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In RAN#75 meeting, a new SID was proposed to study NR-based access to unlicensed spectrum [1]. One justification for such proposal is based on the vast unlicensed spectrum available worldwide. This was also a justification to initiate LTE-based LAA. Another justification is the flexible frame structure and numerology that NR has, which could also be brought to unlicensed access. 
The WI description [1] highlights the following objectives: 
· “Study NR-based operation in unlicensed spectrum (RAN1, RAN2, RAN4) including 
· Physical channels inheriting the choices of duplex mode, waveform, carrier bandwidth, subcarrier spacing, frame structure, and physical layer design made as part of the NR study and avoiding unnecessary divergence with decisions made in the NR WI
· Consider unlicensed bands both below and above 6GHz, up to 52.6GHz
· Consider unlicensed bands above 52.6GHz to the extent that waveform design principles remain unchanged with respect to below 52.6GHz bands 
· Consider similar forward compatibility principles made in the NR WI 
· Initial access, channel access. Scheduling/HARQ, and mobility including connected/inactive/idle mode operation and radio-link monitoring/failure
· Coexistence methods within NR-based and between NR-based operation in unlicensed and LTE-based LAA and with other incumbent RATs in accordance with regulatory requirements in e.g., 5GHz, 37GHz, 60GHz bands 
· Coexistence methods already defined for 5GHz band in LTE-based LAA context should be assumed as the baseline for 5GHz operation. Enhancements in 5GHz over these methods should not be precluded. NR-based operation in unlicensed spectrum should not impact deployed Wi-Fi services (data, video and voice services) more than an additional Wi-Fi network on the same carrier;”
This contribution discusses the physical layer design for NR operation in unlicensed spectrum for below 6 GHz. Specifically, this contribution discusses the physical uplink data channel (PUSCH), physical uplink control channel (PUCCH), and physical random access channel (PRACH) design aspects for NR-U.
Unlicensed Spectrum Regulations  
The PHY specification for NR on unlicensed bands (NR-unlicensed or NR-U) should put regulatory requirements in different countries and regions into consideration. Those requirements include maximum channel occupation time (MCOT), occupied channel bandwidth (OCB), maximum power limit, power spectrum density limit (PSD), and listen before talk (LBT) protocols. Among those requirements, OCB and PSD limit are the most important determining factors for system design in unlicensed band. The descriptions of OCB and PSD are given below.
· Occupied Channel Bandwidth (OCB) [2]: The OCB is defined as the bandwidth containing 99% of the power of the signal and it shall be between 80% and 100% of the declared Nominal Channel Bandwidth (The Nominal Channel Bandwidth is the widest band of frequencies, inclusive of guard bands, assigned to a single channel).
· Power spectral density (PSD) [2]: For many frequency bands, there is a limit on the power spectral density. As an example, the ETSI 301 893 spec requires 10 dBm/MHz for 5150-5350 MHz and 13dBm/MHz for 60 GHz [4]
The OCB and power limit rules are exemplified in Table 2‑1.

[bookmark: _Ref505177874]Table 2‑1: Various regulations 
	
	5 GHz (ETSI) [3]
	37 GHz (FCC) [5]
	60 GHz (ETSI) [4]

	OCB
	>80%
	
	>70%

	Power and PSD limits
	With transmit power control:
23dBm (10dBm/MHz) for 5150-5350MHz
30dBm (17dBm/MHz) for 5470-5725MHz
Without transmit power control:
20/23dBm (7/10dBm/MHz) for 5150-5350MHz
27dBm (14dBm/MHz) for 5470-5725MHz
	BS: 75dBm/100MHz 
MS: 43dBm
Transportable stations: 55dBm
	40dBm(13dBm/MHz)



Data Channel Design
In order to overcome the transmit power limitation due to the PSD regulation and at the same time meet the OCB requirement, wideband transmission in unlicensed bands is necessary. In the downlink, as in eLAA, the base station can schedule the resources so that transmit power is optimized while transmission complies with regulatory rules. Therefore, a new physical layer mechanism is not needed for NR-U PDSCH.
In eLAA uplink, a wideband transmission scheme called the block-interleaved frequency division multiple access (B-IFDMA) is used for PUSCH. In B-IFDMA, as shown in Figure 3‑1, frequency domain resource scheduling is achieved using interlaces, where an interlace is defined as clusters of contiguous subcarriers that are uniformly distributed over the transmission bandwidth. In Figure 3‑1, there are  clusters; each cluster consists of  subcarriers, and the number of null subcarriers between two clusters is . Note that in eLAA, , i.e. one RB per cluster, and , i.e., one interlace consists of 10 RBs, and  i.e., the spacing between the two adjacent clusters is 9 RBs.
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[bookmark: _Ref505358097][bookmark: _Ref510594918]Figure 3‑1: B-IFDM transmitter block diagram

B-IFDMA can also be used for NR-U PUSCH to meet the regulatory rules while being able to maximize the maximum power. Keeping the number of clusters per interlace unchanged across different channel bandwidths would simplify the scheduling and the power control. Note that as the channel bandwidth increases, the number of interlaces increases for a given subcarrier spacing; so more users can be multiplexed in the uplink. Additionally, if one user needs to be allocated more resources than one interlace offers, more than one interlace can be allocated to that user.
Table 3‑1 provides a sample set of values for , and  for three different channel bandwidths (20, 40, and 80 MHz) assuming that one interlace is defined as consisting of 10 clusters (RBs) regardless of subcarrier spacing and channel bandwidth. “X” in Table 3‑1 means that the corresponding subcarrier spacing and channel bandwidth may not be applicable.

[bookmark: _Ref510595328]Table 3‑1 Recommended values for , and  
	 [kHz]
	
	
	A
	B
	C (20 MHz)
	C (40 MHz)
	C (80 MHz)
	# of interlaces

	15
	120
	4096
	1
	10
	9
	19
	39
	C+1

	30
	120
	4096
	1
	10
	4
	9
	19
	C+1

	60
	120
	4096
	1
	10
	X
	4
	9
	C+1

	120
	120
	4096
	1
	10
	X
	X
	4
	C+1



Proposal 1: OFDMA should be adopted for NR-U PDSCH.
Proposal 2: B-IFDMA should be adopted for NR-U PUSCH.



