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1
Introduction

Several decisions related to the channel raster design have been taken during the NB-IoT adhoc:

· One transmission of NB-PSS, NB-SSS, NB-PBCH, and NB-PDSCH never overlaps between multiple LTE PRB bandwidths for inband operation

· 100kHz channel raster is assumed by UEs in all three operation modes (i.e. standalone, guard-band and in-band)

· The NB-IoT NB-PSS/NB-SSS center frequency is aligned to 100kHz channel raster in standalone mode

The channel raster was also discussed in RAN4, where the following observations were taken [5]:

1. In the in-band case, assuming a channel raster of 100 kHz, an NB-IoT UE searching for resource blocks containing the NB-PSS within an LTE band will observe frequency offsets between the detected NB-PSS and the locations in the raster search space.

2. In the in-band case, the possible frequency offsets between the raster search space and the potential resource blocks within an LTE band range between 2.5 kHz and 47.5 kHz

3. In the guard band case, provided that the gap between the NB-IoT guard band deployment and the LTE system is a multiple of 15 kHz, similar frequency offsets as in the in-band case are possible.

4. Minimizing the gap between the NB-IoT guard band deployment and the LTE system is preferred.

RAN4 is also asking [5] the following clarifications regarding the expected NB-IoT UE behaviour.

1. Is the NB-IoT UE expected to compensate for the full range of possible frequency offsets?
2. Is there an expectation that the network will reduce the range of possible frequency offsets to a smaller subset?
In a previous contribution [3] we have been discussing about the channel raster and we introduced an optimized design of the NB-IoT synchronization (sync) channel such that the number of eligible PRBs for the NB-sync placement is maximized. In the following we discuss the issues highlighted by RAN4 with respect to the NB-IoT channel raster design. In addition we address the remaining aspects with respect to the channel raster design in in-band and guard band scenarios. 

Based on the RAN4 LS, it is important to have the following design constraints:
· Minimize as much as possible the number of frequency offsets between the channel raster and the center of the NB-IoT NB-PSS and provide the corresponding signalling support.

· Provide an efficient solution for the guard band operation by minimizing the frequency gap between NB-IoT carrier and LTE.
2 
NB-IoT operation modes and synchronization design
Based on the decision that 100 kHz channel raster is to be utilized in all the three NB-IoT operation modes, it is now clear that for in-band and guard band deployments there would exist frequency offsets between the channel raster and the center of the NB-IoT synchronization signal.

In in-band and guard band operation, an NB-IoT carrier will have subcarrier frequencies that can be represented by n·100 kHz ± m·15 kHz in order to preserve the orthogonality to the subcarriers of the LTE carrier in which it is embedded or to which it is adjacent. These positions are incompatible with the subcarrier positions of n·100 kHz + 7.5 kHz ± m·15 kHz of an NB-IoT carrier in stand-alone operation. The smallest offset that can occur is +2.5 kHz or -2.5 kHz.

Observation: The in-band and guard band NB-IoT subcarrier positions are different compared to stand-alone subcarrier positions, differ at least 2.5 kHz from stand-alone subcarrier positions.
For a UE that searches for an NB-IoT carrier at n·100 kHz according to the frequency positions in stand-alone operation, this means that at best an NB-IoT carrier in in-band or guard band operation has a frequency offset of ±2.5 kHz to the channel raster. It is assumed that at most an offset of ±7.5 kHz can be accepted for UE synchronization, but still a limitation down to ±2.5 kHz is feasible. At offsets larger than 7.5 kHz from the channel raster, the UE's synchronization will get too difficult.
3
Channel raster design

There is a strong link between the channel raster offsets and the NB-IoT sync design. Provided that we preserve the orthogonality between the NB-IoT sync transmission and the LTE system, two main alternatives for the NB-IoT sync design are possible:

