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1 Introduction

This paper studies the uplink interference scenario between home NodeB (HNB) and macro NodeB (MNB), where a home UE (HUE) served by the HNB is interfering the overlaying macro cell operating on the same carrier as the HNB.
The overall uplink co-existence scenario including two HNBs and a macro cell is presented in Figure 1. In general, due to access control a HUE can be located closer to a neighboring (co-channel) Node B compared to the serving HNB. From the uplink point of view this would mean, that the received C/N at the neighboring NodeB will be higher than the received C/N at the serving HNB. Hence, if a handover would be allowed, the HUE could achieve the same service with less transmission power.

Figure 1 demonstrates three types of uplink interference scenarios (red arrows):

· HUE interfering a neighboring HNB.

· HUE interfering an overlaying cell.

· MUE interfering a HNB.

The first interference scenario has been discussed in [1] and [2], while this paper focuses on the second interference scenario. The third uplink interference scenario has not simulated in this study, but will be briefly discussed in the conclusions as well as in [2]. Some simple analysis can also be found in [3].
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Figure 1. Uplink co-existence scenario between HNBs and a MNB.

2 Scenario and Assumptions
The simulation methodology and assumptions are described in detail in [4]. Hence, the simulations are performed for three different locations within the macro cell:
· Location A (“close to macro site, best 10th percentile”)
P-CPICH RSCPindoor = -60 dBm, RSSIindoor = -50.8 dBm, P-CPICH Ec/I0 = -9.2 dB
· Location B (“middle of macro cell, median”)
P-CPICH RSCPindoor = -73.5 dBm, RSSIindoor = -63.0 dBm, P-CPICH Ec/I0 = -10.5 dB
· Location C (“close to cell border, worst 10th percentile”)
P-CPICH RSCPindoor = -84 dBm, RSSIindoor = -71.8 dBm, P-CPICH Ec/I0 = -12.2 dB 

In order to model the impact of handover (intra-frequency, inter-frequency or inter-RAT) an assumption is made, that the home UE can only be located in a position where:

· HNB P-CPICH Ec/I0 > -16 dB and RSCPHNB – RSCPMNB > -3 dB
Furthermore, simulations are run with two different Rise-over-Thermal (RoT) thresholds, 6 dB and 10 dB, and with different limitations of the maximum CIR. With RoT threshold equal to 6 dB, the maximum target bit rate (in a single UE scenario) becomes equal to 3.06 Mbps, while with RoT threshold equal to 10 dB, the maximum target bit rate becomes equal to 5.10 Mbps. The maximum CIR is varied between {0, 1, 2, 3, 4, 5, 6} dB, resulting in target bit rates equal to {1.54, 1.81, 2.10, 2.43, 2.78, 3.16, 3.56} Mbps
Finally, the simulations are run for two different HNB deployment probabilities, 33% and 100%. For each of them, HSPA utilization is varied between 10% and 100%. As an example, deployment probability equal to 33% and HSPA utilization equal to 50% corresponds to a scenario, where in average every third of the 6*25 apartments has a HNB, and in average half of them are scheduling a HSUPA user at the same time, while the rest are assumed to not have any uplink traffic.

3 Background Discussion

This section is based on the discussion in [3].

A Home NodeB will most probably support HSUPA for uplink communication. Since the required CIR, and hence the received power increase as the uplink bit rates are increased, the possible impact on the overlaying macro layer should not be ignored.

Let us assume the scenario shown in Figure 2. A HUE is connected to HNB, and is interfering a co-channel macro NodeB (MNB). From the uplink interference point of view the worst case is when the HUE is located close to the (uplink) cell border between the home cell and the macro cell, but does not have a connection towards the MNB.
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Figure 2. Assumed scenario. A home UE is located in between a HNB and a MNB.

Assuming that at the location of the HUE, the difference between RSCPHNB and RSCPMNB is  dB, and that the same relative amount of maximum base station power is allocated to P-CPICH both at HNB and MNB, the following equation can be written (all variables are in dB):
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(1)

where LDL is the downlink path loss between the HUE and a NodeB. Considering the received uplink powers from HUE at both HNB and MNB, the following equation can be written:
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where  is the average transmit power increase (caused by the fast closed loop power control) for the HUE. Assuming now that the uplink path loss difference is the same as the downlink path loss difference, the following can be written:
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Considering the receiver noise and the other uplink interference,
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(4)
and further,
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(5)

The value of  will depend on the multipath profile of the radio channel between the HUE and the HNB, as well as on the existence of receive diversity at the HNB. In [4],  is assumed to be equal to 2 dB.

