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 This work discusses the utilization of GaN HEMT technology on Rogers 
substrate in the design as well as the analysis of a 200 MHz Class AB power 
amplifier (PA) tailored for use in the 5G sub 6 GHz frequency band, 

specifically targeting 2.4 GHz applications. This is to satisfy the efficiency 
and linearity constraints in typical 5G communications systems, especially at 
the input part of the communication chain, whiles realizing all round practical 
Figure of Merits (FoMs).  Matching networks were devised employing 
cascaded L-section microstrip transmission lines, meticulously optimized for 
optimum output power, return loss, and PAE. This demonstrates the 
effectiveness of the design approach in producing substantial power with 
heightened efficiency. Furthermore, the design exhibited enhanced linearity, 

even in the absence of commonly utilized feedback networks such as voltage 
dividers or emitter/source degeneration due to the inherent robustness of the 
proposed design. The PA’s performance aligned exceptionally well with 
theoretical predictions. Electromagnetic simulation results showed a small 
signal gain of 13.634 dB with return losses maintaining below -12 dB across 
the desired operational bandwidth. Also, a power output of 40.052 dBm for a 
29 dBm input power was obtained, coupled with a PAE of 54.148%.  

 

This is an open-access article under the CC BY-SA license. 
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1. INTRODUCTION 

In recent years, the necessity for transmitters in the communication block to be able to provide high-speed 

transmission over wide distances has grown. This is particularly so due to the launch of the 5G wireless 

communication technology [1][2] which has resulted in dramatic breakthroughs in mobile networks, allowing 

for high data rates, minimal latency, and improved connection [3]-[13]. However, the deployment of the 5G 
network brings with it a new set of obstacles, notably in the design and operation of power amplifiers (PAs), 

which are critical in guaranteeing effective signal transmission and reception [14]-[21]. The transmitters in 5G 

systems run at higher frequencies and use complicated modulation techniques, necessitating creative solutions 

[15]-[21][22]. One main component in transmitters that defines its overall performance is the power amplifier 

which is typically placed at the transmitter’s last stage before transmission occurs [5][7][23]-[25]. The PA’s 

output power, bandwidth, and linearity are key in the determination of the quality of communication networks 

while the efficiency shows the power consumption of the transmitter system and hence its reliability [10]-[12] 

[25]-[29]. 

Linearity characteristics showcased by power amplifiers in the presence of wideband input signals and 

high peak-to-average power ratios (PAPR) that define 5G waveforms, in particular, is one of the key problems 

[30]-[34]. Linear amplification is required to reduce distortion and spectrum regrowth, which can result in 

interference and poor signal quality [18]-[21]. Furthermore, the rising need for energy efficiency necessitates 
that power amplifiers perform at high efficiency even under variable load situations [3]-[8]. 

https://creativecommons.org/licenses/by-sa/4.0/
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Furthermore, because multiple-input multiple-output (MIMO) techniques are being used in 5G systems, 

power amplifiers must address the challenges associated with envelope tracking, envelope elimination and 

restoration (ET/ETR), and digital pre-distortion (DPD) to enable effective spatial multiplexing [10][11]. These 

strategies strive to ensure linearity and energy efficiency while adapting the various transmission channel 

constraints [17]-[21][34].  

To address these issues, researchers and engineers are experimenting with new approaches to power 
amplifier design, such as the use of advanced semiconductor technologies like Gallium Nitride (GaN) and 

Silicon Carbide (SiC), which provides higher power density and improved thermal performance [7][31][33]. 

Furthermore, cognitive radio-based adaptive approaches and machine learning algorithms are being researched 

to dynamically modify power amplifier settings depending on changing 5G signal characteristics. 

Also, the GaN transistor was employed because of its high prospects with respect to wider bandwidth, 

higher breakdown voltage, and high thermal dissipation as compared to other transistors which set it as a 

leading active device for the future designing of RF circuits [9][31]-[32]. 

In PA design, there is a need to address the satisfaction of a number of criteria in the form of linearity, 

high-power capability, high efficiency, wide bandwidth as well as high robustness. A tradeoff is also always 

present in considering the linearity and efficiency during the design of RF power amplifiers [35].  

