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Overview 
To meet evolving requirements, today’s radar designs are utilizing 
wider frequency bandwidths and increasingly complex modulation 
schemes. As one consequence of these changes, power ampli-
fier (PA) designers are pushing to optimize output power while 
maintaining high efficiency. Whether they’re working on aerospace, 
defense or commercial systems, many designers are investigating 
and implementing newer technologies such as gallium nitride (GaN). 
Working with a new technology presents a variety of challenges in 
design, simulation and testing.

Traditionally,  S-parameter measurements have been a used in 
amplifier design.  X-parameters are a relatively new technique 
that extends the capability of S-parameters to measure and model 
amplifier nonlinearities.  X-parameters can help you overcome three 
key challenges in RF engineering: nonlinear impedance differences, 
harmonic mixing, and nonlinear reflection effects that occur when 
components are cascaded under large-signal operating conditions.

To illustrate the problems and solutions, this application note presents 
an example PA design that uses a 45-watt GaN transistor. The 
center operating frequency is 1.2 GHz and the target output power 
is 45 dBm or more. The device will operate in class AB bias and the 
desired power-added efficiency (PAE) is greater than 60 percent. 

The total PA design was completed using Agilent’s Advanced Design 
System (ADS). ADS was used to simulate the impedance contours of 
output power and PAE at fundamental and harmonic frequencies at 
the input (gate) and output (drain) ports. To maximize PAE and output 
power, simulated impedance contours were used to determine 
the appropriate termination impedances at the fundamental and 
harmonic frequencies at the gate and drain ports.

The simulated contours were used to select specific impedances for 
the appropriate frequency match. From that, a printed circuit board 

(PCB) was designed to supply the required impedances to the 
transistor. The final PA was assembled and its actual performance 
was measured with a nonlinear vector network analyzer (NVNA) and 
then compared to the simulated PA in ADS.

Problem 
For many designers, the first step is to select a transistor based on 
its potential compatibility with the target specifications for the PA. 
Example specs include figures of merit such as output power, gain 
compression, PAE, intermodulation distortion (IMD) and adjacent 
channel power ratio (ACPR). 

Once the transistor is selected the next step is to design input- and 
output-matching networks that support the target specifications 
(Figure 1). Potential issues include the design cycle time required 
to optimize the matching networks and the need to verify design 
performance through actual measurements.
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Figure 1. Optimization of input and output matching networks will 
help ensure in-spec PA performance



For PA developers, the ability to easily compare simulated and 
actual measurement results can help ensure increasingly accurate 
models and better designs in the future. Agilent offers several 
simulation platforms that support the needs of PA designers and 
system architects. On the measurement side, an NVNA equipped 
with X-parameter1 characterization capabilities accelerates the 
process of optimizing the PA design.

The configuration illustrated here used ADS as the simulation 
environment and the Agilent PNA-X microwave network analyzer 
as the measurement platform. Through quick and efficient design 
simulation, ADS reduces the amount of hardware prototyping 
required to reach a final design. Equipped with the NVNA and 
X-parameters options, the PNA-X supports traditional source/load-
pull systems to provide the measurement knowledge required to 
work with technologies such as GaN.

Figure 2. The combination of NVNA, X-parameters and simulation 
enables rapid optimization of high-power designs

In the paragraphs below, the example shows how to configure a 
high-power load-pull measurement using the PNA-X in NVNA mode. 
A measurement of the load-dependent X-parameters will be com-
pared with the original ADS simulations.

Configuring the measurement
Figure 3 shows the NVNA X-parameter system configuration for the 
PA design based on a 45-watt GaN transistor. The light-blue circles 
indicate the receiver input ports of the PNA-X network analyzer. All 
of the items in dark blue are external components that help protect 
the receiver ports when making high-power measurements: ampli-
fiers, couplers, attenuators and bias tees.

The  orange rectangles indicate tuners, which are required for 
unmatched transistors because their impedance is far from 50 Ω. 
This requires an X-parameter model that includes dependence on 
the load impedance present at the output of the component. The 
output tuner is used to facilitate these load-dependent X-parameter 
measurements. It is also used to set the output gamma of the tuner.

On the input side of the DUT, the tuner must be tuned as closely as 
possible to the conjugate match of the input. Depending on the tran-
sistor and its class of operation, a multi-harmonic tuner may or may 
not be required (this is also true for output tuners).  
A power sweep can be performed to vary the power available at the 
input of the component. This is necessary because the X-parameters 
have a DC bias that is dependent on the large signal at the input of 
the component. 

