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Article 

Non-Linear Simulation by Harmonic Balance 
Techniques of Load Modulated Power Amplifier 
Driven by Random Modulated Signals. Comparison 
with Measured Results 

Guillaume Neveux, Clément Hallepee, Damien Passerieux and Denis Barataud * 

XLIM Laboratory, UMR CNRS n°7252, University of Limoges, - Faculté des Sciences et Techniques - Campus 
La Borie - 123, avenue Albert Thomas - 87060 LIMOGES CEDEX France; guillaume.neveux@xlim.fr 
* Correspondence: denis.barataud@xlim.fr; Tel.: +33 555 457 753 

Abstract: The simulation of the steady state and the non-linear stability of a Load Modulated Power 
Amplifier (LMPA) driven by a random modulated generator, fully performed in the frequency 
domain by Harmonic Balance (HB) techniques, is presented. The demodulation of the output signal 
of the LMPA is implemented, with optimal matched filters, as a software-defined demodulation. 
The simulated dynamic results of a Quasi-MMIC GaN Doherty Power Amplifier (DPA) [1], are 
shown and compared to the measured results with a 16-QAM driving signal at 10MS/s. To our 
knowledge, the full simulation, in the frequency domain, of a LMPA driven by a random modulated 
signal, and the comparison with measured results have never been published before and appears 
as a major innovation in the frame of the simulation of future RF circuits and sub-systems for 
telecommunication applications.  

Keywords: circuit simulation; demodulation; frequency-domain analysis; harmonic balance; 
linearity; load-modulated power amplifiers; modulation; non-linear circuits; pseudo-random 
generation 

 

1. Introduction 

Today, in the new telecommunication standards (5G and beyond), the modulations with large 
Peak to Average Power Ratio (PAPR) become conventional. Therefore, it is mandatory that designers 
have an accurate and reliable software design tool allowing, in the same HB simulation-frame [2–7], 
the simulation of RF components or subsystems with Continuous Wave (CW) or with modulated RF 
sources.  

Besides, using a unified simulation-frame allows the use of the circuit-element models defined 
in the frequency-domain. Their accurate time-domain counterpart, necessary for the simulation of 
modulated signals by circuit-envelope, are not always available and they require then an additional 
extraction of time-domain models transformed to frequency-domain of S-parameters. Therefore, 
using a unified simulation-frame, designers will be able to switch easily from one kind of simulation 
to another one without having to modify their workspace.  

The application of a unified, simulation method, at circuit and system level, leveraging 
Harmonic Balance technique is proposed here and constitutes a major innovation for designers of 
microwave non-linear devices (Amplifiers, mixers, oscillators for example). This method also saves 
simulation time. 

In the hereby-proposed method, the Pseudo-Random Modulated (PRM) signals are generated 
by periodizing the pseudo-random symbol sequences which could have been generated with an 
external software, such as Matlab® for example.  

The driving random modulated generator is first transformed in a Pseudo-Random Modulated 
(PRM) generator with two fundamental frequencies: the carrier frequency (𝑓௖௔௥) and, on the other 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 January 2024                   doi:10.20944/preprints202401.2161.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202401.2161.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

hand, the modulating frequency ൫𝑓௠௢ௗ௙௥௔௠௘൯ given by the user-defined length of the modulating 
random symbol sequence ൫𝑇௠௢ௗ௙௥௔௠௘൯. The random modulated generator becomes then an almost 
periodic signal generator. Figure 1 illustrates how a M-QAM modulated signal is generated from two 
initial pseudo-random sequences to the transmitted modulated signal in the plane πoutPA. The TX and 
the Amplifier Under test (AUT) are integrated in the same schematic. The equivalent Rx function is 
developed within the data display. 

 

Figure 1. Principle of the proposed simulation by HB techniques of Pseudo-Random-Modulated 
signals (PRM-HB). 

2. Simulation Principle of non-linear devices with Pseudo-Random modulated signals in the 

frame of almost-Harmonic Balance. 

2.1. Generation of Pseudo-Random modulated signal in the frame of almost-Harmonic Balance. 

In the PRM-HB simulation of a non-linear circuit all voltages or currents of the circuit are defined 
and represented by the following waveforms in the time-domain [8]: 𝑣௠௢ௗே,௄(𝑡) = ℜ ൜൤෍ ൫𝐴௞,଴𝑒௝ఝೖ,బ൯𝑒௝ଶగ௞௙೘೚೏೑ೝೌ೘೐௧௞ୀ௄௞ୀ଴ ൨ൠ൅ ℜ ൜෍ ൤෍ ൫𝐴௞,௡𝑒௝ఝೖ,೙൯𝑒௝ଶగ௞௙೘೚೏೑ೝೌ೘೐௧௞ୀ௄௞ୀି௄ ൨௡ୀே௡ୀଵ 𝑒௝ଶగ௡௙೎ೌೝ௧ൠ 

with 𝑛𝑓௖௔௥ ൅ 𝑘𝑓௠௢ௗ௙௥௔௠௘ ൒ 0 

(1)