Option 1: the NB-IoT sync has the same amount of subcarriers as the NB-IoT PRB

Option 2: the NB-IoT sync has less amount of subcarriers than the NB-IoT PRB and is placed as close as possible to the channel raster provided that the sync follows the 15 kHz frequency grid of the LTE system and it is placed fully inside the NB-IoT PRB. Though there are several NB-IoT sync bandwidths possible we will focus on 6 [3], 7, and 11 subcarriers.
3.1 
Option 1: excluding all unsuitable NB-IoT carrier positions
A straightforward solution for the channel raster design is to take the restriction on the maximum acceptable offset of ±7.5 kHz into account and to simply exclude all NB-IoT carrier positions that do not fulfill this restriction, as proposed in [2]. Figures 3a and 3b show the possible positions of an NB-IoT carrier in guard band operation if an offset of its center frequency of ±7.5 kHz to the 100 kHz channel raster must not be exceeded. In y‑axis direction, the LTE carrier's subcarrier frequencies (relative to its center frequency) are listed. At the top of the diagram, the end of the LTE carrier's last PRB is depicted. Below that, the NB-IoT carrier is placed, and the resulting frequency offset between the NB-IoT carrier and the 100 kHz channel raster is indicated. The gap between the LTE carrier and the NB-IoT carrier is quantified. Due to the symmetry, it is sufficient to show only one side of the LTE carrier.
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Figure 3a: Closest guard band positions of an NB-IoT carrier to LTE 1.4 MHz, 3 MHz and 5 MHz carriers for option 1
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Figure 3b: Closest guard band positions of an NB-IoT carrier to LTE 10 MHz, 15 MHz and 20 MHz carriers for option 1
As summarized in Table 1, in 3 out of the 6 cases shown in figures 3a and 3b, the offset between the NB-IoT carrier in guard band position and the 100 kHz channel raster is 7.5 kHz, and the gap between the LTE carrier and the NB-IoT carrier amounts to 3 subcarriers (45 kHz). In one case, even a gap of four subcarriers (60 kHz) cannot be used.
In LTE 3 MHz, only two PRBs are suitable for in-band operation. In LTE carriers with a bandwidth of ≥5 MHz, at least four PRB positions can be used for NB-IoT with option 1.
Observation: Even if a frequency offset between the NB-IoT carrier and the 100 kHz channel raster of up to 7.5 kHz is allowed, only a few NB-IoT carrier positions are possible for guard band and in-band operation, and in the majority of guard band positions, the spectrum cannot be used efficiently.    
Table 1: Gap of unused subcarriers between LTE and guard band NB-IoT when 12 subcarriers (sc) are used by NB-IoT sync channel and a maximum of ± 7.5 kHz offset is allowed.

	“Hosting” LTE bandwidth
	1.4
	3
	5
	10
	15
	20
	Observations

	12sc NB-PSS
	4
	3
	3
	0
	3
	0
	Same number of sc as the NB-IoT PRB

	Frequency offset [kHz]
	+2.5
	+7.5
	+7.5
	+2.5
	+7.5
	+2.5
	Maximum offset of +7.5 kHz (5 values)


3.2 
Option 2: matching the NB sync transmission to the channel raster
For LTE carriers with a bandwidth of more than 1.4 MHz, the LTE synchronization signal (PSS, SSS) is narrower than the total carrier bandwidth. Using also in NB-IoT a synchronization signal that is narrower than the total carrier bandwidth can alleviate the disadvantages of option 1.
Option 2.1: 11 subcarriers NB-PSS

A narrower NB-PSS design might be needed from the perspective of allowing efficient ZC sequence generation where a number of prime subcarriers is needed [4]. In guard band operation, from the gap perspective between the LTE and the NB-IoT, a number of 11 consecutive subcarriers would be needed for NB-PSS, however this just a slight improvement with respect to the 12sc design on placing the center of the NB-PSS closer to the frequency raster. It has however one impact in terms of introducing a frequency offset of 0 and + 5 kHz.
Observation: an 11 subcarrier NB-PSS is introducing an offset of 0 or ± 5 kHz.

