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1. Introduction
Past studies on system performance have shown that performance gains can be realized with relays for LTE-Advanced networks (e.g., [1]–[4]). Relays typically yield performance improvement by providing higher throughputs to UEs that would otherwise be located in poor geometry locations with respect to the macro-cell sites. The “MBSFN method” can be used to support backhaul traffic. Some recent contributions have examined backhaul link quality and system performance with in-band backhauling [5]–[8]. In [9], we presented a more extensive study of downlink (DL) system performance considering agreed models for the in-band backhaul link. We update that contribution here with performance results obtained using the revised propagation models and evaluation methodology that were agreed on at the RAN1 #58 meeting [10].
2. Backhaul Support
2.1. Sub-Frame Utilization for Access and Backhaul
In the MBSFN method, backhaul traffic is facilitated by configuring certain sub-frames as MBSFN sub-frames in the relay-cell. These sub-frames are then used by a relay node (RN) to receive DL backhaul traffic from its donor eNB. This is illustrated in Figure 1, where the utilization of sub-frames at eNBs, RNs, macro-cell UEs (UE1) and relay-cell UEs (UE2) are shown. The arrows show the direction of transmission for radio links in each sub-frame. Thus, sub-frames are normally used for access links, i.e., downlink transmission from an eNB or RN to its UEs except during the MBSFN sub-frames, when UEs in the relay-cell do not receive data whereas eNBs may transmit DL traffic to both RNs (i.e., backhaul traffic) as well as macro-cell UEs (access traffic). Furthermore, it is assumed that the same MBSFN sub-frame configuration is maintained throughout the network.
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Figure 1. Radio Links and Sub-Frame Utilization at Different Nodes in the Network
2.2. Link Models for In-Band Backhaul
The link models for the access (eNB→UE1 and RN→UE2) and backhaul (eNB→RN) links were updated recently [11]. In this study, we further consider the modifications proposed in [10]. We consider four models for the backhaul link. The models to be used for path loss, antennas, and lognormal shadowing on the access and backhaul links are described in [10]. The first path loss model is that of non-optimized relay site planning with a single, omni-directional antenna set at the RN. We refer to this model as Backhaul A. The effect of optimized relay-site planning is modeled via a “bonus” of 5 dB to the path loss and a higher line-of-sight (LOS) probability from each sector of the macro-site to relay-site. This model is referred to herein as Backhaul B. The next two models assume the presence of two antenna sets at the RN, an omni-directional antenna set for the relay-access links and a directional antenna set for the backhaul link, i.e., for receiving DL data from the eNB. The backhaul model with a directional antenna and non-optimized relay-site planning is called Backhaul C. Finally the model that combines a directional antenna with optimized relay-site planning is referred to as Backhaul D. We note that the propagation model for the direct access link (eNB→UE1) is also updated in [10] to include an LOS component.
2.3. Interference Model
As noted in Section 2.1, 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. Thus, resources in backhaul sub-frames are used for transmitting data only to RNs in the macro-cell and not to any UEs in the donor eNB’s macro-cell. However, if a macro-cell does not have any RNs, then the “backhaul sub-frames” are used just like “access sub-frames”—DL traffic to macro-cell UEs is scheduled—within that macro-cell to avoid wastage of resources.
The nature of the interference can be explained with the help of Figure 2, where three macro-cell sites are depicted and sectorization is ignored for simplicity. Desired and interference links are shown in the figure for access and backhaul sub-frames. The blue and red arrows depict transmission during access and backhaul sub-frames, respectively. Furthermore, the solid-line arrows represent the desired links whereas the dashed-line arrows represent the interfering links. To avoid over-crowding the figure, interference links during the access sub-frames are shown only for a single macro-cell UE. All interference links are depicted for the backhaul sub-frames, however. Note that UE14 receives DL data from eNB3 during a backhaul sub-frame since there are no RNs in the macro-cell.
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Figure 2. Link Models for “Access” and “Backhaul” Sub-Frames
3. Simulation Setup
A two-ring, 19-macro-cell, 3-sectored site hexagonal grid system layout is simulated with dual-port UE receiver operation and assuming TU channels using cell wrap-around for two systems, each operating in a 10-MHz bandwidth, corresponding to Deployment Scenario (DS) Case 1 and DS Case 3. 1425 UEs are randomly dropped with uniform spatial probability density over the entire 57-cell network. Two relay deployments are considered, with 57 or 228 relays. The relays are dropped randomly over the entire network with a uniform spatial distribution. The relays are confined to a distance within 3.8 times the cell radius from the center eNB of the network. The minimum allowed distance between any two relays is 70 m in System 1 and 350 m in System 2. A time and frequency selective Proportional Fair scheduler is used. 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 70 degrees), depending on the backhaul model, with no vertical pattern. The macro-cell eNB’s antenna has both a horizontal pattern and a vertical pattern, and is electronically down-tilted as well. More details of the simulation assumptions can be found in the appendix.