Instead of looking at the Rise-over-Thermal (RoT) value, one can also look at the corresponding sensitivity degradation at the MNB:
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Hence, if a maximum of 1 dB sensitivity degradation is allowed (S = 1) for the MNB, then the RoTMNB should not be larger than -5.87 dB.
Looking at (5) and (6), the sensitivity degradation increases with larger P (larger PHNBmax), larger N (larger HNB noise figure), higher HNB (higher HSUPA bit rate), higher IHNB (higher external uplink interference), larger  (no uplink receive diversity), or smaller RSCP (extending the coverage of home cell via handover parameter setting).
For example, within the following simulation results: N = 14 dB,  = 2 dB and RSCP = -3 dB or larger. The value of P will vary as the PHNBmax is one of the variables in the study, for example with PHNBmax equal to 20 dBm, P becomes equal to -23 dB, but with PHNBmax equal to 0 dBm, P is equal to -43 dB. The maximum value of HNB is controlled via the maximum CIR parameter. Finally, the value of IHNB will depend on the assumed HNB density and utilization.

4 Simulation Results
4.1 Location A (“close to macro site”)
Assuming RoT threshold equal to 6 dB, maximum CIR equal to 3 dB, PHNBmax equal to 15 dBm and HNB deployment equal to 100%, the distribution of the experienced RoTMNB caused by one HUE can be obtained for different levels of HSPA utilization, see Figure 3.
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Figure 3. Distribution of the RoTMNB values (caused by one scheduled HUE) with different levels of HSPA utilization.
Results for the average RoTMNB (caused by one scheduled HUE) are presented in Figure 4, assuming PHNBmax equal to 15 dBm.
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Figure 4. Average RoTMNB caused by one scheduled HUE.
Assuming now that the total RoTMNB should be less than -5.87 dB, and that the average RoTMNB caused by single HUE is equal to -17.7 or -15 dB, the maximum number of simultaneously scheduled HUEs (for locations corresponding to ‘location A’) becomes equal to 15.2 and 8.2, respectively.
As demonstrated in [1] and [2], the uplink scheduler can be made less sensitive to external interference by increasing the RoT threshold. Unfortunately, the price of being able to schedule a HSUPA user also under high level of external interference, or to schedule higher bit rates, is the increased interference towards the overlaying MNB. For example, keeping the other parameters intact as in Figure 3, but increasing the RoT threshold to 10 dB, the corresponding distribution of the experienced RoTMNB can be obtained, see Figure 5. Compared to Figure 3 the interference has increased a few dBs, at least in case of higher levels of HSPA utilization, since they will benefit the most from the increased RoT threshold. Now, there seems to be a maximum of 5% probability that even a single scheduled HUE results in a RoTMNB that exceeds the value of -5.87 dB.
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Figure 5. Distribution of the RoTMNB values (caused by one scheduled HUE) with different levels of HSPA utilization.
Results for the average RoTMNB (caused by one scheduled HUE) are presented in Figure 6, assuming RoT threshold equal to 10 dB and PHNBmax equal to 15 dBm. Compared to the results with RoT threshold equal to 6 dB also average the interference has increased a few dBs, at least in case of higher levels of HSPA utilization and higher maximum CIR.
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Figure 6. Average RoTMNB caused by one scheduled HUE.
It is shown in [2] and [5] that P-CPICH coverage benefits clearly from increased PHNBmax. A similar comparison for the average RoTMNB is shown in Figure 7. There, the solid and dashed lines correspond to PHNBmax equal to 15 dB and 20 dBm, respectively. 
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Figure 7. Average RoTMNB caused by one scheduled HUE. Solid lines assume PHNBmax equal to 15 dBm, while the dashed lines assume PHNBmax equal to 20 dBm.
As can be noticed, a higher PHNBmax will result in a slightly increased interference towards the macro cell. This is caused by the fact that a higher PHNBmax will extend the coverage area of the home cell, increasing the path loss, and hence, Tx power for the cell border users. At the same time the cell border users will experience a lower path loss towards the overlaying macro cell. For example the assumed 5 dB increase in PHNBmax will result in approximately 2-3 dB increase in average interference towards the macro cell. For example, if the average RoTMNB increases from -17.8 dB to -15 dB (Max CIR = 0 dB), the maximum number of simultaneously scheduled HUEs drops from 15.6 to 8.2. Looking at higher bit rates (Max CIR = 4 dB), the interference increase from -13.5 dB to -10.8 dB can be mapped into a corresponding decrease in number of simultaneous users from 5.8 and 3.1.