This equation represents the truncated 2D Fourier series expansion of a modulated voltage, in 
that case, with: 

• 𝑁 : the number of harmonics of the carrier frequency 𝑓௖௔௥;  
• 𝐾 : the number of harmonics of the periodic modulating signal with a fundamental frequency 𝑓௠௢ௗ௙௥௔௠௘ (also considering a limited number of frequencies created by the non-linearities of the 

AUT). 𝑁 and 𝐾 , chosen by the user, are the maximum values of order truncation of the harmonic 
frequencies of the two fundamental frequencies considered in the Almost Periodic Harmonic Balance 
simulation (𝑓௖௔௥ and 𝑓௠௢ௗ௙௥௔௠௘), respectively.  

The total number of useful frequencies for the PRM-HB technique is then the following one: 𝑁௧௢௧_௙௥௘௤ = 𝑁(2𝐾 ൅ 1) ൅ 𝐾 ൅ 1 (2)

From this last equation, the total number of frequencies of interest implemented in the PRM-HB 
technique can grow up very quickly when the orders 𝑁 and 𝐾 increase. But, thanks to the GMRES 
technique [9] (with Krylov bases [10]) and an artificial frequency mapping, both implemented in 
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current circuit solvers, the calculations with large numbers of frequencies involved can be easily 
achieved. As shown in Figure 1, the pseudo-random modulated Electro-Motive Force (EMF) in the 
πout_EMF plane (𝐸෨௘௠௙(𝑓)) is generated thanks to: 

• the IQ mapping block (generation of a ൛𝐼ሚ(𝑓); 𝑄෨(𝑓)ൟ couple); 
• the two Delta shaping Filters (δshaping(f) used to generate a ൛𝐼ሚఋ(𝑓); 𝑄෨ఋ(𝑓)ൟ); 
• the two half Nyquist filters (Square Root Raised Cosine Filter usually used in telecommunication 

systems allowing the generation of a ൛𝐼ሚఋ_ௌோோ஼(𝑓); 𝑄෨ఋ_ௌோோ஼(𝑓)ൟ); 
• the quadrature IQ modulator. 

The Delta Shaping filter (δshaping(f)) is defined by the following equation:  𝛿௦௛௔௣௜௡௚(𝑓) = 1/𝑠𝑖𝑛𝑐 ቆ 𝑓𝑆𝑦𝑚𝑏𝑅𝑎𝑡𝑒ቇ (3)

The demultiplexed part of the binary sequence is realized with Nbit generators of pseudo-random 
bit sequences clocked at the symbol rate value (called SymbRate). 

A last I/Q reference couple called ൛𝐼ሚ௥௘௙(𝑓); 𝑄෨௥௘௙(𝑓)ൟ) is generated thanks to a Lanczos sigma 
factor [11] filtering function applied on to the ൛𝐼ሚఋ_ௌோோ஼(𝑓); 𝑄෨ఋ_ௌோோ஼(𝑓)ൟ data. This function drastically 
reduces the Gibbs phenomena so that the output signals can be used as reference signals to perform 
the later EVM calculation. 

2.2. Example of a generated pseudo-random 16-QAM modulated signal in the frame of almost-Harmonic 

Balance. 

A 16-QAM modulated signal is generated with the parameters’ values of Table 1. 

Table 1. Parameters of the generated 16-QAM. 

Parameter Value unit 

Symbol Rate 10 MHz 
Symbol Number 100  

RollOff 0.35  
Harmonics of the periodic 

modulating signal 
500  

Carrier Magnitude  5 V 
Carrier Frequency 3.5 GHz 

harmonics of the carrier 
frequency 

1  

In order to explain the PRM-HB simulation of the Figure 1, the AUT is firstly replaced by a 
through and a load equal to 50 Ω. This simulation is performed using a X64-based desktop PC with 
Intel® Core ™ i7-10810UCPU@1.1GHz, 1.61 GHz, 6 Core(s) and 16GB of RAM. The simulation 
runtime is equal to 2.39 seconds to deal with a total number of frequencies equal to 5506.  

After this PRM-HB simulation, the magnitude of the modulated voltages ห𝑉෨௠௢ௗ(𝑓)ห defined in 
Figure 1 can be directly plotted in the data display window as given in Figure 2. 

This spectrum is centred at the carrier frequency 𝑓௖௔௥ and demonstrates a simulated 13.5 MHz 
modulation bandwidth (𝐵𝑊௠௢ௗ = 2𝐵𝑊௕௕) corresponding to the theoretical one. 
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Figure 2. ห𝑉෨௠௢ௗ(𝑓)ห Spectra in the 50 Ω load after PRM-HB simulation. 

2.3. Demodulation and EVM calculation after PRM-HB simulation with the generated pseudo-random 16-

QAM modulated signal in the frame of almost-Harmonic Balance. 