The four backhaul models described in Section 2.2 are considered. The number of backhaul sub-frames per frame (SFpF) shared among all RNs in a sector is a parameter and, for the results provided here, the number of backhaul SFpF is 1, 2, 4, or 6. Note that this is the total number of sub-frames shared by all backhaul links in the sector. The interference model is as described in Section 2.3. 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. This constraint ensures that the relay-cell throughput does not exceed the corresponding backhaul throughput. Thus, no DL transmissions occur in the relay cell when the data received on the backhaul link have effectively been relayed to the UEs. This approach also ensures that the results reflect the impact of bottlenecks in backhaul links. By further controlling the number of backhaul SFpF, the effect of increasing the size of the backhaul pipe (at the expense of the resources available for the macro-cell access links) can be observed.
4. Simulation Results
Table 1 shows the detailed throughput performance for System 1. The first row of results corresponds to the baseline scenario with no relays. The second row shows the results obtained with out-of-band (OOB) backhaul, where the backhaul link is assumed to be ideal with unlimited capacity. Each subsequent set of four rows—the four rows correspond to the four in-band (IB) backhaul models—provides results for a different scenario, as labeled in the first column. The two adjacent columns for each result correspond to N=57 and N=228 relays in the system, respectively. A few of the columns are highlighted. The beige-colored columns contain the average throughput per sector (i.e., one of the 57 “cells” in the system) due to only relays, where the relay throughput for in-band backhaul is constrained as explained above. The yellow colored columns contain the per-sector aggregate throughput due to both the macro-cell and any relay-cells (RNs may not be present in some cells). The 5th percentile throughputs are shown in the grey columns. The green columns contain the average throughput of active backhaul links (not the sector average), the total number of which is the number of relays serving UEs. Finally the blue columns contain the average UE throughput, where the averaging is done over all UEs in the system.
Figure 3 provides a graphic view of the quality of the in-band backhaul link for the scenario with one backhaul SFpF (the plots for other scenarios are similar). Plot (a) of the figure 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. Thus, plot (b) in each figure below demonstrates the raw channel quality for the backhaul link, plot (a) incorporates frequency utilization, and the throughput results in the table also reflect time utilization. In the figure, CDFs are plotted for the two UE cases and for the four backhaul models.
The results for OOB backhaul indicate that there is a potential for significant performance enhancement with relays. The sector throughput performance gains over the baseline scenario with no relays are ~48% and ~176% with N=57 (one relay per sector on average) and N=228 (four relays per sector on average), respectively. Although the relay-cells have an effect similar to cell-splitting in this scenario, the transmit power of the RN (30 dBm) is substantially less than that of the eNB (43 dBm). Significant improvements in 5th percentile throughputs are also observed. We note that the performance in the baseline case with no relays has improved relative to the old model [9] because of the presence of an LOS component on the access links. The sector throughput performance gain with OOB backhaul is also observed to be less than with the old models (57% and 213% for N=57 and N=228, respectively) because of degradation in relay throughput.
With IB backhaul, the throughput performance generally improves progressively from Backhaul A through Backhaul D, with the biggest jump observed from Backhaul A to backhaul B. Thus, Backhaul C (directional antenna with no relay site planning) yields better results than Backhaul B (omni-directional antenna with relay site planning). Moreover, as expected, the relay throughput per sector and hence the aggregate throughput per sector is better with N=228 than with N=57. Although adding more RNs improves the quality of the backhaul link on average, due to the increased number of backhaul links that each macro-cell must support, the average throughput of active backhaul links is lower. This is also demonstrated in Figure 3 where, although the PDSCH SINR is better with N=228, the spectral utilization is lower. The plots also show that backhaul link performance with even Backhaul D is quite poor, which impacts relay system performance. The 5th percentile throughput is generally worse with IB backhaul than in the baseline scenario with no relays because of increased interference experienced by macro-cell-edge UEs, given the aggressive frequency reuse.
Table 1. Throughput Results for DS Case 1
	Scenario
	Backhaul model with relays
	Average macro-cell throughput per sector (Mbps)
	Average relay throughput per sector (Mbps)
	Average aggregate throughput per sector (Mbps)
	5th percentile UE throughput (kbps)
	Average macro-cell UE throughput (kbps)
	Average throughput of active backhaul links (kbps)
	Average relay-cell UE throughput (kbps)
	Average UE throughput (kbps)

