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Introduction
According to eURLLC study item description [1], and latest agreements made on RAN1#94 [2], UL reliability enhancements are in focus of RAN1. In this paper, we discuss different techniques for further improvement of PUSCH and PUCCH reliability by transmit diversity schemes. The set of simulation results shows possible gains one can get by using these schemes for eURLLC.
[bookmark: _Ref178064866]Discussion
In new eURLLC study item the different requirements are potentially stricter than the ones considered in Rel-15. For example, some of the use cases considered in Rel. 16 may require reliability on the level of 1-10-6 and RAN latency on the level of 0.5 to 1 ms. Diversity is the key element to achieve such strict reliability requirements.
Due to the strict latency requirements, there is no time for many retransmissions and in many cases. For example, in TDD case and low numerology (e.g., 15 kHz SCS), there is time only for one transmission attempt in radio interface. With the new MCS table introduced in Rel-15, we have an opportunity to use low channel coding rate, but this way is obviously less efficient spectrum-wise than antenna diversity techniques. Transmit diversity technique operates without the need of channel state information at the transmitter which can be relevant for URLLC when the reliability of CSI itself may be an issue. In this contribution, we provide simulation results of transmit diversity for high reliability use cases/URLLC, e.g., CDD for PUSCH and SFBC/CDD for short PUCCH.
Cyclic delay diversity for PUSCH
Cyclic delay diversity (CDD) is a simple transmit diversity scheme that involves creating extra copies of the transmit signal with some delay. For two transmit antennas, the main idea is to perform cyclic-shift of the original time-domain transmit signal or equivalently phase-shift of the original frequency-domain transmit signal to create another copy of the signal. The cyclic-shifted copy is then transmitted over another transmit antenna. This creates additional degree of frequency selectivity of the effective channel experienced by the two copies and seen by the receiver and thus provides additional frequency diversity. CDD can be straightforwardly extended to more than two transmit antennas using different cyclic shifts for each antenna. The scheme is of low complexity and is also transparent to the receiver. Depending on the cyclic delay value, there can be a tradeoff between frequency diversity gain and the channel estimation performance. In LTE, large cyclic delay diversity is specified for transmission mode 3.

The simulation results are presented below, while assumption can be found in section 5.1. We compare CDD scheme with the scheme that uses a simple precoder which duplicates symbols over the second transmit antenna with power scaling (denoted by “no CDD”) for different channel models, e.g., TDL-C 10ns, 30ns, 300ns with UE speed 3 kmph. Due to uncorrelated antenna assumption, the “no CDD” scheme is also equivalent to the scheme with 1 TX antenna. 
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Figure 1: Performance comparison between CDD and simple precoder schemes for TDLC-10ns.
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Figure 2: Performance comparison between CDD and simple precoder schemes for TDLC-30ns.
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Figure 3: Performance comparison between CDD and simple precoder schemes for TDLC-300ns.

From results in Figures 1-3, we see that CDD provides performance gain especially at low BLER. The gain is significant when the channel is relatively flat, e.g., at delay spread values of 10 or 30 ns. This is expected since for the frequency flat channel, CDD can create extra frequency selectivity and thus provide additional frequency diversity. The gain is less apparent for channel with high delay spread due to the abundance of frequency selectivity of the channel itself. 

[bookmark: _Toc498432975][bookmark: _Toc498506378][bookmark: _Toc525929799][bookmark: _Toc525929803][bookmark: _Toc525931268][bookmark: _Toc525946076]CDD transmit diversity scheme provides performance gain at low BLER especially when the channel is flat.

SFBC or CDD for PUCCH
For UCI of more than 2 bits, natural candidates are SFBC, i.e., Alamouti in frequency, and CDD. SFBC is limited in two transmit antennas, given that for more antennas, the optimal designs have an effective rate that is less than 1 QAM symbol/RE. On the other hand, the intention with CDD, as mentioned previously, is to induce independent fading and a nice property is that the design is not restricted by the number of transmit antennas. The simulation assumption can be found in section 5.2.
In following two figures, we see the performance comparison, of two candidate diversity techniques, namely SFBC and CDD. It can be seen that at low SNR the performance is the same for both diversity schemes. However, at higher SNR values, SFBC outperforms CDD in the whole SNR range. Based on these results we decide, in the following, to focus only on SFBC and compare it with single tx-antenna transmission.
[bookmark: _Toc498506379][bookmark: _Toc525929800][bookmark: _Toc525929804][bookmark: _Toc525931269][bookmark: _Toc525946077]SFBC shows better performance than CDD for medium payload transmission in short PUCCH.