The demodulation process is not performed in the schematic. This process can be easily 
implemented but it increases the number of nodes and the data memory size. A demodulation 
method is then proposed that alleviates drastically the computation time of the PRM-HB simulation.  

The post-processing is carried out in a “data display” window and it corresponds, in our 
example, to the digital reception of the 16-QAM modulated signal. It is then applied, for instance, to 
the calculations of the EVM.  

Six post-processing steps are applied to the input and output voltages of the DUT, as shown in 
Figure 3 with their own outcomes.  

 

Figure 3. Principle of the design flow graph of the demodulation and EVM calculation after PRM-HB 
simulation. 

In order to describe these six steps, they are summarized in the next subsections still with the 
example of the through connexion and a load equal to 50 Ω. A carrier magnitude voltage equal to 5 
V is used. In that case, 𝑉෨௠௢ௗ(𝑓) is equal to 𝑉෨௥௘௖(𝑓) and the process is only demonstrated for 𝑉෨௠௢ௗ(𝑓). 
As shown in the next section 6.1, when the AUT is connected, the EVM calculation process is applied 
to 𝑉෨௠௢ௗ(𝑓) and 𝑉෨௥௘௖(𝑓) 

2.3.1. Step 1: Implementation of the raw envelope voltage/current calculation, around 𝑓௖௔௥, as 
quadrature demodulation. 

It consists in calculating the raw envelopes, around 𝑓௖௔௥ , of the frequency-domain probe voltages 𝑉෨௠௢ௗ(𝑓) at the input of the DUT and at its output 𝑉෨௥௘௖(𝑓). This calculation is a software-defined way 
to realize the IQ demodulation in the data display and it do not need an additional implementation 
in the schematic, saving a lot of computation time. 
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Figure 4 shows the magnitude of the raw time-domain envelope 𝑣෤௠௢ௗ(𝑡) (dot) overlaid with the 
RF modulated voltage 𝑣௠௢ௗே,௄(𝑡), subsampled to be better visualized, and called 𝑣௠௢ௗ௄ೞೠ್ೞೌ೘೛(𝑡). 

 

Figure 4. Magnitude of the raw complex envelope, around 𝑓௖௔௥ , 𝑣෤௠௢ௗ(𝑡) (dot) overlaid with the 
subsampled RF voltage 𝑣௠௢ௗ௄ೞೠ್ೞೌ೘೛(𝑡) (line). 

2.3.2. Step 2: Application of the Square-Root Raised Cosine (SRRC) Filter. 

The second step of the post-processing consists in performing matched filtering. A SRRC 
filtering process (LowPass ½ Nyquist) is applied in the frequency-domain to the real and imaginary 
parts, called 𝑉෨௠௢ௗூ(𝑓), 𝑉෨௠௢ௗொ(𝑓), of the input voltage. This filtering process allows avoiding the inter-
symbol interference at the optimal sample instant and consequently, the signal to noise ratio is 
maximized for noisy AUT. The association of the voltage driving the AUT (Tx Part) and the SRRC 
filtering process of the receiver (LowPass ½ Nyquist) is equivalent to a matched filtering (𝐻ோ஼(𝑓): 
Raised Cosine) of a system transmission applied at a circuit level. 

This second SQRRC filtering process for the demodulation step is implemented, in the 
frequency-domain, to 𝑉෨௠௢ௗூ(𝑓)  and 𝑉෨௠௢ௗொ(𝑓)  through an in-house XLIM function using the 
Application Extension Language (AEL) programming language. This function performs a baseband 
process in the frequency domain applied to voltage variables resulting from the simulation based on 
the PRM-HB technique. 

The equations defining the RC filter are the following ones:  

⎩⎪⎪⎨
⎪⎪⎧ 𝑓ଵ = 𝑆௬௠௕𝑅௔௧௘ ∗ (1 െ 𝑟𝑜𝑙𝑙𝑜𝑓𝑓)/2𝑓ଶ = 𝑆௬௠௕𝑅௔௧௘ ∗ (1 ൅ 𝑟𝑜𝑙𝑙𝑜𝑓𝑓)/2𝑅𝐶(𝑓) = 1 if 𝑓 ൏  𝑓ଵ𝑅𝐶(𝑓) = ቊ0.5 ∗ ቈ1 ൅ 𝑐𝑜𝑠 ቆ𝜋(𝑓 െ 𝑓ଵ)𝑟𝑜𝑙𝑙𝑜𝑓𝑓 ቇ቉ቋ if 𝑓 ൑  𝑓ଶ𝑅𝐶(𝑓) = 0 if 𝑓 ൐  𝑓ଶ

 (4)

Figure 5 shows the magnitude of the raw voltage envelope 𝑣෤௠௢ௗ(𝑡) overlaid with the RC filtered 
voltage envelope called 𝑣௠௢ௗ_ோ஼(𝑡). 
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Figure 5. Magnitude (zoom) of the raw voltage envelope 𝑣෤௠௢ௗ(𝑡) (dot) overlaid with the RC filtered 
voltage envelope 𝑣௠௢ௗ_ோ஼(𝑡) (line). 

