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1. Introduction
HeNBs that are deployed indoors as low power nodes (femto-cells) are envisaged to provide broadband coverage to indoor users, as well as offload indoor users from the macro-cell. Tremendous gains in system capacity have been reported for co-channel deployment of HeNBs and macro eNBs, due to an enhanced reuse of radio resources [1]. However, co-channel deployment of heterogeneous networks potentially introduces destructive interference. A particularly critical scenario are closed subscriber group (CSG) HeNBs that share the available resources with the macro-cell, which imposes critical downlink interference to nearby macro UEs [2]. In order to maintain reliable service of macro-cells, it is imperative to mitigate the destructive HeNB to macro UE interference [3]. 
This contribution focuses on mitigating downlink HeNB to macro UE interference through resource partitioning, which has been proposed in [4]. The basic principle is that HeNB are denied access to downlink resources that are assigned to macro UE in their vicinity. By doing so, interference to macro UEs is effectively controlled at the expense of a modest degradation in HeNB capacity. The necessary backhaul signalling is conveyed through downlink high interference indicator (DL-HII) messages between eNB and HeNB (or HeNB gateway).
2. Femto-Cell Resource Partitioning
We are considering heterogeneous network deployment scenario (a) in [3]: A HeNB disturbs the DL of a macro UE in its vicinity that is not member of the closed subscriber group (CSG).

2.1. DL Interference Coordination between eNBs and HeNBs
To reduce the DL interference of HeNBs on the data channel of nearby macro UEs, resource partitioning between macro eNB and HeNB is utilized. Resource partitioning is adaptively applied to control the interference of HeNBs as follows [4]:

1) A UE detects the E-UTRAN cell global identifier (ECGI) and the signal strength of surrounding eNBs and HeNBs by reference signal received power (RSRP) measurements (e.g., determined by an RSRP threshold as detailed below) and reports these to its serving eNB [5]. This is done using the same radio resource control (RRC) mechanisms that are already implemented for mobility activities and handover.

2) The eNB that serves the affected UE signals a DL-HII message to interfering HeNBs. The DL-HII message consists of the ECGIs of the sending eNB and the interfering HeNB and a field indicating the physical resource blocks (PRBs) with high interference sensitivity. DL-HII may have a configurable lifetime, which determines the maximum duration for which the DL-HII messages is valid.
3) The HeNBs receiving a DL-HII message must refrain from using the resources indicated by the DL-HII message. A new DL-HII message from the same eNB overrides older DL-HII messages. 
4) The eNB may schedule the UE preferably on those PRBs that have been indicated in the DL-HII message to benefit from the low interference power condition on these PRBs.

2.2. RSRP Threshold
In order to implement femto-cell resource partitioning, a pre-defined RSRP threshold, Ith, is introduced. In case the average channel gain between a HeNB and the affected macro UE exceeds Ith, the HeNB is instructed to perform resource partitioning by suppressing transmission on PRBs that are reserved by the affected macro UE. Suppose that macro UE u served by eNB v is trapped within the coverage area of a CSG femto-cell, served by HeNB i. In case the following condition for the RSRP from HeNB i measured at UE u, denoted by RSRPiu, holds
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UE u informs its serving  eNB v to send a DL-HII message to HeNB i, which triggers the resource partitioning procedure described above. Clearly, decreasing the value of Ith increases the size of the “exclusion region” and protects a larger number of macro UEs. Therefore, the lower the threshold Ith, the more resources are partitioned by HeNB, so that the impact of resource partitioning on femto-cell performance increases as Ith decreases.
3. Signaling and Overhead
3.1. X2 Interface between HeNB and Macro eNB
The current architecture of the HeNB subsystem (HeNS) is specified in [6], which lacks an X2 connection to HeNBs.

