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Abstract

:

For the existing outphasing architectures of an all-digital transmitter (ADTx), the required sampling rate of the signal is too high, which increases the difficulty of digital radio frequency pulse width modulation (RF-PWM) processing. In this paper, we present an outphasing architecture based on the parallel RF-PWM method for an ADTx. Through polyphase interpolation, two baseband outphasing signals are divided into multiple low-rate signals to process simultaneously. The parallel outphasing signals are modulated and encoded to obtain 1-bit parallel signals, which are, respectively, transmitted to multigigabit transceivers (MGTs) to generate two two-level high-speed pulses with different phases. Finally, a three-level high-speed pulse is synthesized and amplified through the switching power amplifier. Through this parallel scheme, the sampling rate of digital RF-PWM signal processing is effectively reduced. Moreover, to explore a pulse encoding method, the outphasing architecture is combined with a zero-crossing comparison through an angle calculation and quadrant judgment, which simplifies the modulation and encoding process. In addition, the impact of the sub-filter order and the number of parallel paths on system performance is analyzed. The simulation results show that for a 16QAM signal with a baseband bandwidth of 20 MHz and a carrier frequency of 200 MHz, the adjacent channel power ratio (ACPR) is below −45 dBc and the error vector magnitude (EVM) is below 1% in the proposed scheme.
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1. Introduction


In recent years, the development trend of wireless communication has been to utilize software radio to achieve functions of the digital domain for a transmitter. The all-digital transmitter (ADTx) has developed rapidly, and its flexible reconfigurable and programmable performance meets the design requirements of the high efficiency of the transmitter and the demand of SDR technology [1,2]. ADTx implements radio frequency (RF) functions such as up-conversion and pulse encoding in the digital domain and is mainly composed of a direct digital radio frequency modulator (DDRFM), a switched-mode power amplifier (SMPA), and the tuning filter. The DDRFM not only realizes the digital up-conversion of the baseband signal but also converts the digital radio frequency signal into a pulse signal suitable for switching amplification through a certain pulse encoding algorithm [3].



Radio frequency pulse width modulation (RF-PWM) [4] is one of the most commonly employed pulse encoding algorithms for an ADTx system. It can map the amplitude and phase of the input signal to the pulse width and position of the periodic pulse, respectively. In the ADTx system based on the RF-PWM algorithm, the outphasing architecture [5,6] is especially suitable. An example of such ADTx based on digital outphasing control and RF-PWM [7] is provided in Figure 1, which decomposes the input signal into two constant amplitude signals with different phases. Then, two outphasing signals drive independent switching power amplifiers, respectively, and synthesizes the output power RF signal.



At present, many various modulator architectures that combine outphasing and RF-PWM [8,9] have been proposed. Nevertheless, there is an important problem in practical applications when using the outphasing architecture for RF-PWM. Using only the time information of the pulse edge to encode amplitude and phase requires an extremely high time resolution, which also means that a higher sampling rate is required. The high sampling rate greatly increases the difficulty of digital signal processing [10]. References [11,12] propose a multi-level RF-PWM scheme that increases the number of modulation pulse levels to improve performance. Due to the increase in amplitude resolution, the requirement for a time resolution is reduced with the desired performance. Nevertheless, the increase in the number of levels will inevitably lead to a more complex ADTx system. References [13,14,15] used digital delay line chips to achieve high-resolution requirements. They used two outphasing signals separated from the baseband signal to drive the delay line chip to generate high-resolution pulse sequences. However, the modulator of this architecture requires devices with high-precision delay control, which brings higher requirements of implementation.



