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Abstract: This paper extends the quasi-load insensitive (QLI) Class-E Doherty power amplifier (PA) 10 

design methodology to address Doherty PA combiners with complex load impedance trajectories. 11 

Additionally, the QLI operation is analyzed for generalized class-E output matching network taking 12 

into account an input series inductance. The analysis of the Class-E PA power and efficiency load- 13 

pull contours shows that changing the class-E output matching network resonance factor and the 14 

input series inductance allows rotating the loadpull contours to achieve QLI operation with various 15 

Doherty combiners. Moreover, a modified class-E output network is proposed to overcome the fre- 16 

quency limitation that might be caused by the class-E network resonance factor choice. The impact 17 

of the resonance factor and the series inductance on the auxiliary off-state impedance is studied. To 18 

validate the proposed methodology, a 40 W Doherty PA is designed and simulated using commer- 19 

cial GaN HEMT transistors achieving more than 70% Efficiency over 6-dB output power back-off at 20 

3.8 GHz. 21 

Keywords: Generalized Class-E; Quasi-load Insensitive; Power Amplifier; Load Modulation; 22 

Doherty; Bond Wire; off-state impedance, Class-E. 23 

 24 

1. Introduction 25 

Modern wireless communication systems use complex modulated signals with high 26 

instantaneous bandwidth to improve spectral efficiency and data rate. These signals ex- 27 

hibit high peak-to-average power ratio (PAPR) which require high back-off from the sat- 28 

uration power to meet the system linearity requirement, consequently degrading the av- 29 

erage efficiency of conventional PAs. In addition, 5G transceivers need to address an in- 30 

creased number of frequency bands strengthening the efficiency-bandwidth trade-off 31 

challenge in 5G PAs [1].  32 

To increase the PA efficiency under high output power back-off (OBO), supply mod- 33 

ulation (Envelop Tracking) and load modulation (Doherty, Outphasing...) PA architec- 34 

tures have been developed [1] [2] [3]. For cellular wireless infrastructure applications, the 35 

wide adoption of conventional Doherty PA (DPA) gave birth to several variants and de- 36 

sign approaches enabling increased OBO range [4], extended operating bandwidth [5] [6] 37 

[7] and compact size [8]. The QLI class-E DPA proposed in [6] shows promising efficiency 38 

and bandwidth performance. However, the analysis proposed in [6] only considers DPA 39 

combiners with pure real load impedances trajectories and does not address the case of 40 

DPA combiners with complex impedance trajectories as the one proposed in [8]. 41 

In this paper, the QLI class-E methodology is revisited and extended to enable QLI 42 

operation for Doherty combiners with complex load impedance trajectories. Moreover, 43 

the proposed analysis shows that QLI behavior can be achieved for generalized class-E 44 
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network taking into account an input series inductor. Furthermore, the maximum operat- 45 

ing frequency is discussed and a modified class-E network configuration is proposed to 46 

overcome the maximum operating frequency limitation that might be caused by the class- 47 

E network resonance factor choice and the input series inductor. Finally, the impact of the 48 

resonance factor and the input series inductor on the auxiliary off-state impedance is in- 49 

vestigated. The proposed analysis is demonstrated in simulation on a 40 W Doherty PA 50 

using commercial GaN HEMT devices at 3.8 GHz. 51 

2. Generalized Class-E Output Network  52 

The class-E output network with finite DC-feed inductor, Figure 1, is commonly used 53 

due to its simplicity and straightforward parameters calculation. The inductor 𝑳𝟏 pro- 54 

vides the DC current to the device during the on-state and contributes along with the 55 

capacitance 𝑪𝟏 to ensure the AC current flow to the output during the off-state. The series 56 

reactance 𝒋𝑿 is used to adjust the phase of the output current as to avoid current and 57 

voltage waveforms overlap at the device drain plane. Finally, the 𝑳𝟎 − 𝑪𝟎 filter is used to 58 

filter out the harmonics and achieve a sinusoidal output. The generalized Class-E network 59 

considers a series inductance 𝑳𝒃  between 𝑳𝟏  and 𝑪𝟏 . 𝑳𝒃  can be used to take into ac- 60 

count a bond wire inductance as it become significantly high at microwave frequency.  61 

 

Figure 1. Generalized class-E output network. 

