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1 Introduction
During RAN#56, a study item (SI) was initiated on UMTS Heterogeneous Networks [1]. Deployment of low-power nodes (LPNs) is seen as a powerful tool to meet the ever-increasing demand for mobile broadband services. A LPN may correspond, for example, to a remote radio unit (RRU), pico, or micro base station, allowing expanding the network capacity in a cost-efficient way. A network consisting of traditional macro NodeBs and LPNs is referred to as a heterogeneous network. Two examples of use-cases for heterogeneous network deployment that may be envisioned are coverage holes and capacity enhancement for localized traffic hotspots. One objective with the SI is to “Investigate uplink and downlink imbalance effects to uplink and downlink performance due to range expansion and identify potential mitigation techniques”. 
In [2], a high-level discussion is provided regarding problems and solutions related to reliable UL control channel reception in heterogeneous networks. In this contribution, we further analyze these problems and provide initial results showing performance of the potential solutions. 

2 The Uplink/Downlink Imbalance Problem

The co-channel heterogeneous network deployment scenario has LPNs deployed within the macro-cell coverage area, where the transmission/reception points created by the LPNs have different cell IDs as compared to the macro cell. Since LPNs and macro NodeBs may have different transmit power levels, the uplink and downlink cell borders will not necessarily coincide. An example of this is when a UE has a smaller path loss to the LPN, while the strongest received power is from the macro NodeB. In such a scenario, the UL is better served by the LPN while the DL is provided by the serving macro NodeB. The region between the equal path loss border and equal downlink received power (CPICH receive power) border is referred to as the imbalance region. In this region, some fundamental UL problems may be encountered:

· Whenever the LPN is not included in the active set, the UE might create excessive and fluctuating interference towards the LPN. This might impact the performance of receiver algorithms and reduce the RoT budget, thereby reducing the cell throughput in the LPN.
· 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 (carrying the 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. Otherwise, the consequences might be bad HSPA cell throughput in the serving cell, state-oscillations and/or dropped calls. 
To address some of the above mentioned issues, available network parameters such as the Cell Individual Offset (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 the entire imbalance region; see Figure 1. One positive effect from this is that the problems discussed above become less severe. 
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Figure 1: Illustration of a heterogeneous deployment with range expansion and SHO extension.
3 Analysis


The remaining part of this contribution will 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. Problems and potential solutions are investigated by means of numerical simulations.
3.1 Simulation Setup

The general simulation setup consists of one UE in SHO with one serving Macro cell and one LPN cell. The simulation addresses only the UL, i.e. no DL channels or DL information is modelled. The main purpose of the analysis is to investigate how the performance in the serving cell depends on the difference between the Macro and LPN received signal quality (e.g. a difference in UL path loss between towards the different cells(?)). This can be modelled in several different ways and here we use a fixed variance for the AWGN source added to the received signal in the LPN, whereas the corresponding noise source added to the received signal in the Macro has a variance that is ∆ times larger than the variance in the LPN. The value of ∆ is referred to as the imbalance. One way of viewing this setup is that the distance between the UE and the LPN is fixed, whereas the distance between the UE and the Macro increases as ∆ increases. Hence, the SNR of the received signal in the Macro will decrease with increasing imbalance values.
Throughout the analysis, the Rel-5 HS-DPCCH quality (performance of ACK/NACK decoding) is used as the main performance metric. Note though that the results are in general applicable to other channels as well, such as the E-DPCCH. To evaluate the ACK/NACK decoding performance, a maximum likelihood sequence decoder is used. Furthermore, a signal detector is used ensuring that the false alarm rate is kept at 1%. Practical channel estimation using 3 slots of time averaging is employed unless otherwise stated. To simplify the analysis, the HARQ retransmission is turned off. The baseline link simulation parameters are summarized in Table 1 in the Appendix.
3.2 Single Link Performance Results
To get a basic understanding of the required DPCCH and HS-DPCCH quality, we consider the single-link performance of the HS-DPCCH (ACK/NACK decoding performance) as a function of DPCCH SIR and beta-hs using ideal and realistic channel estimation. Note that in this example, a standard single link simulation (no SHO) with the OLPC turned off is used. The results are shown in Figure 1 and results a number of observations can be made:

