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1
Introduction
Using the evaluation methodology agreed in [1], we illustrate in this contribution the system benefits on downlink UE perceived throughput (UPT) and system resource usage (RU) when faster CQI based on joint HARQ and CQI feedback is introduced for LTE TTI shortening.
2
Low Latency Operation in LTE
Please refer to [2] for a brief description of the LTE low latency operation via TTI shortening.
2.1 Joint HARQ and CQI feedback

As pointed out in [2], low latency in fact opens the door for much faster CSI than LTE baseline, which, if being properly utilized, can lead to much more accurate rate control. In [3] we showed the system performance benefits obtained through reducing CSI updating cycle from every 5ms to every 0.36(≈5/14) ms. There may be implementation complexity concern on such a straightforward faster CSI approach since a full CSI update may involve an exhaustive search over RI, PMI and MCS (e.g., when TM4 or other MIMO transmission modes are used). To address this issue, we investigate in this contribution a faster CQI approach which has much less implementation complexity. In particular, we propose to send faster CQI together with HARQ ACK/NACK feedback through a newly designed joint HARQ and CQI feedback channel, while keeping the same updating cycle for RI and PMI (i.e., every 5ms updating) as legacy LTE.
3
System performance

3.1 Simulations assumptions 

Please refer to Section 3.1 of [3] for key assumptions especially the company specific ones used throughout this contribution. 
3.2 System performance evaluation results
Let us start with performance comparison among the LTE baseline (denoted as “LTE” in figure legend throughout this contribution), the 1-symbol LTE low latency baseline (as “1-symbol Low Latency”), and three schemes involving joint HARQ and CQI feedback when carrying burst UDP traffic of 100kB size and of 0.8s interval over a channel with 10MHz BW. All UEs are assumed to be moving with a velocity of 3km/h. By “baseline”, we mean that the full CSI (i.e., RI, PMI and CQI) is updated at every 5ms.  This per-5ms CSI updating applies as well to the three joint ACK/CQI feedback schemes which, moreover, have additional faster CQI as elaborated below. The “1-symbol Low Latency Gene” denotes a gene case where the UE is assumed to have gene CQI to re-determine the optimum MCS (i.e., the largest one that meets the 10% BLER target after first HARQ transmission) using the RI and PMI contained in the current DCI which were determined based on the per-5ms CSI feedback.  This gene case is used to establish the performance upper bound. The “1-symbol Low Latency Joint ACK/CQI n=3” and “1-symbol Low Latency Joint ACK/CQI n=5” represent two practical cases which take practical timeline limit into account. Specifically, it is assumed for these two cases that a UE conducts demodulation/decoding according to the RI/PMI/MCS specified by the current DCI, but at the same time predicts the optimum MCS based on the decoding SINR for the given RI and PMI. The UE feedbacks this faster CQI corresponding to this optimum MCS together with HARQ ACK (or NACK) over a newly designed joint HARQ and CQI feedback channel. At the network side, eNB uses the obtained faster CQI for data transmission at “n” TTI later from the instant that this CQI was determined in the UE side. Finally, since faster (and hence more accurate) CQI is available at eNB, we turn off the CQI outer loop.
The simulation results are shown in below Figure 1. From Figure 1(a) and Figure 1(b) we can observe that the joint HARQ and CQI feedback schemes substantially reduces (~10% gain) the median delay and the 95-th percentile burst delay in comparison with the 1-symbol low latency baseline. At the same time, Figure 1(c) reports that these schemes leads to ~8% reduced mean RU.
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Figure 1 System performance for UDP with 100kB burst size and 0.8s burst interval over 10MHz BW. (a) Burst delay cumulative density function (CDF); (b) Burst delay percentile values; (c) Mean RU.
Assuming the same burst size of UDP traffic, we investigate the dependence on system loading by sweeping the burst interval from 0.4s to 1,2s, which is equivalent to per-cell offered load between ~6.67Mps to 20Mbps.  The results are shown in Figure 2, where 2(a) compares the 5-th percentile UPT among the LTE baseline, the 1-symbol low latency baseline, and two joint HARQ and CQI feedback schemes, 2(b) compares the median UPT, while 2(c) compares the corresponding mean RU. It can observed that the joint ACK/CQI feedback schemes lead to considerable system performance improvement over the 1-symbol low latency baseline throughout the simulated range of loading levels.
· The gain in mean RU is around 10%;
· The gain in the median UPT increases with loading level, and is up to 18% for the case with 20Mbps per-cell offered load.