Solution
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Figure 3. External components protect the receiver inputs while the tuners provide impedance matching
1. X-parameters is a trademark and registered trademark of Agilent Technologies in the US, Europe, Japan, and elsewhere. The X-parameters format and 	
	 underlying equations are open and documented. For more information, visit http://www.agilent.com/find/eesof-x-parameters-info.



When making measurements, a signal is also applied in the 
reverse direction to the output or load side of the transistor. The 
load-side amplifier needs to operate in its linear region, and its 
output level needs to be about 20 dBc below the maximum output 
power of the transistor. (In this example, the signal had to be 26 
dBm at the output port of the GaN device.) Adding an attenuator 
can help manage the power level, and it can also improve the raw 
impedance match looking into the measurement system, thereby 
improving long-term measurement stability.

With the necessary protection in place, the X-parameters of the 
transistor can be measured. When these measurements have 
been completed, the file can be exported to ADS for independent 
validation.
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Establishing a power budget
Before making a measurement, it is necessary to determine a 
power budget for the NVNA and the X-parameters. This starts with 
the characteristics of the transistor: operating frequency range, 
gain, output power, and so on. These values help determine which 
external components are needed in the actual measurement 
configuration (e.g., the amps, couplers, attenuators and bias tees 
shown in Figure 3).

Referring back to the details in Figure 3, the selected devices 
support measurements up to 120 watts, which provides ample 
headroom above the 45-watt target. Because the GaN device pro-
vides high power and high gain, the driver amplifier must stay in 
its linear region while delivering enough power to drive the device 
over its specified operating range. Due to the high output power 
of the source-side amplifier, the external couplers are needed to 
measure the incident and reflected waves while also protecting 
the PNA-X receivers.

In practice, one key point is worth remembering: A high-power 
amplifier has the potential to damage the front end of the PNA-X 
receivers. To provide a prominent reminder, a damage specifica-
tion is affixed to the front panel of the instrument—and the 
value shown there should never be exceeded. To optimize any 
X-parameter measurement, it’s best to apply both external and 
internal attenuation that keeps the maximum power to the receiv-
ers below –20 dBm.

Powering the Measurement Configuration
The Agilent N6705A DC power analyzer was used to supply 
the bias and measure the current at each transistor measure-
ment point. As a result, the model contained actual DC bias 
information.

One note: The setup was configured for pulsed X-parameter 
measurements because the device was going to face a 
pulsed RF signal. Even though the DC bias was kept constant, 
the peak envelope current was measured by triggering the 
N6705A. This ensured that the model contained the peak cur-
rent during the envelope on-time of the pulse.



Setting up X-parameter models with ADS
Once the X-parameters have been measured, the next step is to 
verify the measured X-parameter model. This is an indirect process 
that does not use X-parameter measurements. Instead, the mea-
sured parameters include “A” or “B” waves, output power, PAE, or 
other relevant characteristics based on your experience and design 
goals. In all cases there are two key steps:

1. For each measurement, record the input power, bias and all 	
	 impedances—input ports, output ports, fundamental, harmonic.
2. Enter the impedances into the simulator as the terminations of 	
	 the X-parameter model; sweep the power over that used in the 	
	 measurement range.

This last step is essential because the X-parameter model will react 
in the same way the actual device did in response to the physical 
impedance that was applied.

To compare the actual component measurement to the simulation, be 
sure that the simulated hardware matches the physical hardware. The 
simulated hardware is illustrated in the circuit template shown in 
Figure 4. 

The X-parameter model is at the center of the ADS schematic, with the 
measured impedances at the input and output of the component. These 
are the impedances of the measurement hardware, not the device, 
and should be entered as the termination impedances of the model (as 
mentioned above). At this point, a comparison can be made between 
the measured characteristics—A wave, B wave, output power, PAE, 
etc.—and the simulated results in ADS.
Within ADS, the so-called X-Gen capability can be used to convert 
a circuit-level model into an X-parameters model. X-Gen is easy 
to set up and use, and simulation speed is fast. Simulations can 
be run with multi-tone, multi-port and more: there are virtually no 
limits on frequency, power or number of ports.