The outphasing architecture of ADTx for digital interpolation phase modulation has been proposed in [16,17]. Multiple DSPs simultaneously calculate the delay amount corresponding to the edge intersection point of the pulse signal to drive multiple parallel delay line chips. The output pulse sequences are synthesized into a high time resolution pulse. Nevertheless, this parallel architecture requires multiple devices with high-precision delay control, and this digital integrated ADTx also places higher requirements on implementation. The parallel outphasing architecture of ADTx based on RF-PWM has been proposed [18]. By maintaining the outphasing signal separated from the baseband signal for N carrier cycles and dividing it into N channels for parallel processing, it effectively increases the sampling rate, but the phase error caused by the sample-and-hold method is large, which limits the quality of the output signal. Figure 2 shows the error diagram of the modulation process of the outphasing control signal of analog ϕx_A(t) and sample-and-hold ϕx_SH(n). Sx_A(t) and Sx_SH(n) are outphasing modulated square waves, respectively. It can clearly be seen that the modulation coding output pwm_SH(n) corresponding to the sample-and-hold method deviates from the output pwm_A(t) of the analog signal. A parallel architecture based on RF-PWM for ADTx employed a method based on polyphase interpolation, which effectively improves the time resolution and reduces the processing rate [19]. Meanwhile, the polyphase quadrature up-conversion and polyphase digital direct synthesis (DDS) used in this modulator architecture greatly increases the consumption of multiplier resources. In the encoding process, the polyphase triangular wave has not only a more cumbersome frequency selection but also causes the spectrum to contain more interfering harmonics.



Therefore, an outphasing architecture based on the parallel RF-PWM method for ADTx is proposed in this paper, which can increase the sampling rate while reducing the difficulty of signal processing and simplify the implementation structure. First, the polyphase interpolation filtering method is used to divide the two outphasing signals corresponding to the baseband signal into multiple paths. Then, the principle of zero-crossing comparison is used to implement parallel RF-PWM. The outphasing architecture is combined with the zero-crossing comparison principle to explore a method through angle calculation and quadrant judgment, which greatly simplifies the modulation and encoding process. Finally, parallel-to-serial conversion effectively increases the sampling rate and reduces the clock rate by MGT. Compared with existing parallel PWM technologies, the proposed scheme has significant advantages in terms of code efficiency (CE) and system complexity.




2. Outphasing Architecture Based on the Parallel RF-PWM Scheme


To avoid the impact caused by the sample-and-hold method, the interpolation filter is considered to reduce the error. Nevertheless, when up-conversion and pulse encoding are performed, the high sampling rate signal obtained by interpolation increases not only the difficulty of digital signal processing but also the power consumption of the FIR filter. Therefore, it is necessary to operate at a low sampling rate and small data amount. The polyphase interpolation filter method can reduce the processing rate and meet the requirements for real-time signal processing. Based on this, the proposed outphasing architecture based on the parallel RF-PWM method for ADTx is shown in Figure 3. The architecture is mainly composed of the baseband module, polyphase interpolation filter module, parallel angle calculation, quadrant judgment module, and MGT module. Firstly, the amplitude and phase of the signal are extracted in the baseband module, and the outphasing angle is calculated to generate two corresponding outphasing phase signals, respectively. Then, N-paths signals are obtained through the polyphase interpolation module and encoded in the parallel angle calculation and quadrant judgment modules. Next, the low-speed N-path signals are combined into two high-speed binary signals with different phases through the MGT module, and the sampling rate is increased to N times the baseband sampling rate. Finally, the two signals drive SMPAs, respectively, which generates a three-level output power signal.



2.1. Baseband Module


After the baseband IQ signal is up-sampled and the sampling rate fb is raised to fs, the amplitude a(n) and phase φ(n) of the signal are extracted by cordic. The corresponding outphasing angle θ(n) can be calculated through amplitude a(n) according to Formula (1), which can be replaced by a lookup table to avoid consuming computing resources. The outphasing signals ϕ1(n) and ϕ2(n) are calculated, respectively, based on the outphasing angle and phase, as shown in Formula (2):


  θ ( n ) = arccos     a ( n )   max [ a ( n ) ]      



(1)






       ϕ 1  ( n ) = φ ( n ) − θ ( n )      ϕ 2  ( n ) = φ ( n ) + θ ( n )      



(2)








