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1
Introduction
In 3GGP RAN1 #83, evaluation methodology for latency reduction study was agreed. As part of this agreement, proposals #3 and #5 were created to evaluate the performance of the shortened PUSCH and PUCCH channels, respectively. This contribution provides link-level performance evaluations of these channels.
2
Discussion
As part of the overall low latency design, shortened PUSCH and PUCCH channel were discussed, including formulation of their design and performance characterization. A high level proposal was introduced for these channels that established some base simulation criteria for analyzing the shortened PUSCH and PUCCH channels which included various channel configurations as well as various TTI lengths. In this contribution, we first provides design consideration of a selected subset of the TTI lengths followed by performance characterization for each channel.

2.1  Shortened PUSCH Evaluations
For the shortened PUSCH in a low latency LTE design, we considered performance evaluations for the following 4 PUSCH channel configurations: 

· TTI durations of 1ms,

· 1 slot TTI,

· 2-symbol TTI, and,

· 1-symbol TTI.

For legacy 1-ms TTI, there are 2 DMRS placed at symbols 3 in each slot, with each surrounded on each side by 3 data symbols. For the slot-TTI, we simply take the first slot of the legacy design and use that as the shortened PUSCH design as shown in Figure 1. 
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Figure 1: Structure of 1-ms legacy PUSCH and 1-slot shortened PUSCH

For the shorter 1-symbol and 2-symbol TTIs, it is not desirable to pre-determine a DMRS signal that provides acceptable demodulation performance while maintaining a reasonable RS overhead. Instead, the presence of DM-RS can be more flexibly placed reflecting the actual need. For the purpose of evaluation, we consider the following PUSCH structure as shown in Figure 2, where the parameter Dx (e.g., x=1, 2) denotes the number of symbols separating the data symbol and the corresponding DM-RS symbol. 
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Figure 2: The evaluated shortened PUSCH structure of 2-symbol and 1-symbol TTIs
We considered both EPA and ETU channel models with speeds of 3Km/Hr and 60Km/Hr. Additionally, we simulated performance for the modulation and rate pairs of QPSK 1/4 and 16QAM 3/4. To normalize the TTI configurations, the RB usage is scaled inversely with the TTI duration, such that for 1-symbol, 2-symbol, 1 slot, and 1ms configuration, we applied block sizes of 25RBs, 12RBs, 4RBs, and 2RBs, respectively. Figure 3 through Figure 8 show the PUSCH simulation results. 

Figures 3 and 4 show the performance for the case of QPSK 1/3 for the EPA and ETU channels, respectively. For 3 Km/Hr, the 1 symbol TTI outperforms the other TTI durations, and it indicates that the smaller TTI durations of 1 and 2 symbols benefit from the increased frequency diversity gain offered by the larger bandwidths. Additionally, note that for the ETU channel, the 1 and 2 symbol TTIs benefit to a larger extent from the increased frequency diversity of the channel in relation to the EPA channel.
Observation 1: For QPSK 1/3 channel, the smaller TTI durations of 1 and 2 symbol slightly outperform the 1 slot and 1 ms cases due to the increased frequency diversity of the channel.
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Figure 3: Shortened PUSCH Performance, QPSK 1/3, EPA
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Figure 4: Shortened PUSCH Performance, QPSK 1/3, ETU

Figures 5 and 6 show the performance comparison for the 16QAM 3/4 case. Due to the higher modulation and higher coding rate, channel estimation performance becomes a significant component in determining the overall performance. One will note that for both channel models operating at the low 3 Km/Hr speed, the 1 symbol configuration still outperforms the other TTI durations. However, note that at the higher speed of 60 Km/Hr in the EPA channel, the smaller TTI durations underperform the 1 slot and 1ms TTI durations, which is explained by the poorer performance in channel estimation. For the high speed ETU channel, there is a visible tradeoff between channel estimation and frequency diversity. For the 1 and 2 symbol cases, the performance curves have higher slopes and indicate that they benefit from the frequency diversity of the channel. However, at the lower SNRs the smaller TTI durations underperform due to worse channel estimation performance.  
Observation 2: For the higher modulation order and coding rates, the smaller 1 and 2 symbol TTIs can underperform the 1 slot and 1 ms cases due to poorer channel estimation performance despite the benefits of the frequency diversity of the channel.
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Figure 5: Shortened PUSCH Performance, 16QAM 3/4, EPA
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Figure 6: Shortened PUSCH Performance, 16QAM 3/4, ETU
2.3  Shortened PUCCH Evaluations
For shortened PUCCH implementation in a low latency LTE design, we consider multiple TTI durations of 1 symbol, 2 symbols, and 1 slot. For each TTI length, we introduce the simulated PUCCH structure followed later by a discussion of the comparative performance.

For the slot TTI length, the PUCCH channel can take on multiple payload configurations similar to the legacy PUCCH Formats 1, 2, 3, and 4. For the evaluation, we consider a slot PUCCH transmission that is derived from a legacy PUCCH format 3 transmission by shortening the 24 modulation symbols to just the first 12 that are transmitted only in the first slot. Furthermore, we constrain the transmission to 1 RB in frequency, and no frequency hopping is applied across the symbols. 

For the 1-symbol TTI, we consider a 1 RB transmission consisting of a sum of a base sequence rx and a modulated and cyclically shifted version of the same base sequence rx. The base sequence rx can be used as a pilot that can be used to coherently demodulate the modulated data. As an example of a 2 bit payload shortened PUCCH, consider the composition of the signal transmitted on a particular RB x:

S(n) = rx(n)ej2(1)n/12 + d(m)∙rx(n) ej2(2)n/12 
-Where rx is a length 12 base sequence with a QPSK signal set for n={0..11}, similar in nature to CGS sequences
-Where 1,2 are chosen from 12 phases, where abs(1-2) is nonzero 
-Where d(m) is the transmitted QPSK data for OFDM symbol m
If two or more modulated and cyclically shifted versions of the same base sequence are used, more information bits may be conveyed.

