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1 Introduction
A study item on Heterogeneous Networks was initiated at RAN#57 meeting ([1]). In this contribution, we provide a text proposal on Section 6 of the Technical Report. This text proposal was discussed in [2]. 
2 Text Proposal
[-----------------------------------TEXT START -----------------------------------]

6
Aspects of Hetnets

6.1
Interference in co-channel scenario

In co-channel scenarios the transmit power difference between the high power macro cells and the LPNs creates an interference environment different from the interference in networks with all macro cells. Considering that the typical transmit power for macro cells is 43 dBm, and for LPN can be 37 dBm, 30 dBm or 24 dBm, a UE that receives both signals from a macro cell and a LPN with the same strength, generates an UL signal which is received at the LPN and at the macro cell with a substantially different strength. This has an impact on coverage, cell load and the overall interference environment. 

Generally speaking, coverage is determined by a number of factors, including the transmit power and the path loss (further coverage analysis can be found in section 7.1.1). As the serving cell selection as well as the active set management are mainly based on the downlink received signal strength, the transmit power of each cell largely determines the coverage area of the cell. Typically, high transmit power nodes cover larger areas than low transmit power nodes. However, from the uplink perspective, the strength of the signal being received at each node does not rely on the downlink transmit power of each node. Consequently, introduction of LPNs in the network could potentially cause a large DL-UL imbalance in the sense that, in the uplink, cells other than the serving cell could receive a much stronger signal from the UE than the serving cell. 
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Figure x: Heterogeneous network deployment.

Given a certain deployment of macro nodes and LPNs, depending on the UE position relative to the macro cell and the LPN, the interference scenario can be very different. Figure 2 illustrates a heterogeneous network deployment and the distance points between a macro node and a LPN where the interference scenario is substantially different. The interference characteristics at different distance points between macro and LPN are discussed.
A is the UL boundary. The UL boundary represents the point where UE path loss to the macro cell and to the LPN is the same. The received downlink power difference depends on the transmit power difference between the macro node and the LPN. If for example the transmit power of macro node and LPN is 43 dBm and 37 dBm, respectively, the received downlink power difference is 6 dB because the path loss to the macro node and the LPN is the same. This means that at this point the DL signal from the macro cell is much stronger than the signal from the LPN, while the UE signal received at the macro and LPN is the same.

B is the DL boundary. The DL boundary represents the point where the UE measures the same CPICH receive power of the pilot signals transmitted by the macro node and the LPN. The path loss difference is equal to the transmit power difference because the received downlink power from the macro cell and the LPN is the same and the transmit powers are different. If the Cell Individual Offset (CIO) of the serving cell change is configured at 0 dB, event 1D for cell change is reported when the UE is positioned at the DL boundary. This means that when the cell change occurs, the UE signal received at the macro cell is much weaker than the signal received at the LPN. 

Thus, in heterogeneous networks the difference in transmit power between the macro node and the LPN causes different coverage areas for the UL and the DL, and this is generally referred to as UL-DL imbalance. The UL boundary (equal path loss) and the DL boundary (equal downlink received power) are different and the region between such boundaries is referred to as the imbalance region.
6.1.1
Coverage Issues

As a consequence of the downlink interference from the macro cell to the downlink of the LPN, the LPN coverage reduces when the LPN is deployed closer to the macro cell center. When deploying LPNs within the macro cell coverage, the LPN coverage is defined as the area where the received signal from the LPN is stronger than the signal from the macro cell, 

CPICH Ec/N0 (LPN) > CPICH Ec/N0 (macro).
Since the DL received signal from the macro is stronger at the macro cell center with respect to the macro cell edge, the LPN can have larger coverage if deployed at the macro cell edge, and the LPN coverage will shrink if deployed closer to the macro cell.
6.1.2    Uplink Interference Issues

With the DL-UL imbalance caused by the transmit power difference as well as the loading imbalance between macro and LPNs, co-channel deployment could potentially cause issues in the UL as described below.
1. UL interference from macro UEs to LPN

