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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 we need to study 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 a co-channel deployment. Many system-level simulation results have been captured in [3] showing that significant gains can be achieved for average sector throughput and user throughputs by deploying LPNs in addition to the macro cells. The gains are observed when the LPN can take up some of the load from the macro cells.  

However, due to large power difference between the macro node and the LPN, the traffic uptake by a LPN and therefore the effect of macro traffic offloading may be very limited as illustrated in Figure 1.
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Figure 1: Much smaller LPN serving area due to lower DL transmit power.
From network management perspectives, it is useful to be able to control the level of offloading. For example, when the macro cell is overloaded while the small cell served by the LPN is very much idle, it is desirable to encourage offloading from the macro to small cell. Increasing the traffic uptake in a small cell by increasing its service area is referred to as LPN range expansion. 
However, user equipment (UE) making use of cell range expansion can experience severe interference conditions since the received signal strength from an interring node might be stronger than the serving LPN. In [4], network assisted interference cancellation (NAIC) was proposed as a potential solution to improve the downlink performance for UEs in the LPN range expansion area.
During RAN#61, the following open issues were identified to be further addressed in RAN1 [5].
· The benefits of E-DCH decoupling should be further assessed. For example, the quality and cost (in terms of LPN power) of downlink control signalling transmitted by the LPN and the delay in receiving the grants need to be investigated.

· The benefits of NAIC for LPN range expansion should be further assessed. Both pre-decoding and post-decoding IC should be considered and the gains and reliability of needed signaling to enable IC should be evaluated.

· The impacts of combined cells, e.g. on performance of legacy terminals, should be further assessed.

In [6], the benefits of NAIC for Type 3i receivers in LPN range expansion area are presented. In this contribution, we present further results of NAIC for UEs with a single receive antenna. Though it was agreed that the type 3i receiver is used as a baseline for studying the NAIC performance [3], it may be worthwhile to also investigate NAIC improvement for UEs with a single receive antenna. For example, considering that a single receive antenna UE using the Type 2i receiver has much limited capability in suppressing other-cell interference compared to a dual receive antenna UE using the Type 3i receiver, the potential gain of NAIC might be higher for UEs with a single receive antenna. It is thus interesting to study the performance of such UEs in the LPN range expansion area with and without NAIC. The cancellation efficiency achieved by post-decoding soft interference cancellation (IC) receiver is used in our evaluation for illustrating potential NAIC gains. The baseline receiver considered for UEs with a single receive antenna is the Type 2i receiver.
2 Link Level Simulation Results with Network Assisted Interference Cancellation
We analyze the benefits of network assisted IC using the framework proposed in [6]. Figure 2 shows different UE placements, where a UE in locations L1-L6 is served by the LPN and a UE in positions L7-L12 is served by the macro node. The exact received power values are as shown in Table 1. 
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Figure 2: Simulation scenario considered for link analysis [7].
Table 1: Received signal powers at each UE location.
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	L1
	5.2774
	18.555
	0.92192

	L2
	8.3307
	18.003
	0.66949

	L3
	12.144
	17.59
	1.1988

	L4
	16.951
	17.167
	1.6937

	L5
	23.603
	16.737
	2.1588

	L6
	34.812
	16.302
	2.5979

	L7
	-12.658
	24.273
	4.2725

	L8
	-10.256
	15.356
	1.9603

	L9
	-20.806
	6.9397
	4.8632

	L10
	-18.964
	15.547
	2.6975

	L11
	-20.781
	10.415
	7.7891

	L12
	-28.111
	3.8369
	10.577


According to Table 1, locations corresponding to LPN range expansion beyond the typical setting of 3 dB CIO are L1, L2, and L3. However, L4 may also benefit from IC, as the macro signal strength is also relatively strong at L4. At location L5 or L6, the UE does not experience strong interference from the macro node as the LPN signal is much stronger than the macro signal; thus cancelling macro interference at these locations is not expected to improve the LPN UE performance. At location L7, L8, …, L12, the UE should be served by the macro node, as the LPN signal strength at these locations is very weak. Therefore, we will focus the discussion below on LPN UE location at L1, L2, L3, and L4, and macro locations at L7, L8, …, L12.