For sending DL-HII messages between eNBs and HeNBs the X2 interface [6][7] may be extended to the femto layer. Figure 1 shows the E-UTRAN architecture required for DL-HII signaling between eNBs and HeNBs. For HeNBs connected via HeNB GW the X2 interface is extended to the HeNB GW. eNBs have only an X2 interface to a specific HeNB GW, if that HeNB GW may have HeNBs in the interference protection area of the corresponding eNB. HeNBs that are directly connected to the MME / S-GW may either have a direct X2 connection to nearby eNBs, or they may have an X2 connection to the HeNB GW.

The HeNB GW receives DL-HII messages from eNBs via the X2 interface and forwards the message to the recipient denoted in the message header. Moreover, the HeNB GW receives “request” and “release” messages (see Section 3.3) from the HeNBs and forwards them to all eNBs connected via X2 interface to the HeNB GW.

HeNBs that are directly connected to eNBs via X2 exchange DL-HII messages directly. 
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Figure 1: E-UTRAN architecture with X2 interface extended to HeNBs
3.2. DL-HII Message Format

The DL-HII messages that indicate which resources a particular HeNB must not use, may be conveyed by a bitmap that is equivalent to that of the RNTP (Relative Narrowband Transmission Power) indicator message [8]. The RNTP indicator is used by an eNB to signal to neighbouring eNB on which PRBs it intends to transmit with high power. Each bit of the RNTP indicator corresponds to one PRB [8]. The value of the threshold and the time period for which the indicator is valid are configurable parameters. Furthermore, the source and destination cell IDs are contained in the RNTP.

Provided that HeNB are also connected to the X2 interface, DL-HII messages emitted by eNB may be configured to perform resource partitioning at certain HeNB by using the format of the RNTP indicator. Suppose that macro UE u served by eNB v is trapped within the coverage area of a CSG femto-cell, served by HeNB i. Then resource partitioning is implemented by eNB v sending a DL-HII message to HeNB i, where ones and zeros correspond to PRB where HeNB i may and may not transmit, respectively. 

3.3. Signaling Overhead

It is not practical to update DL-HII messages for each subframe, i.e. in 1 ms periods, due to signaling overhead (the number of DL-HII messages) and latency constraints of the X2 interface. The signaling overhead may be reduced significantly by increasing the rate of updates. As the proposed interference coordination scheme is applicable to indoor scenarios, where the coherence time of the channel is typically in the order of tens of ms or so, reasonable values for the periodicity of DL-HII message updates are in the range [10, 100] ms, which significantly reduces overhead. The impact of latency on the performance of CSG HeNB interference coordination was investigated in [9], and it was shown that for latency up to 100 ms, only modest degradation in performance is observed. 
To limit the signaling overhead further a “request and release” protocol is proposed in [4], which is described as follows:
· When a UE connects to a HeNB the HeNB sends a “request” message via X2 to nearby eNBs to request DL-HII messages; when the last UE disconnects from the HeNB the HeNB sends a “release” message to the same eNBs.

· When an eNB receives a “request” message it notes the HeNBs ECGI in a list; when the eNB receives a “release” message the HeNBs ECGI is removed from the list.

· The eNB sends DL-HII messages only to those HeNBs that are on its list.

By request and release signaling HII messages are only sent when an HeNB could actually cause interference because it serves active UEs. Unnecessary overhead on the X2 interface and on the HeNB GW caused by exhaustive HII signaling is avoided. This is especially relevant when there are many HeNBs in a macro cell but only few of them are active.
4. Simulation Results

The DL data transmission of a cellular system with eNBs and HeNBs has been simulated. Parameters are summarized in Table 1 and chosen as detailed in [10], with the following options or deviations: 3 tiers comprising of 19 active cells (i.e., sectors) surrounded by 2 tiers comprising of 42 passive cells are simulated. The dense urban scenario is investigated with an inter site distance (ISD) of 500 meters. The 5x5-grid model is used for HeNB deployment with 1, 4, and 14 5x5-grids per sector. Path loss models are chosen according to [10], with a wall penetration loss of 20 dB where applicable. Macro UEs in the 5x5 grid are indoors (14%), all other macro UEs are outdoors (86%). Frequency selective fading is modeled; round robin (RR) scheduling is used with always full buffers. We simulate an eNB / HeNB with 1 Tx antenna per sector; the UEs perform MRC with 2 Rx antennas. Closed access policy is assumed for all HeNBs. Only interference on the data channel is investigated.
Table 1: Simulation Parameters
	Interference scenario
	Downlink shared data channel (PDSCH)

