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1. Introduction
Discussions on heterogeneous networks are on going on both technical and modeling aspects. Typical heterogeneous networks are composed of the macro eNBs overlaid by low-power nodes such as RRH/Pico/HeNB to cover hotspots with relatively small cell radius. One fundamental problem in heterogeneous network is that the downlink/uplink imbalance problem occurs due to a difference in the transmission power. As pointed out in some contributions [1-5], inter-cell interference between high-power and low-power nodes is more significant than that in homogeneous networks due to the imbalance. Therefore, inter-cell interference management will be more important in heterogeneous networks. As shown in [6], key technical aspects on heterogeneous networks are (1) serving cell selection, (2) ICIC for data channel, (3) ICIC for control channels. 
This contribution focuses on the aspects (1) and (2) to clarify the potential throughput performance enhancement by introducing interference management techniques. More specifically, we evaluate the throughput performance gain of a heterogeneous network with macro cells overlaid by hotzone cells by utilizing range expansion for serving cell selection and resource partitioning for ICIC for data channels.
2. Deployment Scenarios for Heterogeneous Networks
Figure 1(a) illustrates a basic homogeneous deployment where each hotspot is covered by a high-power node, i.e., a macro eNB. In this contribution, a homogeneous deployment means that the transmission power for each cell is equal. Although a high-power amplifier is required for each cell, the downlink/uplink imbalance problem does not occur due to equal transmission power. It should be noted that in order to efficiently cover each high-traffic area the cell radius for each cell can be designed differently by utilizing antenna tilting and antenna height even with equal transmission power as shown in Figure 1(b).
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Figure 1 – Homogeneous network deployment
Figure 2 illustrates a heterogeneous deployment where each hotspot is covered by a low-power node such as a pico eNB and a wide area is supported by a high-power node, i.e., a macro eNB. A low-power amplifier is sufficient for each low-power node, but the downlink/uplink imbalance problem occurs due to a difference in the transmission power. As pointed out in some contributions [1-5], inter-cell interference between high-power and low-power nodes is more significant than that in homogeneous networks due to the imbalance. Therefore, inter-cell interference management will be more important in heterogeneous networks.
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Figure 2 – Heterogeneous network deployment
3. Range Expansion and Interference Coordination
3.1. Range Expansion (RE)
As pointed out in [7], cell selection has a dramatic impact on network performance. In the existing received power (RP) based cell selection by using RSRP measurement, UE is typically served by the cell with the strongest received power. On the other hand, range expansion (RE) is a cell selection enabling UE to connect to the low-power node even when it is not the strongest cell to offload traffic from the macro cell. The Release 8 specification enables RE by applying an offset that is biased to the RSRP received from the low-power node [8], where the maximum offset is 24 dB [9].
3.2. Interference Coordination by Resource Partitioning

Figure 3 (a) illustrates a heterogeneous network without interference coordination deployment, in which all resources are utilized in both macro cell and pico cell. On the other hand, Fig. 3 (b) illustrates a heterogeneous network with interference coordination by resource partitioning. As shown in Fig. 3 (b), pico cell utilizes all resources, while macro cell utilizes a part of resources. Note here that resources may be partitioned in the frequency or time domain. Compared to the case without interference coordination, the resource partitioning degrades the macro cell throughput but improves the pico cell throughput, which thus results in the improvement of overall cell throughput especially when the number of pico cells becomes larger.
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(a)  Macro cell + pico cell without interference coordination

[image: image4.wmf]resource

Macro

Pico

n

n

resource

m

m


(b) Macro cell + pico cell with interference coordination by resource partitioning with m : n macro on-off ratio
Figure 3 – Interference coordination in heterogeneous networks

