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1
Introduction 

Heterogeneous networks (HetNets) have been added to the scope of the LTE-A study item [1]. An introduction to HetNets and their relation to ongoing LTE-A work was provided in [2]. Interference conditions that occur in heterogeneous deployments were analyzed in [3] where it was found that extremely low geometries are seen in such deployments. Such geometries can be a result of association constraints (such as CSG) or as a result of enhanced cell selection algorithms, such as those described in [4]. 
The low geometries seen in heterogeneous deployments necessitate the use of interference coordination for both control as well as data channels in order to enable robust operation. We look at some of these techniques in more detail in this document.
2
Discussion
In existing macro deployments, a UE is typically served by the cell with the maximum received power. We refer to algorithms which depart from this “strongest cell” principle as enhanced cell selection algorithms. Several such enhanced cell selection algorithms, along with the corresponding performance results, were discussed in [4]:

1) Connecting to a cell other than the one with the strongest received power due to a CSG constraint (HeNB case). 

2) Range expansion: Connecting to a cell with low transmit power even when it is not the strongest cell, so as to expand the footprint of the low-power node. This is applicable, for example, to mixed macro-pico and mixed macro-relay deployments. This technique enables a much larger number of UEs to benefits from the introduction of the low-power pico/relay nodes and allows the network to offload traffic to these nodes. Moreover, since many of these nodes can simultaneously use the bandwidth in the absence of macro interference, true cell-splitting gains are obtained.
3) Weak backhaul link: In some cases, it is beneficial to have a UE not connect to its strongest cell, if that cell has weak backhaul link quality. Such an algorithm is most applicable in the case of relay nodes, but can also be beneficial in the case of nodes with wired backhaul such as pico cells or hybrid femtos. Hybrid femtos in particular  rely on consumer grade backhauls which may be quite bandwidth limited and/or unreliable.

As discussed in [4] while the cell selection algorithm can have a dramatic impact on performance, the specification impact is relatively limited. The main reason is that cell selection in LTE is determined by the network and as a result the exact cell selection algorithm is not part of the specification. The direct air-interface impact of this technique is therefore limited to ensuring that the appropriate metrics are available to the network entity carrying out the cell selection decision.

The scenarios described above, however, result in a UE being served by a cell with much lower received power than its strongest interferer. In other words, the UE operates at highly negative geometries. Geometry cdfs for some of these deployment scenarios are shown in [3], where it is seen that geometry values below -20dB occur in many cases, while geometry values below -10dB are quite common.
These geometry values are substatially lower than the geometries seen in typical macro deployments. Inter-cell interference coordination (ICIC) therefore becomes crucial in order to enable robust operation at these geometries. Moreover, these geometries are too low to allow reliable control channel decoding (PSC/SSC/PBCH/PDCCH/…). Therefore, ICIC for data as well as control channels is a key technique to enable robust operation in heterogeneous deployments. 
2.1 ICIC for Control Channels
 As mentioned earlier, ICIC for control channels is essential to enable robust operation in the low geometries seen in heterogeneous deployments. In their study [5], RAN4 has also recognized that “it is vital to have techniques that address control channel interference.” The acquisition and control channels in LTE Rel 8 are such that acquisition/control transmissions in different cells occur the same time-frequency resources. The control channel designs in LTE Rel 8 therefore do not naturally lend themselves to straightforward ICIC mechanisms. Some preliminary investigations of techniques for ensuring control channel reliability in the context of HeNB deployments in LTE Rel 8 and Rel 9 have been conducted in [5]. These techniques include:

1. Power control of the HeNB: In this technique, the HeNB sets its transmit power based on the received power of the macro eNB. It lowers its own transmit power if the macro eNB received power is low, thus trying to minimize the size of the macro coverage hole. 
2. Symbol shifting for FDD between the macro and home eNBs to ensure that their PDCCHs do not overlap. This technique relies on the PDSCH being truncated to less than 14 symbols and thus may not strictly apply to these releases. 
3. Different frequency spans for the macro and home eNB. In particular, the home eNB occupies only a part of the bandwidth of the macro eNB, and therefore jams only a portion of the PDCCH modulation symbols of the macro eNB. This technique relies on the macro UE being able to determine the portion of the bandwidth seeing high interference (as a result of HeNB transmission) and being able to null out the corresponding modulation symbols. Since Rel 8/9 UEs do not necessarily have such functionality, this technique does not strictly apply to these releases. 

The above techiques however have some limitations as a result of being forced to use the existing air-interface. Power control of the HeNB artificially reduces the HeNB coverage. Moreover, since the received power of the macro may be quite different at the HeNB as compared to at a nearby macro UE (due to fading, presence of walls/windows, line of sight, etc.) it can be challenging to tune the HeNB transmit power appropriately. Finally, power control only reduces the size of the macro coverage hole but does not eliminate it; in particular it does not help at all in scenarios where a barred macro UE (e.g., a guest) enters an apartment which contains a HeNB. 
Use of different spans for the macro eNB and the home eNB has the obvious limitation of reduction in the HeNB bandwidth and the resulting reduction in data rate. Symbol shifting between the macro eNB and the HeNB is possible only for FDD deployments. Moreover, it causes interference between control and data channels not only within the same subframe but across subframes as well. 

