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1
Introduction
Interference Cancellation is an advanced receiver enhancement used at the NodeB to improve uplink capacity. The cancellation could be on both intra-cell and inter-cell users. For the intra-cell users, the NodeB receiver can make use of existing Radio Link Set information of each user to cancel them. However, there is no such support for canceling the inter-cell interference.  In this contribution, we discuss the noise rise impact caused by inter-cell users at the neighbor cells, based on field measurement data and also discuss some potential UTRAN enhancements that could be introduced to support inter-cell interference cancellation on the uplink.
2
Background of Uplink Interference Cancellation

The capacity of the W-CDMA uplink is interference limited and is related to the Rise over Thermal (RoT) or Noise Rise in a system. Uplink Interference Cancellation (IC) in a NodeB receiver significantly enhances the capacity of a W-CDMA system. It is very well established in information theory [2] that CDMA with successive interference cancellation, maximizes the sum rate capacity of a multiple access channel (such as the uplink of W-CDMA) and in fact outperforms any orthogonal multiple access scheme. Hence Uplink IC is a highly desirable feature to have at the NodeB. 


In general, the uplink interference at the NodeB receiver can be categorized into three components:

· Intra-Cell Interference (Ior)

· Sum of the W-CDMA waveforms of all the users who communicate with the NodeB cell
· The NodeB cell belongs to these users’ serving radio link set or 
· The NodeB cell is the non-serving cell for these users.
· Inter-Cell Interference (Ioc)
· Sum of the W-CDMA waveforms of all the users who do not communicate with the NodeB cell

· The Node-B is not aware of these users and hence does not power control or rate control these users.
· Thermal Noise (No)
· Thermal Noise at the NodeB receiver
The total Noise Rise or Rise over Thermal (RoT) is then represented by Io/No where Io = Ior+Ioc+No.

A NodeB cell capable of uplink interference cancellation, attempts to cancel all the intra-cell users (a fraction of Ior) by performing the following major steps:

· Path Search

· Demodulation

· Decoding

· Re-Encoding (if the user decodes successfully)

· Data Based Channel Estimation

· Waveform Reconstruction

· Waveform Cancellation

In order to perform the above steps, the NodeB makes use of the UL DPCH and E-DPCH Information that is sent by the S-RNC during Radio Link Setup/Addition procedure [4][5]. In particular, the following pieces of information are highly essential for the above steps:

· UL Scrambling Code

· UL DPCCH Slot Format

· Frame Offset

· Chip Offset

· Max Number of UL DPDCHs
· Maximum Set of E-DPDCHs

· Puncture Limit
· E-TFCS Information

· E-TTI

· E-DPCCH Power Offset
After cancelling a fraction (β) of the intra-cell interference, the inter-cell interference then becomes the major bottleneck since it represents a significant amount of the effective or residual noise rise ((1- β )Ior+ Ioc+ No)/No) and hence, to further boost capacity, it is highly desirable to also cancel the inter-cell interference. 

In the next chapter, we present some field measurement results that suggest the presence of inter-cell users who take a long time to include neighboring cells in their active set from the time these neighbor cells are detected the first time by the UE. In Chapter 5, we discuss some potential UTRAN enhancements that can be made to support this cancellation

3
Noise Rise Impact due to Inter-cell Interference

In this chapter, we discuss the Noise Rise impact due to inter-cell interference based on supporting field measurement data from a dense urban city.

Figure 1 shows the pdf and cdf of the time taken from the detection of a new cell to the active set update (due to either Event 1A or Event 1C) from the measurement data collected from a dense urban city. Figure 2 illustrates the same statistic from measurement data collected from London, UK [1].
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Figure 1: PDF/CDF of time from detection of a new cell to active set update (Event 1A or Event 1C)
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Figure 2: CDF of the time from detection of a cell to the time when it is added to the active set (R4-071703)
From both Figure 1 and Figure 2, a key observation is the following:

· We observe that a neighbor cell is added to a UE’s active set, much later (of the order of tens of seconds) after the UE first detected the neighbor cell.  For example, in Figure 1, the median time is 5 seconds and in Figure 2, the median time is ~30 seconds. 

· The delay in adding the neighbor cell to the user’s active set, stems from the fact that the neighbor cell’s pilot strength  may be below the reporting range of the serving cell’s pilot strength and hence even though it is detected by the UE, it is not considered good enough to enter the UE’s active set.

· Nevertheless, during this duration, since the UE is neither power controlled nor rate-controlled (E-DCH transmissions) by the neighbor cell, the UE can cause inter-cell interference to the neighbor cell’s uplink. 
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In Figures 3 and Figure 4, we illustrate the Noise Rise (RoT) impact caused by an inter-cell interferer at a neighbor cell. 
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Figure 4: RoT Impact at neighbour cell by inter-cell UE
Figure 3 illustrates the CPICH Ec/Io trace of the serving and monitored cells, logged at the UE.  As seen in the figure:

· A new cell (red color) appears suddenly at around time epoch 55040 seconds. 

· The UE is only power controlled by a single serving cell (purple) since it’s active set size is 1 at that time.

· Around time 55042 seconds, the serving cell’s strength begins to drop. As a result, the UE begins to increase it’s transmit power. 