Table 2: Gap of unused subcarriers between LTE and guard band NB-IoT when 11 subcarriers are used by NB-IoT sync channel and a maximum of ± 5 kHz offset is allowed.
	“Hosting” LTE bandwidth
	1.4
	3
	5
	10
	15
	20
	Observations

	11sc NB-PSS
	4
	3
	3
	0
	3
	0
	No gap improvement against 12sc

	Frequency offset [kHz]
	±5
	0
	0
	±5
	0
	±5
	Lower offsets than 12 sc solution (3 values)


Option 2.2: 7 subcarriers NB-PSS

Another option for short sequence design of NB-PSS is to consider 7 subcarriers. This option is improving the frequency placement of the NB-PSS with respect to the channel raster, however it impacts the NB-PSS design due to less possibilities for orthogonal sequence generation, an issue we address in a companion paper. 

The block of 7 subcarriers for the synchronization signal may be be flexibly positioned inside the NB-IoT carrier's 12 subcarriers. Then we can center the synchronization signal much more easily around the frequencies of the 100 kHz channel raster, resulting in

· a frequency offset between the synchronization signal and the 100 kHz channel raster of only a maximum of ±5 kHz in guard band operation and, for numerous PRBs, also in-band operation, and

· a much closer placement of the NB-IoT carrier next to an LTE carrier in guard band operation without wasting spectrum by empty subcarriers in between.
Table 3: Gap of unused subcarriers between LTE and guard band NB-IoT when 7 subcarriers are used by NB-IoT sync channel and a maximum of ± 5 kHz offset is allowed.
	“Hosting” LTE bandwidth
	1.4
	3
	5
	10
	15
	20
	Observations

	7sc NB-PSS
	0
	1
	1
	0
	1
	0
	Lower gaps than 11 and 12 sc solutions

	Frequency offset [kHz]
	0
	0
	0
	± 5
	0
	± 5
	Lower offsets than 12 sc solution


For guard band operation, figures 4a and 4b show the possible positions of an NB-IoT carrier if an offset of its center frequency of ±5 kHz to the 100 kHz channel raster must not be exceeded. Note that in these figures the NB-IoT system is placed as close as possible to the LTE system, something we further address in section 4.
	LTE
	1.4 MHz
	
	LTE
	3 MHz
	
	LTE
	5 MHz
	

	
	
	
	
	
	
	
	
	

	subcarrier
	 
	
	subcarrier
	 
	
	subcarrier
	 
	

	frequency
	 
	
	frequency
	 
	
	frequency
	 
	

	offset in kHz
	 
	
	offset in kHz
	 
	
	offset in kHz
	 
	

	to the center
	 
	
	to the center
	 
	
	to the center
	 
	

	frequency of
	 
	
	frequency of
	 
	
	frequency of
	 
	

	the LTE 1.4
	end of last
	
	the LTE 3
	end of last
	
	the LTE 5
	end of last
	

	MHz carrier
	PRB of
	
	MHz carrier
	PRB of
	
	MHz carrier
	PRB of
	

	540
	LTE 1.4 MHz
	
	1350
	LTE 3 MHz
	
	2250
	LTE 5 MHz
	

	555
	NB-IoT
	
	1365
	1 unused sc
	
	2265
	1 unused sc
	

	570
	carrier
	
	1380
	
	
	2280
	
	

	585
	
	
	1395
	NB-IoT
	
	2295
	NB-IoT
	

	600
	0 kHz to
	
	1410
	carrier
	
	2310
	carrier
	

	615
	the channel
	
	1425
	
	
	2325
	
	

	630
	raster
	
	1440
	
	
	2340
	
	

	645
	
	
	1455
	Synchroni-
	
	2355
	Synchroni-
	

	660
	
	
	1470
	zation signal
	
	2370
	zation signal
	

	675
	
	
	1485
	offset of
	
	2385
	offset of
	

	690
	
	
	1500
	
	
	2400
	
	

