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In the NB-IoT Ad-Hoc meeting, the uplink frame design of NB-IoT was discussed and the following was been agreed:
· For 15kHz subcarrier spacing, OFDM/SC-FDMA symbol boundary is no change from LTE 
· At least for FDD with the normal CP case,
· For 3.75kHz subcarrier spacing of uplink, 
· Define a 2ms NB-slot, there are 7 symbols. 
· One symbol consists of [FFS] Ts of symbol with CP length of [FFS] Ts assuming Ts=1/1.92MHz. Editor will take care how to capture Ts value in the spec.
· The above symbols are located from the beginning of 2ms period. FFS the usage of the remaining time in the NB-slot if there is the remaining time
· The 2ms NB-slot boundary is aligned with LTE subframe boundary. FFS among odd only or even only or to support both even/odd
· FFS on collision of LTE SRS for in band mode 
· Opt 1: eNB scheduling or implementation
· Opt 2: puncture/rate matching of 3.75kHz transmission to avoid the collision 
· Opt 3: define a GP to avoid potential collision
· Note combination of above options can also be considered. 
It has been decided to reuse the LTE frame structure for uplink 15 kHz transmission. Regarding the 3.75 kHz uplink case, the basic time unit (NB-Slot) was agreed to be 2ms length and seven 3.75 kHz OFDM symbols shall be conveyed in each NB-Slot. This contribution provides analysis and designs for the remaining details: the detailed structure of NB-IoT symbols, how to handle the SRS collision and how to configure the NB-Slot boundary.
Remaining details of uplink 3.75 kHz in FDD normal CP case
Structure of NB-IoT symbols
The duration of NB-Slot is decided as 2ms length for 3.75 kHz uplink transmission, where seven 3.75 kHz NB-IoT symbols are conveyed. The remaining details are the structure of each NB-IoT symbol and how to use the remaining duration beside the seven NB-IoT symbols. 
In every 2ms length, there are 1920*2=3840 samples under 1.92M sampling rate. Seven NB-IoT symbols need at least 7*512 = 3584 samples. The remaining 256 samples can be allocated for the CP of NB-IoT symbols and other purpose, e.g. a guard period for the avoidance of LTE SRS collision. Generally speaking, the remaining open issue is just how to allocate the remaining 256 samples for the CP of NB-IoT symbols and guard Period.
A 17Ts or 16Ts (Ts =1/1920 ms) length CP (Alt.1 in Table 1) was proposed in the way forward in the NB-IoT Ad-Hoc meeting. As illustrated in Table 1 and Figure 1, the intention of the proposal is to reserve a guard period to minimize the collision between NB-IoT symbols and LTE SRS. It should be noted that the CP of 16Ts is already quite larger than the CP of legacy LTE. 
Another proposal (Alt.2 in Table 1) was to use 37/36Ts CP length, and hence no guard period is reserved. The reason given for this proposal was that the eNodeB FFT processing could be reduced by reusing the LTE FFT processing results.
These two proposals, i.e. the design with GP and the design without GP, are analyzed and compared from the perspective of performance, eNodeB complexity, UE processing etc in the following sections.

Table 1: 2ms NB-Slot structure design for uplink 3.75 kHz (1.92M sampling rate)
	options
	Symbol structure
	Total overhead due to  CP and GP

	Alt.1: Design with GP
	3.75K HZ symbol 0~6
	6.67%

	
	FFT size
	CP length
	symbol length
	Number of symbols 
	

	
	512
	16Ts
	528Ts
	7
	

	
	GP length
	

	
	(128 + 16) Ts > the duration of LTE OFDM Symbol 
	

	Alt.2: Design without GP
	3.75K HZ symbol 0~6
	6.67%

	
	FFT size
	CP length
	symbol length
	Number of symbols 
	

	
	512
	36/37Ts
	548/549Ts
	7
	

	
	GP length
	

	
	0
	





Figure 1: Illustration of Alt.1 of 3.75K uplink NB-Slot, with guard period.
Performance perspective
As mentioned in the previous section, the FFS in uplink frame design is actually how to properly allocate the remaining 256 samples for the usage of CPs and GP. Table 2 provides the comparison regarding the resource losses due to the avoidance of LTE SRS for the 3.75 kHz NB-Slot design with GP and the design without GP. 
Table 2 resource loss due to the avoidance of LTE SRS
	The SRS period of the coexistence LTE
	3.75kHz design without GP
(NB-IoT symbol: 512+36/37Ts)
	3.75kHz design with GP
(NB-IoT symbol: 512+16Ts)

