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Abstract


A Class-F mode-based power amplifier (PA) with optimized efficiency in triple-band was designed using a simple and systematic approach. By considering the second and third harmonic terminations of the PA, the relationship between the output impedance design space and the drain efficiency (DE) is extracted by large-signal model simulation. Then, a low-pass matching topology is utilized for the triple-band efficiency optimization. The method is justified by both simulation and measurement of a triple-band PA to integrate three functions into one hardware, i.e., 1518–1525 MHz for mobile communication, 2.1 GHz for telemetry and control, and 2.492 GHz for navigation signal transport. The proposed PA achieves a measured result of high DE (63% at 1.52 GHz, 71% at 2.1 GHz, 59% at 2.492 GHz) in the three bands with an output power of at least 40 dBm.
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1. Introduction


Today, to address the increasing demands of modern wireless communication terminals, it is necessary to cover different standards with a single piece of hardware, and thus, a multi-band transmitter is a key technical challenge [1,2,3,4,5]. To achieve dual-band or multi-band operation with one highly efficient power amplifier (PA) circuit, the design does not only need the correct fundamental loads transformation, but also the proper higher harmonic impedance terminations [6,7].



A common approach to address this problem is to design a broadband PA that covers all the operation bands [7,8,9,10,11]. The fundamental impedance matching with 50-Ohm load is the first step to overcome. Additionally, the second and the third harmonic load terminations also need to be considered to improve the efficiency by various approaches. However, most of the designs failed to solve the challenge and to realize the optimization in operating multi-bands, e.g., the methods proposed in [11,12,13,14] are focusing on the broadband performance, rather than the bands of interest in our application [15,16,17,18,19,20].



The idealized Class-F mode is termed as a waveform of a squared-up voltage wave, which contains only fundamental components, odd higher harmonic components and a half-wave rectified sinusoidal current waveform at its intrinsic current source (Igen) [1,2]. With an infinite number of harmonics, an ideal drain efficiency (DE) of 100% can be obtained and the voltage waveform can be a perfect square waveform. When the controlled harmonic impedances up to the third order, the DE can achieve   π / 4 × 2 /  3    (90.7%), and the fundamental output power will increase   2 /  3    (0.6 dB) in the maximum efficiency condition [1,2]. Figure 1 shows the waveform and the load-line of the idealized and the realistic 10-watts transistor used in this paper, namely Cree 10-W gallium nitride high electron mobility transistor (GaN HEMT), CGH40010F. As described in Figure 1, the voltage sweep range of the real transistor is smaller than the idealized condition because of the knee-effect, which will reduce the output power and also the DE as shown in Table 1, from 42 dBm and 90.6% to 40.8 dBm and 77.2%, respectively. The VDS and IDS shown in Figure 1 are both observed at the Igen plane.



The method used to achieve such a high efficiency is to arrange the proper output load terminations for the fundamental, second and third harmonics to form the desired waveform. The problem for realizing a multi-band high efficiency PA is obvious now. If high-efficiency operation within triple-band is desired, nine output impedances should be considered in the corresponding frequencies, which seems to be an impossible task for practical circuit design.



In this paper, based on the Class-F mode, a design method of multi-band high-efficiency optimization is proposed. In Section 2, the design space of the output match terminations versus DE is discussed using computer-aided design (CAD) tools. In Section 3, based on the extracted design space of impedances, a low-pass circuit with parasitics of the transistor is utilized for triple-band efficiency-optimization, i.e., 1518–1525 MHz for mobile communication, 2.1 GHz for telemetry and control, and 2.492 GHz for navigation signal transport. Additionally, in Section 4, the proposed PA is designed and measured to verify the proposed methodology in the paper, and a short conclusion is provided in Section 5.




2. Design Space of Output Load Termination versus DE


As discussed in the introduction, it is difficult to realize nine precise impedances matching for the triple-band Class-F mode PA, since the output matching network will be so complex that it cannot be completed. So, the tradeoff between the DE and the output impedance should be considered. For example, if the efficiency can be maintained in a level, such as at 10% lower than the maximum efficiency of the standard Class-F mode, more realizations about the corresponding output impedances can be achieved, within a more flexible design region or “space”. This means that a simple matching network (instead of lots of stubs) may be possible for the realization of high efficiency within the multi-band.