	705
	
	
	1515
	0 kHz to
	
	2415
	0 kHz to
	

	720
	
	
	1530
	the channel
	
	2430
	the channel
	

	
	
	
	1545
	raster
	
	2445
	raster
	


Figure 4a: Closest guard band positions of an NB-IoT carrier to LTE 1.4 MHz, 3 MHz and 5 MHz carriers for option 2.2
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Figure 4b: Closest guard band positions of an NB-IoT carrier to LTE 10 MHz, 15 MHz and 20 MHz carriers for option 2.2
Observation: the center of the synchronization signal may be placed at around the frequencies of the 100 kHz channel raster by means of using a NB sync signaling spanning a block of 7 subcarriers.

Option 2.3: 6 subcarriers NB-PSS

For completeness, we summarize in this section the subcarrier gaps and frequency offsets experienced by the 6sc NB-PSS [3].
Table 4: Gap of unused subcarriers between LTE and guard band NB-IoT when 6 subcarriers are used by NB-IoT sync channel and a maximum of + 2.5 kHz offset is allowed.
	“Hosting” LTE bandwidth
	1.4
	3
	5
	10
	15
	20
	Observations

	6sc NB-PSS, +2.5 kHz
	1
	0
	0
	0
	0
	0
	Lower gaps than 11 and 12 sc solutions

	Frequency offset [kHz]
	+2.5
	+2.5
	+2.5
	+2.5
	+2.5
	+2.5
	Lower offsets than 12 sc solution

	6sc NB-PSS, +7.5 kHz
	0
	0
	0
	0
	0
	0
	No subcarriers gaps

	Frequency offset [kHz]
	+7.5
	+2.5
	+2.5
	+2.5
	+2.5
	+2.5
	In LTE1.4 +7.5 kHz needed


4  
Efficient guard band operation
From the point of efficient frequency utilization, it is desirable to place the guard band NB-IoT carrier as close as possible to the “hosting” LTE carrier whose guard band is used. In particular, this is possible because NB-IoT utilizes the same subcarrier grid as the “hosting” LTE carrier and the orthogonality keeps the interference between the two carriers low.
In particular it is important to facilitate the operation of small LTE bandwidths. For example LTE 1.4 MHz is not suited for in-band deployment, however it is suited for guard band operation. The situation for narrow NB-PSS is shown in figures 4a and 4b. Even if the frequency offset of the synchronization signal to the 100 kHz channel raster is limited to only ±5 kHz, guard band NB-IoT can be placed directly adjacent to LTE. There are may be situations in which there is a tradeoff between having an unused subcarrier or allowing no unused subcarrier at the expense of a small frequency offset.
Table 5: gap of unused subcarriers between LTE and guard band NB-IoT
	NB-PSS
	“Hosting” LTE bandwidth
	Observations with respect to the gap between LTE and NB-IoT

	#SC
	max offset
	1.4
	3
	5
	10
	15
	20
	

	
	
	
	
	
	
	
	
	

	12
	±7.5kHz
	4
	3
	3
	0
	3
	0
	

	11
	±5kHz
	4
	3
	3
	0
	3
	0
	No improvement against 12sc

	7
	±5kHz
	0
	1
	1
	0
	1
	0
	Some improvement against 12sc

	6
	±7.5kHz
	0
	0
	0
	0
	0
	0
	no gap for any guard band

	6
	±2.5kHz
	1
	0
	0
	0
	0
	0
	Lowest sync offset to channel raster [3]


Observation: small LTE bandwidths may be utilized efficiently for guard band operation deployment of NB-IoT.
5  
Number of bits for signaling the NB-IoT carrier's frequency
5.1
Number of bits needed for option 1
In option 1, the following frequency offsets between the NB-IoT carrier and the 100 kHz channel raster can occur.
· Stand-alone operation: 0 kHz

· In-band and guard band operation: -7.5 kHz, -2.5 kHz, +2.5 kHz and +7.5 kHz
To signal to the UE which of these 5 possible frequency offsets is the correct one, 3 bits are needed.
5.2 
Number of bits needed for options 2.1 and 2.2
In option 2, if 11 or 7 subcarriers are used for the NB-PSS, the following cases need to be distinguished.
· In stand-alone operation, the synchronization signal is exactly centered to a multiple of 100 kHz, and it is in the middle of the NB-IoT carrier.

