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1 Introduction

A study item on UMTS Heterogeneous Networks was started in RAN#56 [1]. Deployment of Low Power Nodes (LPNs) as a complement to a macro network aims at improving capacity and coverage. In [2], we list some of the deployment scenarios to be studied as part of the study item. One important deployment scenario is when each LPN creates a separate cell within a macro network. We refer to this as co-channel deployment. Another deployment scenario which is attractive in a number of mobility aspects is the combined cell deployment where each LPN is part of the macro cell. The combined cell deployment avoids frequent handovers, and allows the UE to reduce handover failure rate [3, 4]. An overview of combined cell deployment is given in [5]. 
During RAN#61, it was concluded that the impact on legacy users in combined cells should be further assessed. In this contribution, the legacy UE performance in a combined cell is discussed, and scenarios where legacy UEs can experience considerably improved performance in a combined cell deployment are considered.
2 Combined cell
The main principle of the combined cell deployment is that all nodes within the combined cell share the same cell identity; see [10] for a detailed description. Two of the main transmission modes discussed for combined cell are single frequency network (SFN) and spatial reuse (SR). The SFN mode combines signals over the air from all nodes by means of transmitting exactly the same pilot channel, downlink control channels and downlink data channels using the same carrier frequency, spreading and scrambling codes. In the SR mode, the common pilot P-CPICH is transmitted from all the nodes, while the downlink control channels and the data traffic channels can be scheduled to different UEs from different nodes. This operation facilitates spatial reuse, which results in increased capacity. 
All users in combined cell deployment (SFN or SR) experience many benefits compared to the co-channel deployment, such as reduced handovers, less signaling, and inherent robustness against UL/DL imbalance problems, etc. However, in the SFN mode, users cannot in general expect a significant increase in capacity. It was shown in [6] that the interference due to spatial reuse in both co-channel and combined cell has the same effect.  Hence, with SR combined cell similar cell-splitting gains as that of co-channel deployment can be obtained. It has been found that there is slight degradation in the combined cell performance due to the additional pilot overhead needed to support spatial reuse. Legacy users not supporting the SR enhancements cannot in general expect any capacity benefits in the SR mode.
In a combined cell deployment, all nodes transmit the common pilot (P-CPICH), and UEs can use this to compute channel estimates and the channel quality indicator (CQI). However, to get the cell-splitting gains several UEs need to simultaneously share the same resources by being scheduled by different nodes. To facilitate this, it is necessary to know which UEs that are suitable for sharing resources and what node should schedule each of these UEs. Furthermore, demodulation and CQI for these users cannot solely rely on the common CPICH. To support spatial reuse, additional pilots are therefore required, and so far two different solutions have been discussed in 3GPP [10]:
Solution I – The so-called F-CPICH is introduced to act as a probing pilot in order to decide which users that can be scheduled simultaneously and from which transmission ports. The F-CPICH is typically transmitted from one antenna port at the time. When being scheduled, the user relies on the D-CPICH for demodulating data. The D-CPICH is only transmitted from the node that sends HS-PDSCH. The details of the solution are for further studies in a potential work item phase. For example, the appropriate CQI can be derived in many ways. 
Solution II – In this case the D-CPICH is sent continuously from each node, and can therefore be used for node selection, CQI estimation and demodulation purposes. Also in this case, details are for further studies in a possible work item phase.

3 Impact of Legacy Users in Combined Cell
One of the main questions raised during the study item phase is the impact of legacy users in the combined cell, and especially in the SR mode due to the introduction of additional pilots. The main concerns that have been brought up are impact on propagation delay offsets due to distributed antenna heads and reduced power headroom for HS-PDSCH due to increased pilot overhead.

Taking the propagation offset into consideration, results presented during the study item show that the SFN mode of combined cell offers gains at low load compared to the Macro-only deployment, while for medium to high load the performance is roughly the same [10].  Similarly, results from the study item phase show that the impact on legacy users in the SR mode of combined cell is very minimal [8, 9]. This observation is further supported by recent system results presented in [11]. To conclude, the impact on legacy users in a combined cell deployment has been thoroughly analyzed during the study item phase and very limited negative effects have been found. In fact, as will be shown in the next section, even legacy users in a combined cell can experience capacity benefits in many scenarios.
4 Capacity Improvements for Legacy Users in Combined Cell
The SFN combined cell does in general not bring capacity gains, and legacy users in the SR combined cell do not get capacity benefits. However, with some modifications, it turns out that users in a SFN configured combined cell, or legacy users in a SR enabled combined cell, can benefit from increased capacity. This will be described in more detail in the following subsections.
4.1 Legacy UE Operation in Combined Cell
A legacy UE uses the P-CPICH, which is transmitted by all nodes in a combined cell, for channel quality indicator (CQI) estimation as well as for channel estimation. Consider the example illustrated in Fig. 1, where two UEs are in locations where the received signal is dominated by the signal only from one transmit node. As shown, based on the P-CPICH, UE-A sees two strong paths and one weak path (colored in red) from the Macro node and one additional weak path (colored in purple) from the LPN. Similarly, UE-B sees two strong paths (colored in purple) from the LPN and one weak path (colored in red) from the macro node.
When the HS-PDSCH channel is transmitted using the SFN mode, the multipath delay profile for the P-CPICH signal matches that of HS-PDSCH as illustrated in Fig.2. However, in this case, UE-A and UE-B need to be either code-division multiplexed, sharing the OVSF codes of HS-PDSCH, or time-division multiplexed, served in different TTIs. In either case, the same radio resources cannot be used to serve both UE-A and UE-B in the same TTI.
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Figure 1: Scenario where two legacy UEs each sees the received signal dominated by signal from one transmit node.