These amplifiers can be classified based on various criteria such as their operating characteristics, circuit 

configurations, frequency range, and applications. These include Class A Power Amplifiers, Class B Power 
Amplifiers, Class AB Power Amplifiers, Class C Power Amplifiers, for more envelope varying applications, 

as well as, Class D Power Amplifiers, Class E Power Amplifiers among others, for more constant envelope 

applications. 

Class A amplifiers run throughout the duration of the input signal. They have the lowest distortion hence 

the best linearity but are less efficient (usually around 25%) [36]-[41]. Class A amplifiers are widely employed 

in high-fidelity audio systems and low-power radio frequency (RF) applications that need linearity without 

care for the efficiency. 

Class B amplifiers use just half of the input signal cycle. They are more efficient (up to 78.5%) than Class 

A amplifiers, although they suffer from crossover distortion at the zero-crossing point [36]-[41]. Class B 

amplifiers are widely employed in situations where efficiency takes precedence over linearity, such as RF 

power amplifiers and audio amplifiers for low-power applications. 
Class AB power amplifiers tend to inculcate the qualities of both Class A and Class B power amplifiers 

[10]-[12]. Class C power amplifiers tend to operate for less than half of an input signal cycle. They tend to 

possess very high efficiencies (usually above 80%) which comes at a cost of severe degradation in linearity. 

Class C power amplifiers find its use in RF applications that need high efficiency, such as in RF transmitters, 

RF oscillators, and RF power amplifiers in RF communication systems. 

To attain high efficiencies (usually greater than 90%), Class D amplifiers which mainly makes use of 

pulse-width modulation (PWM) or other switching methods are employed. They have a substantially greater 

switching frequency than the input signal frequency, necessitating output low-pass filters to eliminate 

switching harmonics. Class D amplifiers are widely employed in battery-powered devices, audio amplifiers, 

and high-power applications that need maximum efficiency. Class E, F, and G power amplifiers are specialized 

power amplifiers that have been optimized for certain applications or needs. Class E amplifiers are very 
efficient and widely utilized in RF power amplifiers [9]. 

Class F and Class G amplifiers tend to possess configurations solely intended to increase efficiency 

without care for the linearity by operating at higher supply voltages or employing strategies that decrease power 

dissipation [9][32]. 

Unlike in [23] and [30], our design utilized the GaN HEMT transistor as the active device since it is 

projected to be the leading active device for RF circuit design [7][31]-[33]. Many forms of matching have been 

introduced to design PAs as seen in [31] where λ/4 transmission lines (Tlines) equivalent of LC networks [5] 

coupled with transformers for the matching to optimize the performance of the realized Doherty PA as opposed 

to single stage hybrid integrated PAs. This PA has increased complexity due to the PA chain (differential and 

peaking amplifier) with subpar return losses over the band of operation. Also, in [9], a Class AB power 

amplifier in the L-band of operation is designed using the GaN active device, where the work concentrated on 

the matching networks being implemented with series stubs and open-ended stubs to act as low pass ladders   
equivalent in lumped circuits which showed an improved output power and PAE for good PA performance but 

return losses that were unaccounted for. Then the concept of the determination of the optimum load and source 

impedances for designing matching networks using load and source pull respectively is introduced in 

[9][31][33], and to improve the potential of increasing the bandwidth of operation drastically. Then 

Electromagnetic (EM) simulation as a means of verifying the actual practical PA performance was carried out 

in [5][9].   In this work, a Class-AB power amplifier utilizing a GaN transistor with an output power of 40.052, 

PAE of 54.148 %, input return loss of -16.723 dB and output return loss of -20.601 dB, and a small signal gain 

of 13.634 dB is designed using the Advanced Design System (ADS) software. In the second section, the 
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methodology that is used for the power amplifier design is explained. In section three, the results obtained from 

performing various simulations on the realized PA are discussed and the fourth section concludes the whole 

paper. 

 

2. METHOD (AMPLIFIER DESIGN) 

2.1.   Selection of Active Device 
Many active devices are available for active microwave circuit design but the one utilized for this work 

was a Gallium Nitride High Electron Mobility Transistor (GaN HEMT) due to its many advantages like its 

ability to function at high frequencies due to its high electron mobility, as well as providing wider bandwidth, 

and its ability to operate at high currents since they possess high breakdown voltages which translate to the 

production of higher output power, among many others. These advantages place it at the forefront as compared 

to its counterparts in the field of active circuit design. The active device, CGH40010F, obtained from Cree was 

utilized since it was found from its datasheet [42] to satisfy all the objectives for the proposed power amplifier 

design.  The design objectives stipulated for the proposed power amplifier design is shown in Table 1 below. 