2.2. Polyphase Interpolation Filter Module


First of all, the transmission function H(z) of the digital filter is decomposed into several groups of different phases, and the z transformation of the filter h(n) is:


  H ( z ) =   ∑  n = 0   L − 1    h ( n )  z  − n      



(3)




where the tap coefficients h(n) are divided into N groups, and L is the number of filter orders, which is an integer multiple of N. Then, the polyphase decomposition of H(z) can be obtained as [20]:


  H ( z ) =   ∑  k = 0   N − 1     E k  (  z N  )  z  − k      



(4)







Also, in this case


   E k  (  z N  ) =   ∑  n = 0   M − 1    h ( n N + k )   (  z N  )   − n     , k = 1 , … , N  



(5)




where M = L/N should be an integer. Formula (4) is called the polyphase decomposition of H(z). Polyphase decomposition is used to divide the prototype filter into multiple low-order sub-filters, and the order of each sub-filter is only 1/N of the original. All branches of a polyphase filter are all-pass filters with a phase difference of 1/N between the neighboring branch filters. Polyphase filtering divides the transfer function of the digital filter into several branches of different phases according to the phase equalization relationship. Thus, the structure of the polyphase interpolation filter is shown in Figure 4. The input is the outphasing signal ϕxk(n) (x = 1, 2 and k = 1, 2, …, N). The polyphase interpolation filtering part has N paths. The parallel output phase signals on adjacent paths are time continuous. If other subsequent processing is not considered, the equivalent high-speed outphasing signal ϕx_ph(n) can be obtained by directly converting the parallel outphasing signal through the MGT.



A comparison diagram of the modulation of the analog outphasing signal ϕx_A(t) and the equivalent outphasing signal ϕx_ph(n) is shown in Figure 5. According to the phase comparison, the curves of ϕx_ph(n) and ϕx_A(t) are very close, and the corresponding modulated square waves Sx_A(t) and Sx_pp(n) are close to overlap. Therefore, the error between the final synthesized pulse width modulation sequences pwm_A(t) and pwm_pp(n) is extremely small. Compared with the sample-and-hold method, the generated phase error is greatly reduced, and the quality of the output encoded signal is significantly improved in this polyphase interpolation filtering method.




2.3. Angle Calculation and Quadrant Judgment Module


For the outphasing signals ϕ1k (n) and ϕ2k(n) (1 ≤ k ≤ N) output by the polyphase interpolation filter in parallel, according to the original formula of outphasing, the phase modulation signal calculation formula of parallel outphasing is derived as Formula (6):


         S 1    k  ( n ) = cos [ 2 π  f c  /  F s  ( n + ( k − 1 ) / N ) +  ϕ 1    k  ( n ) ]      S 2    k  ( n ) = cos [ 2 π  f c  /  F s  ( n + ( k − 1 ) / N ) +  ϕ 2    k  ( n ) ]     k = 1 : N , n = 1 , 2 , 3 …  



(6)




where k is the k-th path of the polyphase interpolation filter output, and n is the number of discrete time points. The output diagram of the parallel phase modulation signal Sxk(n)(x = 1,2) is shown in Figure 6a, and the input is outphasing signal ϕxk (n) (x = 1,2). The phase difference in the adjacent branch is 1/N, and the sampling rate of each branch is 1/N of Fs. In order to obtain the low words width coded signal, it is necessary to perform RF-PWM on parallel modulated signals. For the k-th path, RF-PWM needs to be performed on the above corresponding modulation signal. As shown in Figure 6b, according to the zero-crossing comparison process, the two-level square wave sequences V1k(n) and V2k(n) with different phases are generated according to the positive and negative signs of the modulation signals S1k(n) and S2k(n). Therefore, it can be considered to directly generate a two-level pulse sequence by judging the quadrant of the cosine function angle in Formula (6). Then, pulse encoding and up-conversion is achieved.



Therefore, the main part of the angle calculation in Figure 3 is shown in Equation (7).