	
	
	N=57
	N=228
	N=57
	N=228
	N=57
	N=228
	N=57
	N=228
	N=57
	N=228
	N=57
	N=228
	N=57
	N=228
	N=57
	N=228

	No relays
	N/A
	31.026
	N/A
	31.026
	223.57
	1241.19
	N/A
	N/A
	1241.19

	OOB Backhaul
	Ideal
	30.874
	29.920
	14.950
	55.603
	45.823
	85.523
	237.35
	315.77
	1361.06
	1720.97
	N/A
	N/A
	6504.40
	7311.53
	1833.68
	3423.53

	Relays with 1  IB backhaul SFpF
	Backhaul A
	29.832
	29.733
	0.900
	2.297
	30.732
	32.030
	159.32
	33.89
	1315.13
	1710.33
	1230.68
	816.68
	391.90
	302.22
	1230.57
	1281.44

	
	Backhaul B
	29.796
	29.657
	1.146
	2.738
	30.942
	32.396
	179.73
	55.83
	1313.55
	1705.95
	1571.59
	973.83
	495.38
	360.30
	1237.84
	1296.06

	
	Backhaul C
	29.793
	29.652
	1.241
	2.847
	31.035
	32.499
	185.43
	67.01
	1313.44
	1705.66
	1705.99
	1012.73
	537.02
	374.72
	1241.54
	1300.22

	
	Backhaul D
	29.773
	29.634
	1.334
	3.022
	31.107
	32.656
	188.58
	75.90
	1312.56
	1704.61
	1833.57
	1074.75
	576.93
	397.66
	1244.44
	1306.49

	Relays with 2  IB backhaul SFpF
	Backhaul A
	27.966
	26.073
	1.816
	4.853
	29.783
	30.926
	175.65
	56.24
	1232.86
	1499.72
	2484.62
	1725.81
	784.35
	638.57
	1191.47
	1237.23

	
	Backhaul B
	27.887
	25.959
	2.310
	5.722
	30.196
	31.681
	185.05
	96.92
	1229.33
	1493.20
	3168.46
	2035.75
	998.22
	752.97
	1208.01
	1267.47

	
	Backhaul C
	27.865
	25.943
	2.497
	5.918
	30.362
	31.861
	192.67
	113.38
	1228.38
	1492.27
	3432.59
	2105.72
	1080.11
	778.95
	1214.62
	1274.65

	
	Backhaul D
	27.850
	25.915
	2.687
	6.266
	30.537
	32.181
	193.22
	129.50
	1227.72
	1490.65
	3696.31
	2229.28
	1162.41
	824.58
	1221.64
	1287.45

	Relays with 4  IB backhaul SFpF
	Backhaul A
	24.501
	20.001
	3.430
	9.458
	27.931
	29.459
	155.53
	100.76
	1080.06
	1150.43
	4960.05
	3518.53
	1486.88
	1244.48
	1117.39
	1178.62

	
	Backhaul B
	24.432
	19.880
	4.367
	11.153
	28.799
	31.033
	164.82
	136.22
	1077.03
	1143.47
	6320.21
	4123.37
	1893.60
	1467.57
	1152.15
	1241.60

	
	Backhaul C
	24.414
	19.878
	4.735
	11.531
	29.149
	31.409
	166.67
	151.89
	1076.21
	1143.39
	6867.86
	4248.90
	2054.86
	1517.45
	1166.15
	1256.65