 

Table 1. Design Specifications 

Parameter Specification 

Center Frequency 2.4 GHz 

Bandwidth +/- 100 MHz 

Output Power 10 Watts (40 dBm) 

Gain > 10 dB 

Return Loss <-12 dB 

PAE >50 % 

 

2.2.  DC IV and Bias Point Analysis 

The drain and gate bias points were selected based on the information from the datasheet [42]. The device 

was biased at the quiescent point, and at a gate voltage (VGS) of -2.7 V and a voltage at the drain (VDS) of 28 

V, a drain current of 205 mA was produced. These bias points depict the DC operating points for a typical class 

AB configuration. The simulated I-V characteristics curve for this design is shown in Figure 1 which was very 

similar to the results in the datasheet for the device.  

 

 
Figure 1. I-V characteristics of GaN HEMT active device 

2.3.  Stability Analysis 

Linearity is one of the main concerns of PA design, as the output is preferred to not deviate from the input 

signal. This in turn makes the concept of ensuring stability become a major point of note in a power amplifier’s 

design as it is done to prevent the realized PA from behaving like an oscillator rather than a power amplifier 
due to the presence of a negative resistance on either port of the power amplifier which as it is a typical two-

port network. 
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Also, the power amplifier being a bilateral device, that is a device with both forward and backward 

transmission, would require a foremost stable design, before the results from the load/source pull can be 

considered accurate for the matching networks design [32]. This is shown in Equations (1) to (5) [43] which 

relates the concept where bilateral devices are also stable in nature. 

Where; 

 
 

𝐾 =  
1 − |𝑆11|2 −   |𝑆22|2 +   |∆|2

2|𝑆12𝑆21|
> 1 

(1) 

|∆| =  |𝑆11𝑆22 − 𝑆12𝑆21| < 1 (2) 

µ =  
1 −  |𝑆11|2

|𝑆22 − ∆𝑆11
∗ | +  |𝑆12𝑆21|

> 1 
(3) 

𝐵1 =   1 + |𝑆11|2 − |𝑆22|2 − |∆|2 (4) 

𝐵2 = 1 +  |𝑆22|2 −  |𝑆11|2 + |∆|2 (5) 

 

 

Since, the power amplifier is a two-port device, its Sij can only have “i” and “j” with a value of either 1 or 2. 
In two-port network stability determination, the satisfaction of these equations is vital. They also show 

how bilateral two-port networks must be stable before accurate impedance matching for gain can be performed 

on them [43]. It is noted that for K > 1 and B1 > 0, or for K > 1 and B2 > 0, the two-port device shows 

unconditional stability, which can also be interpreted as to satisfy the bilateral nature of a two-port device, its 

stability much be ensured over the frequency band of operation.  

The more common metric used on the other hand is the satisfaction of K > 1 and µ > 1 (where µ for either 

source or load from the equations above is determined by interchanging S11 and S22) which also shows 

unconditional stability and is what was used as a metric for determining the stability of the realized power 

amplifier. 

To determine and ensure stability in the designed power amplifier, the utilization of the vector network 

analyzer in the ADS software was employed, and upon simulation of the resulting circuit, it was shown that 

the active device was not unconditionally stable over the frequency of interest. Hence, to ensure stability, one 
of the more utilized methods of ensuring stability in active circuit design was used. This was the 

implementation of a series resistor connected at the active device’s gate (input) terminal. 

The choice of which terminal to place the series resistor at the gate of the active was made due to the fact 

that the resistor is inherently a lossy component and that with respect to power amplifier design, the output 

terminal is more delicate with respect to the gain. Hence, introducing the series resistor or any lossy 

components in general at the drain of the active device poses a high risk of causing the total gain obtained from 

the realized power amplifier to seriously deteriorate and affecting the performance of the active circuit. 

