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1
Introduction
In Rel-13, a study item on latency reduction in LTE was approved, and was first carried out in RAN2, followed by RAN1’s involvement. In particular, RAN1 is tasked to study topics such as TTI shortening and reduced processing times. In this document, we outline the considered simulation parameters for downlink low latency LTE and evaluate its link-level performance under various operating scenarios.
2
Discussion
The focus of this document is placed on the link-level performance evaluation of low latency LTE in the downlink for various shortened TTI choices.  
The following topics are discussed in this contribution:

· System parameters considered in the simulations

· Performance metric
· Link-Level performance evaluation
2.1
System Parameters
To evaluate the potential benefits of TTI shortening, this document considers four different TTI choices: (1) 1-symbol TTI, (2) 2-symbol TTI, (3) 1-slot TTI, and (4) 1ms TTI. 
We further consider two different RB allocation scenarios. Under scenario 1, regardless of the TTI length, each downlink transmission should carry data with a fixed TBS (calculated based on the modulation order and coding rate.) Hence, as the TTI length decreases, the OFDM symbols of a low latency network should be extended over a larger fraction of the available RBs. This helps the system to leverage frequency diversity. Under scenario 2, we assume that regardless of the TTI length, the number of RBs allocated to a downlink transmission is fixed. Therefore, given a fixed coding rate, as the TTI length becomes shorter, a smaller TBS can be transmitted. In this regime, all aforementioned systems equally benefit from frequency diversity.

Both CRS-based and DMRS-based channel estimation and demodulation schemes are considered. It should be noted that since the channel estimation and demodulation quality depends critically on the location of the low latency symbols within the legacy subframe, and also the distance between reference symbols and low latency symbols, TTI shortening may compromise channel estimation quality.
To perform link-level analysis of low latency operation in LTE networks, we consider the following operating regimes:
· CRS-Based Scheme Under Scenario 1:

· Legacy LTE: 2RBs, RB indices: 10, 35

· 1-slot TTI: the 2nd slot of each subframe, 4 RBs, RB indices: 5, 17, 30, 42

· 2-symbol TTI:

· Case A: symbols 7 and 8 of each subframe, 14 RBs, RB indices: 10-16, 30-36

· Case B: symbols 12 and 13 of each subframe, 11 RBs, RB indices: 10-15, 30-34

· 1-symbol TTI:

· Case A: symbol 7 of each subframe, 33 RBs, RB indices: 5-20, 27-43

· Case B: symbol 12 of each subframe, 22 RBs, RB indices: 11-20, 27-38

· DMRS-Based Scheme Under Scenario 1:

· Legacy LTE: 2 RBs, RB indices: 10, 35

· 1-slot TTI: the 2nd slot of each subframe, 4 RBs, RB indices: 4, 17, 30, 42

· 2-symbol TTI: symbols 12 and 13 of each subframe, 14 RBs, RB indices: 10-16, 30-36
The number of RBs in each case is chosen to ensure that the TBS and the code rate of the low latency system are identical to those of the legacy LTE with 2 RBs. In addition, for 1-slot TTI and legacy LTE, the selected RBs are frequency distributed (instead of frequency localized) to emphasize the possible frequency diversity benefits for these two cases. Note that to achieve identical TBS and code rate in all the aforementioned cases, the required number of RBs for the 1-slot low latency system and the 2-symbol low latency system under Case A, respectively, 3.47 and 13.2. Due to the choice of an integer number of RBs, i.e., 4 for 1-slot and 14 for 2-symbol low latency systems, they both benefit from their slightly lower coding rate (a rough calculation can be 10*log10(4/3.47)=0.6dB, and 10*log10(14/13.2)=0.3dB).
It is important to note that under the DMRS scheme, the legacy LTE benefits from its 2-look DMRS channel estimation, i.e., each slot contains 6 DMRSs over two consecutive symbols. Both 1-slot and 2-symbol low latency networks considered here only have a 1-look DMRS channel estimation.

· CRS-Based and DMRS-Based Schemes Under Scenario 2:

· The total number of allocated RBs in each case is 25. The RB indices are: 5-17 and 30-41. The considered TTI locations are the same as those of the Scenario 1. 