·  The gain in the 5-th percentile UPT increases with loading level, and is up to 46% for the case with 20Mbps per-cell offered load.
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Figure 2 System performance for UDP with 100kB burst size and sweeping burst intervals over 10MHz BW. (a) 5-th user UPT vs. offered loads; (b) Median UPT vs. offered loads; (c) Mean RU vs. offered loads.
We have run comprehensive simulations for other different burst sizes, sweeping a range of burst intervals, and considering other TTI shorting configurations. To present simulation results in an intuitive and concise way, we first choose the system loading level where the LTE baseline is very close to having 50% mean RU for any given burst size. At this loading point, the gain in mean RU is post-processed as ONE minus the ratio between the mean RU of the “1-symbol Low Latency Joint ACK/CQI n=5” and that of the “1-symbol Low Latency” baseline.  Applying this approach to Figure 2(b), we read the gain in mean RU roughly as ~11%. At the same loading point, we propose to post-process the gain in UPT as the ratio between the UPT of the “1-symbol Low Latency Joint ACK/CQI n=5” and that of the “1-symbol Low Latency” baseline minus ONE. Applying this post-processing approach to Figure 2(a), we read the gain in 5-th percentile UPT as ~23% and that in median UPT as ~17%.
Applying the above post-processing approach to the different burst sizes defined in [1] for the 1-symbol low latency, we obtain a concise plot as shown in Figure 3. Basically, we show in left y-axis the gain in the mean RU and in right y-axis the gain in percentile UPT. It is seen that the joint HARQ and CQI feedback scheme brings gains – both the UPT gains and the mean RU gain – to all simulated scenarios, and smaller burst size leads to larger gains. This is intuitive because smaller-size bursts result in more dynamic inter-cell interference (ICI) and, hence, there are larger gains from more accurate rate control.  Specifically, for the case with 100kb burst size the gains are really significant (≥19% for mean RU gain and ≥35% for the 5-th percentile UPT gain, respectively). Hence the proposed joint HARQ and CQI feedback scheme can be very useful for carrying time-critical short bursts for which the needs may arise soon. This is especially true if the deployment happens in cluster-like small-cell scenarios where there is usually much more dynamic ICI impacts than what we have simulated here.
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Figure 3 System performance gains of joint ACK/CQI feedback for 1-symbol low latency for UDP traffic, 10MHz BW
The concise performance plot for the 2-symbol low latency is shown in in Figure 4 System performance gains of joint ACK/CQI feedback for 2-symbol low latency for UDP traffic, 10MHz BW Note gains reported here for the joint HARQ and CQI feedback are defined with respect to the corresponding “2-symbol low latency” baseline , where again “baseline” is used to denote the per-5ms full CSI updating configuration. Basically, this plot shows a very similar trend as we observed from Figure 3.  
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Figure 4 System performance gains of joint ACK/CQI feedback for 2-symbol low latency for UDP traffic, 10MHz BW

The performance gains for the slot-based low latency is shown in Figure 5, which shows a similar tread as Figure 3 and Figure 4 for burst size ≥ 0.8Mb. The reduced gain in median UPT for the 100kb burst size is due to more HARQ retransmissions with the joint HARQ and ACK feedback scheme. Please note that we turn off the CQI outer-loop for the joint HARQ and ACK feedback scheme, which lead to more HARQ retransmission than the baseline. HARQ re-transmission is expensive in terms of UPT for a slot based TTI in transmitting bursts with relatively small size. 
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Figure 5 System performance gains of joint HARQ and CQI feedback for slot based low latency for UDP traffic, 10MHz BW
To complete the picture, we also conduct performance evaluations for the joint HARQ and CQI feedback to one TCP traffic case specified in [1]. In particular, we evaluate the performance of the same scenario/set-up defined for Figure 1 with the only difference of replacing UDP traffic source with TCP traffic source. The simulation results are reported in Figure 6. Comparing each subfigure, we can observe that the trends observed from Figure 1 are valid for Figure 6, although the absolute burst delays and the absolute mean RU are different due to the different nature of the traffic sources. 
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Figure 6 System performance for TCP Reno with 100kB burst size and 0.8s burst interval over 10MHz BW. (a) Burst delay CDF; (b) Burst delay percentile values; (c) Mean RU.
4
Conclusions 
In this contribution, we discussed potential system performance benefits of having joint HARQ and CQI feedback for facilitating fast and accurate rate control for LTE low latency systems. Significant benefits are observed using the evaluation methodology defined in [1]. Therefore, we draw the following observation:
Observation: Joint HARQ and CQI feedback can significantly improve UE experience and network efficiency by facilitating fast and accurate rate control with very reasonable implementation complexity.    
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Appendix

