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1. Introduction
A study item proposal on NR-based Access to Unlicensed Spectrum [1] was approved in RAN-75 in March, 2017. In RAN1 meeting #94, it is agreed that [2]:

Agreement:
· For scenarios in which a block-interlaced waveform is used for PUCCH/PUSCH, it has been identified that from FDM-based user-multiplexing standpoint it can be beneficial to have UL channels on a common interlace structure, at least for PUSCH, PUCCH, associated DMRS, and potentially PRACH
· Note: This is only from a user-multiplexing perspective. Other aspects of PRACH design need to be considered, i.e., timing estimation accuracy, miss detection rate, PAPR, RACH capacity, transmission power
· For scenarios in which a contiguous allocation for PUSCH and PUCCH is used, it is beneficial to use contiguous resource allocation for PRACH
· FFS: Potential LBT blocking due to TA difference between FDM’d PUSCH, PUCCH, and PRACH
Agreement:
· For scenarios in which a block-interlaced waveform is used for UL transmission, a PRB-based block-interlace design has been identified as beneficial at least for 15 and 30 kHz SCS, and potentially for 60 kHz SCS
· Link budget limited cases with given PSD constraint
· It is observed that power boosting gains decrease with increasing SCS
· As one option to efficiently meet the occupied channel bandwidth requirement
· Comparatively less specification impact than Sub-PRB interlace design 
· Design for 60 kHz requires further discussion, e.g., sub-PRB vs. PRB-based block interlace designs
· The following has been observed for sub-PRB block interlace designs
· In some scenarios sub-PRB interlacing can be beneficial in terms of power boosting
· FFS: scenario details, e.g., small resource allocations
· Sub-PRB interlace design has at least the following specification impact:
· Reference signal design (e.g., DMRS)
· Channel estimation aspects
· Resource allocation

Agreement:
· It has been identified as beneficial to support a block-interlaced structure in which the number of interlaces (M) decreases with increasing SCS, and the nominal number of PRBs per interlace (N) is similar for each SCS (in a given bandwidth) at least for 15 and 30 kHz SCS, and potentially 60 kHz depending on supported interlace design
· FFS: M and N for each supported SCS
· FFS: 60 kHz in case a sub-PRB interlace is introduced