All other system parameters are tabulated in Appendix 1.
2.2
Performance Metrics

The considered metric to evaluate the downlink link-level performance of low latency LTE is block error rate (BLER) as a function of signal-to-noise ratio (SNR).  
3
Link-Level Simulations 
In this section, we present the required SNR to achieve 10% BLER (and in some cases 1% BLER) in different cases. The BLER curves as a function of SNR is presented in Appendix 2. In Appendix 2, we also discuss the impact of RB bundling and also the TTI location within the subframe on the performance of a DMRS-based low latency network. In each entry of the table, we also present the gain (+) or the loss (-) of the low latency network as compared to a legacy LTE network.
We start this section by presenting both CRS-based and DMRS-based results under scenario 1. 

Table 1: Scenario 1, SNR to achieve 10% BLER, CRS-based, ETU

	sTTI length
	1-sym, Case A
	1-sym, Case B
	2-sym, Case A
	2-sym, Case B
	1-slot
	1ms

	QPSK, 3kmph
	4 (+1)
	4.2 (+0.8)
	4 (+1)
	4.2 (+0.8)
	3.8 (+1.2)
	5

	16QAM, 3kmph
	19.2 (+1.8)
	--
	18.5 (+2.5)
	19.8 (+1.2)
	17.8 (+3.2)
	21

	64QAM, 3kmph
	27.6 (+2.4)
	--
	26.4 (+3.6)
	--
	25.5 (+4.5)
	30

	QPSK, 60kmph
	4.25 (+1)
	--
	4.6 (+0.65)
	5.5 (-0.25)
	4.25 (+1)
	5.25


Observation 1: The 1-slot low latency system has a comparable channel estimation quality as that of the legacy LTE. It also benefits from channel frequency diversity (note that the allocated RBs are frequency distributed.) Hence, in all considered cases, the 1-slot low latency is superior. Note also that with QPSK and at UE speed of 60kmph, both 1-slot and 1-symbol low latency systems perform identically.
Table 2: Scenario 1, SNR to achieve 1% BLER, CRS-based, ETU

	sTTI length
	1-symbol, Case A
	2-symbol, Case A
	2-symbol, Case B
	1-slot
	1ms

	QPSK, 60kmph
	6.75 (+2.55)
	7.75 (+1.55)
	9.2 (+0.1)
	7.5 (+1.8)
	9.3


Observation 2: When the objective is to achieve 1% BLER, even at high UE speed, the 1-symbol low latency is the best option.
Table 3: Scenario 1, SNR to achieve 10% BLER, CRS-based, EPA
	sTTI length
	1-symbol, Case A
	1-symbol, Case B
	2-symbol, Case A
	2-symbol, Case B
	1-slot
	1ms

	QPSK, 3kmph
	6.5 (-0.3)
	7 (-0.8)
	6.5 (-0.3)
	7 (-0.8)
	5.5 (+0.7)
	6.2

	16QAM, 3kmph
	22.25 (+0.5)
	--
	22 (+0.75)
	23 (-0.25)
	19.4 (+3.35)
	22.75

	64QAM, 3kmph
	31.5 (+0.25)
	--
	30.25 (+1.5)
	--
	26.8 (+4.95)
	31.75

	QPSK, 60kmph
	7.25 (-1.25)
	--
	7.25 (-1.25)
	8.25 (-2.25)
	6 (0)
	6


Observation 3: Under the EPA channel model, the gains due to frequency diversity are less significant as compared to the ETU channel model. In this case, the 1-slot low latency system, which has a comparable channel estimation quality as that of the legacy LTE while still benefits from frequency diversity, is superior.

Table 4: Scenario 1, SNR to achieve 10% BLER, DMRS-based, ETU

	sTTI length
	2-symbol
	1-slot
	1ms

	QPSK, 3kmph
	8.4 (-0.4)
	8.6 (-0.6)
	8

	16QAM, 3kmph
	24.5 (-0.5)
	23 (+1)
	24

	QPSK, 60kmph
	8.5 (+0.5)
	8.75 (+0.25)
	9

	16QAM, 60kmph
	25 (+0.8)
	--
	25.8


Observation 4: Note that the 2-symbol low latency system has a better channel estimation as compared to the 1-slot low latency system. The 1-slot low latency system, on the other hand, benefits from its (slightly) lower coding rate. At a high UE speed (when the quality of channel estimation is more important), the 2-symbol low latency becomes superior. 
Table 5: Scenario 1, SNR to achieve 1% BLER, DMRS-based, ETU

	sTTI length
	2-symbol
	1-slot
	1ms

	QPSK, 3kmph
	11.5 (+1.25)
	12.5 (+0.25)
	12.75

	16QAM, 3kmph
	30.2 (0)
	29.75 (+0.45)
	30.2


Observation 5: When the objective is to achieve 1% BLER, using QPSK, at a low UE speed, the 2-symbol low latency network outperforms the other two cases. With 16QAM, all different options show comparable performances.