We have presented the evaluation results in an intuitive and concise way in Section 3. Hereafter we re-tabulate these results in the common format specified in [4]. Specifically, to arrive at a fair comparison between “2OS” and “1OS” in below tables, we assume the same overhead for two schemes, i.e., 1.2% DCI overhead as we discussed in [3].
Table A-1 TCP performance with 100kb burst size, 10MHz BW, and Uu-only latency

	Parameters
	Low Load
	Medium Load
	High Load

	
	14OS
	7OS
	2OS
	1OS
	14OS
	7OS
	2OS
	1OS
	14OS
	7OS
	2OS
	1OS

	UPT CDF [Mbps]
	5%
	-
	-
	-
	-
	1.61
	2.86
	6.79
	8.65
	1.43
	2.50
	4.79
	5.86

	
	50%
	-
	-
	-
	-
	2.33
	4.35
	12.7
	20.6
	2.33
	3.92
	11.5
	17.7

	
	95%
	-
	-
	-
	-
	2.94
	5.71
	19.4
	35.0
	2.94
	5.71
	17.9
	32.6

	
	Mean
	-
	-
	-
	-
	2.27
	4.09
	11.5
	17.5
	2.17
	3.78
	9.57
	13.7

	Burst Delay CDF

[ms]
	5%
	-
	-
	-
	-
	34.0
	17.5
	5.1
	2.9
	34.0
	17.5
	5.6
	3.1

	
	50%
	-
	-
	-
	-
	43.0
	23.0
	7.9
	4.9
	43.0
	25.5
	8.7
	5.6

	
	95%
	-
	-
	-
	-
	62.0
	35.0
	14.7
	11.6
	70.0
	40.0
	20.9
	17.1

	
	Mean
	-
	-
	-
	-
	44.0
	24.4
	8.7
	5.7
	46.2
	26.5
	10.4
	7.3

	Mean RU
	
	
	
	
	0.41
	0.31
	0.28
	0.26
	0.68
	0.55
	0.48
	0.45

	Lambda [Hz]
	
	1/0.12
	1/0.08

	Note
	TCP slow-start applies to each new traffic burst


Table A-2 TCP performance with 100kB burst size, 10MHz BW, and Uu-only latency

	Parameters
	Low Load
	Medium Load
	High Load

	
	14OS
	7OS
	2OS
	1OS
	14OS
	7OS
	2OS
	1OS
	14OS
	7OS
	2OS
	1OS

	UPT CDF [Mbps]
	5%
	6.50
	10.4
	13.4
	14.6
	5.23
	8.33
	10.9
	11.6
	1.67
	3.05
	4.30
	4.55

	
	50%
	10.4
	19.5
	40.8
	48.8
	9.76
	18.0
	36.1
	42.3
	8.16
	13.9
	23.2
	26.1

	
	95%
	12.9
	25.4
	68.2
	86.9
	12.9
	25.4
	67.4
	86.2
	12.7
	23.9
	55.9
	70.9

	
	Mean
	9.70
	17.5
	31.4
	35.9
	8.74
	15.5
	26.8
	30.3
	4.98
	8.74
	13.4
	14.6

	Burst Delay CDF

[s]
	5%
	0.062
	0.032
	0.012
	0.009
	0.062
	0.032
	0.012
	0.009
	0.063
	0.034
	0.014
	0.011

	
	50%
	0.077
	0.041
	0.020
	0.016
	0.082
	0.045
	0.022
	0.019
	0.098
	0.058
	0.035
	0.031

	
	95%
	0.123
	0.077
	0.060
	0.055
	0.153
	0.096
	0.073
	0.069
	0.479
	0.262
	0.186
	0.176

	
	Mean
	0.083
	0.046
	0.025
	0.022
	0.092
	0.052
	0.030
	0.026
	0.161
	0.092
	0.060
	0.055

