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Foreword
This Technical Report has been produced by the 3rd Generation Partnership Project (3GPP).
The contents of the present document are subject to continuing work within the TSG and may change following formal TSG approval. Should the TSG modify the contents of the present document, it will be re-released by the TSG with an identifying change of release date and an increase in version number as follows:
Version x.y.z
where:
x	the first digit:
1	presented to TSG for information;
2	presented to TSG for approval;
3	or greater indicates TSG approved document under change control.
y	the second digit is incremented for all changes of substance, i.e. technical enhancements, corrections, updates, etc.
z	the third digit is incremented when editorial only changes have been incorporated in the document.
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[bookmark: _Toc296239071]1	Scope
This document is related to the technical report for the study item “Study on latency reduction techniques for LTE” [1]. The purpose of this TR is to capture the findings from TSG RAN WG2 and WG1 according to their respective objectives, and to draw a conclusion on way forward.
This activity involves the Radio Access work area of the 3GPP studies and has potential impacts both on the Mobile Equipment and Access Network of the 3GPP systems.
This document is a ‘living’ document, i.e. it is permanently updated and presented to TSG-RAN meetings.
[bookmark: _Toc296239072]2	References
The following documents contain provisions, which through reference in this text constitute provisions of the present document.
-	References are either specific (identified by date of publication, edition number, version number, etc.) or non‑specific.
-	For a specific reference, subsequent revisions do not apply.
-	For a non-specific reference, the latest version applies. In the case of a reference to a 3GPP document (including a GSM document), a non-specific reference implicitly refers to the latest version of that document in the same Release as the present document.
[1]	3GPP TR 21.905: "Vocabulary for 3GPP Specifications".
[2]	RP-150465, New SI proposal: Study on Latency reduction techniques for LTE, Ericsson, RAN#67, March 2015.
[3]	R2-152326, Latency reductions in LTE, Ericsson, RAN2#90, May 2015
[4]	R2-152174, Impact of latency reduction on TCP slow-start behaviour, Intel Corp. RAN2#90, May 2015
[5]	R2-152456, Evaluation on the gains provided by 0.5ms TTI, Huawei, HiSilicon, RAN2#90, May 2015

…
[bookmark: _Toc296239073]3	Definitions, symbols and abbreviations

[bookmark: _Toc296239074]3.1	Definitions
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]For the purposes of the present document, the terms and definitions given in 3GPP TR 21.905 [1] and the following apply. A term defined in the present document takes precedence over the definition of the same term, if any, in 3GPP TR 21.905 [1].
[bookmark: _Toc296239075]3.2	Symbols
For the purposes of the present document, the following symbols apply:
Symbol format (EW)
<symbol>	<Explanation>

[bookmark: _Toc296239076]3.3	Abbreviations
For the purposes of the present document, the abbreviations given in 3GPP TR 21.905 [1] and the following apply. 
An abbreviation defined in the present document takes precedence over the definition of the same abbreviation, if any, in 3GPP TR 21.905 [1].
Abbreviation format (EW)
<ACRONYM>	<Explanation>
[bookmark: _Toc296239077]4	Study Objectives
Potential gains like reduced response time and improved TCP throughput due to latency improvements on typical applications and use cases are identified and documented. In this evaluation, latency reductions due to protocol enhancements as well as shortened TTIs are assumed. Specifically, the following items should apply:
· Consider the web application (HTTP/FTP+TCP) use case and analyse the possible gains in the performance metrics of delay and perceived data rate for TCP based data transactions.
· Consider real-time application use case and analyse the possible gains in delay, service coverage and system capacity.
· Other areas in accordance with [2] may be considered as well
· Aspects of complexity, energy-consumption, signalling overhead and resource efficiency should be considered.
The evaluations include active UEs and UEs that have been inactive a longer time, but are kept in RRC Connected. Reducing user plane latency for the scheduled UL transmission with resource efficient solution as a result of protocol and signalling enhancements are studied and compared to the pre-scheduling solutions allowed by the standard today.
Specification impact, feasibility and performance of TTI lengths between 0.5ms and one OFDM symbol are studied, taking into account impact on e.g. L2 overhead, reference signals and physical layer control signalling. 
Backwards compatibility shall be preserved, i.e. solutions should allow normal operation of pre-Rel 13 UEs on the same carrier.

