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1. Introduction
Models for both outdoor relays and indoor relays have been defined in the physical layer evaluation methodology [1]. In particular, these include models for distance-dependent path loss, log-normal shadowing, indoor penetration loss, relay antenna gain, and hardware/cable loss. There are differences in these models for outdoor and indoor relays, as a result of which performance of systems with indoor relays can be substantially different from those with outdoor relays. In this contribution, we examine the downlink (DL) system performance with indoor relays based on the 5×5 Grid Layout model defined in [1].
2. Background
2.1. Indoor Relay Layouts

Indoor relay modeling is based on the modeling of femto-cell clusters [2]. Two types of block layouts have been defined for the study of indoor relays. The first is the 5×5 Grid layout depicted in Figure 1. The layout consists of a contiguous grid of apartments, each of which is 10 m×10 m in size. The building may consist of multiple floors. Relay nodes (RNs) may be dropped inside any of the apartments in the block.
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Figure 1. The 5×5 Grid Layout
The second indoor layout defined for relays is the Dual-Stripe Block layout shown in Figure 2. Each block in this layout consists of two stripes. Each stripe comprises a 2×M grid of apartments (M=10 in the figure), each of which is 10 m×10 m in size. The two stripes are separated by a 10-m wide street. The dual-stripe block also has a 10-m wide outdoor zone all around to ensure minimum separation of the indoor blocks. Each building may consist of L floors. RNs may be dropped inside any of the apartments, i.e., within one of the two stripes of the block.
Detailed propagation models are defined for both indoor layouts in [1]. The models for the 5×5 Grid layout are simpler than those for the Dual-Stripe Block layout. For example, the path loss in the latter case consists of a total-distance component, an indoor-distance component (representing additional loss due to indoor propagation), and wall-loss components. On the other hand, in the former case, the path loss consists of a single component representative of all of the different losses.
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Figure 2. The Dual-Stripe Block Layout
In this contribution, we present simulation results for indoor relays obtained using the 5×5 Grid layout. Details of the simulation model for this layout are provided in Table 1 [1] for the case with an indoor donor antenna and an indoor coverage antenna.

3. Simulation Results

3.1. Simulation Assumptions

A fixed number of building blocks are dropped uniformly within the sector area. The number of blocks is determined such that they cover approximately 35% of the cell area. Thus, for DS Case 1 and DS Case 3, the number of blocks is 10 and 120, respectively. Both the donor antenna and the coverage antenna of the relay are assumed to be located at the same indoor location. Relays are randomly dropped with a uniform distribution inside the building blocks while ensuring that the minimum separation distance of 40 m between all relay pairs is maintained. Thus, a relay may be located at any point inside any of the apartment blocks of the 5×5 Grid. Two dropping methodologies are followed. In the first methodology, all the relays of the sector are dropped inside a single block, per [1]. In this case the number of relays per sector is 1, 2, or 4. In the second methodology, each of the relays in the sector is dropped inside a different block. The number of relays per sector in this case is 3 or 6. The two methodologies help to understand system performance with different types of indoor relay distribution. The blocks are separated by a minimum distance of 40 m to ensure that the minimum separation of 40 m between relays is ensured for all indoor relay locations inside blocks. The number of subframes per radio frame (SFpRF) allocated for backhaul is a parameter and depends on the number of relays per sector. The relay-access data transfer is always throttled by the data transfer on the corresponding backhaul link. That is, the amount of data in the buffer of a relay node is equal to the amount of data transferred by the donor eNB over the backhaul link. Other simulation assumptions are listed in the Appendix.
Simulation results are obtained for DL system performance using indoor relays based on the assumptions described above. The below legend is applicable to the tables with performance results that follow.
DS
Deployment scenario (case 1 or 3)

N
Number of relays per sector
S
Number of backhaul subframes per radio frame
TA
Average aggregate throughput per sector

TM
Average throughput per sector due to macro-cells

TR
Average throughput per sector due to relay-cells

te
5th percentile throughput of all UEs

tA
50th percentile throughput of all UEs

tM
50th percentile throughput of macro-cell UEs

tR
50th percentile throughput of relay-cell UEs

tB
Average throughput of active backhaul links

pr
Percentage of UEs attached to relays
pR
Percentage of deployed relays that are active