[bookmark: _Ref510598758]Control Channel Design
1.1 PUCCH over Unlicensed Channel
The NR-U should support both short and long PUCCHs to address different latency and coverage requirements. While short PUCCH is critical for low latency, long PUCCH is beneficial in coverage related scenarios. Although small cells may be an important deployment scenario for NR-U, the coverage may still be limited due to the interference. In addition, in unlicensed bands, the interference may be bursty due to coexisting of incumbent systems in the same spectrum. With long PUCCH, even though some part of the transmission may experience significant interference, the remaining interference-free part may be sufficient for the receiver to decode the UCI. We discussed our opinion on different PUCCH formats in [7] as follows:  
· Format 0: The computer-generated sequences used in NR may be re-used in NR-U PUCCH. The most straightforward method to support Format 0 in NR-U is to repeat the NR sequence on all RBs of an interlace. However, this approach results in significantly increased PAPR. 
· Format 1: The design considerations for Format 1 is the same as that of Format 0 since both formats use the same sequences.
· Format 2: This format may be re-used in NR-U without introducing any fundamental changes since it is based on the OFDM waveform. In this case, encoded and modulated UCI bits may simply be mapped to the RBs of an interlace. 
· Format 3: This format may be re-used in NR-U without introducing any fundamental changes. In this case, encoded and modulated UCI bits may simply be mapped to the RBs of an interlace after DFT precoding.
· Format 4: Since this format uses one RB, it cannot be used in NR-U as it is. Extending it to one interlace does not seem necessary since this functionality is already covered by Format 3. Besides, the user multiplexing feature of PUCCH Format 4 may not be needed in practical scenarios.
While PUCCH may not be needed for carrier aggregation scenario (licensed band NR (PCell) and NR-U (SCell)), it is needed for standalone operations and dual connectivity scenarios to address latency issues. 
1.2 [bookmark: _Ref510535420]Design Criteria for Short PUCCH in Unlicensed Band
In this section, we discuss the several design considerations for Short PUCCH, i.e., occupied channel bandwidth (OCB) requirement in unlicensed band, scalability for different subcarrier spacing parameters and channel bandwidth (20/40/80 MHz), and issues related to practical aspects such as hardware non-linearity, multiplexing capacity, and the inter-cell interference.
1.2.1 [bookmark: _Ref510605116]Occupied Channel Bandwidth 
To satisfy the OCB requirement and extend the coverage range considering max TX power/PSD limitations, the interlaced resource allocation can be adopted for Short PUCCH for the operation in unlicensed bands. The interlaced resource allocation for Short PUCCH is shown in Figure 4‑1. The input of IDFT is partitioned into  clusters of size of , and the clusters are separated by  tones in frequency domain. The number of interlaces can be calculated as . Since this structure have multiple clusters in frequency, PAPR or CM of the corresponding signal can be significantly high without any design. We believe that the sequences on the clusters need to be designed properly to avoid large power back-off at the transmitter.
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[bookmark: _Ref510690569][bookmark: _Ref510687402]Figure 4‑1 Interlaced Short PUCCH for operation in unlicensed band

1.2.2 Scalability
The Short PUCCH structure for the unlicensed band should be flexible to address different subcarrier spacing values (e.g.,  kHz for ) and the various channel bandwidth such as 20/40/80 MHz. The exemplary values for , and  for the transmitter block diagram in Figure 4‑1 are given in Table 3‑1 by taking different subcarrier spacing values and channel bandwidths into account. Considering the large variety of the interlace resource allocations, a scalable Short PUCCH design, while satisfying the other design requirements such as PAPR/CM, is highly desirable.
1.2.3 Constant-Amplitude Sequences and Alphabet
Constant-amplitude (i.e., unimodular) sequences which lead to low PAPR/CM for Short PUCCH with interlaced resource allocation is needed to increase coverage range and robust detection. Constant-amplitude sequences are suitable for a sequence-based PUCCH since the integer cyclic-shifts of a signal generated through a constant-amplitude sequence are orthogonal to each other. In other words, let  be a unimodular sequence used in one cluster, i.e.,  for , be mapped to RBs. Then
                                (1)
where
                                 (2)
for  is the circular shift in time. 
When constant-amplitude sequences are employed on each cluster, the number of orthogonal resources generated through cyclic-shifts in time (i.e., cyclic-shifts per interlace) is limited to size of the clusters. For example, if there are 10 clusters in one interlace and each cluster consists of 12 subcarriers, there are 12 orthogonal resources generated through the shifts in time. This also means that using partial RB (e.g., 6 subcarriers per cluster) does not increase the multiplexing capacity since the number of available cyclic-shifts per interlaces reduces. Another option is to use different cyclic-shifts per clusters to increase the orthogonal resources. However, this choice can cause arbitrarily high PAPR/CM and introduce system complexity. Hence, we support cyclic-shifts per interlace for Short PUCCH.
To achieve unimodular base sequences with low-complexity transmitter and receiver, the alphabet of the base sequence can be the constellation of -PSK or an arbitrary phase as in Zadoff-Chu sequences. However, typically, using a low-order constellation for the alphabet would decrease the transmitter and receiver complexity. Hence, we support to use QPSK alphabet as baseline for the Short PUCCH for the operation in unlicensed bands.

1.2.4 Low PAPR & Cubic Metric
Another design criterion in unlicensed band is the PAPR/CM of the Short PUCCH with interlaced resource allocation. Because of multiple clusters in frequency domain as shown in Figure 4‑1, the PAPR and CM of the Short PUCCH signals can be very high and limit the coverage range of the Short PUCCH. 
We believe that sequences given in Table 5.2.2.2-2 [5] designed for single RB should be carefully examined for the operation in unlicensed band in terms of PAPR and CM if they are used on each cluster. Another format which yields significantly better PAPR and CM results for as compared to that of the sequences in Table 5.2.2.2-2 [5] should not be excluded for the sake of reliability of the Short PUCCH.
The cubic metrics is calculated via the formula [7] given by
 