[bookmark: _Toc296239078]5	Overview of LTE latency
In an LTE system there are multiple components contributing to the total end to end delay for connected UEs. The limitations in performance are in general use case dependent; for which e.g. UL latency may influence the DL application performance and vice versa.
[bookmark: _Toc296239079]5.1	Delay components
Examples of sources to latency are listed below. For UL, a signalling chart is shown in Figure 1. For DL, a corresponding signalling chart is shown in Figure 2. In this example, UL synchronization is assumed.


Figure 1. Overview of UL transmission delay. Does not include retransmissions.


Figure 2. Overview of DL transmission delay. Does not include retransmissions.
Grant acquisition
A UE with data to send must send a Scheduling Request (SR) and receive a scheduling grant before transmitting the data packet. In order to send a SR it must wait for a SR-valid PUCCH resource and a corresponding scheduling grant transmitted to the UE in response. When the grant is decoded the data transmission can start over PUSCH. 
Random access
If the UL timing of a UE is not aligned, initial time alignment is acquired with the random access procedure. The time alignment can be maintained with timing advance commands from the eNB to the UE. However, it may be desirable to stop the maintenance of UL time alignment after a period of inactivity, thus the duration of the random access procedure may contribute to the overall latency in RRC_CONNECTED. The random access procedure also serves as an UL grant acquisition mechanism (Random Access based Scheduling Request). Therefore, for cases where random access is needed, no separate PUCCH based SR procedure/step is needed.
Transmission Time Interval (TTI)
The transmission of a request, grant, or data is done in subframe chunks with a fixed duration (1 ms), which is the source of a delay per packet exchange between the UE and the eNodeB.
Processing
Data and control need to be processed (e.g., encoded and decoded) in the UE and eNodeB. Data processing is a source of processing delays, which are proportional to the TB size. The processing of control information is typically less dependent on TB size.
HARQ Round Trip Time (RTT)
For UL transmission in FDD, the hybrid-ARQ acknowledgement for a packet received by the eNodeB in subframe n is reported in subframe n+4. If a retransmission is needed by the UE this is done in subframe n+8. Thus the hybrid-ARQ RTT is 8 ms for FDD UL. For TDD, RTT depends on TDD Configuration. 
The RTT for DL transmissions is not specified in detail, as the HARQ scheme is asynchronous. The HARQ feedback is available at subframe n+4 in FDD, and retransmissions can typically be scheduled in subframe n+8 or later if needed.
Core / Internet
In the core network, packets can be queued due to congestion and delayed due to transmission over backhaul links. Internet connections can be congested and therefore add to the experienced end-to-end packet delay. EPC and/or Internet delays vary widely. In the context of latency reductions, it is reasonable to assume that latency performance of the transport links is good. 
Note: In the context of evaluations in this study, a Core/internet latency component between 1-20ms is assumed.
[bookmark: _Toc296239080]5.2	Current performance
As an example, a simple assessment of important sources of latency for an UL transmission is presented in Table 1. Assuming Rel-8 functionality the average waiting time for a PUCCH at a periodicity of 10 ms is 5 ms, leading to a radio access latency sum of 17 ms in the example. With a SR period set to 1 ms, the average waiting time is reduced to 0.5 ms, which would lead to a sum of 12.5 ms in this example. Corresponding values for a DL transmission are given in Table 2.

Table 1. Typical radio access latency components (Rel. 8/Rel. 9) for an UL transmission from a UE without a valid uplink grant.

