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1
Introduction
During RAN4 2010 AH#4 a discussion took place on various aspects of TDM eICIC schemes such as UE demodulation, CSI, as well on the framework for RLM/RRM measurements and performance requirements. Preliminary results on the demodulation performance of Rel-8/9 terminals when near-blank are used as well as the baseline performance when no eICIC scheme is considered were provided in [1]. This contribution is an updated version of [1] providing additional results – namely for PCFICH, PHICH and PDCCH – hence completing the overview of physical channel performance in the context of TDM eICIC. 
2
Link level performance results for TDM eICIC 
In this section we investigate impact of HeNB interference to UE demodulation without particular knowledge/processing of such interference at the receiver. This applies to the case of Rel-8/9 legacy terminals and associated baseline receiver as well as to Rel-10 UEs. In the RAN4 way forward document [2], the baseline receiver assumption for eICIC RAN4 RLM/RRM requirements should be the same as Rel-8/9 baseline receiver based on RAN1 decision. We consider the case where a macro UE is being interfered by a HeNB while trying to receive downlink physical channels – namely PBCH, PCFICH, PHICH, PDCCH and PDSCH. We compare together in link level simulation the impact of HeNB transmitting with normal subframe (i.e. full load interference) or almost blank subframes (i.e. only CRS interference), where the latter solution belongs to the class of TDM eICIC techniques currently being discussed for LTE Rel-10.
It is important that RRM and RLM measurements give a good indication of the environment experienced by the receiver. For example, if RLF does not occur, or RSRQ measurements indicate good quality in cases when service cannot be obtained, then system performance and user experience will be harmed. For this reason, we think it is important that RAN4 does not consider the measurements for TDM eICIC in isolation, but rather ensures at link and system level that the RRM and RLF measurements are indeed good predictors of the ability to obtain service in the presence of severe interference based on ABS techniques. The results presented in this contribution are intended as an initial study in this area, and it would also be highly beneficial to perform evaluations in this area at system level.
2.1 Simulation assumptions and parameters
The chosen simulation methodology and parametrization is similar to the one considered in [1]: a synchronized network with a macro UE, connected to macro eNB, is being interfered by a HeNB while trying to receive data from the serving macro cell. The simulation methodology is illustrated in Figure 1 and is as follows: two signal sources are explicitly modelled at link level, the desired signal from the serving eNodeB and the interfering signal from the HeNB. The signal-to-noise ratio (SNR) depicts the serving cell geometry – excluding HeNB interference, while the signal-to-interference ratio (SIR) measures the relative difference between the serving eNB and HeNB CRS power. Figure 1 shows the parts from which the received signal at UE is composed. Neither the SNR nor the SIR alone depicts the actual SINR experienced by a UE. The SINR can be calculated from the SNR and the SIR, provided that the propagation environment is known. 
The key simulation parameters are shown in Table 1, and the full set of simulation parameters is listed in Annex A.
Figure 2 and Figure 3 illustrate the difference between the normal and the almost blank subframes from interference perspective. The normal subframe interference is modelled as full load randomly modulated interference on both PDCCH and PDSCH including the contribution from CRS whereas an almost blank subframe implementing Rel-10 TDM eICIC consists of CRS interference only. Note that the case of non-colliding CRS between macro/HeNB has been assumed throughout the contribution and shown performance results.
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Figure 1: Link level simulation methodology

	Parameter
	Value

	System bandwidth 
	10 MHz

	eNB / UE antenna configuration 
	2 Tx / 2 Rx

	CRS configuration / frequency shift 
	2 CRS, different frequency shifts for macro and HeNB

	eNB transmit power 
	Fixed offset wrt. Macro – CRS power is taken as reference; SIR (Macro/HeNB):{+Inf, 0, -5, -10, -15} [dB]