4.2 Location B (“middle of the macro cell”)
Assuming PHNBmax equal to 5 dBm and RoT threshold equal to 6 dB, the results for the average RoTMNB (caused by one scheduled HUE) are presented in Figure 8.
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Figure 8. Average RoTMNB caused by one scheduled HUE. RoT threshold = 6 dB.
If the RoT threshold is increased to 10 dB, corresponding results for the average RoTMNB (caused by one scheduled HUE) are presented in Figure 9.
The results for ‘location B’ indicate a much lower level of interference towards the MNB compared to ‘location A’. This is mostly due to the fact that PHNBmax has been reduced by 10 dB, resulting in P equal to -38 dB, while the value of N is still the same. Basically, this means that the “link unbalance” between uplink and downlink has been increased (the difference between the location of uplink and downlink cell borders between home and macro cell has been increased). Maintaining roughly the same “link balance” as in ‘location A’ would require additional desensitization of the HNB, which would obviously increase the level of interference towards the MNB from the levels indicated by Figure 8. In addition to the better “link balance”, also the sensitivity against external interference would be improved. After all, assuming that the size of the macro cell coverage hole is kept the same by adjusting the PHNBmax, the macro mobiles just outside the coverage hole will experience larger path losses towards their serving base stations, and hence will require a higher Tx power, and cause more uplink interference towards the HNB. Alternatively, the RoT threshold might need to be raised even further to reduce the problems caused by close-by macro UEs.
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Figure 9. Average RoTMNB caused by one scheduled HUE. RoT threshold = 10 dB.
4.3 Location C (“close to cell border”)

Simulation results for the average RoTMNB (caused by one scheduled HUE) are presented in Figure 10, assuming PHNBmax equal to -5 dBm and RoT threshold equal to 6 dB.
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Figure 10. Average RoTMNB caused by one scheduled HUE. RoT threshold = 6 dB.
If the RoT threshold is increased to 10 dB, the corresponding results for the average RoTMNB (caused by one scheduled HUE) are presented in Figure 11.
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Figure 11. Average RoTMNB caused by one scheduled HUE. RoT threshold = 10 dB.
In case of ‘location C’ the uplink interference towards the MNB has been reduced further, since also the PHNBmax has been reduced to -5 dBm, making P equal to -48 dB. Furthermore, similar to ‘location B’, there would be considerable room for desensitization of the HNB, without sacrificing the uplink coverage of the overlaying macro cell too much. Considering also the (increased) interference from close-by macro UEs, some amount of additional desensitization, or further adjustments of the RoT threshold might be required.
5 Conclusions

This paper has studied the uplink interference scenario between home NodeB (HNB) and macro NodeB (MNB), where a home UE (HUE) served by a HNB is interfering the overlaying macro cell operating on the same carrier as the HNB.

These results should be considered together with the results shown in [1] and [2], as well as with the downlink results in [5] and [6].

It has been shown that adjusting the PHNBmax in order to maintain a certain acceptable trade-off between HNB downlink performance and macro cell coverage will have an impact on the uplink performance as well. When the difference between PMNBmax and PHNBmax increases, but the noise figures are kept the same, the HUEs typically move further away from the uplink cell border between the home and macro cell, which reduces the uplink interference towards the MNB. At the same the “link unbalance” increases, which might eventually cause some challenges for the handovers between home and macro cell.
Another problem with adjusted P but fixed N is that the co-channel macro UEs close to the (downlink) cell border will typically generate more uplink interference towards the HNB as the value of P is decreased (i.e. when the serving macro cell is further away). This would possibly indicate the need to tune the sensitivity of the HNB (as a function of P), or to adjust the RoT threshold accordingly.
The results in this paper demonstrate clearly that a higher RoT threshold, introduced to “desensitize” the HSUPA scheduler, will increase the interference towards the overlaying macro cell. Furthermore, the results show also that by limiting the uplink bit rates within the home cell, the interference towards the macro cell can be reduced.

Hence, the results in this paper, as well as the results in [1] and [2], confirm that the (closed subcriber group) HNB is feasible also from the uplink point of view. There will be some uplink co-existence problems, but there are also some different ways to solve or at least relieve the problems without degrading the HNB uplink performance too much, the preferred ones being the adjustment of the RoT threshold for the HSUPA scheduler, and the limitation of the maximum uplink bit rates within the home cell.
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