1.2.5 Low Cross-correlation
Because of the low-complexity, the receiver is expected to operate on each cluster of an interlace separately. Hence, the cross-correlation between the sequences on each cluster should be as low as possible to minimize the potential interference among the different cells. Due to the imperfect timing alignment between the UE signals and the multipath channel, the signal may be exposed to additional shift in time within the cyclic prefix. In this case, the cross-correlation calculation should consider all cyclic shifts in time, which corresponds both integer and non-integer values in (2). 
In [7], different metrics for cross-correlation measurements are introduced. Method 1 and Method 2 in [7] can capture the timing misalignment. Method 4 considers a raised cosine function with a roll-off factor of 0.3, which may model the impact of DAC & filters on the baseband signals. On the other hand, one can show that the best achievable signal characteristics (e.g., PAPR, correlation) is limited by DFT-based oversampling. We believe that the design of DAC & filters are implementation issues and it should sufficiently suppress the images in the frequency domain to avoid distortion of the signal. Hence, we consider Method 1 for our evaluations of cross-correlation.
1.3 [bookmark: _Ref510604665]Design Options for 1-2 bits UCI
Considering the design criteria mentioned in Section 4.2, we investigate three different options listed as below:
· Option 1: Interlaced Short PUCCH with existing complementary QPSK sequences
· Benefits
· PAPR is theoretically guaranteed to be less than or equal to 3 dB for interlaced resource allocation
· Scalable for different subcarrier spacing and channel bandwidth with single spreading sequence
· QPSK alphabet
· Low-cross correlation 
· Option 2: Interlaced Short PUCCH with the sequences in Table 5.2.2.2-2 [5]
· Benefits:
· QPSK alphabet
· Low-cross correlation 
· Challenges:
· Not scalable (i.e., requires different phase rotations for each subcarrier spacing, channel bandwidth, and sequence index)
· Optimal phase rotations do not decrease PAPR less than 5 dB
· Option 3: Interlaced Short PUCCH with Zadoff-Chu Sequences
· Challenges:
· PAPR can be significantly high
· Not scalable (i.e., requires different phase rotations for each subcarrier spacing and channel bandwidth)
· Maximum low-cross correlation can be high within the cluster
· Introduces receiver complexity due to the polyphase structure

1.3.1 Option 1: Guaranteeing 3 dB PAPR for Interlaced PUCCH with existing QPSK sequences
One option is to generate the interlaced resource allocation and the corresponding sequence via a QPSK sequence pair  which satisfies the property given by

                               (3)

where  and  are the aperiodic autocorrelation of the sequence  and the sequence , respectively.  The main benefit of these sequences is that the PAPR of OFDM symbols generated through the corresponding sequence is always less than or equal to 3 dB. Large number of such sequences are available with QPSK alphabet and can also be obtained via a computer-search or construction methods. One of the construction methods is to spread a sequences pair with another pair and concatenate them after zero padding in between, which can be utilized to generate interlaced resource allocation for Short PUCCH while maintaining the PAPR always less than or equal to 3 dB theoretically. In Figure 4‑2, an example transmitter diagram which exploits the available QPSK sequences is shown for 20 MHz channel bandwidth with 15 kHz subcarrier spacing. The sequences are expressed as
 

and 

for , where  and  are given in Table 8‑1a and Table 8‑1b, respectively [6]. The sequences  and  are mapped to subcarriers after a spreading operation, i.e.,  and  are multiplied with the elements of another QPSK pair given in Table 8‑1c. This structure maintains the PAPR less than or equal to 3 dB PAPR although there are 10 clusters located on non-contiguous RBs. In addition, the spreading sequence does not need to be changed for different  and  as long as they satisfy the property given in (2). Since the same  and  can be used for different numerology and channel bandwidth, Option 1 is scalable. Because of large number of QPSK sequences satisfying (2), it is also possible to reduce to the peak correlation between any of the two sequences in the set of  and the set of  substantially.
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[bookmark: _Ref510688136]Figure 4‑2 An example transmit diagram for Short PUCCH with existing QPSK sequences (PAPR  3 dB)
1.3.2 Option 2: Interlaced PUCCH with the sequences in Table 5.2.2.2-2 [5]
In this option, the sequences given in Table 5.2.2.2-2 [5] are spread with a spreading sequence to construct the interlaced resource allocation for Short PUCCH, i.e., the sequence on each RB is multiplied with a complex coefficient as illustrated for Figure 4‑3. Like Option 1, the coefficients of the spreading sequences can be chosen from the set {1, -1, j, -j}. The main benefit of Option 2 is that the alphabet is QPSK, which decreases the complexity transmitter and receiver, and low peak-cross correlation, which is similar to Option 1. However, unlike Option 1, the spreading sequences need to be optimized for each sequence in Table 5.2.2.2-2 [5] to minimize PAPR or CM. In addition, the optimization may need to be done for each subcarrier spacing value and channel bandwidth. Hence, Option 2 is not as flexible as Option 1. Our investigation also demonstrates that the minimum PAPR obtained with this method is approximately 5 dB, i.e., 2 dB worse than that of Option 1, which is significant. The optimal spreading sequences for PAPR and CM are given in Table 8‑2a and Table 8‑2b.

[image: ]
[bookmark: _Ref510688192]Figure 4‑3 An example transmit diagram for Short PUCCH with the QPSK sequences in Table 5.2.2.2-2 [5]

1.3.3 Option 3: Interlaced PUCCH with Zadoff-Chu Sequences
In this option, a large length of Zadoff-Chu sequence is generated and its element are mapped to the clusters as illustrated in Figure 4‑4. The main challenges with this method is the maximum peak correlation can be high since the properties of ZC sequences cannot be maintained within the clusters. In addition, the PAPR and CM can be substantially high. In addition, a ZC sequence is a polyphase sequence, which increases the complexity of the transmitter and the receiver.
[image: ]
[bookmark: _Ref510688233]Figure 4‑4 An example transmit diagram for Short PUCCH with the ZC sequences
1.3.4 Comparison
For the comparison, we evaluate three options discussed in Section 4.3. For the simulation, we assume 15 kHz subcarrier spacing and 20 MHz channel bandwidth. We set the parameters as , , and . For the analysis, we consider PAPR and CM for each generated Short PUCCH. We also measure peak the cross correlation between the sequences within the clusters.
· For Option 1, we consider the sequences given in Table 8‑1a and Table 8‑1b and the spreading sequences  and  mentioned in Table 8‑1c.
· For Option 2, we consider two different set of spreading sequences (given in Table 8‑2a and Table 8‑2b) which prioritize cubic metric (referred as Option 2a) and PAPR (referred as Option 2b).
· For Option 3, we generate a ZC sequences of length 113 and cyclically pad to the length of 120. We generate all possible ZC sequences and select 30 of them based on the PAPR of the corresponding signals.

