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Introduction
In Ran1 88bis, the following agreement has been made for 1-symbol short PUCCH with more than 2 bits UCI [1]
Agreements:
· For 1-symbol short PUCCH with > 2 UCI bits, the following is supported for the agreed Option 1:
· QPSK for UCI
· X1 to X2 PRBs can be configured to support various UCI payload sizes
· Both localized (contiguous) and distributed (non-contiguous) allocations are supported 
· FFS: detailed PRB allocations and signaling of the configuration
· FFS: values of X1, X2
· DMRS overhead: down-select among the following options:
· Option 1: one value (e.g., 1/2, 1/3, 1/4, 1/5, …)
· Option 2: multiple values depending on, e.g. UCI payload size etc.

In Ran1 88 [2], option 1 for 1-symbol PUCCH is agreed to be “RS and UCI of one UE are multiplexed by FDM manner in each symbol”, which means the waveform is CP-OFDM based.  
In Ran1 88 [2], the following agreement has been made for CP-OFDM based UL data channel.
Agreements:
· NR supports both contiguous and non-contiguous resource allocation for data with CP-OFDM for both UL and DL
· FFS detailed for both contiguous and non-contiguous resource allocation schemes

Therefore, NR allows con-contiguous PRB allocations at least for CP-OFDM based PUSCH and CP-OFDM based 1-symbol short PUCCH with more than 2 bits UCI. 
This contribution studies the maximum power reduction (MPR) associated with UL transmission of non-contiguous PRBs with CP-OFDM waveform. This contribution also studied PUCCH performance with contiguous and non-contiguous PBRs. 
[bookmark: _Ref473802466][bookmark: _Ref462669569]MPR with con-contiguous PRBs
Non-contiguous PRBs allocation has certain advantage for UL transmission such as frequency diversity and more flexible resource allocations. However, it also created issues such as intermodulation (IM) distortion such as IM3 and IM5 and other RF implementation issues. In order to deal with the IM3/IM5 and other RF related issues, UE often need to back off the maximum PA power to satisfy the emission requirements. This maximum back off of PA power is referred as maximum power reduction (MPR). With non-contiguous PRB allocation, in many cases, the MPR can offset the diversity gain and leads to worse UL performance comparing to contiguous PRB allocation. Therefore, when considering the allowed non-contiguous PRB allocation, certain limitation from MPR perspective should be considered to exclude those non-contiguous PRB allocation patterns with large MPR. 
The largest MPR is created by the PRB allocation pattern as shown in Figure 1. In this scenario, the whole system bandwidth is Z Mhz. One RB is allocated at the top edge of the system bandwidth, while the other RB is allocated at the bottom edge of the system bandwidth. This PRB allocation may provide large frequency diversity for 1-symbol PUCCH. However, with this kind of PRB allocation, the IM3 is very far away. To satisfy the emission requirements such ACLR level, the MPR is very large. In Section 6.2.3 in [3], MPR is defined as following
MPR = CEIL {MA, 0.5}
Where MA is defined as follows for QPSK, 16 QAM and 64 QAM
MA =	8.00-10.12A		; 0.00< A ≤ 0.33
5.67 - 3.07A		; 0.33< A ≤0.77
3.31				; 0.77< A ≤1.00
Where MA is defined as follows for 256 QAM
MA = 8.00-10.12A		; 0.00< A ≤ 0.25
	5.50				; 0.25< A < 1.00
Where
	A = NRB_alloc / NRB.
Given the modulation is QPSK for 1-symbol PUCCH, suppose the whole system bandwidth is 20Mhz which is equivalently 100RBs following LTE numerology, A is 0.02 in this scenario, which leads to MPR of 8dB. This MPR of 8dB will easily offset the diversity gain of the non-contiguous PRB allocation. Therefore, we can see that non-contiguous PRB allocation actually hurts PUCCH performance in this case. 


[bookmark: _Ref477973495] Figure 1: Non-contiguous PRB allocation with largest MPR.
Fortunately, it is possible to reduce the MPR by changing the PRB allocation pattern. For example, by applying the non-contiguous PRB allocation as shown in Figure 2, the MPR can be reduced to 5.4dB [4]. 5.4dB is still a large MPR which offset the PUCCH diversity gain. But at least it shows that by moving the non-contiguous PRBs closer to each other, the MPR can be reduced. We believe that by further reduce the distance between these two non-contiguous PRBs, the MPR can be further reduced. 