Table 6: Scenario 1, SNR to achieve 10% BLER, DMRS-based, EPA
	sTTI length
	2-symbol
	1-slot
	1ms

	QPSK, 3kmph
	13 (-4.2)
	12 (-3.2)
	8.8

	16QAM, 3kmph
	--
	--
	25.5

	QPSK, 60kmph
	13.25 (-3.25)
	12.5  (-2.5)
	10

	16QAM, 60kmph
	--
	--
	27.5


Observation 6: The low latency systems not only suffer from their poorer channel estimation quality as compared to the legacy LTE, but also, under the EPA channel model, do not gain more from channel frequency diversity. The legacy LTE system in this case is the best option.

Next, we consider both legacy LTE and low latency networks under Scenario 2. Note that under this scenario, the number of RBs allocated to each of the considered cases is a constant. Hence, the gains due to the channel frequency diversity are equivalent across different systems. We first focus on presenting the BLER results obtained using a CRS-based channel estimation.
Table 7: Scenario 2, SNR to achieve 10% BLER, CRS-based, ETU

	sTTI length
	1-symbol, Case A
	2-symbol, Case A
	1-slot
	1ms

	QPSK, 3kmph
	4.4 (-0.65)
	4.3 (-0.55)
	4.2 (-0.45)
	3.75

	16QAM, 3kmph
	20.2 (-0.3)
	20 (-0.1)
	19.9 (0)
	19.9

	64QAM, 3kmph
	29.8 (+0.7)
	29.8 (+0.7)
	31 (-0.5)
	30.5

	QPSK, 60kmph
	4.8 (-0.9)
	4.8 (-0.9)
	4.7 (-0.8)
	3.9


Observation 7: In this case, the performance gaps between different systems is below 1dB.
Table 8: Scenario 2, SNR to achieve 10% BLER, CRS-based, EPA

	sTTI length
	1-symbol, Case A
	2-symbol, Case A
	1-slot
	1ms

	QPSK, 3kmph
	7 (-0.75)
	6.8 (-0.55)
	6.8 (-0.55)
	6.25

	16QAM, 3kmph
	23.5 (-0.3)
	23.2 (0)
	23.1 (+0.1)
	23.2

	64QAM, 3kmph
	34.5 (-0.5)
	33.8 (+0.2)
	35.5 (-1.5)
	34

	QPSK, 60kmph
	7.5 (-1.25)
	7.5 (-1.25)
	7.5 (-1.25)
	6.25


Observation 8: At a low UE speed, the performance of low latency systems is comparable to that of the legacy LTE under different modulation orders. As the UE speed increases, the legacy LTE outperforms other systems by 1.25dB.
The remainder of this section is devoted to presenting the BLER results with DMRS-based channel estimation scheme and under Scenario 2.
Table 9: Scenario 2, SNR to achieve 10% BLER, DMRS-based, ETU
	sTTI length
	2-symbol
	1-slot
	1ms

	QPSK, 3kmph
	8.5 (-2.25)
	8.5 (-2.25)
	6.25

	16QAM, 3kmph
	27 (-4.5)
	27 (-4.5)
	22.5

	QPSK, 60kmph
	8.7 (-0.95)
	8.85 (-1.1)
	7.75

	16QAM, 60kmph
	27.75 (-2)
	--
	25.75


Observation 9: In all different operating regimes, the legacy LTE outperforms the low latency networks. The reason is that as opposed to the legacy network which has 12 DMRSs over each subframe, both low latency networks have only a 1-look DMRS. Also, since we assume a 2-symbol low latency network over symbols 12 and 13 of each subframe, i.e., over the DMRS symbols, the 2-symbol low latency network benefits from its better channel estimation quality as compared to the 1-slot low latency network at a high UE speed.

Table 10: Scenario 2, SNR to achieve 10% BLER, DMRS-based, EPA

	sTTI length
	2-symbol
	1-slot
	1ms

	QPSK, 3kmph
	13.25 (-4.25)
	13.25 (-4.25)
	9

	16QAM, 3kmph
	--
	--
	25.5

	QPSK, 60kmph
	13.3 (-3.3)
	14 (-4)
	10

	16QAM, 60kmph
	--
	--
	32.2


Observation 10: Similar to the results obtained under the ETU channel model, under the EPA channel model and in all different operating regimes, the legacy LTE outperforms the low latency networks. Also, the 2-symbol low latency network performs better than the 1-slot low latency network at a high UE speed.