For the standard Class-F mode operation, the fundamental impedance is chosen to be    R  o p t    . For this specific transistor and the frequency of 2.1 GHz,    R  o p t   = 40   Ohm  , the second and third harmonic impedances are short and open, respectively. For a low-pass matching topology, the fundamental impedance can be broadband. The location of the second and third harmonic impedances will be mainly discussed in the following analysis.



First of all, the second harmonic impedance is tuned around the edge of the Smith chart, from short to open. Additionally, also considering the location in the inner Smith chart, as shown in Equation (1)


   S  11   2 f 0     =  δ  2 f 0   ·   c o s  θ  2 f 0   + j · s i n  θ  2 f 0      



(1)




where   0 <  θ  2 f 0   < 360    degrees   , and   0.5 <  δ  2 f 0   < 1  .



Then, the second harmonic impedance is,


   Z  2 f 0   = 50 ·   1 +  S  11   2 f 0       /   1 −  S  11   2 f 0        



(2)







Figure 2 a plots the DE for   0 <  θ  2 f 0   < 360   degrees and   0.5 <  δ  2 f 0   < 1   with a step of   Δ  δ  2 f 0   = 0.1  . For the    δ  2 f 0   = 1   condition, if the second harmonic impedance is within   − 100 <  θ  2 f 0   < 260   degrees, the efficiency can be maintained higher than 70%. However, if the magnitude of    S  11   2 f 0       is smaller than 1, the high efficiency region is obviously decreased. For    δ  2 f 0   = 0.5  , the maximum efficiency is only 71.8%, and the range of above 70% efficiency is within   − 130 <  θ  2 f 0   < 210   degrees. So, in order to obtain a high efficiency,    S  11   2 f 0       should be arranged across the edge of the Smith chart:


  0.9 <  δ  2 f 0   < 1  



(3)







Using the same analyzing methodology, the third harmonic impedance is also studied. The third harmonic impedance is termed as:


   S  11   3 f 0     =  δ  3 f 0   ·   cos  θ  3 f 0   + j · sin  θ  3 f 0      



(4)




where   − 180 <  θ  3 f 0   < 180   degrees and   0.5 <  δ  3 f 0   < 1  .



Figure 2b shows the results of DE versus the third harmonic termination of Equation (4). The high efficiency range of the third harmonic impedance is wider than the second harmonic impedance. In most conditions, the efficiency can be higher than 70%, which means that the second harmonics should be more restricted within short condition and the third harmonic can offer a more flexible range. In the same way, if the magnitude of    S  11   3 f 0       declines, the high efficiency region is obviously decreased. So, in order to obtain a high efficiency,    S  11   3 f 0       should be arranged across the edge of the Smith chart as the second harmonic impedance.



Based on our load termination matching experiences, by using the low-pass topology, the second and third harmonic impedances can be theoretically arranged within the edge of the Smith chart, but are difficult to locate in the specific points. This means that the condition of    mag  (  S  11   3 f 0     ) > 0.9   and   mag (  S  11   2 f 0     ) > 0.9   can be achieved by utilizing a low-pass topology. Under this prerequisite, the phases’ influences of the second and third load terminations are considered together. As shown in Figure 3, the DE versus the phases of    S  11   2 f 0       and    S  11   3 f 0       is extracted. Assuming that the other parameters are fixed, the location of the reflection coefficient phases in Figure 3 can describe the corresponding efficiency clearly, which directly provides guidance for our matching design process.




3. Triple-Band Output Load Termination Design


Based on the analyses in Section 2, one output matching topology for the triple-band PA realization will be discussed in this section. The three independent operation frequencies are    f 1  = 1.52   GHz  ,    f 2  = 2.1   GHz   and    f 3  = 2.492   GHz  . The starting point of the design is the Class-F mode. The principle is utilizing the lowpass matching network to realize the fundamental, second and third harmonic impedances maintained within the high efficiency region at the three operation frequencies, while the frequencies between them are located in the lower efficiency area.



