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1
Introduction
It has been decided that DL operation for system bandwidths beyond 20MHz will be based on carrier aggregation. Carrier aggregation can also used to support operation in a system with non-contiguous spectrum. An LTE Rel-8 UE would be able receive only one of the backward compatible component carriers, while an LTE-Advanced multi-carrier capable terminal would be able to simultaneously use multiple component carriers.
Carrier aggregation can be very beneficial in heterogeneous network deployments, even when the system bandwidth is contiguous, and does not exceed 20 MHz. Multiple carriers enable interference management between different power class cells as well as open access and closed subscriber group (CSG) cells. Long-term resource partitioning can be carried out by exclusively dedicating carriers to a certain power class cell (Macro/Pico/CSG). Further optimizations include sharing those carriers among cells and applying power control, fractional frequency reuse (FFR) schemes, or time domain resource partitioning.

In this contribution we present simulation results that show the benefits of multicarrier interference management in heterogeneous networks.
2
Discussion
A heterogeneous network consists of cells of different power classes (e.g. Macro and Pico cells) and different access classes (open access and CSG cells) operating on the same system bandwidth. A multi-carrier system enables interference management for control and data channels of different classes of cells, by assigning distinct component carriers to interfering cells. 
2.1
Carrier Partitioning on DL
In a heterogeneous system, a multicarrier system may be configured so that cells of certain power/access class are allocated only a subset of the DL carriers, and are not allowed to transmit on the remaining DL carriers. As a result, low power cells (e.g. Micro/Pico cells) in the vicinity of a high power cell (e.g. Macro cell) may use carriers not used by the high-power cell to serve their own UEs, without being interfered by the DL transmission from the high power cell. Similarly, open access cells in the vicinity of a CSG cell (e.g. closed HeNodeB) may use carriers not used by the CSG cell to serve its own users, without being impacted by the interference from the CSG cell, thereby preventing outage to non-allowed users in the RF coverage of the CSG cell. Allocation of distinct carriers for cells of different power classes enables range expansion (i.e., associating UE with a cell that has a relatively weak DL received signal (RSRP), in order to achieve performance benefits [2][3]) in the case of open access cells. Range expansion may be used to achieve better load sharing between different cells in the network, resulting in significantly improved user throughput distribution.
Carrier allocation to different eNodeB classes is a long-term resource partitioning scheme that may only be updated on a relatively slow basis. It can be conveyed to the UEs in the system information. Allowing for some time period before the change becomes valid would provide for transition period and prevent data loss. Double system information, one new, taking effect at a certain time, and the old one valid until the certain time, could enable smooth transition.
Neighbouring cells of the same power/access class may have different carrier allocations, as shown in Figure 1. In the given example, the Macro cell 1 is allocated carriers 1 and 3, while Macro cell 2 is allocated carrier 1. In this case, Pico cells in close proximity of Macro cell 1 can use carrier 2 without being impacted by DL interference from the Macro cells, while Pico cells in the proximity of Macro cell 2 (and away from Macro cell 1) may use carriers 1 and 3, without being impacted by DL interference from the Macro cells. Hence, Pico cells in close proximity of Macro cell 1 may have a small (synchronization and control channel) coverage area on carriers 1 and 3, while they have significantly larger coverage area on carrier 2 (see Figure 1). Similarly, Pico cells in close proximity of Macro cell 2 (and away from Macro cell 2) may have a small coverage on carrier 1, while enjoying a much larger coverage area on carriers 2 and 3. 
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Figure 1:
Carrier allocation across different sites (a), and interference scenario where additional interference management scheme is needed

 In this manner, allocating only a subset of carriers to the Macro cells enables multiple Pico eNodeBs in their vicinity to significantly expand their coverage on carriers not used by the Macro cell. In other words, the Pico cells may serve its users on different carriers based on a strategic scheduling technique:  

· UEs that report significant interference from the other Macro sites on a certain carrier would not be scheduled on that carrier. For example, the UE in the previous figure would not be scheduled on carrier 3, but on the carrier 2 only. 
If additional interference coordination with between the cells is invoked, then the Pico cell may schedule the UE on carrier 3 as well. These additional mechanisms include:

· Dynamic or semi-static power adjustment (explained in the next subsection) of Macro cell on the interfering carrier
· Certain time/frequency reuse on interfering carrier resources.
The next section elaborates on these approaches.