	
	Backhaul D
	24.389
	19.832
	5.115
	12.204
	29.504
	32.036
	166.49
	156.11
	1075.12
	1140.73
	7409.16
	4479.48
	2219.46
	1605.81
	1180.35
	1281.72

	Relays with 8  IB backhaul SFpF
	Backhaul A
	20.874
	13.638
	4.769
	12.981
	25.642
	26.619
	110.14
	97.62
	920.17
	784.41
	7196.73
	5049.18
	2072.72
	1708.15
	1025.88
	1065.08

	
	Backhaul B
	20.808
	13.549
	6.051
	15.363
	26.859
	28.912
	113.27
	114.66
	917.27
	779.30
	9154.72
	5920.97
	2627.02
	2021.64
	1074.58
	1156.85

	
	Backhaul C
	20.804
	13.546
	6.571
	15.946
	27.374
	29.492
	112.75
	119.27
	917.07
	779.10
	9970.40
	6097.26
	2855.27
	2098.43
	1095.22
	1180.03

	
	Backhaul D
	20.773
	13.512
	7.081
	16.924
	27.854
	30.436
	113.09
	120.72
	915.74
	777.18
	10754.1
	6443.72
	3076.71
	2226.89
	1114.41
	1217.85



[image: image3.emf](a) (b)

0 1 2 3 4 5 6 7 8 9 10

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

X (bits)

Prob(Spectral utilization<=X)

 

 

Backhaul A, N=57

Backhaul A, N=228

Backhaul B, N=57

Backhaul B, N=228

Backhaul C, N=57

Backhaul C, N=228

Backhaul D, N=57

Backhaul D, N=228

-5 0 5 10 15 20 25

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

X (dB)

Prob(SINR<=X)

 

 

Backhaul A, N=57

Backhaul A, N=228

Backhaul B, N=57

Backhaul B, N=228

Backhaul C, N=57

Backhaul C, N=228

Backhaul D, N=57

Backhaul D, N=228


Figure 3. CDF of (a) spectral utilization and (b) SINR in DS Case 1
In the scenario with one backhaul SFpF, the use of relays does not always improve the aggregate sector throughput and the 5th percentile throughput.  Backhaul A and Backhaul B degrade sector throughput performance whereas Backhaul C and Backhaul D yield insignificant improvements in sector throughput performance with N=57. Although gains are observed for all backhaul models with N=228, only a small improvement (~5%) is observed in the best case (Backhaul D) over the baseline scenario with no relays. The 5th percentile throughputs with the four backhaul models improve progressively from Backhaul A to Backhaul D. However, the 5th percentile throughput is substantially reduced with N=228 relative to N=57, with even the best model resulting in a large drop relative to the baseline scenario. This is because of the large interference experienced by relay-cell-edge UEs, particularly with N=228. These observations are vastly unchanged from those observed for the old models [9]. The absolute sector throughput and 5th percentile throughput numbers have increased, however. Specifically, the macro-cell throughput has increased, but the relay-cell throughput has decreased, in spite of a slightly improved backhaul, because of increased interference from macro-cell sites. 
In the scenario with two backhaul SFpF, the sector throughput performance is degraded with N=57 for all backhaul models relative to the previous scenario and is worse than the baseline scenario. This is because the quality of the backhaul links is poor on average for all backhaul models and the loss in throughput due to increased backhaul overhead is poorly compensated for by the increased relay throughput. Performance is also slightly degraded with N=228 although a small gain over the baseline scenario is still achieved. On the other hand, the 5th percentile throughput is improved with all backhaul models relative to the scenario with one backhaul SFpF due to relay-cell-edge UEs benefiting from increased backhaul capacity. These observations are again similar to those for the same scenario in [9] with the differences as noted above.

