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1 Introduction

In RAN1 NR Ad-Hoc meeting, the following agreements related to carrier bandwidth were achieved [1]:
Agreements:
· From RAN1 specification perspective, maximum channel bandwidth per NR carrier is [400, 800, 1000] MHz in Rel-15

· RAN1 recommends RAN4 to consider at least 100 MHz maximum channel bandwidth per NR carrier in Rel-15 considering carrier frequency bands

· RAN1 asks the feasibility of at least followings

· For sub-6 GHz, 100 MHz is considered and for above-6 GHz, wider than 100 MHz is considered

· Other cases can be considered by RAN4, e.g., 40 MHz, 200 MHz

· Note that RAN1 will specify all details for channel bandwidth at least up to 100 MHz per NR carrier in Rel-15

· Also note that RAN1 will consider scalable design(s) for up to maximum channel bandwidth per NR carrier
· From RAN1 specification perspective, the maximum number of NR carriers for CA and DC is [8, 16, 32]
· The maximum FFT size is not larger than [8192, 4096, 2048]

Agreements:
· If it is decided that maximum CC BW is greater than or equal to 400 MHz and smaller than or equal to 1000MHz

· The maximum number of CCs in any aggregation is [either 8 or 16]

· If it is decided that the maximum CC BW is <=100MHz

· The maximum number of CCs in any aggregation could be [either 16 or 32]
· If it is decided that the maximum CC BW is greater than 100 MHz and smaller than 400MHz
· The maximum number of CCs is FFS

In this contribution, considerations on maximum carrier bandwidth are given and several aspects for NR multiple carrier operation are analyzed.
2 Discussion

2.1 Comparisons of single carrier operation and multi-carrier operation
Implementation feasibility
· RF chain and PA
For the single carrier operation, a continuous waveform with phase and amplitude continuity should be assumed. Generally, a RF chain contains the different elements of a low-IF/zero-IF architecture, in particular clock/carrier generation and distribution, modulator, mixers, low-noise amplifier (LNA), variable-gain amplifier (VGA), analog/digital converters (DAC and ADC), filters, buffer and pre-driver, and feedback chain. Due to different clock modules in different RF chains, if multiple RF chains are used to support the single wideband carrier, synchronization in time and frequency domain among multiple RF chains is a problem. Consequently, as depicted in Figure 1, RAN1 should assume a single RF chain for one carrier operation, e.g. phase continuity is assumed in frequency domain for MIMO and reference signals design. The feasibility of wideband RF chain is needed to be studied in RAN4.
The maximum transmission power is defined per carrier, e.g. 40W for 10MHz [2]. If the maximum carrier output power is the same as LTE, the PSD is much lower for a wideband carrier, leading to smaller coverage of gNB. Furthermore, a wide linear region for PA is required for a single wideband carrier, and PA efficiency for the wideband PA should be evaluated further. 

For the multi-carrier operation, as depicted in Figure 1, one or multiple RF chains could be used, which is more flexible. 
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Figure 1 Examples of implementation architecture

Proposal 1:  In order to obtain a continuous waveform with phase and amplitude continuity for one numerology segment, RAN1 should assume a single RF chain and PA for one numerology segment in one carrier. 
· Accuracy of synchronization

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, and for frequency band below 6 GHz, the transmission bandwidth is not more than [5 or 20] MHz. To support a single carrier with 400 MHz, as illustrated in Figure 2, one set of SCH may not be sufficient for time and frequency domain synchronization with the same degree of accuracy over the carrier. The accuracy of synchronization on the wide carrier should be further discussed and evaluated.
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Figure 2 Single wideband carrier operation