Table 2. Typical radio access latency components (Rel. 8/Rel. 9) for a DL transmission.
From the tables it can be seen that grant acquisition delay, transmission and data processing times are additive.
[bookmark: _Toc296239081]5.3	Existing means to limit latency
With a short SR period, e.g. 1ms, the control plane overhead is increased which may reduce resource efficiency as more PUCCH resources in the cell to support the same number of users is needed. In addition, PUCCH resources are assigned and reconfigured with dedicated RRC signaling.
Pre-scheduling of scheduling grants uses PDCCH resources, and the granted PUSCH resources cannot be used by other UEs, which may limit the radio resource utilization. Further, the UE is expected to send a zero padded transmission also if the buffer of the scheduled UE is empty. 
With SPS, periodic UL/DL resources can currently not be configured more frequently than every 10 subframes. Also with UL SPS, the UE is expected to send zero padded transmissions that may come with associated inefficient UE battery performance and increased UL interference.

[bookmark: _Toc296239082]6	Scenarios, Applications and Use Cases
A number of existing and new applications will benefit from reduced latency. Example of existing applications that would be positively impacted by reduced latency in terms of increased perceived quality of experience are TCP based applications, gaming, real-time applications like VoLTE/OTT VoIP and video telephony/conferencing. 
For new applications it is expected that some will be increasingly delay critical; examples include remote control/driving of vehicles, augmented reality applications in e.g. smart glasses, or specific machine communications requiring low latency as well as critical communications.
It should be noted that applications/use cases have different characteristics and may be subject to different bottlenecks and benefit differently from particular improvements in latency.

[bookmark: _Toc296239083]7	Evaluation Structure and Assumptions

[bookmark: _Toc296239084]8	Solutions for latency reduction

[bookmark: _Toc296239085]98	Performance Evaluation
Editors Note: The study evaluation includes resource efficiency, including air interface capacity, battery lifetime, control channel resources, specification impact and technical feasibility. Both FDD and TDD duplex modes are considered. 
[bookmark: _Toc296239086]9.1	Protocol evaluations
TCP Slow Start
TCP Slow-start is in general part of the congestion control mechanism used by TCP and is used in conjunction with other algorithms to avoid network congestion. Slow-start begins initially with a congestion window size, and it will be increased with each acknowledgment received, effectively increasing the window size each round trip time (RTT). The transmission rate will be increased with slow-start algorithm until either a loss is detected, or the receiver's advertised window is the limiting factor, or the slow-start threshold is reached. If a loss event occurs, TCP assumes that it is due to network congestion and takes steps to reduce the offered load on the network [2].
[bookmark: _Toc296239087]9.1.1	Simulation 1 [4]
In this simulation it is assumed that the core network and the Internet delay is very small and is independent of the TTI values. The assumed latency between eNB and TCP Server is 1-2 ms.
The average DL data-rate the same for different scenarios. This is achieved by scaling the TBS sizes according to the duration of TTI compared to the current 1ms TTI. 
For the FTP based file download using TCP protocol. TCP New Reno is used. File size is kept so as to achieve the saturation in data-rate so that the conditions when UE’s perceived instantaneous as well as overall data-rate reaches at least 90% of the saturation rate can be determined.
The instantaneous throughput is calculated as 25ms moving window average of TCP layer throughput. Aggregate user perceived throughput (UPT) is calculated as total TCP layer data downloaded divided by the time elapsed. Initial time for setting up the network and for the UE to attach to network is removed as offset from the results such that the FTP request is sent to the server from the UE at time 0. 
A saturation data-rate of approximately 21Mbps (example scenario is 3 CA 20MHz each, cell spectral efficiency ~3.5bps/Hz, 10 UEs/cell) is assumed. MCS index of UE is set such that on an average this data-rate is achieved when TCP has fully ramped up (channel adaptation is disabled).
The results for TTI reduction in this simulation do not take into account possible overhead due to e.g. additional L1/2 overhead.
Results simulation 1
Figure 3 shows the comparison of 1ms TTI with 0.5ms and 0.1ms TTI scenarios. The SR periodicity is 5 TTI in each case. As expected the TCP ramps up quickly with smaller TTI durations compared to 1ms TTI. 