The trend in sector throughput performance degradation continues with both N=57 and N=228 for the next two scenarios. Moreover, all backhaul models realize a substantial loss with six backhaul SFpF. There are minor differences for N=228 between the performance trends obtained with the new models and those obtained with the old models [9].  The trend for 5th percentile throughputs is reversed, however, exhibiting a monotonic degradation with four and six backhaul SFpF. This is because the macro-cell-edge users are impacted by loss of capacity to backhaul. This is again similar to [9].
Throughput results for System 2 are provided in Table 2 and CDFs of spectral utilization and SINR are plotted for the scenario with one backhaul SFpF in Figure 4.  The baseline scenario performance is greatly improved with the new model relative to [9] because of the LOS component on the access links. As a result, performance gains with relays are now not as significant as with the old models. The main differences for IB backhaul with respect to System 1 are that the aggregate sector throughput with all backhaul models is better than the baseline scenario for all but the last scenario considered here (six backhaul SFpF) and gains in 5th percentile throughput are observed in some scenarios. The plots also indicate that backhaul link performance is significantly improved relative to System 1.
With OOB relays, large gains in both sector throughput (~42% with N=57 and ~150% with N=228) and 5th percentile throughput with respect to the baseline scenario are again realized. However, the sector throughput gains are clearly much less than what was observed with the old models (~92% with N=57 and ~325% with N=228)[9]. With IB backhaul in the scenario with one backhaul SFpF, all backhaul models yield gains over the baseline scenario in both sector throughput and 5th percentile throughput (only with N=57), with the sector throughput performance again being slightly better with N=228. Gains in 5th percentile throughput are possible with N=57 because the frequency reuse is less aggressive in this system and the use of relays benefits cell-edge UEs. However, this advantage is negated with N=228 where increased relay-cell-edge interference hurts performance. In the scenario with two backhaul SFpF, the sector throughput performance with N=57 is slightly degraded for Backhaul A, Backhaul B, and Backhaul C whereas it continues to improve for Backhaul D. However, gains are realized for Backhaul B, Backhaul C, and Backhaul D with N=228. On the other hand, the 5th percentile throughput performance stays nearly the same with N=57 whereas improvements are observed with N=228. In the next two scenarios, all backhaul models exhibit monotonic degradations in performance with N=57, whereas with N=228 sector throughput with Backhaul A is degraded while that with Backhaul B, Backhaul C, and Backhaul D improves for four SFpF before degrading for six SFpF. The peak gains observed are ~4% with N=57 (two backhaul SFpF) and ~15% with N=228 (four backhaul SFpF). The 5th percentile throughput experiences monotonic degradation for all backhaul models except for Backhaul D with N=228, eventually dropping to levels below the baseline scenario. This is because the allocation of increasing resources for backhaul tends to throttle the macro-cell-edge users. Relative to the old models studied in [9], the trends are largely similar except for minor differences relating to the number of backhaul SFpF at which peak performance is obtained for the various backhaul models. Furthermore, the throughput performance of macro-cell UEs is substantially better in all scenarios whereas the performance of relay-cell UEs is slightly degraded. The net result is that the peak sector throughput performance gains with relays in System 2 are not as high as observed in [9] (~15% with N=57 and ~46% with N=228).
Table 2. Throughput Results for DS Case 3
	Scenario
	Backhaul model with relays
	Average macro-cell throughput per sector (Mbps)
	Average relay throughput per sector (Mbps)
	Average aggregate throughput per sector (Mbps)
	5th percentile UE throughput (kbps)
	Average macro-cell UE throughput (kbps)
	Average throughput of active backhaul links (kbps)
	Average relay-cell UE throughput (kbps)
	Average UE throughput (kbps)

	
	
	N=57
	N=228
	N=57
	N=228
	N=57
	N=228
	N=57
	N=228
	N=57
	N=228
	N=57
	N=228
	N=57
	N=228
	N=57
	N=228

	No relays
	N/A
	30.153
	N/A
	30.153
	185.42
	1206.24
	N/A
	N/A
	1206.24

	OOB Backhaul
	Ideal
	30.838
	30.659
	12.482
	44.783
	43.320
	75.442
	215.22
	248.38
	1295.06
	1454.26
	N/A
	N/A
	10544.8
	11462.1
	1733.63
	3020.40

	Relays with 1  IB backhaul SFpF
	Backhaul A
	29.545
	28.858
	0.881
	2.053
	30.426
	30.911
	185.90
	131.70
	1240.76
	1368.80
	1375.65
	894.90
	740.22
	526.07
	1217.17
	1236.60

	
	Backhaul B
	29.512
	28.786
	1.385
	3.079
	30.897
	31.865
	194.87
	173.99
	1239.35
	1365.40
	2165.13
	1341.44
	1165.08
	788.85
	1236.00
	1274.76

