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1. Overview
Channel interleaving is one of the remaining issues of the Release 8 TrCh symbol processing chain. At the last RAN WG1 meeting in Orlando (#49bis), channel interleaving on modulation symbol basis within one OFDM symbol was the way-forward decision. However, it remained for further study, whether the channel interleaver could be an identity interleaver (i.e. no interleaving), and if additional interlacing of systematic and parity bits should be introduced [1].
In this contribution we compare the above three processing options for E-UTRA downlink transmission. For the systematic/parity (Sys/Par) interlacing we follow [2], and for the OFDM symbol based interleaver [3]. Note that in our previous contribution on channel interleaving [4], we already found strong indications that interleaving within one OFDM symbol will not lead to additional performance benefits together with the inherent interleaving of the circular buffer rate matching.
From our simulations we observe that the OFDM symbol based channel interleaver does not offer a better performance than no interleaving at all. Only Sys/Par interlacing gives a small improvement depending on the modulation format and code rate.
Therefore, we come to the conclusion that for downlink transmission the channel interleaver should be an identity interleaver (i.e. no interleaving). Given the fact that the implementation complexity of Sys/Par interlacing is relatively small, it is worthwhile to use it.
2. Simulation results

2.1. Parameter overview

We evaluate the performance of the options
(A) identity interleaver (i.e. no interleaving),

(B) Sys/Par interlacing,

(C) interleaving within one OFDM symbol on modulation symbols,
(D) Sys/Par interlacing together with OFDM symbol based interleaving (i.e. (B)+(C))
for E-UTRA downlink transmission. Our simulations are performed for a bandwidth of 20 MHz. The number of information bits is 12000 bit equal to 1500 bytes. Codeblock segmentation leads to two equal size codeblocks of 6016 bits (because of the 24‑bit CRC) with 8 filler bits in the first codeblock. (Filler bits in the systematic and parity-1 bits are skipped when reading out the circular buffer [5].) In Table 1 we list the modulation schemes, code rates, and numbers of resource blocks considered in our investigations. Note that both control overhead in the first 3 OFDM symbols within a subframe and reference symbol overhead for 1 Tx antenna are included and therefore 126 QAM symbols are available per resource block.
Both an AWGN channel and a typical urban (TU) channel with a UE velocity of 120 km/h are used in the simulations. Unless otherwise stated, HARQ with 8 HARQ processes and the redundancy version sequence {0, 2, 1, 3} is used.
Please refer to Table 4 in Annex A for a list of all simulation parameters.

Table 1: Overview of modulation schemes and code rates
	Modulation
	RBs
	QAM symbols
	Inf. Bits (exkl. 24-bit CRC)
	Codeblocks (CB)
	Bits per CB (inkl. 24-bit CRC and filler bits)
	Bits per CB after RM
	Code rate

	16-QAM
	48
	6048
	12000
	2
	6016
	12096
	0.50

	16-QAM
	32
	4032
	12000
	2
	6016
	8064
	0.74

	64-QAM
	32
	4032
	12000
	2
	6016
	12096
	0.50

	64-QAM
	22
	2772
	12000
	2
	6016
	8316
	0.72


2.2. AWGN channel
For the AWGN simulations, we only compare the options A (no interleaving, no interlacing) and B (no interleaving, Sys/Par interlacing), as for a frequency flat channel, OFDM symbol based interleaving will be without any effects.
2.2.1. 16-QAM, R=0.50, no HARQ, AWGN
First, we look at a simulation without HARQ. Figure 1 shows both BLER and throughput vs. SNR for 16-QAM with code rate R=0.50. In the BLER diagram we observe that Sys/Par interlacing gives a better performance for high to moderate BLER values, however it leads to a higher error floor, which is however well below 0.1. Consequently, for throughput values well below the maximum, Sys/Par interlacing has a clear gain. Only close to the maximum throughput value where the curves go into saturation, no interlacing is slightly better. At 3/4 of the maximum throughput (i.e. 3/4 ∙ 12 Mbit/s = 9 Mbit/s), the advantage of Sys/Par interlacing over no interlacing is 0.13 dB.