This type of interference occurs when the macro UE is located in the imbalance region, closer to the UL boundary and outside the SHO region (UE located closer to point A in Figure x). The excessive interference to the LPN is caused by the UEs being served by the macro cell, who do not have the victim LPN in the active set. The UE is not in SHO however the UL to the LPN could be stronger than the UL to the serving macro node (the path loss to the LPN is smaller than that the path loss to the macro node). The LPN will not be able to power control the UE or limit the UE grant by sending RGCH because the UE is not in SHO. Consequently, the UE will transmit at high power and the LPN could be a victim of large interference from the neighbour macro UEs. This might impact the performance of receiver algorithms and reduce the RoT budget, and therefore reduce the cell throughput in the LPN.
2. UL interference from LPN UEs to macro node
This problem mainly arises from the uneven loading from the heterogeneous network. When the LPN serves only a small number of UEs as compared to the macro cell, each UE served by the LPN receives generous grants and hence transmits at a higher power. These high power LPN UEs are likely to be not in SHO and can generate considerable uplink interference to the macro node while the macro cell cannot control this interference. When there are many LPNs deployed within the macro cell, the number of UEs served by the LPNs could be very large, and this type of interference would be significant and will degrade the UL throughput of the UEs served by the macro node.
3. UE in SHO

Whenever the UE is in SHO (both macro and LPN are included in the active set) and power controlled towards the LPN, it might be problematic to reliably receive essential control channel information in the serving cell (macro NodeB) due to the weak link between the serving NodeB and the UE. For example, the HS-DPCCH (which carries HARQ-ACK and CQI information to support DL data transmission) and in-band/out-band scheduling information need to be received in the serving cell with sufficient good quality. Consequences such as poor HSPA cell throughput in the serving cell, state-oscillations and dropped calls may otherwise be present. 
6.1.3    Downlink Interference Issues

Co-channel deployment for heterogeneous networks could potentially cause two types of issues in the DL as described below.
1. DL interference from macro node to LPN UEs
This type of interference occurs when the LPN UE is located near the DL boundary (point B in Figure x). The macro node downlink transmission generates interference to the LPN UE downlink reception. The UE will change its serving cell at point B if the CIO of event 1D is 0 dB. In this case, the macro downlink interference to the LPN UE is not very strong and decreases as the UE moves away from point B towards the LPN location because the received signal from the macro node is weaker than the signal received from the LPN. Since it is desired to offload more UEs to the LPN, the CIO for serving cell change could be modified so that the serving cell change point is moved towards the macro node location, as illustrated by the dashed arrow in Figure x. The technique of setting the CIO to a value larger than zero (as usually used in homogeneous networks) is called range expansion. In this way, the coverage of the LPN is enlarged so that UEs in the imbalance region can be served by the LPN. However, the DL interference from the macro cell to the LPN UEs will be stronger. 

2. DL interference from LPN to macro node UEs
This type of interference occurs when the UE is in the SHO area and the macro cell is the serving cell. The LPN downlink signal generates interference to the macro UEs.
6.1.4    Uplink/Downlink Imbalance Issues

To address some of the UL-DL imbalance problems described above, available network parameters such as the CIO and handover thresholds can be adjusted to achieve range expansion and soft handover extension. This will allow the SHO region to cover parts of or in case of a limited imbalance level the entire imbalance region. One positive effect from this is that the problem of UEs creating excessive interference towards the LPNs is reduced. 

Another aspect of a heterogeneous network deployment where LPNs have less transmit power than macros is that the traffic uptake by the LPNs and therefore the effect of macro traffic offloading may be very limited. From network management perspectives, it is useful to be able to control the level of macro-cell offloading according to traffic load and distribution. Techniques that can be used to expand the service area of a small cell, such as range expansion, are desirable as they can be used to achieve load balancing between macro and small cells. Unfortunately range expansion introduces new DL interference problems that need to be mitigated by other techniques. 

6.1.4.1   Essential UL control information in the serving cell

Next we focus on reliable reception of UL control channel information in the serving cell when a UE in SHO (both macro and LPN are included in the active set) has a weak link towards the serving macro cell due to UL/DL imbalance. The following UL channels are considered:
· HS-DPCCH – The HS-DPCCH carries UL control information, such as HARQ ACK and PCI/CQI, related to DL transmissions. Poor reception quality of the HS-DPCCH in the serving cell will cause degraded HSDPA cell and end-user throughput. Section 6.1.4.2 further discusses this issue.

· E-DPCCH – The E-DPCCH carries information about E-TFCI, re-submission number (RSN), and happy bit. The E-TFCI indicates which TBS the UE has employed and is used for demodulating and decoding data carried on E-DPDCH. The RSN is used for HARQ combining purposes. It should be noted that during SHO it is in general enough that one node (typically the LPN in this case) receives control information related to payload data demodulation reliably. Furthermore, the E-TFCI provides information about the gain factors used for E-DPDCH which can be useful for scheduling purposes. The happy bit is used by the UE to inform the network that it would benefit from a higher grant. Hence, the happy bit provides the network with important scheduling information. Poor reception of the happy bit in the serving cell can cause worse end-user throughput and in worst case no UL granted rate at all.