The value of the resistance of the series resistor was obtained by manual tuning to be a 5 Ω resistance 

since at the impedance, the Rollett’s factor for stability (K > 1) as well as the “mu” condition (μsource > 1 and/or 

μload > 1) were completely satisfied resulting in the unconditional stability over the whole spectrum of frequency 

of operation [43]. In the Figures 2a and 2b, the simulated stability factor as well as the “mu” test of the device 
are shown respectively and the units shown by the markers are dimensionless in nature. 
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Figure 2a. mu_source and mu _load vs frequency graph 

 
Figure 2b.  Graph of stability factor against frequency 

2.4.  Load-pull Analysis 

The next step was to carry out the load-pull and source-pull simulation on the active device. In power 

amplifier design, these are carried out for the determination of the most suitable impedances for the load and 

the source respectively, required in the designing of the output and input matching networks. It is basically, 

finding impedances that provide the best performance for an active microwave circuit in terms of metrics such 

as maximum output power (Pout) as well as maximum PAE over the bandwidth of interest. 

To obtain these metrics for the corresponding impedances, those for the source and load are varied 

respectively in both cases for the source and load-pull analysis. 

With respect to this work, the load-pull carried out not only produced the optimum load impedances required 
for the matching networks, but also its corresponding source impedances hence there was no need to perform 

a separate source-pull simulation to determine the optimum impedance for the source. This setup consists of a 

variable source and load impedance, both of which were obtained from the active device’s datasheet [42]. 

These impedances are swept over a range of values in the presence of an RF power input to produce the 

corresponding achievable output power and PAE values for the active device. 

Shown on the Smith Chart in Figure 3 are the load-pull results, which show the power output and PAE contours 

for an RF input power of 29 dBm. In both the output power circles/contours and that of the PAE, the innermost 

contours correspond to the highest attainable power output and PAE respectively for the realized power 

amplifier. Hence, to obtain a resulting class AB operation which has the characteristic of both moderately good 
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linearity and efficiency, the impedances for matching are chosen as a trade-off between the power output and 

the PAE and it was found to be “6.414 + 3.880j Ω” for the input impedance and “22.499 - 2.479j Ω” for the 

output impedance which results in the power at the output of 40.232 dBm and a PAE of 50.57 % at a large 

signal gain at a value of 11.232 dB. 

 

 
Figure 3. Power and PAE contours in dB and % respectively 

 

2.5.  Input and Output Matching Networks Design 

The concept of impedance matching in active device design is one of the major considerations in their 

design process as it directly translates to the amount of power output generated by the power amplifier that will 

successfully reach the load [32]. It also has a bearing of the efficiency of signal transmission from the input to 
the output, among many others. The power amplifier is terminated with 50 Ω impedances at both the output 

and input and these matching networks are responsible for transforming the impedances. At the input side, the 

50 Ω termination is transformed to the conjugate impedance of the gate terminal that was obtained from the 

load pull simulation. At the output side, the impedance of the drain is transformed to that of the 50 Ω 

termination.   

In impedance matching networks, there are many topologies that can be employed based on what is 

required from the design. It ranges from the most basic L- network match of lumped components, through to 

T-network matches, π- network matches and then to the more complex distributed cascaded aforementioned 

matches of transmission lines.      

In this work, the output match designed first since the delicacy of the outport terminal with respect to gain 

was fully taken into consideration. The matching network design was first realized with quarter wavelength 

ideal transmission lines, with varying characteristic impedances. The choice of transmission lines over lumped 
components for the matching stemming from the characteristic of transmission lines to operate comparatively 

better than lumped components in the frequency spectrum of operation (2.3 GHz – 2.5 GHz) that generally 

tend to exhibit parasitic behavior at these frequencies (above 1 GHz).  

This output matching network was based on a topology involving multiple sections of “L” and T-networks 

which were later optimized to obtain a desirable output match for the conjugate impedance transformation and 

used a more unconventional approach in the design with the corresponding consideration being discussed. 

Conversion of the ideal transmission lines into microstrip lines (open and short circuit stubs, as well as series 

stubs) were then performed. By utilizing the Line Calc feature in ADS, the conversion to microstrip lines was 

carried out on a Rogers substrate with 𝜖𝑟 = 3.66, 0.7 mm thick, and spaced 25 mil apart. Also, in the network 

design, three microstrip gaps, represented by the MGAP, along with the parallel capacitors and microstrip lines 
were employed in the design matching network for the output as is shown in Figure 4. 