This matched filtering process is mandatory to ensure that the final demodulated voltages and 
currents meet the Nyquist criteria. 

2.3.3. Step 3: Determination of the optimal sampling instant to extract the symbol sequence: 
estimation of the AUT’s group delay noted  τො୅୙୘. 

The third step of the post-processing consists in implementing the technique to determine the 
optimal sampling instant useful to recover the symbol frame. This technique is based on the 
estimation of the delay and the correction of the static errors of all the symbols in 𝑣෤௥௘௖_ோ஼(𝑡) when 
the linear voltage gain (𝐺෨௩௟௜௡஺௎்) and the group delay (𝜏஺௎்) of the AUT are not beforehand a priori 
known. Note that the static errors are the gain and phase scaling imperfections. In this third step, the 
group delay between the planes πoutPA and πinPA (Figure 1) 𝜏஺௎் is estimated (estimation noted 𝜏̂஽௎்) 
by the maximization of a cost function or by calculating and maximizing the cross-correlation 
function between 𝑣෤௠௢ௗ_ோ஼(𝑡) and 𝑣෤௥௘௖_ோ஼(𝑡). 

Figure 6 shows the fully demodulated input voltage before optimal sampling (𝑣෤௠௢ௗ_ோ஼(𝑡)) and 
after optimal sampling (𝑣෤௠௢ௗ_ோ஼_௦௔௠௣(𝑝)). 

 

Figure 6. Trajectories of the fully demodulated input voltage before optimal sampling (lines) and after 
optimal sampling (circles). 
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2.3.4. Step 4: Calculation of Static Error Coefficients. 

The 4th step consists in correcting the “static” errors of the matched filtered and optimally 
sampled received voltage 𝑣෤௥௘௖_ோ஼_௦௔௠௣ሾ𝑝ሿ in order to perform the EVM calculations based on the use 
of a similar scaled reference vector diagram [12], [13]. These errors are considered as “static” errors 
because they appear identically on all the different samples of the received constellations. The 
determination of 6 static error coefficients allows the correction of the gain and phase imbalances 
between the sampled received voltage 𝑣෤௠௢ௗ_ோ஼_௦௔௠௣ሾ𝑝ሿ and the reference sampled symbol sequence 
determined thanks to the ൛𝐼ሚ௥௘௙(𝑓); 𝑄෨௥௘௙(𝑓)ൟ) previously calculated as described in the paragraph 2.1. 

2.3.5. Step 5: Correction of the matched filtered and optimally sampled extracted envelopes. 

With the previous knowledge of the 6 static error coefficients, the calculation of the corrected 
vector diagram 𝑣෤௠௢ௗ_ோ஼_௦௔௠௣_௖௢௥௥ሾ𝑝ሿ  from the matched filtered and optimally sampled received 
voltage 𝑣෤௠௢ௗ_ோ஼_௦௔௠௣ሾ𝑝ሿ  is performed. The calculation of the corrected trajectory 𝑣෤௠௢ௗ_ோ஼_௖௢௥௥(𝑡) 
from the received RC filtered trajectory 𝑣෤௠௢ௗ_ோ஼(𝑡) is also achieved with the same coefficients. 

The corrected time-domain complex envelope magnitude ห𝑣෤௠௢ௗ_ோ஼_௖௢௥௥(𝑡)ห is then plotted with |𝑣෤௠௢ௗ(𝑡)| and ห𝑣෤௠௢ௗ_ோ஼(𝑡)ห, as shown in Figure 7. 

 
Figure 7. (Zoom) of ห𝑣෤௠௢ௗ_ோ஼_௖௢௥௥(𝑡)ห (green), with ห𝑣෤௠௢ௗ_ோ஼(𝑡)ห, (line) and |𝑣෤௠௢ௗ(𝑡)| (dot). 

2.3.6. Step 6: Plot of the EVM linearity criterion. 

After applying these corrections, the EVM can be finally calculated by overlaying the reference 
16-QAM Vector Diagram and the Corrected 16-QAM vector diagram 𝑣෤௥௘௖_ோ஼_௦௔௠௣_௖௢௥௥ሾ𝑝ሿ  as in 
Figure 8. 
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Figure 8. Corrected 16-QAM Vector Diagram 𝑣෤௠௢ௗ_ோ஼_௦௔௠௣_௖௢௥௥ሾ𝑝ሿ and 16-QAM Reference Vector 
Diagram. 

The two vector diagrams are perfectly matched and overlaid for this example realized with the 
AUT replaced by a through and a load equal to 50 Ω and for the previously defined modulated 16-
QAM voltage. 