The simulation parameters and assumptions used in our study are listed in the Appendix.  Cancellation efficiency with respect to the interfering macro HS-PDSCH signal based on a soft IC receiver at the victim LPN UE is shown in Table 2, for various pairings of LPN UE and macro UE locations. Cancellation efficiency is defined as the percentage of interference signal removed after IC, measured in terms of average interference power reduced due to IC. Thus, cancellation efficiency 1 means that the interference signal is completely removed, whereas cancellation efficiency 0 means that the interference signal is not removed at all. We assume that both LPN and macro UEs are equipped with a single receive antenna and use the Type 2i receiver. The link adaptation for macro HS-PDSCH is based on the signal quality of macro UE’s P-CPICH. If the modulation and coding scheme (MCS) for the macro UE is relatively lower compared to the quality of the interference link, the victim LPN UE is likely to be able to detect the interfering signal reliably and then cancel it to a large extent. In such a case, cancellation efficiency close to 1 can be achieved. Note that the cancellation efficiency correlates with the LPN UE correct decoding probability defined in [8]. However, a key difference between the two is that with a soft IC receiver even if the LPN UE cannot decode the macro signal correctly, cancellation efficiency greater than 0 can be achieved.  The soft IC receiver used in our simulation uses a soft-input-soft-output turbo decoder to generate soft values for the encoded bits. The soft values are then mapped to soft symbols, which will be cancelled after spreading, scrambling, and channel filtering. With such a soft-cancellation based approach, an interference signal can be partially cancelled even if the CRC indicates errors after decoding. The soft-input-soft-output turbo decoder formulates encoded bit soft values based on a bit log-likelihood ratio (LLR) formulation, thus the magnitude of the soft value reflects the confidence that the decoder has regarding each encoded bit. Note that in a very noisy channel condition, the bit LLR is close to 0, and thus effectively the soft IC does not cancel anything in a very noisy condition. This avoids potential performance degradation when the interference signal cannot be detected reliably.
In Table 2, each row corresponds to a LPN UE location and each column corresponds to a macro UE location. It can be seen from Table 2 that relatively high cancellation efficiency can be achieved. Furthermore, observe that certain location combinations see higher LPN cancellation efficiency than other location combinations. For example, LPN UE at L1 pairing with macro UE at L12 has cancellation efficiency 1, whereas LPN UE at L4 pairing with macro UE at L7 has cancellation efficiency 0.4678. From Table 1, one can see that in the former case, (L1, L12), the LPN link to the macro node is approximately 15 dB stronger than the link between the macro UE and the macro node. Thus, it is almost a certainty that the HS-PDSCH that the macro sends to the macro UE at L12 can be detected correctly and cancelled completely by the LPN UE at L1. On the other hand, in the latter case, (L4, L7), the LPN link to the macro node is approximately 7 dB weaker than the link between the macro UE and the macro node. This limits the reliability of interference signal detection, and thus we see much lower cancellation efficiency. In general, for LPN range expansion locations L1, L2, and L3, cancellation efficiency higher than 0.6 is achieved when the macro node serves a UE at location L7, L8, L9, L10, L11, or L12.
Table 2: Cancellation efficiency with respect to the interfering macro HS-PDSCH based on post-decoding soft IC at the victim LPN UE for various pairings of LPN UE and macro UE locations. Both LPN UE and macro UE use the Type 2i receiver.
	