With the addition of multiple base sequence signals within a RB, the overall signal S(n) is no longer SC-FDMA, and therefore, PAPR becomes a concern. In order to optimize the PAPR of the signal, signal parameter sets {rx, 1x, 2x} can be chosen via simulation to obtain a suitable PAPR distribution in a similar manner as the CGS reference signals defined in 36.211. The PAPR of the signal S(n) needs to additionally account for all possible modulated PUCCH data d(m). A comparison is made between a 2 bit payload shortened PUCCH transmission against 3 other waveforms – a 1 RB computer generated sequence (CGS) as defined in 36.211, a 1 RB QPSK SC-FDMA transmission, and a 1 RB QPSK OFDM transmission. For the case of the shortened PUCCH, 30 best sequences were chosen for comparison. A CDF of the PAPR is shown in Figure 7.
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Figure 7: 1 RB shortened PUCCH PAPR comparison
The figure shows that a suitable set of 30 base sequences rx, and cyclic shifts 1 and 2, can be formulated that have reasonably low PAPR.
Observation 3: a 1 symbol shortened PUCCH assignment carrying 2 bits can be made to have a reasonably low PAPR 
For the two symbol TTI case, we can simply extend the 1 symbol design such that the signal S(n) is split across two symbols. Sx(n) is transmitted on symbol m and Sy(n) is transmitted on symbol m+1 with a RB offset from the first symbol. Figure 8 shows the resource placement for the 2 symbol shortened PUCCH channel.
As this method uses the same physical channel structure as the 1 symbol TTI, the PAPR will be the same and the same set of signal parameters  {rx, 1x, 2x} can be chosen. 
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Figure 8: Resource Placement of 2 Symbol Shortened PUCCH

We show the performance in Figure 10 and Figure 11 of the shortened PUCCH 1 symbol, 2 symbol cases under EPA and ETU 3Km/hr channel conditions, respectively. We consider various payloads of 1, 2, and 4 bits, and we consider both the 1RB and 2RB cases for the 1 symbol transmission.

For a given payload size, the 2 symbol TTI transmission enjoys increased diversity gain over the 1 symbol TTI transmission with 1 RB configuration. Additionally, for a 2 bit transmission, there is a ~4dB gain in performance for the 2 symbol transmission for both channel models resulting from both the increased diversity as well as increased duration of transmission. The 1 symbol TTI with 2 RB configuration mitigates the diversity loss seen by the 1 RB configuration; however, it still is limited by the transmission duration of 1 symbol. A comparison of the 2 bit payload transmissions for both the 2 symbol TTI configuration and the 1 symbol TTI with 2RB configuration shows ~1dB difference at the 1% operating point for both the EPA and ETU channels. This implies that the majority of the gain of the 2 symbol TTI over the 1 symbol TTI 1 RB configuration is the result of the diversity gain and to a lesser extent the increased transmit duration.
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Figure 10: Shortened PUCCH Performance, EPA, 3km/hr
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Figure 11: Shortened PUCCH Performance, ETU, 3 km/hr

Observation 4: The 2 symbol shortened PUCCH significantly outperforms the 1 symbol shortened PUCCH due to the increased frequency diversity 
For the shortened PUCCH with 1 slot TTI, we compare the performance with the legacy PUCCH Format 3 transmission. For the legacy case, we assume an 8 bit payload and for the shortened PUCCH, we consider both 4 bit and 8 bit payloads. The results of this comparison are shown in Figure 12. 
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Figure 12: Comparison of PUCCH legacy versus 1 slot for EPA, ETU 3km/hr

The case of 1-slot TTI with 9-bit payload is clearly the worst in performing as it suffers from the loss of diversity as well as from lowered transmit energy per bit. For the 4-bit 1-slot shortened PUCCH transmission, the transmit energy per bit is equal to the legacy PUCCH Format 3 transmission. For this case, there is a loss of ~4dB due mainly to the loss of diversity for the 1 slot shortened PUCCH channel.

3. Conclusions
In this contribution, we evaluated shortened PUSCH and PUCCH performance for TTI durations of 1 symbol, 2 symbols, and 1 slot. 
For the shortened PUSCH channel, a gap of the DM-RS symbol and the data symbols are considered for the 1-symbol and 2-symbol TTI cases, while the 1-slot TTI is based on the legacy slot structure. Performance was simulated for each of the TTI durations with multiple channel model and speed assumptions.
Additionally, the following observations were made for the shortened PUSCH design:

Observation 1: For QPSK 1/3 channel, the smaller TTI durations of 1 and 2 symbol slightly outperform the 1 slot and 1 ms cases due to the increased frequency diversity of the channel.

Observation 2: For the higher modulation order and coding rates, the smaller 1 and 2 symbol TTIs can underperform the 1 slot and 1 ms cases due to poorer channel estimation performance despite the benefits of the frequency diversity of the channel.
For the shortened PUCCH channel, overlapped sequences were evaluated for the 1 symbol and 2 symbol TTI cases, which can carry small payload sizes (e.g., 1-4 bits). Although it’s no longer SC-FDM, the resulting waveforms can still be designed to have reasonable PAPR. 

Additionally, the following observations were made for the shortened PUCCH design:
Observation 3: a 1 symbol shortened PUCCH assignment carrying 2 bits can be made to have a reasonably low PAPR 
Observation 4: The 2 symbol shortened PUCCH significantly outperforms the 1 symbol shortened PUCCH due to the increased frequency diversity 
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