Observation 1: To support a wideband carrier, multiple sets of SCH may be required for the single carrier operation.
· Sampling rate and Ts,  FFT size and number of subcarriers 
In previous meeting, it has been agreed that from RAN1 specification perspective, maximum channel bandwidth per NR carrier is [400, 800, 1000] MHz in Rel-15. For wider carrier bandwidth, the sampling rate would increase and faster processing ability of hardware is needed, which is a great challenge to the product implementation and the cost of hardware. In addition, FFT operation also depends on the product implementation and further evaluation is needed in RAN4. Therefore, the sampling rate and maximum FFT size should not be defined in RAN1 specification. In RAN1 specification, a time unit (i.e. Ts in 36.211) is defined to describe CP length, symbol length, and etc. In LTE, 
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 and the CP length is 160Ts or 144Ts for Normal CP (NCP) scenarios. It should be noted that Ts is not the sample interval which depends on the implementation, e.g. oversampling ratio.
Observation 2: From RAN1 specification perspective, sampling rate and FFT size are not defined, Ts is defined to describe time-domain length, e.g. CP length, symbol length. 
It has been agreed in NR that scalable numerology should allow at least from 15kHz to 480kHz subcarrier spacing, and the CP length is scaled from LTE for the normal CP family. For supporting various subcarrier spacing, 
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 could be considered and the NCP length and symbol length are depicted in Table 1, the value of N could be 16. 
Table 1 OFDM/SC-FDMA parameters for NCP

	SCS (kHz)
	15
	30
	60
	120
	240
	480

	NCP length (Ts)
	160
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	80
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	40
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	Symbol length (Ts)
	2048
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	1024
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	512
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	Note
	N is the same for each SCS, e.g. N=16


There are lots of combinations of subcarrier spacing and the maximum of carrier bandwidth, some of combinations seem not desirable: 1)15kHz with 400MHz due to the complexity of larger FFT size, 2) 480kHz with 800MHz due to the very short time for large FFT processing. In addition to FFT issue, the larger carrier bandwidth, the more control channel overhead. Therefore, considering the forward compatibility in the future and implementation efforts, we suggest maximum carrier bandwidth should be 400MHz from RAN1 specification point of view. RAN1/4 need further study the possible combinations of subcarrier spacing and the maximum of carrier bandwidth in Rel-15. 
For supporting multiple numerologies in one carrier, an example is given below for licensed bands around 2GHz in Table 2 and Figure 3 for 40MHz carrier bandwidth, e.g. 15kHz subcarrier spacing is for normal eMBB users, 30kHz and 60kHz is mainly for URLLC service and high speed users. 
Table 2 An example for mixed numerologies carrier 
	Subcarrier spacing (kHz)
	Number of subcarriers
	BW (MHz)

	15
	2048
	20

	30
	512
	10

	60
	256
	10
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Figure 3 Carrier bandwidth for bands below 6GHz
Proposal 2:  From RAN1 specification perspective, maximum channel bandwidth per NR carrier is 400 MHz and 
[image: image24.wmf](

)

16

2048

15000

1

s

´

´

=

T

. The maximum channel bandwidth in Rel-15 depends on the decisions of RAN4.
· Code Block subband

For a single wideband carrier operation, parallel processing of several smaller subbands may be needed and beneficial for the hardware implementation. For example, definition of CB subband in which one CB is confined within one CB subband may allow hardware operate within a smaller bandwidth and thus reduce the complexity of implement. However, CB subband may restrict gains of frequency diversity and fast decoding of one CB. Impacts of CB subband should be evaluated further and definition of CB subband should FFS.
2.2 Channel bandwidth scalable design in NR
In previous RAN1 meeting, it was agreed that RAN1 will specify all details for channel bandwidth at least up to 100 MHz per NR carrier in Rel-15, and RAN1 will consider scalable design(s) for up to maximum channel bandwidth per NR carrier. For supporting the maximum carrier bandwidth, aggregation of multiple subbands with smaller channel bandwidth could be considered, in which the candidate channel bandwidth can be scaled from the reference channel bandwidth [3]. For example, 400MHz carrier bandwidth could be supported by aggregating four subbands of 100MHz channel bandwidth. Since the scalable design for wideband operation is a mechanism of aggregation, multiple carrier operation should be taken as a baseline for the wideband operation and a unified design for wideband operation and multiple carrier operation should be strived for.
Proposal 3: NR multiple carrier operation should be taken as a baseline for scalable design(s) for a wideband NR carrier.
2.3 Multiple carrier operation

In LTE, the main difference of CA from DC is its aggregation at MAC layer, which allows the delivery of physical layer signaling and control information of secondary carrier through master carrier without any latency issue. While for DC scenario, non-ideal backhaul between different carriers is assumed. UL control information of secondary carrier can only be transmitted at secondary carrier itself. 