LTE-Advanced provides an opportunity to address the limitations posed by the above techniques. In particular, we can envision two main directions in order to enable control channel ICIC in LTE-Advanced.
 1. Frequency domain ICIC relying on carrier aggregation: 
Carrier aggregation can be used to enable control channel ICIC in the frequency domain. In the simplest case, two different cells (for example a macro cell and a pico cell) transmit control channels on two different component carriers. More generally, a cell can use different transmission powers for the synchronization and control channels on two different component carriers. For example, a macro cell can transmit high-power control channels on one frequency and low-power control channels on another frequency. This allows the pico cell to expand its coverage on the component carrier where the macro reduces its control channel transmission power. Note that this behavior is already allowed in LTE Rel 8. The advantage of this scheme over pure carrier partitioning is that each component carrier is still backward compatible and that each cell has the opportunity to utilize its entire control capacity. 

Moreover, the carrier indicator bits agreed in RAN1#58 [6] allow a cell to assign data resources on any component carrier from the component carrier with reliable PDCCH. 

Enabling ICIC for control channels using carrier aggregation therefore has relatively little impact on the specification beyond the techniques already agreed in RAN1. However, the main caveat here is that the use of these techniques requires the operator to deploy multiple component carriers. Moreover, frequency domain ICIC does not provide the same level of orthogonality as time domain ICIC, since transmissions in one carrier can leak into an adjacent carrier and desense the UE receiver.

2. ICIC in a co-channel deployment:

As mentioned earlier, the synchronization/control channel design in LTE Rel 8 is not directly amenable to interference coordination. However, we can envision the following solutions to enable control channel ICIC:

1. Use of new control channel which is transmitted on data RBs. Control channel ICIC can then be enabled by having different cells transmit their control channels on different subframes or RBs. RAN1 is already designing a channel of this form for the purpose of backhaul communication with relays, namely the R-PDCCH. As a result, this option could be implemented with relatively little specification impact simply by extending the R-PDCCH design to UEs in addition to relays.
2. Blank subframes: Control channel ICIC can be carried out using the existing PDCCH design if a cell is allowed to turn control channel transmission off in certain subframes. 

3. Almost blank subframes: These can be used in the same way as blank subframes, provided UEs can carry out CRS interference cancellation. 
4. Cross-subframe assigments: These can be used in the same way as carrier indicator bits, together with any of the preceding options.

Similar to the PDCCH, we can envision the following options for the synchronization channels:

1.  Use of the PRS design in order to enable synchronization channel reuse.
2. Replication of the PSS/SSS in other time-frequency resources.
3. Inteference cancellation at the UE.

2.2 ICIC for Data Channels
Unlike the control channels, the basic data channel structure in LTE is already amenable to interference coordination. Different cells can partition resources with very fine granularity in units of subframes and/or RBs. Techniques for data interference coordination using the existing physical layer structure were also investigated in [5]. Many of these techniques relied on frequency reuse or scheduling coordination between macro cells and HeNBs. The mechanisms for carrying out this coordination were however not addressed as part of this study. LTE-Advanced provides an opportunity to specify these data interference coordination mechanisms amongst different cells. In particular, we can envision two main directions for data channel ICIC for heterogeneous deployments.

1. Backhaul-based ICIC:

Such techniques can be seen as an extension of Rel 8 ICIC schemes. We can also think of this as a simple CoMP mechanism. The simplest ICIC scheme consists of resource partitioning amongst different nodes. More sophisticated extensions include power control and coordinated beamforming. Some of the enhancements that are needed to Rel 8 ICIC mechanisms in order to enable resource partitioning include:

1. Identification of specific time-frequency resources as part of the ICIC request.

2. Response messages to complete the resource-partitioning handshake.

3. Mechanisms to determine whether or not the ICIC request is to be granted, i.e., which cell has greater need of the addressed resources. 

2. Over-The-Air (OTA) ICIC:
OTA ICIC can be considered for cases where an appropriate backhaul interface may not be available or may not be sufficiently fast or reliable. For example, there is no X2 interface defined for HeNBs in LTE Rel 8/9. OTA ICIC may be carried out, for example, by having the UE relay interference coordination messages between eNBs.
In either the backhaul or the OTA case, we would prefer interference coordination to be as dynamic as possible. Dynamic or subframe-level coordination enables efficient resource partitioning for the case of bursty traffic profiles. Performance results showing the advantage of dynamic coordination for Poisson and HTTP models respectively are shown in [7] and [8].

Furthermore, given the strong interference variations in such deployments, it is important for the eNB to be able to accurately determine the intrerference level on a given resource prior to scheduling a UE on that resource. Such information can be provided by use of a resource specific CQI. A resource specific CQI can be determined based on a new RQI-RS. Alternatively, UE-RS from previous subframes can be used in cases where scheduler behavior is consistent over time (i.e., long data bursts). Some performance results showing the benefits of a resource-specific CQI can be found in [9].

3
Conclusions
We identified three main techniques which are needed to enable efficent operation in heterogeneous networks, namely:
1. Enhanced serving cell selection.

2. ICIC for control channels. This can either be based on carrier aggregation or include ICIC in the co-channel case.

3. ICIC for data channels. This can be backhaul or OTA-based. 

We also reviewed existing interference coordination mechanisms for control and data channels as well as those mechanisms studied in [5] in the context of HeNBs in LTE Rel8/9. We looked at the limitations of the existing techniques and how the underlying problems could be addressed in LTE-Advanced.
The following table summarizes the motivations as well as the air-interface impacts of each of these techniques.
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