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1 Introduction
In RAN#70 meeting, a revised WID: Narrowband IoT (NB-IoT) is approved [1]. The latest agreement in RAN 1 on uplink comprised proposal was adopted:  
· For the uplink: 

· Single tone transmissions are supported. Two numerologies should be configurable by the network for single-tone transmission: 3.75 kHz and 15 kHz. A cyclic prefix is inserted. Frequency domain sinc pulse-shaping in the physical layer description.

· Multi-tone transmissions are supported, based on SC-FDMA with 15 kHz UL subcarrier spacing.

· FFS: Additional mechanisms for PAPR reduction.

· The UE shall indicate the support single-tone and/or multi-tone, details to be discussed by RAN WGs

At least for 3.75kHz, a new frame structure is needed. In this contribution, we will discuss the considerations on NB-IOT frame structure design.
2 Frame Structure Design for 3.75kHz
Subframe and frame length
3.75kHz single tone will be supported by NB-IoT system to lower PAPR and support extreme coverage with a good spectrum efficiency. In order to deliver a decent TB size, a longer TTI needs to be introduced. As discussed in [2], NB-PRB with longer TTI is proposed for single tone transmission. The purpose of defining a “subframe” for 3.75kHz may be:
· 3.75kHz subframe is n ms, which at least aligns with n 15kHz subframes.
· Forward compatibility for TDD.
· 3.75kHz subframe length is better to be 1ms, 2ms, 5ms.
· For 10ms, it may require 7 special subframe designs for legacy uplink-downlink configuration. But for 2ms or 5ms, 3 special subframes are sufficient as discussed in section 3. 
· Smallest scheduling granularity for resource allocation with reference signal.

· One TTI is defined as one or multiple of subframes with reference signal for demodulation to avoid UE complexity or signaling overhead to support different RS patterns
· 1ms subframe length may have too much RS overhead (i.e., 1/3).

· Note: it is also possible to define a short “slot” (e.g., 1 ms) and make all the symbols in one subframe as reference signals. We treat one subframe as multiple short “slots”. 
Considering the above purposes and restrictions, it’s better to define a subframe with 2ms or 5ms for 3.75kHz. On the other hand, in order to minimize the specification effort, it is better to keep 10ms as one radio frame. 
Proposal #1: Define a subframe with 2ms or 5ms for 3.75kHz and radio frame with 10ms. 
CP length and number of symbols in each subframe
CP is used to maintain orthogonality between different UEs at receiver side, to overcome delay spread and residual timing error. On the other hand, long CP will degrade spectrum efficiency and also harmful for UE battery life (waste of power to transmit CP). Residual timing error with PRACH format 2 in [3] is within [-28, 28] s at 99%for extreme coverage UE [4] and within +/- 4.7 s with PRACH format 0/1 better coverage. A better timing estimation may be possible with more occupied bandwidth with single-tone transmission of PRACH.  
Some examples of frame structure design for 3.75kHz are listed as below, and details are illustrated in Table 1. 
For 2ms subframe design, 
· Alt 1: 7 OFDM symbols with ~16.67s CP (6.7% overhead) 
· Alt 2: 6 OFDM symbols with 66.67s CP (20% overhead). 
For 5ms subframe design, 
· Alt 1: 18 OFDM symbols with ~ 8.335s CP (4% overhead) 

· Alt 2: 17 OFDM symbols with ~24.915s CP (9.35% overhead)

· Alt 3: 15 OFDM symbols with 66.67s CP (20% overhead).
The selection on which option depends on the UL timing error that a proper PRACH design for MCL = 164dB and delay spread of channel models. With sufficient CP length, the less CP overhead provides the higher data rate and shorter transmission time. For example, 20% CP overhead compared with 4% overhead roughly prolong 19% transmission time without considering diminishing return. In addition to CP overhead, potential RS pattern designs for each alternative also needs to be considered. Figure 1 shows some preliminary results for different frame structures and RS overheads, where detailed simulation assumption listed in Table 4 and RS patterns are shown in Figure 4 in appendix. From simulation we can see that, 4% CP overhead design and 6.7% overhead design have about 1~1.5dB gain compared with 20% overhead designs (Alt 2 for 2ms or Alt 3 for 5ms). A proper RS pattern may slight improve BLER performance to ~0.5dB. More discussion on RS design can be also found in [5] for extreme coverage case (MCL is about 164dB). From the observation in [5], it shows that increasing RS density may not improve the BLER performance when code rate is low for extreme coverage case (3.75kHz target coverage). Possible RS pattern designs need to be take into considered when design frame structure for 3.75kHz. Further evaluation is needed for different code rates and coverage levels. 
Observation #1: Large CP overhead will prolong transmission time. RS density and pattern may also have impact to the performance. 
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Figure 1 