       ψ  1 k   ( n ) = 2 π  f c  /  F s  ( n + ( k − 1 ) / N ) +  ϕ 1    k  ( n )      ψ  2 k   ( n ) = 2 π  f c  /  F s  ( n + ( k − 1 ) / N ) +  ϕ 2    k  ( n )     k = 1 : N , n = 1 , 2 , 3 …  



(7)




where ψ1k(n) and ψ2k(n), respectively, represent the angle value of the k-th path cosine function in Formula (6). According to the properties of the cosine function, when the angle value ψ1k(n) is in the first and fourth quadrants, the cosine value is more than zero, and the corresponding output level is +1. When ψ1k(n) is in the second and third quadrants, the cosine value is less than zero, and the corresponding output level is 0, and the binary pulse sequence in the k-th path can be generated.



Therefore, by simply judging the quadrant of the angle, the parallel RF-PWM of the outphasing architecture can be realized. Since the ranges of ψ1k(n) and ψ2k(n) are uncertain, the quadrant cannot be directly determined. In order to facilitate judgment, the angle is classified into the (−π, π) interval, and the quadrant judgment is made after the processing angle. This method can complete the frequency up-conversion and pulse encoding of the signal only through simple angle calculation and quadrant judgment, which greatly simplifies the implementation of the system and reduces the computational complexity.




2.4. MGT Module


In Xilinx FPGA, MGT integrates a high-speed parallel-to-serial conversion (PISO) function, which can convert low-speed parallel data into high-speed serial data. Therefore, after parallel modulation and coding, the output low-speed parallel pulse sequences V1k(n) and V2k(n) are converted into parallel-to-serial, respectively, through the MGT module to generate two high-speed two-level pulse sequences. Taking V1k(n) as an example, the diagram of the parallel-to-serial conversion output is shown in Figure 7. It can be seen that the signals of adjacent branches are logically continuous in time, and the serial rate Fs is N times the parallel rate fs. The two 1-bit high-speed output pulse sequences by the parallel-to-serial conversion are synthesized into the final target high-speed three-level pulse sequence through the SMPA.





3. Simulation and Analysis


In order to explore the performance impact of the sub-filter order K on the architecture proposed in this paper, the simulation uses a 16QAM modulated signal with a baseband sampling rate fb of 50 MHz and a bandwidth of 20 MHz, and the carrier frequency fc is 200 MHz. Polyphase FIR filter coefficients are generated by Blackman window. Figure 8 shows the changing trend of ACPR and EVM values as the sub-filter order K changes when N is set to 16, 32, 64, and 128, respectively. As shown in the figure, the change in K has a significant influence on ACPR and EVM. When the sub-filter order K increases, ACPR and EVM have a gradually decreasing trend and gradually level off after K = 4. When N takes different values, the performance curve always maintains this pattern. When K is less than four, the poor performance index is due to the fact that the filter order is too low, resulting in the filtering processing not being able to achieve the ideal effect. Figure 9 shows the impact of sub-filter order changes on performance when the signal bandwidth is 5 MHz. It can be seen that the output performance curve converges faster when the bandwidth is lower. The change trends in Figure 8 and Figure 9 are similar, so when the bandwidth is small, the impact of changes in K on performance indicators can maintain the same trend as when the bandwidth is large. During the implementation process, the increase in the sub-filtering order will lead to an increase in the consumption of computing resources. Therefore, in order to balance the system performance and the consumption of computing resources, K is selected as four as the optimal value.