Table 1. Indoor Relay Simulation Assumptions

	Parameter
	Assumption

	Distance-dependent path loss from new nodes to UE
	Macro to UE:

PLLOS(R)= 103.4+24.2log10(R)

PLNLOS(R)= 131.1+42.8log10(R)
For 2GHz, R in km.
Case 1: Prob(R)=min(0.018/R,1)*(1-exp(-R/0.063))+exp(-R/0.063)
Case 3 (Suburban):

Prob(R)=exp(-(R-0.01)/0.2)

	
	Macro to relay:
Relay with indoor donor antenna:
PLLOS(R)= 103.4+24.2log10(R)

PLNLOS(R)= 131.1+42.8log10(R)

For 2GHz, R in km

Case 1: Prob(R)=min(0.018/R,1)*(1-exp(-R/0.063))+exp(-R/0.063)
Case 3: Prob(R)=exp(-(R-0.01)/1.0)

	
	Relay to UE: 
Relay with indoor coverage antenna:
5x5 Grid

Relay to UEs inside the same cluster
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Relay to UEs in different clusters
L= 128.1+37.6log10(R)
for 2GHz, R in km, the number of floors in the path is assumed to be 0.

	Lognormal Shadowing
	Similar to UMTS 30.03, B 1.41.4 [ETSI TR 101 112]

	Shadowing standard deviation
	Macro to relay
Relay with outdoor donor antenna: 6 dB
Relay with indoor donor antenna: 8 dB

	
	Relay to UE: 
Relay with indoor coverage antenna:

5x5 Grid

10 dB for link between relay and relay UE.

8dB for other links

	Shadowing correlation
	Between cells
	Relay with indoor coverage antenna: 0

	
	Between sectors
	N/A

	Penetration Loss 
	Macro to UE

Indoor relay

5x5 Grid: 20 dB.

Macro to relay: 
Relay with indoor donor antenna: 5 dB

	
	

	
	

	
	

	Antenna configuration

	Relay-UE link:

5dBi antenna gain,

Omni
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	Hardware loss/cable loss
	Indoor donor antenna: 

0 dB

	Minimum distance between new node and regular nodes
	>=75m

	Minimum distance between UE and regular node
	>= 35m

	Minimum distance between UE and new node
	Indoor relay: >= 3m

	Minimum distance among new nodes
	40 m


3.2. Results with All RNs of Sector in a Single Block

The DL simulation results for the case with all RNs of a sector dropped inside a single block are summarized in Table 2. More detailed results are shown in Table 3. The number of RNs per sector is 1, 2, or 4. Note that it is not possible to drop more than 4 RNs in a block while maintaining a minimum separation of 40 m between all relay pairs. The number of SFpSF (S) for each relay scenario is as listed in the tables. Several relay scenarios are presented in addition to the baseline scenario with no relays (N=0, S=0). It may be noted that the maximum allowed number of backhaul SFpRF is 6.
Table 2. Summary of Results with All RNs of Sector in a Single Block

	DS Case
	N
	S
	TA (Mbps)
	% gain in TA with relays
	te (kbps)
	% gain in te with relays

	1
	0
	0
	19.31
	0.0
	197.91
	0.0

	
	1
	1
	18.82
	-2.5
	162.95
	-17.7

	
	
	2
	18.67
	-3.3
	161.88
	-18.2

	
	2
	2
	18.85
	-2.4
	168.32
	-15.0

	
	
	4
	18.93
	-2.0
	136.16
	-31.2

	
	4
	4
	19.48
	0.9
	140.20
	-29.2

	
	
	6
	19.64
	1.7
	92.50
	-53.3

	3
	0
	0
	14.33
	0.0
	71.80
	0.0

	
	1
	1
	14.34
	0.1
	87.78
	22.3

	
	
	2
	14.55
	1.5
	84.61
	17.8

	
	2
	2
	15.08
	5.2
	101.35
	41.2

	
	
	4
	15.47
	8.0
	82.51
	14.9

	
	4
	4
	16.45
	14.8
	89.56
	24.7

	
	