The X-Gen capability also helps protect intellectual property. The 
circuit-level model is literally hidden inside the X-parameter model, 
which can be easily shared with customers or outside vendors. 

Figure 4. ADS simplifies the creation of circuit-level models and X-parameter models, and enables comparisons between simulated and 
measured results
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Figure 6. A plot of PAE and output power contours shows that the two key design targets 
(output power ≥45 dBm and efficiency ≥60 percent) can be achieved if appropriate 
impedances are selected

All of the preceding concepts and techniques were used in an 
analysis of the 45-watt GaN transistor. Figure 5 shows a com-
parison of measured and simulated delivered power using the 
X-parameter model. The results show excellent correlation in two 
aspects: between measured and simulated delivered power and 
between measured and simulated drain current (in response to a 
sweep of the input power level).

With the model verified, it can now be used in the design of the 
PA. The simulator can be used to plot PAE and output power con-
tours, as shown in Figure 6. These results show that the two key 
design goals—output power ≥45 dBm and efficiency ≥60 per-
cent—can be achieved through careful selection of impedances. 
In this case, efficiency greater than 70 percent can be achieved 
if the transistor is terminated with optimum impedances in the 
matching networks. Table 1 provides a detailed comparison.

Results: Verifying the X-Parameter Model Table 1. Comparing simulated and measured results for the power 
amplifier (courtesy of the University of Waterloo)

Figure of Merit Simulation Results Measurement Results
Input power 30 dBm 30 dBm
Drain efficiency 64.1% 64.6%
PAE 62.3% 62.6%
Output power 45.3 dBm 44.93 dBm

Figure 5. A plot of delivered power (left) and drain current (right) versus incident power 
shows excellent agreement between measured and simulated results

5



6

The ADS software offers an amplifier design guide (Figure 7), 
which provides a template that can be applied to an X-parameters 
model to simulate figures of merit for an amplifier:

•	 Output power spectrum
•	 Input and output waveforms versus drive power
•	 Gain versus fundamental output power
•	 PAE versus output power
•	 Drain current versus output power
•	 Fundamental and harmonic output spectrum versus RF input power

Figure 7. To potentially reduce the number of prototyping cycles, the ADS DesignGuide provides a practical, end-to-end single-stage PA 
design using an X-parameters model
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A few best practices will help ensure good results when per-
forming X-parameter measurements on high-power devices. The 
first is to leave enough preamplifier linear gain for extraction and 
drive tones. If the preamp is saturated with the drive signal then 
adding the extraction signal will degrade the X-parameters.

One caution:  If the fundamental frequency is driven out of the 
preamplifiers—and if they are completely compressed at the 
fundamental frequency during the measurement—then the 
amplifier will not generate any additional power at the funda-
mental frequency when the second measurement source is acti-
vated. This problem will surface when comparing measured and 
simulated results from a power sweep. At the low-power end of 
the sweep, correlation will be excellent; however, the responses 
will begin to deviate as power increases. This is due to satura-
tion of the power amp at higher drive power.

Harmonic distortion is less problematic when measuring 
X-parameters. If the preamplifiers are generating any harmonic 
distortion that is at least 20 dBc down from the fundamental, the 
X-parameter measurement technology will remove those distor-
tion components from the resulting X-parameter model. The net 
result is a model of an amplifier with no harmonic distortion.

The second best practice focuses on the terminating imped-
ances. When comparing simulated X-parameter results to actual 
measurements, the impedances used in the simulator must 
match those used in the independent measurements. To ensure 
accurate measurement results, be sure to use proper calibration 
and de-embedding techniques (where applicable).

As a final point, tuners (when used) are typically character-
ized separately in the measurement system. In that process, 
the preamplifiers are removed from behind the couplers during 
calibration; they are placed back in line after calibration is com-
plete. One note: Because this technique may affect the tuner 
characterization, the source and load impedances behind the 
tuners should be determined using the NVNA. Tuner software 
can perform this function.  These values can be used to ensure 
the tuner applies the proper impedance to the component.

Tips: Best Practices for X-Parameter 
Measurements The use of new technologies often drives the need for new tech-

niques in design, simulation and measurement—and the thought-
ful application of such new approaches can help reduce design 
cycle time. This is the case when designers use components 
such as GaN transistors in the design of high-power amplifiers. 
As shown here, a combination of accurate X-parameter models 
and precise NVNA measurements can lead to better models and 
improved PA performance.

Conclusion
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