4. Simulation Results
4.1. Simulation Parameters

Simulation parameters are based on the assumptions in TR 36.814 as summarized in Table 1.
To clarify the gain of simply increasing the low-power nodes (pico eNBs) in a network, we compare the DL performance between “macro cell only” and “macro cell + pico cell w/o interference coordination.” As a reference, the DL performance of “macro cell + pico cell w/o interference coordination” when total transmit power of pico eNB is the same as that of eNB, i.e., 46 dBm, is also evaluated. Furthermore, to clarify the gain of interference coordination in heterogeneous network, the DL performance of “macro cell + pico cell using resource partitioning” is also compared. In addition, three options of cell selection; 1) RP-based, 2) RE with 8 dB bias and 3) RE with 16 dB bias, are assumed for the heterogeneous network. Note that, since the difference of transmission power between high-power node (eNB) and low-power node (pico eNB) is 16 dB in our assumption, RE with 16 dB bias gives the same result as the path loss-based cell selection.
Table 1 – Simulation parameters

	Parameter
	Macro
	Pico

	Cellular layout
	19 cell sites, 3 sectors per site
	1, 2, 4, 10 pico cells per sector

	Cell radius
	289 m
	40 m

	Minimum distance between UE and eNB/pico eNB
	35 m
	10 m

	Distance-dependent path loss
	128.1 + 37.6log10(R) dB, R in km
	140.7 + 36.7log10(R) dB, R in km

	Shadowing standard deviation
	8 dB
	10 dB

	Shadowing correlation
	0.5 (between cells),
1 (between sectors)
	0.5

	Correlation distance of Shadowing
	50 m

	Penetration loss
	20 dB

	Moving speed
	3 km/h

	Antenna pattern
	See Table 2.1.1-2 [TR 36.814]
	A(() = 0 dB (horizontal)

	Channel model
	TU channel model

	Total BS TX power (Ptotal)
	46 dBm
	30 dBm

	Antenna configuration
	2 Tx  and 2 Rx antenna ports, uncorrelated

	Antenna gain
	14 dBi
	5 dBi

	UE placement
	Configuration #1: Uniform 25 UEs within macro cell area
Configuration #4: Total 30 UEs, uniform 2 UEs within each pico eNB coverage (40 m cell radius), uniform remaining UEs within macro cell area

	Minimum distance between eNB and pico eNB
	35 m

	Minimum distance between pico eNBs
	40 m

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	Scheduling algorithm
	Proportional fairness

	Control delay
	6 ms

	HARQ
	Chase combining

	HARQ round trip delay
	8 ms

	Traffic model
	Full buffer


4.2. Simulation Results

4.2.1. DL performance in configuration #1

Figures 4 (a), (b), (c) and (d) show the 5% user throughput, overall cell throughput, fraction of user, and CDF of user throughput, respectively when the number of pico eNBs per sector is 1. Table 2 summarizes the performance and shows the performance gain over “macro cell only” and “macro cell + pico cell w/o interference coordination.” We can see that compared to “macro only,” gain of 5% user throughput and overall cell throughput by using “macro + pico w/o coordination (RP-based)” are 0.7% and 29.2%, respectively. It is clear that the RE cell selection degrades overall cell throughput due to UL/DL imbalance when interference coordination is not utilized. On the other hand, compared to “macro + pico w/o coordination (RP-based),” interference coordination degrades 5% user throughput. Therefore, interference coordination is not needed when the number of pico eNBs per sector is 1.
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(a) 5% UE throughput

       

(b) Overall cell throughput
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(c) Fraction of UE
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 (d) UE throughput CDF

