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1
Introduction
In order to meet the performance requirements set forth for LTE-A [1], a common theme discussed by multiple companies [2] was the incorporation in the system of new nodes with lower transmit power as compared to the usual “macro” eNBs. These new nodes (pico cells, home eNBs or femto cells, relays) change the topology of the system to a much more heterogeneous network with a completely new interference environment in which nodes of multiple classes “compete” for the same wireless resources. 

In this contribution, we describe some of the interference conditions that occur in such a heterogeneous network and motivate the need for enhanced interference management mechanisms. 

2
Discussion

The interference scenarios discussed in this contribution can be classified into the following categories:

· Interference conditions due to home eNBs.

· Interference conditions due to different transmit powers, i.e., between high-power (eg. macro eNB) and low-power (eg. pico eNB) base stations.

· Interference conditions in multi-hop deployments, i.e., deployments supporting relay eNBs. 
2.1
Interference conditions due to home eNBs
In this contribution, we use home eNBs or femto-cells to refer to low-power eNBs (20dBm according to [3]) which implement the Closed Subscriber Group (CSG) feature, i.e., only a small set of UEs can connect to such an eNB. As a result, a UE which is within the coverage area of this home eNB but is not allowed to connect to it will be forced to instead connect to a neighbouring eNB. Note that this can happen in the case of a co-channel macro-femto deployment (in which the UE connected to a macro-cell sees strong interference from a nearby femto-cell) as well as in a femto-only deployment (in which the received power of the UE’s home eNB is weaker than the received power of an interfering home eNB).
In such a scenario, the DL received power from the interfering home eNB may be significantly larger as compared to the DL received power from the UE’s serving eNB. As a result, the UE will not be able to get acceptable service from its serving eNB in the absence of interference management mechanisms between the serving and interfering eNBs. Additionally, the home eNB will see significant interference from the UE’s uplink transmissions which will cause the performance of its UEs to degrade. 
2.2
Interference conditions due to different transmit powers
Consider now the case of one or more low-power pico eNBs deployed within the coverage area of a macro eNB. Note that by pico eNB in this contribution we refer to hotzone cell or remote radio head (RRH) cell in [3]. With most existing systems, including LTE Rel 8, the UE would connect to the serving sector with the highest DL received power. Since there is a large degree of imbalance between the transmit powers of macro and pico eNBs (16dB according to [3] for 10MHz system bandwidths), the coverage area of a pico eNB turns out to be much smaller than the coverage area of the macro eNB under this criterion. Additionally, a large number of new “cell-edges” are created with the introduction of pico eNBs, as UEs which were earlier in the same cell and hence orthogonal to each other now use the same resources and interfere with each other. The resulting SNR degradation is compensated to some extent by the increase in bandwidth caused by the introduction of new nodes, however this increased bandwidth can be used by only a small fraction of UEs which fall within the small coverage region of the pico eNBs.
Additionally, from an UL point of view, the optimal serving cell choice is determined by the lowest path loss rather than the highest DL received power. The pico coverage area would be much larger under this criterion and would in fact be comparable to the macro coverage area. Thus, we see that the presence of eNBs with different transmit powers creates a large degree of imbalance between the downlink and uplink coverage regions. This imbalance is typically addressed by artificially degrading the noise figure of the pico eNB, so as to align the forward and uplink coverage regions. But this causes the UEs in the pico cell to transmit at an unnecessarily high power, resulting in excessive uplink interference to the macro eNB, causing a performance loss to UEs connected to the macro eNB. As a result, the benefit of adding pico base-stations to the system would be greatly diminished.
An alternative approach would be to enable a UE to be served from the cell to which it has the lowest path loss. This would significantly expand the coverage of the pico eNB, and greatly reduce uplink interference in the system, leading to a substantial improvement in uplink performance and inter-user fairness . However, this approach leads to significant downlink interference from the macro eNB to the pico eNB. In particular, while a UE may have a lower path loss to its serving pico eNB than to a macro eNB, the received power of the pico eNB could be significantly lower than that of the macro eNB (up to 16dB lower). In other words, the UE would have to operate at a very low, interference-dominated geometry (up to -16dB) for its serving cell. 
Operating in such a low geometry environment creates challenges similar to those outlined in the home eNB scenario. In particular, the UE connected to the pico eNB can receive data only on resources where the macro reduces its transmit power (or ceases transmission completely) to levels similar to that of a pico eNB. Note that overall this causes a benefit to the network since the pico eNB can serve the UE at the same data rate on these resources while using a much lower transmit power, and hence causing much lower interference to the network for each bit served to the UE. Additionally, multiple pico eNBs can simultaneously serve different UEs on the same resource that is vacated by the macro eNB, thus providing true cell-splitting gains for the network. In order to achieve these gains, we may need to introduce mechanisms to manage the interference from the macro eNB to the pico eNB. 

2.3
Interference conditions in multi-hop deployments
An LTE-A network may include relay eNBs for coverage and capacity enhancement in cases where a backhaul connection is not readily available. In this case, a UE connected to a relay node uses up bandwidth both on the access link (i.e., relay to UE link) as well as on the backhaul link (macro eNB to relay link). In this case, an appropriate serving cell selection strategy will have to take the backhaul link of the relay into account, i.e., it is not always optimal to connect to the cell with the highest received power. For example, consider a case in which a UE is placed between a macro eNB and a relay eNB, i.e., the macro to UE link is stronger than the macro to relay link. In this case, the UE would not prefer to connect to the relay even if the received power from the relay eNB is stronger than that from the macro eNB. 

Interference conditions in the above scenario are very similar to those seen in the home eNB case, i.e., the interfering relay eNB is stronger than the serving macro eNB. Such interference conditions create a need for interference management mechanisms between the relay and the macro eNB. 

Other interference conditions are created by the presence of multiple relay eNBs close to each other. In this case, one relay eNB may be transmitting on the DL frequency band (to a UE) while another relay eNB may be receiving on the same frequency band (from the macro eNB). The transmitting relay may have a much stronger signal than the macro eNB at the receiving relay. Similar conditions may occur on the UL frequency band where one relay eNB may be receiving (from a UE) while another is transmitting (to the macro eNB). 

3
Interference management 
In the previous section, we described some of the interference conditions that arise in heterogeneous deployments. These interference conditions are much more severe than those seen in typical homogeneous deployments since the interfering signal can be substantially stronger than the desired signal. As a result, severe outage conditions can result in the absence of appropriate interference management techniques, i.e., the UE can receive little or no data on the resources being used by the interfering eNB. 

As a result, new interference management techniques should be studied to cope with the interference conditions arising from heterogeneous deployments and to maximize the achievable gains. 
4
Conclusion
In this contribution, we have described some of the interference conditions that arise in a heterogeneous deployment. In particular, we described:

· Interference conditions due to home eNBs.

· Interference conditions due to different transmit powers.

· Interference conditions in multi-hop deployments. 

New interference management mechanisms should be investigated to address these interference conditions and to fully exploit the benefits that heterogeneous networks are capable of providing. 
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