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1 Introduction

In RAN1#86bis meeting, the following agreements related to mechanisms to support operation over wide contiguous spectrum were achieved [1]:
· At least for Phase 1, study mechanisms to support operation over e.g. around 1GHz contiguous spectrum from both NW and UE perspectives including the maximum single carrier bandwidth of at least 80 MHz

· Carrier Aggregation/Dual Connectivity (Multi-carrier approach) 
· Details are FFS
· FFS: non-contiguous spectrum case
· Single carrier operation

· Details are FFS 

· Maximum channel bandwidth continues to be studied in RAN1/4
· Maximum bandwidth supported by some UE capabilities/categories may be less than channel bandwidth of serving single carrier

· Note that some UE capabilities/categories may support channel bandwidth of serving single carrier
· Send an LS to ask RAN4 to study the feasibilities of mechanisms above from both NW and UE perspectives

In this contribution, details of single carrier operation and multi-carrier operation to support 1GHz contiguous spectrum are discussed, and considerations on maximum carrier bandwidth for various frequency bands are given.
2 Comparisons
2.1 Single carrier operation and multi-carrier operation in LTE

From the aspects of implementation and specification impacts, differences between single carrier operation and multi-carrier operation in LTE are analyzed as follows.
Single carrier operation:

· Single RF chain for one FFT. 

· For a single wide BW, huge number of UEs with small packet size may be scheduled simultaneously in one carrier, resulting to much more complexity for eNB.
· Since CRS spans over entire system BW, UEs should monitor the whole system BW at all time

· A single PA to support the wide bandwidth of the carrier is needed.

· One TB/HARQ entity/MCS/Rank.

· A single set of synchronization channel and broadcast channel.

· Guard bands only exist at the edges of the frequency band.
Multi-carrier operation:

· One FFT for each carrier.
· Each carrier with small BW is independently scheduled and one DCI is needed for each carrier.

· Some carriers could be configured as inactive, so only the bandwidth of those activated carriers should be monitored by UEs.
· Carrier-specific power control and multiple PA could be used.

· One TB/HARQ entity/MCS/Rank per carrier.

· Each carrier has its own set of synchronization channel and broadcast channel.
· Multi-carrier: In order to maintain 100 kHz channel raster, several guard subcarriers are reserved between two adjacent carriers. For example, as shown in Figure 1, 19 subcarriers, i.e. 285 kHz, are reserved between two adjacent carriers.
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Figure 1 Illustration of guard band between adjacent carriers in LTE
The comparisons between single carrier operation and multi-carrier operation in LTE are summarized as shown in Table 1.

Table 1 Comparisons of single carrier operation and multi-carrier operation in LTE
	Comparison Aspects
	Single carrier operation
	Multi-carrier operation

	FFT
	One
	One per carrier

	Scheduling complexity


	One scheduler
	Independently per carrier

	Bandwidth monitored by UEs
	Whole system BW
	Activated carriers

	PA
	One wideband carrier
	Carrier-specific

	TB mapping
	One
	One per carrier

	HARQ entity

	One
	One per carrier

	MCS/Rank 

· 
	One
	One per carrier

	DCI overhead
· 
	One
	One per carrier

	SS/Broadcast overhead

· 
	One
	One per carrier

	Guard band

· 
	No
	Marginal


2.2 Single carrier operation and multi-carrier operation in NR

For an operator with several dispersed spectrum bands, inter-band carrier aggregation should be supported to achieve high spectrum usage efficiency [2].
Observation 1: Inter-band CA should be supported in NR to achieve high spectrum usage efficiency.
In NR, single carrier operation and multi-carrier operation should be reconsidered to achieve design optimization [2].  For supporting 1GHz contiguous spectrum above 6GHz, possible designs for single carrier operation and multi-carrier operation could be considered as discussed below.
Bandwidth monitored by UEs

· Single carrier:  It has been agreed in RAN1#86bis that the operating bandwidth of UE can be just a part of network channel bandwidth. The mechanism of bandwidth adaption could be considered to decrease the monitoring bandwidth and the UE power consumption [3].
· Multi-carrier:  The same effect of reducing the bandwidth monitored by UEs could be achieved by the approach of fast carrier switching as given in [3].
Observation 2: From the aspect of the bandwidth monitored by UEs, similar effect could be achieved in the single carrier operation and multi-carrier operation with appropriate designs in NR.
TB size, HARQ efficiency, Link adaption (MCS/Rank), Scheduling complexity
The main drawbacks for the single carrier operation as compared to multi-carrier operation in LTE are shown as follows:
· TB size: The maximum TB size is increased tremendously, and the design of TBS table is more complicated and much specification work would be needed.