	Access policy
	Closed access (CSG)

	Scenario
	Dense urban

	Number of cells
	19 active (3 tiers), 42 passive (2 tiers)

	Inter site distance
	500 m

	HeNB deployment
	5x5 grid

	Number of clusters (5x5-grids) per cell
	1, 4 and 14

	Macro UE location
	14% indoor, 86% outdoor

	Wall penetration loss
	20 dB

	Fading model
	Frequency selective fading

	Scheduler
	Round robin

	Traffic model
	Full buffers

	Number of Tx antennas
	1 (eNB, HeNB)

	Number of Rx antennas at UE
	2, MRC

	RSRP threshold for interfering cells Ith
	{-75, -90} dBm

	Other parameters
	As specified in [10]
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(a) 1 grid per cell
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(b) 4 grids per cell
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(c) 14 grids per cell
Figure 2: CDFs of Macro DL user throughput for a system with and without resource partitioning (RP).
In Figure 2 (a), (b) and (c) the DL user throughput of macro UEs is shown for 1, 4and 14 grids per cell, respectively. The following observations can be made:
· While for 1 grid per cell (Figure 2 (a)) the overall user throughput is not affected by resource partitioning (RP), the benefits of RP become apparent as the number of grids per cell increase to 4 and 14 grids (Figure 2 (b) and (c)), respectively. The reason is the increased probability that macro UEs are located within the coverage area of a HeNB. 

· For 4 and 14 grids per cell, macro UEs with relatively poor throughput (low percentiles of the CDF) particularly benefit from RP. 
· Decreasing the interference threshold Ith in (1) from -75 to -90dBm forces more HeNBs to partition resources. Hence, the interference caused by HeNBs reduces and the macro UE throughput improves accordingly.
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Figure 3: CDFs of Femto DL user throughput for a system with and without resource partitioning (RP).
Figure 3 shows the CDF of the femto DL throughput. The following observations can be made:

· The femto DL throughput is compromised due to resource partitioning (RP), as some resources are prohibited for the HeNB. 
· For high thresholds, Ith = -75, the degradation is negligible, as only a small fraction of HeNBs are forced to partition resources.

· For low thresholds, Ith = -90, an increasing number of HeNBs are forced to partition resources, so that performance degrades significantly.

· In any case, the data rates of femto UEs are much higher than those of macro UEs (see Figure 2), due to the small size of the femto cell and the fewer users, i.e. one UE per HeNB, compared to 10 UEs per eNB sector.
· The number of 5x5 grids has a diminishing impact on the femto UE performance. This is also true for 14 grids per cell, although this is not shown in Figure 3.
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Figure 4: CDFs of Macro DL user throughput with affected macro UE that are nearby HeNB
In Figure 4 only the affected macro UEs are considered that are in close vicinity to a femto-cell. A macro UE is defined affected if the interference condition in (1) is satisfied. Compared to Figure 2 the following observations can be made:

· As affected macro UEs are exposed to strong HeNB interference, resource partitioning (RP) reduces the outage of macro UEs from 40% to 3.5% for Ith = -75dBm. 
· Decreasing the interference threshold Ith in (1) from -75 to -90dBm forces more HeNBs to partition resources. As a results, the outage of macro UEs is diminishing.

· Tremendous gains also for mean user throughput, due to reduced interference by RP.
· The number of 5x5 grids has a diminishing impact on the performance. This is also true for 14 grids per cell, although this is not shown in Figure 4.
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Figure 5: Femto DL throughput with femto UE nearby affected macro UE
Figure 5 shows the DL throughput of the corresponding femto UEs that are forced to partition resources for a macro UE in their vicinity. Compared to Figure 3 the following observations can be made:

· The degradation on the femto DL due to resource partitioning (RP) becomes more significant compared to Figure 3. 