	6
	16.85
	17.6
	56.67
	-21.1


Table 3. Detailed Results with All RNs of Sector in a Single Block

	DS Case
	N
	S
	TA (Mbps)
	TM (Mbps)
	TR (Mbps)
	te (kbps)
	tA (kbps)
	TM (kbps)
	tR (kbps)
	tB (Mbps)
	pr    (%)
	pR (%)

	1
	0
	0
	19.31
	19.31
	–
	197.91
	588.71
	588.71
	–
	–
	–
	–

	
	1
	1
	18.82
	17.08
	1.74
	162.95
	578.73
	609.47
	364.06
	1.96
	12.2
	89.0

	
	
	2
	18.67
	15.10
	3.57
	161.88
	558.56
	538.74
	765.86
	4.04
	12.2
	89.0

	
	2
	2
	18.85
	14.81
	4.05
	168.32
	568.11
	564.73
	591.30
	2.57
	17.4
	79.2

	
	
	4
	18.93
	11.05
	7.89
	136.16
	485.31
	423.39
	1205.68
	5.20
	17.4
	79.2

	
	4
	4
	19.48
	10.72
	8.77
	140.20
	523.39
	449.12
	907.31
	3.29
	24.4
	68.3

	
	
	6
	19.64
	7.03
	12.61
	92.50
	379.83
	293.52
	1372.81
	4.94
	24.4
	68.3

	3
	0
	0
	14.33
	14.33
	–
	71.80
	443.99
	443.99
	–
	–
	–
	–

	
	1
	1
	14.34
	12.87
	1.47
	87.78
	439.80
	444.89
	395.98
	1.70
	10.0
	86.4

	
	
	2
	14.55
	11.58
	2.97
	84.61
	419.67
	399.11
	809.54
	3.56
	10.0
	86.4

	
	2
	2
	15.08
	11.41
	3.67
	101.35
	446.95
	428.55
	633.47
	2.35
	15.6
	79.0

	
	
	4
	15.47
	8.61
	6.86
	82.51
	363.46
	323.76
	1232.87
	4.79
	15.6
	79.0

	
	4
	4
	16.45
	8.44
	8.01
	89.56
	398.98
	339.66
	1069.67
	2.84
	21.6
	73.7

	
	
	6
	16.85
	5.53
	11.32
	56.67
	278.70
	219.03
	1552.71
	4.29
	21.6
	73.7


The results show that there is either a very small gain or loss in sector throughput for DS Case 1 in the various relay scenarios relative to the scenario with no relays. Small to moderate gains (up to ~17%) are observed for DS Case 3. For DS Case 1, the throughput reduction in macro-cells due to allocation of backhaul resources is offset by the throughput relay-cells and, hence, the total sector throughput remains about the same. For DS Case 3, however, the relay-cells exhibit better utilization of resources than the macro-cell. Thus the relay-cell throughput more than offsets the reduction in macro-cell throughput, thereby yielding a gain in sector throughput. Sector throughputs are compared in Figure 3 and Figure 4 for DS Case 1 and DS Case 3, respectively. The best-case sector throughput gain for DS Case 3 is about 17%. Increasing the backhaul capacity (i.e., S) improves relay-cell throughput (i.e., throughputs of all UEs in the relay cells) and, hence, sector throughput. Increasing the number of RNs per sector improves the sector throughput by virtue of increased relay capacity.
Large gains in 5th percentile UE throughput relative to the baseline scenario are also realized for DS Case 3 (except in the scenario with N=4 and S=6) whereas the 5th percentile UE throughput is degraded for DS Case 1. Increasing the backhaul capacity degrades both 50th percentile UE throughput and 5th percentile UE throughput. The percentage of UEs attached to relays is modest (~10%–25% for the scenarios considered) for both DS cases. The percentage of dropped relays that are active is fairly large (>68% for the scenarios considered). The cumulative distribution function (CDF) of the signal-to-interference-plus-noise ratio (SINR) observed at the UEs in each of the relay scenarios is plotted in Figure 5 and Figure 6 for DS Case 1 and DS Case 3, respectively. CDFs are provided separately for macro-cell UEs and relay-cell UEs as well as for all UEs put together. The higher-percentile SINRs are better for the relay-cell UEs than for macro-cell UEs whereas the trend is reversed for lower-percentile SINRs.
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Figure 3. Average Sector Throughput in Different Scenarios for DS Case 1with All RNs of Sector in a Single Block
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Figure 4. Average Sector Throughput in Different Scenarios for DS Case 3 with All RNs of Sector in a Single Block