The analytical solution of the generalized class-E network are given in [9]. The net- 62 

work parameters {𝑹, 𝑳𝒃, 𝑿, 𝑳𝟏, 𝑪𝟏} depend on the supply voltage (𝑽𝒅𝒅), the target output 63 

power (𝑷𝒐𝒖𝒕), the resonance factor 𝒒 = 𝒇𝟏/𝒇𝟎with 𝒇𝟎 the design frequency, 𝒇𝟏 the reso- 64 

nance frequency of 𝑳𝟏 − 𝑪𝟏 network and 𝜶 = 𝑳𝒃/𝑳𝟏. Note that the equations [9, eq. (16)] 65 

and [9, eq. (17)] have typo errors. The corrected equations are given in (1) and (2): 66 

𝐶2 = [
𝜋

𝑄
cos (

𝜋

𝑄
) − sin (
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𝑄
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and 67 

tanϕ =
𝜋 + 𝜋 cos (

𝜋
𝑄
) + 2𝑄𝑠𝑖𝑛 (

𝜋
𝑄
)

2(𝑄2 − 1) [1 − cos (
𝜋
𝑄
)] + 𝑄𝜋 sin (

𝜋
𝑄
)
  (2) 

The network parameters are expressed as follows [9] : 68 

𝑅(𝛼, 𝑞) =
𝐾𝑃(𝛼, 𝑞) 𝑉𝑑𝑑

2
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The analytical expression of 𝑲𝑳, 𝑲𝑪, 𝑲𝒙, 𝑲𝑷 are expressed in [9] as a function of 𝜶 69 

and 𝒒 considering an ideal squared input signal drive with 50% duty-cycle. 𝑸𝑳 is the 70 

loaded quality factor of the 𝑳𝟎 − 𝑪𝟎 filter. Note that, in this article 𝑄𝐿  is considered infi- 71 

nite to filter the harmonics to obtain ideal class-E waveform.  72 

The coefficient 𝑲𝑳, 𝑲𝑪, 𝑲𝒙 and 𝑲𝑷 are plotted in Figure 2 versus 𝒒 and for different 73 

value of 𝜶. It is important to highlight that 𝜶 ≥ 𝟎 and 𝟎 < 𝒒 ≤ 𝟐. As it can be noticed in 74 

Figure 2, the value of 𝑲𝑳 and 𝑲𝑿 increases drastically for low 𝒒 and high 𝜶 making the 75 

value of 𝑳𝟏 and 𝒋𝑿 unsuitable for practical design. 76 

 

Figure 2. 𝐾𝐿, 𝐾𝐶 , 𝐾𝑥 and 𝐾𝑃 for 𝑞 = [0.5: 2] and 𝛼 = [0: 1]. 

In [6] [7], the QLI class-E operation is only expressed for the specific case of 𝜶 = 𝟎 77 

(i.e. 𝑳𝒃 = 𝟎) and the coefficients 𝑲𝑳, 𝑲𝑪, 𝑲𝒙, 𝑲𝑷 were expressed versus 𝒒 using polyno- 78 

mial fitting functions of the numerical solution [10]. Note that, this article is the extension 79 

of [11] where the results were extracted using the fitted coefficients 𝑲𝑳, 𝑲𝑪, 𝑲𝒙, 𝑲𝑷. In the 80 

following, the same analysis as [11] is proposed and extended using the analytical solu- 81 

tion.  82 

3. Quasi-Load Insensitive Class-E Doherty Operation 83 

3.1 Original QLI Class-E (𝒒 = 𝟏. 𝟑𝟑 and 𝜶 = 𝟎) DPA Design Methodology  84 

The original QLI class-E Doherty design methodology, presented in [6] [7], consists 85 

of using two identical class-E PAs for the Main and Auxiliary devices with a specific finite 86 

DC-feed inductance network solution (𝒒 = 𝟏. 𝟑𝟑) considering no series inductance (𝑳𝒃 = 87 

𝟎) and combines them using a Conventional or Wideband Doherty combiner, Figure 3 (a). 88 

The use of QLI denomination is related to the impedance trajectories of the DPA moving 89 

along the power contours (i.e., the real-impedance axis) while laying inside high-effi- 90 

ciency regions. To illustrate this, the normalized 𝑷𝒐𝒖𝒕  and the efficiency loadpull con- 91 

tours of a class-E PA with finite DC-feed inductance network using 𝒒 = 𝟏. 𝟑𝟑 are plotted 92 

on Figure 3 (b). Note that loadpull is applied at the output of the class-E network and not 93 

at the drain plane of the transistor. Moreover, the load trajectories of a conventional and 94 

wideband Doherty combiner are plotted considering a target output back-off of 6dB (𝜻 = 95 