Figure 3 Effect of reduced TTI on TCP slow-start behaviour for SR periodicity of 5 TTIs

Figure 4 shows the comparison of TCP ramp-up behaviour with SR periodicity of 1 TTI for different TTI values. 
 
Figure 4 Effect of reduced TTI on TCP slow-start behaviour for SR periodicity of 1 TTI
Table 3 shows the comparison of the six scenarios described above. It is observed that, the slow-start ramp-up time to 90% saturation throughput reduces by 44% when SR periodicity of 1 TTI is used for the 1ms TTI duration compared to SR periodicity of 5 TTIs. The ramp-up time is observed to reduce by 92% when TTI is reduced from 1ms to 0.1ms keeping the same SR periodicity (5 TTIs). Note that because of reduction in TTI duration, the periodicity of SR opportunities implicitly increases by the same factor when periodicity is fixed in terms of number of TTIs. Therefore, to compare the TCP performance with the same absolute periodicity of SR opportunities among the considered scenarios, we can compare 0.5ms TTI with SR periodicity 1 TTI and 0.1ms TTI with SR periodicity 5 TTI, where we observe 73% reduction in TCP slow-start time and 63% reduction in minimum file size for TCP ramp-up to 90% of the saturation rate as a result of TTI reduction from 0.5ms to 0.1ms.
Observation 1. [bookmark: _Ref419489124][bookmark: _Ref419279358]When core network and the Internet latencies are minimal, air-interface latency becomes the dominant factor.
Observation 2. [bookmark: _Ref419489087]TCP slow-start ramp-up time reduces significantly with smaller TTI durations compared to 1ms TTI.
Observation 3. [bookmark: _Ref419279522]TCP slow-start ramp-up time reduces with reduced SR periodicity.

	TTI,
SR periodicity in TTIs
	Time for TCP ramp-up to  90% of saturation rate*
	Min file size for TCP ramp-up to 90% of saturation rate
	Time taken for UPT to be 90% of saturation rate*
	Min file size for UPT to be 90% of saturation rate

	
	
	
	
	

	
	
	
	
	

	1ms, 5 TTI
	180ms
	156KB
	1.31s
	3.12MB

	0.5ms, 5 TTI
	70ms
	64KB
	485ms
	1.56MB

	0.1ms, 5 TTI
	15ms
	20KB
	150ms
	366KB

	1ms, 1 TTI
	100ms
	93KB
	720ms
	1.72MB

	0.5ms, 1 TTI
	55ms
	54KB
	380ms
	908KB

	0.1ms, 1 TTI
	10ms
	15KB
	100ms
	248KB


[bookmark: _Ref419448549]Table 3 Comparison of TCP slow-start performance
*Note: minimum time granularity for TCP throughput observations is 5ms.
Table 3 also shows that the minimum file size for the users to realize aggregate UPT of 90% of saturation rate decreases by about the same factor (45%) when SR periodicity of 1 TTI is used for 1ms TTI duration compared to SR periodicity of 5 TTIs. The same performance metric (minimum file size for UPT to be 90% of saturation rate) is observed to reduce by 88% when TTI is reduced from 1ms to 0.1ms keeping the same SR periodicity (5 TTIs). Compared to 1ms TTI with SR periodicity of 5 TTIs, 0.1ms TTI with SR periodicity of 1 TTIs results in 13x reduction in minimum file size required to realize UPT of 90% of saturation rate.
Table 4 shows the average air-interface latency for UEs in connected mode. Average downlink latency and latency for the UE initiated uplink data transmission for a UE with uplink synchronization are calculated following the timing analysis of [3]. The details of the calculation are shown in Appendix A. For this calculation, we assume that the processing times at the eNB and UE can be reduced by the same factor as the TTI reduction; and two cases for UL and DL HARQ transmissions – a) no HARQ retransmissions are required (i.e., error-free), and b) 10% error probability for initial transmission and up to 1 HARQ retransmission. For the UL, we also separate the latency due to SR related steps and actual UL data transmission where we assume that the UE processing time is divided into half for scheduling grant decoding and L1 data encoding. To be consistent in comparison of DL and UL, we add the eNB processing delay in the UL after the UL data is received by the eNB. 