	
	Backhaul C
	29.513
	28.783
	1.416
	3.161
	30.929
	31.944
	195.07
	172.43
	1239.38
	1365.24
	2213.47
	1376.88
	1191.19
	809.60
	1237.27
	1277.88

	
	Backhaul D
	29.490
	28.748
	1.669
	3.719
	31.159
	32.467
	198.17
	182.08
	1238.43
	1363.58
	2611.32
	1619.81
	1405.12
	952.47
	1246.50
	1298.82

	Relays with 2  IB backhaul SFpF
	Backhaul A
	27.970
	25.879
	1.769
	4.296
	29.739
	30.175
	182.26
	153.21
	1174.57
	1227.49
	2763.66
	1873.38
	1486.35
	1100.66
	1189.67
	1207.14

	
	Backhaul B
	27.925
	25.756
	2.776
	6.348
	30.701
	32.104
	186.09
	182.65
	1172.68
	1221.62
	4344.01
	2770.23
	2337.03
	1626.63
	1228.19
	1284.33

	
	Backhaul C
	27.933
	25.762
	2.839
	6.490
	30.772
	32.252
	187.10
	179.70
	1173.02
	1221.94
	4442.46
	2831.55
	2389.71
	1662.88
	1231.06
	1290.26

	
	Backhaul D
	27.901
	25.725
	3.343
	7.593
	31.245
	33.318
	186.81
	186.52
	1171.70
	1220.17
	5236.44
	3319.01
	2816.21
	1945.37
	1249.97
	1332.93

	Relays with 4  IB backhaul SFpF
	Backhaul A
	24.916
	20.297
	3.389
	8.280
	28.305
	28.577
	157.48
	143.25
	1046.26
	962.71
	5498.78
	3784.10
	2850.40
	2121.46
	1132.36
	1143.31

	
	Backhaul B
	24.868
	20.179
	5.192
	12.139
	30.060
	32.317
	160.30
	154.11
	1044.27
	957.09
	8654.33
	5544.48
	4372.47
	3109.98
	1202.64
	1293.04

	
	Backhaul C
	24.864
	20.170
	5.287
	12.514
	30.151
	32.684
	159.49
	151.02
	1044.08
	956.69
	8856.32
	5685.44
	4453.23
	3206.25
	1206.26
	1307.73

	
	Backhaul D
	24.843
	20.126
	6.149
	14.561
	30.991
	34.686
	161.60
	150.28
	1043.19
	954.57
	10447.5
	6646.07
	5177.98
	3728.64
	1239.96
	1387.91

	Relays with 8  IB backhaul SFpF
	Backhaul A
	21.673
	14.374
	4.677
	11.496
	26.349
	25.870
	110.86
	100.16
	910.02
	681.74
	8064.42
	5460.47
	3938.79
	2947.12
	1054.19
	1035.10

	
	Backhaul B
	21.630
	14.279
	6.859
	16.728
	28.489
	31.007
	112.49
	99.22
	908.23
	677.27
	12372.1
	7937.08
	5780.06
	4287.49
	1139.88
	1240.85

	
	Backhaul C
	21.628
	14.276
	6.906
	16.959
	28.534
	31.235
	112.12
	99.59
	908.15
	677.13
	12442.7
	8046.53
	5822.23
	4344.94
	1141.72
	1250.00

	
	Backhaul D
	21.614
	14.238
	7.653
	19.322
	29.267
	33.560
	111.70
	99.08
	907.56
	675.32
	14186.9
	9183.99
	6446.77
	4945.48
	1171.07
	1343.09
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Figure 4. CDF of (a) spectral utilization and (b) SINR in DS Case 3
5. Conclusions

In LTE-advanced networks with relays, in-band backhaul can be supported with the MBSFN method. In this contribution, out-of-band backhaul and the latest agreed models for in-band backhaul and access links are studied assuming a fixed number of sub-frames (1, 2, 4, or 6) available every frame for backhaul in each cell. Backhaul A is a non-optimized relay site planning link model assuming an omnidirectional receive antenna for the relay.  Backhaul B incorporates a path loss bonus to account for an optimized relay-site planning. Backhaul C uses a directional antenna with a non-optimized backhaul link. Backhaul D assumes a directional antenna and an optimized backhaul link. Significant performance gains can be realized with OOB backhaul, especially when the number of relays in the network is large. The following observations can be made for performance with in-band backhaul.
· In DS Case 1, Backhaul A yields a negative sector throughput performance gain with an insufficient number of relays and a small positive gain with a large number of relays over the baseline scenario with no relays. Backhaul B performs slightly better but exhibits a similar trend.  Backhaul C and Backhaul D can always yield positive sector throughput gains over the baseline scenario, with Backhaul D performing best.