𝟒 ). Note that, herein and for all subsequent graphs, the smith chart is normalized 96 

to 𝐑(𝛂, 𝐪). The load reflection coefficient 𝚪𝐋 is given by (4) ,where |𝜞𝑳| and 𝜽𝑳 are the 97 

magnitude and phase of 𝜞𝑳. 98 

𝛤𝐿 =
𝑍𝐿 − 𝑅(𝛼, 𝑞)

𝑍𝐿 + 𝑅(𝛼, 𝑞)
= |𝛤𝐿|𝑒

𝑗𝜃𝐿 (4) 
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 99 

 

Figure 3. (a) Conventional and Wideband Doherty combiners (b) load trajectories of the Conventional 6-dB 

Doherty combiner and loadpull contours for 𝑞 = 1.33.   

As shown on Figure 3 (b), the load impedance seen by the Main PA at back-off power 100 

(𝒁𝒎|𝑩 = 𝟐 × 𝑹, 𝜞𝒎|𝑩 = 𝟎. 𝟑𝟑) and at peak power (𝒁𝒎|𝑷 = 𝑹, 𝜞𝒎|𝑷 = 𝟎) belongs to power 101 

contours with a 3dB ratio (as expected for ζ = 4) and are within the Drain Efficiency (DE) 102 

contours DE>95%. Similarly, the load impedance seen by the Auxiliary PA at peak output 103 

power reaches the maximum efficiency region, i.e., 𝒁𝒂|𝑷 = 𝒁𝒎|𝑷 = 𝐑, 𝚪𝐦|𝐏 = 𝚪𝐚|𝐏 = 𝟎. The 104 

QLI class-E (𝒒 = 𝟏. 𝟑𝟑) DPA proposed in [6], Figure 4 (a), is validated using large signal 105 

simulation considering idealized large signal transistors model considering a device out- 106 

put capacitance presented in Figure 4 (a). Note that the output capacitance of the de- 107 

vice, 𝑪𝒅𝒆𝒗, has to be smaller than the parallel capacitance, 𝑪𝟏, of the network otherwise 108 

the class-E operates in suboptimum and the performances are degraded. The simulation 109 

results plotted in Figure 4 (b) shows that high efficiency Doherty operation is achieved 110 

for 6dB OBO. 111 

 

Figure 4. (a) Original QLI DPA proposed in [6]. (b) Efficiency versus OBO for QLI Doherty PA (𝑞=1.33). 

Therefore, the Original QLI class-E approach appears to be an effective solution to 112 

enhance the efficiency of Doherty PA. In the following subsection, we extend the Original 113 

QLI class-E operation for complex to real impedance trajectory to address other types of 114 

Doherty combiners.   115 

3.2 Extension of QLI Class-E DPA Methodology 116 

The QLI class-E Doherty PA design methodology presented in the previous section 117 

applies only for Doherty combiners having pure-real load impedances trajectories. These 118 

combiners usually involve one or more quarter-wave transmission line [2] [5], which 119 

makes them unsuitable for compact integrated power amplifiers. In order to achieve com- 120 

pact design, a compact L-C Doherty combiner has been proposed in [8] [12], Figure 5 (a). 121 

This LC combiner is particularly interesting when using class-E Main and Auxiliary PAs 122 

since the combiner components can be merged with the class-E output network elements 123 
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[8]. However, the impedances 𝒁𝒎 and 𝒁𝒂 seen by the Main and Auxiliary PAs are no 124 

more pure-real and follow complex impedance trajectories, Figure 5 (b). Hence, the Orig- 125 

inal QLI methodology with 𝒒 = 𝟏. 𝟑𝟑 cannot be applied efficiently. 126 

 

Figure 5. (a) L-C Doherty combiner. (b) Load trajectories of 6-dB LC Doherty combiner. 