	TTI,
SR periodicity in TTIs
	Average air-interface latency

	
	DL
	UL

	
	error free
	10% error
	error free
	10% error

	
	
	
	SR-related
	Data Tx
	Total
	SR-related
	Data Tx
	Total

	1ms, 5 TTI
	4ms
	4.8ms
	9ms
	4ms
	13ms
	9ms
	4.8ms
	13.8ms

	0.5ms, 5 TTI
	2ms
	2.4ms
	4.5ms
	2ms
	6.5ms
	4.5ms
	2.4ms
	6.9ms

	0.1ms, 5 TTI
	0.4ms
	0.48ms
	0.9ms
	0.4ms
	1.3ms
	0.9ms
	0.48ms
	1.38ms

	1ms, 1 TTI
	4ms
	4.8ms
	6.5ms
	4ms
	10.5ms
	6.5ms
	4.8ms
	11.3ms

	0.5ms, 1 TTI
	2ms
	2.4ms
	3.25ms
	2ms
	5.25ms
	3.25ms
	2.4ms
	5.65ms

	0.1ms, 1 TTI
	0.4ms
	0.48ms
	0.65ms
	0.4ms
	1.05ms
	0.65ms
	0.48ms
	1.13ms


[bookmark: _Ref419447425]Table 4: Average Air-interface latency
It is observed from the latency values in Table 4and TCP ramp-up performance results in Table 3 that the TCP ramp-up performance is highly correlated, as expected, to the average air-interface latency, i.e., the ramp-up is faster if the air-interface latency is lower. In addition, the same benefits in terms of TCP slow-start performance can be observed with latency reduction in general regardless of how the lower latency is achieved. 
Observation 4. [bookmark: _Ref419472849]Reduced air-interface latency can help to achieve higher user perceived throughput even for smaller TCP sessions.
Observation 5. [bookmark: _Ref419376189]TCP slow-start performance benefits are highly correlated with the UL air-interface latency but independent of the method how the faster UL access is achieved.
It is also observed that SR-related latency in the UL is the dominant factor in average latency values. It is noted that SR-related delay includes delay due to SR periodicity; uplink scheduling delay and uplink grant transmission. Therefore, it is clear that solutions, which reduce or completely remove the SR-related delay, will improve the TCP slow-start behaviour significantly.
[bookmark: _Toc296239088]9.1.2	Simulation 2 [5]
Table 5 lists the distribution (i.e. probability) of the number of PRB(s) occupation for different packet size. This PRB distribution is a result from system simulations, using 0.5ms TTI length. In Table 2.2-1, 1 PRB means one PRB for 1ms TTI length (i.e. existing PRB concept), and 0.5 PRB means half of the existing PRB. Taken the packet size of 32 Bytes as one example, the probability that it occupies 0.5 PRB is 25.02%.