Figure 4 – Performance in configuration #1, number of pico eNBs per sector is 1
Table 2 – Summary of performance in configuration #1: number of pico eNBs per sector is 1
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Figures 5 (a), (b), (c) and (d) show the 5% user throughput, overall cell throughput, fraction of user, and CDF of user throughput, respectively when the number of pico eNBs per sector is 2. Table 3 summarizes the performance and shows the performance gain over “macro cell only” and “macro cell + pico cell w/o interference coordination.” We can see that compared to “macro only,” gain of 5% user throughput and overall cell throughput by using “macro + pico w/o coordination (RP-based)” are 0.7% and 67.5%, respectively. Similar to when the number of pico eNBs per sector is 1, the RE cell selection degrades overall cell throughput when interference coordination is not utilized. On the other hand, compared to “macro + pico w/o coordination (RP-based),” gain of 5% user throughput and overall cell throughput by using “macro + pico w/ coordination + RE (16 dB bias)” are 16.1% and 1.4%, respectively. Therefore, according to the small gain of overall cell throughput, interference coordination may not be needed when the number of pico eNBs per sector is 2.
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Figure 5 – Performance in configuration #1, number of pico eNBs per sector is 2
Table 3 – Summary of performance in configuration #1: number of pico eNBs per sector is 2
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Figures 6 (a), (b), (c) and (d) show the 5% user throughput, overall cell throughput, fraction of user, and CDF of user throughput, respectively when the number of pico eNBs per sector is 4. Table 4 summarizes the performance and shows the performance gain over “macro cell only” and “macro cell + pico cell w/o interference coordination.” We can see that compared to “macro only,” gain of 5% user throughput and overall cell throughput by using “macro + pico w/o coordination (RP-based)” are 7.0% and 156.6%, respectively. It is clear that the RE cell selection degrades overall cell throughput when interference coordination is not utilized. On the other hand, compared to “macro + pico w/o coordination (RP-based),” gain of 5% user throughput and overall cell throughput by using “macro + pico w/ coordination + RE (16 dB bias)” are 68.1% and 10.3%, respectively. Therefore, interference coordination becomes beneficial when the number of pico eNBs per sector is increased to 4.
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 (d) UE throughput CDF

Figure 6 – Performance in configuration #1, number of pico eNBs per sector is 4
Table 4 – Summary of performance in configuration #1: number of pico eNBs per sector is 4
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Figures 7 (a), (b), (c) and (d) show the 5% user throughput, overall cell throughput, fraction of user, and CDF of user throughput, respectively when the number of pico eNBs per sector is 10. Table 5 summarizes the performance and shows the performance gain over “macro cell only” and “macro cell + pico cell w/o interference coordination.” We can see that compared to “macro only,” gain of 5% user throughput and overall cell throughput by using “macro + pico w/o coordination (RP-based)” are 16.9% and 317.0%, respectively. Similar to above-mentioned, the RE cell selection degrades overall cell throughput when interference coordination is not utilized. On the other hand, compared to “macro + pico w/o coordination (RP-based)”, gain of 5% user throughput and overall cell throughput by using “macro + pico w/ coordination + RE (16 dB bias)” are 130.4% and 21.2%, respectively. Therefore, interference coordination can be deployed when the number of pico eNBs per sector is 10.
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 (d) UE throughput CDF

Figure 7 – Performance in configuration #1, number of pico eNBs per sector is 10
Table 5 – Summary of performance in configuration #1: number of pico eNBs per sector is 10
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As discussed in above, we can summarize for configuration #1 as follows.
· When the number of pico eNBs per sector is 1, interference coordination is not needed.

· When the number of pico eNBs per sector is 2, interference coordination may not be needed.

· When the number of pico eNBs per sector is 4, interference coordination is effective.
· When the number of pico eNBs per sector is 10, interference coordination can be deployed.
4.2.2. DL performance in configuration #4

Figures 8 (a), (b), (c) and (d) show the 5% user throughput, overall cell throughput, fraction of user, and CDF of user throughput, respectively when the number of pico eNBs per sector is 4. Table 6 summarizes the performance and shows the performance gain over “macro cell only” and “macro cell + pico cell w/o interference coordination.” We can see that compared to “macro only,” gain of 5% user throughput and overall cell throughput by using “macro + pico w/o coordination (RP-based)” are 11.4% and 166.2%, respectively. It is clear that the RE cell selection degrades overall cell throughput when interference coordination is not utilized. On the other hand, compared to “macro + pico w/o coordination (RP-based),” gain of 5% user throughput and overall cell throughput by using “macro + pico w/ coordination + RE (16 dB bias)” are 77.3% and 10.1%, respectively. Therefore, similar to configuration #1, interference coordination is beneficial in configuration #4 when the number of pico eNBs per sector is 4.