The capacitors employed in the series part of the network were due to some of the transmission lines originally 

placed having a large width coupled with a significant length. This made these lines typically function as 

capacitors in the network due to the inherent characteristic of transmission lines, hence for the practical 

application of reducing the board size by as much as possible, such a method of replacing them with capacitors 

altogether was utilized after which optimization was performed to obtain similar operation as their transmission 

line counterparts. 
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The open and short circuit stubs were placed in the output matching with the main task of handling the harmonic 

performance of the realized power amplifier for good gain performance. In the shunt part of the output match, 

a 50 Ω transmission line was placed which will be in series with the drain voltage source along with the 

capacitors (acting as RF passes). Its purpose was to carry the large drain current produced by the biasing to the 

load via the matching network due to the large enough width as well as handle temperature increase in a 

practical design sense. 
Also, the “Tees” and “Steps” were placed between the microstrip transmission line to allow for the mitigation 

of small reflections from one transmission to another due to the differences in characteristic impedances and 

also for accurate results in the layout simulation.    

 
Figure 4. Microstrip output matching network 

 

In designing the matching network for the input, the cascaded L- network topology was employed for matching 

using a more direct approach, with the Smith chart utility tool. Optimization of the characteristic impedances 

were then carried out on the ideal transmission lines used to obtain a better match and in Figure 5a, the block 
diagrammatic setup is shown. The corresponding practical matching network was also done using microstrip 

lines and a similar process as in the output matching network over the same substrate. With respect to Figure 

5b, the matching network at the input for the PA after the conversion from ideal transmission lines to microstrip 

is shown. 

 

 
Figure 5a. Block diagram of input matching network 
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Figure 5b. Practical input matching network 

2.4.   Amplifier Assembly 

This is done to verify the various Figure of Merits (FoMs) for the realized PA design to access 

performance. At this stage, the various components of the PA have been obtained and the assembly is achieved 

by integrating these components; the source and load terminations, the matching networks for both the input 

and output, the bias voltage sources (VGS and VDS), and the active device among many others to obtain the 

assembled PA schematic as is shown in the Figure 6 below.  From the figure, it is also noted that the matching 

networks were placed in a sub circuit format. The matching network transmission lines for both the input and 

output match had its values optimized to obtain the desirable goals for the power output, the large signal gain, 

the return losses, and the small signal gain which were obtained during the load pull simulation stage in the PA 

design.  

 

 
Figure 6. PA Assembly Circuit in schematic view 
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2.4.  Layout Design and Electromagnetic (EM) Co-simulation 

Now that the final schematic of the PA had been achieved by assembly of the constituent parts, the 

practical implementation of the PA circuit is realized and tested for satisfiability with the design goals set for 

the PA in the earlier section. Both were performed to determine the proposed power amplifier’s performance 

in the real world upon its actual fabrication with real world effects at play. EM Momentum simulation was 

then run on the generated layout over the frequency band of operation of the active device, i.e. 1 GHz – 6 GHz, 
after which a layout symbol was generated to similar to the layout view. This layout was then implemented in 

tandem with the corresponding schematic power amplifier components that could not be obtained from the 

layout design due to their lack of the layout footprint. This was for validating the realized power amplifier’s 

performance through co-simulation of the layout part of the design with the schematic part. Figure 7 shows the 

layout of the proposed PA for EM co-simulation verification. This shows the representation of a potential PA 

design when it is fabricated using transmission lines over a PCB board. It is noted that this design is still in its 

simulation stage and has not been fabricated yet. 

 

Figure 7. PA Layout Design 

3. RESULTS AND DISCUSSION 

Upon obtaining the complete PA schematic and its corresponding layout view, various simulations to 

validate the performance of the PA were executed at the chosen bias points (IDS = 205 mA, VGS = -2.7 V, VDS 

= 28 V) for operation in the Class AB region. Both large signal and small signal simulation measurements were 

carried out to validate the power amplifier’s performance. In Figure 8a, the voltage and drain current 

waveforms obtained at the power input of 29 dBm are shown. As is observed, the power amplifier exhibits a 

linear operation due to the sinusoidal nature of the drain voltage’s waveform at the input power (with 5 W high 

efficiency). Also, the waveforms of the drain current show a mode of operation in the Class AB region for the 

power amplifier since the current conduction angle as shown in the Figure 8a is typically more than 180o but 

less than the completion of a full cycle of 360o, a major characteristic of class AB configuration power 

amplifiers. 
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Figure 8a. Waveforms of the drain current and voltage 

S-parameter characteristics, i.e. the small signal results of the realized power amplifier are shown below in the 

Figures 8b and 8c and they tend to satisfy all the design objectives of the designed PA over the frequency of 

2.3 GHz - 2.5 GHz. 

 

Figure 8b. Graph of small signal gain over the frequency band 

Figure 8b above shows the small signal gain (S21) of the power amplifier depicting the power output’s ratio to 

the input power in simple terms. It shows a value above 12 dB over the bandwidth of operation for the proposed 
PA after EM co-simulation was performed which is very desirable since generally the figure of merits for any 

active design tend to deteriorate especially after it is realized in its layout mainly due to the “parasitics” acting 

the design due to real world effects. 