To extend the QLI Class-E design methodology for Doherty combiners with complex 127 

impedance trajectories, we propose to investigate the output power and efficiency load- 128 

pull contours of class-E PA for different 𝒒 values. Note that 𝑷𝒐𝒖𝒕 is normalized to the 129 

output power when presenting 𝑹(𝜶, 𝒒). For sake of simplicity, we first deal with the case 130 

of 𝜶 = 𝟎. then, the impact of 𝜶 will be discussed. As shown in Figure 6, increasing the 131 

resonance factor 𝒒 rotates the loadpull contours in the clockwise direction and vice versa. 132 

Note that the alignment between the efficiency and 𝑷𝒐𝒖𝒕 contours remain the same re- 133 

gardless of 𝒒. Hence, the QLI class-E operation can be achieved for complex impedance 134 

trajectories. For instance, selecting 𝒒 = 𝟎. 𝟗 allows to align the QLI high-efficiency region 135 

with the impedance trajectories of the L-C Doherty combiner presented on Figure 5 (b). 136 

Moreover, it is now possible to select any 𝒒 value and use the generalized combiner syn- 137 

thesis technique proposed in [3] to synthesize the required combiner. 138 

 

Figure 6. Efficiency and normalized output power contours for various resonance factor 𝑞, normalize to 

𝑅(𝛼, 𝑞). 
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The loadpull contours in Figure 6 can be represented differently by plotting the effi- 139 

ciency and output power versus 𝒒 sampled at different |𝜞𝑳| and for a given 𝜽𝑳, as shown 140 

on Figure 7. The sampled  𝐿 are illustrated in Figure 6. 141 

  

Figure 7. (a), (b), (c): Efficiency and (d), (f), (g): normalized output power versus 𝑞 sampled at different 

|𝛤𝐿| and for 𝜃𝐿=60°,0° and -60°. 𝛼 = 0. 

The data on Figure 7 shows that depending on the value of 𝜽𝑳 the range of 𝒒 values 142 

where the class-E network is QLI (named the QLI zone) changes. All these QLI zones are 143 

suitable to design load modulated PAs since the efficiency remains high and the output 144 

power varies with |𝚪𝑳|. Note that, for positive 𝜽𝑳 there exists two QLI zones as shown in 145 

Figure 7 (a) and (d). the QLI zone 1 has an increasing output power as |𝚪𝑳| decrease while 146 

the QLI zone 2 has a decreasing output power, Figure 7 (d). To address any QLI zone for 147 

load modulated PAs, the load impedance trajectory presented by the combiner must be 148 

such as the output power increases. Hence, the angle on the smith chart of the load im- 149 

pedance trajectory to address the QLI zone 2 should be 𝜃𝐿 − 180° to obtain increasing 150 

output power. 151 

The generalized class-E network, Figure 1, allows to take into account a series induct- 152 

ance 𝑳𝒃  when designing a class-E network by considering 𝜶 ≥ 𝟎  (𝜶 = 𝑳𝒃/𝑳𝟏 ). For a 153 

given 𝒒, changing 𝜶 will change the 𝜽𝑳 for QLI operation (named 𝜽𝑳|𝑸𝑳 ). This can be 154 

observed on the extracted 𝜽𝑳|𝑸𝑳  from the loadpull simulation for 𝒒 from 0.5 to 2 and 155 

𝜶 from 0 to 1 in Figure 8 (a). As can be seen in Figure 8 (a), 𝜽𝑳 remains almost constant 156 

for 𝒒 < 𝟏, while for 𝒒 > 𝟏 𝜽𝑳 is more sensitive to 𝒒 (i.e., to network parameters values). 157 

This suggests that a QLI class-E DPA with 𝒒 < 𝟏 has more potential for wideband oper- 158 

ation and is more robust against process variation. Moreover, increasing 𝜶  increase 159 
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𝜽𝑳|𝑸𝑳  for a given 𝒒. As one can observe, the increase of 𝜽𝑳|𝑸𝑳  with 𝜶 becomes insignif- 160 

icant for lower 𝒒 values. This means that for a given low 𝒒 value, a series inductance 𝑳𝒃 161 

can be added without affecting 𝜽𝑳|𝑸𝑳 . 162 

 

Figure 8. (a) 𝜃𝐿|𝑄𝐿𝐼 versus 𝑞 for 𝛼 = [0: 1] step 0.2, (b) normalized deviation of 𝑓0,  𝑥 (𝛼, 𝑞) with re-

spect to 𝑓0,  𝑥 (0, 𝑞 = 1.  ) for 𝛼 = [0: 1] step 0.2. 