[image: image25.wmf]0

100

200

300

400

500

600

5% UE throughput [kbps]

Macro only

Macro + 

pico

w/o 

coor

+ RP

-

based

Macro + 

pico

w/o 

coor

+ RE (8dB bias)

Macro + 

pico

w/o 

coor

+ RE (16dB bias)

Macro + 

pico

w/o 

coor

(same

Tx

power) + RP

-

based

Macro + 

pico

w/ 

resrource

splitting (1:1) + RP

-

based

Macro + 

pico

w/ 

resrource

splitting (1:1) + RE (8dB bias)

Macro + 

pico

w/ 

resrource

splitting (1:1) + RE (16dB bias)

Macro only

Macro + 

pico

w/o 

coor

+ RP

-

based

Macro + 

pico

w/o 

coor

+ RE (8dB bias)

Macro + 

pico

w/o 

coor

+ RE (16dB bias)

Macro + 

pico

w/o 

coor

(same

Tx

power) + RP

-

based

Macro + 

pico

w/ 

resrource

splitting (1:1) + RP

-

based

Macro + 

pico

w/ 

resrource

splitting (1:1) + RE (8dB bias)

Macro + 

pico

w/ 

resrource

splitting (1:1) + RE (16dB bias)

W/o coordination

W/ coordination

W/o coordination

W/ coordination

   [image: image26.wmf]0

10

20

30

40

50

60

70

80

90

Overall cell throughput [Mbps]

Pico

Macro

Macro only

Macro + 

pico

w/o 

coor

+ RP

-

based

Macro + 

pico

w/o 

coor

+ RE (8dB bias)

Macro + 

pico

w/o 

coor

+ RE (16dB bias)

Macro + 

pico

w/o 

coor

(same

Tx

power) + RP

-

based

Macro + 

pico

w/ 

resrource

splitting (1:1) + RP

-

based

Macro + 

pico

w/ 

resrource

splitting (1:1) + RE (8dB bias)

Macro + 

pico

w/ 

resrource

splitting (1:1) + RE (16dB bias)

Macro only

Macro + 

pico

w/o 

coor

+ RP

-

based

Macro + 

pico

w/o 

coor

+ RE (8dB bias)

Macro + 

pico

w/o 

coor

+ RE (16dB bias)

Macro + 

pico

w/o 

coor

(same

Tx

power) + RP

-

based

Macro + 

pico

w/ 

resrource

splitting (1:1) + RP

-

based

Macro + 

pico

w/ 

resrource

splitting (1:1) + RE (8dB bias)

Macro + 

pico

w/ 

resrource

splitting (1:1) + RE (16dB bias)

W/ coordination

W/o coordination

W/ coordination

W/o coordination


(a) 5% UE throughput

       

(b) Overall cell throughput


   [image: image27.wmf]0.0

0.2

0.4

0.6

0.8

1.0

Fraction of UE

Pico UE

Macro UE

Macro only

Macro + 

pico

w/o 

coor

+ RP

-

based

Macro + 

pico

w/o 

coor

+ RE (8dB bias)

Macro + 

pico

w/o 

coor

+ RE (16dB bias)

Macro + 

pico

w/o 

coor

(same

Tx

power) + RP

-

based

Macro + 

pico

w/ 

resrource

splitting (1:1) + RP

-

based

Macro + 

pico

w/ 

resrource

splitting (1:1) + RE (8dB bias)

Macro + 

pico

w/ 

resrource

splitting (1:1) + RE (16dB bias)

Macro only

Macro + 

pico

w/o 

coor

+ RP

-

based

Macro + 

pico

w/o 

coor

+ RE (8dB bias)

Macro + 

pico

w/o 

coor

+ RE (16dB bias)

Macro + 

pico

w/o 

coor

(same

Tx

power) + RP

-

based

Macro + 

pico

w/ 

resrource

splitting (1:1) + RP

-

based

Macro + 

pico

w/ 

resrource

splitting (1:1) + RE (8dB bias)

Macro + 

pico

w/ 

resrource

splitting (1:1) + RE (16dB bias)