· In in-band and guard band operation, there are 2 possibilities to place the synchronization signal into the NB-IoT carrier for the 11sc NB-PSS and 6 possibilities to place the synchronization signal for the 7sc NB-PSS. Moreover, in each of these possibilities there can be either -5, 0 or +5 kHz offset between the synchronization signal and the channel raster, hence there are 6 possibilities in in-band and guard band operation for the 11 sc NB-PSS and 18 possibilities in in-band and guard band operation for the 7 sc NB-PSS.
In total, 7 and 19 possibilities exist, and 3 or 5 bits are needed to signal to the UE which of them applies for 11sc and 7 sc respectively. This signaling should already be included in the synchronization signal in order to tell the UE where the center frequency of the NB-IoT carrier is relative to the synchronization signal.
There is the option for blind detection of NB-SSS which requires only 2 bits of signaling from the base station but a try and error search by the UE is also needed. Suppose the synchronization signal has two parts,

· a NB-PSS which occupies only 7 or 11 subcarriers which has a flexible position inside the NB-IoT carrier and
· a NB-SSS which occupies all 12 subcarriers, i.e. which must be centered to the NB-IoT carrier frequency.

When the UE has detected the NB-PSS, it can check the 2 or 6 possibilities for the NB-SSS position relative to the NB-PSS position one after the other until it finds the NB-SSS. In this case, it only needs the information about whether the NB-PSS has a frequency offset to the channel raster of ‑5 kHz, 0 kHz or + 5 kHz.
Hence, depending on the implementation, 2 or 3/5 bits need to be signaled in options 2.1 and 2.2 which is similar to the 3 bits needed in option 1.

Table 6: Number of bits for signalling frequency offset and eligible PRB positions for in-band NB-IoT
	NB-PSS
	“Hosting” LTE bandwidth
	# Bits
	Observations

	#SC
	max offset
	3
	5
	10
	15
	20
	wo* BD
	w** BD
	

	
	
	
	
	
	
	
	
	
	

	12
	±7.5kHz
	2
	4
	8
	14
	18
	3
	NA
	

	11
	±5kHz
	4
	8
	8
	28
	18
	3
	2
	Improvement for LTE3, LTE5 and LTE15 against 12sc

	7
	±5kHz
	8
	16
	44
	56
	94
	5
	2
	Only a few PRBs excluded

	6
	±7.5kHz
	8
	18
	44
	68
	94
	5
	3
	Covers all PRB locations,

	6
	±2.5kHz
	6
	14
	26
	54
	56
	4
	2
	Lowest sync offset to channel raster [3]


*- without blind detection for NB-SSS, **-with blind detection for NB-SSS

Observations:

· The least efficient guard band placement is based on 12sc NB-PSS.

· 11sc NB-PSS has not improved subcarrier gaps compared to 12 sc but has lower frequency offset limits.
6  
Conclusion

In this contribution we have presented further views with respect to the NB synchronization signal design with respect to the agreed 100 kHz channel raster. In particular we have highlighted the importance of guard band deployment in small LTE bandwidth which are unsuitable for in-band operation. Several options for NB-PSS have been considered, the options with narrow NB-PSS (less number of subcarriers than the NB-IoT PRB) allowing the best flexibility with respect to the NB-IoT system operation and minimizing the offset between the NB-IoT carrier's synchronization signal and the channel raster.
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