[image: ]Figure 1: Performance comparison of diversity techniques in 2-symbol PUCCH with 2 RX antennas, 4 PRBs and without frequency hopping
[image: ]Figure 2: Performance comparison of diversity techniques in 2-symbol PUCCH with 2 RX antennas, 4 PRBs and with frequency hopping

Repetition without frequency hopping
The baseline setup for comparison comprises the two-symbol PUCCH. In Figure 3, where we show results without frequency hopping, we observe that there is an SNR cross-over point beyond which SFBC is better and outperforms single-antenna setups at low BLER. This is because typically the diversity effects kick-in at the high SNR regime, where also the channel estimation is sufficiently good to avoid inter-stream interference which impairs the SFBC orthogonality and hence the diversity. The same observations hold for the case of 4RX antennas, illustrated in Figure 4, yet here the SNR cross-over points shift to higher SNR values and diversity is beneficial at a smaller SNR range. However, the SNR values where 10-5 BLER can be achieved are too high to be applicable to URLLC. Based on these results, we can make the following observation: 
[bookmark: _Toc498432976][bookmark: _Toc498506380][bookmark: _Toc525929801][bookmark: _Toc525929805][bookmark: _Toc525931270][bookmark: _Toc525946078]Without frequency hopping SFBC can outperform no diversity case for short PUCCH, but the performance is not sufficient for the URLLC purposes.
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[bookmark: _Ref498349886]Figure 3: Performance evaluation of tx diversity in 2-symbol PUCCH with 2 RX antennas, 4 PRBs and without frequency hopping
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[bookmark: _Ref484613053]Figure 4: Performance evaluation of tx diversity in 2-symbol PUCCH with 4 RX antennas, 4 PRBs and without frequency hopping.

Repetition with frequency hopping
For the 2-symbol PUCCH, frequency hopping is supported that can provide extra diversity in the system. In Figure 5, we have a similar behavior as in Figure 4, namely that SFBC outperforms single-antenna transmission for a small fraction of the SNR regime of interest. It is interesting to see Figure 6, where SFBC is outperformed by single-antenna transmitters; using frequency hopping when gNB is equipped with 4RX antennas is a better strategy in the whole SNR range of interest. We can infer that for the latter setup, the system has enough inherent diversity and does not benefit from SFBC. In practice, though, 4RX antennas might not be perfectly uncorrelated thereby diminishing the diversity gains that we get from multiple receive antennas.  Yet, the performance gap is sufficiently large to support the conclusion that multiple receive antennas and frequency hopping provide enough diversity for URLLC systems. Based on these results, we have the following observation:
[bookmark: _Toc498432977][bookmark: _Toc498506381][bookmark: _Toc525929802][bookmark: _Toc525929806][bookmark: _Toc525931271][bookmark: _Toc525946079]With frequency hopping the SFBC scheme does not bring any gains.
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[bookmark: _Ref484613056]Figure 5: Performance evaluation of tx diversity in 2-symbol PUCCH with 2 RX antennas, 4 PRBs and with frequency hopping
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[bookmark: _Ref497399275]Figure 6: Performance evaluation of tx diversity in 2-symbol PUCCH with 4 RX antennas, 4 PRBs and with frequency hopping

Conclusion
In section 2 we made the following observations:
[bookmark: _GoBack]Observation 1	CDD transmit diversity scheme provides performance gain at low BLER especially when the channel is flat.
Observation 2	SFBC shows better performance than CDD for medium payload transmission in short PUCCH.
Observation 3	Without frequency hopping SFBC can outperform no diversity case for short PUCCH, but the performance is not sufficient for the URLLC purposes.
Observation 4	With frequency hopping the SFBC scheme does not bring any gains.
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Simulation assumption
CDD scheme for 2 transmission antennas
Below we provide simulation assumption:
· LDPC code BG#2, layered sum-product decoder
· QPSK
· R=1/5 and 1/10
· 4 and 7os mini-slot duration with 1 DMRS symbol (no FDM with data)
· SCS is 30kHz
· Carrier frequency 700 MHz
· #PRBs corresponding to the payload (TBS) 280b is given in Table 1.
· Practical channel estimation
· 2 Rx antennas with MRC combining
Table 1: Number of PRBs corresponding to TBS of 280 bits
	Code rate/ mini-slot duration 
	4os
	7os

	1/5
	18
	9

	1/10
	36
	18



PUCCH simulation assumption

	Carrier frequency
	4 GHz

	Bandwidth
	20 MHz

	PHY resources
	4 PRB

	Channel model
	TDL-C with delay spread 

	delay spread
	300ns

	UE speed:	
	3 km/h 	

	antennas
	1 Tx and 2/4/8 Rx

	SCS
	15 kHz

	Channel estimation
	practical

	Noise estimation
	ideal
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