The output matching network is shown in Figure 4, with the dimensions summarized in Table 2. The substrate is Rogers RT5880 with a thickness of 0.254 mm and a relative permittivity of 2.2. The parasitic of the transistor is also included in our discussion. Electromagnetic simulation was performed in the output impedances matching. The final output matching result is shown in Figure 5, with the fundamental, the second and third harmonic impedances considered. The fundamental impedance is mainly located in the 40-Ohm region, with the second and third harmonic impedances located at the edge of the Smith chart, as a low-pass transition performance.



In order to realize the high-efficiency within the triple-band, the locations of the impendences were turned and optimized. Figure 5a plots the matching result in the high efficiency region. The location in the efficiency plot shows that the three matching results are all in the space of above 70%, which can guarantee high efficiencies in the desired triple-band. The horizontal ordinate is for   0 <  θ  2 f 0   < 360   degrees, and Y-axis for   − 180 <  θ  3 f 0   < 180   degrees.



The frequencies between the operation bands should also be considered to make sure that their locations are not in the high efficiency region. Figure 5b shows the locations of the output matching at frequencies between the triple-band: 1.7 GHz and 2.35 GHz. The second and third impedances of the two frequencies are located in the region where the efficiency is in the edge of 60%. This means that at these two frequencies, the efficiencies will be 10% lower than the required three operation bands. So, the obvious triple-band of efficiency can be explored.




4. Triple-Band Efficiency-Optimized PA Realization


4.1. Continuous Wave Measurement


The circuit schematic and the photograph of the designed PA are shown in Figure 6, with the dimensions of input matching summarized in Table 3. The input matching network provides the gain optimization at the three fundamental frequencies simultaneously. The stability is also simulated and improved using a parallel of a resistor and a capacitor in the input branch. The simulated results and the continuous wave measurement results are summarized in Figure 7. Efficiency behavior in the triple-band is observed at 1.52 GHz, 2.1 GHz and 2.492 GHz, with the DE over 63%, 71% and 59%, respectively. It can be noted that the efficiency of the proposed PA has slight frequency-shift between the simulation and measurement results. This may be caused by the relative permittivity variation of the substrate used for fabrication. The agreement between the simulations and measurements in the first and second operation-band are good. However, the measured efficiency of the third band (2.492 GHz) is 16% lower than the simulation result. The reason is that the location of the impedances of 2.492 GHz is at the edge of the high-efficiency region and, therefore, is sensitive to the fabrication tolerance.




4.2. Linearity Measurement


The adjacent channel power ratio (ACPR) without any form of pre-distortion was measured across a range of drive powers for the realized PA. The input EDGE signal has 200 kHz channel bandwidth and 3.6 dB peak-to-average power ratio (PAPR).



The average efficiency, ACPR, and average output power are summarized in Table 4. The ACPR of −26 dBc with 40.4% average efficiency has been measured at 1.52 GHz, while the ACPR of −27 dBc and 42.56% average efficiency has been obtained at 2.1 GHz. At 2.492 GHz, the ACPR equals −26 dBc and the average efficiency is 36.99%.



In Table 5, the PA is compared with other wideband PAs in terms of operation bands and efficiencies. It can be seen that the proposed PA has a competitive efficiency in the desired triple-band compared to other broadband PAs in the latest literatures, but has a better rejection performance within the out-operation bands. The table also indicates that the efficiency of the proposed PA is better than the triple-band PAs of other works as well, in both continuous wave (CW) and modulated signal conditions.





