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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. Some of the interference conditions that arise in such a network were described in [3]. 

In this contribution, we elaborate on one of the scenarios described in [3], which we refer to as range expansion. 
2
Discussion

2.1
Limitations of traditional cell-selection techniques in heterogeneous environments
As described in [3], consider 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 [4]. With most existing systems, including LTE Rel 8, the UE would connect to the cell 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 [4] 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 downlink and uplink coverage regions. This however 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. 
From the above, we see that traditional cell-selection techniques result in excessive interference on both the UL and the DL. We next describe an interference efficient cell-selection technique which helps us to overcome these issues.
2.2
Cell-selection based on interference efficiency
An alternative approach to the one described in the previous section would be to serve the UE 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. 
Interestingly, using such a cell-selection rule provides benefits on the downlink as well. In particular, notice that in the absence of interference from the macro eNB, the pico eNB can achieve the same received power at the UE as the macro eNB, with significantly lower transmit power. In other words, the pico eNB can achieve the same data rate as the macro eNB while causing significantly lower interference to the network per bit served to the UE.

Moreover, such a cell-selection rule allows us to achieve cell-splitting gains when multiple pico eNBs are deployed in the coverage region of a macro eNB. In particular, many pico eNBs can simultaneously serve different UEs on the same resources in the absence of interference from the high-power macro eNB. Moreover, these pico eNBs can potentially cover most of the cell in the absence of interference from the macro eNB. 
We refer to this scheme as range expansion, since it expands the coverage region of low-power eNBs. More generally, range expansion refers to a cell-selection strategy which takes interference efficiency into account. As described above, range expansion can provide significant benefits in a network containing eNBs with varying transmit powers.
2.3
Techniques to enable range expansion

In the previous section, we described the benefits that could be obtained through the use of an interference efficient cell-selection strategy. Such a strategy, however, implies that a UE does not always connect to the eNB with the strongest downlink received power. In particular, as described in [3], while a UE may have 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.  

New techniques may need to be introduced in order to operate efficiently in such an environment. Techniques that should be considered in this context include:
1) Deep penetration synchronization signals: The current LTE acquisition structure (i.e., structure of PSC, SSC and PBCH) enables detection only for geometries seen in traditional macro-cellular operating environments. As discussed above, geometries seen in a range expansion environment will be substantially lower and may therefore necessitate a new acquisition design. 
2) Knowledge of transmit power for serving cell selection: An important aspect mentioned in the previous section is that serving cell selection based on path-loss can provide superior performance to serving cell selection based on downlink received power in the case of heterogeneous networks. In order to achieve this, the entity which determines the serving cell for handover or initial access (either the eNB or the UE) will have to be aware of the transmit power of both eNBs. Thus, we will need a mechanism to communicate transmit powers to neighboring eNBs and/or UEs
3) Deep penetration control channels: In addition to the acquisition signals, we also need a mechanism to communicate other control channels (such as PDCCH and PHICH on the DL and PUCCH on the UL) in low geometry environments. 
4) Interference coordination techniques: The benefits of range expansion were described under the assumption that there was no interference from the macro eNB while the pico eNB was serving a UE in its expanded coverage. In other words, we need to introduce techniques to reduce macro eNB power (or blank the resource entirely) on the resources used to serve UEs in expanded pico eNB coverage region. Note that without such coordination, it may be completely impossible for the pico eNB to serve any data to UEs in its expanded range, since the SINR of these UEs taking macro interference into account will be extremely low. The choice and number of resources on which macro transmit power is reduced can be determined based on factors such as the number of pico eNBs in macro coverage, number of users being served by the pico and macro eNBs, QoS and buffer status of these users and fairness among different users in the network (potentially across eNBs). Different time-scales for interference coordination can be considered, ranging from per-subframe interference coordination to coordination on the time scale of hundreds of milliseconds. Per-subframe interference coordination can yield additional benefits by taking buffer status of different UEs into account in addition to the factors mentioned above. Interference coordination on a slower time-scale will not be able to take buffer status into account, but may enable easier implementation.
3
Conclusion
 In this contribution we have described the concept and benefits of range expansion. We defined range expansion as a cell-selection strategy which takes interference efficiency into account, in addition to traditional metrics such as DL received power. Further analysis and numerical results will be provided in subsequent contributions.

We also showed that some new techniques may be required in order to enable support of range expansion in LTE-Advanced. Further investigation of these techniques should be carried out as part of the LTE-Advanced study item.
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