Based on the possible large difference of transmission time granularity in NR, large HARQ timing delay for secondary carrier can be observed when cross-carrier scheduling or joint UCI feedback is used. Thereby, a joint consideration for both HARQ timing delay and backhaul delay is needed for cross carrier scheduling and joint HARQ-ACK feedback in NR for the scenario of MAC level aggregation and PDCP level aggregation. Therefore, it is desired to strive for a common design between aggregations of different levels.
Proposal 4: Striving for a common physical layer design between different aggregations of carrier on MAC layer or PDCP layer should be considered in NR.
As more spectrum bands including high frequency licensed and unlicensed bands could be utilized by NR, the aggregated bandwidth by CA and DC could be extremely large. To support this extremely large aggregated bandwidth, more CCs could be considered, e.g. 16 CCs if the maximum CC BW is greater than or equal to 400 MHz and smaller than or  equal to 1000MHz, 32 CCs if the maximum CC BW is smaller than 100MHz. 
Proposal 5: The maximum number of NR carriers for CA and DC is 16 or 32, the exact value depends on the decision of maximum CC BW by RAN4.
In the scenario of intra-band contiguous multi-carrier operation, when the aggregated bandwidth is not much 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/broadcast channel could be defined in a default carrier. When the aggregated bandwidth is much wide, multiple sets of SS/broadcast channel 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]. Another consideration of CA is independently scheduling on each carrier, which may increase the control channel overhead. In NR, joint multi-carrier scheduling could be considered to reduce the control channel overhead.
Proposal 6: A carrier without certain channels, e.g. PBCH, control channel, should be considered in NR CA and DC.
In LTE CA, DL/UL asymmetric aggregation is supported, in which the number of DL component carriers could be more than that of UL component carriers. Considering the similar scenarios of more DL traffic, more number of DL component carriers than of UL component carriers should be also supported in NR. 
Since there are no use cases of more UL component carriers than DL component carriers, LTE CA do not support aggregating more UL carriers. However, in the scenario of LTE-NR coexistence with UL sharing [4], i.e. NR UL transmission on frequency F1 (LTE UL frequency) and NR DL transmission on frequency F2 (different than LTE DL frequency F3), when F2 is a NR TDD band, as depicted in Figure 4, since SRS transmission is required on the NR TDD carrier to achieve better performance of massive MIMO, there will be one DL carrier (i.e. NR TDD dedicated DL carrier) and two UL carriers (i.e. NR TDD dedicated UL carrier and NR shared UL carrier).  
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Figure 4 Multiple UL carriers in the LTE-NR UL only sharing scenario
Proposal 7: NR DL/UL asymmetric aggregation should be supported, including more number of UL component carriers than of DL component carriers or more number of DL component carriers than of UL component carriers. 
Proposal 8: For NR multiple carrier operation, striving for a unified design for NR carrier(s) with NR-LTE shared carrier and without NR-LTE shared carrier. 
3 Conclusion
Observation 1: To support a wideband carrier, multiple sets of SCH may be required for the single carrier operation.
Observation 2: From RAN1 specification perspective, sampling rate and FFT size are not defined, Ts is defined to describe time-domain length, e.g. CP length, symbol length. 
Proposal 1:  In order to obtain a continuous waveform with phase and amplitude continuity for one numerology segment, RAN1 should assume a single RF chain and PA for one numerology segment in one carrier. 
Proposal 2:  From RAN1 specification perspective, maximum channel bandwidth per NR carrier is 400 MHz and 
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. The maximum channel bandwidth in Rel-15 depends on the decisions of RAN4.
Proposal 3: NR multiple carrier operation should be taken as a baseline for scalable design(s) for a wideband NR carrier.
Proposal 4: Striving for a common physical layer design between different aggregations of carrier on MAC layer or PDCP layer should be considered in NR.
Proposal 5: The maximum number of NR carriers for CA and DC is 16 or 32, the exact value depends on the decision of maximum CC BW by RAN4.
Proposal 6: A carrier without certain channels, e.g. PBCH, control channel, should be considered in NR CA and DC.
Proposal 7: NR DL/UL asymmetric aggregation should be supported, including more number of UL component carriers than of DL component carriers or more number of DL component carriers than of UL component carriers. 

Proposal 8: For NR multiple carrier operation, striving for a unified design for NR carrier(s) with NR-LTE shared carrier and without NR-LTE shared carrier. 
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