	Channel model, UE velocity 
	3GPP-TU, 3 km/h

	Detector at UE 
	MRC; No a-priori knowledge on interfering layer


Table 1: Main simulation parameters for link level studies
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Figure 2: Normal subframe configuration for interfering HeNB: full load interference from PDCCH & PDSCH; different CRS frequency shift than serving macro eNB is assumed.
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Figure 3: Almost blank subframe configuration for interfering HeNB: only CRS intererence; different CRS frequency shift than serving macro eNB is assumed.
2.2 PBCH performance
First, we investigated the performance of the downlink physical broadcast channel (PBCH) assuming a total of 4 bursts over a 40 ms TTI. These are soft-combined at the UE prior to decoding, which provides the best demodulation performance a baseline Rel-8/9 receiver may expect for PBCH. Note that CRS frequency shifts are set here differently in the macro serving cell and HeNB. The performance is shown in terms of block error rate (BLER) as a function of the SNR – which depicts here the serving macro cell geometry without HeNB interference, for a given SIR value, i.e. a given fraction of serving macro cell signal power with respect to HeNB power. Figure 4 and Figure 5 (the latter is updated wrt. [1]) depict the PBCH link level performance for UEs in face of almost blank subframe and normal subframe HeNB interference, respectively. It is noted that these are well aligned with the ones provided in [3]. Based the results shown herein we can draw the following conclusions:
· Normal subframe interference incurs severe degradation to PBCH demodulation for Rel’8/9 terminals as soon as the SIR level decreases below -5 dB. For higher SIR levels, the situation is somewhat tolerable thanks to strong encoding of PBCH, however for less than the total of four soft-combinings less robustness is expected.
· Almost blank subframe interference is sustainable for very low SIR levels and one may conclude that such form of TDM eICIC indeed alleviates the interference situation towards common channels such as PBCH. Naturally, the performance is still somewhat degraded, especially at very low SIR levels (below -15dB).
	PBCH – BLER vs. SNR performance – 3GPP-TU, 3 km/h channel
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 Figure 4: Almost blank subframe interference
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 Figure 5 Normal subframe interference 


2.3
PCFICH performance

Figure 6 and 7 depict the PCFICH link level performance for almost blank subframe and normal subframe HeNB interference, respectively. Note that CRS frequency shifts are set here differently in the macro serving cell and HeNB. It is observed that these results are well aligned with the ones provided in [4]. We can draw the following conclusions:
· Normal subframe interference incurs severe degradation to PCFICH demodulation as soon as the SIR level decreases below 0 dB. 
· The situation turns only slightly better with almost blank subframe interference. Since PCFICH is located in the first OFDM symbol, and Macro and HeNB nodes are assumed synchronized, it will always be impacted by HeNB CRS interference: each REG will always be interfered by 1-2 HeNB CRS regardless of the shift (assumed here different wrt. macro cell) resulting in 25-50% corruption. The 25% interference situation is limited to the single Tx antenna configuration, while the 50% corruption occurs in the 2 Tx antenna configuration, which is assumed in these simulations.
· SIR levels below -10 dB are seen problematic in practice for successful PCFICH decoding without power boosting. This is shown in [4] to improve the situation, though power has to be pulled from other PDCCH REs.
	PCFICH – BLER vs. SNR performance – 3GPP-TU, 3 km/h channel
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Figure 6: Almost blank subframe interference
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Figure 7: Normal subframe interference


2.4
PHICH performance

Figure 8 and 9 depict the PHICH link level performance for almost blank subframe and normal subframe HeNB interference, respectively. We simulated one sequence in a PHICH group assuming normal PHICH duration. Note that CRS frequency shifts are set here differently in the macro serving cell and HeNB. Conclusions are pretty similar to the ones for PCFICH:

· Normal subframe interference incurs severe degradation to PHICH demodulation as soon as the SIR level decreases below 0 dB. 
· The situation turns only slightly better with almost blank subframe interference. Since PHICH with normal duration is located only in the first OFDM symbol, it will always get impacted by HeNB CRS interference in a similar way as for the PCFICH: each REG will always be interfered by 1-2 HeNB CRS regardless of the shift (assumed here different wrt. macro cell) resulting in 25-50% of the physical resources being subject to direct interference from HeNB CRS. 
· SIR levels below -10 dB are seen problematic in practice for successful PHICH decoding without power boosting. Power boosting is expected to improve the situation although power needs to be pulled from other PDCCH REs.
· Setting an extended PHICH duration will reduce the performance degradation, as fewer elements of the REGs contributing to each PHICH group will be interfered by colliding HeNB CRS, similarly to extending the PDCCH region as seen in next section.
	PHICH – BLER vs. SNR performance – 3GPP-TU, 3 km/h channel
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Figure 8: Almost blank subframe interference
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Figure 9: Normal subframe interference


