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1
Introduction

The channel raster is a tricky aspect of NB-IoT [1] because different objectives should be met in the different operating scenarios.
Stand-alone operation: For efficient use of the spectrum (e.g. in frequency bands also used for GSM), the NB-IoT carriers should be centered to the frequencies of the channel raster.
In-band operation: To minimize the impact to the LTE carrier, the NB-IoT carrier's position should be aligned with the LTE carrier's resource block boundaries and occupy just one of its resource blocks in the frequency domain.

Guard band operation: The NB-IoT carrier should be placed directly adjacent to the LTE carrier. This position minimizes the additional spectrum needed for the NB-IoT carrier (if any) and eases the filter implementation. With this position (and assuming time-alignment of the CP with the LTE carrier), the orthogonality between the LTE carrier's and the NB-IoT carrier's subcarriers will be preserved.

These different objectives for the 3 operation modes result in different requirements for an NB-IoT carrier's center frequency. Nevertheless, a UE's search for an NB-IoT carrier should ideally be rather simple, reasonably fast and power efficient. Hence a finer channel raster than LTE's raster is not desirable.
In this contribution, we compare different options for the raster design and possible impacts to system and UE operation and complexity.
2 
Differences between the three operation modes  
The LTE system has a channel raster based on a 100 kHz grid, and it is intended to use this channel raster also for NB-IoT in stand-alone operation. The NB-IoT carrier's 12 subcarriers are distributed symmetrically around the center frequency at the frequency offsets shown in figure 1. Each subcarrier is 15 kHz wide (±7.5 kHz from the frequencies listed in figure 1). The nominal total bandwidth of the NB-IoT carrier is 180 kHz.
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Figure 1: Frequency offsets of an NB-IoT carrier's subcarriers to the 100 kHz channel raster in stand-alone operation
LTE carriers have between 6 and 100 PRBs. Since each PRB has 12 subcarriers, the total number of subcarriers used by LTE is even. However, to this number of used subcarriers adds one unused subcarrier in the middle (center frequency of the carrier, DC in the complex-valued baseband), and the even number of used subcarriers are symmetrically distributed around this unused subcarrier at DC. This is illustrated in figure 2 at the example of the PRB in the middle of an LTE 5 MHz carrier.
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Figure 2: PRB in the middle of an LTE 5 MHz carrier, frequency offsets of the subcarriers to the 100 kHz channel raster
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 as in figure 2 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 according to figure 1 and can never match. 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, leading to the smaller offsets of +2.5 kHz.

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, but still a maximum offset of ±2.5 kHz will be preferred. At larger offsets from the channel raster, the UE's synchronization will get too difficult.
3
Channel raster design

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.
	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
	4 unused
	
	1365
	3 unused
	
	2265
	3 unused
	

	570
	subcarriers
	
	1380
	subcarriers
	
	2280
	subcarriers
	

	585
	(60 kHz)
	
	1395
	(45 kHz)
	
	2295
	(45 kHz)
	

	600
	
	
	1410
	 
	
	2310
	 
	

	615
	 
	
	1425
	 
	
	2325
	 
	

	630
	 
	
	1440
	NB-IoT
	
	2340
	NB-IoT
	

	645
	NB-IoT
	
	1455
	carrier
	
	2355
	carrier
	

	660
	carrier
	
	1470
	 
	
	2370
	 
	

	675
	 
	
	1485
	
	1492.5
	2385
	
	2392.5

	690
	
	697.5
	1500
	Offset of
	
	2400
	Offset of
	

	705
	Offset of
	
	1515
	-7.5 kHz to
	
	2415
	-7.5 kHz to
	

	720
	-2.5 kHz to
	
	1530
	the channel
	
	2430
	the channel
	

	735
	the channel
	
	1545
	raster
	
	2445
	raster
	

	750
	raster
	
	1560
	 
	
	2460
	 
	

	765
	 
	
	1575
	 
	
	2475
	 
	

	780
	 
	
	
	
	
	
	
	


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
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.    
3.2 
Option 2: changing the channel raster step size
If the channel raster step size is reduced to 20 kHz, all in-band PRB positions and all guard band positions will be available for the NB-IoT carrier with a maximum frequency offset of ±7.5 kHz to the channel raster. This offers also plenty of NB-IoT carrier positions for the stand-alone operation. However, the huge number of allowed carrier frequencies will require much more time for the cell search and also much more energy from the battery, the latter being a disadvantage for the battery life – at least if the UE has some mobility and if its battery cannot be easily recharged, but is supposed to last for years.
Observation: a fine granularity of the channel raster increases the UE complexity in the RAT search.
3.3 
Option 3: 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 without increasing the number of frequencies on which the UE has to search as in option 2.
Let us consider a synchronization signal that uses only half of the carrier bandwidth, i.e. 6 of the 12 subcarriers. In order to keep the synchronization signal's energy, we will have to double the synchronization signal's duration. Furthermore, let us allow the block of 6 subcarriers for the synchronization signal to 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 ±2.5 kHz in guard band operation and, for numerous PRBs, also in-band operation, and

· a directly adjacent placement of the NB-IoT carrier next to an LTE carrier in guard band operation without wasting spectrum by empty subcarriers in between (except for LTE 1.4 MHz where 1 empty subcarrier is needed between the LTE and the NB-IoT carrier).