Table 1 Comparison for 3.75kHz frame structure design
	Parameters
	2ms subframe
	5ms subframe

	Bandwidth
	180kHz
	180kHz

	Subcarrier spacing
	3.75kHz
	3.75kHz

	Sampling Rate
	240kHz
	240kHz

	Basic time unit(Ts)
	240Ts=1ms
	240Ts=1ms

	FFT size
	64
	64

	Usable subcarriers
	48
	48

	Symbol duration
	Normal CP: 
6.7% overhead

72Ts (~299.7us)/68Ts(~283.1us)

Extended CP:
20% overhead

80Ts(~333.3us)
	Alt 1: 
4% overhead

67Ts (~279.1us)/66Ts(275us)

Alt 2: 
9.3% overhead

71Ts (~295.8us)/70Ts(~291.7us)

Alt 3: 
20% overhead

80Ts (~333.3us)

	CP
	Normal CP:

1st symbol: 8 Ts (~33.33us)

Other symbols:4 Ts (~16.67us)

Extended CP:

16Ts(~66.67us)
	Alt 1:

First 12 symbols: 3Ts(12.5us)

Others: 2 Ts(~8.335us)

Alt 2: 

First 10 symbols:7Ts(29.1725us)
Others: 6Ts(24.915us)
Alt 3:
16Ts(~66.67us)

	Subframe structure
	Normal CP:

1 subframe = 7 OFDM symbols = 2ms 
Extended CP:

1 subframe = 6 OFDM symbols = 2ms 
	Alt 1: 
1 subframe = 18 OFDM symbols = 5ms 

Alt 2: 

1 subframe = 17 OFDM symbols = 5ms

Alt 3:
1 subframe = 15 OFDM symbols = 5m 

	
	1 radio frame =5 subframe =10ms 
	1 radio frame =2 subframe =10ms


Collision with legacy SRS
The SRS transmission period is cell-specific every 1/2/5/10 ms. It may have collision with 3.75kHz single-tone transmission for in band mode. There are several methods to solve the issue
a) Do not transmit the symbol collided with legacy SRS. 

No impact to legacy UE but it may result in longer awake time for NB-IoT device. 
b) Depends on eNB implementation. 

Opt1 1: Restriction on SRS
   May have impact on spectral efficiency due to restriction of SRS

Opt 2: restriction on potential PRB for NB-IoT, e.g., two edges.

   May have restriction for NB-IoT deployment especially for narrow LTE bandwidth.

    Opt 3: Live with collision. 

       May have impact on channel estimation of SRS and NB-PUSCH. 

Based on the above analysis, it is possible to depends on eNB implementation to solve the potential collision with legacy SRS, which have multiple implementation methods to solve it.  
Proposal #2: It’s up to eNB implementation to solve potential collision with legacy SRS.
3 Frame structure for TDD 

In LTE TDD system, there are three of configurations every 5ms, DSUUU, DSUUD, and DSUDD. In order to support all the configurations in legacy TDD system, it is possible to design three special subframes to fit in current TDD UL-DL configurations with 5ms subframe length. An example of special subframe design is illustrated as Figure 2. UpPTS is designed during legacy uplink subframe(s) or legacy UpPTS with several 3.75kHz symbols. Multiple 5ms subframes can be bundled together as one TTI to transmit one transport block to provide a proper code rate. 
According to the new special subframe design, each legacy UL-DL configuration is corresponding to a new configuration. Shown as Table 2, UL-DL configuration 0/1/2/6 are corresponding to S0 S0/ S1S1/ S2 S2/S0 S1 respectively. And configuration 3/4/5 are corresponding to S0 D/S1 D/ S2/D, where D represents to 5 downlink subframes with 1ms if legacy numerology is adopted to downlink. 
	Special subframe 0 
	D 
	S 
	U 
	U 
	U 

	
	1 DL subframe
	DwPTS 
	GP 
	UpPTS 

	Special subframe 1 
	D 
	S 
	U 
	U 
	D 

	
	1 DL subframe
	DwPTS 
	GP 
	UpPTS 
	1 DL subframe 

	Special subframe 2 
	D
	S
	U
	D
	D

	
	1 DL subframe
	DwPTS 
	GP 
	UpPTS 
	1DL subframe
	1 DL subframe


Figure 2 An example of special subframe design for 5ms subframe 
Table 2 UL-DL configuration
	UL-DL configuration
	Downlink-to-Uplink Switch-point periodicity 
	Legacy subframe number

	
	
