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[bookmark: _In-sequence_SDU_delivery]Introduction
In this paper we discuss the expressions for total reliability of a sequence of transmissions in LTE.
[bookmark: _Ref178064866][bookmark: _Ref494387669]Discussion
We will here consider both HARQ-based (see Figure 1) and automatic repetitions (see Figure 2) and the related physical channels.
[bookmark: _Toc347822666][bookmark: _Toc347823812][bookmark: _Toc347823993][bookmark: _Toc347824244][image: ]
[bookmark: _Ref506293904]Figure 1. HARQ-based retransmission.
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[bookmark: _Ref506293920]Figure 2. Automatic repetitions.
[bookmark: _Toc494387617][bookmark: _Toc494387628][bookmark: _Toc494387648][bookmark: _Toc494387798][bookmark: _Toc494387649]Total reliability expressions
With a few exceptions, the discussion here assumes that the retransmissions are uncorrelated, which is reasonable to assume if e.g. retransmissions are done on a different frequency allocation. In the following we will write the success probabilities on the channel level according to Table 1, and find expressions for the total success rate , where  is the residual error rate.
[bookmark: _Ref506467322]Table 1: Success probabilities for calculating total reliability
	Probability
	Description

	p0
	SR

	p1
	(S)PDCCH

	p2
	PDSCH/PUSCH

	p3
	(S)PUCCH NACK detection

	p4
	(S)PUCCH DTX detection



PDCP duplication
With the assumption of PDCP duplication over two carriers, we can assume that the two transmissions are uncorrelated, and targeting the same success rate in both carriers we expect

The required success rate  on each carrier can therefore effectively be reduced if PDCP duplication is configured.
With PDCP duplication over two carriers the required success rate on each carrier can be effectively reduced.
Physical layer
DL data, HARQ-based
In the DL we can describe the total reliability after N transmission as:

Where and for any positive integer k,   is the probability of a data block being correctly received after exactly k transmissions are soft combined. In this expression the DL control transmissions are seen as uncorrelated with each other and with data. This is an approximation, but can be motivated by e.g. moving the DL control between attempts. The data attempts are correlated with each other.

DL data, automatic repetitions
For the case of automatic repetitions, we can consider two cases, either with one DL control per DL repetition, or only one DL control. Based on the above expression we derive the following expressions:

Single-DCI repetition:
for the assumption of correlated repetitions. However, given the short time between attempts and the coherence time at moderate speeds, it is also reasonable to see the repetitions as parts of one continuous transmission, giving instead

corresponding to one longer transmission. Here, we can note the strict dependence on DL control; if it is not detected it doesn’t matter how many times the data is repeated.
Multi-DCI repetition: 
If we don’t see the transmissions as independent compared to the coherence time, and taking into account that the DL control is not soft combined we can use the expression

Where  is the probability of correctly decoding n DL control transmissions. This means that if only one DL control is decoded, only one data transmission can be combined, but if two DL control are detected, two data transmissions can be soft combined and the total success rate increases. An approximation of  can give e.g.

UL data, SR-based
With SR-based UL scheduling the total reliability can be described as:

for a repetition of M times SR, and N times UL grant and data transmissions/retransmissions. 

UL data, SPS-based
With SPS-based scheduling instead we remove the SR step (p0 = 1) and the first DL control, and the total reliability can be described as:

Assuming perfect energy detection performance on the PUSCH resource.

UL data, SPS-based repetition
For the case of SPS-based automatic repetitions, p1 = 1, and we have the following expression:

which only relies on the data channel performance. As for the case of DL repetition we can instead consider the repetitions as part of a longer transmission:

This relies on the fact that the BS can detect the start and end of a repetition sequence. This is possible for instance if a certain DMRS pattern is configured such that the presence of a DMRS in a symbol indicates a certain position in the repetition sequence.
Expressions for studied cases
In a companion paper [2] we look at the possible combinations given the latency targets. We can now relate these solutions to expressions for total error rate. This is shown in Table 1 for the 1ms target, in Table 2 for the 10ms target for FDD, and in Table 3 for the 10ms target in TDD.
A few observations can be done on the solutions and their error expressions;
· subslot-PUCCH performance (p0, p3 or p4) does not appear in any equation.
· SPS-based UL is required for the 1ms target.
· HARQ repetition is only required for 1ms and slot.
· Automatic repetition is required for 1ms target.
· DL repetition is limited by PDCCH performance.

[bookmark: _Ref506291980]Table 2. Solutions for 1ms target, FDD.
	
	DL
	UL SPS
	UL SR

	Case 1
	One-shot transmission, 2/3os sTTI:

	One-shot transmission, 2/3os sTTI:

	-

	Case 2a (3os proc.)
	One repetition (k=2), 2/3os sTTI:


	One repetition (k=2), 2/3os sTTI:


	-

	Case 2b (2os proc.)
	Two repetitions (k=3), 2/3os sTTI:


	Two repetitions (k=3), 2/3os sTTI:


	-



[bookmark: _Ref506291984]Table 3. Solutions for 10ms target, FDD.
	
	DL
	UL SPS
	UL SR

	Case 1
	One HARQ retransmission, 1ms TTI:


	One HARQ retransmission, 1ms TTI:


	One-shot transmission, 1ms TTI:


	Case 2
	2 HARQ retransmissions, 7os sTTI:


	2 HARQ retransmissions, 7os sTTI:


	1 HARQ retransmission, 7os sTTI:







[bookmark: _Ref506291986]Table 4. Solutions for 10ms target, TDD.
	
	DL
	UL SPS
	UL SR

	Case 1
	One-shot transmission, 1ms TTI:

	One-shot transmission, 1ms TTI:

	One-shot transmission, 7os sTTI:


	Case 2
	1 HARQ retransmission, 7os sTTI:


	1 HARQ retransmission, 7os sTTI:


	-



With PDCP duplication over two carriers the required success rate on each carrier can be effectively reduced.
Subslot-PUCCH is not required for reaching the studied targets.
For 1ms target we require the use of SPS-based UL and automatic repetition in UL and DL.
DL repetition is limited by PDCCH performance.

Conclusion
In Section 2 we made the following observations:
1. With PDCP duplication over two carriers the required success rate on each carrier can be effectively reduced.
1. Sub-slot PUCCH is not required for reaching the studied targets.
For 1ms target we require the use of SPS-based UL and automatic repetition in UL and DL.
DL repetition is limited by PDCCH performance.
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