution, simulation results are provided for the performance of LTE-advanced networks with relays using in-band backhauling with four-port transmission (and dual-port reception) on both the backhaul and access links. Similar to [1], four backhaul models are studied. Compared with the results presented in [1] for dual-port transmission, it is observed that the relative performance trends are similar in most instances. In a few cases, however, Backhaul B (with a path loss bonus and an omnidirectional antenna) and Backhaul C (with no path loss bonus but with a directional antenna) yield gains with four-port transmission where losses were exhibited with dual-port transmission and Backhaul D yields larger gains with the same backhaul overhead.
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Appendix: Simulation Assumptions

	Parameter
	Assumption/Value

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

	Relay layout
	System 1
	57 relay cells, not wrapped‑around (relays dropped at worst C/I locations) – i.e., 1 cell per macro eNB cell 

	
	System 2
	228 relays cells, not wrapped‑around (relays dropped at worst C/I locations) – i.e., 4 cells per macro eNB cell

	Inter-site distance (ISD)
	System 1
	1732 m (DS Case 3),

	
	System 2
	500 m (DS Case 1)

	Distance-dependent path loss for eNB(UE1
	L = 128.1 + 37.6log10(R), R in kilometers

	Distance-dependent path loss for eNB(relay
	L = 124.5 + 37.6log10(R), R in kilometers

	Distance-dependent path loss for RN(UE2
	L=Prob(R) PLLOS(R)+[1-Prob(R)]PLNLOS(R)
PLLOS(R)=103.8+20.9log10(R), R in kilometers
PLNLOS(R)=145.4+37.5log10(R), R in kilometers
Prob(R)=0.5-min(0.5,5exp(-0.156/R))+min(0.5, 5exp(-R/0.03)) , R in kilometers (DS case 1)

Prob(R)=0.5-min(0.5,3exp(-0.3/R))+min(0.5, 3exp(-R/0.095)) , R in kilometers (DS case 3)

	Lognormal Shadowing 
	As modeled in UMTS 30.03, B 1.4.1.4

	Shadowing standard deviation: macro to UE
	8 dB

	Shadowing standard deviation: macro to relay
	6 dB or 2.6 dB

	Shadowing standard deviation: relay to UE
	10 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 macro to relay
	0 dB

	Penetration loss from relay to UE
	20 dB

	Carrier frequency
	2 GHz

	Bandwidth
	System 1
	5 MHz

	
	System 2
	10 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
	570/1140 UEs over 57 cells (uniform random spatial distribution over the network) – i.e., 10/20 per donor cell

	Minimum distance between UE and BS
	35 m

	Minimum distance between relays
	System 1
	350 m

	
	System 2
	70 m

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

	Antenna pattern for relays to UEs (horizontal)
	Omni-directional
	0 dB for all directions

	
	Directional
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 = 20 degrees, Am = 20 dB (20 degree horizontal beamwidth)

	Antenna pattern for macro eNBs to UEs (vertical)
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 = 10 degrees, SLAv = 20 dB

	Antenna pattern for relays to UEs (vertical)
	0 dB for all directions

	Antenna down-tilt for macro eNB
	System 1
	15 degrees

	
	System 2
	7 degrees

	Total macro BS TX power
	40 watts, 46 dBm 

	Total relay TX power
	1 watt, 30 dBm

	BS antenna gain (incl. cable loss)
	14 dBi 

	Relay antenna gain (incl. cable loss)
	Rx/Tx with eNB
	5 dBi

	
	RxTx with UE2
	7 dBi

	UE antenna gain
	0 dBi

	BS and relay transmitter to UEs
	4 antennas

	Relay receiver
	2 antennas

	UE receiver
	2 antennas

	UE speed
	3 km/h

	CQI feedback cycle
	2 ms

	Traffic type
	Full buffer

	Scheduler
	Time and frequency selective Proportional Fair scheduler

	UE Channel Estimation
	Non-ideal
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