 An equation of 𝜽𝑳|𝑸𝑳 (𝜶, 𝒒) has been fitted in the range of Figure 8 (a) in (5) allow- 163 

ing for a given 𝒒 and 𝜶 to predict the angle suitable for QLI operation.  164 

𝜃𝐿|𝑄𝐿𝐼(𝛼, 𝑞) = − 4. 7𝑞3 − 17.51𝑞2 +  8.25𝑞 + 20.28𝛼3 + 11.8𝛼2 

                + . 6𝛼 + 9 .1𝑞2𝛼 − 69.9𝑞𝛼2 −  9.6𝑞𝛼 + 60.25 
(5) 

Unfortunately, selecting a given 𝒒 and 𝜶 value to align the power and efficiency 165 

contours in a given direction will affect the maximum design frequency (𝒇𝟎,𝒎𝒂𝒙) of the 166 

class-E PA. As mentioned in [7], 𝒇𝟎,𝒎𝒂𝒙 is defined as the design frequency at which the 167 

capacitance 𝑪𝟏 becomes lower than the device output capacitance (𝑪𝒅𝒆𝒗). Hence, by sub- 168 

stituting 𝑪𝟏 by 𝑪𝒅𝒆𝒗, 𝒇𝟎,𝒎𝒂𝒙 can be expressed as follow: 169 

𝑓0,  𝑥(𝛼, 𝑞) =
𝐾𝑐(𝛼, 𝑞) 𝑃𝑜𝑢𝑡

2𝜋 𝐾𝑝(𝛼, 𝑞) 𝑉𝑑𝑑
2 𝐶𝑑𝑒𝑣

=
𝑃𝑑

2𝜋 𝑉𝑑𝑑
2 𝐶𝑢

𝐾𝑐(𝛼, 𝑞)

 𝐾𝑝(𝛼, 𝑞)
 (6) 

Where 𝐏𝐝 and 𝐂  are the power density (in W/mm) and normalized output capaci- 170 

tance (in F/mm) for a given technology, which are almost constant for a given process and 171 

under a given 𝐕𝐝𝐝. According to (6), for a given process and under a given 𝐕𝐝𝐝, increasing 172 

the design parameter 𝒒 allows addressing higher operating frequency, regardless of the 173 

target 𝑷𝒐𝒖𝒕 as can be seen on Figure 8 (b), which shows the normalized deviation 𝝈(𝜶, 𝒒) 174 

of 𝒇𝟎,𝒎𝒂𝒙(𝜶, 𝒒) with respect to 𝒇𝟎,𝒎𝒂𝒙(𝟎, 𝒒 = 𝟏. 𝟑𝟑). Additionally, reducing the series in- 175 

ductance 𝑳𝒃 (i.e., reducing 𝜶) for a given 𝒒 tends to increase the maximum operating 176 

frequency. Hence, the choice of 𝒒 and 𝜶 should be a tradeoff between the desired 𝜽𝑳|𝑸𝑳  177 

and the targeted operating frequency, 𝒇𝟎,𝒎𝒂𝒙 . To decorrelate the choice of 𝜽𝑳|𝑸𝑳  and 178 

𝒇𝟎,𝒎𝒂𝒙. 179 

To reduce the constraints related to the choice of 𝜶 and 𝒒, a transmission line (TL) 180 

with a characteristic impedance 𝑹(𝜶, 𝒒) and an electrical length 𝜽𝒙 is added between 181 

𝒁𝑳 = 𝑹(𝜶, 𝒒) and the class-E network, as shown in Figure 9. Since the loadpull contours 182 

are normalized to 𝑹(𝜶, 𝒒), the transmission line will rotate the loadpull contours by 𝜽𝒙 183 

according to the following equation: 184 

𝛤𝐿,𝑐𝑒 = |𝛤𝐿| 𝑒
𝑗(𝜃𝐿|𝑄𝐿𝐼+2𝜃x) (7) 
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Figure 9. Class-E PA with output transmission line. 

Thus, with this additional degree of freedom, the power and efficiency contours can 186 

be oriented in any direction regardless of the choice of 𝒒 and 𝜶. Hence, the designer can 187 

match the class-E PA contours orientation to the load modulated impedance trajectories 188 

required by any Doherty combiner while selecting the class-E network parameters 𝒒 and 189 

𝜶 based on other design criteria such as operating frequency, bandwidth, network com- 190 

ponents quality factor and size. For illustration, Figure 10 shows that for  𝐱 = 𝟒𝟎° the 191 

power and efficiency contours can be rotated from the real impedance axis (for  𝐱 = 𝟎°, 192 

𝒒 = 𝟏. 𝟑𝟑 and 𝜶 = 𝟎) as to match the impedance trajectories required by the compact L-C 193 

Doherty combiner (shown on Figure 5 (a)). 194 

 

Figure 10. Output power and efficiency contours of ideal class-E PA with 𝑞 = 1.   and 𝛼 = 0 consider-

ing: (a) 𝜃𝑥=0°, (b) 𝜃𝑥=40°. 