2.2
Improved Carrier Reuse on DL
2.2.1
Power Control

Instead of strict carrier partitioning among different cells, it is possible to allow the use of all carriers by all cells within the power and access configuration of a particular carrier. The component carriers in a multicarrier system could be categorized as:
· Open access shared carrier with unrestricted power
· Could be used by Macro cells and Pico cells up to their maximum power
· Cannot be used by CSG cells to transmit PSC, SSC, PBCH, PDCCH channels of LTE R-8.

· Open access shared carrier with low power
· Could be used by Macro cells with low power (with possible multiple power classes)

· Could be used by Pico cell with its full power

· Cannot be used by CSG cells to transmit PSC, SSC, PBCH, PDCCH channels of LTE R-8.

· Closed access carrier with low power
· Used by CSG cells
· Could also be used by Macro and Pico cells.
This deployment scheme can be related to the anchor carrier concept in [1]. Recall that the anchor carrier of a cell is a carrier that enables synchronization, camping and access to users in the coverage of that cell. For the deployment under consideration, the anchor carrier(s) of an eNodeB consists of those carrier(s) which provide the best coverage for the synchronization (PSC, SSC, PBCH) and control channels (PDCCH) of the eNodeB. In particular, the open access shared carrier with unrestricted power represents the anchor carrier of the Macro cells.  The open access shared carrier with low power represents the anchor carrier of the Pico cells. The closed access carrier with low power represents the anchor carrier of the CSG cells. Clearly, UEs served by a given cell monitor the anchor carrier(s) of that cell.  In addition, dedicated RRC signalling could inform a UE to monitor certain other carriers in addition to the anchor carriers.
An example of a carrier reuse is shown in Figure 2. Carriers 1 and 3 are open access shared carriers with unrestricted power, used by Macro and Pico cells up to their maximum power. Carrier 2 is the open access shared carrier with low power, used by Macro cell with reduced power (relative to its maximum power) and by Pico cell with its full power (that is low by configuration).
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Figure 2:
Improved carrier reuse within a site
Pico cell served UEs 0 and 1 can be scheduled on carrier 2. In addition, UE 0 can be scheduled by the Pico cell on carriers 1 and/or 3 since the interference from the Macro cell seen by that UE on those carriers is very weak compared to the signal power received from the Pico cell (high SINR). UE 1 experiences strong interference from the Macro cell on carriers 1 and 3, so it could be scheduled by the Pico cell on carrier 2 only if no other interference coordination between Macro and Pico cells is present. 
Macro served UEs 2 and 3 can be scheduled on carriers 1 and 3. In addition, UE 2 can be scheduled by Macro on carrier 2, since it is close enough to the Macro cell and falls within the range of coverage of low power carrier 2. UE 3 is outside of the coverage range on carrier 2 (due to low transmit power), so it can not be scheduled there.

2.2.2
FFR

In addition to carrier partitioning we can consider frequency reuse schemes within a carrier, and this can be much more dynamic than carrier partitioning. However, this does raise some issues when used together with the Rel-8 waveform, e.g. reliable reception of CRS and the control region. As a result, such operation in parts of the carrier band needs to be limited to LTE-A UEs.
A carrier bandwidth can be divided into several frequency reuse sets. UEs in different channel conditions would have different frequency reuse as they would belong to different reuse sets. In a dynamic FFR scheme, UEs could potentially be scheduled on different reuse sets on a packet-by-packet basis. Allocation of a frequency reuse set is based on the channel desirability as each UE experiences different channel desirability (in terms of long-term interference) on each frequency reuse set.

