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1. Introduction
In RAN#69, narrow band IoT has been approved a work item with the following agreements [1]: 
NB-IOT should support 3 different modes of operation: 

1.
‘Stand-alone operation’ utilizing for example the spectrum currently being used by GERAN systems as a replacement of one or more GSM carriers

2.
‘Guard band operation’ utilizing the unused resource blocks within a LTE carrier’s guard-band 

3.
‘In-band operation’ utilizing resource blocks within a normal LTE carrier

In particular, the following will be supported:

· 180 kHz UE RF bandwidth for both downlink and uplink

· OFDMA on the downlink

· Two numerology options will be considered for inclusion: 15 kHz sub-carrier spacing (with normal or extended CP) and 3.75 kHz sub-carrier spacing. Technical analysis will either perform a down-selection or decide on inclusion of both based on the feasibility of meeting relevant requirements while achieving commonality (to be finalized by RAN #70)

· For the uplink, two options will be considered: FDMA with GMSK modulation (as described in 3GPP TR 45.820 section 7.3), and SC-FDMA (including single-tone transmission as a special case of SC-FDMA) 

· Technical analysis will either perform a down-selection or decide on inclusion of both 

· The two above will strive for single solution / down-selection, and the decision will be performed by RAN #70 on the basis of RAN1 evaluation. 

· RAN1 evaluation will be based on

· For the standalone mode of operation: on scenarios and criteria documented in 3GPP TR 45.820 Sections 4 & 5, and Annex A (with the exception of impacts to GSM base station baseband)

· For in-band & guard-band mode of operation: on scenarios and criteria documented in 3GPP TR 45.820 Sections 4 & 5, and Annex A (with exception of impacts to GSM base station baseband and RF), plus newly defined scenarios and criteria based upon the same TR e.g. interference to/from legacy LTE operation

· For power consumption, latency, and capacity, this evaluation will assume use of Gb interface towards the core network

· RAN1 evaluation will be based on a detailed numerical assessment in addition to any pass/fail criteria

· RAN1 will involve RAN2 as necessary

· A single synchronization signal design for the different modes of operation, including techniques to handle overlap with legacy LTE signals

From these agreements, one of the key design requirements is to develop inband design that can address both the NB-IOT design needs as well as compatibility to legacy operations. 
In this contribution, we present our view on NB-IOT UL design. 
2. Background and Requirements
Up to Rel 13, LTE systems support the following bandwidth: 1.4, 3, 5, 10, 15 and 20 MHz. In Rel 13, we introduced eMTC, where RF and baseband of 6 RB or 1.08 MHz are supported. In GERAN, NB-CIoT and NB-LTE are studied to further reduce the bandwidth to fit into 200 kHz, e.g. to allow re-farming of GSM bandwidth. 
The key requirements for inband NB-IOT UL design are:

· RF and BB of 180 kHz

· From device side, at any given time, the UE needs to only support RF and BB of 180 kHz

· FFS whether to allow re-tuning when multiple RBs are available for inband deployment

· Support co-existence of NB-IOT and regular LTE

· FDD and TDD

· With TDD, the number of contiguous D and U can have an impact on the DL and UL tone spacing, i.e. the extend of time domain expanding of the signal

· NCP and ECP
· Leverage existing LTE block and procedures as much as possible

· This includes coding, rate matching, CRS/DMRS design, and general waveform.
· SC-FDMA with single tone can be used in UL to achieve high PA efficiency and reduced specification change.

· This is desirable to reduce the overall development cost and avoid market fragmentation
· Support similar coverage as eMTC, FFS whether to support larger coverage beyond eMTC requirements
Based on these discussions, we make the following proposals: 
Proposal 1:
Support NB-IOT for both FDD and TDD deployment. 

3. Considerations on modulation schemes

For SC-FDMA, there exist modulations with 0 dB or very low PAPR. Below, several modulation 
schemes that allow nonlinear class B and class E power amplifiers such as polar PA are described.

3.1. Single-Tone PSK

Unlike in FDMA, PSK modulations when allocated with a single tone can have essentially 0 dB PAPR. A simple windowing scheme before transmit filtering [4] can be used to ensure 0 dB PAPR.

3.2. Tone-Phase-Shift Keying

Tone-phase-shift keying (TPSK) [5] is another scheme with 0 dB PAPR designed for OFDMA. In (K, M)-TPSK, a symbol is an M-PSK signal on one of the K allocated tones while zeros on other K-1 tones. 
Since there are KM possible constellation points, log2(k)+log2(M) bits can be transmitted with a (K,M)-
TPSK symbol. Table below lists some typical TPSK modulation schemes.

Table 1 Example TPSK modulation schemes
	Modulation
	(2,2)-TPSK
	(4,4)-TPSK
	(4,8)-TPSK
	(8,8)-TPSK

	Bits/Tone

(spectrum efficiency)
	1
	1
	1.25
	0.75

	Total Info Bits
	2
	4
	5
	6


In fading channels, TPSK has the same or slightly worse performance when compared to BPSK:

(2,2)-TPSK and (4,4)-TPSK perform the same as BPSK.

With transmit windowing, TPSK can have 0 dB PAPR [4]. 

3.3. 8-BPSK

In addition to TPSK, there are also other technical solutions that achieve good PAPR. For example, for any number, K, allocated tones, circular tail-biting trellis encoding can be used to achieve low PAPR. Since the modulator translates a sequence of K bits to a sequence of K 8-PSK constellation points, we can call it 8-BPSK. A block diagram of 8-BPSK is depicted in Figure 1.