[bookmark: _Ref481679772][bookmark: _Ref481679768] Figure 2: Non-contiguous PRB allocation with MPR.
Therefore, Ran1 should carefully study the trade-off between diversity gain and the MPR of non-contiguous PRB allocation for CP-OFDM based UL transmissions. Certain constraints need to be applied to exclude those non-contiguous PRB allocations which have very large MPR. 
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Another aspect of non-contiguous PRB allocation is the potential channel estimation loss due to non-contiguous PRB allocation. When RBs are distributed in multiple clusters, localized channel estimation within each cluster will lose some processing gain, comparing to joint channel estimation which can utilize all RBs if they are contiguously assigned in one single cluster. Therefore, although non-contiguous PRB allocation may provide some diversity gain, the gain can be offset by channel estimation loss. 
In this section, to illustrate the trade-off between frequency diversity gain and channel estimation loss, the ACK/NACK decoding performance is studied with the following three different PRB allocation for ACK/NACK, as shown in Figure 7. 
· Type 0 has good frequency diversity but suffers from channel estimation loss and highest MPR. 
· Type 1 has smallest frequency diversity but better channel estimation gain and smaller MPR. 
· The localized PUCCH PRBs can be either static or dynamically scheduled by eNB. The latter can explore the frequency selective scheduling gain.
· Type 2 is a hybrid version of type 0 and type 1. Comparing with type 0, it has less frequency diversity but smaller MPR. Comparing with type 1, it has higher frequency diversity gain but larger MPR. 


[bookmark: _Ref465868579][bookmark: _Ref465868575]Figure 3: PUCCH structure types in short UL duration.
In the following, the simulation results of ACK/NACK decoding error with different PRB assignment options are shown. In these simulations, MPR is not modeled. The interference from other users are not modeled neither. The schedule decision is based on perfect channel conditions. The delay between the scheduling decision and PUCCH transmission is 0.5ms. The whole system bandwidth is 80Mhz. The PUCCH sub-bandwidth for type 1 is 900kHz. The narrow bandwidth for type 2 is 5Mhz.
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Figure 8: ACK/NACK performance with EPA5 low correlation channel.
[image: ]
Figure 9: ACK/NACK performance with ETU5 low correlation channel.
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Figure 10: ACK/NACK performance with EPA300 low correlation channel.
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Figure 11: ACK/NACK performance with ETU300 low correlation channel.
If we look at the 0.1% ACK/NACK error rate, the observations based on the simulation results are the following:
1. Type 1 (localized PRB allocation) with dynamic scheduling has the best performance, except a fractional dB performance loss to type 0 or type 2 in 300Hz Doppler scenario.  
2. Even with static scheduling, type 1 (localized PRB allocation) has just a fraction dB performance loss to type 0 in EPA channel, and about 1.5dB performance loss to type 0 or type 2 in ETU channel.

If we look at lower SNR region, say 1% error rate, it can be found that type 1 (localize PRB allocation) with static scheduling outperforms type 0 by 0.5 dB in EPA channel. 
Observation 2: Non-contiguous PRB allocation for CP-OFDM based UL transmission may suffers from channel estimation loss at low SNR region.
It should be noticed that the MPR is not modeled in the above simulations. Given the much less MPR for localized PRB allocation, the fraction dB or 1.5dB loss from type 1 to type 0/2 in some scenarios can be easily compensated back.
Based on the MPR issue and channel estimation loss observed for non-contiguous PRB allocations for CP-OFDM based UL transmission, we propose the follow.  
Proposal 1: RAN 1 should study the trade-off among MPR, channel estimation loss, and diversity gain for non-contiguous PRB allocation for CP-OFDM based UL transmission. RAN 1 should send LS to RAN4 for MPR impact.
Conclusions
The following are observed for non-contiguous PRB allocation in CP-OFDM based UL transmissions.
Observation 1: Certain non-contiguous PRB allocation patterns for CP-OFDM based UL transmission suffer from large MPR.
Observation 2: Non-contiguous PRB allocation for CP-OFDM based UL transmission may suffers from channel estimation loss at low SNR region.
Based on the above observations, the following proposal is proposed for non-contiguous PRB allocation in CP-OFDM based UL transmissions. 
Proposal 1: RAN 1 should study the trade-off among MPR, channel estimation loss, and diversity gain for non-contiguous PRB allocation for CP-OFDM based UL transmission. RAN 1 should send LS to RAN4 for MPR impact.
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