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 ±2.5 kHz to the 100 kHz channel raster must not be exceeded. Note that in these figures the NB-IoT system is placed adjacent to the LTE system, something we further address in section 4.
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Figure 4a: Closest guard band positions of an NB-IoT carrier to LTE 1.4 MHz, 3 MHz and 5 MHz carriers for option 3
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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 3
As table 2 shows for in-band operation, more than enough PRBs fulfill even the tight limit of a maximum frequency offset of + 2.5 kHz between the synchronization signal and the 100 kHz channel raster. It is assumed that the 72 subcarriers in the middle of the LTE carrier are not available for in-band operation, hence LTE 1.4 MHz is not listed.
Table 2: Number of possible PRB positions for in-band operation of NB-IoT with option 3

	LTE carrier bandwidth
	3 MHz
	5 MHz
	10 MHz
	15 MHz
	20 MHz

	# of in-band positions
	6
	14
	36
	54
	76


Observation: the center of the synchronization signal may be centered around the frequencies of the 100 kHz channel raster by means of using a NB sync signaling spanning a block of 6 subcarriers.

4  
Filtering aspects

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.
The situation for the option 3 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 ±2.5 kHz, guard band NB-IoT can be placed directly adjacent to LTE, except for LTE 1.4 MHz where just 15 kHz have to be left unused.

This adjacent placement to the "hosting" LTE carrier maximizes the transition range between the passband and the stop band of the base station's Tx filter, which in turn relaxes the filter design, shortens the filter impulse response and thus reduces the computational effort. Another benefit from a short filter impulse response is that the resulting delay spread does not eat up too much from the CP.
For a receiver, a large frequency offset between an NB-IoT carrier in guard band operation and a non-orthogonal adjacent channel interferer improves the adjacent channel rejection. Hence also from Rx perspective, the placement of an NB-IoT carrier directly adjacent to its "hosting" LTE carrier is desirable.
5  
Synchronization of the crystal oscillator

Even if the NB-IoT carrier's synchronization signal has in guard band and in-band operation an offset of a few kHz from the channel raster, the UE can tune to the shifted frequency and generate an internal frequency reference that is sufficiently accurate for receiving the DL signal on the correct frequency. However, if it receives the synchronization signal e.g. at 945.0075 MHz but believes to be receiving the DL signal at 945 MHz, it cannot correctly tune its crystal oscillator. This has the following disadvantages:
a) The crystal oscillator is not only needed for the frequency base, but also for the time base. Hence on the long run, the UE will experience a small time drift against the network.
b) Assuming an FDD system, there will be a small frequency error on the UL. In the example above, the UE is supposed to transmit at 900.0075 MHz. However, believing to be receiving at 945 MHz and to have to transmit at 900 MHz, the UE will transmit at 945.0075 MHz / 945 · 900 = 900.00714 kHz, i.e. about 360 Hz too low.
In order to avoid these problems, the synchronization signal's frequency offset should better be signaled.
6  
Number of bits for signaling the NB-IoT carrier's frequency

6.1
Number of bits needed for options 1 and 2
In options 1 and 2, 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.
6.2 
Number of bits needed for option 3

In option 3, 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 7 possibilities to place the synchronization signal into the NB-IoT carrier. Moreover, in each of these possibilities there can be either a -2.5 kHz or a +2.5 kHz offset between the synchronization signal and the channel raster, hence there are 14 possibilities in in-band and guard band operation.
In total, 15 possibilities exist, and 4 bits are needed to signal to the UE which of them applies. 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 another possibility 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 6 subcarriers and 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 7 possibilities for the NB-SSS position relative to the NB-PSS position (3 subcarriers shifted down, 2 subcarriers shifted down,  ..., 3 subcarriers shifted up) 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 ‑2.5 kHz, 0 kHz or +2.5 kHz.
Hence, depending on the implementation, 2 or 4 bits need to be signaled in option 3 which is similar to the 3 bits needed in options 1 and 2.

7  
Conclusion

For the UE's cell search, it is desirable to re-use LTE's 100 kHz channel raster, but it does not fit nicely to the NB-IoT in-band and guard band operation. Three options to address conflicting design targets have been compared in particular with respect to

· the offset between the NB-IoT carrier's synchronization signal and the channel raster and
· the minimum gap in guard band operation between the LTE carrier and the NB-IoT carrier.

Option 3 which is characterized by using a synchronization signal that is narrower than the NB-IoT carrier bandwidth allows for a relatively flexible positioning of the NB-IoT carrier while keeping LTE's 100 kHz channel raster. It was shown to allow for a low frequency offset between the NB-IoT carrier's synchronization signal and the channel raster of at most 2.5 kHz. Furthermore, the NB-IoT carrier can be placed directly adjacent to LTE carriers with a bandwidth of 3 MHz to 20 MHz, and in the LTE 1.4 MHz case, only a single empty subcarrier is needed in between. This provides a very good spectrum efficiency and eases the filter design. For in-band operation in LTE carriers with at least 3 MHz of bandwidth, more than enough PRBs are suitable for NB-IoT. The number of bits that have to be signaled for the UE's synchronization of its crystal oscillator is similar as in the other two considered options.
Proposals:
· Consider 100 kHz channel raster for NB-IoT

· Consider a NB sync signaling spanning a block of 6 subcarriers inside the NB-IoT channel. 
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