· HARQ efficiency: For larger TB size, even if only one CB is failed to receive, the entire TB needs to be retransmitted, resulting in lower retransmission efficiency.

· Link adaption: Single MCS and Rank for the scheduled TB may result in throughput loss in the case of quite disparate channel/interference conditions across the wide bandwidth.

· Scheduling complexity: Huge number of UEs with small packet size may be scheduled simultaneously in one carrier, resulting to much more complexity for gNB.
To solve the above drawbacks, the subband operation mechanism could be considered in NR. In the subband operation, we can consider designing a set of subbands, each one consists of its self contained operations, e.g. TB size, channel coding, rate matching etc. UE is scheduled data transmission on one or more sets of subbands with independent MCS and HARQ processes. It can be observed that the subband operation for a single carrier is similar to the multi-carrier operation.
Observation 3: From the aspects of TB size, HARQ efficiency, link adaption and scheduling complexity, similar effect could be achieved in the single carrier operation and multi-carrier operation with appropriate designs in NR.
DCI overhead, SS/Broadcast overhead, Guard band

The main drawbacks for the multi-carrier operation as compared to single carrier operation in LTE are the more overhead of DCI, SS/Broadcast, guard band between two adjacent carriers. 
As discussed in [4], NR may be expected to farm a bunch of non-contiguous spectrum with each of rather small bandwidth, e.g. in the order of X*100kHz. It is not reasonable to have one PDCCH assignment on each carrier. Joint carrier scheduling by one DCI for these carriers could be considered. Furthermore, since the channel is not very frequency selective in the scenario of intra-band contiguous multi-carrier operation, joint carrier scheduling could be also considered.
In RAN1#86bis, it was agreed for frequency band below 40 GHz, transmission bandwidth containing NR-PSS/SSS/PBCH is not more than [40 or 80] MHz. To support a single carrier with 1 GHz bandwidth above 6 GHz, one set of SS/PBCH may not be sufficient for synchronization with the same degree of accuracy over the carrier. The accuracy of synchronization on the wide carrier should be further discussed and evaluated.
In current LTE design, PSS (SSS) is transmitted on two symbols of each radio frame on 6 PRBs, and PBCH is transmitted on four symbols of each radio frame on 6PRBs. For various system bandwidths in LTE, the overhead of SS and broadcast channel are summarized as shown in Table 2. For a carrier with relatively large bandwidth (larger than 50 RBs), marginal overhead (less than 1%) is observed. In NR, similar overhead would be reasonable. To reduce the SS and broadcast channel overhead in multi-carrier operation, the following method could be considered.

In the scenario of intra-band contiguous multi-carrier operation, when the aggregated bandwidth is not very wide, carriers could be considered as synchronized in time and frequency, so no separate synchronization processing is needed in the receiver. Therefore, only one set of SS and broadcast channel could be defined in a default carrier. When the aggregated bandwidth is much wider, multiple sets of SS and broadcast channels and corresponding default carriers should be defined. With synchronization to the default carrier(s), UE could be operated on any carrier by the fast carrier switching mechanism [3].
Table 2 SS/Broadcast overhead in LTE
	System BW
	SS overhead
	Broadcast overhead
	Total overhead