The effect of higher error floor, but better performance at high to moderate BLER will also be observable in the following simulations results including HARQ. 
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Figure 1: BLER and throughput vs. SNR for 16-QAM, R=0.50, no HARQ, AWGN
2.2.2. 16-QAM, R=0.50, HARQ, AWGN
From now on, HARQ is included in all simulations. Figure 2 depicts the troughput vs. SNR for options A and B for 16-QAM, R=0.50. First of all we observe plateaus, where both Sys/Par interlacing and no interlacing have the same throughput. For an explanation, we have a look at Figure 3, where the block error ratios for the individual HARQ transmissions are plotted. The plateaus mark SNR regions, where the (n-1)th transmission fails with a probability approaching 1, whereas the nth transmission fails with a very low probability for both options A and B. In the transition regions of these plateaus Sys/Par interlacing has a better performance than no interlacing. This is because in high error probability regions for the (n-1)th transmission, Sys/Par interlacing has a lower error probability than no interlacing. So on average, more of the (n-1)th transmissions go through without an error for Sys/Par interlacing. Only when we are approaching the maximum throughput value, the somewhat higher error floor for Sys/Par interlacing in the initial transmission leads to a slightly but negligible advantage of no interlacing. 
For 16-QAM, R=0.50, we find an advantage of 0.19 dB at 3/4 of the maximum throughput.
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Figure 2: Throughput vs. SNR for 16-QAM, R=0.50, HARQ, AWGN
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Figure 3: BLER per HARQ transmission for 16-QAM, R=0.50,  AWGN

2.2.3. 16-QAM, R=0.74, HARQ, AWGN

For 16-QAM, R=0.74, in Figure 4, we see that that the Sys/Par interlacing advantage reduces to only 0.04 dB at 3/4 of the maximum throughput. For a high code rate the relation of systematic bits to parity bits is greater than for a low code rate. This means that here, more systematic bits are mapped to positions with a lower significance inside the QAM symbol, whereas systematic bits are always mapped to the positions with a higher significance for a low code rate.  
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Figure 4: Throughput vs. SNR for 16-QAM, R=0.74, HARQ, AWGN

2.2.4. 64-QAM, R=0.50, HARQ, AWGN

The advantage of Sys/Par interlacing for 64-QAM, R=0.50 is 0.36 dB at 3/4 of the maximum throughput, as it is shown in Figure 4.
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Figure 4: Throughput vs. SNR for 64-QAM, R=0.50, HARQ, AWGN

2.2.5. 64-QAM, R=0.72, HARQ, AWGN

Compared to the lower code rate in the previous subsection, we now read an Sys/Par interlacing advantage of 0.18 dB at 3/4 of the maximum throughput for 64-QAM, R=0.72 from Figure 5. Similar to 16-QAM, we observe the reduction of the advantage when we go from a low to a high code rate. However, the overall Sys/Par interlacing advantages for 64-QAM are higher than for 16-QAM.
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Figure 5: Throughput vs. SNR for 64-QAM, R=0.72, HARQ, AWGN

2.3. TU channel, UE velocity 120 km/h
For the simulations with the TU channel at a UE velocity of 120 km/h, we now also include the options C and D (OFDM symbol based interleaving, and OFDM symbol based interleaving on top of Sys/Par interlacing.). 
2.3.1. 16-QAM, R=0.50, HARQ, TU 120 km/h
For 16-QAM, R=0.50 presented in Figure 6, we find that both for options A and C, as well as for options B and C, the two curves lie directly on top of each other. Obviously, there is no gain whatsoever for OFDM symbol based interleaving. Here, the gain of Sys/Par interlacing over no interlacing, both without OFDM symbol based interleaving, is 0.22 dB at 3/4 of the maximum throughput.
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Figure 6: Throughput vs. SNR for 16-QAM, R=0.50, HARQ, TU 120 km/h

2.3.2. 16-QAM, R=0.74, HARQ, TU 120 km/h
Figure 7 shows the throughput curves for 16-QAM, R=0.74. Similarly as for the AWGN channel, the advantage of Sys/Par interlacing reduces compared R=0.50 to a value of 0.10 dB at 3/4 of the maximum throughput. And again, OFDM symbol based interleaving does not offer any benefits.
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Figure 7: Throughput vs. SNR for 16-QAM, R=0.74, HARQ, TU 120 km/h

2.3.3. 64-QAM, R=0.50, HARQ, TU 120 km/h
For 64-QAM, R=0.50, in Figure 9 we again find a advantage for Sys/Par interlacing but none for OFDM symbol based interleaving. This time, the Sys/Par interlacing advantage is 0.37 dB at 3/4 of the maximum throughput.
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Figure 9: Throughput vs. SNR for 64-QAM, R=0.50, HARQ, TU 120 km/h

2.3.4. 64-QAM, R=0.72, HARQ, TU 120 km/h
When go to the higher code rate of R=0.72 for 64-QAM, the situation qualitatively stays the same as for R=0.50, which is shown in Figure 10. Here, the Sys/Par interlacing advantage is 0.16 dB at 3/4 of the maximum throughput.
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Figure 10: Throughput vs. SNR for 64-QAM, R=0.72, HARQ, TU 120 km/h