In Figure 4‑5, the distribution of PAPR for different options are given. While the optimal spreading sequences for PAPR or CM for Option 2 (i.e., Option 2b and Option 2a) yields to 5.3 dB and 5.7 dB PAPR, respectively, best ZC sequences, i.e., Option 3, limits the PAPR to 6 dB. On the other hand, Option 1 limits the PAPR to 3 dB and substantially improves the performance by 2.7 dB, 2.3 dB, and 3 dB as compared to Option 2a, Option 2b and Option 3, respectively.
[image: ]
[bookmark: _Ref510688374]Figure 4‑5 Comparison: PAPR
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[bookmark: _Ref510688412]Figure 4‑6 Comparison: Cubic metric
In Figure 4‑6, we compare CM distribution for the aforementioned options. Similar to the results in Figure 4‑5, Option 1 improves the CM performance by 0.9 dB, 1.8 dB, and 1.7 dB as compared to Option 2a, Option 2b, and Option 3, respectively.
[image: ]
[bookmark: _Ref510688487]Figure 4‑7 Comparison: Peak cross-correlation
In Figure 4‑7, we provide the peak cross-correlation results. Option 3 fails since the maximum cross correlation reaches up to 0.95. The maximum peak-cross correlations are 0.715 and 0.8 for Option 1 and Option 2, respectively. Option 1 is superior to Option 2a/2b and Option 3.
The overall results are summarized in Table 4‑1.

[bookmark: _Ref510689146]Table 4‑1 Summary of results
	
	Option 1
	Option 2a
	Option 2b
	Option 3

	Max. correlation
	0.715
	0.8
	0.8
	0.95

	Index
	PAPR [dB]
	CM [dB]
	PAPR [dB]
	CM [dB]
	PAPR [dB]
	CM [dB]
	PAPR [dB]
	CM [dB]

	0
	3.007
	0.916
	5.240
	1.422
	4.981
	1.808
	4.812
	1.269

	1
	3.010
	0.990
	5.259
	1.627
	5.000
	1.994
	4.812
	1.269

	2
	3.010
	0.958
	5.486
	1.967
	5.126
	2.334
	4.976
	1.290

	3
	3.007
	0.958
	5.480
	1.967
	5.126
	2.334
	4.976
	1.290

	4
	3.010
	0.958
	5.457
	1.520
	5.168
	2.253
	5.272
	1.418

	5
	3.010
	0.958
	5.402
	1.719
	5.115
	2.105
	5.272
	1.418

	6
	3.010
	0.958
	5.511
	1.719
	5.115
	2.105
	5.353
	1.288

	7
	3.008
	0.958
	5.483
	1.586
	5.098
	1.953
	5.353
	1.288

	8
	3.008
	0.958
	5.475
	1.586
	5.098
	1.953
	5.537
	1.912

	9
	3.010
	0.958
	5.434
	1.708
	5.117
	2.074
	5.537
	1.912

	10
	3.009
	0.931
	5.570
	1.867
	5.235
	2.600
	5.664
	1.944

	11
	3.010
	0.986
	5.570
	1.867
	5.235
	2.600
	5.664
	1.944

	12
	3.010
	0.984
	5.319
	1.741
	5.160
	2.127
	5.825
	1.047

	13
	3.010
	0.929
	5.518
	1.835
	5.211
	2.202
	5.825
	1.047

	14
	3.008
	0.984
	5.563
	1.824
	5.285
	2.557
	5.872
	2.765

	15
	3.010
	0.929
	5.563
	1.824
	5.285
	2.557
	5.872
	2.765

	16
	3.009
	0.931
	5.523
	1.764
	5.237
	2.130
	5.935
	1.629

	17
	3.010
	0.986
	5.524
	1.598
	5.268
	1.984
	5.935
	1.629

	18
	3.009
	0.962
	5.617
	1.472
	5.208
	1.838
	5.972
	1.141

	19
	3.008
	0.962
	5.646
	1.708
	5.202
	2.074
	5.972
	1.141

	20
	3.010
	0.953
	5.483
	1.586
	5.098
	1.953
	5.992
	1.992

	21
	3.009
	0.953
	5.475
	1.586
	5.098
	1.953
	5.992
	1.992

	22
	3.010
	0.939
	5.626
	1.775
	5.361
	2.142
	5.997
	1.291

	23
	3.010
	0.976
	5.626
	1.775
	5.361
	2.142
	5.997
	1.291

	24
	3.009
	0.999
	5.652
	1.775
	5.336
	2.142
	6.017
	1.620

	25
	3.009
	0.962
	5.614
	1.764
	5.322
	2.130
	6.017
	1.620

	26
	3.010
	0.990
	5.731
	1.764
	5.322
	2.130
	6.037
	1.542

	27
	3.009
	0.953
	5.694
	1.621
	5.364
	1.988
	6.037
	1.542

	28
	3.009
	0.957
	5.668
	1.753
	5.367
	2.138
	6.092
	2.193

	29
	3.008
	0.957
	5.668
	1.753
	5.367
	2.138
	6.092
	2.193



Based on results above, we have the following proposal:
Proposal 3: Interlaced Short PUCCH design should be based on the sets of QPSK sequences which maintain the PAPR of Short PUCCH signals less than or equal to 3dB.

PRACH Design
In NR, the set of random-access sequences  are Zadoff-Chu sequences and are generated according to [5]:


where  or  is the sequence length,  is the cyclic shift, and  is the sequence root index. The frequency domain representation of the PRACH sequence is generated by taking the DFT of the Zadoff-Chu sequence according to

The sequence samples are then mapped to a block of contiguous subcarriers to generate the OFDM symbol. One or more OFDM symbols, together with a cyclic prefix and a guard interval, constitute the PRACH preamble.

In NR-U, PRACH preamble transmission should follow these design guidelines: 
· Narrowband transmission of the PRACH sequence as in NR limits the transmit power due regulatory requirement, resulting in reduced coverage. So, wideband transmission is necessary.
· Narrowband transmission with time domain repetition may be used to collect more energy at the receiver; this, however, may result in increased latency and channel occupancy.
· It is desirable to limit the PRACH overhead and maximize PRACH capacity.
· It is desirable to have PRACH and PUSCH follow the same resource allocation methodology so that efficient and simple scheduling can be achieved.
Given the above guidelines, we believe that PRACH preamble transmission should also use B-IFDMA.