2.5
PDCCH performance

In this section we investigate the PDCCH performance. Simulations have been conducted for both normal and almost blank subframe interference. Since the performance depends on the PDCCH aggregation level, we provide results for all four possible aggregation levels: 1, 2, 4 and 8. CRS frequency shifts are set here differently in the macro serving cell and HeNB. A PDCCH region spanning 3 OFDM symbols (OS) was assumed in both macro cell and interfering cell. From HeNB CRS perspective, the interference to macro cell PDCCH only happens in the first OFDM symbol of the subframe, which is further seen to alleviate the performance degradation to large extent. We present the corresponding BLER vs. SNR performance in Figures 10 – 17. These results are well aligned with [4]. For completeness, we also provide results for a macro cell PDCCH region equal to 1 OFDM symbol in Figures 18 – 21. Based on these findings we can draw the following conclusions:

· Normal subframe interference incurs severe degradation to PDCCH decoding performance. The performance hit naturally grows as the aggregation level decreases since PDCCH effective coding rate thereby increases. 

· PDDCH region set to 1 OS: With almost blank subframes and moderate-to-high aggregation levels of 4-8, legacy PDCCH transmission is seen as robust to very strong HeNB interference down to SIR levels of -5 dB.
· PDDCH region set to 3 OS: With almost blank subframes and moderate aggregation levels of 2-4, legacy PDCCH transmission is seen as robust to very strong HeNB interference down to SIR levels of -10 dB. Even SIR of -15 dB is manageable with aggregation level of 8.
· Note that power boosting of macro cell PDCCH has not been considered here, and constitutes one option to further improve the decoding performance at very low SIR.
	PDCCH region = 3 OS, Aggregation level 1 – BLER vs. SNR performance – 3GPP-TU, 3 km/h channel
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Figure 10: Almost blank subframe interference
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 Figure 11: Normal subframe interference


	PDCCH region = 3 OS, Aggregation level 2 – BLER vs. SNR performance – 3GPP-TU, 3 km/h channel
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Figure 12: Almost blank subframe interference
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 Figure 13: Normal subframe interference


	PDCCH region = 3 OS, Aggregation level 4 – BLER vs. SNR performance – 3GPP-TU, 3 km/h channel
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Figure 14: Almost blank subframe interference
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 Figure 15: Normal subframe interference


	PDCCH region = 3 OS, Aggregation level 8 – BLER vs. SNR performance – 3GPP-TU, 3 km/h channel
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Figure 16: Almost blank subframe interference
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 Figure 17: Normal subframe interference


	PDCCH region = 1 OS, Aggregation levels 1, 2 – BLER vs. SNR performance – 3GPP-TU, 3 km/h channel
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Figure 18: Almost blank subframe interference, PDCCH region = 1 OS, aggregation level 1
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Figure 19: Almost blank subframe interference, PDCCH region = 1 OS, aggregation level 2


	PDCCH region = 1 OS, Aggregation levels 4, 8 – BLER vs. SNR performance – 3GPP-TU, 3 km/h channel
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Figure 20: Almost blank subframe interference, PDCCH region = 1 OS, aggregation level 4
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Figure 21: Almost blank subframe interference, PDCCH region = 1 OS, aggregation level 8


2.5
PDSCH performance
In this section we investigate the PDSCH performance. Simulations have been conducted for both normal and almost blank subframe interference. Since the performance depends on MCS, we provide results for three different MCS: QPSK 1/2, 16QAM 1/2, 64QAM 3/5. Additional results are found in Annex B. CRS frequency shifts are set here differently in the macro serving cell and HeNB. Note that possible error propagation due to potential erroneous decoding of PCFICH/PDCCH is not taken into account here. We present two sets of results: BLER vs. SNR as well as throughput vs. SNR performance shown in Figure 22 – Figure 33. Based on the results shown hereafter we can draw the following conclusions:
· Both normal and almost blank subframe interference incur severe degradation to PDSCH throughput performance for legacy UEs. The performance hit naturally grows as the MCS class increases. 
· PDSCH transmission is recovered by HARQ in most of the cases, although the penalty due to increased retransmission in throughput and higher latency is incurred. Stepping down in MCS is necessary to maintain the communication in the case of very strong HeNB interference, e.g. SIR below -10 dB.
· Almost blank subframes have significantly less impact than normal subframes on PDSCH BLER, which indeed confirms that TDM eICIC can alleviate the interference situation from performance perspective.
· It has been claimed that practical fixed-point receiver implementations would be far less sensitive to CRS interference compared to using floating point arithmetic. To some extent, fixed-point operation will tend to floor the interference above a certain level, which has an impact e.g. on soft-bit scaling by avoiding the decoder being overly confident in corrupted bits. Simulations herein have been re-run with more practical soft-bit quantization/processing compared to [1] for the case of almost blank subframes. As expected, there are indeed some differences at very low SIR levels, however these remain marginal. This confirms the fact that strong CRS interference has severe impact on PDSCH demodulation performance. Moreover, there are many different and possibly conflicting constraints in designing scaling for fixed point implementations. Foccussing receiver optimisation too much only on harsh interference conditions may lead to suboptimal performance in more favourable scenarios. Also, there are many other aspects of a receiver that are susceptible to react/fail in face of strong interference prior to the soft decision evaluation, and AGC operation would also need to be considered in the final analysis of this implementation effect. 
	PDSCH – BLER vs. SNR performance (1st transmission) – QPSK ½ – 3GPP-TU, 3 km/h channel
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Figure 22: Almost blank subframe interference
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 Figure 23: Normal subframe interference 