[image: image2.emf]UE-B Multipath delay 

profile (P-CPICH)

UE-B Multipath delay 

profile (HS-PDSCH 

with SFN)

UE-A Multipath delay 

profile (P-CPICH)

UE-A Multipath delay 

profile (HS-PDSCH 

with SFN)


Figure 2: Multipath delay profile of P-CPICH matches that of HS-PDSCH in the SFN mode.
4.2 Spatial Reuse for Serving Multiple Legacy UEs
In the scenario illustrated in Fig.1, the network may actually reuse the same radio resource to serve two legacy UEs in the same TTI. This results, however, in a propagation channel mismatch between P-CPICH and HS-PDSCH as illustrated in Fig. 3. SR gives rise to what is called the cell-splitting gain. However, for legacy UEs a mismatch between the multipath delay profiles of P-CPICH and HS-PDSCH will result in degradation due to inaccurate channel parameter estimation (e.g. estimation of path delay and coefficient and CQI). However, if the mismatch is small due to that the paths from the other transmit nodes are weak, the benefits of spatial reuse can be preserved to a large extent. The expected gains from SR for legacy users are scenario dependent, but as shown in [12, 13] significant gains can be obtained. For the general deployment case with RRUs deployed within a Macro area a number of observations can be made:
· To get the cell-splitting gain, users that can be scheduled simultaneously need to exist. This essentially means that there needs to be users with sufficient isolation between them.
· Gains can be obtained even though simultaneously schedulable users cannot be found. The ability to mute, or rather not transmitting HS-PDSCH from certain nodes, will decrease the inter cell interference and is beneficial from an energy savings point of view.

· For legacy users in the Macro served area, it is rather simple to find good candidates that benefit from re-use of resources, whereas for users in the LPN served area, it can be more difficult to find good candidates. The reason is that the strong Macro signal creates potentially strong interference in the LPN area, whereas the weak LPN signal disturbs Macro area users much less.
· The central scheduler needs to know what users that are good candidates for joint scheduling. Since there are no probing pilots, or dedicated demodulation pilots available for legacy users, one needs to rely on other information. For example, uplink measurements can be used to estimate the isolation between different transmission nodes.
Another observation is that the operation of SR for legacy users can be combined with the true SR concept for Rel-12 users (supporting demodulation pilots). Hence, a legacy user in the Macro serving area can, for example, be paired with a SR supporting user in the LPN serving area. Consequently, even though significant capacity improvements can be offered to legacy users by enabling SR, the gains are expected to increase even further with the introduction of true SR supporting users. Enabling SR for legacy users should be seen as a way of providing capacity enhancements for legacy users, but the true SR mode with additional pilots is required to achieve general improvements, and a capacity on-par with co-channel.
[image: image3.emf]UE-B Multipath delay 

profile (P-CPICH)

UE-B Multipath delay 

profile (HS-PDSCH 

with SFN)

UE-A Multipath delay 

profile (P-CPICH)

UE-A Multipath delay 

profile (HS-PDSCH 

with SFN)


Figure 3: Multipath delay profile of P-CPICH does not match that of HS-PDSCH in the spatial reuse (SR) mode.
4.3 Special Deployment Scenarios
For particular deployment scenarios, the gain of enabling SR for legacy users can be significant while the operation can be simpler. Two examples are given in Fig. 4. In the highway scenario, it is more straightforward to find good candidates that would benefit from joint scheduling and re-use of resources. In the example below, three LPNs are deployed in a combined cell fashion, and it is likely that users 1-3 can be scheduled simultaneously using the same resources. In addition to the typical combined cell benefits, e.g. improved mobility, this offers large capacity improvements compared to scheduling them one and one in a TDM manner. Similar benefits can be found in the in-building scenario, where the floor/ceiling provides natural isolation between different transmission nodes.
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Figure 4: Highway scenario (left) and in-building scenario (right).
5 Summary and conclusions
The impact on legacy users in a combined cell has been discussed in this contribution. Scenarios where these users can experience considerably improved performance have been considered. Facilitating spatial reuse for legacy users offer a trade-off between cell-splitting gains and channel mismatches. This should be seen as a way of providing capacity enhancements for legacy users, but the pure SR mode with additional pilots is required to achieve general improvements, and a capacity on-par with co-channel.

Proposal: We propose to capture the content of this contribution in the TR [10]. The accompanying text proposal [14] can be used for this purpose.
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