Proposal 4: In NR-U, PRACH preamble should be transmitted using B-IFDMA waveform.
With B-IFDMA, the PRACH sequence would be mapped to the clusters of an interlace, resulting in higher PAPR than when the sequence is mapped to a set of contiguous subcarriers as in NR. This increase in PAPR may not be desirable since it may reduce the coverage of PRACH. One method to reduce the PAPR in B-IFDMA is to multiply each cluster of an interlace with a phase factor and optimize the phase values so that the PAPR of the resulting OFDM signal is minimum. An alternative method is to design a new set of PRACH sequences; as one possible option, the design methodology in Section 4 may be used to design new sequences with 3dB PAPR.
Figure 5‑1 compares the PAPR of the OFDM symbol carrying the potential set of PRACH sequences. In these results, one interlace consists of 10 clusters and each cluster has 12 subcarriers. Since the number of subcarriers in one interlace is 120, the length of the ZC sequence is selected to be 113, resulting in a set of 112 potential sequences.
The three lines correspond to the following cases: (a) DFT of the ZC sequence is mapped to a set of contiguous subcarriers as in NR; (b) DFT of the ZC sequence is mapped to one interlace using B-IFDMA; (c) DFT of the ZC sequence is mapped to one interlace using B-IFDMA and each cluster is scaled with a common phase factor selected from  where . The set of phase factors is optimized to reduce the PAPR. We can see from the figure that B-IFDMA increases the PAPR about 2 dB compared to contiguous allocation. Applying common phase factors results in significant gain in PAPR.

Proposal 5: Methods to reduce PRACH PAPR needs to be studied.
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[bookmark: _Ref510603359]Figure 5‑1 Comparison of PAPR of several PRACH waveforms

In NR, PUSCH and PRACH may use different numerologies. In NR-U, due to the B-IFDMA resource allocation, coexistence of different numerologies within one OFDM symbol needs further study. Figure 5‑2 illustrates three cases of coexistence between PUSCH and PRACH:
i. Case 1 (Figure 5‑2a): In this case, PUSCH and PRACH use the same numerology (Δf subcarrier spacing) and PUSCH and PRACH cluster bandwidths are the same (ΔfK where K is the number of subcarriers in a cluster). The two channels may be allocated to different interlaces. Since the subcarrier spacing is the same, orthogonality between the two channels is maintained.
ii. Case 2 (Figure 5‑2b): In this case, PRACH subcarrier spacing is wider than PUSCH subcarrier spacing, e.g. it is 2 times larger in this figure. The bandwidth of each PRACH cluster is an integer multiple of the bandwidth of a PUSCH cluster. Therefore, one PRACH interlace may be created by reserving multiple adjacent PUSCH interlaces. Since the subcarrier spacing used by the two channels is different in this case, orthogonality between two channels is not maintained and out-of-band (OOB) emission from the two different types of interlaces may leak into each other, creating adjacent channel interference (ACI).
iii. Case 2 (Figure 5‑2c): In this case, PRACH subcarrier spacing is narrower than PUSCH subcarrier spacing, e.g. it is 1/2 times narrower in this figure. The bandwidth of each PRACH cluster is a fraction of the bandwidth of a PUSCH cluster. The two PRACH clusters may be assigned to two different PRACH interlaces. Since the subcarrier spacing used by the two channels is different, orthogonality between two channels is not maintained and OOB emission from two different types interlaces may leak into each other, resulting in ACI.

[image: ]
[bookmark: _Ref510599822]Figure 5‑2 Illustration of PUSCH and PRACH clusters with several different numerologies

The ACI between PUSCH and PRACH may deteriorate the performance of each channel significantly and needs to be addressed. The following methods may be utilized to mitigate ACI:
· PUSCH and PRACH can be transmitted with only the same subcarrier spacing.
· Windowing or per-cluster filtering may be used to reduce ACI between PUSCH and PRACH. However, only this may not be sufficient to mitigate ACI and additionally several PUSCH subcarriers that are adjacent to a PRACH interlace may be punctured as shown in Figure 5‑3.
· When one PRACH cluster is narrower than a PUSCH cluster as in Figure 5‑2c, instead of having two PRACH interlaces, only one PRACH interlace scheduled within two clusters as shown in Figure 5‑4. Null subcarriers at the edges can be used as guard bandwidth. One disadvantage of this approach is that it would increase PRACH overhead.
· Another option is to have guard subcarriers in each PRACH cluster as shown in Figure 5‑5 and use a shorter PRACH sequence since the number of available subcarriers in each interlace gets reduced. As an example, with a PRACH interlace of 120 subcarriers, a sequence of 59 may be used providing at least 6 guard subcarriers in each cluster.

Proposal 6: Methods to mitigate ACI between PUSCH and PRACH should be investigated.
[image: ]
[bookmark: _Ref510613720]Figure 5‑3 Puncturing PUSCH

[image: ]
[bookmark: _Ref510665309]Figure 5‑4 Null subcarriers in wider PRACH interlace
[image: ]
[bookmark: _Ref510665715]Figure 5‑5 Null subcarriers in PRACH interlace
Conclusions
In this contribution, we reviewed various aspects of physical layer design for NR operation in unlicensed spectrum. We propose the following:
Proposal 1: OFDMA should be adopted for NR-U PDSCH.
Proposal 2: B-IFDMA should be adopted for NR-U PUSCH.
Proposal 3: Interlaced Short PUCCH design should be based on the sets of QPSK sequences which maintain the PAPR of Short PUCCH signals less than or equal to 3dB.
Proposal 4: In NR-U, PRACH preamble should be transmitted using B-IFDMA waveform.
Proposal 5: Methods to reduce PRACH PAPR needs to be studied.
Proposal 6: Methods to mitigate ACI between PUSCH and PRACH should be investigated.
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[bookmark: _Ref510698064][bookmark: _Ref510689061]Table 8‑1 Phases Indices for Set A and Set B
a)  for Set A 
	
