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1 Introduction

Using a single symbol, i.e. Short PUCCH allows for fast A/N in NR. One solution for such short PUCCH is to use split symbol, i.e the short PUCCH operates using 2* sub-carrier spacing of ordinary PUSCH symbol, and hence two OFDM symbols of half of the time span of the ordinary OFDM symbol are used. Furthermore, by allowing for reference symbols, RS, in the first split symbol, and data in the second allow for sufficient decoding time for the UE of the received data packet in the slot before transmitting the A/N. Fast A/N using split-symbol comes with the drawback of shorter CP, but A/N is typically robust encoded and hence possible ISI introduced by the channel might not be any issue. 
2 Discussion 
2.1 Simultaneous PUSCH and short PUCCH
NR may allow for simultaneous PUSCH and short PUCCH. One could think of two different approaches for handling the last PUSCH symbol (see Figure 1)
· Case 1: Only the short PUCCH is spilt symbol. In this case the short PUCCH and the PUSCH are non-orthogonal and hence there might be a need for a guard band of N sub-carriers in between the short PUCCH and the PUSCH. Another method to combat the interference situation is to allow for a lower code rate (i.e. more robust coding) in the last OFDM symbol in case each the PUSCH code words are separately encoded in respective OFDM symbol (more or less a consequence of no time-domain interleaving). As yet another alternative is to leave the last symbol blank, hence no PUSCH data transmitted in that symbol
· Case 2. The entire last PUSCH symbol is a split symbol. In this case there is no orthogonality problem between the PUSCH and PUCCH information, however, the PUSCH information in the last OFDM symbol may suffer from performance loss due to the shorter cyclic prefix. 
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Figure 1: Different methods for handling the simultaneous short PUCCH and PUSCH transmission
In the further sections of the paper we will investigate how short PUCCH will affect the PUSCH performance assuming PUSCH - Short PUCCH approaches according to case 1 and case 2 discussed above. 
2.2 Simulation Assumptions
In the next section link level throughput simulations for a single user are presented using the TDL-A channel model [1] with two different RMS delay spreads 100ns and 300ns. The UL PUSCH transmission is 10 PRB wide and in 15kHz numerology, a Short PUCCH 1 PRB wide in 30 kHz numerology is transmitted in the middle of the PUSCH in the last OFDM symbol. DMRS for PUSCH is transmitted in the first UL OFDM symbol. Code block sizes are chosen that one code block fits into one OFDM symbol and the MCS is set using ACK/NAK based link adaptation, where up to 2 layer and 64-QAM is used. For case 1 above Windowed OFDM is used.
Table 1
Link level throughput simulation assumptions 

	Parameter
	Value

	Numerologies
	15kHz (30kHz split symbol)

	FFT size
	2048 (1024 split symbol)

	Cyclic prefix length
	1(160 + 6(144 samples (1(80 + 6(72 samples split symbol) 

	Resource block size
	12 subcarriers

	Channel estimation
	ideal

	PUSCH PRB
	10 in 15kHz numerology

	PUCCH PRB
	1 in 30kHz numerology

	Channel model
	TDL-A 100ns, 300ns

	Carrier frequency
	2 GHz

	UE speed
	3 kmph

	PUSCH channel coding 
	LTE Turbo codes


2.2.1 Case 1
Figure 2 and 3 show PUSCH throughput for Case 1 assuming TDL-A 100 ns and TDL-A 300 ns channel respectively , for the following scenarios

(A) Ideal (i.e. No PUCCH, and hence no ICI)