The strength of the reflected signal caused by the discontinuous nature existing between transmission lines 

other components in the PA design was measured which in the domain of RF and microwave engineering is 

generally termed as return loss. This is any form of discontinuity that is present the termination of a 

transmission line and its characteristic impedance and is very important in the realm of power amplifier design 

since it can severely impart the strength of the output signal’s power. In Figure 8c, the return losses at the input 

and output of the realized power amplifier were depicted after EM co-simulation was performed as was done 

to obtain all the other results showcased in this section of the work. 
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Figure 8c. Graph of return losses at the input and output of the realized PA 

It is noted from the Figure 8c that the return losses at both the input and output are lesser than -12 dB over the 

bandwidth of operation with values of -16.726 dB and -20.601 dB respectively at the center frequency of the 

PA. This shows very good matching as in active design, the threshold return loss value is -10 dB. 

It also satisfies the goals for the realized power amplifier design and this can be attributed to the setup used in 
designing our output matching network to ensure robustness and the later optimization of the entire matching 

networks that was performed after the schematic PA assembly even after performing EM co-simulation. 

3.1.  One-Tone Simulation 

Here, the PA is simulated from dc, a fundamental frequency (the center frequency) and its corresponding 

integer multiples. This was for the determination of the corresponding interferences from these other 

frequencies in the form of spurious signals introduced during the processing of an input signal for its 

amplification as compared to the power amplifier’s actual output power. The harmonic spectrum representation 

of the power output is 40.052 dBm at the frequency of operation of 2.4 GHz for a 29 dBm input power and 

negligible power output at these other “integer multiple” frequencies as is shown in Figure 9a. 

 
Figure 9a.  Output power harmonic spectrum representation 
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To complete the performance evaluation of the PA in terms of the Figure of Merits, the PAE and drain 

efficiency of the realized PA were found. The drain efficiency depicts the RF power output’s ratio to that of 

the DC input of the PA. The PAE however factors in the contribution of the RF input power along with the DC 

input that produced a certain output. This makes it a more desirable Figure of Merit to determine the efficiency 

of a given PA. Figure 9b below shows the drain efficiency as well as PAE at the input power of 29 dBm and it 

is seen that the PAE shows a PAE of around 55 % which is around the typical PAE for Class AB Configuration 

operation also attained from the optimization of the matching networks. 

 

Figure 9b. PAE & Drain efficiency vs power input. 

Now, the concept of compression where an output power reduces by an ‘X’ dB value was addressed in our PA 

verification. The 3 dB compression point was of concern in the realized as it is the most common 

characterization of compression analysis in power amplifier design. This gain compression point for the 
realized PA is found to be around 10.236 dB at a corresponding input power of 30.600 dBm as is shown in the 

Figure 9c below. It is found from the relation between the input power and output power and is shown in the 

Equations (6) and (7) below where Pin represents the input power and Pout represents the power at the PA’s 

output. 

 𝑃𝑖𝑛(dBm) =  𝑃out(dBm) – (3dB compression gain) (6) 

 3dB compression gain =  linear gain –  3 dB 
(7) 

The idea is for the input power that causes a corresponding 3 dB compression to be greater than the actual input 

power used to excite the power amplifier hence preventing such a compression. Figure 9d shows that the 3 dB 

compression for the proposed PA occurs at 30.6 dBm input power which is greater than the RF input signal 

power used to excite the realized power amplifier (Pin = 29 dBm) which satisfies the metric for power amplifier 

compression analysis hence showing good performance in terms of compression.  

 

Figure 9c. Large signal gain vs. input power 
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Figure 9d. Output power vs. input power of realized PA. 