	L7
	L8
	L9
	L10
	L11
	L12

	L1
	0.8514
	0.9634
	0.9999
	0.9619
	0.9991
	1.0000

	L2
	0.7828
	0.8892
	0.9963
	0.8897
	0.9882
	0.9994

	L3
	0.6619
	0.7561
	0.9614
	0.7581
	0.9374
	0.9963

	L4
	0.4678
	0.5528
	0.8051
	0.5541
	0.7616
	0.9504


A more challenging case however is when the macro scheduled UE is using the Type 3i receiver and the macro HS-PDSCH’s MCS is determined accordingly. In such cases, the single receive antenna LPN UE is expected to have lower cancellation efficiency with respect to the macro HS-PDSCH interference. This is illustrated in Table 3. Compared to Table 2, it can be seen that the cancellation efficiency is lower when the macro scheduled UE is served at a higher rate due to its use of a better receiver (Type 3i instead of Type 2i). However, we observe that for LPN range expansion locations L1, L2, and L3, cancellation efficiency higher than 0.6 is achieved when the macro node serves a UE at location L8, L9, L10, L11, or L12.
Table 3: Cancellation efficiency with respect to the interfering macro HS-PDSCH based on post-decoding soft IC at the victim LPN UE for various pairing of LPN UE and macro UE locations. The LPN UE uses the Type 2i receiver whereas the macro UE uses the Type 3i receiver.
	
	L7
	L8
	L9
	L10
	L11
	L12

	L1
	0.8153
	0.8607
	0.9379
	0.8594
	0.9169
	0.9687

	L2
	0.7453
	0.7970
	0.8962
	0.7959
	0.8667
	0.9421

	L3
	0.6263
	0.6845
	0.8078
	0.6832
	0.7701
	0.8774

	L4
	0.4427
	0.5033
	0.6367
	0.5017
	0.5958
	0.7253


Observation 1: Cancellation efficiency of 0.6 or higher with respect to the interfering macro HS-PDSCH signal can be achieved in most cases in the LPN range expansion area when the LPN UE uses the Type 2i receiver.
Note that the cancellation efficiency shown in Table 2 and Table 3 is for the interfering macro HS-PDSCH signal. In addition to HS-PDSCH, other physical channels transmitted by the macro node will also cause interference to the LPN UE. Some of these other physical channels can be cancelled relatively easily, e.g. P-CPICH, SCH, etc. However, it may be harder to cancel some of these other physical channels. Thus, the cancellation efficiency with respect to the total macro signal may depend on the IC implementation, in terms of which physical channels are cancelled. In our throughput analysis for the victim UE, we assume cancellation efficiency of 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9, respectively. The numbers are reasonable based on the results shown in Table 2 and Table 3. The benefits of NAIC are shown for each of these cancellation efficiency values. 
NAIC gains over the Type 2i receiver at various LPN UE locations in terms of average and 5th-percentile LPN UE throughputs are shown in Table 4 and Table 5, respectively. In our simulations, the channel quality indicator (CQI) for the victim LPN UE is determined based on the P-CPICH SINR obtained from the output of the second-stage frontend according to the receiver architecture defined in [7]. For a given LPN UE location, the UE throughput varies due to fading variations. The average and 5th-percentile LPN UE throughputs are calculated based on the statistics of UE throughputs over 2000 subframes. Note that for the same cancellation efficiency, gains for UEs at location L1 are the highest as the macro interference is much stronger than the desired LPN signal at L1. Thus, the LPN UE performance is more limited by the macro interference. In such a case, cancelling the macro interference gives rise to the largest gain for the LPN UE. Tables 4 and 5 can be used together with Tables 2 and 3 to get approximated NAIC gains for various location combinations of the macro UE and LPN UE. It can be seen that even with 50% cancellation efficiency there is a very significant benefit offered by NAIC. The gains are more significant for the 5th percentile LPN UE throughput. This is due to the reasons below. First, the cause of a low instantaneous LPN UE throughput could be due to that the interference is relatively strong compared to the desired signal. In such cases, removing interference give a significant boost of the LPN UE throughput. Furthermore, it is easier to get a high percentage gain when the throughput is very small. For example, the 5th-percentile LPN UE throughput for LPN UEs at location L1 and L2 (very aggressive range expansion) is extremely low. Thus, cancelling interfering macro signal gives extremely high percentage gains.