(B) 1 sub-carrier guard band

(C) 12 sub-carrier guard band

(D) 1 sub-carrier guard band, reduced code rate in last PUSCH Code word

(E) 12 sub-carrier guard band, reduced code rate in last PUSCH Code word
(F) No PUSCH in last OFDM symbol.
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Figure 2: TDL-A 100 ns.  (A) Ideal , (B,C) Guard = 1, 12 sub carriers, same code rate (D,E) Guard 1,12 sub-carriers, reduced code rate in last CW, (F) no PUSCH data in last OFDM symbol.
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Figure 3: TDL-A 300 ns.  (A) Ideal, (B,C) Guard = 1, 12, same code rate (D,E) Guard 1,12 reduced code rate in last CW, (F) no PUSCH data in last OFDM symbol.
As can be seen from the plots, no PUSCH data in the last OFDM symbol may give a throughput loss of 1.5-3 dB, relative to the ideal case (i.e. when the short PUCCH is non-present). Furthermore 1 RE guard band seems to perform better than 12 REs guard band except for the highest SNR. The reason is that the ISI introduced by the non-orthogonal short PUCCH is small compared to the possibility to increase the data rate/code rate if using the REs closes to the short PUCCH allocation. Finally, reduced code rate in the code word allocated to the last OFDM symbol in combination with a small guard band only gives very small loss, less than 0.5 dB compared to the ideal case. Hence adapting the code rate to combat the ISI from the short PUCCH seems to be a good approach.
Observation 1: Reducing the code rate in the code word(s) allocated to the last PUSCH OFDM symbol in combination with a small guard band results in negligible loss compared to the ideal case. Hence adapting the code rate to combat the ISI from the short PUCCH seems to be a good approach.
2.2.2 Case 2

Figure 4 and 5 show PUSCH throughput for Case 2 assuming TDL-A 100 ns and TDL-A 300 ns channel, respectively, for the following scenarios

(A)
Ideal (i.e. No PUCCH transmission power)

(B)
Split symbol
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Figure 4: TDL-A 100 ns. (A) Ideal , (B) Split symbol
As can be seen in figure 4, using split last symbol there is no performance degradation from the short PUCCH compared to ideal case, in case of a short delay spread channel.

Observation 2: Using split last symbol there is no performance degradation from the short PUCCH compared to ideal case, in case of a short delay spread channel.
In the TDL-A 300 ns case not only (A) and (B) as discussed in relation to Figure 4 is simulated, but also

(C)
Split symbol, last code word using reduced code rate.
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Figure 5: TDL-A 300 ns.(A) Ideal, (B) Split symbol same code rate, (C) Split symbol reduced code rate
Figure 5, shows a scenario with longer delay spread channel (TDL-A 300 ns). As can be seen, for highest SNRs there is some degradation since the ISI introduced due to the need of using short CP in the last two split OFDM symbols, starts to impact the performance. Again, that kind of performance degradation may fully be mitigated by using a reduced code rate in the code word allocated to the last OFDM symbol
Observation 3: In case using split symbol in entire last OFDM symbol, reducing the code rate in the code word allocated to the last PUSCH OFDM symbol may mitigate ISI, introduced in large delay spread channel due to too short CP of split-symbols.

Hence, based on the simulation results above we propose
Proposal 1: Consider to use reduced code rate for code words in last PUSCH OFDM symbol when short PUCCH is enabled for improved PUSCH performance.

3 Conclusion

In this paper we show UL PUSCH simulation results in case short PUCCH using split symbol is used. We investigated two different cases

· Case 1: Only the short PUCCH is spilt symbol. In this case the short PUCCH and the PUSCH are non-orthogonal and hence there might be a need for a guard band of N sub-carriers in between the short PUCCH and the PUSCH. Another method to combat the interference situation is to allow for a lower code rate (i.e. more robust coding) in the last OFDM symbol in case each the PUSCH code words are separately encoded in respective OFDM symbol (more or less a consequence of no time-domain interleaving). As yet another alternative is to leave the last symbol blank, hence no PUSCH data transmitted in that symbol

· Case 2. The entire last PUSCH symbol is a split symbol. In this case there is no orthogonality problem between the PUSCH and PUCCH information, however, the PUSCH information in the last OFDM symbol may suffer from performance loss due to the shorter cyclic prefix. 

We observed the following from the simulation results

Observation 1: For case 1, reducing the code rate in the code word(s) allocated to the last PUSCH OFDM symbol in combination with a small guard band results in negligible loss compared to the ideal case. Hence adapting the code rate to combat the ISI from the short PUCCH seems to be a good approach.
Observation 2: For case 2, using split last symbol there is no performance degradation from the short PUCCH compared to ideal case, in case of a short delay spread channel.
Observation 3: For case 2, in case using split symbol in entire last OFDM symbol, reducing the code rate in the code word allocated to the last PUSCH OFDM symbol may mitigate ISI, introduced in large delay spread channel due to too short CP of split-symbols.
Based on the observations above we propose the following:
Proposal 1: Consider to use reduced code rate for code words in last PUSCH OFDM symbol when short PUCCH is enabled for improved PUSCH performance.
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