	　Index
	i =1
	i=2
	i=3
	i=4
	i=5
	i=6
	i=7
	i=8
	i=9

	
	0.5 PRB
	1 PRB
	1.5 PRB
	2 PRB
	2.5 PRB
	3 PRB
	3.5 PRB
	4 PRB
	≥4.5 PRB

	32 Bytes
	25.02%
	55.10%
	12.65%
	3.44%
	1.71%
	1.21%
	0.14%
	0.25%
	0.21%

	40 Bytes
	5.48%
	64.48%
	16.33%
	7.17%
	3.04%
	1.38%
	1.01%
	0.17%
	0.06%

	50 Bytes
	2.03%
	56.94%
	20.53%
	10.62%
	3.68%
	2.70%
	0.96%
	0.94%
	0.64%

	60 Bytes
	1.29%
	43.15%
	25.80%
	13.84%
	5.64%
	3.35%
	2.48%
	1.66%
	0.41%

	70 Bytes
	3.68%
	28.37%
	33.06%
	14.23%
	7.81%
	3.33%
	3.09%
	2.28%
	1.73%

	80 Bytes
	0.39%
	8.79%
	45.29%
	16.56%
	10.57%
	5.38%
	3.19%
	3.81%
	1.29%

	90 Bytes
	0.34%
	6.08%
	37.82%
	21.29%
	12.21%
	5.92%
	4.89%
	2.14%
	2.81%

	100 Bytes
	0.25%
	3.88%
	31.82%
	22.68%
	11.68%
	11.36%
	4.25%
	3.17%
	2.29%


[bookmark: _Ref418785268]Table 5: Distribution of # PRB for different packet size
With 0.5ms TTI, different packet size will obtain different gains, and the gain for different packet size could be calculated as below:





For example, for the packet size of 32 Bytes, if one packet occupies 0.5 PRB with 0.5ms TTI, it means it will occupy 1 PRB with 1ms TTI. In this case, the capacity  is (1-0.5)/0.5 = 100%. If one packet occupies 1 PRB with 0.5ms, it means it will also occupy 1 PRB with 1ms TTI. In this case, the is 0%. Similarly, the  is (2-1.5)/1.5 = 33.33%.
Figure 5 illustrates the system capacity gain for different packet size provided by 0.5ms TTI. It could be observed that the packet size of 32Bytes can achieve the highest capacity gain, which is about 29.5%.


[bookmark: _Ref418782973]		Figure 5: Capacity gain for different packet size
Observation 6. Observation  2: With 0.5ms TTI, system capacity gain can be achieved for small packet. For the packet size of 32Bytes, 29.5% system capacity gain can be achieved.
FTP throughput 
Today, TCP is the dominating transport layer protocol used for varies applications over the Internet. For a FTP file with relative small size (e.g. 0.5Mbytes), the TCP slow start period is a significant part of the total transport period. During TCP slow start, the performance is latency limited. Shortened TTI over the air interface can accelerate the TCP ACK from the peer entity to shorten the TCP slow start phase, so that the TCP throughput can be improved. Further more, shortened TTI over the air interface can also shorten the TCP RTT, which will also contribute to the increased TCP throughput.
Figure 6 illustrates the UPT (User Perceived Throughput) gain provided by 0.5ms TTI for FTP download, wrt different number of UEs per cell. The FTP file size is 0.5Mbytes. The simulation assumptions on radio aspects are provide in Annex A.2, the FTP traffic model is provided in Annex A.4, and the TCP parameters are provided in Annex A.3. 


[bookmark: _Ref419188234]Figure 6: UPT gain for FTP download
It could be observed that 58% UPT gain can be achieved with 0.5ms TTI, if there is only one UE per cell. For increased number of UEs per cell, the UPT gain will be slightly decreased, as radio interface becomes the bottleneck.
Figure 7 shows how the TCP slow start phase can be promoted with 0.5ms TTI, taken one UE with moderate geometry as the example. It could be observed that the TCP window for the TCP transmission with 0.5ms TTI grows more quickly and than that with 1ms TTI in the TCP slow start phase.