The root mean square (RMS) normalized EVM (𝐸𝑉𝑀ோெௌ) is then calculated as: 

𝐸𝑉𝑀ோெௌ (%) = ට∑ ห𝑣෤௠௢ௗ_ோ஼_௦௔௠௣_௖௢௥௥ሾ𝑝ሿെ𝑣෤௥௘௙ሾ𝑝ሿหଶ𝑁𝑠𝑦𝑚𝑏௣ୀଵ ට∑ ห𝑣෤௥௘௙ሾ𝑝ሿหଶ𝑁𝑠𝑦𝑚𝑏௣ୀଵ  (5)

The 𝐸𝑉𝑀ோெௌ  is calculated for 𝑣෤௠௢ௗ_ோ஼_௦௔௠௣_௖௢௥௥ሾ𝑝ሿ  and for 𝑣෤௥௘௖_ோ஼_௦௔௠௣_௖௢௥௥ሾ𝑝ሿ . For the 
considered example with a through connexion and a modulated 16-QAM, the 𝐸𝑉𝑀ோெௌ is very low 
and equal to 0.009% at its input and output ports.  

All the previous simulation results validate all the post-processes implemented in the final data 
display of the simulation by HB techniques of Pseudo-Random-Modulated signals (PRM-HB), i.e.: 
SRRC Filtering, Determination of 𝜏̂஽௎் , correction of Static Errors.  

Finally, the PRM-HB simulation method and the implemented data display with the 6 steps is 
now the template required to accurately evaluate the EVM linearity criterion of a voltage or current 
extracted at the input and output of an AUT driven by a 16-QAM modulation. Obviously, others 
modulation schemes can be identically implemented with this template. 

3. HEMT GAN Technology 

3.1.0.25µ. m GaN HEMT Technology 

Transistors based on 0.25µm AlGaN/GaN technology (GH25-10) from UMS foundry [14] have 
been used to design the DPA. They are qualified on a 4-inches-diameter SiC substrate for up to 30V 
drain biasing. They are characterized by a gate to drain breakdown voltage higher than 120V. These 
transistors, when they are optimally matched, demonstrate, at 10GHz, about 4.5W/mm of saturated 
RF output power and a maximum CW peak Power Added Efficiency (PAE) above 50%. 

3.2. Quasi-MMIC technology in overmold QFN package 

The designed DPA [1] combines GaN power bars and input/output matching circuits realized 
on passive GaAs MMICs technology specifically developed for high power density functions. These 
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circuits have been then assembled in a 54 leads 8x8mm overmold plastic package with a high thermal 
conductivity glue allowing a lower thermal resistance as compared to standard solutions. A good 
trade-off between electrical (high frequency) and industrial constraints (assembly rules) is obtained 
with this low-cost solution. The interconnections between, on the one hand, GaAs passive MMICs 
and GaN power bars and, on the other hand, the ones between package leads and GaAs devices, are 
realized with wire bonds. All these interconnections networks have been defined according to the 
industrial rules 

3.3. Design approach 

The theory about DPA is well documented [15–18]. The design needs to consider the constraints 
of the quasi-MMIC technology thanks to a full 3D EM simulation of the interconnection network into 
the QFN environment (key point of the design). The schematic used for the asymmetric packaged 
Quasi-MMIC SI-DPA is given in Figure 9 [1]. 

 
Figure 9. Layout (a), Demonstration board (b) and Key Characteristics of the realized asymmetric 
packaged Quasi-MMIC SI-DPA [1]. 

4. Principle of Non-linear Local Stability of the Amplifier Under Test driven by pseudo-random 

modulated carrier generator 

This paragraph is dedicated to another application of the here-developed PRM-HB simulation 
method. This one can also be useful to evaluate the non-linear local stability of circuits driven by 
pseudo-random modulated carrier generator as the previously defined DPA. 

In that purpose, the frequency domain procedure described for a large signal CW generator case 
[19,20] has been extended to an almost periodic driving generator and the use of the PRM-HB 
simulation method as described in Figure 10. 

 

Figure 10. Principle of Non-linear LAPTV Local Stability Analysis. 

The local stability of the DPA driven by the pseudo-random modulated carrier generator can be 
then determined in the frequency-domain as follows: 

• A probing small signal current generator, at frequency 𝑗Ω, with Ω ് 𝑞. 𝜔௖௔௥ േ 𝑝. 𝜔௠௢ௗ௙௥௔௠௘ is 
connected between a node k of the circuit and the ground; 
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• The non-linear circuit, driven by the two large signal fundamental frequencies: 𝑗𝜔௖௔௥ (carrier) 
and 𝑗𝜔௠௢ௗ௙௥௔௠௘  (length of the modulating random bit sequence), appears then as a Linear 
Almost Periodically Time Varying (LAPTV) Circuit to the (small signal) probing current 
generator; 

• The circuit can be simulated in small-signal-large-signal mode or in almost periodic HB three-
tone mode with two large-signal (Local Oscillators) generators at 𝑗𝜔௖௔௥ and 𝑗𝜔௠௢ௗ௙௥௔௠௘, and 
one small-signal generator at 𝑗Ω. In both cases, the whole circuit works in the so-called mixer 
mode; 

• The (small signal) driving port admittance: 𝑌kk(𝑗Ω) seen by the probing current generator is first 
simulated. 