4
Conclusions
In this contribution, we perform link-level evaluations for shortened TTI operations in downlink LTE. Various placements of 1-symbol TTI and 2-symbol TTI in a subframe, along with the 1-slot TTI, are evaluated, in comparison to the legacy 1-ms based operation, under different channel models, mobility conditions and MCS values. We further consider both CRS-based and DMRS-based schemes in two different scenarios: (1) TBS and coding rate are fixed for all different TTIs, and (2) the number of RBs allocated and coding rate are fixed for all different TTIs. 
With CRS-based scheme and under scenario (1), due to the shortened time duration, and hence extended frequency bandwidth for the TB, shortened TTI transmissions enjoy increased frequency diversity, but at the expense of compromised channel estimation. The amount of frequency diversity benefits depends on the channel model – under ETU channel, the benefits are more pronounced. The amount of channel estimation loss for shortened TTI depends on the coding rate, modulation order and mobility conditions. Overall, compared with the 1-ms TTI, shortened TTI operation (1-symbol, 2-symbol and 1-slot TTIs) in DL shows improved link performance especially under frequency-distributed channels, but may achieve comparable and in some cases even incurring some loss in channels like EPA and 60kmph, due to small frequency diversity gain and compromised channel estimation. 

With DMRS-based channel estimation and under Scenario 1, the previous conclusions hold true for a frequency-selective channel such as ETU. Under EPA model, however, the legacy LTE system performs better. The performance gap depends on the mobility condition and the chosen MCS. 
With CRS-based channel estimation and under Scenario 2, all systems gain equivalently from channel frequency diversity. Although the legacy LTE outperforms the low latency networks, they all have comparable performance under most of the considered operating points. However, as the UE speed increases, the performance gap also increases. 

Finally, with DMRS-based channel estimation and under Scenario 2, not only the low latency networks do not gain more from channel frequency diversity as compared to the legacy LTE, but also the low latency networks, due to their 1-look DMRS channel estimation, experience poor channel estimation quality. Hence, in all the considered cases and under both ETU and EPA channel models, the legacy LTE is the best option. However, we show that by RB bundling, the channel estimation quality of low latency systems can be improved. As a result, a low latency network is likely to be able to outperform the legacy LTE network.    

5       Appendix 1
The system design parameters used in our simulations are as follows:

	Carrier Frequency
	2GHz

	System bandwidth
	10MHz

	Channel model
	EPA/ETU

	UE speed
	3kmph and 60kmph

	Antenna configuration
	2Tx/2Rx

	Antenna correlation
	Uncorrelated

	Legacy PDCCH region
	2 OFDM symbols

	CP length
	Normal

	Transmission mode
	TM4 (rank 2) and TM9 (rank 2)

	RS configuration
	2 CRS ports/2DMRS ports

	Channel estimation
	Practical

	Rank/link adaptation
	Fixed/Disabled

	Modulation and code rate
	QPSK (1/3), 16QAM (3/4), and 64QAM (5/6)

	Precoding codebook
	Fixed


6       Appendix 2
· TM4, 3kmph, ETU
TM4, 3kmph, ETU, QPSK
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Observation 1:  When both the UE speed and modulation order are low, the gain due to frequency diversity outweighs channel estimation quality. As a result, low latency LTE with one-symbol TTI outperforms all the other cases.
Observation 2: One-slot low latency system benefits from both frequency diversity and channel estimation quality. Hence, in a low-SNR regime, it outperforms all other cases. In a high-SNR regime, however, gains due to frequency diversity becomes more paramount. Therefore, 1-slot low latency system is inferior to the one-symbol low latency system.
Observation 3: As expected, both 1-symbol and 2-symbol low latency networks under Case A are superior to the comparable networks under case B. 

TM4, 3kmph, ETU, 16QAM 
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TM4, 3kmph, ETU, 64QAM
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Observation 4: As the modulation order increases, the quality of the channel estimation becomes more important. TTI shortening results in link-level performance improvement over the 1-ms TTI based operation, while the one-slot low latency system enjoys the benefits of increased frequency diversity with minimal channel estimation loss as assumed in the simulations.
· TM4, 60kmph, ETU
TM4, 60kmph, ETU, QPSK
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Observation 5: As the UE speed increases, estimating the channels with high quality becomes increasingly important. Hence, at low-SNR regime, the 1-slot low latency network is superior (but FER >10%). At medium to high SNR regime, where the quality of channel estimation is less important, the one-symbol low latency system outperforms all other cases.
TM4, 60kmph, ETU, 16QAM
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Observation 6: When both UE speed and modulation order increase, the legacy LTE system gains from its better channel estimation quality. 