3.3. Results with RNs in Sector Distributed over Multiple Blocks

The DL simulation results obtained with RNs in each sector distributed over multiple blocks, i.e., with no more than one RN per block, are summarized in Table 4. Table 5 provides detailed results. Note that this relay dropping methodology permits more RNs per sector. Hence we consider the cases of 3 or 6 RNs per sector.
Table 4. Summary of Results with RNs in Sector Distributed over Multiple Blocks

	DS Case
	N
	S
	TA (Mbps)
	% gain in TA with relays
	te (kbps)
	% gain in te with relays

	1
	0
	0
	19.31
	0.0
	197.91
	0.0

	
	3
	2
	19.73
	2.2
	139.69
	-29.4

	
	
	4
	19.91
	3.1
	141.08
	-28.7

	
	6
	4
	20.22
	4.7
	131.08
	-33.8

	
	
	6
	20.99
	8.7
	113.49
	-42.7

	3
	0
	0
	14.33
	0.0
	71.80
	0.0

	
	3
	2
	15.82
	10.4
	107.35
	49.5

	
	
	4
	16.61
	15.9
	95.36
	32.8

	
	6
	4
	17.18
	19.9
	102.19
	42.3

	
	
	6
	18.19
	26.9
	78.11
	8.8
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Figure 5. SINR CDFs in Different Relay Scenarios for DS Case 1 with All RNs of Sector in a Single Block
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Figure 6. SINR CDFs in Different Relay Scenarios for DS Case 3 with All RNs of Sector in a Single Block
Relative to the previous relay-dropping methodology, the system performance is improved in all relay scenarios. This can be inferred, for example, by observing that the sector throughputs for N=3 and S=4 in Table 4 are slightly higher than the sector throughputs for N=3 and S=4 in Table 2. That is, improved results are obtained with fewer relays per sector wit the same number of backhaul SFpRF. The sector throughputs in various scenarios are compared in Figure 7 and Figure 8 for DS Case 1 and DS Case 3, respectively. For DS Case 1, sector throughput gains are due to higher throughputs in relay-cells. For DS Case 3, however, there is also improved utilization of macro-cell capacity, with more UEs experiencing weak macro-cell links being pulled into relay-cells, thereby allowing UEs with good links to achieve substantially higher throughputs. Nevertheless, the proportionately higher contribution of relay-cells is the main factor in yielding the sector throughput gains relative to the baseline scenario. With 6 RNs per sector, a sector throughput gains of ~9% can be achieved for DS Case 1 and a gain in excess of 25% can be achieved for DS case 3.
Table 5. Detailed Results with RNs in Sector Distributed over Multiple Blocks

	DS Case
	N
	S
	TA (Mbps)
	TM (Mbps)
	TR (Mbps)
	te (kbps)
	tA (kbps)
	TM (kbps)
	tR (kbps)
	tB (Mbps)
	pr    (%)
	pR (%)

	1
	0
	0
	19.31
	19.31
	–
	197.91
	588.71
	588.71
	–
	–
	–
	–

	
	3
	2
	19.73
	15.17
	4.56
	139.69
	602.09
	656.70
	412.31
	1.86
	26.2
	81.9

	
	
	4
	19.91
	10.92
	8.99
	141.08
	519.55
	469.69
	831.50
	3.77
	26.2
	81.9

	
	6
	4
	20.22
	11.05
	9.17
	131.08
	585.30
	600.93
	567.03
	2.11
	40.5
	72.7

	
	
	6
	20.99
	7.28
	13.71
	113.49
	508.38
	396.18
	838.70
	3.19
	40.5
	72.7

	3
	0
	0
	14.33
	14.33
	–
	71.80
	443.99
	443.99
	–
	–
	–
	–

	
	3
	2
	15.82
	11.82
	4.00
	107.35
	475.43
	478.39
	462.06
	1.65
	22.8
	81.4

	
	
	4
	16.61
	8.80
	7.81
	95.36
	411.91
	354.30
	902.64
	3.34
	22.8
	81.4

	
	6
	4
	17.18
	8.91
	8.27
	102.19
	498.70
	464.62
	614.13
	1.87
	36.8
	74.5

	
	