The admittance 𝑌kk(𝑗Ω) seen by the small-signal current generator in the real frequency domain 
jω, is identified in the complex frequency domain as 𝑌kk(𝑝), thanks to an identification procedure 
performed with the STAN® software [21]. 

The driving point admittances 𝑌kk(𝑝)  share at all nodes the same numerator which is the 
determinant of the whole circuit: 𝐷𝑒𝑡ሾ𝑀௖(𝑝)ሿ. 

The numerator 𝐷𝑒𝑡ሾ𝑀௖(𝑝)ሿ, captures all the Floquet exponents [22–24] (𝑝௭௥ = 𝜎௭௥ ൅ 𝑗Ω௭௥.) of the 
whole circuit. The software STAN® determines all the Floquet exponents (𝑝௭௥ = 𝜎௭௥ ൅ 𝑗Ω௭௥) of the 
LAPTV circuit: 

• If the real part of all 𝜎௭௥ zeros are negative, the circuit is locally stable; 
• If there is a positive real part of any 𝜎௭௥ zero, the circuit is locally unstable. 

In order to study the local stability in the [0; 
ఠ೎ೌೝାଶగ.஻ௐ್ ್ଶ ] frequency range, and since the circuit 

appears as almost periodic with respect to the perturbation frequency (mixer mode), the small signal 
perturbation generator should be theoretically swept in the same frequency-range. 

The chosen bandwidth ቂ0 ൏ Ω ൏ ఠ೎ೌೝଶ ቃ (Highlighted in magenta in Figure 11) will allow an 

appropriate fitting of the complex admittance 𝑌kk(𝑗Ω) and an accurate identification of 𝑌kk(𝑝). 

 
Figure 11. Frequency sweep (Magenta colour) of the perturbating generator. 

Please, recall that the numerical values of the small-signal frequencies must exclude the large 
signal frequencies present in the circuit. 

The designed DPA is simulated with the configuration described in Table 2. 
First, a spectral balance analysis of the large signal state variables of the circuit is performed. 

Then, the circuit seen by the perturbation becomes then a Linear Time Varying (LTV) circuit. 

Table 2. Parameters of the CW local stability simulation of the DPA. 

Parameter Value with unit 

Quiescent Main Voltage Drain 𝑉ௗ௦௤೘ೌ೔೙ = 30𝑉 

Quiescent Main Voltage Gate 𝑉௚௦௤೘ೌ೔೙ = െ3.62𝑉 

Quiescent Peak Voltage Drain 𝑉ௗ௦௤೛೐ೌೖ = 30𝑉 

Quiescent Peak Voltage Gate 𝑉௚௦௤೛೐ೌೖ = െ5.5𝑉 

CW Frequency 𝑓0 = 3.5 GHz 
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CW Magnitude 0.1𝑉 ൑ 𝐴0 ൑ 28𝑉 (Step: 0.1V) 𝑓0 HB Order  𝑁 = 5 

Figure 12 presents the Floquet exponents 𝑝௭௥ obtained from the STAN® software for 3 power 
levels. 

 

Figure 12. Floquet exponents 𝑝௭௥ obtained from the STAN® software for the 3 chosen power levels 
in CW large signal regime. 

It can be easily seen in Figure 12 that the real parts of the calculated zeroes are negative (𝜎௭௥ ൏0). It can be deduced then that the DPA is locally stable for the 3 input levels. The conclusion is exactly 
the same for all the swept carrier magnitudes of the PRM-HB Local stability simulation of the DPA. 

The proposed frequency-domain analysis of local stability extends the method proposed in [19] 
and [20] to circuits driven by random-modulated-RF generators.  

The non-linear local stability analysis can be extended to OFDM modulated generators by 
writing 𝜔௠௢ௗ௙௥௔௠௘ as: 𝜔௠௢ௗ௙௥௔௠௘ = 2𝜋𝑇ௌ௬௠௕௢௟ைி஽ெ (9)

where 𝑇ௌ௬௠௕௢௟ைி஽ெ is the length of an integer number of OFDM symbols. 

5. Comparison of simulated and measured dynamic results 

5.1. PRM-HB 16-QAM simulation of the 20W – S Band asymetric DPA 

To perform the comparison between simulated and measured dynamic results, the designed 
DPA is firstly simulated with a 50 Ω and a 16-QAM PRM Generator. The numerical values of the 50 
Ω 16-QAM PRM Generator can be found in the Table 1. The additional or modified parameters of the 
PRM-HB simulation are detailed in Table 3.  

Table 3. Additional parameters for the PRM-HB simulation of the DPA. 