It should be emphasized that in all CRS-based simulations, the channel impulse response (CIR) over each CRS symbol of a low latency network is a weighted average of the CIRs of the current and the past CRS symbols. For a legacy LTE network, since channel estimation can be non-causal, future CRS symbols can also be used. However, as the UE speed increases, we have observed that it is beneficial for a low latency network to optimize the number of CRS symbols participating in averaging. The results are presented in the following figure.

TM4, 60kmph, ETU, 16QAM
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· TM4, 3kmph, EPA
TM4, 3kmph, EPA, QPSK
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TM4, 3kmph, EPA, 16QAM
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TM4, 3kmph, EPA, 64QAM
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· TM4, 60kmph, EPA
TM4, 60kmph, EPA, QPSK
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TM4, 60kmph, EPA, 16QAM
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Observation 8: Under EPA model, the gains due to frequency diversity are less significant as compared to ETU wireless channels. In this case, one-slot low latency system, which has a comparable channel estimation quality as that of the legacy LTE while still benefits from frequency diversity, is superior in most operating regimes.

Next, we present the BLER results with DMRS-based scheme and under Scenario 1.

· TM9, 3kmph, ETU

TM9, 3kmph, ETU, QPSK
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Observation 9: At a low-SNR regime, the legacy LTE system benefits from its better channel estimation quality (Recall that legacy LTE has a 2-look DMRS channel estimation). At a high-SNR regime, however, the legacy LTE is outperformed by both low latency systems; a 2-symbol low latency network which benefits more from channel frequency diversity is superior. 

TM9, 3kmph, ETU, 16QAM
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Observation 10: As the modulation order increases, the 1-slot low latency network becomes superior. Note that as mentioned before, the 1-slot low latency network benefits from its lower coding rate as compared to the other two systems considered here.

· TM9, 60kmph, ETU

TM9, 60kmph, ETU, QPSK
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TM9, 60kmph, ETU, 16QAM
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Observation 12: Note that the 2-symbol low latency network considered in the simulations has a better channel estimation as compared to the 1-slot low latency network. Further, it benefits more from channel frequency diversity as compared to the legacy LTE network. Hence, as both the UE speed and modulation order increase, the 2-symbol low latency network outperforms the other systems as high SNR regime.

· TM9, 3kmph, EPA

TM9, 3kmph, EPA, QPSK
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TM9, 3kmph, EPA, 16QAM
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· TM9, 60kmph, EPA

 TM9, 60kmph, EPA, QPSK
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 TM9, 60kmph, EPA, 16QAM
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Observation 13: Under the EPA channel, the legacy LTE outperforms the other two cases.

· TM4, 3kmph, ETU

TM4, 3kmph, ETU, QPSK
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· TM4, 60kmph, ETU

 TM4, 60kmph, ETU, QPSK
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Observation 14: At a low UE speed, the performance of legacy LTE and low latency networks is comparable. However, as the UE speed increases, LTE performance becomes dominant.

· TM4, 3kmph, EPA

TM4, 3kmph, EPA, QPSK
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· TM4, 60kmph, EPA

TM4, 60kmph, EPA, QPSK
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Observation 15: Similar to the results obtained under ETU channel, again at a low UE speed, the performance of legacy LTE and low latency networks is comparable. As the UE speed increases, however, LTE performance becomes dominant. Note that as shown before, it may be possible to enhance the performance of low latency networks at a high UE speed through using a single-tap CIR estimation filter.

The remainder of this section is devoted to presenting the BLER results with DMRS-based channel estimation scheme and under Scenario 2.

· TM9, 3kmph, ETU

TM9, 3kmph, ETU, QPSK

[image: image30.emf]2 4 6 8 10 12

SNR (dB)

10

-2

10

-1

10

0

B

L

E

R

LTE

1-slot low latency

2-symbol low latency


TM9, 3kmph, ETU, 16QAM
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· TM9, 3kmph, ETU

TM9, 3kmph, ETU, QPSK
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TM9, 3kmph, ETU, 16QAM
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· TM9, 60kmph, ETU

TM9, 60kmph, ETU, QPSK
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Observation 16: In all different operating regimes, the legacy LTE outperforms the low latency networks. The reason is that as opposed to the legacy network which has 12 DMRSs over each subframe, both low latency networks have only 6 DMRSs over their TTIs. Also, since we assume a 2-symbol low latency network over symbols 12 and 13 of each subframe, i.e., over the DMRS symbols, the 2-symbol low latency network benefits from its better channel estimation quality as compared to the 1-slot low latency network. 