	PDSCH – Throughput performance – QPSK ½  – 3GPP-TU, 3 km/h channel
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Figure 24: Almost blank subframe interference
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 Figure 25: Normal subframe interference


	PDSCH – BLER vs. SNR performance (1st transmission) – 16 QAM ½  – 3GPP-TU, 3 km/h channel
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Figure 26: Almost blank subframe interference
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 Figure 27: Normal subframe interference


	PDSCH – Throughput performance – 16 QAM ½  – 3GPP-TU, 3 km/h channel
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Figure 28: Almost blank subframe interference
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 Figure 29: Normal subframe interference 


	PDSCH – BLER vs. SNR performance (1st transmission) – 64 QAM 3/5  – 3GPP-TU, 3 km/h channel
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Figure 30: Almost blank subframe interference
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 Figure 31: Normal subframe interference


	PDSCH – Throughput performance – 64 QAM 3/5  – 3GPP-TU, 3 km/h channel
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Figure 32: Almost blank subframe interference
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 Figure 33: Normal subframe interference 


3
Discussion on eICIC performance 
These link level results indicate that near-blank subframes have the potential to alleviate some of the problems which can occur for a macro UE due to interference from a closed access HeNB. Based on the results shown for PBCH, a macro UE should be capable of camping on a cell even in the presence of severe HeNB interference. Reception of PDCCH is shown feasible with moderate aggregation level and eventually complemented by additional power boosting. Similarly use of PDSCH with lower MCS seems to be feasible with near blank subframes down to SIR levels of -10 dB. Thus the macro UE is likely to be pageable and able to offer some service when near blank subframes are used on HeNB side. On the other hand, throughput is likely to be significantly lower in cases where the SIR is poor, and as such TDM eICIC should be considered as an alleviation for problems rather than a standalone solution. As already discussed in RAN4, HeNB power control (see also e.g. [7]) should be used to minimise the interference to macro UE, and for some operators the escape carrier concept described in [8] may offer a practical solution.
Regarding TDM eICIC further work should be done on at least:

· Link level performance for the case of colliding CRS between macro/HeNB.
· Performance of RLM and CSI measurement over restricted resources as agreed in [2].
· System level performance of RLM/RRM measurements.
We also feel it is important to combine both the link and system level performance investigations as well as ensuring that RRM and RLF measurements over restricted resources do indeed give a good indication of whether a cell can be accessed in interference through use of almost blank subframes. The next step would be to obtain from system level simulations how probable it is that a UE will experience a SIR below a certain threshold. This can then be cross-referenced against the link level results to show how much performance degradation is to be expected.
4
Conclusion
In this contribution we have presented an extensive set of link level simulations – without implementation margins (except for consideration of soft decision dynamic range) – on the performance of PBCH, PCFICH, PHICH, PDCCH and PDSCH channels for legacy Rel-8/9 terminals in the face HeNB interference, considering the case of non-colliding CRS between macro/HeNB. This also applies to Rel-10 UEs. In the RAN4 way forward document [2], the baseline receiver assumption for eICIC RAN4 RLM/RRM requirements should be the same as Rel-8/9 baseline receiver based on RAN1 decision.
TDM eICIC schemes in the form of almost blank subframes are shown to alleviate the performance impact to the extent that it seems feasible to offer some limited service to macro UE in the presence of significant HeNB interference, although the performance degradation remains significant. We conclude that with the use of almost blank subframes, the reception of downlink control and data channel is possible for legacy terminals down to SIR levels of approximately -10 dB (i.e. when the interfering signal is very strong compared to the serving cell signal).  It will need to be further checked from system level simulations whether this is suffient for providing acceptable legacy terminal operation, i.e. what is the typical operating point in system level.
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Annex A: Simulation assumptions for link level studies
	Parameter
	Value

