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Introduction
In uplink of NB-IoT, both single tone transmissions and multi-tone transmission are supported. In single-tone transmission, two options of 3.75 kHz and 15 kHz subcarrier spacing are supported. In multi-tone transmission, 15 kHz subcarrier spacing is supported. In this contribution, we will investigate the effect of nonlinear PA to EVM in NB-IoT uplink via RF-Baseband co-simulation for both single-tone and multi-tone transmission. The results are based on Keysight's SystemVue simulation.
Discussion
2.1 NB-IoT transmitter with integrated on-chip PA
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Fig. 1 simplified ideal transceiver for low cost UE
Fig. 1 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. 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. In the following sections, we will investigate the effect of nonlinearity PA to EVM in NB-IoT uplink via RF-Baseband co-simulation.


2.2 Simulation environment setup
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Figure 2 simulation setup for NB-IoT uplink
Simulation setup is shown in Figure 2. Baseband signal is generated based on the agreements in previous RAN1 and RAN4 meetings, and both single-tone transmission and multi-tone transmission are supported. The baseband signal is filtered by two digital filters and fed into modulator to generate a spectrum cantered at carrier frequency. Then the signal is amplified by an amplifier, which is a simplified model for on-chip PA described in Figure 1. The linearity of PA can be set via the parameter of P1dB. After amplified by PA, the signal is demoded by a receiver to calculate EVM. We simulate EVM versus P1dB of PA to evaluate the effect of nonlinear PA to the quality of transmission signal.

2.3 Simulation results
2.3.1 Single-tone transmission, 3.75kHz subcarrier spacing
For single-tone transmission, 3.75kHz subcarrier spacing, the bandwidth of digital filters is set around 200kHz. Due to filtering, both Pi/2 BPSK and Pi/4 QPSK signal demonstrate PAPR in some extent, which is about 1.0~1.1dB from simulation.  The input power of PA is 20dBm and gain of PA is set to 0 dB. 
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	Figure 3a) EVM v.s P1dB, single-tone 3.75kHz, Pi/2 BPSK				Figure 3b) EVM v.s P1dB, single-tone, 3.75kHz, Pi/4 QPSK
From Figure 3, the EVM nearly keeps constant when P1dB of PA decreases, and the value is very close to EVM with perfect linear PA. Therefore, we can conclude that the nonlinearity of PA has little effect to EVM for single-tone 3.75kHz subcarrier spacing. Please note for those cases of P1dB less than 20dBm, although output power is less than 20dBm, EVM is still good enough.  
2.3.2 Single-tone transmission, 15kHz subcarrier spacing
For single-tone transmission, 15kHz subcarrier spacing, the bandwidth of digital filters is set around 200kHz. Similar as 3.75kHz subcarrier spacing, both Pi/2 BPSK and Pi/4 QPSK signal demonstrate PAPR in some extent due to filtering, which is about 1.0dB from simulation.  The input power of PA is 20dBm and gain of PA is set to 0 dB. 
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	Figure 4a) EVM v.s P1dB, single-tone, 15kHz, Pi/2 BPSK				Figure 4b) EVM v.s P1dB, single-tone, 15kHz, Pi/4 QPSK
From Figure 4, the EVM nearly keeps constant when P1dB of PA decreases, and the value is very close to EVM with perfect linear PA. Therefore, we can conclude that the nonlinearity of PA has little effect to EVM for single-tone 15kHz subcarrier spacing. Please note for those cases of P1dB less than 20dBm, although output power is less than 20dBm, EVM is still good enough.  
2.4 Effect of nonlinearity of PA to EVM for multi-tone transmission
For multi-tone transmission, the digital filters is bypassed, since PAPR is mainly dominated by multi-carrier SC-FDMA in multi-tone transmission. The input power of PA is 20dBm and gain of PA is set to 0 dB. 
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   Figure 5a) EVM v.s P1dB, tone number=3; 	     Figure 5b) EVM v.s P1dB, tone number=6  	Figure 5c) EVM v.s P1dB, tone number =12
According to simulation, PAPR is 4.8dB, 5.7dB and 5.6dB for signal with tone number of 3, 6 and 12, respectively.   From Figure 5, it is shown that EVM increase significantly when P1dB of PA decrease. Therefore, we can conclude that the nonlinearity of PA has much adverse effect to EVM for multi-tone transmission. Nonlinear PA may be not applicable for multi-tone transmission.
Moreover, based on the above analysis, if UE only supports single-tone transmission, TX-AM path (highlighted in red colour) in Figure 1 can be omitted, which will decrease chip design complexity significantly. Combined with on-chip nonlinear PA, UE that only supports single-tone transmission will have much more advantages in ultra low power and low cost applications, which are key aspects for NB-IoT applications as we all know.
Conclusions
In summary, the effect of nonlinearity PA to EVM in NB-IOT uplink is investigated via RF-Baseband co-simulation based on Keysight's SystemVue. The simulation shows nonlinearity of PA has little effect to EVM for single-tone transmission, but has much degradation to EVM for multi-tone transmission. For those UE only supporting single-tone transmission for ultra low power and low cost applications, nonlinear PA integrated on chip and simple transmitter architecture can be adopted to increase power efficiency and decrease cost.
Conclusion1: Nonlinearity of PA has little effect to EVM for single-tone transmission, but has much degradation to EVM for multi-tone transmission. Nonlinear PA may be not applicable for multi-tone transmission.
Conclusion2: UE that only supports single-tone transmission will lead ultra low power and low cost, due to the adoption of on-chip nonlinear PA and simple transmitter architecture.
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