Now the choice of 𝜽𝑳|𝑸𝑳  and 𝒇𝟎,𝒎𝒂𝒙 can be decorrelate using this output TL. How- 195 

ever, at low power region when the Auxiliary is off, this TL can transform the off-state 196 

impedance of the auxiliary class-E PA leading to a back-off performance degradation. The 197 

next subsection investigates the impact of the choice of q and α on the auxiliary off-State 198 

impedance. 199 

3.3 Impact of the Choice of 𝒒 and 𝜶 on the Auxiliary Off-State Impedance.  200 

In the low power region, the auxiliary PA is off and only the main PA delivers power 201 

to the load. When the auxiliary is off, ideally its off-state impedance is infinite (𝒁𝒐𝒇𝒇 = ∞)   202 

and assuming that the Output Matching Network (OMN) is lossless no power can be dis- 203 

sipated on the auxiliary path. However, in a practical case with a real transistor, this off- 204 

state impedance is not infinite and the power delivered by the main PA can be dissipated 205 

in the auxiliary path. In this case, the design of the auxiliary OMN (𝑂𝑀𝑁 |𝑐𝑒) is critical to 206 

mitigate the losses in the auxiliary path. In fact, the impedance presented at the combiner 207 

plane 𝒁𝒂|𝒐𝒇𝒇𝒄𝒆
, in Figure 11 (a), can be derived using the 𝑂𝑀𝑁 |𝑐𝑒  ABCD matrix 208 

([𝐴𝐵𝐶𝐷]𝑂𝑀𝑁𝑎|𝑐𝑒
) as follows: 209 
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𝑍 |𝑜𝑓𝑓𝑐𝑒 =
𝐵 + 𝐷 𝑍𝑜𝑓𝑓

𝐴 + 𝐶 𝑍𝑜𝑓𝑓

 (8) 

Considering a class-E Doherty PA design, for a given 𝑷𝒐𝒖𝒕 , 𝑽𝒅𝒅 , 𝒇𝟎  and 𝑸𝑳  the 210 

choice of 𝜶 and 𝒒 affects the coefficient of [𝐴𝐵𝐶𝐷]𝑂𝑀𝑁𝑎|𝑐𝑒
 changing the impedance pre- 211 

sented at the coupler’s plane 𝒁𝒂|𝒐𝒇𝒇𝒄𝒆
. Moreover, the combiner transforms (through 212 

𝑂𝑀𝑁 ) 𝒁𝒂|𝒐𝒇𝒇𝒄𝒆
 in 𝒁𝒂|𝒐𝒇𝒇 which is the off-state impedance in parallel with the load 𝒁𝑳. 213 

The parallel resistance of 𝒁𝒂|𝒐𝒇𝒇, 𝑹𝒂|𝒐𝒇𝒇, has to be much larger than 𝒁𝑳 to not affect the 214 

back-off performances. 215 

 

Figure 11. (a) Block schematic of class-E Doherty PA in the low power region. (b) 𝑍 |𝑜𝑓𝑓 versus 𝛼 and 𝑞. 

To illustrate that, in the case of a conventional Doherty combiner (𝑂𝑀𝑁  is just a 216 

wire), the off-state impedance of the commercial device CG2H40015D is extracted (𝒁𝒐𝒇𝒇 = 217 

𝟎. 𝟐𝟗 − 𝒋𝟐𝟗.  ). Then, 𝒁𝒂|𝒐𝒇𝒇 = 𝒁𝒂|𝒐𝒇𝒇𝒄𝒆  is computed for 𝑷𝒐𝒖𝒕 = 𝟏  𝑾, 𝑽𝒅𝒅 = 𝟐  𝑽, 𝒇𝟎 = 218 

𝟑.   𝑮𝑯𝒛 and 𝑸𝑳 = 𝟑𝟎. After, the parallel resistance (𝑹𝒂|𝒐𝒇𝒇) is calculated and plotted in 219 

Figure 11 (b) versus 𝒒 for several 𝜶. As one can observe, increasing 𝜶 tends to reduce 220 