In order to explore the impact of the number of parallel paths N on performance, when N takes different values, the changes in the output spectrum and performance indicators are analyzed. The simulation selects a 16QAM modulation signal with a baseband sampling rate fb of 50 MHz and a bandwidth of 20 MHz as the input. The carrier frequency fc is 200 MHz, and the baseband signal is up-sampled four times to 200 MHz. Figure 10 shows the spectrum diagram when the number of parallel paths N is set to 16, 32, 64, and 128, respectively. It can clearly be seen that as N increases, the noise floor and in-band noise of the spectrum gradually decrease, and the ACPR obtained gradually increases. After filtering out the unwanted out-of-band signals, the original signal is restored through the demodulation. The corresponding demodulated constellation diagrams when N takes different values is shown in Figure 11. The values of EVM are 9.1%, 4.0%, 1.7%, and 0.9%, respectively. It can be seen that as N increases, the distribution of the constellation diagram gradually becomes concentrated, and the EVM obtained gradually decreases. Nevertheless, the increase in N will lead to enhanced resource consumption, and it is necessary to balance output performance and resource consumption.



Figure 12 shows the changing trend of the output performance index when N takes different values. It can be seen that the output performance indicators have similar changing trends when the signal bandwidth is 5 MHz and 20 MHz. The increase in the number of parallel paths N has a significant impact on the optimization of ACPR and EVM. However, after the number N exceeds a certain value, the decline becomes slow. CE is less affected by N, and it remains basically unchanged with the increase in N. For input signals with different bandwidths, the narrower the bandwidth, the better the obtained ACPR and CE performance is. However, the change in bandwidth has a smaller improvement in EVM.



The simulation spectrum diagrams of schemes SI, SII, and SIII with 20 MHz bandwidth is shown in Figure 13. SI is the architecture proposed in [18], SII is the architecture proposed in this paper, and SIII uses a high sampling rate to achieve single path outphasing architecture. The baseband conditions selected for simulation are equal to the above, and the value of N is 128. The sampling rate of the parallel branch of schemes SI and SII is 200 MHz, and the final sampling rate of the parallel-to-serial conversion output is 25.6 GHz. The final sampling rate of SIII is the same with both. From Figure 12, it can be concluded that the simulated spectra of SII and SIII are basically consistent. Nevertheless, since the signal is processed in a single path in scheme SIII, high-speed digital signal processing is difficult to achieve. Therefore, the advantage of using the proposed architecture is to convert high-rate single-channel digital signal processing into multiple low-rate paths for parallel processing. The filtering operation is also performed on the decomposed low-order sub-filters, which greatly reduces the digital signal processing difficulty. As shown in Figure 12, compared with scheme SI, scheme SII has a better improvement in ACPR value. In addition, since scheme SI adopts the principle based on sample-and-hold, its quantization error is larger than scheme SII at the same resolution. Otherwise, even-order harmonics appear, which has a greater impact on signal quality. The ACPR for SII and SIII stands at −46.5 dBc, while for SI it is −41.3 dBc in this situation. Figure 14. presents simulated spectral graphs for schemes SI, SII, and SIII when the baseband bandwidth is set to 40 MHz. It can clearly be observed from the graph that if other conditions remain unchanged, an increase in width will lead to a decrease in ACPR. The ACPR obtained from the SII is −39.4 dBc. In order to achieve the same performance as when the bandwidth is 20 MHz, it is necessary to enhance the rate of parallel processing or to increase the number of parallel paths. This means that a higher rate of parallel-to-serial conversion is required.



In this architecture, by decomposing high-order filters into multiple low-order sub-filters, the hardware implementation complexity is reduced, and the working frequency is lowered to 1/N of the original frequency. In terms of algorithm complexity, the classical outphasing implementation algorithm is transformed into polyphase implementation, eliminating the need for complex calculation steps and the classical quadrature up-conversion stage. The polyphase processing algorithm will also not require complex hardware circuits in the subsequent implementation plan. Moreover, the outphasing-based architecture is relatively simple and conducive to building an all-digital transmitter. Regarding resource utilization complexity, it is expected to be deployed and implemented using FPGA and will not consume excessive resources. Preliminary estimations suggest that the main resource consumption may be due to the use of multipliers in the polyphase interpolation filter module, which may require a certain amount of DSP resources.



