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1 Introduction
In TSG RAN#69 plenary meeting, new work item on NB-IOT[1] was approved. For uplink, two options will be considered: FDMA with GMSK modulation (as described in 3GPP TR 45.820 section 7.3, also known as NB-CIoT[2]), and SC-FDMA (including single-tone transmission as a special case of SC-FDMA). Cost and power consumption of UE in NB-IOT are of vital importance to the development of IoT, since UE should be cheap enough so that they can be deployed on a mass scale. In this contribution, we give a summary on several key features of NB-CIoT, especially from the view of UE transceiver design.
2 Key features
2.1 Narrowband communication with frequency synchronization
In non-cellular communication system, there are two technology trends: narrowband and spread spectrum. Both of them aim to increase sensitivity and coverage at the expenses of decreasing spectrum efficiency. In cellular communication used in IoT, spread spectrum is not a popular choice, since the spectrum resources is very limited and expensive in cellular communication, especially for the bands below 1 GHz, which have more coverage than high frequency bands. 
Another choice is narrowband. The sensitivity is inversely proportional to channel bandwidth; therefore, narrower bandwidth leads to better receiver sensitivity. In non-cellular narrowband communication, accuracy of the crystal that serves as the clock source of UE is a very critical issue. If the crystal frequency drifts with time and temperature, as it usually occurs in practice, user channel also changes. Therefore, usually non-cellular narrowband communication cannot adopt an ultra narrow channel bandwidth like 5kHz in NB-CIoT. Even with an expensive Temperature Compensated Crystal Oscillator (TCXO), the bandwidth still cannot be so narrow, since the accuracy of commonly used VC-TCXO is only around ±1~2 ppm. For a 900MHz carrier, it is ±0.9kHz to ±1.8kHz absolute frequency error, or ±18% to ±36% frequency deviation of a 5kHz channel bandwidth. It is obviously impractical or very difficult for UE transceiver design. Although some types of high precision TCXO can achieve ±0.2ppm, they are very expensive and relatively bulky, which are not suitable for IoT applications.

NB-CIoT is the first cellular IoT technology that adopting narrowband communication. As described in 3GPP TR 45.820 section 7.3, NB-CIoT leverages advantages of both cellular communication and narrowband communication. In cellular communication, such as GSM/EDGE, UMTS and LTE, frequency synchronization is necessary before data traffic link between UE and base station is established. By frequency synchronization, UE frequency is adjusted in correspondence to base station frequency. Usually, frequency synchronization is achieved by tuning the control voltage of a Voltage Controlled Temperature Compensated Crystal Oscillator (VC-TCXO). The absolute frequency of VC-TCXO changes in a small range by the adjustment of the digital command from the base station. After frequency synchronization, the accuracy of VC-TCXO can be adjusted to less than ±0.1ppm compared to the base station frequency, which is ±90Hz to ±180Hz maximum frequency deviation for a 900MHz carrier. It is easy to eliminate the adverse effect of such a carrier frequency offset in UE transceiver design.
Cost is a very critical aspect for IoT applications. Usually, VC-TCXO, which is extensively used in conventional cellular communication system, is much more expensive (4~5 times) than common crystal. However, in low cost application, VC-TCXO can be replaced by Digital Controlled Crystal Oscillator (DCXO). Combined with analog circuit design technique, a common crystal can achieve the function of VC-TCXO with only 1/4 to 1/5 of the price of VC-TCXO. Although the phase noise performance of DCXO is a little degraded compared with that of VC-TCXO, it is sufficient since the noise performance is not so stringent in cellular IoT applications than in conventional cellular communication. Therefore, DCXO is a very attractive solution for UE transceiver in cellular IoT.     
2.2 GMSK modulation for uplink transmission

In NB-CIoT, single-carrier FDMA with Gaussian Minimum Shift Keying (GMSK) modulation is adopted for uplink transmission, which is a key advantage for reducing UE cost and power consumption. The constant envelope characteristic of GMSK modulation leads to a zero Peak-to-Average Power Ratio (PAPR), which enables the feasibility of using nonlinear power amplifier (PA) with high efficiency.