· TM9, 3kmph, EPA

TM9, 3kmph, EPA, QPSK
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  TM9, 60kmph, EPA, 16QAM

[image: image39.emf]10 15 20 25 30 35

SNR (dB)

10

-1

10

0

B

L

E

R

LTE

1-slot low latency

2-symbol low latency


Observation 17: Similar to the results obtained under the ETU channel model, under the EPA channel model and in all different operating regimes, the legacy LTE outperforms the low latency networks. Also, the 2-symbol low latency network performs better than the 1-slot low latency network.

One approach to improve the performance of a system operating under a DMRS-based scheme is RB bundling for channel estimation. As the RB bundling size increases, a larger number of DMRSs participate in performing minimum mean square error channel estimation. It should be noted that the gains due to RB bundling come at a cost of channel estimation complexity. However, if the number of RBs scheduled to a user is kept fixed (which is the case under Scenario 2), channel over a smaller number of resource elements is required to be estimated in a low latency network as compared to an LTE network. Hence, with the same level of acceptable estimation complexity, a larger number of RBs can be grouped together in a low latency LTE network. The next set of results of this contribution paper investigates the impact of RB bundling on the performance of a 1-slot low latency network spanned over 10 consecutive RBs with QPSK, UE speed of 60kmph, and with RB bundling sizes of 1, 2, and 5.
TM9, 60kmph, ETU, QPSK
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Observation 18: At the block error rate of 1%, a low latency LTE network with RB bundling size of 2 outperforms the comparable network with RB bundling size of 1 by more than 1.5dB. By further increasing the RB bundling size to 5, an extra 1dB performance improvement can be achieved. By comparing this result with that of the legacy LTE obtained at 60kmph, ETU channel model, and QPSK (presented before), it is apparent that a 1-slot low latency with RB bundling size of 2 performs the same as the legacy LTE with RB bundling size of 1. In addition, the 1-slot low latency network with RB bundling size of 5 outperforms the legacy LTE with RB bundling size of 1. 

So far, we have assumed that each shortened TTI carries DMRSs for channel estimation. However, the placement of the reference signals within each shortened TTI incurs overhead. The impact of this overhead is more pronounced as the TTI length becomes smaller. As an example, assuming the same DMRS configuration as in the legacy LTE, the dimensional loss due to the presence of DMRSs over a 2-symbol low latency LTE network is 25% when transmitting data with 1 or 2 layers. Hence, a proper use of DMRSs for low latency networks should strike a balance between channel estimation quality and the dimensional loss due to the transmission of the reference signals. In this section, we study the possibility of exploiting the past DMRSs for channel estimation. In particular, we consider a user scheduled over three consecutive 2-symbol TTIs spanned over: (1) symbols 5 and 6, (2) symbols 7 and 8, and (3) symbols 9 and 10 with a fixed TBS, number of allocated RBs, and precoding matrix. Accounting for the presence of the DMRSs over symbols 5 and 6 and also CRSs over symbol 7, case (1) has the largest dimensional loss, while in case (3), all the available resources are allocated to user data transmission. Hence, case (3) gains from a lower coding rate as compared to the other two scenarios. However, as we move from (1) to (3), the estimated channel becomes stale. Therefore, it is not clear which of the three scenarios is superior from a performance point of view. The BLER results are presented in the following figure:

TM9, 60kmph, ETU, QPSK

[image: image41.emf]6 8 10 12

SNR (dB)

10

-2

10

-1

10

0

B

L

E

R

Symbols 5 and 6

Symbols 7 and 8

Symbols 9 and 10


Observation 19: Despite its stale channel estimation, case (3) outperforms the other two scenarios. This shows that relying on the past channel estimates, while using most of the available resources for providing a lower coding rate, is beneficial. However, in general, as the channel estimate becomes staler, it is expected that system performance eventually degrades. Hence, updating the channel estimates through sending new DMRSs is essential. The periodicity of the re-transmissions can be chosen based on the channel coherence time and the rate at which a user is scheduled with the same precoding matrix.
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