5. Conclusions


The design methodology, implementation, and experimental results of a triple-band efficiency-optimized PA have been provided in this paper. Detailed discussions studied the design space of load terminations versus DE, mainly considering the second and third harmonic impedance regions. Then, a low-pass matching schematic was utilized as the output termination for the PA operating at 1.52 GHz, 2.1 GHz and 2.492 GHz. After the attentional optimization of the second and third harmonic impedances’ locations, high efficiencies within the desired triple-band were realized, achieving 63%, 71% and 59%, respectively, with an output power higher than 40 dBm. The results verify the concept about multi-band efficiency enhancement presented in this paper. The methodology can be realized for other transistors at other frequencies as well in future studies.
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Figure 1. (a) Waveform and (b) load-line of the Class-F using 10-W idealized and realistic GaN HEMT at 2.1 GHz. 
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Figure 2. Output load termination design space versus DE at 2.1 GHz: (a) Second harmonic impedance and (b) third harmonic impedance. 
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Figure 3. Second and third harmonic impedances design space versus DE for the low-pass topology with the fundamental frequency of 2.1 GHz. 
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Figure 4. Schematic of the output matching network. 
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Figure 5. Output load terminations’ locations in the corresponding efficiency plots: (a) in the three operation bands and (b) between the three operation bands. 
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Figure 6. Proposed PA: (a) schematic and (b) fabricated photograph. 
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Figure 7. Simulation and measurement results of the proposed PA: DE, output power and gain. 
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Table 1. Idealized and realistic transistor performances of Class-F mode at 2.1 GHz.
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	Output Power (dBm)
	DE (%)





	Idealized
	42
	90.6



	Realistic
	41.2
	79.2










 





Table 2. Dimensions of the output matching network.
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	    l 1    
	    w 1    
	    l 2    
	    w 2    
	    l 3    
	    w 3    
	    l 4    



	11 mm
	3.5 mm
	10 mm
	2 mm
	6.5 mm
	2 mm
	10 mm



	    w 4    
	    l 5    
	    w 5    
	    l 6    
	    w 6    
	    l 7    
	    w 7    



	4 mm
	8.5 mm
	2 mm
	3.3 mm
	1 mm
	3.2 mm
	2 mm



	    l 8    
	    w 8    
	    l 9    
	    w 9    
	    l  10     
	    w  10     
	    l  11     



	10.7 mm
	1.1 mm
	7.15 mm
	3.6 mm
	2.94 mm
	2.5 mm
	6 mm



	    w  11     
	    L 1    
	    C 1    
	    C 2    
	    C 3    
	    R L    
	



	1.54 mm
	15 nH
	51 pf
	51 pf
	51 pF
	50 Ohm
	










 





Table 3. Dimensions of the input matching network.
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	    l 1    
	    w 1    
	    l 2    
	    w 2    
	    l 3    
	    w 3    
	    l 4    



	5 mm
	1.54 mm
	5.5 mm
	4 mm
	5.75 mm
	2.9 mm
	5 mm



	    w 4    
	    l 5    
	    w 5    
	    L 1    
	    C 1    
	    C 2    
	    R 1    



	1.5 mm
	15.85 mm
	5.4 mm
	120 nH
	51 pF
	51 pF
	10 Ohm










 





Table 4. Linearity measurement results.






Table 4. Linearity measurement results.





	Freq. (GHz)
	ACP1_L (dBc)
	ACP1_H (dBc)
	Pout (dBm)
	Pout (W)
	DE (%)





	1.52
	−26.3
	−26.1
	35.94
	3.93
	40.40



	2.1
	−27.3
	−27
	35.84
	3.84
	42.56



	2.492
	−26.5
	−26
	35.74
	3.75
	36.99










 





Table 5. Comparison with recently reported works.
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Ref.

	
Operation Bands (GHz)

	
DE at Operation Bands (%)

	
Pout (dBm)

	
Gain (dB)

	
Signal Mode






	
[10]

	
Broadband: 0.45–3.4

	
54~70.4

	
>41

	
8~10.5

	
CW




	
[13]

	
Broadband: 0.8–3.2

	
57~71

	
>46.8

	
9.5~13.1

	
CW




	
[18]

	
0.8/1.9/2.3

	
40/45/37

	
28/29/6/26.5

	
/

	
CW




	
[19]

	
1.8/1.9/2.6

	
31/34.5/29.2

	
27.8/28.1/27.4

	
/

	
CW




	
[20]

	
0.75/1.75/2.35

	
70/60/58

	
41/40/40

	
12/11/10

	
CW




	
This work

	
1.52/2.1/2.492

	
63/71/59

	
41.6/41.3/40

	
11.5/12/10

	
CW




	
40.4/42.56/36.99

	
35.94/35.84/35.74

	
>10

	
EDGE
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