Application of fractional frequency reuse (FFR) to cells in heterogeneous networks allows for a shared carrier to be efficiently used (with full power on non-restricted reuse sets) with finer frequency resource partitioning. Such partitioning can also be adapted faster than a carrier partitioning as the bandwidth occupied by an eNode-B does not have to be changed.
2.2.2.1
FFR on Shared Carrier with Low Power

Macro cell unrestricted reuse set on shared carrier with low power can enable high power transmission to the Macro cell served UEs on those resources. This enables Macro cell to reach its UEs that are farther away from it.
In order for Macro cell not to interfere Pico cell’s non-restricted reuse sets on a shared carrier with low power, configuration of the common reference signal (CRS) different from the Rel-8 specification needs to be transmitted (possibly with low power on restricted reuse sets and with high power on non-restricted Macro cell reuse set). To improve receiver performance, dedicated RS should be transmitted on the non-restricted Macro reuse set. Also, to prevent jamming of the PDCCH region of the Pico cell on such carrier, Macro and Pico cells need to be time-synchronized with respect to each other, and Macro cell needs to clear or use low transmit power on those resources. In case of an asynchronous deployment, non-restricted Macro reuse set would interfere the part of Pico PDCCH overlapping with it. 

These requirements imply the need for non-backward compatible configuration on all Macro reuse sets on shared carriers with low power. Only LTE-Advanced UEs could be scheduled on those resources.
2.2.2.1
FFR on Shared Carrier with Unrestricted Power

Macro cell restricted reuse sets on shared carrier with unrestricted power can provide for range expansion on those resources in Pico cells. Macro cell restricted reuse set could be used for transmission with low power, as it must not interfere with the other cells, and is intended for use for Macro cell served UEs in very good channel conditions.

Pico cell range expansion UEs on a shared carrier with unrestricted power would experience control channel problems on the regions that are interfered by the Macro non-restricted (high power) reuse sets. Hence, the control channel for Pico cell range expansion UEs on those carriers may have to be placed within the non-restricted reuse set. Also, Macro cell CRS high interference due to the high transmitted power needs to be notched out by Pico UE with range expansion. RS provided by Pico cell on non-restricted reuse set should not coincide with the CRS from the Macro cell, which is easily achievable in synchronous deployments. Therefore, to allow range expansion on Pico non-restricted resources on a shared carrier with unrestricted power, non-backward compatible Pico configuration on those resources is required.  
In the example in Figure 2, both Macro and Pico cell would use all three carriers with its full power of the power class they belong to on their non-restricted reuse sets. An example for reuse set configuration on the carrier 2, which is a shared carrier with low power, is given in Figure 3, and for carriers 1 and 3, which are shared carriers with unrestricted power, in Figure 4.
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Figure 3:
Carrier 2 reuse set configuration for Macro and Pico cells
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Figure 4:
Carrier 1 and 3 reuse set configuration for Macro and Pico cells
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Figure 5:
FFR improved carrier reuse within a site
Restricted reuse sets for Macro cell on carrier 2 allow for range expansion on Pico cell on those resources. We show in Figure 4 that:
· UE 1 can be served by the Pico cell on non-restricted reuse sets for that cell on carriers 1, 2, and 3
· Pico cell scheduler is aware of the restricted reuse set RBs and does not schedule range expansion UEs on those resources

· UE 3 can be served by Macro cell on non-restricted reuse sets for that cell on carriers 1, 2, and 3
· UE 0 can be served by Pico cell with the full Pico (low) power on all resources of all three carriers since it is very close to the Pico transmitter

· UE 2 can be served by Macro on all three carriers, but with low power on restricted reuse sets and full Macro (high) power on non-restricted reuse sets.
2.3
Interference Management on UL