[bookmark: _Ref419192809][bookmark: _Ref419192256]Figure 7: Accelerated TCP window by 0.5ms TTI
Observation 7. Observation  3: With 0.5ms TTI, FTP UPT gain can be achieved. For the FTP file size of 0.5Mbytes, 58% UPT gain can be achieved.
[bookmark: _Toc296239089]9.1.3	Simulation 3 [3]
Figure 8 shows the potential gains in terms of increased download throughput and reduction of download time for reduced latency in LTE. In the simulation download file sizes (e.g. of an FTP item, downloaded with TCP) between 100 KB and 5MB were analysed. 
For the LTE baseline a peak-latency performance when no retransmissions are needed is assumed (e.g. 0% HARQ BLEP). Thus, for the DL a delay of 4ms for transmission and decoding is assumed, and for the UL a 10ms PUCCH cycle is assumed, and a SR to grant period of 8ms, as well as 4ms for transmission and decoding, which leads to an average total of 17ms latency in the UL. For transport, core network and Internet a total delay of 10ms is assumed. Only the %-reduction of the radio delay is analysed in the figures. The download throughput is assumed to be 150Mbit/s and the uplink throughput 50Mbit/s. 
One can see that e.g. for a radio latency reduction of 50%, the download time for a file of less than 1MB can be reduced by 25%. This is for an unchanged throughput of the LTE system.
It can further be noted that for the LTE baseline a HARQ block error probability of 0% was assumed. For higher block error probabilities, higher average LTE latencies need to be considered due to possible HARQ retransmissions. In this case, overall latency reductions could also be achieved e.g. by means of HARQ RTT reductions.

[image: ]
Figure 8. Simulated download delay, speed and relative gain in speed and delay (y-axes) for different file sizes (x-axis) and percentages of UL and DL latency reduction techniques. 
In the above, the maximum achievable LTE link throughput is assumed to be 150 Mbit/s in this simulation and the transport and Internet delay is 10 ms.
Observation 8. Considering the additive effect of grant acquisition, transmission and processing delay reductions, overall latency reduction and performance improvement can be significant.
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[bookmark: _Toc296239097]Average down-link latency calculation
Following the same approach as in section B.2.1 in 3GPP TR 36.912, the LTE U-plane one-way latency for a scheduled UE consists of the fixed node processing delays and 1 TTI duration for transmission, as shown in Figure A.1 below. Assuming the processing times can be scaled by the same factor of TTI reduction keeping the same number of HARQ processes, the one way latency can be calculated as
D = 1.5 TTI (eNB processing and scheduling) + 1 TTI (transmission) + 1.5 TTI (UE processing) + n*8 TTI (HARQ retransmissions)
    = (4 + n*8) TTI.
Considering a typical case where there would be 0 or 1 retransmission, and assuming error probability of the first transmission to be p, the delay is given by
D = (4 + p*8) TTI.
So, for 0% BLER,     D = 4 * TTI,
And for 10% BLER,  D = 4.8 * TTI.
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Figure A.1 eNB and UE processing delays and HARQ RTT
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Assume UE is in connected/synchronized mode and wants to do UL transmission, e.g., to send TCP ACK. Following table shows the steps and their corresponding contribution to the UL transmission latency. To be consistent in comparison of DL and UL, we add the eNB processing delay in the UL after the UL data is received by the eNB (step 7). 

Table A.1 UL transmission latency calculation
	Step
	Description
	Delay

	1.
	Average delay to next SR opportunity
	SR periodicity/2

	2.
	UE sends SR
	1 TTI

	3.
	eNB decodes SR and generates scheduling grant
	3 TTI

	4.
	Transmission of scheduling grant (assumed always error free)
	1 TTI

	5.
	UE processing delay (decoding Scheduling grant + L1 encoding of data)
	3 TTI

	6.
	UE sends UL transmission
	(1 + p*8) TTI where p is initial BLER.

	7.
	eNB receives and decodes the UL data
	1.5 TTI



In the table above, steps 1-4 and half delay of step 5 is assumed to be due to SR, and rest is assumed for UL data transmission in values shown in Table .
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Table A.2-1:  Simulation assumptions on radio aspects
	Parameter
	Assumption

	Simulation time
	51s(Ftp1), 100s(HTTP)

	System bandwidth
	20 MHz

	Duplex mode
	FDD

	Carrier frequency
	2GHz

	Cell layout
	Hexagonal grid, 7 sites, 3 cells per site, with wrap-around

	Number of UEs
	1, 5, 10, 20 per cell

	Inter-site distance
	500m

	UE speed
	3Km/h

	Antenna configuration
	2 tx , 4 rx (CELL) ; 1 tx, 2 rx (UE)

