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1. Introduction
Shared TrCH interleaving is one of the outstanding issues in the LTE TrCH processing chain. In this contribution we analyse the need for time domain, or more precisely cross-code block interleaving in LTE DL and UL. Specifically, in order to draw conclusions, we focus on the following two most extreme interleaving options:
1. No interleaving. Rate matched data is sequentially QAM modulated and mapped onto RBs.

2. Time-frequency interleaving over the entire TTI (=subframe).

2. Discussion

Cross-code block interleaving will improve the radio link performance somewhat. However, this improvement must be balanced against the increased latency and implementation complexity, such as reducing pipelining opportunities. 
Further, it obvious that the possibility for cross-code block interleaving will occur only when the transport block is large enough to require segmentation into multiple code blocks. Even with a single code block present, the high peak bit rate of 6 Mbps is achievable per radio link in absence of spatial multiplexing. System aspects such as the likelihood of requiring a higher bit rate, physical resource availability as well as the radio conditions under which such bit rates might be achievable must be taken into account when deciding the right interleaving option.

Further still, it must be realized that an increasing number of code blocks means increasingly wide transmission bandwidths and frequency diversity gains. This is exemplified in the following table. As can be verified, with the largest single code block size the physical resource allocation is in excess of 5 MHz for 3/4 coded QPSK; this increases further when multiple code blocks are present. The smallest resource allocation is associated with the highest MCS of 5/6 64QAM. In the worst case, this is equal to around 1.5 MHz when only two code blocks are present. But then two code blocks is nothing more than just another specific case; with 4 code blocks the physical resource again spans 5 MHz.
Table 1  Physical resource allocations for different MCSs. Localized transmission on consecutive RBs is assumed.
An RB contains 144 symbols, single stream is assumed, CRC overhead is ignored.
	
	QPSK
	QPSK
	QPSK
	16QAM
	64QAM

	coding rate
	  1/12
	  1/3
	  3/4
	3/4
	  5/6

	efficiency, bit/symbol
	0.17
	0.67
	1.50
	3.00
	5.00

	1 x CBS of 6144, peak rate 6.1 Mbps

	number of RBs per TB
	256.00
	64.00
	28.44
	14.22
	8.53

	required bandwidth, MHz
	46.08
	11.52
	5.12
	2.56
	1.54

	2 x CBS of 4800, peak rate 9.6 Mbps

	number of RBs per TB
	400.00
	100.00
	44.44
	22.22
	13.33

	required bandwidth, MHz
	72.00
	18.00
	8.00
	4.00
	2.40

	4 x CBS of 5120, peak rate 20 Mbps

	number of RBs per TB
	853.33
	213.33
	94.81
	47.41
	28.44

	required bandwidth, MHz
	153.60
	38.40
	17.07
	8.53
	5.12

	12 x CBS of 5760, peak rate 68 Mbps

	number of RBs per TB
	2880.00
	720.00
	320.00
	160.00
	96.00

	required bandwidth, MHz
	518.40
	129.60
	57.60
	28.80
	17.28


It is our view that, despite showing some link performance gains, cross-code block interleaving is not justified due to the above implementation and system aspects.
The following subsections provide some additional discussion of the DL and UL aspects.

2.1. DL Aspects

Since the physical resource in the frequency domain remains unchanged during the subframe (for both localized and distributed resource allocations), we focus here on gains achievable due to the time variation of the propagation conditions. This variation can be conveniently measured using the channel coherence time. At 0.5 autocorrelation, this evaluates approximately to 40, 4 and 1 ms for 3, 30 and 120 km/h at the 2 GHz carrier assuming the classical fading model. This indicates that cross-code block interleaving will have no impact at low UE speeds and may have some bearing at moderate speeds of around 30 km/h. On the other hand, we expect cross-code block interleaving to be beneficial at 120 km/h. At the same time, achieving data rates in excess of 6 Mbps at such high speeds should not be seen as an LTE requirement.
2.2. UL Aspects

For the localized UL mode, the same discussion as for the DL applies.

On the other hand, the frequency hopped mode enforces extra frequency diversity, so in general higher gains can be expected from cross-code block interleaving, compared to previously LTE transmission modes. However, the FH mode is a means of improving coverage for low rate services, rather than an enabler for very high bit rates. For high rate services, FDS with purely localized transmissions are more appropriate.
3. Simulation Results

3.1. Simulation Assumptions

Table 2  Simulation assumptions.
	Parameter
	Value

	MCS
	16QAM, cr = 5/8

	rate matching 
	circular buffer [R1-072604]

	RV sequence
	0, 4, 2, 6

	#HARQ processes
	6

	max number of HARQ attempts
	4

	interleaving
	1. None. Rate matched data is sequentially QAM modulated and mapped onto RBs, frequency index incremented first.

2. Time-frequency interleaving over the entire TTI (=subframe). In practice, the HS-DSCH interleaver was applied to the concatenated code blocks after rate matching.

	resource block size
	144 QAM symbols in both DL and UL

	antenna configuration (TX x RX)
	DL: 1x1, UL: 1x2

	payload 1
	TBS+CRC = 1440 bit
1 code block (actual peak rate ~6 Mbps)

4 RBs (0.72 MHz), consecutive localized allocation

	payload 2
	TBS+CRC = 2880 bit

2 code blocks (actual peak rate ~12 Mbps)
8 RBs (1.44 MHz), consecutive localized allocation

	payload 3
	TBS+CRC = 5760 bit

4 code blocks (actual peak rate ~24 Mbps)
16 RBs (2.88 MHz), consecutive localized allocation

	channel state information
	perfect

	frame structure
	type 1, normal CP

	channel impulse response
	6 ray typical urban

	sampling rate
	15.36 MHz


In order to reduce the simulation effort, the code block segmentation rule was modified such that the maximum code block size is equal to 1440 bits.

3.2. Simulation Results
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Figure 1  DL simulation results with 4 CBs. Maximum throughput ~24 Mbps (5.76 Mbps simulated).
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Figure 2  UL simulation results with 1, 2, 4 CBs, UE speed 30 km/h. Maximum throughput ~6, 12, 24 Mbps (1.44, 2.88, 5.76 Mbps simulated).

The following can be observed from the above graphs:

· In the DL, for the peak rate of ~24 Mbps, no performance difference is observed at UE speed of 30 km/h. At UE speed of 120 km/h, cross-block interleaving leads to a gain of 0.6 dB.
· In the UL, at UE speed of 30 km/h, no performance difference is observed for the peak rate of ~6 Mbps. For peak rates of ~12 Mbps and ~24 Mbps, cross-block interleaving leads to a gain of 1.2 dB and 0.4 dB respectively.
In should be noted that, in order to reduce simulation effort, the code block segmentation rule was modified such that the maximum code block size is equal to 1440 bits. This segmentation rule leads to optimistic results, i.e. in reality a code block would span a BW 3-4 times that simulated. Thus, frequency diversity would be further increased and the gap between interleaving and not interleaving would reduce.

It should also be noted that, in our simulations, transmitted data was interleaved over the entire TTI. Thus, interleaving gains shown should be treated as the maximum limit. For example, gains from slot-based interleaving will be roughly equal to half of those shown.
4. Proposal

Given the above discussion and findings, we propose no cross-code block interleaving in both the LTE DL and UL.











































































































































































