	6 RBs
	2.86%
	2.86%
	5.71%

	25 RBs
	0.69%
	0.69%
	1.37%

	50 RBs
	0.34%
	0.34%
	0.69%

	75 RBs
	0.23%
	0.23%
	0.46%

	100 RBs
	0.17%
	0.17%
	0.34%


In RAN1#86, it was agreed that no explicit DC subcarrier is reserved both for DL and UL. As depicted in Figure 2, if definition of channel raster is the same as LTE, no guard band is needed between adjacent carriers. Furthermore, if the subcarrier spacing of adjacent carriers is different, filtered OFDM could be used to realize no guard band. Consequently, no guard band between adjacent carriers could be achieved, which depends on the designs of the channel raster and carrier bandwidth. 
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Figure 2 Illustration of guard band between adjacent carriers in NR
Observation 4: From the aspects of DCI overhead, overhead of synchronization signals and broadcast channels and guard band, similar effect could be achieved in the single carrier operation and multi-carrier operation with appropriate designs in NR.
Based on above discussions, we observe that the subband operation and multi-carrier operation look similar. Then the key problem is how to define a carrier. From baseband point of view, it is reasonable that OFDM based baseband signal is generated by one single FFT for a given numerology in a carrier. 
Proposal 1: In one carrier, OFDM based baseband signal is generated by one single FFT for a given numerology from the implementation point of view.
From the spectrum information discussed in Section 3, it is observed that 1 GHz contiguous spectrum is only available in the frequency band above 6 GHz. As widely discussed in previous RAN1 meetings, larger subcarrier spacing is preferred in the transmission above 6 GHz. To support a single carrier with 1 GHz bandwidth, the required FFT sizes for various subcarrier spacing are given in Table 3. 
· At bands around 30 GHz, 60 kHz and 120 kHz subcarrier spacing are suitable choices to reduce the impacts of phase noise [6], but the required FFT sizes are 16 times and 8 times as large as that of LTE, respectively. 
· At bands around 70 GHz, 240 kHz and 480 kHz subcarrier spacing are appropriate due to higher phase noise behaviour than 30 GHz, and the required FFT sizes are 4 times and 2 times as large as that of LTE, respectively.  
Furthermore, a single PA to support 1GHz contiguous spectrum and high power RF generation is a challenge to the RF implementation and cost. While in the multiple carrier operation, multiple PAs with lower cost could be used.
Table 3 Required FFT size to support a single carrier with 1 GHz bandwidth
	
	Subcarrier spacing (kHz)
	FFT size

	30 GHz
	60
	32768

	
	120
	16384

	70 GHz
	240
	8192

	
	480
	4096


Observation 5: From the aspects of product implementation and cost, the single carrier operation would suffer from much larger FFT size and high cost of RF equipment.
The comparisons of possible designs for single carrier operation and multi-carrier operation in NR are summarized in Table 4. It is observed that the differences between the two possible approaches are the FFT size and PA cost. To facilitate the baseband and RF implementation, multi-carrier operation should be considered. 
Furthermore, relatively small bandwidth for a single carrier eases the burden on the design for wideband operation, such as the designs of the subband operation and multiple sets of SS and broadcast channel in a single carrier. To utilize different bands in NR, inter-band CA should be supported, and Unified Carrier Aggregation (U-CA) design for various scenarios including intra-band and inter-band CA could be considered [2].
Table 4 Possible designs of single carrier operation and multi-carrier operation in NR
	Comparison Aspects
	Single carrier operation
	Multi-carrier operation

	FFT
	Large
	Similar as LTE

	Scheduling complexity


	Independently per subband
	Independently per carrier

	BW monitored by UEs
	small
	small

	PA
	One with high cost
	Multiple with low cost

	TB mapping
	One per subband
	One per carrier

	HARQ entity

	One per subband
	One per carrier

	MCS/Rank 

· 
	One per subband
	One per carrier

	DCI overhead
· 
	One per subband
	One per carrier

	SS/Broadcast overhead

· 
	One or Multiple
	One or Multiple

	Guard band

· 
	No
	No


Proposal 2: Multi-carrier approach (e.g. CA/DC) should be used to support 1GHz contiguous spectrum in NR. Unified Carrier Aggregation (U-CA) design for various scenarios including intra-band and inter-band CA could be considered.
3 Maximum carrier bandwidth
3.1 Spectrum information