· Even or high thresholds, Ith = -75, the degradation in throughput is significant.

· The performance penalty of resource partitioning for HeNBs grows for low thresholds, Ith = -90, HeNBs are forced to partition an increasing resources associated to more than one macro UE.

· In all considered cases, the mean user throughput is never below 18 Mbps.
· The number of 5x5 grids has a diminishing impact on the performance. This is also true for 14 grids per cell, although this is not shown in Figure 5.
A summary of the performance values from Figure 2 to Figure 5 is given in Table 2.
Table 2: Downlink Throughput Comparison 
(a) 1 grid per cell

	
	Macro cell
	Femto cell

	
	All macro UEs
	Macro UEs with
nearby HeNB
	All femto UEs
	Femto UEs with
nearby macro UE

	Median
	Conventional
	1. 1 Mbit/s
	0.05 Mbit/s
	31.8 Mbit/s
	31.7 Mbit/s

	
	RP
	Ith=-75dBm
	1.12 Mbit/s
	0.56 Mbit/s
	30.2 Mbit/s
	24.2 Mbit/s

	
	
	Ith=-90dBm
	1.17 Mbit/s
	1.1 Mbit/s
	20.6 Mbit/s
	18.9 Mbit/s

	5 percentile
	Conventional
	164 kbit/s
	0 kbit/s
	8.5 Mbit/s
	8.5 Mbit/s

	
	RP
	Ith=-75dBm
	195 kbit/s
	17 kbit/s
	8.4 Mbit/s
	6.5 Mbit/s

	
	
	Ith=-90dBm
	222 kbit/s
	215 kbit/s
	5.1 Mbit/s
	4.8 Mbit/s


(b) 4 grids per cell

	
	Macro cell
	Femto cell

	
	All macro UEs
	Macro UEs with
nearby HeNB
	All femto UEs
	Femto UEs with
nearby macro UE

	Median
	Conventional
	1.01 Mbit/s
	0.1 Mbit/s
	31.8 Mbit/s
	31.7 Mbit/s

	
	RP
	Ith=-75dBm
	1.05 Mbit/s
	0.59 Mbit/s
	30.2 Mbit/s
	23.8 Mbit/s

	
	
	Ith=-90dBm
	1.18 Mbit/s
	1.13 Mbit/s
	20.6 Mbit/s
	18.7 Mbit/s

	5 percentile
	Conventional
	0 kbit/s
	0 kbit/s
	8.5 Mbit/s
	8.5 Mbit/s

	
	RP
	Ith=-75dBm
	50 kbit/s
	19 kbit/s
	8.4 Mbit/s
	6.3 Mbit/s

	
	
	Ith=-90dBm
	222 kbit/s
	215 kbit/s
	5.1 Mbit/s
	4.7 Mbit/s


5. Conclusions

While co-channel deployment of macro eNBs and HeNBs offers tremendous gains in system capacity, macro UEs that are trapped in the coverage area of a CSG HeNB are exposed to destructive downlink interference. Resource partitioning between eNB and HeNB effectively mitigates this problem by forcing HeNBs not to use those PRBs which macro UEs in close vicinity are using. 
For performance evaluation a fixed, system wide interference threshold was assumed, which allows to trade-off macro UE interference protection with femto UE throughput degradation due to resource partitioning. For a interference threshold of -75dB, the median macro throughput of affected UEs that are in close vicinity of a femto-cell is improved from 0.1Mbit/s to 0.56Mbit/s, at the expense of a femto UE degradation from 31.7 Mbit/s to 24.2 Mbit/s. Reducing the threshold to -95dBm gives a ten-fold increase in affected macro UE throughput to 1.1 Mbit/s, but then the femto throughput is almost halved (from 31.7 Mbit/s to 18.9 Mbit/s). The condition that identifies which macro UEs as affected by strong HeNB interference may be subject to further optimization.
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