[image: image1.emf]Channel bits

even

odd

D D

D D

even

odd

x1/2

x1/2

I

Q

I

Q

odd

x

abs(x)

DFT IFFT

Q

I

90

o

f

c

Output

8BPSK signal


Figure 1 Block diagram of 8-BPSK
8-BPSK modulation can also be conveniently described by the following pseudo-code:

· Convert input bits into an offset BPSK sequence xm
· If preceding and succeeding input bits are not equal (xm-1≠xm+1), output =input (ym=xm);

· Otherwise, ym is the 8-PSK constellation point between xm and xm-1.

8-BPSK has the same spectral efficiency and same error performance as BPSK does. Figure 2 shows the PAPR of this modulation. Similar windowing techniques can be used to further reduce PAPR. 
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Figure 2 PAPR of 8-BPSK compared to other modulation techniques
Like GMSK, all the above modulation schemes allow the use of PAs with high efficiency. They all allow the use of polar PA. Compared to GMSK, they have the following advantages:

1. Better spectral efficiency. The CP overhead in OFDMA (7% in LTE) is typically far less than the guard band overhead in FDMA (30% in NB-CIoT).

2. Smaller pilot overhead. GMSK typically requires larger pilot overhead to maintain reasonable performance. For instance, 4 pilot symbols are inserted in every 11 data symbols, more than 30% overhead.

In view of these properties, and also taking into account the maximal reuse of current LTE waveform, we have the following proposal

Proposal 2:


Support SC-FDMA as the uplink waveform for all deployment modes.

4. Numerology considerations
Ideally, if we can keep the same 15 kHz tone spacing, we will minimize the interference to legacy LTE, and the required standard design efforts. 

There are currently several proposals in RAN1 for changing the uplink numerology, even for in-band deployment. There are two issues being discussed:
1. Reduced timing accuracy: The bandwidth reduction (1RB) and low geometry operation cause the accuracy of PRACH timing to be reduced with respect to legacy LTE, so the CP needs to be longer to account for this error. 

a. However, based on preliminary PRACH performance as well as DL timing acquisition [3], accurate timing can be achieved with sufficient averaging or at high geometry. So this may not be an issue. 
b. Furthermore, for high SNR users, there may not be an issue for accurate timing estimation. For low SNR users, their interference to other users may be negligible. 

2. Increased user multiplexing capability: If we multiply the OFDM symbol length by 6, for example, we are able to FDM 6 times more users when using single tone transmission (72 instead of 12). This is especially useful when treating multiple power limited UEs that do not benefit from increased degrees of freedom in the frequency domain.

a. In our view, capacity may not be an issue if we introduce CDM and/or single tone for UL. 

To provide more details, although we agree on the need to solve these issues, extending the numerology might create some problems in many deployments, and would require to re-write the specification for the new numerology. It would be desirable to evaluate the impact of keeping the same numerology as legacy UE (e.g. 15 kHz with NCP for NCP cells). In our companion contribution [3] we observe that the error created by downlink timing is almost negligible even in high SNR condition. In uplink, there is the additional concern of creating inter-UE interference when some of them fall outside the CP region. However, the effect of this misalignment might be smaller than expected due to the correlation between interference impact and timing error:

· UEs that are expected to create interference problems have to be strong enough so that this interference is not negligible. In such a case, we are in a high geometry scenario, in which the eNB can estimate the timing error from PRACH/PUSCH transmissions, and align the UE timing accordingly. Thus, UE in good coverage conditions are not expected to create interference to other users.

· UEs in deep coverage conditions may suffer from bad timing estimation, and thus may create interference to other users. In this case, the UE is expected to have less power than the noise floor, so the effect of interference in other UEs is expected to be negligible. For example, a UE in -5dB SNR with a 10% misalignment will roughly create interference with a power of -15dB with respect to the noise floor.
Also, note that CDM (e.g. PUCCH-like structure) can be used in PUSCH to increase the multiplexing capability, so reduced tone spacing may not offer any advantage in this aspect.

If it turns out that timing accuracy is an issue with 15 kHz tone spacing, then our preference is to use 7.5 kHz tone spacing, which doubles CP (which should be enough to accommodate the timing errors) and would align the NB-IoT slot boundary with legacy subframe boundary. This also ensures that all TDD configurations can be supported. 
Proposal 3: 

Consider first 15 kHz tone spacing for all deployment modes to reduce complexity and minimize interference to legacy LTE. If this is not feasible due to timing uncertainty, then consider 7.5 kHz tone spacing for all deployment modes. 

Proposal 4: 

Consider single tone and/or CDM to increase multiplexing capacity.
Proposal 5 
Target support for all TDD UL/DL configurations for NB-IOT. A common numerology is desired for all FDD/TDD/in-band/standalone deployments to reduce cost.
5. Summary
In this contribution we presented our view on NB-IOT UL design. 
Proposal 1:
Support NB-IOT for both FDD and TDD deployment. 

Proposal 2:


Support SC-FDMA as the uplink waveform for all deployment modes.

Proposal 3: 

Consider first 15 kHz tone spacing for all deployment modes to reduce complexity and minimize interference to legacy LTE. If this is not feasible due to timing uncertainty, then consider 7.5 kHz tone spacing for all deployment modes. 

Proposal 4: 

Consider single tone and/or CDM to increase multiplexing capacity.

Proposal 5 

Target support for all TDD UL/DL configurations for NB-IOT. A common numerology is desired for all FDD/TDD/in-band/standalone deployments to reduce cost.
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