	6
	18.19
	5.93
	12.26
	78.11
	411.51
	309.68
	900.47
	2.81
	36.8
	74.5
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Figure 7. Average Sector Throughput in Different Scenarios for DS Case 1 with RNs in Sector Distributed over Multiple Blocks
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Figure 8. Average Sector Throughput in Different Scenarios for DS Case 1 with RNs in Sector Distributed over Multiple Blocks
Based on a similar comparison, it can be inferred that the 5th percentile UE throughput performance is also improved relative to the previous relay dropping methodology. Thus, the loss is lower for DS Case 1 and the gain is higher for DS Case 3. It is noteworthy that a higher percentage of UEs attach to relays and the percentage of dropped RNs that are active is also higher. This can again be inferred by comparing the numbers for N=3 and S=4 in Table 4 with the corresponding numbers for N=3 and S=4 in Table 2.
4. Conclusions

In this contribution, simulation results are provided for DL performance of indoor relay systems using the models for the 5×5 Grid layout. Two relay dropping methodologies are studied. In the first methodology, all the RNs are dropped inside a single block in the sector. In the second methodology, RNs are distributed over multiple blocks with no more than one RN per block. Due to minimum separation constraints, no more than 4 RNs can be dropped in a sector using the first methodology whereas such a constraint does not exist for the second methodology. 
The simulation results show that the second methodology yields better relay performance because more UEs attach to the RNs than in the first methodology. Using the first methodology, modest sector throughput gains are observed only for DS Case 3. Using the second methodology, sector throughput gains relative to the baseline scenario with no relays are observed for both DS Case 1 and DS Case 3. The gains observed for DS Case 1 are small, whereas more significant gains are observed for DS Case 3. With both relay dropping methodologies, there is a loss in 5th percentile UE throughput for DS Case 1 while a significant gain can be achieved for DS Case 3. Based on these results, it can be concluded that deployment of indoor relays with indoor donor antennas can yield benefits in large cells. 
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Appendix: Simulation Assumptions

	Parameter
	Assumption

	Cellular Layout
	19-site, 2-ring layout, 3 sectors per site, with wrap-around

	Relay layout
	3 or 6, randomly dropped within different blocks

	Correlation distance of Shadowing
	50 m

	Shadowing correlation
	Between sites
	0.5

	
	Between sectors
	1.0

	Macro-cell inter-site distance (ISD)
	500 m (DS Case 1)

1732 m (DS Case 3)

	Total eNB transmit power
	40 W

	Total RN transmit power
	0.1 W

	eNB antenna gain
	14 dBi

	Channel model
	ITU Typical Urban (TU)

	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 (10 used for data, 3 for control (n=3), 1 for RS overhead)

	Antenna pattern for macro eNBs to UEs (horizontal)
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	Antenna pattern for macro eNBs to UEs (vertical)
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	Antenna electronic down-tilt for macro eNB
	DS Case 1: 15 degrees

DS Case 3: 6 degrees

	eNB and relay transmitters
	2 antennas

	Relay receiver
	2 antennas

	UE receiver
	2 antennas

	Relay noise figure
	5 dB

	UE noise figure
	9 dB

	Traffic model
	Full-buffer

	Simulation time
	10 s

	Indoor model
	5×5 grid model with one floor [1].


	Indoor block dropping
	Randomly and uniformly within geographical area of sector

	Number of indoor blocks per sector
	~35% of cell area is covered by blocks

DS Case 1: 10

DS Case 3 : 120

	Number or indoor relays per sector
	Relays dropped in single block of sector: 1, 2, or 4

Relays dropped in multiple blocks of sector: 3 or 6

	Number of subframes per frame reserved for backhaul
	1, 2, 4, or 6

	UE dropping
	Randomly and uniformly over simulation space, at least 35 m away from any site

	Number of UEs per sector
	25

	Number of random drops performed in simulation
	4

	Scheduler
	Wideband PF 

	HARQ
	IR with N=8

	Link Mapping
	EESM

	Receiver type: Rank1, Rank 2
	IRC, MMSE

	Other Cell interference
	Explicitly modeled

	Control Channels 
	Explicitly modeled with n=3 symbols

	Channel Estimation
	Non-ideal
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