Figure 4 illustrates the effect of the increase in the UE’s transmit power on the Noise Rise at the neighbor cell from time 55042 onwards. The RoT impact is calculated assuming 4 regular E-DCH UEs per cell, each contributing equal amount to the RoT. The operating RoT is assumed to be 5dB. The RoT impact to a cell not in the active set is calculated as the RoT impact of a UE to the serving cell plus the difference in path loss between serving cell and this cell.

As seen in Figure 4, if this neighbor cell (red color) is not added to the UE’s active set within a second, the RoT at the neighbor cell begins to rise appreciably, thereby creating a RoT spike which can render the system unstable.

Based on the above analysis, we conclude that the presence of an inter-cell interference cancellation engine would contribute towards controlling the noise rise spikes (RoT tail) thereby ensuring stability of the uplink in a macro environment.

Note that the above discussion would also apply to HSPA networks that don’t use macro-diversity (for example some deployment scenarios where the evolved flat UTRAN architecture is used [6], or in case of Home NodeB’s with restricted access). In these cases, the cancellation of inter-cell interference is imperative in order to manage the interference caused by the cell-edge users. 

4
Why not add neighbor cell to Active Set

Since the interference cancellation engine includes a demodulation and decoding step, one may argue that why not add the neighbor cell to the UE’s active set as soon as the UE detects the neighbor cell above a threshold. 

There are a few reasons why it makes sense to attempt to cancel the UE rather than immediately assign radio link resources for the UE:

· The radio link resources such as F-DPCH, E-RGCH, E-HICH are very costly and in general these resources should be conserved. 

· If a UE has just detected this neighbor cell, chances are that it may take some time to cross the Event 1A reporting range (due to filtering of pilot measurement reports, TTT, network delays) to be added to the active set. In the meanwhile, if a UE has reported to UTRAN that it has detected a pilot above a lower threshold, only UL searcher resources need be used at the NodeB to continuously detect any paths from this UE. This allows the NodeB to be prepared for any noise rise that the UE may suddenly cause in the near future. Demodulation, Decoding and Interference resources may be used at the NodeB only when the UE appears strong enough at it’s antenna,

· On the other hand, the UE could be stationary and may measure a weak neighbor cell which may be always below the reporting range of the existing active set members. In that case it would be wasteful to add this UE to the active set. There may still be some merit in canceling this UE, since it may be rate controlled to a high rate and the overall RoT impact of the UE’s traffic, control and pilot at the neighbor cell may still be non-negligible.

· In the case of DL/UL Link Imbalance, the DL may be quite weak; while the UL may be quite strong (there exists a differential path loss between DL and UL). In that case, it is desirable that the UE detects the P-CPICH from the neighbor cell above a lower reporting range than is used for adding the cell to the active set.

5
UTRAN enhancements to support ICIC

Figure 5 shows the principle of uplink Inter-Cell Interference Cancellation (ICIC) in UTRAN. In particular the picture shows a UE connected to a serving NodeB via one or more radio links. The same UE is causing excessive uplink interference in a close neighbor NodeB thus reducing its uplink capacity. However, as discussed in Section 2, the interference caused by such UE could be cancelled and uplink capacity maximized, provided that the neighbor NodeB knows some minimal information on the interfering UE.
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Figure 5: Inter-cell interference cancellation in UTRAN
The S-RNC is in the best position to know whether a UE is causing interference in some neighbor cells. Such decision will be mainly based on UE measurement reports. Enough flexibility is provided by the measurement reports already defined in [3]. For instance the S-RNC may configure in the UE an additional event 1A that is used to detect cells with which the UE is interfering (the additional event 1A will have a bigger reporting range than the one used for active set management). 

The S-RNC should then be allowed to signal to an ICIC-capable NodeB appropriate information on interfering UEs that are served by neighbor NodeBs. This can be achieved by defining a new RNSAP/NBAP message, as sketched in Figure 6. The information that needs to be signaled in the new message for each interfering UE is listed in Section 2 and includes Information Elements (IEs) that are already used in the Radio Link Setup/Addition procedure in NBAP/RNSAP. This is the only standard change required to support ICIC in UTRAN.

An ICIC-capable NodeB should maintain for each of its own cells a list of interfering UEs This information can then be used by the NodeB to perform ICIC as discussed in Section 2.Both the ICIC mechanism and the algorithm used in the NodeB to maintain the lists of interfering UEs is a matter of implementation and therefore do not require any additional standard change. 
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Figure 6: ICIC UTRAN Signalling
6
Conclusions

In this document we have demonstrated some use-case scenarios where inter-cell interference cancellation (IC-IC) may be beneficial in evolved HSPA networks. The use-case scenarios include scenarios that do not avail of macro diversity such as Enhanced Uplink in CELL_FACH, Home NodeBs, and Flat HSPA Networks. Furthermore, even in macro cell networks, where macro diversity is available, there may be scenarios where the uplink is imbalanced with respect to the downlink. In that case a NodeB may not be detected by a UE due to a weak DL, but the UL may be strong enough to cause some inter-cell interference impact.
The proposed standard changes are pretty limited. The main change required is one additional message over NBAP/RNSAP to allow the S-RNC to signal to an ICIC-capable NodeB appropriate information on interfering UEs that are served by neighbor NodeBs. 
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