3.2. Two-Tone Simulation 

Here, two signals of small frequency variation were passed through the power amplifier to determine the 

level of nonlinearity in a PA when comparing spurious signal components that cannot be filtered out at the 

output due to their close proximity to the power amplifier’s center frequency of operation.  

The intermodulation products of the third order (IMD3), which were determined for the power amplifier, are 

of major concern in characterizing a power amplifier since the higher orders are further from the center 

frequency and hence possess a higher likelihood of being filtered out. 

For the two-tone analysis in this design, an offset frequency of 1 MHz from the center frequency of 2.4 GHz 

for the power amplifier design, for intermodulation distortion at the input signal power of 29 dBm was utilized. 

Intermodulation Distortion Suppression Value, which was determined for the level of distortion in the design, 

is deined as the difference between signal level of the fundamental signal and that of the 3rd harmonic 

components [8]. In this work, these signal levels were obtained from frequencies; 2.401/2.399 GHz and 
2.397/3.403 GHz for the first order and the third order components respectively, with the focus on the signal 

value of third order frequency. Figure 10 below shows the two-tone behavior of the proposed PA after 

performing EM co-simulation.  

The IMD suppression value was determined from the Equation (8) below: 

 
32.212 –  4.331 =  27.881 dBc (8) 

This value shows the large difference in signal output existing between the fundamental frequency and the 

third order product. This shows that the signal distortion poses minimal effects when compared to the 

fundamental signal, which is the desirable signal for the design operation. 
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Figure 10. Third-order intermodulation products of the proposed PA 

From the Figure 10, the IP3_LOWER and IP3_UPPER values represent third-order intercept point (in dBm) 

at the output of the power amplifier [8]. Also, the offsets for the frequency of operation at 2.4 GHz have their 

third order intermodulation products measurements shown, where the obtained third order intercept point for 
the upper frequency (OIP3 Upper) was 46.150 dBm and for the lower frequency (OIP3 Lower) was 46.147 

dBm. This also shows good performance of the power amplifier designed since the values obtained are 

considerably more than the actual output power (10 W). This is because these measurements represent the 

maximum power outputs that can be processed by the realized PA before third order intermodulation distortion 

sets in to cause non-linearity in the designed power amplifier. 

Below is Table 2 which depicts the performance of the proposed design in comparison to other reported 

designs. 

 

Table 2. PA Performance Comparison 

Ref. [7] [9] [23] [33] This Work 

Frequency (GHz) 0.4 1.6 0.9 2 2.4 

Bandwidth (GHz)  0.4 1 0.5 0.2 

Type Class AB Class AB  Class AB Class AB 

Small Signal gain (dB) 27.8 - - - 13.634 

Large signal gain (dB)  11~14 14.83 12 ~11 dB 

Po(dBm) 24.2 39~41.05 43.5 >40 40.052 

PAE (%) 43.8 43.6 ~ 55.4 60 >47 54.148 

Input Return Loss (dB) - - - - <12 dB 

Output Return Loss (dB) - - - - < 12dB 

Complexity Two- stage PA Single stage PA Parallel PA 

combination 

(Doherty) 

Single stage PA Single stage PA 

Technology 30nm CMOS GaN MOSFET GaN GaN 

 
 

4. CONCLUSION AND RECOMMENDATIONS  

The design process for a 10W wideband power amplifier utilizing the GaN HEMT technology at 2.4 GHz 

was presented in this work. A load-pull simulation was used for the determination of the ideal impedances at 

the source and load needed to achieve the highest output power (Pout) and highest PAE over the targeted 

bandwidth of 200 MHz. Optimization was then done on the matching networks upon PA assembly to provide 

good matching, power output and PAE response. Measurements of both small and large signals are made to 

evaluate the effectiveness of the amplifier in both linear and non-linear operations respectively.  

The linear gain for the proposed power amplifier is 13.634 dB at 2.4 GHz. The measured output power for an 

input power of 29 dBm is 40.052 dBm, and its corresponding PAE is 54.148% with both input and output 

return losses below -12 dB over the bandwidth of operation (2.3-2.5 GHz). 
The PAE for the proposed PA can however be increased by making that the main goal of the optimization in 

the matching networks but it comes at the cost of the severe degradation of the return loss. Also, the use of the 
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resistor being a lossy device for the stability of the PA limited both the dc operating capabilities of the PA as 

well as the gain. A more elaborate stability matching network design through an iterative process would likely 

address such a case. 
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