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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). Low cost is a key requirement in IoT applications, and UE should be cheap enough to be deployed on a mass scale. In this contribution, we will investigate the design of transmitter with on-chip power amplifiers (PA) for NB-CIoT UE, and make a comprehensive comparison on design of transmitter for the Class-1 and Class-2 modulation in NB-CIoT UE. The implementation for another option of SC-FDMA is also discussed briefly in the conclusion section.
2 Discussion
2.1 Specification of NB-CIoT uplink 

According to the 3GPP TR 45.820 section 7.3, NB-CIoT offers two classes of uplink modulation: Class-1 which is based on Gaussian Minimum Shift Keying (GMSK), and Class-2 which is based on Phase Shift Keying (PSK), using π/2-BPSK and π/4-QPSK and π/8-8-PSK. The GMSK modulation used in Class-1 is constant envelope which allows PA to achieve high efficiency and low design complexity. For Class-2 modulation, amplitude modulation is required but the peak to mean ratio is relatively low as around 2~3dB. A transmission power of 23dBm is required for both Class-1 and Class-2 modulation. For the channel bandwidth, NB-CIoT uses a minimum system bandwidth of 180kHz for the uplink. This 180kHz channel is divided into 36 narrow bandwidth subcarriers. Multiple uplink subcarriers could be bonded together to provide a wider bandwidth subcarrier. A maximum of 8 bonded subcarriers is supported by NB-CIoT, so that a single carrier bandwidth can be as wide as 40kHz.

2.2 Architecture of transmitter with on-chip PA 
On-chip PA is very attractive in low cost 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. Moreover, to achieve high spectrum efficiency, non-constant envelope modulation such as QPSK and 8-PSK requires the PA to have sufficient linearity to meet their stringent specification. 

In the selection of the uplink transmitter architecture, accommodation for the on-chip PA should be the most important consideration. 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.

Based on the NB-CIoT uplink specification, polar transmitter could be the most suitable architecture for the on-chip PA integration mainly due to 4 reasons: 1) mitigation of PA-VCO pulling effect, 2) reduce out-of-band phase noise to eliminate the off-chip SAW filter, 3) better power efficiency for longer battery-life and 4) low design complexity for narrowband application. Fig. 1 shows the simplified block diagram of a fully integrated polar transmitter with an on-chip PA. 
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Fig. 1 Simplified block diagram of a CMOS transceiver with a polar transmitter

In Class-1 modulation, since the PA output has a constant envelope, the AM path marked in red colour in Fig. 1 can be completely removed. In the PM path, the GMSK signal from digital baseband is sent to a fractional-N PLL to modulate its output frequency directly. The 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 modulated LO signal is amplified by a non-linear PA to improve its efficiency. 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.

In Class-2 modulation, the PSK signal is decomposed to AM and PM signal in the digital baseband. The PM path is similar to the Class-1 modulation and the output phase of the PA is modulated by the PM signal. In the AM path, an envelope DAC together with an analog reconstruction filter converts the AM signal to analog. A supply modulator regulates its output to this AM signal so that the output amplitude of the PA can be modulated. 
Compared to Class-1 modulation, the AM path shown in Fig. 1 consumes a considerable amount of power and occupies a large chip area. Unlike the PM path, the AM path is mainly based on analog signal processing and cannot benefit from the process technology scaling. In addition, to have a similar power efficiency of Class-1 modulation, a DC-DC converter may be employed for the supply modulator. However, an off-chip inductor is required for the DC-DC converter, which increases the BoM cost. Moreover, the noise generated from the DC-DC converter may degrade the PA spectrum and requires more filtering at the PA output. 

In summary, compared to Class-2 modulation, Class-1 modulation can be readily implemented via straightforward architecture with low power consumption and small silicon area.
2.3 PA-VCO injection pulling 

Fig. 2 illustrates the PA-VCO injection pulling effect of the polar transmitter. For the NB-CIoT Class-1 modulation, no AM signal is applied to the PA. The GMSK signal modulates the output frequency of the VCO and it has a phasor VOSC as shown in Fig. 2(b). VOSC goes through the PM path to the PA. The 2nd harmonic of the PA output injects back to the VCO with a phasor Vinj. In the polar transmitter, the relative phase between VOSC and Vinj is constant. Moreover, since no AM occurs in the GMSK modulation, the magnitude of Vinj is also constant. Therefore, the VCO under the PA injection pulling will have a constant output phasor 2xVLO which is VOSC + Vinj. As a result, for Class-1 modulation, the PA-VCO pulling effect can be neglected.
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Fig. 2 PA-VCO pulling effect in polar transmitter (a) block diagram and (b) phaseor diagram

For the Class-2 modulation with non-constant envelope, the AM signal is applied to the PA to change the its output magnitude, so the magnitude of the injection pulling phasor Vinj would also be changed, which causes both the phase and magnitude change at the VCO output phaseor. Although the magnitude change can be eliminated by the limiter, the phase change at 2xVLO generates phase error and degrades the modulation characteristics of the whole polar transmitter. 