	Mean RU
	0.21
	0.17
	0.16
	0.15
	0.38
	0.30
	0.26
	0.26
	0.88
	0.75
	0.68
	0.67

	Lambda [Hz]
	1/1.2
	1/0.8
	1/0.4

	Note
	TCP slow-start applies to each traffic burst 


Table A-3 TCP performance with 500kB burst size, 10MHz, and Uu-only latency

	Parameters
	Low Load
	Medium Load
	High Load

	
	14OS
	7OS
	2OS
	1OS
	14OS
	7OS
	2OS
	1OS
	14OS
	7OS
	2OS
	1OS

	UPT CDF [Mbps]
	5%
	-
	-
	-
	-
	6.85
	9.38
	9.85
	10.2
	3.02
	4.92
	5.47
	5.56

	
	50%
	-
	-
	-
	-
	21.5
	33.3
	40.0
	42.1
	16.5
	24.3
	29.0
	29.7

	
	95%
	-
	-
	-
	-
	33.6
	64.0
	95.5
	95.4
	31.5
	57.1
	81.6
	86.9

	
	Mean
	-
	-
	-
	-
	16.11
	23.9
	27.2
	28.3
	9.70
	14.9
	17.2
	17.6

	Delay CDF

[s]
	5%
	-
	-
	-
	-
	0.119
	0.063
	0.042
	0.042
	0.127
	0.070
	0.049
	0.046

	
	50%
	-
	-
	-
	-
	0.186
	0.120
	0.100
	0.095
	0.243
	0.164
	0.138
	0.135

	
	95%
	-
	-
	-
	-
	0.584
	0.427
	0.406
	0.392
	1.32
	0.814
	0.731
	0.719

	
	Mean
	-
	-
	-
	-
	0.248
	0.168
	0.147
	0.141
	0.412
	0.269
	0.232
	0.228

	Mean RU
	-
	-
	-
	-
	0.44
	0.37
	0.36
	0.35
	0.77
	0.65
	0.63
	0.63

	Lambda [Hz]
	-
	1/3.0
	1/2.0

	Note
	TCP slow-start applies to each traffic burst


Table A-4 TCP performance with 1MB burst size, 10MHz BW, and Uu-only latency

	Parameters
	Low Load
	Medium Load
	High Load

	
	14OS
	7OS
	2OS
	1OS
	14OS
	7OS
	2OS
	1OS
	14OS
	7OS
	2OS
	1OS

	UPT CDF [Mbps]
	5%
	-
	-
	-
	-
	7.50
	9.96
	10.3
	10.8
	4.32
	5.77
	6.08
	6.10

	
	50%
	-
	-
	-
	-
	26.4
	38.0
	42.6
	44.0
	20.1
	27.4
	31.0
	31.0

	
	95%
	-
	-
	-
	-
	42.8
	80.0
	102
	105
	40.0
	69.9
	88.2
	89.6

	
	Mean
	-
	-
	-
	-
	19.0
	26.6
	28.9
	29.7
	12.9
	17.5
	19.3
	19.2

	Delay CDF

[s]
	5%
	-
	-
	-
	-
	0.187
	0.100
	0.079
	0.076
	0.200
	0.115
	0.091
	0.089

	
	50%
	-
	-
	-
	-
	0.303
	0.211
	0.188
	0.182
	0.399
	0.292
	0.258
	0.259

	
	95%
	-
	-
	-
	-
	1.07
	0.804
	0.777
	0.741
	1.85
	1.39
	1.32
	1.31

	
	Mean
	-
	-
	-
	-
	0.422
	0.300
	0.276
	0.269
	0.619
	0.457
	0.415
	0.418

	Mean RU
	-
	-
	-
	-
	0.42
	0.36
	0.35
	0.34
	0.73
	0.63
	0.60
	0.61

	Lambda [Hz]
	-
	1/6.0
	1/4.0

	Note
	TCP slow start applies to each burst, consider Uu-only latency


Table A-5 UDP performance with 100kb burst size and 10MHz BW

	Parameters
	Low Load
	Medium Load
	High Load

	
	14OS
	7OS
	2OS
	1OS
	14OS
	7OS
	2OS
	1OS
	14OS
	7OS
	2OS
	1OS

	UPT CDF [Mbps]
	5%
	-
	-
	-
	-
	3.54
	5.69
	9.17
	10.5
	2.25
	3.95
	6.11
	7.05

	