2.4. Gain of Sys/Par interlacing compared to no interlacing (no OFDM symbol based interleaving)

From the simulation results in Section 2.3 we have seen that OFDM symbol based interleaving does not give any benefits. Therefore, we only summarize the gains of Sys/Par interlacing over no interlacing Table 2. Additionally, as another way of quantifying the Sys/Par interlacing benefits, we put the gains at a BLER=0.1 for the individual HARQ transmissions into Table 3. Not all fields are filled, as the SNR range where the BLER reaches 0.1 was not simulated in all cases.
In all cases and for both methods of quantifying the gains, we observe Sys/Par interlacing benefits in the order of some tenths of a dB.
Table 2: Gain of Sys/Par interlacing over no interlacing at 3/4 of max. throughput
	Modulation
	Code rate
	Channel
	Sys/Par interlacing gain [dB] at 3/4 of max. throughput

	16-QAM
	0.50
	AWGN, no HARQ
	0.13

	16-QAM
	0.50
	AWGN
	0.19

	16-QAM
	0.74
	AWGN
	0.04

	64-QAM
	0.50
	AWGN
	0.36

	64-QAM
	0.72
	AWGN
	0.18

	16-QAM
	0.50
	TU 120 km/h
	0.22

	16-QAM
	0.74
	TU 120 km/h
	0.10

	64-QAM
	0.50
	TU 120 km/h
	0.37

	64-QAM
	0.72
	TU 120 km/h
	0.16


Table 3: Gain of Sys/Par interlacing over no interlacing at BLER=0.1 for the individual HARQ transmissions

	Modulation
	Code rate
	Channel
	Sys/Par interlacing gain [dB] at BLER=0.1

	
	
	
	1st transm.
	2nd transm.
	3rd transm.
	4th transm.

	16-QAM
	0.50
	AWGN, no HARQ
	0.15
	
	
	

	16-QAM
	0.50
	AWGN
	0.12
	0.32
	0.39
	0.46

	16-QAM
	0.74
	AWGN
	0.04
	0.08
	
	

	64-QAM
	0.50
	AWGN
	0.25
	0.40
	0.40
	

	64-QAM
	0.72
	AWGN
	0.12
	0.23
	
	

	16-QAM
	0.50
	TU 120 km/h
	0.25
	0.12
	0.40
	0.32

	16-QAM
	0.74
	TU 120 km/h
	0.12
	0.06
	0.65
	

	64-QAM
	0.50
	TU 120 km/h
	0.34
	0.31
	
	

	64-QAM
	0.72
	TU 120 km/h
	0.18
	0.15
	
	


3. Conclusion

We investigated Sys/Par interlacing and OFDM symbol based channel interleaving for the TrCh symbol processing chain.
From our simulations we observe that the OFDM symbol based channel interleaver does not offer a better performance than no interleaving at all. Only Sys/Par interlacing gives a small improvement in the order of some tenths of a dB, depending on the modulation format and code rate.

Given that the implementation complexity of Sys/Par interlacing is relatively small, it is worthwhile to use it.
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Appendix A: Simulation parameters

Table 4: General simulation parameters

	Parameter
	Setting

	Transmission bandwidth
	DL 20 MHz

	FFT size
	2048

	TTI length
	1.0 ms (1 subframe)

	Control overhead
	3 OFDM symbols per subframe

	Number of data QAM symbols per RB
	126

	Modulation schemes
	16-QAM, code rates R=0.50 and R=0.74
64-QAM, code rates R=0.50 and R=0.72

	Number of used RBs
	48 (16-QAM, R=0.50)
32 (16-QAM, R=0.74; 64-QAM, R=0.50)
22 (64-QAM, R=0.72)

	Turbo encoding
	According to [12] incl. QPP turbo code internal interleaver

	Rate matching 
	Circular buffer rate matching according to [12]

	No. of HARQ processes
	8

	Redundancy version sequence
	0, 2, 1, 3

	Sys/Par interlacing
	According to [2]

	OFDM symbol based interleaving
	According to [3]

	Turbo decoding
	MaxLogMAP algorithm, max. 8 iterations

	Transmission scheme
	SISO

	Channel model
	AWGN
Typical urban (TU), 120 km/h

	Channel estimation
	Ideal channel knowledge















































































































































� Note that we also use the gain at BLER=0.1 as another method for quantifying the Sys/Par interlacing benefit in Section � REF _Ref174534162 \n �2.4�.
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