	Phase indices for Set A

	u
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	0
	1
	-3
	3
	-1
	1
	-3
	-3
	-3
	1
	1
	1
	1

	1
	1
	-3
	-1
	3
	1
	-3
	-3
	-3
	1
	1
	1
	1

	2
	1
	1
	1
	1
	3
	1
	-3
	-1
	1
	-3
	-3
	1

	3
	1
	-3
	-3
	1
	3
	-3
	1
	-1
	1
	1
	1
	1

	4
	1
	1
	1
	1
	-1
	1
	-3
	3
	1
	-3
	-3
	1

	5
	1
	-3
	-3
	1
	-1
	-3
	1
	3
	1
	1
	1
	1

	6
	1
	1
	1
	1
	3
	-3
	1
	-1
	1
	-3
	-3
	1

	7
	1
	-3
	-3
	1
	3
	1
	-3
	-1
	1
	1
	1
	1

	8
	1
	1
	1
	1
	-1
	-3
	1
	3
	1
	-3
	-3
	1

	9
	1
	-3
	-3
	1
	-1
	1
	-3
	3
	1
	1
	1
	1

	10
	1
	1
	-3
	1
	-3
	-1
	1
	-1
	-3
	1
	1
	1

	11
	1
	1
	-3
	1
	-3
	3
	1
	3
	-3
	1
	1
	1

	12
	1
	1
	1
	-3
	-3
	3
	-3
	-1
	-3
	1
	-3
	-3

	13
	1
	1
	1
	-3
	-3
	-1
	-3
	3
	-3
	1
	-3
	-3

	14
	1
	1
	-3
	1
	1
	-1
	-3
	-1
	-3
	1
	1
	1

	15
	1
	1
	-3
	1
	1
	3
	-3
	3
	-3
	1
	1
	1

	16
	1
	1
	1
	-3
	1
	3
	1
	-1
	-3
	1
	-3
	-3

	17
	1
	1
	1
	-3
	1
	-1
	1
	3
	-3
	1
	-3
	-3

	18
	1
	1
	1
	-3
	3
	3
	1
	-3
	1
	1
	-3
	1

	19
	1
	-3
	1
	1
	-3
	1
	-1
	-1
	-3
	1
	1
	1

	20
	1
	1
	1
	-3
	-1
	-1
	-3
	1
	1
	1
	-3
	1

	21
	1
	-3
	1
	1
	1
	-3
	3
	3
	-3
	1
	1
	1

	22
	1
	1
	1
	3
	-3
	1
	-3
	-3
	3
	1
	-3
	1

	23
	1
	1
	1
	-1
	-3
	1
	-3
	-3
	-1
	1
	-3
	1

	24
	1
	1
	-3
	1
	1
	1
	-1
	3
	-3
	-3
	-3
	1

	25
	1
	-3
	-3
	-3
	-1
	3
	1
	1
	1
	-3
	1
	1

	26
	1
	1
	-3
	1
	-3
	-3
	3
	-1
	-3
	-3
	-3
	1

	27
	1
	-3
	-3
	-3
	3
	-1
	-3
	-3
	1
	-3
	1
	1

	28
	1
	1
	-3
	1
	3
	1
	-3
	3
	-3
	-3
	1
	1

	29
	1
	1
	-3
	-3
	-1
	-3
	1
	-1
	1
	-3
	1
	1





b)  for Set B
	
	Phase indices for Set B

	u
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	0
	-3
	1
	-3
	1
	1
	-3
	1
	1
	-1
	-1
	1
	1

	1
	1
	-3
	1
	-3
	-3
	1
	-3
	-3
	-1
	-1
	-3
	-3

	2
	1
	1
	-3
	-3
	3
	1
	1
	3
	1
	-3
	1
	-3

	3
	-3
	1
	-3
	1
	-1
	1
	1
	-1
	-3
	-3
	1
	1

	4
	-3
	-3
	1
	1
	3
	-3
	-3
	3
	-3
	1
	-3
	1

	5
	1
	-3
	1
	-3
	-1
	-3
	-3
	-1
	1
	1
	-3
	-3

	6
	1
	1
	-3
	-3
	3
	-3
	-3
	3
	1
	-3
	1
	-3

	7
	-3
	1
	-3
	1
	-1
	-3
	-3
	-1
	-3
	-3
	1
	1

	8
	-3
	-3
	1
	1
	3
	1
	1
	3
	-3
	1
	-3
	1

	9
	1
	-3
	1
	-3
	-1
	1
	1
	-1
	1
	1
	-3
	-3

	10
	-3
	-3
	1
	-3
	-1
	-3
	3
	-3
	-3
	1
	1
	1

	11
	1
	1
	-3
	1
	-1
	1
	3
	1
	1
	-3
	-3
	-3

	12
	1
	1
	1
	-3
	-1
	1
	-1
	-3
	1
	-3
	1
	1

	13
	-3
	-3
	-3
	1
	-1
	-3
	-1
	1
	-3
	1
	-3
	-3

	14
	-3
	-3
	1
	-3
	-1
	1
	3
	1
	-3
	1
	1
	1

	15
	1
	1
	-3
	1
	-1
	-3
	3
	-3
	1
	-3
	-3
	-3

	16
	1
	1
	1
	-3
	-1
	-3
	-1
	1
	1
	-3
	1
	1

	17
	-3
	-3
	-3
	1
	-1
	1
	-1
	-3
	-3
	1
	-3
	-3

	18
	1
	1
	1
	-3
	-3
	-3
	-1
	3
	-3
	-3
	1
	-3

	19
	-3
	1
	-3
	-3
	-1
	3
	-3
	-3
	-3
	1
	1
	1

	20
	-3
	-3
	-3
	1
	-3
	-3
	-1
	3
	1
	1
	-3
	1

	21
	1
	-3
	1
	1
	-1
	3
	-3
	-3
	1
	-3
	-3
	-3

	22
	1
	1
	1
	3
	-3
	1
	1
	1
	-1
	-3
	1
	-3

	23
	-3
	-3
	-3
	3
	1
	-3
	-3
	-3
	-1
	1
	-3
	1

	24
	-3
	-3
	1
	-3
	3
	3
	-3
	1
	-3
	-3
	-3
	1

	25
	1
	-3
	-3
	-3
	1
	-3
	-1
	-1
	-3
	1
	-3
	-3

	26
	1
	1
	-3
	1
	3
	3
	-3
	1
	1
	1
	1
	-3

	27
	-3
	1
	1
	1
	1
	-3
	-1
	-1
	1
	-3
	1
	1

	28
	1
	1
	-3
	1
	3
	1
	1
	-1
	1
	1
	-3
	-3

	29
	-3
	-3
	1
	1
	3
	1
	1
	-1
	1
	-3
	1
	1


[bookmark: _Ref509569282] 
c) Spreading sequences for Set A and Set B
	
	