	50%
	-
	-
	-
	-
	7.49
	11.7
	25.2
	32.8
	6.32
	10.5
	21.0
	26.7

	
	95%
	-
	-
	-
	-
	12.1
	22.7
	51.3
	70.8
	11.7
	21.0
	47.4
	65.8

	
	Mean
	-
	-
	-
	-
	6.60
	10.7
	20.5
	25.2
	4.72
	8.50
	15.4
	18.9

	Delay CDF

[ms]
	5%
	-
	-
	-
	-
	8.3
	4.4
	1.9
	1.4
	8.5
	4.8
	2.1
	1.5

	
	50%
	-
	-
	-
	-
	13.4
	8.5
	4.0
	3.0
	15.8
	9.5
	4.8
	3.7

	
	95%
	-
	-
	-
	-
	28.3
	17.6
	10.9
	9.6
	44.5
	25.3
	16.4
	14.2

	
	Mean
	-
	-
	-
	-
	15.2
	9.3
	4.9
	4.0
	21.2
	11.8
	6.5
	5.3

	Mean RU
	-
	-
	-
	-
	0.34
	0.27
	0.24
	0.23
	0.60
	0.48
	0.42
	0.40

	Lambda [Hz]
	-
	1/0.12
	1/0.08


Table A-6 UDP performance with 100kB burst size, 10MHz BW 

	Parameters
	Low Load
	Medium Load
	High Load

	
	14OS
	7OS
	2OS
	1OS
	14OS
	7OS
	2OS
	1OS
	14OS
	7OS
	2OS
	1OS

	UPT CDF [Mbps]
	5%
	9.55
	12.9
	14.2
	14.5
	4.59
	7.45
	8.76
	8.93
	-
	-
	-
	-

	
	50%
	28.2
	40.7
	50.8
	53.2
	20.1
	29.6
	37.3
	39.6
	-
	-
	-
	-

	
	95%
	54.8
	74.6
	97.2
	104
	47.8
	69.7
	93.8
	100.3
	-
	-
	-
	-

	
	Mean
	22.2
	30.7
	36.7
	38.0
	13.0
	20.4
	24.8
	25.7
	-
	-
	-
	-

	Delay CDF

[ms]
	5%
	14.6
	10.7
	8.2
	7.7
	16.7
	11.5
	8.5
	8.0
	-
	-
	-
	-

	
	50%
	28.4
	19.7
	15.8
	15.0
	39.8
	27.0
	21.5
	20.2
	-
	-
	-
	-

	
	95%
	83.8
	61.9
	56.3
	55.3
	174
	107
	91.4
	89.5
	-
	-
	-
	-

	
	Mean
	36.0
	26.0
	21.8
	21.0
	61.6
	39.2
	32.3
	31.2
	-
	-
	-
	-

	Mean RU
	0.19
	0.16
	0.15
	0.15
	0.50
	0.39
	0.37
	0.36
	-
	-
	-
	-

	lambda [Hz]
	1/1.2
	1/0.6
	-


Table A-7 UDP performance with 1MB burst size, 10MHz BW 

	Parameters
	Low Load
	Medium Load
	High Load

	
	14OS
	7OS
	2OS
	1OS
	14OS
	7OS
	2OS
	1OS
	14OS
	7OS
	2OS
	1OS

	UPT CDF [Mbps]
	5%
	-
	-
	-
	-
	7.73
	9.54
	9.70
	9.87
	2.43
	4.29
	4.48
	4.42

	
	50%
	-
	-
	-
	-
	34.3
	41.4
	43.1
	43.0
	21.9
	28.1
	29.2
	29.4

	
	95%
	-
	-
	-
	-
	89.4
	101
	107
	108
	69.4
	85.2
	89.0
	89.2

	
	Mean
	-
	-
	-
	-
	22.3
	27.2
	27.9
	28.6
	5.11
	12.4
	12.5
	12.5

	Delay CDF

[s]
	5%
	-
	-
	-
	-
	0.089
	0.079
	0.075
	0.074
	0.115
	0.094
	0.090
	0.090

	
	50%
	-
	-
	-
	-
	0.233
	0.193
	0.186
	0.186
	0.365
	0.285
	0.274
	0.272

	
	95%
	-
	-
	-
	-
	1.04
	0.839
	0.824
	0.810
	3.29
	1.86
	1.79
	1.80

	
	Mean
	-
	-
	-
	-
	0.359
	0.294
	0.288
	0.286
	1.56
	0.648
	0.640
	0.640

	Mean RU
	-
	-
	-
	-
	0.40
	0.35
	0.35
	0.34
	0.72
	0.62
	0.62
	0.62

	Lambda [Hz]
	-
	1/6.0
	1/4.0
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