· Since the DPCCH carries the pilots used for channel estimation, a large performance difference between results obtained by using ideal and realistic channel estimation implies that the DPCCH quality is too poor. In such case, it might be necessary to boost the DPCCH power. 
· From Figure 1, it is further observed that when operating at low DPCCH SIR, there is a significant performance loss due to poor channel estimation and it does not really help to boost only the HS-DPCCH power. Furthermore, when the channel estimate is sufficiently good (operating at medium to high SIR targets), the performance can be improved by simply boosting the HS-DPCCH power.
· The performance of the low SIR target (SINR target equals 2 dB) corresponds to the UL performance one can expect in the serving cell when operating in SHO with a large path loss imbalance.
The main message from this example is that there is an evident need to boost the power of physical channels in a heterogeneous network deployment whenever there is a large difference in path loss for the different SHO links and at he same time important control information from a UE in SHO needs to be reliably received in the serving Macro. Also, it is seen that if the DPCCH quality gets too inferior, then it does not help to only boost the physical channel of interest.
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Figure 1
 ACK/NACK miss decoding probability as a function of beta-hs for different SINR targets using ideal and realistic channel estimation.
3.3 SHO Performance Results
Next, the UL performance for a UE in SHO with a serving Macro and a LPN is analyzed. Here, the OLPC is turned on, which means that the SIR target is adjusted to reach a combined (taking both Macro and LPN quality into consideration) E-DPDCH BLER of 10%.  The HS-DPCCH ACK/NACK decoding performance is evaluated as a function of the imbalance (the additional noise variance in the Macro). The baseline performance will be compared with the performance of some potential solutions to the imbalance problem. More specifically, the performance of LPN padding/desensitization and power boosting will be evaluated. Padding/Desensitization is a way of reducing/removing the imbalance that essentially requires no standardization and can therefore be used to address all users. By adding artificial noise to the received signal in the LPN, the received SINR becomes worse. This implies that the UE needs to increase the transmit power to reach the SIR target which implies that the reception quality in the Macro improves. Power boosting means that the gain factors of one or several channels are increased.
HS-DPCCH boosting - Figure 2 shows the ACK/NACK miss decoding probability in the Macro and LPN, respectively, as functions of the imbalance with and without 3 dB HS-DPCCH power boosting. The results clearly show that the HS-DPCCH performance in the serving Macro becomes worse as the imbalance increases. Furthermore, by boosting the HS-DPCCH power, the performance is enhanced. At zero imbalance, it is seen that the LPN and the serving Macro exhibit the same performance, as expected. Perhaps a bit more surprisingly, it is also seen that the performance in the LPN is improved as the imbalance increases. This can be understood by considering Figure 3 showing the average UE Tx power as a function of the imbalance with and without the 3dB HS-DPCCH power boosting. It can be observed that the required UE Tx power is increased as the imbalance increases. The reason for this is the macro diversity. At zero imbalance, the UE uses two independent and balanced links to convey its information, which maximizes the potential Macro diversity gain and leads to a reduction in required Tx power (or received LPN SIR). As the imbalance increases, the potential Macro diversity gain decreases. In the extreme case with a very large imbalance, the UE would be transmitting its information using a single link (essentially no SHO) and hence the Tx power would need to be increased to combat a more severe fading characteristics. It can also be mentioned that in this example, the system is operated at a rather high DPCCH SIR target, which implies that the channel estimate is less sensitive to the imbalance.
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Figure 2
 ACK/NACK miss decoding probability in Macro and LPN as functions of the imbalance with and without 3dB HS-DPCCH power boosting.
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Figure 3
 Mean UE Tx power and average LPN DPCCH SIR as functions of the imbalance with and without 3dB HS-DPCCH power boosting.

LPN Padding/Desensitization - Figure 4 shows the ACK/NACK miss decoding probability in the Macro and the LPN, respectively, as a function of the imbalance with different degrees of LPN padding/desensitization. Padding/desensitization is achieved by adding artificial white noise in the LPN having a variance that is 5 dB or 10 dB larger than the normal noise source. Similar to the last example, the results show that the performance in the serving Macro gets worse as the imbalance increases, whereas the LPN performance becomes better. One difference here compared to the baseline scenario without any desensitization is that the Macro performance is much better (the Macro associated curves are shifted down), whereas the LPN performance is much worse (the LPN associated curves are shifted up). Now, the average LPN and Macro performances coincide when the imbalance equals the desensitization value. This is expected since desensitization essentially reduces/shifts the imbalance. Figure 5 shows the average UE Tx power as a function of the imbalance and different degrees of LPN padding/desensitization. It is apparent that compared to the baseline case, desensitization requires a significant increase in UE Tx power. This obviously causes problems, such as increased interference in the LPN, and is the price one has to pay for the improved performance in the Macro. Furthermore, it is important to realize that a padding/desensitization setting that takes the worst case into account needs to be employed. Hence, users in good positions (e.g. close to LPN) will suffer since there might be users in bad positions (experiencing a large imbalance) that need to be accounted for.
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Figure 4
 ACK/NACK miss decoding probability in Macro and LPN as functions of the imbalance with different degrees of LPN padding/desensitization.
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Figure 5 Mean UE Tx power and average LPN DPCCH SIR as functions of the imbalance with different degrees of LPN padding/desensitization.
4 Conclusion

In this contribution, we analyzed the robustness of uplink control channels in heterogeneous networks by means of numerical simulations. In particular, the problem of reliably receiving UL control channel information in the serving NodeB when a UE in SHO (both Macro and LPN are included in the active set) has a weak link towards the Macro due to UL/DL imbalance has been addressed. The main conclusion from the results is that it is difficult to reliably receive UL information in the serving cell when the link towards the serving cell becomes weak. Furthermore, initial results showing the performance potential of two different solutions, namely desensitization/padding and boosting, were provided. One key conclusion from the results is that it is important to boost (enhance signal quality) as precise as possible, i.e. increasing the power too little causes reception problems and increasing the power too much results in excessive interference and degrade system performance. Further studies of the problem and potential solutions should be performed to get a more profound understanding of all open issues. 
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6 Appendix
Table 1 Baseline link level simulation parameters.
	Parameter
	Value

	Physical Channels
	DPCCH, HS-DPCCH, E-DPCCH & E-DPDCH

	E-DCH TTI [ms]
	2

	TBS [bits]
	3840

	20*log10(βed/βc) [dB]
	6.13 dB

	20*log10(βhs/βc) [dB]
	varies

	Number of H-ARQ Processes
	1

	Target Number of HARQ Transmissions
	1

	Number of Rx Antennas
	2

	Channel Encoder
	3GPP Release 6 Turbo Encoder

	Turbo Decoder
	Max Log

	Number of iterations for turbo decoder
	8

	DPCCH Slot Format
	1 (8 Pilot, 2 TPC)

	Channel Estimation
	Ideal or Realistic (3 slots filtering)

	Searcher
	Ideal

	Inner Loop Power Control
	ON

	Outer Loop Power Control
	ON
Target BLER = 10%

	Inner Loop PC Step Size
	±1 dB

	Propagation Channel
	PA3

	NodeB Receiver Type
	LMMSE Receiver 
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