W/ coordination

W/o coordination

W/ coordination

W/o coordination
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Figure 8 – Performance in configuration #4, number of pico eNBs per sector is 4
Table 6 – Summary of performance in configuration #4: number of pico eNBs per sector is 4
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5. Technical Issues: Carrier Aggregation and Single Carrier Approaches
Although the results above only consider the throughput performance of data (PDSCH) to evaluate the potential benefit of interference coordination, in practice coverage of control channels should also be ensured, and thus resource partitioning should also be considered for control channels as well as data channels. As described in several contributions, e.g., [6][10], there are two approaches for the resource splitting between macro and pico cells which are carrier aggregation approach and single carrier approach. In the following, we discuss some technical issues for each approach especially in terms of the legacy impact on Rel. 8 UEs.
5.1 Carrier Aggregation Approach
One simple solution is to utilize dual component carriers (CCs) as illustrated in Fig. 9, where the main carriers for the macro and pico cells are CC1 and CC2, respectively.  ICIC for PDCCH is done in such a simple way that the macro-PDCCH is sent from CC1 and the pico-PDCCH is sent from CC2. Due to the use of carrier indicator field (CIF), pico-UEs can be scheduled in CC1. Figure 9 shows one simple example of ICIC for PDSCH by turning off CC2 in the macro cell. However, finer or more dynamic frequency resource splitting would be possible by applying or extending the Rel. 8 ICIC mechanism. More specific dual carrier approach is proposed in [10], where the CC1 and CC2 are contiguous within 20 MHz. One possible disadvantages is reduced peak rate for Rel. 8 UE since Rel. 8 can connect to only one CC. 
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Figure 9 – Carrier aggregation approach for interference coordination

5.2 Single-Carrier Approach
Another solution is a single carrier approach [6], where the both macro and pico cells share a single CC. In this case, ICIC for data (PDSCH) could still be possible by using the Rel. 8 ICIC mechanism, where the frequency resources are divided between macro and pico cells. On the other hand, ICIC for control channel is more challenging. One possible solution is to apply R-PDCCH [6] that is being discussed the backhaul control channel in relay as shown in Fig. 10 (a), where Rel. 10 UE in pico cell can be scheduled by R-PDCCH that is transmitted in a subband of the PDSCH region. However, Rel. 8 UEs in pico cell can be scheduled only by PDCCH that is significantly interfered by macro-PDCCH, thus the coverage of Rel. 8 UE in pico cell is small. Use of R-PDCCH in the macro cell might mitigate the interference of macro-PDCCH to pico-PDCCH to some extent. Additionally, we need to study how to manage the interference to the basic channels/signal, and CRS.
One possible Rel. 8 backwards compatible solution is to introduce subframe time shifting between macro and pico cells in combination with the MBSFN subframe configuration as shown in Fig. 10 (b). In this example, the subframes of pico cells are shifted by subframes plus DL control duration, and thus the collision of DL control channels between macro and pico cells, and also the collision of the basic channels/signals can be avoided. However, possible issues in this approach are that resource splitting between macro and pico cells are not perfect both for control and data channels. In addition, pico-UEs observe dynamic fluctuation of interference between dark blue and light blue subframes in Fig. 10 (b). The impact of these impairments should be further studied.
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(b) Subframe shift with MBSFN subframes
Figure 10 – Single carrier approach for interference coordination

6. Conclusion
In this contribution, we investigated the potential throughput performance improvement of heterogeneous networks employing range expansion and interference coordination by resource partitioning between macro and hotzone cells. Table 7 captures our evaluation summary. Our simulation results show that for larger number of hotzone cells, range expansion and resource partitioning become more effective, e.g., 
· for 4 hotzone cells  per macro cell, 68% cell-edge user throughput gain and 10% overall cell throughput gain are achieved.

· for 10 hotzone cells per macro cell, 130% cell-edge user throughput gain and 21% overall cell throughput gain are achieved.

It is seen that the interference management is especially effective to enhance the cell-edge user throughput. Some of the technical issues for frequency domain and time domain resource splitting techniques are briefly discussed. Especially regarding time domain splitting approach, further study is necessary to clarify the need of new specifications and its impact on Rel. 8 terminals. 

Table 7 – Summary of throughput performance gain of the heterogeneous network utilizing range expansion cell selection and resource splitting for ICIC for data channel
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