Below 6 GHz
For bands below 6 GHz, an LS was recently received from ECC PT1. This indicates that 3.4-3.8 GHz could be considered as a NR band for Europe.  Previously, both TDD and FDD bands, e.g. Band 22, Band 42 and Band 43, for LTE have already been defined for this spectrum, where requirements were specified for 5~20MHz channel bandwidths. For the NR, a new band covering 3.4-3.8 GHz or refarming existing bands, could be possible options. Considering the wide frequency range for the band(s) in 3.4-3.8 GHz, and the actual spectrum allocation for Band 42 in some jurisdictions, the NR channel bandwidth could be further extended, perhaps to 40 MHz, for licensed NR bands below 6 GHz.
Above 6 GHz

The frequency blocks available for licensed use by the FCC are listed here as a reference in considering the channel BWs for NR. These include [5]:

· 28GHz band (27.5-28.35 GHz): license two 425 MHz blocks;

· 39GHz band (38.6-40 GHz): create seven 200 MHz channels for TDD and allow any type of duplexing;

· 37GHz band (37-38.6 GHz): create two licensing segments for the 37 GHz band and adopt 200 megahertz channel sizes for the upper band segment.

From these band allocations by the FCC, we see that the total amount of licensed spectrum for mmWave bands below 40 GHz is around 1 GHz. 
Observation 6: Available spectrum bandwidth is quite different for bands below 6GHz and above 6GHz.
Proposal 3: The largest component carrier bandwidth should be separately defined for bands below 6GHz and above 6GHz.
3.2 Bandwidth for below 6 GHz and above 6 GHz
Another aspect should be considered is the numerologies and consequent FFT implementation complexity in the base band processing [5] [6][7]. Considering a similar implementation complexity as LTE, a 2048 point FFT should be considered in NR. 
For bands below 6 GHz, 15 kHz, 30 kHz and 60 kHz are the potential subcarrier spacings. For bands above 6 GHz but below 40 GHz, 60 kHz and 120 kHz could be the possible subcarrier spacing, and the spacing could be further extended to 240 kHz or 480 kHz for higher bands including the 70 GHz and 80 GHz bands. The maximum supported carrier bandwidth for each possible subcarrier spacing is summarized in Table 5.
Table 5 Numerologies and carrier BW
	　
	subcarrier spacing
(kHz)
	FFT size
	sampling rate
(MHz)
	Suitable Supported 
Max BW (MHz)

	below 6 GHz
	15
	2048
	30.72
	20

	
	30
	2048
	61.44
	40

	
	60
	2048
	122.88
	80/100

	30 GHz
	60
	2048
	122.88
	80/100

	
	120
	2048
	245.76
	200

	70 GHz
	240
	2048
	491.52
	400

	
	480
	2048
	983.04
	800


Based on the spectrum information and consideration of implementation complexity, the following proposal is given.
Proposal 4: For bands below 6GHz, the largest component carrier bandwidth is 40MHz; for bands above 6GHz, the largest component carrier bandwidth is 80MHz. 
4 Conclusion
Observation 1: Inter-band CA should be supported in NR to achieve high spectrum usage efficiency.

Observation 2: From the aspect of the bandwidth monitored by UEs, similar effect could be achieved in the single carrier operation and multi-carrier operation with appropriate designs in NR.
Observation 3: From the aspects of TB size, HARQ efficiency, link adaption and scheduling complexity, similar effect could be achieved in the single carrier operation and multi-carrier operation with appropriate designs in NR.
Observation 4: From the aspects of DCI overhead, overhead of synchronization signals and broadcast channels and guard band, similar effect could be achieved in the single carrier operation and multi-carrier operation with appropriate designs in NR.

Observation 5: From the aspects of product implementation and cost, the single carrier operation would suffer from much large FFT size and high cost of RF equipment.
Observation 6: Available spectrum bandwidth is quite different for bands below 6GHz and above 6GHz.
Proposal 1: In one carrier, OFDM based baseband signal is generated by one single FFT for a given numerology from the implementation point of view.
Proposal 2: Multi-carrier approach (e.g. CA/DC) should be used to support 1GHz contiguous spectrum in NR. Unified Carrier Aggregation (U-CA) design for various scenarios including intra-band and inter-band CA could be considered.
Proposal 3: The largest component carrier bandwidth should be separately defined for bands below 6GHz and above 6GHz.
Proposal 4: For bands below 6GHz, the largest component carrier bandwidth is 40MHz; for bands above 6GHz, the largest component carrier bandwidth is 80MHz. 
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