Table 1 compares the output performance of this scheme with other parallel schemes. Compared with the method in [21], the CE of the proposed scheme is improved about 20%. And the use of DSM involved in [21] increases the complexity of the system. Compared with the method in [18], the proposed scheme improves both ACPR and EVM, which means that the restriction on the number of paths is relaxed while ensuring the output performance. Although the scheme in [19] shows better ACPR and EVM, it requires the use of polyphase digital direct synthesis (DDS) for quadrature up-conversion and uses polyphase triangle wave signals during encoding, which greatly increases resource consumption. In the modulation part, compared with these three schemes, the proposed method greatly simplifies the up-conversion and pulse encoding.




4. Conclusions


In this paper, an outphasing architecture based on the parallel RF-PWM method for ADTx is proposed. To reduce the signal processing speed, this parallel architecture divides outphasing signals into multiple paths through polyphase interpolation filters, and up-conversion and RF-PWM are transformed into angle calculation and quadrant judgment, which greatly simplifies the modulation process. This paper analyzes the influence of the sub-filter order and the number of parallel paths on the output performance through simulation and obtains the optimal value of the sub-filter order. The simulation results also show that the proposed architecture can greatly reduce the speed of digital signal processing and the computational pressure. Compared with the existing parallel RF-PWM scheme, the proposed architecture scheme has obvious advantages in CE, ACPR, and system complexity. Compared with reference [18], the proposed architecture scheme can reduce the in-band distortion caused by phase error and adopt fewer parallel paths N to achieve similar simulation performance. Compared with reference [19], the complexity and resource consumption of the system have been effectively reduced. Compared with reference [21], the coding efficiency has been improved by about 20%.



In addition, the proposed scheme is being implemented by the FPGA platform, which can effectively simplify the structure and reduce the sampling rate of the system. The next piece of research will use specific hardware circuits for experimental verification.







Author Contributions


Conceptualization, X.W. and Q.Z.; methodology, X.W. and Q.Z.; software, X.W. and Q.Z.; validation, X.W. and M.W.; formal analysis, X.W., Q.Z. and H.F.; investigation, X.W. and H.F.; resources, Q.Z.; data curation, X.W.; writing—original draft preparation, X.W.; writing—review and editing, X.W., M.W. and Q.Z.; visualization, X.W.; supervision, Q.Z. and X.W.; project administration, Q.Z. and X.W.; funding acquisition, Q.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (61631021).




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Zhu, L.; Zhou, Q.; Wei, Z.H.; Chen, J.B. A novel all digital transmitter with three-level quadrature differential RF-PWM. In Proceedings of the Journal of Physics: Conference Series, Orlando, FL, USA, 10–14 October 2021. [Google Scholar]

	



Fu, H.Y.; Zhou, Q.; Zhu, L.; Chen, Z.; Wei, Z.H.; Zeng, S.Y. A Five-Level RF-PWM Method with Third and Fifth Harmonic Elimination for All-Digital Transmitters. Electronics 2022, 11, 3257. [Google Scholar] [CrossRef]

	



Chen, J.B.; Zhou, Q.; Tan, X.; Zhao, Z.Y. The research of level-transform strategy for switching amplifier based on 2bit delta-sigma modulator. Acta Electron. Sin. 2015, 43, 1413–1417. [Google Scholar]

	



Raab, F. Radio frequency pulse width modulation. IEEE Trans. Commun. 1973, 21, 958–966. [Google Scholar] [CrossRef]

	



Raab, F. Efficiency of Outphasing RF Power-Amplifier Systems. IEEE Trans. Commun. 1985, 33, 1094–1099. [Google Scholar] [CrossRef]

	



de Vreede, L.C.; Acar, M.; Calvillo-Cortes, D.A.; van der Heijden, M.P.; Wesson, R.; de Langen, M.; Qureshi, J. Outphasing transmitters, enabling digital-like amplifier operation with high efficiency and spectral purity. IEEE Commun. Mag. 2015, 53, 216–225. [Google Scholar] [CrossRef]

	