Agreement:
· From a RAN1 perspective it has been identified that supporting a non-uniform interlace structure in which the number of PRBs per interlace is allowed to be different for different interlaces is beneficial from a spectrum utilization point of view
· FFS: Exact number of PRBs per interlace for supported value(s) of M and N
· Note: M is the number of interlaces and N is the nominal number of PRBs per interlace in a given bandwidth
· FFS: Whether or not there are issues in the interlace design in the resource allocation to 2^n1*3^n2*5^n3 in the case of DFT-s-OFDM
As compare with licensed NR, additional regulations need to be considered when doing physical layer channel design for unlicensed NR operation. As an example, for 5GHz band, ETSI regulation [3] requires a maximum PSD level of 10dbm/MHz, and an occupied channel bandwidth (OCB) of 80% to 100% of the nominal channel bandwidth. In this contribution, we will discuss potential physical layer channel designs for NR-U that complies with these additional regulation requirements.
2. Interlaced Design for NR-U
In LTE eLAA, block interlaced FDMA (B-IFDMA) is introduced for UL transmission in order to comply with both OCB and maximum PSD level requirements, while at the same time maintaining a TX signal power level that could support desired cell coverage. In NR-U, given similar regulation requirements, it is logical to assume B-IFDMA as the baseline design for its UL transmission. In this section, we will discuss B-IFDMA design considerations in NR-U operation. 
2.1. B-IFDMA design constraints for NR-U
NR supports a large number of combinations of channel bandwidths and subcarrier spacing (SCS), making it quite challenging to come up with a unified B-IFDMA design. A typical B-IFDMA design can be characterized by 3 parameters: number of subcarriers per block: , number of blocks per interlaces: , and number of interlaces per symbol: . This is illustrated in Figure 1(a). In eLAA,  and with RB based interlace design, we have , , and . The set of subcarriers  allocated for a specific interlace  can be represented as:
                                             (1)
Note it is not always possible that  devides . As an example, for channel bandwidth of 20MHz and subcarrier spacing of 15KHz in NR,   [4], and if we still maintain , , and  as in eLAA, then according to equation (1), 6 RB will not be used by any interlace. To avoid such waste of resource, one option is to assign these remaining blocks to some of the interlaces. For example, if we assign these  remaining blocks to the first  interlaces, then the set of subcarriers  allocated for a specific interlace  can be represented as:
                                             (2)
In this case, the number of blocks per interlace is a function of . Figure 1(b) illustrates the interlace design corresponding to equation (2).
[image: ]
Figure 1: B-IFDMA design parameters and various design options
In order to meet the OCB requirement, one option is to design interlaces such that all interlaces have occupied channel bandwidth greater than the minimum OCB required. In such case, the interlace parameters M, N, and L need to be carefully chosen. Specifically, assume nominal channel bandwidth  and subcarrier spacing , the minimum occupied channel bandwidth among all interlaces is given by (normalized to ):
                                                           (3)
Take eLAA as example, where  and , we have . This indicates that for eLAA interlace design, all interlaces satisfy the 80% minimum OCB requirement set by ETSI [3]. Now, consider NR numerology with , , and . If we adopt RB based interlace design (i.e., ), in order to satisfy the 80% minimum OCB requirement, the maximum number of interlaces allowed is .
Observation 1: Considerations for NR-U interlace design include resource utilization efficiency and OCB requirements.
Proposal 1: Resource utilization efficiency and OCB requirements should be considered for NR-U interlace design.
2.2. Considerations on channel multiplexing 
For some NR bandwidth and SCS combinations, due to regulation and design constraints, the number of interlaces available per symbol can be very limited (e.g., the example discussed in the previous section allows only 2 interlaces per symbol). In such cases, it may be beneficial to consider channel multiplexing within a single interlace. There are multiple scenarios where NR-U would benefit from channel multiplexing within an interlace. For example:
· When the interlace number is not sufficient to support the number of UEs requesting for transmission. In this case, allowing channel multiplexing within an interlace directly increases the maximum number of UEs the NR-U system could support simultaneously. 
· Consider the case where UE1 is allocated interlace  and UE2 is allocated interlace  (see Figure 2(a)). Due to PSD constraint, each UE can transmit at a maximum power of . Now, assume the gap between these two interlaces are larger than , and we implement  CDM multiplexing within an interlace. Specifically, both UE1 and UE2 are now allocated to use the two interlaces  via CDM, as shown in Figure 2(b). In this case, each UE is allowed to transmit at a maximum power of , which directly translates to a SNR improvement of 3dB.
Observation 2: Channel multiplexing within an interlace can provide scheduling flexibility and performance improvement for NR-U operation.
[bookmark: _Ref510780349][bookmark: _Ref494794648][image: ]
Figure 2: Channel multiplexing within an interlace