𝑹𝒂|𝒐𝒇𝒇 for a given 𝒒. Moreover, there is an optimal choice for 𝒒 that achieves the highest 221 

parallel resistance. The highest parallel resistance is achieved for 𝜶 = 𝟎 and 𝒒 = 𝟏.  𝟑 222 

suggesting that this configuration is the best to reduce the performance drop due to the 223 

off-state impedance in the low power region. Moreover, for low 𝒒 values, 𝑹𝒂|𝒐𝒇𝒇 drops 224 

drastically increasing the power injected to the auxiliary path and increases the losses. 225 

Thus, 𝜶 and 𝒒 has to be selected carefully in respect with the desired combiner to reduce 226 

the losses in the auxiliary path. 227 

The upcoming section illustrates the proposed class-E Doherty methodology using 228 

the CG2H40015D devices. 229 

4. Application of the Proposed Design Methodology 230 

To validate the extended design methodology, two QLI class-E Doherty PA designs 231 

with a L-C combiner are proposed using the CG2H80015D commercial GaN HEMT tran- 232 

sistor with two configurations for both designs, Figure 12. In the first design, as in our 233 

previous paper [11], the class-E network (𝜶 = 𝟎)with output TL is used. In the second 234 

design, we utilize the generalized class-E network taking advantage of the contours rota- 235 

tion with 𝜶 presented in section 3.2. The designs target 6-dB OBO and 40 W (46 dBm) of 236 

peak output power under 28 V supply voltage at 3.8 GHz. Since the OBO targeted is 6-dB, 237 

each PA delivers 20 W at peak output power. One configuration is done for 𝒒 = 𝟎. 𝟗 238 

where 𝜽𝑳|𝑸𝑳  is directly aligned with the load impedance trajectory of L-C combiner (i.e., 239 

𝜃𝐿 = 60°). The second configuration is done for 𝒒 = 𝟏. 𝟑𝟑 and 𝜽𝑳|𝑸𝑳  need to be ajusted. 240 

The main device is biased at -2.9 V and the auxiliary at -5.5 V. Note that in practical design 241 

the input signal drive is sinusoidal and the device has a non-zero knee voltage and non- 242 

linear output capacitance. Moreover, for the targeted design, the parallel capacitance of 243 

the network, 𝐶1, remains lower than the device’s output capacitance leading to a subop- 244 

timum operation of class-E. Consequently, a tuning factor 𝑲𝑹 is introduced to account for 245 
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these non-idealities. Therefore, 𝑹(𝜶, 𝒒) is now expressed as in (9), while other equations 246 

remain unchanged. 247 

𝑅(𝛼, 𝑞) = 𝐾𝑅  
𝐾𝑃(𝛼, 𝑞) 𝑉𝑑𝑑

2

𝑃𝑜𝑢𝑡
 (9) 

 

Figure 12. (a) Proposed class-E Doherty PA using L-C combiner (with 𝛼 = 0) (b) Proposed generalized 

class-E Doherty PA using L-C combiner. 

First design uses the network of our previous paper (Figure 12 (a)) with 𝜶 = 𝟎 (i.e., 248 

𝑳𝒃 = 𝟎) . The output power and efficiency contours are plotted at plane 𝐴  consider- 249 

ing 𝑲𝑹 = 𝟎. 𝟑𝟕  for 𝒒 = 𝟎. 𝟗 and  𝑲𝑹 = 𝟎. 𝟑𝟗  for 𝒒 = 𝟏. 𝟑𝟑 and follow the same trend 250 

as the theoretical ones. Note that the input phase has been slightly adjusted to achieve 251 

proper load modulation (𝚽𝒂 = −𝟏𝟎 ° for 𝒒 = 𝟎. 𝟗 and 𝚽𝐚 = −𝟏𝟎𝟎° for 𝒒 = 𝟏. 𝟑𝟑). For 252 

𝒒 = 𝟏. 𝟑𝟑, 𝜽𝐱 is tuned to 45° to align the load impedance trajectories with the contours 253 

while for 𝒒 = 𝟎. 𝟗 the contours are aligned with the load impedance trajectory leading to 254 

𝜽𝒙 = 𝟎. The proposed QLI class-E DPA design is validated using large signal harmonic 255 

balance simulation using the CG2H80015D model provided by MACOM and considering 256 

a lossy output network with a quality factor of 60 for inductors and 90 for capacitors. As 257 

shown in Figure 13, both designs achieve proper load modulation since the trajectories of 258 

𝒁𝒎 and 𝒁𝒂 cross the desired 𝑷𝒐𝒖𝒕 levels inside the high efficiency contours region.  259 

 

Figure 13. Power and efficiency load-pull contours, 𝑍  and 𝑍  at plane A for: (a) 𝑞 = 0.9 and 𝜃𝑥 = 0°, 

(b) 𝑞 = 1.   and 𝜃𝑥 = 45°. 