· In DS Case 1, 5th percentile throughput performance is degraded with all in-band backhaul models because the use of relays increases interference to cell-edge UEs in a system with already aggressive frequency reuse.

· In DS Case 3, all Backhaul models yield sector throughput gains even with a single backhaul sub-frame per frame and the best performance gains are better than in DS Case 1.  The optimum number of backhaul sub-frames per frame can be different for the various backhaul models.
· In DS Case 3, gains in 5th percentile throughput performance are observed with all in-band backhaul models, but the optimum backhaul capacity for peak 5th percentile throughput performance may be different than that for peak sector throughput performance. The reason is that although the aggregate sector throughput may be improved by increasing backhaul capacity (and, hence, relay-cell throughput), it comes at the expense of capacity available to macro-cell-edge UEs, whose throughput is degraded.

· Performance gains are limited by backhaul performance. 

· The above conclusions are substantially the same as those for the old models investigated in [9].
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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
	57/228 relay cells, not wrapped‑around (relays dropped randomly with uniform distribution) – i.e., 1/4 cell per macro eNB cell 

	Inter-site distance (ISD)
	System 1
	500 m (DS Case 1)

	
	System 2
	1732 m (DS Case 3)

	Distance-dependent path loss for eNB(UE1
	PLLOS(R)=103.4+24.2log10(R), R in kilometers
PLNLOS(R)= 131.1+42.8log10(R), R in kilometers
Prob(R)=min(0.018/R,1)*(1-exp(-R/0.063))+exp(-R/0.063) , R in kilometers (DS Case 1)
Prob(R)=exp(-(R-0.01)/1.0) , R in kilometers (DS Case 3)

	Distance-dependent path loss for eNB(relay
	PLLOS(R)=100.7+23.5log10(R), R in kilometers
PLNLOS(R)= 125.2+36.3log10(R)-B, R in kilometers
Prob(R)=min(0.018/R,1)*(1-exp(-R/0.072))+exp(-R/0.072), R in kilometers (DS Case 1)
Prob(R)=exp(-(R-0.01)/1.15) , R in kilometers (DS Case 3)
Bonus for donor macro (from each of its sectors) to relay for optimized deployment, B=5dB; otherwise, for non-donor cell and non-optimized deployment, B=0dB
LOS probability is 1-(1-Prob(R))^N  where N=3 for donor macro (from each of its sectors) to relay, otherwise, for non-donor cell and non optimized deployment N=1.

	Distance-dependent path loss for RN(UE2
	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

	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
	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
	1425 UEs over 57 cells (uniform random spatial distribution over the network) – i.e., 25 per donor cell

	Minimum distance between UE and BS
	35 m

	Minimum distance between relays
	System 1
	350 m

	
	System 2
	70 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 (8 ms)

	Thermal noise density
	-174 dBm/Hz

	Antenna pattern for macro eNBs to UEs (horizontal)
	
[image: image5.wmf](

)

ú

ú

û

ù

ê

ê

ë

é

÷

÷

ø

ö

ç

ç

è

æ

-

=

m

dB

A

A

,

12

min

2

3

q

q

q



[image: image6.wmf]dB
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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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 = 70 degrees, Am = 20 dB (70 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
	2 antennas

	Relay receiver
	2 antennas

	UE receiver
	2 antennas

	UE speed
	3 km/h

	Relay noise figure
	5 dB

	UE noise figure
	9 dB

	CQI feedback delay
	2 ms

	CQI subband size
	180 kHz (12 subcarriers)

	CQI feedback cycle
	2 ms

	Traffic type
	Full buffer

	Scheduler
	Time and frequency selective Proportional Fair scheduler

	Control channel model
	Ideal

	Link to system level interface
	MMIB (PDSCH)

	UE Channel Estimation
	Non-ideal

	Simulation drops
	3
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