Parameter Value with unit 

Quiescent Main Voltage Drain 𝑉ௗ௦௤೘ೌ೔೙ = 30𝑉 

Quiescent Main Voltage Gate 𝑉௚௦௤೘ೌ೔೙ = െ3.62𝑉 

Quiescent Peak Voltage Drain 𝑉ௗ௦௤೛೐ೌೖ = 30𝑉 

Quiescent Peak Voltage Gate 𝑉௚௦௤೛೐ೌೖ = െ5.5𝑉 

CW Frequency 𝑓0 = 3.5 GHz 
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CW Magnitude 0.1𝑉 ൑ 𝐴0 ൑ 28𝑉 (Step: 0.1V) 𝑓0 HB Order  𝑁 = 5 

The total number of useful frequencies 𝑁௧௢௧_௙௥௘௤ for the PRM-HB simulation is then equal to 
4406. 𝐵𝑊௕௕ is then equal to 15 MHz. 

The PRM-HB simulation, performed on the same X64-based desktop PC as previously described, 
leads to runtime equal to 9291 seconds to deal with a sweep of 61 levels of the EMF voltage source. 

Figure 13, presents the CW and 16-QAM results for 𝐴௖௔௥ equal to 4.45V (Large signal).  

 

 𝑃ప௡ோி(𝑡)തതതതതതതതതത = 26.8 dBm  𝑃௢௨௧ோி(𝑡)തതതതതതതതതതതത = 37.9 dBm 𝐺̅௣ோி = 11.1 dB 𝐷𝐸ௗ௬௡(𝑡)തതതതതതതതതതതത = 58.3 % 𝑃𝐴𝐸ௗ௬௡(𝑡)തതതതതതതതതതതതതത = 53.8 % 𝐸𝑉𝑀 = 2.66 % 𝐴𝐶𝑃𝑅௟௘௙௧ = െ33.2 dB 𝐴𝐶𝑃𝑅௥௜௚௛௧ = െ33.0 dB 
 

Figure 13. Main results of the PRM-HB simulation of the DPA driven by CW and modulated 16-QAM 
EMF for 𝐴௖௔௥ = 4.45𝑉. 

When the DPA is driven with a large signal in the OBO region, the envelope of the received 
voltage and the associated constellation are more highly distorted leading to lower ACPRs and the 
lowest EVM value. The DPA presents better efficiencies. The dynamic curve 𝐷𝐸ௗ௬௡(𝑡) = 𝑓ሾ𝑃௢௨௧ோி(𝑡)ሿ 
follows the equivalent CW curve with more dispersion. The peak dynamic output power almost 
reaches the peak value of the CW curve. The dynamic curve 𝐷𝐸ௗ௬௡(𝑡) = 𝑓ሾ𝑃௢௨௧ோி(𝑡)ሿ follows the 
equivalent CW curve with dispersion. The peak dynamic output power almost reaches the peak value 
of the CW curve. 
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5.2. Time-domain measurement system to characterise the 20W – S Band asymetric DPA driven by a 10MS:s 

16-QAM modulated voltage 

Thanks to a full spectrum time-domain measurement system (as opposed to a bandpass 
spectrum) the dynamic experimental results are compared with the outcomes obtained from the 
previously presented PRM-HB simulation results. 

Figure 14 describes the proposed 6-channel time-domain measurement system based on the use 
of 4 THAs [25]. 

 

Figure 14. 6-channel time-domain measurement system for power measurements of non-linear 
devices, driven by the 10MS/s 16-QAM modulated voltage and injected in the 𝜋௜௡஽௉஺ plane. 

The 6-channel measurement test-bench contains two 20dB wideband bi-directional couplers, 
enabling the simultaneous measurements of the incident and reflected voltage waves at the input 
and the output of the DUT. Variable calibrated attenuators are required to avoid saturation of THA-
based receivers. The signal generated with the Vector Signal Generator is linearly amplified using a 
broadband high gain amplifier (Linear PA in Figure 14) before feeding the DPA. It also employs a 
large bandwidth ሾDC: 1.6GHzሿ digitizer to measure the fully calibrated [25] coherent RF and LF 
voltage and current responses. 

Two different channels of the 8-channel digitizer are also used to measure the raw LF output 
voltage and current of the DPA, simultaneously with the envelopes of the RF voltages and currents 
Note that the raw main and the peak drain voltages and currents are measured simultaneously and 
not separately thanks to a unique voltage probe and a unique current probe. 

The RF calibration process performed for all the frequencies of the frequency grid (base band, 
upper and lower side bands around 𝑓௖௔௥) is based on three different steps: the first one is a classical 
SOLR [26,27] VNA calibration at all frequencies of interest. The second one is a power calibration 
based on the use of a power probe connected in the 𝜋௜௡_஽௉஺ plane (Figure 1) for the upper and lower 
side bands around 𝑓௖௔௥. The last step is an absolute phase calibration based on a calibrated scope 
measurement standard [25] for the upper and lower side bands around 𝑓௖௔௥. 