· E-DPDCH – The E-DPDCH carries payload data and also occasionally in-band scheduling information, e.g. buffer and power statuses. Reliable reception of payload data in the serving cell is not crucial since it is enough that one node (in this case the LPN) receives it reliably. Also, it is worth noticing that for moderate to high data rates, the E-DPDCH is, in general, more costly in terms of power than other UL channels. Furthermore, it should be noted that if the UE has no grant it only reacts on DL HARQ feedback from the serving cell, i.e. HARQ feedback from non-serving cells is ignored. The reason is that it is the serving cell that needs to receive the grant request. Poor reception of the in-band scheduling information in the serving cell can consequently cause degraded end-user throughput and in worst case no UL granted rate at all.

· DPCCH – The DPCCH carries pilot bits and is used for channel estimation, path searching, synchronization, etc. Hence, a sufficiently good DPCCH reception quality is required to ensure reliable detection of any other UE channel. 

From the discussion above it is clear that reliable reception of DPCCH, HS-DPCCH and E-DPCCH are crucial for good system performance, whereas the E-DPDCH quality might be less important, at least if in-band scheduling information is not considered.

The power levels of UL channels are set relative to the DPCCH power via channel dependent beta-values. The DPCCH power is adjusted by means of fast power control to meet the SIR target, and the SIR target is controlled by the OLPC to make sure that E-DPDCH satisfies a certain QoS target (number of transmissions for successful decoding). Hence, the DPCCH SIR operating point can be adjusted by choosing smaller or larger beta-ed values. Clearly, depending on how one chooses to operate the system will affect the severity of the imbalance problems discussed above. For example, operating at a low DPCCH SIR means that the channel estimate becomes more sensitive to a reduction in received signal quality. Furthermore, it should be noted that the impact of the problems discussed above in practice will depend on several factors, such as margins being used in the system and the size of the UL-DL imbalance region.

Needless to say, heterogeneous network deployments need to work for legacy users. This means that the problems discussed above need to be addressed taking legacy into account. Nevertheless, this does not preclude that performance enhancing features requiring standardization are considered for Rel-12. One can envision that heterogeneous networks at a first stage are deployed using simple and robust means to reduce the impact of the problems discussed above, and at a later stage the performance is improved by introducing Rel-12 standardized features.
6.1.4.2    Impact on HS-DPCCH 
Consider the soft handover region between the macro and the LPN. The macro cell (being the more dominant cell) is more likely to be the serving cell. However, the uplink to the LPN is much better when the received pilot SNR on the UL is considered. Since both the macro and the LPN power control the UE, the transmit power of the UE would largely be driven by the LPN. As a consequence, the HS-DPCCH channel which carries the HARQ-ACK and CQI information may not be reliably decoded at the serving (macro) cell. In this scenario, unreliable HARQ-ACK decoding, especially high ACK to DTX error, could cause unnecessary retransmissions and degrade the DL throughput performance.

This impact on the HS-DPCCH is demonstrated by a simulation. In the simulation conducted, the LPNs have a transmit power of 30dBm and have the same UL noise figure (sensitivity) as the macro cell. The cell that has the strongest received CPICH RSCP at the UE receiver is assigned to be the serving cell. 

Since the pilot consumes 10% of the total power at each node, the largest UL imbalance is effectively the power difference between the LPN and the macro cell which is around 13dB in this example. 

UL/DL imbalance is computed for each UE in the system as follows:
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Figure 3 shows the imbalance distribution for the UEs in soft handover in the entire system. 
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Figure 3: UL Imbalance CDF for SHO UEs
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Figure 4: HS-DPCCH ACK->DTX Error Prob CDF


From Figure 3, it can be seen that 20% of the UEs that are in SHO observe UL imbalance higher than 8dB. This corresponds to around 8% of the total UE population. Those UEs would be received with quite low pilot SINR values (~ -30dB) at the serving cell. Finger tracking loops in practical receivers would be challenged at such low pilot power levels. This would in turn affect the decoding performance of the HS-DPCCH channel as shown in Figure 4.

Figure 4 shows the ACK -> DTX error probability CDF for the whole UE population. This is caused by UL/DL imbalance which in turn is a consequence of the different transmit power levels of the macro and the LPNs. High ACK -> DTX probabilities lead to additional DL retransmissions which affect DL throughputs.
 [-----------------------------------TEXT END -----------------------------------]
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