Cho, K.; Gharpurey, R. A 25.6 dBm wireless transmitter using RF-PWM with carrier switching in 130-nm CMOS. In Proceedings of the IEEE Radio Frequency Integrated Circuits Symposium (RFIC), Phoenix, AZ, USA, 17–19 May 2015; pp. 139–142. [Google Scholar]

	



Chung, S.; Godoy, P.A.; Barton, T.W.; Perreault, D.J.; Dawson, J.L. Asymmetric multilevel outphasing transmitter using class-E PAs with discrete pulse width modulation. In Proceedings of the IEEE MTT-S International Microwave Symposium, Anaheim, CA, USA, 23–28 May 2010; pp. 264–267. [Google Scholar]

	



Cho, K.; Gharpurey, R. A digitally intensive transmitter/PA using RF-PWM with carrier switching in 130 nm CMOS. IEEE J. Solid-State Circuits 2016, 51, 1188–1199. [Google Scholar] [CrossRef]

	



Vijayakumar, A.; Stonier, A.A.; Peter, G.; Loganathan, A.K.; Ganji, V. Power quality enhancement in asymmetrical cascaded multilevel inverter using modified carrier level shifted pulse width modulation approach. IET Power Electron. 2022, 1–13. [Google Scholar] [CrossRef]

	



Hung, S.W.; Ma, R.; Teo, K.H. Outphasing multilevel RF-PWM signals for inter-band carrier aggregation in digital transmitters. In Proceedings of the Radio and Wireless Symposium, San Diego, CA, USA, 25 January 2015; IEEE: Piscataway, NJ, USA, 2015; pp. 212–214. [Google Scholar]

	



Zhu, Q.; Ma, R.; Duan, C.; Teo, K.H.; Parsons, K. A 5-level discrete-time power encoder with measured coding efficiency of 70% for 20-MHz LTE digital transmitter, IEEE MTT-S IMS 2014. In Proceedings of the 2014 IEEE MTT-S International Microwave Symposium (IMS2014), Tampa, FL, USA, 1–6 June 2014; IEEE: Piscataway, NJ, USA, 2014; pp. 1–3. [Google Scholar]

	



Chen, Z.; Wei, Z.H.; Zhu, J.S. Delay Mismatches Analysis for Multi-level Outphasing Digital Transmitters. In Proceedings of the 2022 IEEE 22nd International Conference on Communication Technology (ICCT), Nanjing, China, 11–14 November 2022; pp. 346–350. [Google Scholar]

	



Nuyts, P.A.J.; Singerl, P.; Dielacher, F.; Reynaert, P.; Dehaene, W. A fully digital delay line based GHz range multimode transmitter front-end in 65nm CMOS. IEEE J. Solid-State Circuits 2012, 47, 1681–1692. [Google Scholar] [CrossRef]

	



Ravi, A.; Madoglio, P.; Verhelst, M.; Sajadieh, M.; Aguirre, M.; Xu, H.; Pellerano, S.; Lomeli, I.; Zarate, J.; Cuellar, L.; et al. A 2.5 GHz delay-based wideband OFDM outphasing modulator in 45 nm-LP CMOS. In Proceedings of the 2011 Symposium on VLSI Circuits-Digest of Technical Papers, Kyoto, Japan, 15–17 June 2011; IEEE: Piscataway, NJ, USA, 2011; pp. 26–27. [Google Scholar]

	



Lemberg, J.; Kosunen, M.; Roverato, E.; Martelius, M.; Stadius, K.; Anttila, L.; Valkama, M.; Ryynanen, J. Digital Interpolating Phase Modulator for Wideband Outphasing Transmitters. IEEE Trans. Circuits Syst. I Regul. Pap. 2016, 63, 705–715. [Google Scholar] [CrossRef]

	



Roverato, E.; Kosunen, M.; Lemberg, J.; Martelius, M.; Stadius, K.; Anttila, L.; Valkama, M.; Ryynanen, J. A High-Speed DSP Engine for First-Order Hold Digital Phase Modulation in 28-nm CMOS. IEEE Trans. Circuits Syst. II Express Briefs 2018, 65, 1959–1963. [Google Scholar] [CrossRef]