	0 
	1 
	2 
	3 
	4 
	5 
	6 
	7 
	8 
	9 

	0
	5 ms 
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U

	
	/ 
	S0
	S0

	1
	5 ms 
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D

	
	/ 
	S1
	S1

	2
	5 ms 
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D

	
	/ 
	S2
	S2

	3
	10 ms 
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D

	
	/ 
	S0
	D
	D
	D
	D
	D

	4
	10 ms 
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D

	
	/ 
	S1
	D
	D
	D
	D
	D

	5
	10 ms 
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D

	
	/ 
	S2
	D
	D
	D
	D
	D

	6
	10 ms 
	D
	S
	U
	U
	U
	D
	S
	U
	U
	D

	
	/ 
	S0
	S1


Similarly, for 2ms subframe, two adjacent legacy subframes can be bundled as one M-subframe, an example shown as Figure 3 and Table 3. Five types of subframes are needed, as DS, UU, UD, SU, DD, where DS can be considered as legacy D +S without uplink transmission in special subframe if 15kHz subcarrier spacing is used and DD are two legacy downlink subframes. UD and SU can transmit 3 uplink OFDM symbols with 3.75kHz subcarrier spacing, and D and S are legacy downlink subframe and special subframe respectively. Other designs can also be considered such as bundling subframe #9 and subframe #0 as one 2ms subframe. Similar as above analysis, reference signal design may need further study considering the performance and overhead, as well as the corresponding uplink resource allocation mechanism. 
Observation #2: 2ms or 5ms subframe length with 3.75kHz can support TDD system in band deployment with new special subframe designs.
	D 
	S 

	1 DL subframe 
	DwPTS 
	GP 


(a) Special subframe S0

	S 
	U 

	DwPTS 
	GP 
	UpPTS 


(b) Special subframe S1

	U 
	D 

	UpPTS 
	GP
	1 DL subframe


(c) Special subframe S2

Figure 3 An example of special subframe design for 2ms with 3.75kHz subcarrier spacing 

Table 3 Uplink-downlink configuration for TDD in band mode
	UL-DL configuration 
	Switch-point periodicity 
	Subframe number 

	
	
	0
	1
	2
	3
	4

	0
	5ms
	S0
	U
	S2
	S1
	U

	1
	5ms
	S0
	U
	D
	S1
	S2

	2
	5ms
	S0
	S2
	D
	S1
	D

	3
	10ms
	S0
	U
	S2
	D
	D

	4
	10ms
	S0
	U
	D
	D
	D

	5
	10ms
	S0
	S2
	D
	D
	D

	6
	5ms
	S0
	U
	S2
	S1
	S2


4 Conclusion
In this contribution, we discussed frame structure design for 3.75kHz subcarrier spacing. Some observations are made:

Observation #1: Large CP overhead will prolong transmission time. RS density and pattern may also have impact to the performance. 
Observation #2: 2ms or 5ms subframe length with 3.75kHz can support TDD system in band deployment with new special subframe designs.

Based on the discussions and observations, we proposed: 
Proposal #1: Define a subframe with 2ms or 5ms for 3.75kHz and radio frame with 10ms. 

Proposal #2: It’s up to eNB implementation to solve potential collision with legacy SRS.
5 References
[1] RP-152284, “Revised Work Item: Narrowband IoT (NB-IoT)”,  Huawei, HiSilicon
[2] R1-160164, “Discussion on resource allocation of NB-PUSCH”, MediaTek

[3]R1-157424, “Narrowband IoT – Random Access Design”, Ericsson
[4] R1-157421, “NB-IoT - Performance of 15 kHz subcarrier spacing for NB-IoT uplink shared channel”, Ericsson
[5] R1-160160, “Evaluation of DMRS pattern on NB-PUSCH”, MediaTek

Table 4 Assumptions for link level simulation
	Parameter
	Value

	Frequency band
	900 MHz

	Propagation channel model
	ETU

	Maximum Doppler spread
	1 Hz

	Antenna configuration
	MS: 1Tx, BS: 2Rx

	Timing error
	0 us

	Frequency error
	F_offset(t) = F_est_error + (F_drift_active * t)

	NB-IOT specific frequency error  (F_est_error)
	Randomly chosen from [-50, 50] Hz

	Frequency drift rate (F_drift_active)
	22.5 Hz/second

	Subcarrier pacing
	3.75 kHz

	Coding scheme
	Turbo coding

	Modulation scheme
	QPSK

	DMRS density/pattern
	Shown as Figure 4 

	TBS
	256 bits

	CRC length
	24 bits

	Resources for once transmission
	Single-tone, 100ms 

Note: code rate depends on RS overhead and frame structure (~0.5)

	Repetition number
	No repetition

	Cross-subframe channel estimation
	20 ms
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             (a)2ms subframe with 7 OFDM symbols     (b) 5ms subframe with 15 OFDM symbols
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(c)5ms subframe with 17 OFDM symbols  (d) 5ms subframe with 18 OFDM symbols 

Figure 4 RS pattern for different frame structure design
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