The 6-channel measurement THA-based test-bench presented in Figure 14 is then used to 
perform the measurement of the coherent RF and LF voltage and current responses of the DPA driven 
with the same 16-QAM 10 MS/s modulated signal as the one used in the simulation. 
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Before this measurement, the stability of the DPA driven by a CW and a 16 QAM PRM Generator 
is verified, by varying the input power. No precursors or spurious frequencies are found. 

6.316. QAM microwave measurements of the 20W – S Band asymetric DPA 

The DPA is measured with the test set-up described in Figure 14 with the configuration defined 
in Table 3 except the modified parameters given in Table 4. 

Table 4. Parameters for the 16QAM measurement of the DPA. 

Parameter Value with unit 

Carrier Frequency 𝑓௖௔௥ = 3.5 GHz 

Carrier Power sweep െ40 𝑑𝐵𝑚 ൑ 𝑃ത௚௘௡௘(𝑓௖௔௥) ൑ െ8.5 𝑑𝐵𝑚 (Step: 0.5dB) 

The measured RF metrics of this HPA driven with a modulated signal are based on the measured 
power waves defined in the frequency-domain. 

The measured and simulated dynamic 𝑃𝐴𝐸(%) versus 𝑃ത௢௨௧(𝑓଴)(ௗ஻௠) curves of the DPA driven 
with the 16-QAM 10 MS/s modulated voltage are compared in Figure 15. 

 

Figure 15. Simulated and Measured Power performances of the DPA (𝑃𝐴𝐸ௗ௬௡(𝑡)തതതതതതതതതതതതതത vs 𝑃௢௨௧ோிௗ௬௡(𝑡)തതതതതതതതതതതതതതതത) 
driven with the 16-QAM 10 MS/s modulated voltage. 

The measured and simulated dynamic left 𝐴𝐶𝑃𝑅 versus 𝑃௢௨௧ோிௗ௬௡(𝑡)തതതതതതതതതതതതതതതത curves of the DPA driven 
with the 16-QAM 10 MS/s modulated signal are compared in Figure 16. 
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Figure 16. Simulated and Measured Power performances of the DPA ( Left 𝐴𝐶𝑃𝑅 vs 𝑃௢௨௧ோிௗ௬௡(𝑡)തതതതതതതതതതതതതതതത) 
driven with the 16-QAM 10 MS/s modulated voltage. 

The measured and simulated dynamic right 𝐴𝐶𝑃𝑅  versus 𝑃௢௨௧ோிௗ௬௡(𝑡)തതതതതതതതതതതതതതതത  curves of the DPA 
driven with the 16-QAM 10 MS/s modulated signal are compared in Figure 17. 

 
Figure 17. Simulated and Measured Power performances of the DPA ( Right 𝐴𝐶𝑃𝑅 vs 𝑃௢௨௧ோிௗ௬௡(𝑡)തതതതതതതതതതതതതതതത) 
driven with the 16-QAM 10 MS/s modulated voltage. 

The measured and simulated dynamic right 𝐸𝑉𝑀  versus 𝑃௢௨௧ோிௗ௬௡(𝑡)തതതതതതതതതതതതതതതത  curves of the DPA 
driven with the 16-QAM 10 MS/s modulated signal are compared in Figure 18. 
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Figure 18. Simulated and Measured Power performances of the DPA ( EVM vs 𝑃௢௨௧ோிௗ௬௡(𝑡)തതതതതതതതതതതതതതതത) driven 
with the 16-QAM 10 MS/s modulated voltage. 

The figures 15 to 18 show a rather good agreement between measured and simulated results 
obtained with the 16-QAM 10 MS/s modulated signal validating the developed new PRM-HB 
simulation. 

6. Conclusion 

The steady state and the non-linear stability simulations of a load modulated power amplifier 
(LMPA) driven by a random modulated generator are presented. The simulation is fully performed 
in the frequency domain by Harmonic Balance techniques. The demodulation of the output signal of 
the DUT is implemented, with optimal matched filters, as a software-defined demodulation, saving 
a lot of computation time. The simulated dynamic results of a Quasi-MMIC GaN LMPA: a Doherty 
Power Amplifier (DPA), are shown and compared to the measured results with a 16-QAM driving 
signal at 10MS/s. 

The dynamic modulation criteria and power metrics (Adjacent-Channel Power Ratio (ACPR), 
Error Vector Magnitude (EVM)) simulated performances at design circuit level, in the frequency 
domain, are calculated and compared to the ones obtained with a specific THA-based time-domain 
calibrated test-bench developed at XLIM 

These comparisons between measured and simulated results present rather good agreements, 
especially in the OBO region where the EVM presents local minimum values. 

To summarize, the PRM-HB simulation tool allows simulations of any High-Power Amplifier 
(HPA) driven with any random modulated signals at a circuit level in the frequency domain. It can 
be extended to multi-carrier applications as, for example, satellite transmissions. 

To our knowledge, the full simulation, in the frequency domain, including the steady state and 
the non-linear stability of a LMPA driven by a random modulated signal, and the comparison with 
measured results, has never been published before. 
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