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1 Introduction
In TSG RAN#69 plenary meeting, new work item on NB-IoT[1] was approved. In this contribution, we will investigate the design of UE RF transceiver architecture for NB-IoT, especially from the view of low power and low cost implementation.
2 Discussion
2.1 Brief introduction to specification of NB-IoT 
According to the updated WID[2], several features of NB-IoT system are related to UE RF transceiver architecture design, such as:

· 180 kHz UE RF bandwidth for both downlink and uplink

· For  downlink: 
· OFDMA on the downlink

· 15 kHz sub-carrier spacing for all the modes of operation (with normal or extended CP). 

· 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

· An NB-IoT UE only needs to support half duplex operations.

2.2 Key features of low cost UE RF transceiver 
Based on the above requirements, a simplified ideal transceiver diagram for an ultra low cost UE in NB-IoT is shown in Fig.1. The transceiver has the following key features: 1) On-chip power amplifier (PA); 2) Shared single-end RF in/out port, i.e. on-chip RF switch/balun; 3) No Surface Acoustic Wave (SAW) filter at RF port (so-called SAW-less receiver). Besides on-chip PA, feature 2) and feature 3) are also of vital importance for cost reduction, since off-chip RF switch and SAW filter are expensive components, even for UE in conventional cellular communication. For IoT applications, which are much more cost-sensitive, these two components are mandatory to be eliminated. Using On-chip PA is the premise of the implementation of feature 2), and feature 2) makes SAW-less transceiver as a must, since FDD mode should be supported NB-IoT. 


[image: image14.emf]
Fig. 1 simplified ideal transceiver for low cost UE

2.3 Proposed UE RF transceiver architecture
Fig.2. is the proposed RF transceiver architecture. The key features of narrow band and low data rate lead to a straightforward receiver architecture - digital low Intermediate Frequency (IF) receiver with high dynamic range ADC. In this architecture, digital filter can be adopted to replace the conventional analog filter, which occupies less area with better performance in advanced CMOS process. A high dynamic range sigma-delta ADC will achieve low power consumption and relax the requirement of Automatic Gain Control (AGC). For transmitter, polar transmitter will consumes less power and occupies less area than direct up-conversion architecture, which is popular in narrowband communication. Moreover, it is more suitable for the on-chip PA integration mainly due to four reasons: 1) mitigation of PA-VCO pulling effect, 2) reduce out-of-band phase noise to facilitate the elimination of off-chip SAW filter, 3) better power efficiency for longer battery-life and 4) low design complexity for narrowband application. As shown in the diagram, VCO operates at two times of LO frequency with a divide-by-2 frequency divider to generate the I-Q LO signal for the receiver. The phase modulation (PM) part on LO is amplified by PA, and the amplitude modulation (AM) part modulates the amplitude of PA directly. Good phase noise can be achieved by avoid using the up-conversion mixer so that the expensive and bulky SAW filter can be replaced by a low cost harmonic filter. Therefore, low IF receiver with high dynamic range ADC and polar transmitter architecture are very suitable for the low cost and low power applications in NB-IoT UE.
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Fig. 2 proposed UE RF transceiver architecture

2.4 Key technical aspects of UE RF transceiver
2.4.1 Digital Controlled Crystal Oscillator (DCXO) 
Sensitivity of receiver 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. Even with an expensive Temperature Compensated Crystal Oscillator (TCXO), the bandwidth still cannot be so narrow, since the accuracy of commonly used TCXO is only around ±1~2 ppm. For a 900MHz carrier, it is ±0.9kHz to ±1.8kHz absolute frequency error. 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-IoT 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.
However, 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. In low cost application, VC-TCXO can be replaced by DCXO. Combined with DCXO design, 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 NB-IoT than in conventional cellular communication. Therefore, DCXO is a very attractive solution for UE transceiver in NB-IoT.     
2.4.2 SAW-less receiver 
As mentioned above, narrowband leads to a straightforward digital IF architecture with a low power sigma-delta ADC, 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. NB-IoT RF receiver can also have the same benefit via adopting the similar digital IF architecture as GSM/EDGE receiver. However, in today's 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 relaxed in NB-IoT specification, compared to the corresponding parameter defined in GSM/EDGE specification. A proper definition of out-of-band blocking requirement for cellular IoT will facilitate the removal of SAW filter (so-called SAW-less receiver) without inducing adverse effect to system performance; therefore, the BoM cost of UE is further reduced.  
2.4.3 Integrated on-chip PA
Fig. 3 is the architecture of UE RF transceiver with on-chip PA, with emphasis on transmitter part. On-chip PA is very attractive in low cost NB-IoT applications. However, the design of on-chip PA still remains the most challenging not only because the on-chip PA tends to disturb the sensitive block such as VCO, but also because it requires large output power and high efficiency. On-chip CMOS PA usually has inferior performance compared to external PAs implemented in non-CMOS process because transistors in CMOS process have poor linearity of transconductance and output impedance for large signal. In addition, low supply voltage due to the transistor’s low break-down voltage would inevitably limit the output power. Moreover, the high-loss inductor implemented in CMOS process degrades the PA efficiency significantly. Finally, integration of the PA and VCO on the same die suffers from PA-VCO injection pulling effect which significantly degrades the modulation characteristics and spectrum emission mask.
              
[image: image3]
Fig. 3 architecture of UE RF transceiver with on-chip PA
Although NB-IoT adopts SC-FDMA modulation for uplink, several methods for reducing zero Peak-to-Average Power Ratio (PAPR) have been proposed, and additional mechanisms for PAPR reduction will also be studied. A low or near-zero PAPR facilitates the implementation of power-efficient on-chip PA, since PA can be operated near saturation region for maximum output power with good power efficiency up to around 45%. Another advantage of on-chip PA is cost reduction. The cost of UE is not only from silicon area, but also from packaging. Usually, packaging cost can cover nearly 30% of the total cost of IC chipset in low cost wireless communications. With on-chip PA, the cost of packaging of PA is eliminated, thus further reduce the total BoM cost of UE. 

3 Conclusions

In summary, an ideal RF transceiver for an ultra low cost UE in NB-IoT includes on-chip PA, shared single-end RF in/out port, on-chip RF switch/balun and SAW-less receiver. Digital low IF receiver with high dynamic range ADC is a good candidate architecture for receiver and polar transmitter is good candidate architecture for transmitter, especially for the low cost and low power applications in NB-IoT UE. Moreover, DCXO design, SAW-less receiver and integrated on-chip PA are three key technical aspects to achieve low power and low cost UE RF transceiver implementation.
Proposal 1: Digital low IF receiver with high dynamic range ADC and polar transmitter can be the reference RF transceiver architecture 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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