Compared to the Type 3i receiver shown in [6], gains for single antenna UEs are relatively higher. This is because while a Type 3i receiver has capability of suppressing other-cell interference, a single antenna receiver does not have the degree of freedom to mitigate other-cell interference. As a result, interference cancellation has a potential to offer larger performance improvement for single-antenna UE in the range expansion area.
Table 4: NAIC gains in average LPN UE throughput at various LPN UE locations.
	LPN UE

Location
	40% cancellation efficiency
	50% cancellation efficiency
	60% cancellation efficiency
	70% cancellation efficiency
	80% cancellation efficiency
	90% cancellation efficiency

	L1
	41.68%
	59.38%
	83.16%
	117.34%
	172.22%
	282.17%

	L2
	38.43%
	54.44%
	75.71%
	105.80%
	153.00%
	243.59%

	L3
	34.23%
	48.08%
	66.13%
	91.06%
	128.77%
	197.05%

	L4
	28.42%
	39.42%
	53.39%
	72.02%
	98.95%
	144.33%


Table 5: NAIC gains in 5th-percentile LPN UE throughput at various LPN UE locations.
	LPN UE

Location
	40% cancellation efficiency
	50% cancellation efficiency
	60% cancellation efficiency
	70% cancellation efficiency
	80% cancellation efficiency
	90% cancellation efficiency

	L1
	120.70%
	180.46%
	281.14%
	448.96%
	786.49%
	1683.25%

	L2
	90.04%
	147.37%
	220.08%
	344.58%
	559.12%
	1060.86%

	L3
	77.58%
	113.32%
	170.27%
	251.81%
	405.98%
	710.45%

	L4
	61.54%
	92.06%
	133.09%
	190.23%
	290.35%
	495.26%


Observation 2: NAIC offers significant gains for UEs with a single receive antenna in the LPN range expansion areas. 
3 Conclusions

In this contribution, we study the benefit of network assisted interference cancellation (NAIC) for UEs with a single receive antenna. We find that NAIC could improve the performance of such UEs in the LPN range expansion area significantly. Based on the results of this contribution, we would like to make the following proposal.
Proposal: The numerical results of this contribution are included in the technical report of the study item.
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Appendix: Simulation Parameters and Assumptions
Table 6: Link level simulation parameters.

	Parameter
	Value
	Comments

	P-CPICH_Ec/Ior
	-10dB
	

	Spreading factor for

HS-PDSCH
	16
	

	Modulation
	QPSK, 16QAM, 64QAM
	

	TBS
	Variable
	CQI based scheduling

	Number of Transport Blocks
	1
	

	HSDPA Scheduling Algorithm
	CQI based
	

	CQI Feedback Cycle
	1 TTI
	

	CQI feedback error
	0 %
	

	HS-DPCCH ACK/NACK feedback error
	0 %
	

	Maximum number of HS-DSCH codes
	15
	

	Number of HARQ Processes
	6
	

	Maximum Number of H-ARQ Transmissions
	1
	

	Target Number of H-ARQ Transmissions
	1
	

	Residual BLER
	10% after 1 transmission
	

	Number of Rx Antennas
	1
	

	Channel Encoder
	3GPP Turbo Encoder
	

	Turbo Decoder
	Max- Log MAP
	

	Number of iterations for turbo decoder
	8
	

	Propagation Channel Type
	PA3
	

	Channel Estimation
	Practical for signal detection;
Ideal for regenerating the interference signal for cancellation
	

	Noise Estimation
	Practical
	

	UE Receiver Type
	LPN UE: Type2i
Macro UE: Type 2i or 3i
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