As described in the precious section, larger SCS leads to a more restrictive interlace design. Particularly, for , , , and , we found that in order to satisfy the 80% minimum OCB requirement, the maximum number of interlaces allowed is . This gives us few design options, and certainly has a negative impact on scheduling flexibility. Applying channel multiplexing within an interlace could relieve the constraints for interlace design imposed by OCB requirement. Continue on the above example, if we allow a channel multiplexing factor of 4, then we will have 8 interlaces that could be assigned to different UEs simultaneously, as shown in Figure 2(c). Obviously, all these 8 interlaces in our design example still satisfy the OCB requirement.
Observation 3: Channel multiplexing within an interlace could relieve the constraints for interlace design imposed by OCB requirement.
Proposal 2: Channel multiplexing within an interlace should be considered for NR-U interlace design.
2.3. Power Boosting Via PRB-Based Interlace Design
In RAN1 meeting #94 [2], sub-PRB interlace design has been identified as beneficial for certain scenarios due to its ability to provide transmission power boosting under the PSD constraint. It is not clear at the time weather PRB-based interlace design could achieve the same. In this section, we will show two approaches that enable PRB-based interlace design to achieve maximum power boosting under the same PSD constraint.
We will evaluate the power boosting gain achieved by various designs and allocation schemes assuming a subcarrier spacing of  and a PSD limitation of . First, consider PRB-based continuous allocation, as shown in Figure 3(a). Assume the UE is allocated 5 PRBs, or equivalently, . In this case, due to the PSD constraint, the maximum transmission power allowed by the UE is given by:
                                    (4)
This will serve as our baseline transmission power, and the power boosting gain is defined as the difference in transmission power as compared to the baseline. 
Next, we consider a PRB-based interlace design with 5 interlaces, each consists of 5 PRBs (except for the last interlace, which has only 4 PRBs), as shown in Figure 3(b). In this case, since the gap between each PRB in a given interlace is larger than , the maximum transmission power allowed by the UE is given by:
                                            (5)
This corresponds to a power boosting gain of .
Now, we consider a sub-PRB interlaced design where each PRB is further divided into 3 sub-PRBs, each consists of 4 subcarriers (see Figure 3(c)). For fair comparison, we assume each sub-PRB based interlace consists of 15 such sub-PRB so that the overall bandwidth allocated to the UE remains , as shown in Figure 3(c). In this case, since the gap between each sub-PRB in a given interlace is larger than , the maximum power allowed by the UE is given by:
                                           (6)
This corresponds to a power boosting gain of , justifying the observation made in [2] that sub-PRB based interlace design could be beneficial in scenarios where power boosting is necessary.
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[bookmark: _Ref525825845]Figure 3: Maximum UE transmission power for various allocation methods and interlace designs
Despite its ability to provide noticeable power boosting gain over traditional PRB-based interlace design, it is also noted in [2] that adopting sub-PRB based interlace design may have significant specification impact that may not be welcomed. This naturally leads to the following question: Is it possible to achieve the same or better power boosting gain using PRB-based interlaced design? To answer this question, we first derive the maximum power boosting gain that could be achieve. Since there are 24 PRBs available, with the  PSD limitation, the maximum transmission power for each UE is given by:
                           (7)
Below we provide two allocation methods based on PRB-based interlace design that could allow the UE to transmit at the above maximum transmission power.
The first approach uses CDM channel multiplexing as described in the previous section. The idea is illustrated in Figure 4(a). Specifically, all 24 PRBs are allocated to each UE (i.e., each UE is allocated to all 5 interlaces in our example). With the  PSD constraint, it is straight forward to verify that in this case, each UE could transmit at the maximum power level of . Each PRB will now carry information from 5 different UEs, and CDM is used to separate their corresponding data streams. 
The second approach is to introduce a cyclic interlace allocation pattern to each UE, as shown in Figure 4(b). In this case, each UE is allowed to use the full band of 24 PRBs for transmission (over multiple symbols, e.g., a subframe of 56 symbols) as in the previous approach, and hence, a maximum transmission power of  could also be achieved.
Observation 4: Maximum power boosting could be achieved using PRB-based interlace design.
Proposal 3: PRB-based interlace design could be used to achieve maximum power boosting in NR-U UL transmission.
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[bookmark: _Ref525826053]Figure 4: Methods to achieve maximum transmission power using PRB-based interlace design.
3. PUCCH Design Consideration
In this section, we discuss the PUCCH design consideration for NR-U. In Rel. 15, five PUCCH formats are designed for NR in licensed band. Table 1 shows the brief summary of the PUCCH formats. PUCCH format 0 and 2 are short PUCCH formats which occupies at most 2 OFDM symbols. PUCCH format 1, 3, and 4 are long PUCCH formats which occupies 4-14 OFDM symbols. For PUCCH format 0 and 1, the number of UCI bits are 1 or 2. For PUCCH format 2, 3, and 4, the UCI bit can be moderate (tens of bits) or large (hundreds of bits). For PUCCH format 2 and 3, the maximal number of occupied PRBs are 16. For PUCCH format 0, 1, and 4, only one PRB is used. 
Table 1: PUCCH formats for NR in licensed band
	