	



Kong, Z.H. Research and Design of Digital Outphasing Transmitter Based on Efficient Power Amplifier; South China University of Technology: Guangzhou, China, 2020. [Google Scholar]

	



Dinis, D.C.; Fiel, R.; Oliveira, A.S.R.; Vieira, J.M.N.; Silva, T.O. A fully parallel architecture for designing frequency-agile and real-time reconfigurable FPGA-based RF digital transmitters. IEEE Trans. Microw. Theory Tech. 2017, 66, 1489–1499. [Google Scholar] [CrossRef]

	



Gustafsson, O.; Johansson, K.; Johansson, H.; Wanhammar, L. Implementation of Polyphase Decomposed FIR Filters for Interpolation and Decimation Using Multiple Constant Multiplication Techniques. In Proceedings of the APCCAS 2006 IEEE Asia Pacific Conference on Circuits and Systems, Singapore, 4–7 December 2006; pp. 924–927. [Google Scholar]

	



Chung, S.; Ma, R.; Shinjo, S.; Nakamizo, H.; Parsons, K.; Teo, K.H. Concurrent multiband digital outphasing transmitter architecture using multidimensional power coding. IEEE Trans. Microw. Theory Tech. 2015, 63, 598–613. [Google Scholar] [CrossRef]








[image: Electronics 13 00263 g001] 





Figure 1. Structure diagram of ADTx system based on digital outphasing control and RF-PWM. 
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Figure 2. Schematic diagram of the modulation error comparison between the analog and the sample-and-hold version of the outphasing signal. 
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Figure 3. Block diagram of the outphasing architecture with the proposed parallel RF-PWM. 
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Figure 4. Schematic diagram of polyphase interpolation filter structure. 
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Figure 5. Comparison diagram of modulation error between analog outphasing signal and equivalent outphasing signal of polyphase interpolation filter output. 
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Figure 6. (a) The output diagram of the parallel phase modulation signal Sxk(n). (b) Schematic diagram of zero-crossing comparison principle. 
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Figure 7. Schematic diagram of parallel-to-serial conversion through MGT. 
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Figure 8. Measured results of ACPR and EVM when K takes different values with bandwidth of 20 MHz. 
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Figure 9. Measured results of ACPR and EVM when K takes different values with bandwidth of 5 MHz. 






Figure 9. Measured results of ACPR and EVM when K takes different values with bandwidth of 5 MHz.



[image: Electronics 13 00263 g009]







[image: Electronics 13 00263 g010] 





Figure 10. The spectrum diagram when N is taken as 16, 32, 64, and 128, respectively. 
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Figure 11. Constellation diagram distribution when N is set to 16, 32, 64, and 128, respectively (EVM are 9.1%, 4.0%, 1.7%, and 0.9%). 
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Figure 12. The chart of output performance indicators when N takes different values. 
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Figure 13. Simulation spectrum diagrams of schemes SI, SII, and SIII with bandwidth of 20 MHz. 
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Figure 14. Simulation spectrum diagrams of schemes SI, SII, and SIII with bandwidth of 40 MHz. 
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Table 1. Performance indicators comparison of this paper and the relevant references.
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	Method
	Input

Signal
	fc

(MHz)
	Fs

(GHz)
	BW

(MHz)
	Output

Levels
	CE

(%)
	ACPR

(dBc)
	EVM

(%)
	Need Mixer

Frequency?





	This work
	16QAM
	200
	25.6
	20
	3
	65.6
	−45
	0.9
	No



	[18]
	16QAM
	200
	25.6
	20
	3
	65.5
	−41
	1.5
	No



	[19]
	16QAM
	500
	12.8
	6
	3
	-
	−37
	0.6
	Yes



	[21]
	LTE
	856
	25
	5
	2
	47.1
	−45
	-
	Yes
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