	[1 1 1 -1i 1i]
	[1 1i -1 1 -1i]





[bookmark: _Ref510698276][bookmark: _Ref510689110]Table 8‑2 Spreading sequences to minimize PAPR and CM for the QPSK sequences in Table 5.2.2.2-2 [5]
a) Minimum PAPR
	u
	Cluster 1
	Cluster 2
	Cluster 3
	Cluster 4
	Cluster 5
	Cluster 6
	Cluster 7
	Cluster 8
	Cluster 9
	Cluster 10

	0
	'1'
	'-i'
	'-1'
	'-1'
	'1'
	'-1'
	'-1'
	'-i'
	'-1'
	'-i'

	1
	'1'
	'-1'
	'1'
	'-i'
	'-1'
	'-1'
	'-1'
	'-1'
	'-i'
	'1'

	2
	'1'
	'-1'
	'1'
	'-i'
	'-1'
	'i'
	'i'
	'i'
	'-1'
	'-i'

	3
	'1'
	'-i'
	'-1'
	'-1'
	'-1'
	'-i'
	'1'
	'i'
	'-i'
	'i'

	4
	'1'
	'-1'
	'-i'
	'i'
	'-1'
	'-1'
	'-i'
	'-i'
	'-i'
	'-1'

	5
	'1'
	'1'
	'1'
	'-i'
	'1'
	'i'
	'1'
	'-1'
	'-1'
	'1'

	6
	'1'
	'1'
	'1'
	'i'
	'1'
	'-i'
	'1'
	'-1'
	'-1'
	'1'

	7
	'1'
	'-i'
	'-1'
	'1'
	'-1'
	'1'
	'i'
	'-1'
	'-1'
	'-1'

	8
	'1'
	'1'
	'1'
	'-i'
	'-1'
	'1'
	'-1'
	'1'
	'i'
	'-1'

	9
	'1'
	'-1'
	'1'
	'-i'
	'-1'
	'-1'
	'-1'
	'-1'
	'-i'
	'1'

	10
	'1'
	'-1'
	'-i'
	'1'
	'1'
	'i'
	'i'
	'1'
	'1'
	'-i'

	11
	'1'
	'-1'
	'i'
	'1'
	'1'
	'-i'
	'-i'
	'1'
	'1'
	'i'

	12
	'1'
	'1'
	'1'
	'i'
	'1'
	'-i'
	'1'
	'-1'
	'-1'
	'1'

	13
	'1'
	'-1'
	'1'
	'i'
	'-1'
	'-1'
	'-1'
	'-1'
	'i'
	'1'

	14
	'1'
	'-1'
	'-i'
	'i'
	'-1'
	'-1'
	'-i'
	'-i'
	'-i'
	'-1'

	15
	'1'
	'-i'
	'-i'
	'-i'
	'1'
	'1'
	'i'
	'-i'
	'1'
	'-1'

	16
	'1'
	'-i'
	'-1'
	'-1'
	'-1'
	'-i'
	'1'
	'i'
	'-i'
	'i'

	17
	'1'
	'-1'
	'-1'
	'1'
	'-i'
	'1'
	'i'
	'1'
	'1'
	'1'

	18
	'1'
	'-1'
	'1'
	'i'
	'-1'
	'-i'
	'-i'
	'-i'
	'-1'
	'i'

	19
	'1'
	'-1'
	'1'
	'i'
	'-1'
	'-1'
	'-1'
	'-1'
	'i'
	'1'

	20
	'1'
	'-i'
	'-1'
	'1'
	'-1'
	'1'
	'i'
	'-1'
	'-1'
	'-1'

	21
	'1'
	'1'
	'1'
	'-i'
	'-1'
	'1'
	'-1'
	'1'
	'i'
	'-1'

	22
	'1'
	'i'
	'-1'
	'1'
	'-1'
	'1'
	'-i'
	'-1'
	'-1'
	'-1'

	23
	'1'
	'1'
	'1'
	'i'
	'-1'
	'1'
	'-1'
	'1'
	'-i'
	'-1'

	24
	'1'
	'-i'
	'-1'
	'1'
	'-1'
	'-i'
	'1'
	'i'
	'i'
	'i'

	25
	'1'
	'1'
	'1'
	'i'
	'-1'
	'1'
	'-1'
	'1'
	'-i'
	'-1'

	26
	'1'
	'1'
	'1'
	'-i'
	'-1'
	'1'
	'-1'
	'1'
	'i'
	'-1'

	27
	'1'
	'-1'
	'1'
	'i'
	'-1'
	'-1'
	'-1'
	'-1'
	'i'
	'1'

	28
	'1'
	'-1'
	'1'
	'i'
	'1'
	'-i'
	'1'
	'1'
	'-1'
	'-1'

	29
	'1'
	'1'
	'-1'
	'-1'
	'-i'
	'-1'
	'i'
	'-1'
	'1'
	'-1'




b) Minimum cubic metric
	u
	Cluster 1
	Cluster 2
	Cluster 3
	Cluster 4
	Cluster 5
	Cluster 6
	Cluster 7
	Cluster 8
	Cluster 9
	Cluster 10

	0
	'1'
	'1'
	'-1'
	'-1'
	'i'
	'i'
	'-1'
	'i'
	'-i'
	'i'

	1
	'1'
	'-1'
	'-1'
	'1'
	'i'
	'-i'
	'-1'
	'-i'
	'-i'
	'-i'

	2
	'1'
	'1'
	'-1'
	'-1'
	'i'
	'i'
	'-1'
	'i'
	'-i'
	'i'

	3
	'1'
	'1'
	'-1'
	'-1'
	'i'
	'i'
	'-1'
	'i'
	'-i'
	'i'

	4
	'1'
	'-1'
	'-1'
	'1'
	'i'
	'-i'
	'-1'
	'-i'
	'-i'
	'-i'