It is shown in [2] that with an appropriate UE association to a cell, an efficient full UL resource reuse is possible in open access heterogeneous network deployments. It means that all UL carriers could be fully utilized by all cells (co-channel deployment), without loss in UL peak data rate. In cases when CSG cells are present, or UE association does not consider the UL quality (such the association based on best DL SINR), UL resource partitioning schemes are needed. While semi-static carrier partitioning and dynamic time/frequency partitioning within a carrier are possible, in this document we address the first one only. 
2.3.1
Semi-static Carrier Partitioning
The prominent problem with co-channel deployment in presence of CSG cells it that a UE in good coverage of CSG cell can not be connected to it due to the restricted association. An example is shown in Figure 6. UE 1 is connected to the CSG cell as it is in a good coverage of the CSG cell and has permission to access it. UE 2 is not allowed to access the CSG cell, although it is in CSG’s excellent coverage. Therefore UE 2 has to connect to the Macro cell. As a consequence, it will cause significant interference to the CSG cell.
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Figure 6:
UL interference scenario with Macro and CSG cell deployment
One possible simple interference management approach in a heterogeneous multicarrier deployment is to have a set of UL carriers used by all cells (Macro/Pico/CSG) and a distinct set of UL carriers for Macro/Pico cell use only. The exact configuration with a number of carriers in each set would depend on specific deployment scenarios.
By reserving a set of UL carriers to be used by Macro/Pico/CSG cells and a set of UL carriers for Macro/Pico cell use only, there will be no loss in UL peak data rate for Macro/Pico cells.
If CSG cell is severely interfered by Macro/Pico cell UEs or other CSG UEs, techniques such as noise injection to smooth out interference and dynamic resource reuse (frequency/time) could be used. Excessive interference could be avoided by appropriate scheduling if the network is aware that a Macro/Pico UE is jamming a CSG. In that case Macro/Pico UE would be scheduled on Macro/Pico carriers only, and not on the carrier used by CSG.

Interference in Macro/Pico cells caused by CSG UEs can also be avoided by appropriate scheduling. Under heavy interference conditions experienced by Macro/Pico cells due to the large number of active CSG UEs, Macro/Pico cell scheduler would not schedule their power limited UEs on the UL carrier used by CSGs. 
While moderate interference condition on data channel could be handled by HARQ, control channel may need additional protection. If the UL control channel interference protection within a carrier is needed, it can be done by configuring orthogonal control channel resources among interfering cells. 
3
Simulation Results 

Simulation results for heterogeneous networks with multicarrier and co-channel deployments are presented in this section. The simulation assumptions are compliant with the evaluation methodology in TR 36.814 with the following details:

· D1, 10MHz, MIMO 2x2, TU i.i.d

· Node Placing:

· Uniform

· UE density across macro sectors: (geographically) uniform 25/macro sector
· New node distribution within a Macro sector: (geographically) uniform, 10 Picos per Macro sector
· Correlation between UE and Pico deployments is uncorrelated

· Hotspot

· 2 UEs are placed within 28.9 meters from each corresponding Pico sector (i.e., 1/10th of the Macro cell radius)

· Remaining 5 UEs  (25 – 10*2) are randomly uniformly dropped within the Macro sector
· EGoS scheduling

· UE with C/I below -6dB will not be scheduled
· Throughput shown reflects respective overhead
· Association Algorithm:
· Best DL SINR: Release-8 mechanism

·  Coverage Expansion (CE)

· UE association based on maximum RSRP with a 25 dB biased towards Pico cells

· Min DL C/N requirement: -3dB
· For the multicarrier deployment, there are two 5 MHz carriers
· One carrier is exclusively used by Pico cells

· The other carrier is used by Macro cell, but Pico cell can also use it to schedule some UEs (the ones with a very good SINR).
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Figure 7:
UE throughput CDF (bps), Best DL SINR, Uniform Layout
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Figure 8:
UE throughput CDF (bps), Best DL SINR, Hotspot
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Figure 9:
UE throughput CDF (bps), CE, Hotspot
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Figure 10:
UE throughput CDF (bps), CE, Uniform Layout
Table 1:
UE Throughput (kbps)
	