	
	Ratio of symbols which needs to be punctured or rate matched
	Ratio of symbols which needs to be punctured or rate matched

	1ms SRS period
	2/7
	1/7

	2ms SRS period
	1/7
	0/7

	5ms SRS period
	2/35
	1/35



The resource loss due to the avoidance of LTE SRS is much higher in the case of 3.75 kHz uplink transmission compared with that in LTE case. This is because the duration of one 3.75 kHz OFDM symbol is about 4 times of that for a 15 kHz OFDM symbol. So for a UE that is scheduled with 3.75 kHz uplink transmission, 2 NB-IoT symbols in every 7 symbols is lost due to the overlapping with LTE SRS when the SRS period is configured as 1ms. And in this case, the performance loss due to the lost resource would be around 1.5dB for 1ms SRS period case.
Furthermore, it can be found that if all remaining 256 samples are allocated as CPs for 7 NB-IoT symbols. The CP length is 36 or 37Ts, which is over larger than what is needed in normal CP case. Hence, from the performance perspective, there is no reason to have such a long CP length.
However, the remaining 256 samples can be properly allocated, so that the CP length still fulfills the requirements in normal CP scenarios and also a guard time duration can be reserved in the NB-Slot for the avoidance of LTE SRS. One example is to have (128+16) Ts duration of guard period at the end of NB-Slot, and the CP of NB-IOT symbol is 16Ts, which is still much larger than 9Ts CP length of LTE symbols in normal CP case. By using this design, the CP length fulfills the requirement and as shown in Table 2, the lost NB-IoT resource due to collision with LTE SRS is significantly reduced.
Observation1: There is no benefit to have a CP as long as 36Ts for 3.75 kHz NB-IoT symbol. From the performance perspective, the NB-Slot with GP design has better performance than the design without GP, because the resource loss or performance impact due to avoidance of LTE SRS is minimized.
eNodeB complexity
In the NB-IoT Ad-Hoc meeting, it was argued that the design with 36/37Ts CP length may reduce the FFT processing complexity on the eNodeB in in-band case, if the processing results of LTE FFT window processing can be reused as intermediate results to derive the FFT results of 3.75 kHz uplink transmission. 
However, there is not such a benefit on eNB implementation complexity. It is known that the LTE eNodeB has already been able to support quite high FFT size for wideband LTE transmission. The FFT processing overhead for the 3.75 kHz OFDM symbols in one or few PRBs will be quite low compared with the overall FFT processing complexity on eNodeB. Furthermore, besides the FFT processing, there are other components on the eNodeB, which has much higher implementation complexity compared with FFT. Hence, a CP length of 36/37Ts does not bring any visible eNodeB complexity savings.
Furthermore, as illustrated in Figure 2, there will be performance loss and ICI introduced between 3.75k Hz subcarriers if the results of 128-point LTE window FFT processing are reused to derive the 512-point FFT processing for 3.75k Hz subcarriers. For the NB-IoT symbol with 36/37Ts, when the NodeB does the 128-point LTE window FFT processing, there will be four durations of NB-IoT symbol overlapped with the CP durations of LTE symbols. 27 (9*3) samples, which is highlighted in red color in Figure 2, will be lost because they are not inside the LTE FFT window. On the other hand, there will be other 27(9*3) samples highlighted in yellow color processed twice, because these samples which belongs to the CP of NB-IoT symbol are included inside the first and the last LTE FFT windows. 