As described in [3], the output power of UE transmitter is proposed to be classified as 12dBm, 18dBm, 23dBm and 27dBm for different application scenarios. GMSK modulation with nonlinear PA facilitates the feasibility of on-chip PA for at least the first 3 power classes. Combined with small size button primary cell battery as power supply, it is very attractive to implement an ultra low power and ultra low cost UE for most of applications in IoT. The detailed analysis of transmitter with on on-chip PA in NB-CIoT UE can be found in [4]. 
However, another option in NB-IOT adopts SC-FDMA, which has at least 5~6dB PAPR (the single-tone transmission as a special case of SC-FDMA is not considered here). Therefore, it is impossible to adopt a nonlinear PA for UE uplink transmission. The power efficiency will be significantly decreased, for example, from ~45% of nonlinear PA to ~25% (or even lower) of linear PA without additional linearization techniques, especially when on-chip PA is adopted for cost reduction. Even with complicated linearization technique such as pre-distortion, the power efficiency of a linear PA is still incomparable with nonlinear PA. Moreover, on-chip PA design for SC-FDMA with 5~6dB PAPR to output large power is very difficult or very power-inefficient, since it requires not only phase modulation but also amplitude modulation. The well-known injection pulling effect will seriously worsen the transceiver performance and leads to complicated circuit design and large power consumption. 
For comparison, modulation schemes used by main competitors in current IoT market are discussed as below. Sigfox adopts GFSK modulation for low power low data rate by using TI's CC1120 as transceiver chip. Lora also adopts GFSK modulation for low power long-range applications by using their own chipset. It is known that GMSK can be regarded as a special case of GFSK, and both of them have a constant envelope characteristic. Obviously, constant envelope modulation are extensively adopted in low power low cost non-cellular communication, and most of their product use a high efficiency on-chip PA which benefits from the constant envelope modulation. Compared with cellular IoT, these non-cellular communications have the intrinsic disadvantage of reliability issues as well as non-global connection. However, if a non-constant envelope modulation with large PAPR such as SC-FDMA is adopted for cellular IoT, these competitors will surpass cellular IoT in the aspects of both power consumption and cost, which are very critical in IoT applications. Therefore, non-constant envelope modulation option such as SC-FDMA will seriously lag the development of cellular IoT communication, and then operators will lose the excellent opportunities and the huge IoT market to the competitors.
2.3 Cost reduction of UE RF transceiver
GMSK modulation for uplink and narrowband for both uplink and downlink in NB-CIoT not only enable the feasibility of using high efficiency nonlinear PA, but also leads to significant cost reduction in UE RF transceiver design.
For receiver, narrowband leads to a straightforward digital Intermediate Frequency (IF) architecture with a low power sigma-delta ADC for sampling IF directly, which is very popular in current GSM/EDGE receiver design. Since many critical functions such as in-band interference filtering and image rejection are implemented in digital baseband, the complexity and cost are significantly reduced in advanced CMOS process. In mainstream GSM/EDGE receiver, expensive Surface Acoustic Wave (SAW) filter is extensively used to meet the stringent requirement of out-of-band blocking in GSM/EDGE specifications. For example,  the most stringent out-of-band blocking requirements for GSM 850/900 bands is 0dBm at 20MHz offset with only 3dB relaxation on sensitivity. Therefore, it is very difficult to remove the SAW filter in receiver RF front-end. Although some circuit solutions are available for low-end application to eliminate the SAW filter, complicated circuits are used at the price of increase of die size and power consumption. We suggest that the out-of-band blocking requirement for receiver should be seriously considered in the definition of cellular IoT specification. A proper definition of out-of-band blocking requirement for cellular IoT will facilitate the removal of SAW filter (so-called SAW-less) without inducing adverse effect to system performance; therefore, the BoM cost of UE is further reduced.  
For transmitter, narrowband GMSK modulation can be readily implemented with a PLL direct modulation architecture, since no amplitude modulation is required for a constant envelope modulation. Again, simple architecture leads to low cost and low power consumption, which are the key requirements of IoT applications. Although NB-CIoT has other optional modulation scheme of π/2-BPSK, π/4-QPSK and π/8-8PSK, the lower PAPR of these modulation schemes and narrower signal bandwidth also make it easier and more power-efficient than SC-FDMA option.
3 Conclusions
Based on the above analysis, the option of FDMA with GMSK modulation, i.e. NB-CIoT leverages the advantage of both cellular communication and narrowband communication, and it is very appropriate to implement UE with ultra low cost and low power consumption. 
Proposal 1: Adopt the option of FDMA with GMSK modulation for uplink in NB-IOT.

Proposal 2: Relax the requirement of out-of-band blocking for receiver in NB-IOT specification, compared to the corresponding parameter defined in GSM/EDGE specification.
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