	PUCCH format 0
	PUCCH format 1
	PUCCH format 2
	PUCCH format 3
	PUCCH format 4

	Length (# of OFDM symbols)
	1-2
	4-14
	1-2
	4-14
	4-14

	UCI bits
	1 or 2
	1 or 2
	Moderate
	Large
	Moderate

	Maximal number of PRBs
	1
	1
	16
	16
	1

	Maximal UE multiplexing capacity (# of UEs per RB)
	12
	84
	1
	1
	4


For NR-U, considering the uncertainty of listen-before-talk (LBT) and the regulatory requirement on OCB, we have following PUCCH design consideration:
· UCI payload size
For the unlicensed band operation, LBT is required whenever the device (gNB or UE) wants to stat a transmission. For the UCI transmission, multiple LBT opportunities can be considered. When the UCI is failed to be transmitted in the earlier opportunity, the UCI can be transmitted in the later opportunity if LBT successes for the opportunity. In this case, two or more PUCCHs may be merged together to carry all the UCI bits. In this sense, format 2, 3, and 4 are good candidates since they can support moderate to large UCIs bits.  

· Efficiency of UCI transmission
To satisfy regulatory requirement on OCB in the unlicensed band, an interlace structure for PUCCH is required. For example, suppose the channel bandwidth is 20MHz and subcarrier spacing is 15KHz. Suppose  and . Then we have 10 blocks per interlaces. If PUCCH format 0 or 1 with repetition in frequency domain is used, then 10 RBs are used to transmit at most 2 UCI bits. In this case, the redundancy is very large. On the contrary, format 2 and 3 are good candidates since they can support up to 16 PRBs with a large number of UCI bits. Thus, a more efficient UCI transmission can be achieved.

· UE multiplexing capacity
To overcome the uncertainty of LBT and improve the spectral efficiency in the unlicensed band, the network may schedule the uplink transmission of multiple UEs within the same channel occupancy time. However, due to the OCB requirement, the number of interlaces per symbol is limited. As described in Section 2, larger SCS leads to a more restrictive interlace design. For example, for , , and , the maximum number of interlaces allowed is . In this case only 2 UEs can be multiplex in an OFDM symbol when PUCCH format 2 or 3 is used. As a result, UCIs of other UEs need to be scheduled in later symbols or slots, which leads to longer latency (due to the scheduling delay and uncertainty of LBT). On the contrary, for PUCCH format 1, since 84 UEs can be multiplexed within a PRB, it allows 168 UEs multiplexed within an OFDM symbol. Similarly, PUCCH format 0 allows at most 24 UEs multiplexed within an OFDM symbol.
From above discussions, we can see that the disadvantage of using PUCCH format 2 and 3 is the poor UE multiplexing capacity. To increase the UE multiplexing capacity for PUCCH format 2 and 3, OCC 2 and 4 can be used. For example, as shown in Figure 5, NR PUCCH format 2 is modified to support OCC 2 and 4. Since format 3 has the same physical structure as format 4 except for the number of supported RBs (1 for format 4, up to 16 for format 3) and UE multiplexing capacity (2 or 4 for format 4, 1 for format 3), we can reuse the OCC design of format 4 for format 3 (or, equivalently, apply multiple RBs for format 4). 


[bookmark: _Ref525717396]Figure 5: Modified PUCCH format 2
The disadvantage of using PUCCH format 0 and 1 is that the payload size is too small. To increase the number of UCI bits carried by PUCCH format 0 and 1, one solution is to put the two UCI bits in each block of an interlace, which results in total 2L UCI bits. However, the UCI payload of 2L bits is still much smaller compared to the UCI bits that can be carried by format 2/3.
Observation 5: The disadvantage of NR PUCCH format 0/1 is the small payload size and poor UCI efficiency. 
Observation 6: The disadvantage of NR PUCCH format 2/3 is that the UE multiplexing capacity is only one. 
Observation 7: NR PUCCH format 3 has the same physical structure as NR PUCCH format 4 except for the number of supported RBs and UE multiplexing capacity.
Proposal 4: PUCCH design for NR-U should take UCI payload size, UCI efficiency, and UE multiplexing capacity into consideration
Proposal 5: PUCCH formats for NR-U can be modified from NR PUCCH format 2, 3, or 4.