Figure 2 illustration of unavailable to use LTE FFT processing to get 3.75kHz 512-samples results
Hence, there is no reason to use the LTE window FFT processing results to derive the FFT results of 3.75 kHz NB-IoT transmission, because no benefit on reduction of eNodeB complexity is observed and on the contrary this will introduce adverse performance impact on NB-IoT UEs. In this sense, we do not see any benefit to use 36/37Ts CP length for NB-IoT symbols.
Observation 2: No benefit on reduction of eNodeB complexity is expected by using such a long CP length of 36/37Ts for NB-IoT. On the contrary, the performance loss and ICI will be introduced if LTE window FFT processing results are reused to derive the FFT results for 3.75 kHz uplink transmission.
 Other aspects
Using a 1.92M sampling rate, using 16Ts length CP for NB-IoT symbols can leave (128+16)Ts duration of guard period in NB-Slot. This provides the flexibility to use lower sampling rate, i.e. 240k sampling rate, on UE. Hence, it can give the UE vendor flexibility on implementation.
Observation 3: The NB-Slot structure with 16Ts CP and (128+16)Ts guard period provides the flexibility to use lower sampling rate, e.g. 240k, for NB-IoT UEs.
Summary
As a summary of above analysis, Table 3 shows the comparison between the NB-Slot design with GP and without GP.
Table 3 Summary on comparison between two designs
	
	NB-Slot with GP
(CP length: 16Ts, GP length: 128+16Ts)
	NB-Slot without GP
(CP length: 36Ts or 37Ts)

	Performance loss due to collision with LTE SRS
	Minimized, less than 0.7dB resource loss and always has better performance than NB-Slot without GP
	Up to 28% resource loss

	eNodeB complexity
	Similar as the NB-slot without GP
	1) no benefit on reduction of eNodeB complexity is expected;
2) the performance loss will be introduced if LTE window FFT results are reused to derive the FFT results of 3.75kHz transmission.

	Flexibility on sampling rate for UE vendors
	240k sampling rate is possible
	Minimum 1.92M sampling rate


Based on the analysis from above perspectives, we do not see any reason to use such a long CP duration of 36/37Ts in normal CP scenarios. It is proposed to use the NB-Slot with GP design for 3.75 kHz NB-IoT uplink, because it introduces the benefit on performance gains and flexibility on UE implementations.
Proposal 1: Adopt 16Ts CP length for 3.75 kHz NB-IoT symbols, and use the remaining duration as a guard period for avoidance of LTE SRS.
Handling of collision of LTE SRS for in band mode
Three options are proposed in NB-IoT adhoc meeting, and these three options can be used together.
· Opt 1: eNB scheduling or implementation
· Opt 2: puncture/rate matching of 3.75kHz transmission to avoid the collision 
· Opt 3: define a GP to avoid potential collision

It can be observed from the section 2.1 that besides the samples of seven 3.75 kHz symbols, the residual samples are enough to introduce one GP at the end of the NB-Slot. Hence, the NB-Slot boundary can be configured with even or odd LTE subframe boundary to align potential SRS positions with the GP of NB-Slot. The configuration examples are illustrated in Figure 4 for typical configurations of 1ms, 2ms and 5ms SRS period. 
As shown in Figure 4, in some SRS period configurations, unfortunately the last symbols of some few LTE SRS subframes may not be able to align with the GP of the NB-Slot and may overlap with some few NB-IoT symbols. For these NB-IoT symbols, option 1 and option 2 can be both considered. Option 2 is preferred to handle these NB-IoT symbols to minimize the scheduling limitations. Regarding the option2, the rate matching is preferred due to smaller performance impact compared with puncturing.
Proposal 2: For LTE SRS symbol positions that are not able to align with GPs in NB-Slot, the overlapped NB-IoT symbols are not used and rate matching is used to transmit 3.75 kHz NB-IoT transmission.
To achieve this, the configuration information regarding the LTE SRS avoidance needs to be broadcasted in NB-IoT system information. 
Proposal 3: NB-IoT configuration field regarding the avoidance of LTE SRS is broadcasted in the NB-IoT system information
Regarding the supported LTE SRS configurations, the NB-Slot boundary is aligned with either even or odd LTE subframe so that most of the LTE SRS positions are protected by NB-IoT GP.
Proposal 4:  According to the NB-IoT configuration field regarding the avoidance of LTE SRS, the 3.75kHz NB-Slot boundary aligns with either even or odd LTE subframe so that most of the LTE SRS positions are protected by 3.75kHz NB-IoT GP.
Also, it can be found from Figure 4 that the middle NB-IoT symbol in each NB-Slot may collides with LTE SRS in some cases. Therefore, the DMRS of uplink 3.75 kHz PUSCH transmission is proposed to be conveyed by the previous or the next symbol of the middle symbol in NB-Slot.
Proposal 5: The same density of DMRS in LTE is used for 3.75 kHz PUSCH and the DMRS pattern is shifted by one symbol to avoid the collision between DMRS and LTE SRS.