	
	5%
	50%
	Mean

	Best DL SINR, Uniform
	Co-channel
	268
	380
	1051

	
	MC
	257
	459
	3072

	Best DL SINR, Hotspot
	Co-channel
	344
	545
	5025

	
	MC
	404
	3395
	7251

	CE, Uniform
	Co-channel
	0
	0
	1311

	
	MC
	519
	1350
	2698

	CE, Hotspot
	Co-channel
	0
	1290
	5121

	
	MC
	935
	3182
	6413


Table 2:
1 UE Association Statistics (% of UEs associated with Pico cells)

	
	
	% of UEs served by Pico Cells

	Best DL SINR, Uniform
	Co-channel
	5.9

	
	MC
	38.4

	Best DL SINR, Hotspot
	Co-channel
	27.5

	
	MC
	61.5

	CE, Uniform
	Co-channel
	65.9

	
	MC
	65.9

	CE, Hotspot
	Co-channel
	83.5

	
	MC
	83.5


From the figures above it can be seen that multicarrier deployment provides better performance than the co-channel deployment for all considered scenarios. 
The coverage expansion association with multicarrier deployment offers significant cell edge (5%-ile and 50%-ile) user throughput gain over the best DL SINR association in both hotspot and uniform layout configuration. Therefore, the serving cell association techniques appear as a powerful tool to dramatically improving cell edge user throughput while giving up a bit on mean system throughput. 

The co-channel deployment exhibits very poor performance in all simulated scenarios. 
4
Summary 
We presented approaches that demonstrate the benefit of carrier aggregation in heterogeneous network deployments. Multiple carriers enable interference management between different power class cells as well as open access and CSG cells. The interference coordination can be achieved with long-term resource partitioning by exclusively dedicating carriers to a certain power class cell. Further optimizations include sharing those carriers among cells and applying power control, FFR schemes, and/or time domain resource partitioning.

The simulation results showed the significant performance benefits of the carrier aggregation with long-term resource partitioning in heterogeneous networks. The multicarrier configuration in heterogeneous network deployment consisting of Macro and Pico cells provided better throughput than the co-channel deployment for all considered scenarios – hotspot /uniform cell layout and best DL SINR/coverage expansion UE association.  
Finally, the association techniques in heterogeneous networks have been shown to be a powerful tool to improve the cell edge user throughput, i.e., to improve the system fairness, without giving up much average system throughput. The serving cell association techniques in the context of heterogeneous networks ought to be studied carefully to provide the tool to dramatically improve cell edge user throughputs. 
References

[1] R1-091458, “Notion of Anchor Carrier in LTE-advanced”, Qualcomm Europe
[2] R1-091452, “CoMP Cooperative Silencing Hotzone DL Performance”, Qualcomm Europe

[3] R1-083195, "Cell Selection Based on Interference Efficiency", Qualcomm Europe




















































PAGE  
1/12

_1292399844.vsd

_1292400915.vsd
Carrier 1


Carrier 3


Carrier 2


DL carrier configuration


Macro Cell


Pico Cell


Carrier 1


Carrier 3


Carrier 2


High power


Low power, possibly different levels



_1291465780.vsd
Data Tx
Full power


Pico Cell


Macro Cell


Carrier BW


Restricted reuse set
Low power Tx


Data Tx
Full power


Restricted reuse set
Low power Tx


Data Tx
Full power


Restricted reuse set
Full power


Control



_1291549029.vsd
�

Macro


CSG



_1291553656.vsd
Data Tx
Full power


Data Tx
Full power


Data Tx
Full power


Restricted reuse set
Full power


Pico Cell


Macro Cell


Carrier BW


Restricted reuse set
Low power Tx


Control


Control


Restricted reuse set
Full power



_1291538101.vsd
�

Macro


Pico



_1290942583.vsd
�

Macro


Pico