	Antenna pattern (horizontal)
(For 3-sector cell sites with fixed antenna patterns)
	


 = 70 degrees,  Am = 25 dB

	Antenna pattern (vertical)
(For 3-sector cell sites with fixed antenna patterns)
	


 = 10,  SLAv = 20 dB



The parameter is the electrical antenna downtilt. The value for this parameter, as well as for a potential additional mechanical tilt, is not specified here, but may be set to fit other RRM techniques used. For calibration purposes, the values = 15 degrees for 3GPP case 1 and = 6 degrees for 3GPP case 3 may be used. Antenna height at the base station is set to 32m. Antenna height at the UE is set to 1.5m.

	Combining method in 3D antenna pattern
	


	Total BS TX power (Ptotal)
	46 dBm – 20MHz carrier

	UE power class
	23dBm (200mW)
This corresponds to the sum of PA powers in multiple Tx antenna case

	Channel model
	Large Fading channel model

	Distance-dependent pathloss
	L=128.1+37.6log10(R) (R in km)

	Lognormal shadowing model
	Reference to B1.4.1.4 in UMTS TR30.03

	Lognormal shadowing standard deviation
	8dB

	Correlation distance of shadowing
	50 ms

	Shadowing correlation
	Between sites
	0.5
1

	
	Between cells
	

	Penetration loss
	20dB

	CQI measurement period
	5 ms

	SRS reporting period
	5 ms

	Number of RLC ARQ max transmit
	16

	Number of MAC HARQ max transmit
	3

	TP layer
	TCP

	CN Delay
	0ms (assuming eNB and APP server are co-located)

	BSR Period
	5ms

	SR Period 
	1ms
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Table A.3-1: TCP parameters [3]
	Parameter
	Assumption

	TCP ACK Delay
	0ms

	Initial TCP Window
	1460 Bytes

	Initial Ssthresh
	65535Bytes

	Ssthresh
	65536 Bytes

	TCP Connection Number
	1(FTP1), 5(HTTP)
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Table A.4-1: FTP traffic model [3]
	Parameter
	Assumption

	FTP Model
	Model 1

	Packet Size
	0.5Mbytes

	User arrival rate λ
	Poisson distributed with arrival rate λ, λ = 0.2
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Table A.5-1: HTTP traffic model [4]
	Component
	Distribution
	Parameters
	PDF

	Main object size (SM)
	Truncated Lognormal
	Mean = 10710 Bytes
SD = 25032 Bytes
Min = 100 Bytes
Max = 2 MBytes
	

if x > max or x < min, discard and generate a new value for x.

	Embedded object size(SE)
	Truncated Lognormal
	Mean = 7758 Bytes
SD = 126188 Bytes
Min = 50 Bytes
Max = 2 Mbytes

	

if x > max or x < min, discard and generate a new value for x.

	Number of embedded objects per page (Nd)
	Truncated Pareto
	Mean = 5.64
Max = 53
	


Subtract k from the generated random value to obtain Nd.
If x > max, discard and regenerate a new value for x.

	Reading time
	Exponential
	Mean = 30 sec
	


	Parsing time
	Exponential
	Mean = 0.13sec
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Data-rate (Mbps)



TCP slow start for SR period 1 TTI 
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Component Description 
Time 
(ms) 



1 Average waiting time for PUCCH (10 ms SR period/1ms SR period) 5/0.5 



2 UE sends Scheduling Request on PUCCH 1 



3 eNB decodes Scheduling Request and generates the Scheduling Grant 3 



4 Transmission of Scheduling Grant 1 
5 UE Processing Delay (decoding of scheduling grant + L1 encoding of UL data) 3 



6 Transmission of UL data 1 



7 Data decoding in eNodeB 3 



 Total delay [ms] 17/12.5 
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