Figure 4: Examples to handle the collision with LTE SRS configurations (1ms/2ms/ 5ms SRS period)
Conclusions
The remaining details regarding uplink NB-IoT frame design are discussed in the contribution. Two proposals on the NB-IoT symbol structure in NB-IoT adhoc meeting are analyzed and compared from performance, eNodeB complexity perspectives. Table 3 summarizes the findings. Based on the analysis, it is not necessary to use such a long CP duration of 36/37Ts in normal CP scenarios. Instead, it is better to use the NB-Slot with GP design for 3.75 kHz NB-IoT uplink and use the GP to minimize the impact due to LTE SRS are illustrated in Figure 4. In an LTE SRS configuration where a few LTE SRS symbol positions may not be able to align with the GP, the overlapped NB-IoT symbols are proposed not to be used and rate matching is proposed.
Comparison between two NB-Slot designs
	
	NB-Slot with GP
(CP length: 16Ts, GP length: 128+16Ts)
	NB-Slot without GP
(CP length: 36Ts or 37Ts)

	Performance loss due to collision with LTE SRS
	Minimized, less than 0.7dB resource loss and always has better performance than NB-Slot without GP
	Up to 28% resource loss

	eNodeB complexity
	Similar as the NB-slot without GP
	1) no benefit on reduction of eNodeB complexity is expected;
2) the performance loss will be introduced if LTE window FFT results are reused to derive the FFT results of 3.75kHz transmission.

	Flexibility on sampling rate for UE vendors
	240k sampling rate is possible
	Minimum 1.92M sampling rate



Observation1: There is no benefit to have a CP as long as 36Ts for 3.75 kHz NB-IoT symbol. From the performance perspective, the NB-Slot with GP design has better performance than the design without GP, because the resource loss or performance impact due to avoidance of LTE SRS is minimized.
Observation 2: No benefit on reduction of eNodeB complexity is expected by using such a long CP length of 36/37Ts for NB-IoT. On the contrary, the performance loss and ICI will be introduced if LTE window FFT processing results are reused to derive the FFT results for 3.75 kHz uplink transmission.
Observation 3: The NB-Slot structure with 16Ts CP and (128+16)Ts guard period provides the flexibility to use lower sampling rate, e.g. 240k, for NB-IoT UEs.

Proposals
Proposal 1: Adopt 16Ts CP length for 3.75 kHz NB-IoT symbols, and use the remaining duration as a guard period for avoidance of LTE SRS.
Proposal 2: For LTE SRS symbol positions that are not able to align with GPs in NB-Slot, the overlapped NB-IoT symbols are not used and rate matching is used to transmit 3.75 kHz NB-IoT transmission.
Proposal 3: NB-IOT configuration field regarding the avoidance of LTE SRS is broadcasted in the NB-IoT system information
Proposal 4: According to the NB-IoT configuration field regarding the avoidance of LTE SRS, the 3.75kHz NB-Slot boundary aligns with either even or odd LTE subframe so that most of the LTE SRS positions are protected by 3.75kHz NB-IoT GP.
Proposal 5: The same density of DMRS in LTE is used for 3.75 kHz PUSCH and the DMRS pattern is shifted by one symbol to avoid the collision between DMRS and LTE SRS.
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