	5
	'1'
	'-i'
	'1'
	'-i'
	'-i'
	'-1'
	'1'
	'1'
	'i'
	'-1'

	6
	'1'
	'1'
	'-1'
	'-1'
	'i'
	'i'
	'-1'
	'i'
	'-i'
	'i'

	7
	'1'
	'-1'
	'1'
	'i'
	'1'
	'1'
	'i'
	'i'
	'-i'
	'-i'

	8
	'1'
	'-i'
	'-1'
	'1'
	'1'
	'i'
	'-i'
	'1'
	'-i'
	'1'

	9
	'1'
	'-1'
	'-1'
	'1'
	'-i'
	'i'
	'-1'
	'i'
	'i'
	'i'

	10
	'1'
	'1'
	'-1'
	'-1'
	'i'
	'i'
	'-1'
	'i'
	'-i'
	'i'

	11
	'1'
	'-1'
	'1'
	'i'
	'1'
	'1'
	'i'
	'i'
	'-i'
	'-i'

	12
	'1'
	'-i'
	'-1'
	'1'
	'1'
	'i'
	'-i'
	'1'
	'-i'
	'1'

	13
	'1'
	'1'
	'-1'
	'-1'
	'-i'
	'-i'
	'-1'
	'-i'
	'i'
	'-i'

	14
	'1'
	'-1'
	'-1'
	'1'
	'i'
	'-i'
	'-1'
	'-i'
	'-i'
	'-i'

	15
	'1'
	'-1'
	'-1'
	'1'
	'i'
	'-i'
	'-1'
	'-i'
	'-i'
	'-i'

	16
	'1'
	'i'
	'-1'
	'1'
	'1'
	'-i'
	'i'
	'1'
	'i'
	'1'

	17
	'1'
	'-i'
	'1'
	'-i'
	'-i'
	'-1'
	'1'
	'1'
	'i'
	'-1'

	18
	'1'
	'-1'
	'-1'
	'1'
	'-i'
	'i'
	'-1'
	'i'
	'i'
	'i'

	19
	'1'
	'-i'
	'-1'
	'1'
	'1'
	'i'
	'-i'
	'1'
	'-i'
	'1'

	20
	'1'
	'1'
	'-1'
	'-1'
	'-i'
	'-i'
	'-1'
	'-i'
	'i'
	'-i'

	21
	'1'
	'-i'
	'-1'
	'1'
	'1'
	'i'
	'-i'
	'1'
	'-i'
	'1'

	22
	'1'
	'i'
	'-1'
	'1'
	'1'
	'-i'
	'i'
	'1'
	'i'
	'1'

	23
	'1'
	'-i'
	'-1'
	'1'
	'1'
	'i'
	'-i'
	'1'
	'-i'
	'1'

	24
	'1'
	'-i'
	'-1'
	'1'
	'1'
	'i'
	'-i'
	'1'
	'-i'
	'1'

	25
	'1'
	'1'
	'-1'
	'-1'
	'i'
	'i'
	'-1'
	'i'
	'-i'
	'i'

	26
	'1'
	'-i'
	'1'
	'-i'
	'-i'
	'-1'
	'1'
	'1'
	'i'
	'-1'

	27
	'1'
	'i'
	'-1'
	'1'
	'1'
	'-i'
	'i'
	'1'
	'i'
	'1'

	28
	'1'
	'i'
	'-1'
	'-1'
	'1'
	'-i'
	'-i'
	'-1'
	'-i'
	'-1'

	29
	'1'
	'i'
	'-1'
	'-1'
	'1'
	'-i'
	'-i'
	'-1'
	'-i'
	'-1'
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Introduction


 


In 


RAN


#


75


 


m


eetin


g


, 


a new SID was proposed to study NR


-


based access to unlicensed spectrum [1]. 


One 


justification for such proposal is based on the vast unlicensed spectrum available worldwide. This was also a 


justification to initiate 


LTE


-


based 


LAA. Another justification is the flexible frame structure and numerology 


that NR has


,


 


whic


h


 


could also be


 


brought to unlicensed access. 


 


The WI description 


[1] 


highlights the following objectives: 


 


·


 


“


Study NR


-


based operation in unlicensed spectrum (RAN1, RAN2, RAN4) including 


 


-


 


Physical channels inheriting the choices of duplex mode, waveform, carrier 


bandwidth, 


subcarrier spacing, frame structure, and physical layer design made as part of the NR study 


and avoiding unnecessary divergence with decisions made in the NR WI


 


§


 


Consider unlicensed bands both below and above 6GHz, up to 52.6GHz


 


§


 


Consider unlicensed bands above 52.6GHz to the extent that waveform design 


principles remain unchanged with respect to below 52.6GHz bands 


 


§


 


Consider similar forward compatibility principles made in the NR WI 


 


-


 


Initial access, channel access. Scheduling/HARQ


, and mobility including 


connected/inactive/idle mode operation and radio


-


link monitoring/failure


 


-


 


Coexistence methods within NR


-


based and between NR


-


based operation in unlicensed and 


LTE


-


based LAA and with other incumbent RATs in accordance with regulatory


 


requirements 


in e.g., 5GHz, 37GHz, 60GHz bands 


 


§


 


Coexistence methods already defined for 5GHz band in LTE


-


based LAA context 


should be assumed as the baseline for 5GHz operation. Enhancements in 5GHz over 


these methods should not be precluded. NR


-


based oper


ation in unlicensed spectrum 


should not impact deployed Wi


-


Fi services (data, video and voice services) more than 


an additional Wi


-


Fi network on the same carrier;


”


 


This contribution 


discusse


s


 


the physical


 


layer 


design


 


for 


NR


 


operation in u


nlicensed 


spectru


m


 


for below 6 


GHz


.


 


Specifically, this 


contribution


 


discusses the physical 


uplink 


data channel


 


(PUSCH)


, physical uplink 


control channel


 


(PUCCH)


, and physical random access 


channel 


(PRACH) 


design aspects


 


for NR


-


U


.


 


2


 


Unlicensed Spectrum Regulations  


 


The PHY 


specification f


or NR on unlicensed bands (NR


-


unlicensed or NR


-


U) should put regulatory 


requirements


 


in different countries and regions into consideration. Those requirements include


 


maximum 
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