	
	Macro layer
	Interfering layer (HeNB)

	Carrier frequency
	2 GHz

	System bandwidth 
	10 MHz

	Network synchronization 
	Synchronized at subframe level

	eNB antenna configuration
	2 Tx
	2 Tx

	UE antenna configuration
	2 Rx

	CRS configuration / frequency shift 
	2 CRS
	2 CRS, different frequency shifts for macro and HeNB

	eNB transmit power 
	Fixed
	Fixed offset wrt. Macro – CRS power taken as reference; SIR (Macro/HeNB):{+Inf, 0, -5, -10, -15}[dB]

	Channel model, UE velocity 
	3GPP-TU, 3 km/h

	Detector at UE 
	MRC
	No a-priori knowledge on interfering layer

	Channel estimation at UE 
	2x1D channel estimation over CRS 
	No CRS interference cancellation

	Subframe configuration (PDCCH, PDSCH) 
	(1-3, 11-13) OFDM symbols
	Subframe configuration (PDCCH, PDSCH) 

	Physical broadcast channel (PBCH)
	- 1.4 MHz BW & 4 OS in PBCH subfr.

- 26 bits+16 bits (CRC)

- 40 ms TTI (4 transmissions)

- No power boosting
	1. Normal subframe: Full band random interference over PDCCH/PDSCH

2. Almost blank subframe: Only CRS interference 

	Physical control format indicator channel (PCFICH)
	- Full band allocation (10 MHz) 

- 1 OFDM symbol for PCFICH

- 2 Tx SFBC
- No power boosting
	

	Physical HARQ indicator channel (PHICH)
	- Full band allocation (10 MHz) 

- Normal PHICH duration

- 1 sequence in 1 PHICH group

- 2 Tx SFBC

- No power boosting
	

	Physical downlink control channel (PDCCH)
	- Full band allocation (10 MHz) 

- 1 or 3 OFDM symbols for PDCCH
- 2 Tx SFBC

- DCI Format 1A: 27 bits+16 bits (CRC)

- Aggregation levels: 1, 2, 4 and 8
- No power boosting
	

	Physical downlink shared channel (PDSCH)
	- Full band allocation (10 MHz) 

- 2 Tx SFBC

- Fixed MCS: 

   - QPSK {1/2, 3/4}
   - 16QAM {1/2, 5/6}

   - 64QAM{3/5, 5/6}
	


Table 2 Detailed simulation parameters for link level studies.
Annex B: Additional PDSCH link simulation results

	PDSCH – BLER vs. SNR performance (1st transmission) – QPSK 3/4 – 3GPP-TU, 3 km/h channel
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Figure 34: Almost blank subframe interference
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 Figure 35 Normal subframe interference 


	PDSCH – Throughput performance – QPSK 3/4  – 3GPP-TU, 3 km/h channel
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Figure 36: Almost blank subframe interference
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 Figure 37 Normal subframe interference


	PDSCH – BLER vs. SNR performance (1st transmission) – 16QAM 5/6 – 3GPP-TU, 3 km/h channel
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Figure 38: Almost blank subframe interference
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 Figure 39: Normal subframe interference 


	PDSCH – Throughput performance – 16QAM 5/6 – 3GPP-TU, 3 km/h channel
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Figure 40: Almost blank subframe interference
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 Figure 41: Normal subframe interference


	PDSCH – BLER vs. SNR performance (1st transmission) – 64QAM 5/6 – 3GPP-TU, 3 km/h channel
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Figure 42: Almost blank subframe interference
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 Figure 43: Normal subframe interference 


	PDSCH – Throughput performance – 64QAM 5/6 – 3GPP-TU, 3 km/h channel
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Figure 44: Almost blank subframe interference
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 Figure 45: Normal subframe interference