4. PRACH Design Consideration
If the PRACH in NR-U is to be frequency multiplexed with the PUSCH, it also needs to have the same B-IFDMA structure. However, the correlation properties of any signal with B-IFDMA structure are generally poor. Figure 6 shows the cyclic auto-correlation function of a block-interleaved Zadoff-Chu sequence where a length-113 Zadoff-Chu sequence is cyclically extended to length-120 and mapped to one interlace. The envelope of the correlation follows that of a signal with a bandwidth that is only 1/12 of the whole bandwidth, as evidenced by the nulls that occurs once every 1/12 symbol length. That is, the resolution of timing estimate for this signal is only 1/12 of the bandwidth it occupies.
One potential improvement is to use a larger sub-carrier spacing without interlace and time division multiplex the PRACH with PUSCH (and other PRACH). The approach keeps the integrity of a good synchronization signal and is becoming more viable as NR has defined 30 kHz and 60 kHz sub-carrier spacing for sub-6 GHz band. However, this comes at the cost of additional LBT overhead.
Observation 8: Considerations for PRACH design in unlicensed band include factors such as the signal’s correlation properties and its multiplexing with other uplink channels.  
Proposal 6: Design of PRACH for NR-U for Stand-Alone operation should take into account the signal’s correlation properties and its multiplexing with other uplink channels.
[image: ]
[bookmark: _Ref510636977]Figure 6: cyclic auto-correlation function of a block-interleaved Zadoff-Chu sequence
5. Blocking issues between PRACH and PUSCH/PUCCH
In this section the blocking issued between PRACH and PUSCH/PUCCH is considered. Consider the scenario in Figure 7. Assume t0 is the propagation delay between UE0 and gNB, t1 is the propagation delay between UE1 and gNB, and t2 is the propagation delay between UE0 and UE1. Assume t0 is known by gNB but t1 and t2 are unknown to gNB. UE 0 has PUSCH or PUCCH to be transmitted. UE 1 has PRACH preamble to be transmitted, where the PRACH preamble occupies 12 OFDM symbols (15 KHz) and stars from 2nd OFDM symbols. Due to the unknown propagation delays (t1 and t2), the transmission of PUSCH/PUCCH may block the transmission of PRACH. The transmission of PUSCH/PUCCH may also block the transmission of PRACH. In the follow sections, we discuss the two cases separately. For convenience, we use the notation “PUXCH” to denote PUSCH or PUCCH through the following discussions 


[bookmark: _Ref525723730]Figure 7: Scenario for blocking issues
5.1. PUSCH/PUCCH blocked by PRACH 
In this section we consider the case when the transmission of PUXCH is blocked by PRACH. This case is shown in Figure 8. Assume UE 1 chooses the RACH resource in slot n to transmit PRACH preamble. gNB schedules the PUXCH of UE 0 from slot n+1 to slot n+3 (Figure 8(a)). To align the timing at gNB, UE 0 will start the transmission of PUXCH at time t+Tslot-t0, where Tslot is the slot duration. Since UE1 does not have the knowledge of its timing advance, the PRACH preamble is started from time t+ 2*TOFDM+t1, where TOFDM is an OFDM symbol time. Since PRACH is transmitted earlier than the scheduled PUXCH, the transmission of PUXCH is blocked by the PRACH from UE 1 (Figure 8(b)). To solve this problem, a simple method is to leave some gaps in the beginning of the PUXCH, which can be done by gNB’s scheduling. However, this method leads to a waste of the resources if UE1 does not choose slot n to transmit the PRACH preamble. Therefore, we propose that multiple starting positions can be configured for the first PUXCH of a PUXCH burst where the first PUSCH is located inside the RACH occasions. The starting position is decided by the UE based on the LBT results. Note that for a PUXCH burst where the first PUXCH is located outside the RACH occasions, configuring multiple starting positions for the first PUSCH is still beneficial for increasing the transmission opportunity. One concern for this method is the complexity of preparing the PUXCHs for the multiples starting positions. To reduce the complexity, the non-slot based operation discussed in our company’s paper [5] can be used.