As shown on Figure 14, both DPAs achieve a saturated output power of 46 dBm with 260 

more than 70% drain efficiency (DE) over the 6-dB OBO and a large signal gain around 261 

13 dB. 262 
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Figure 14. Simulated performance of the QLI class-E Doherty PAs with L-C combiner for: (a) q = 0.9 and 

𝜃𝑥 = 0°, (b) q = 1.33 and 𝜃𝑥 = 45°. 

In the second design (Figure 12 (b)), the generalized class-E network is used. For this 263 

network, the output TL in Figure 9 is not necessary to rotate the loadpull contours since 264 

the inductance 𝑳𝒃 can do it. A bond wire is used to connect the commercial die to output 265 

matching network. In the following, we assume that the inductance 𝑳𝒃  added by the 266 

bond wire can be controlled in the process.  267 

The output power and efficiency contours are plotted at plane 𝐴 in Figure 15, con- 268 

sidering 𝑲𝑹 = 𝟎. 𝟑𝟕  for 𝒒 = 𝟎. 𝟗 and  𝑲𝑹 = 𝟎. 𝟑𝟗  for 𝒒 = 𝟏. 𝟑𝟑. Note that the input 269 

phase has been slightly adjusted to achieve proper load modulation (𝚽𝒂 = −𝟏𝟎 ° for 270 

𝒒 = 𝟎. 𝟗  and 𝚽𝐚 = −𝟏𝟎 °  for 𝑞 = 𝟏. 𝟑𝟑 ). For 𝒒 = 𝟎. 𝟗 , the bond wire can be added 271 

without affecting 𝜽𝑳 since 𝜶 has almost no effect on 𝜽𝑳 as presented in Figure 8 (a). 272 

Thus 𝜶 is selected to 0.25 to present an achievable bond wire inductance of 𝑳𝒃 = 𝟎. 𝟕  𝐇. 273 

For 𝒒 = 𝟏. 𝟑𝟑, 𝜶 affects the QLI operation angle. Hence, using (6) 𝜶 is selected to 0.5 274 

(𝑳𝒃 = 𝟎.   𝒏𝑯) in order to align the contours with the load modulation of the L-C com- 275 

biner. The proposed QLI class-E DPA design is validated as previously done in simula- 276 

tion. As shown in Figure 15, both designs achieve proper load modulation since the tra- 277 

jectories of 𝒁𝒎 and 𝒁𝒂 cross the desired 𝑷𝒐𝒖𝒕 levels inside the high efficiency contours 278 

region. 279 

 

Figure 15. Power and efficiency load-pull contours, 𝑍  and 𝑍  at plane A for: (a) 𝑞 = 1.   and 𝛼 = 0.5, 

(b) 𝑞 = 0.9 and 𝛼 = 0.25. 

As shown on Figure 16, both DPAs achieve a saturated output power of 46 dBm with 280 

more than 70% drain efficiency (DE) over the 6-dB OBO and a large signal gain around 281 

13 dB. 282 
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Figure 16. Simulated performance of the QLI class-E Doherty PAs with L-C combiner for: (a) q = 0.9 and 

𝛼 = 0.5, (b) q = 1.33 and 𝛼 = 0.25. 

Hence, the proposed extended methodology for QLI class-E design is validated. The 283 

simulations results validated the proposed methodology showing that the uses of output 284 
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4. Conclusion  287 

In conclusion, this study extends the QLI Class-E Doherty PA design for complex 288 
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ventional Doherty combiner. Finally, the methodology is validated on two different 40 W 298 

Doherty PA designs. One is using the proposed output transmission line approach con- 299 

sidering no series inductance (i.e., 𝜶 = 𝟎) and the second is taking advantage of the series 300 

inductance 𝑳𝒃. All the designed class-E Doherty PAs achieve over 70% efficiency across a 301 

6-dB output power back-off at 3.8 GHz in simulation. 302 

The proposed analysis is done at a single frequency. Nevertheless, to meet the re- 303 

quirements of 5G applications, the PAs has to operate over a large bandwidth. Hence, the 304 

impact of 𝒒, 𝜶 and the combiner for broadband operation must be investigated.  305 
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