Therefore, due to the PA-VCO injection pulling effect, the polar transmitter output power for the non-constant enveloped modulation normally is limited within 10dBm. To achieve the 23dBm output power for the NB-CIoT, the transmitter architecture shown in Fig. 1 requires modification. A possible solution is to change the divide-by-2 frequency divider to be a fractional-N divider[3]. However, the fractional-N divider would increase the power consumption and design complexity. Moreover, it cannot generate the I-Q phase for the receiver. The other method is inserting a certain delay between the VCO and the PA[4]. If this delay is tuned to make the phase different between VOSC and Vinj to be n*π, then the output phasor of 2xVLO will be constant and the PA-VCO pulling effect can be eliminated. However, the required delay is difficult to achieve due to the process, voltage and temperature (PVT) variation.
In summary, the well-known troublesome PA-VCO pulling effect in polar transmitter can be neglected in Class-1 modulation, but more circuit design effort, power consumption and silicon area are required in Class-2 to mitigate its adverse effect.
2.4 Transmitter chain linearity 
There are 4-types of non-linearity in the polar transmitter, including: 1) PM-to-PM distortion 2) AM-to-AM distortion, 3) AM-to-PM distortion and 4) AM and PM timing mismatch. 

For the Class-1 modulation, since no AM signal is applied, only the PM-to-PM distortion would be considered. If we employ the PLL for the narrowband GFSK modulation, it is intrinsically linear by making use of the feedback loop in the PLL. 

For the Class-2 modulation, the nonlinearity of the AM path would be a huge limitation to achieve 23dBm output power. Normally, digital pre-distortion [5] can be employed for the PA linearization. As shown in Fig. 3, the nonlinear of the polar PA including AM-to-AM, PM-to-PM and AM-to-PM nonlinear are measured by the receiver and stored in a look-up table (LUT) during the calibration stage. The input signal is pre-distorted accordingly to compensate for the measured non-linearity. The size of the LUT depends on the operation range of the PA including the variations of temperature, output power, and PA aging. Finally, the effectiveness of the pre-distortion technique highly depends on the linearity of the receiver and thus is typically limited.
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Fig. 3 polar PA with digital pre-distortion (a) block diagram and (b) AM-to-AM pre-distortion example

In summary, no linearity issue exists in Class-1 modulation, since no AM signal is applied to PA and direct modulation in the feedback loop of PLL leads to intrinsic linearity. Therefore, high output power is readily achieved with on-chip PA. In Class-2, complicated circuit design and more silicon area are required to achieve the linearity of polar transmitter, and it is even more difficult for high power output.
3 Conclusions

In summary, transmitter with on-chip PA for Class-1 modulation is readily designed with straightforward polar transmitter architecture without the issues of PA-VCO injection pulling and transmitter chain linearity. Therefore, Class-1 modulation is very suitable for the low cost and low power applications in IoT. Since it may be required in the market of some special region, Class-2 modulation can be an optional modulation scheme defined in NB-CIoT. Moreover, the above analysis is for transmitter design with on-chip PA for the option of FDMA with GMSK modulation, i.e. NB-CIoT. For another option of SC-FDMA with at least 5~6dB PAPR (the single-tone transmission as a special case of SC-FDMA is not considered here), both issues of PA-VCO injection pulling and transmitter chain linearity exist, and even much worse due to its larger PAPR. Therefore, transmitter design with on-chip PA for SC-FDMA requires more silicon area and power consumption than that for Class-2, and no doubt, much more than that for Class-1 in FDMA with GMSK modulation.   
Proposal 1: Adopt the option of FDMA with GMSK modulation for uplink in NB-IOT.

Proposal 2: Regulate Class-1 modulation is as mandatory and Class-2 modulation as optional.
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