(a)                                                                             (b)
[bookmark: _Ref525725192]Figure 8: Timing of PRACH and PUXCH at gNB and UE 0

Proposal 7: Multiple starting positions are configured for the first PUXCH of a PUXCH burst. 

5.2. PRACH blocked by PUSCH/PUCCH 
In this section we consider the case when the transmission of PRACH is blocked by PUXCH. This case is shown in Figure 9. Assume UE 1 chooses the RACH resource in slot n to transmit PRACH preamble. gNB schedules the PUXCH of UE 0 from slot n to slot n+3 (Figure 9(a)). To align the timing at gNB, UE 0 will start the transmission of PUXCH at time t-t0. Since UE1 does not have the knowledge of its timing advance, the PRACH preamble is started from time t+ 2*TOFDM+t1, where TOFDM is an OFDM symbol time. Since PUXCH is transmitted earlier than the scheduled PRACH, the transmission of PRACH is blocked by the PUXCH from UE 0 (Figure 9(b)). To avoid blocking, gap > t0+t1-t2+2*TOFDM can be used. Since gNB would never know the actual position of the PRACH preamble, the gap must be applied on each slot (see Figure 10). When the cell radius ranges from 100m to 9200m, the maximal propagation delay varies from 0.33 us to 30.67 us. Then we have t0+t1-t2 <= 2* maximal propagation delay < 1 OFDM symbol for 15kHz. In this case the gap overhead is 3/14 ≈ 21.43%. When the starting position of the PRACH preamble is later than 2nd OFDM symbol, the gap overhead becomes much larger than 21.43%. Furthermore, for the extreme example that UE1 does not want to transmit the PRACH preamble, the time-frequency resources of the gaps are totally wasted. Therefore we suggest that NR-U should study a solution to avoid PUXCH-to-PRACH blocking while keeping the minimal overhead, where the size of the overhead should be independent of the PRACH configuration.
Proposal 8: NR-U should study the method to avoid PUXCH-to-PRACH blocking while keeping good spectral efficiency.


 
(a)                                                                                                (b)
[bookmark: _Ref525734113]Figure 9: Timing of PRACH and PUXCH at gNB and UE 1


[bookmark: _Ref525736723]Figure 10: Avoid blocking by using gaps

6. Conclusion
In summary, we have the following observations:
Observation 1: Considerations for NR-U interlace design include resource utilization efficiency and OCB requirements.
Observation 2: Channel multiplexing within an interlace can provide scheduling flexibility and performance improvement for NR-U operation.
Observation 3: Channel multiplexing within an interlace could relieve the constraints for interlace design imposed by OCB requirement.
Observation 4: Maximum power boosting could be achieved using PRB-based interlace design.
Observation 5: The disadvantage of NR PUCCH format 0/1 is the small payload size and poor UCI efficiency. 
Observation 6: The disadvantage of NR PUCCH format 2/3 is that the UE multiplexing capacity is only one. 
Observation 7: NR PUCCH format 3 has the same physical structure as NR PUCCH format 4 except for the number of supported RBs and UE multiplexing capacity.
[bookmark: _GoBack]Observation 8: Considerations for PRACH design in unlicensed band include factors such as the signal’s correlation properties and its multiplexing with other uplink channels.
Based on these observations, we propose that
Proposal 1: Resource utilization efficiency and OCB requirements should be considered for NR-U interlace design.
Proposal 2: Channel multiplexing within an interlace should be considered for NR-U interlace design.
Proposal 3: PRB-based interlace design could be used to achieve maximum power boosting in NR-U UL transmission.
Proposal 4: PUCCH design for NR-U should take UCI payload size, UCI efficiency, and UE multiplexing capacity into consideration
Proposal 5: PUCCH formats for NR-U can be modified from NR PUCCH format 2, 3, or 4.
Proposal 6: Design of PRACH for NR-U for Stand-Alone operation should take into account the signal’s correlation properties and its multiplexing with other uplink channels.
Proposal 7: Multiple starting positions are configured for the first PUXCH of a PUXCH burst. 
Proposal 8: NR-U should study the method to avoid PUXCH-to-PRACH blocking while keeping good spectral efficiency.
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