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Abstract-A new visualization tool for design is introduced: 
the Power Smith Tube. It provides aid in designing for optimum 
power-added efficiency (P AE) while meeting adjacent-channel 
power ratio (A CPR) requirements. The Power Smith Tube is a 
three-dimensional cylindrical extension of the Smith Chart with 
input power as the vertical axis. As such, this Smith Tube allows 
the visualization of design metrics, such as P AE and ACPR, as a 
function of both input power and load impedance. Performance 
of load-pull measurements or simulations at multiple values of 
input power provides data for the design. Design examples using 
the Power Smith Tube based on both simulation and 
measurement data are presented to demonstrate selection of load 
impedance and input power providing the highest P AE under 
ACPR constraints. 
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I. INTRODUCTION 

The design of power amplifiers requires the inclusion of 
many factors into the design process. Both linearity and 
efficiency depend significantly on both the load reflection 
coefficient r L and the input power Pin- Typically, a value of 
r L providing desirable power-added efficiency (PAE) and 
adjacent-channel power ratio (ACPR) characteristics might be 
selected from load-pull measurements at a selected Pin, and 
then a power sweep might be performed (or vice versa) to 
hone in on the best value of Pin- The impedance is then tuned 
again. This process is often iterated multiple times, and can 
frustrate designers because of the need to bounce "back and 
forth" from load-pull measurements to power sweep data. 

This paper introduces the Power Smith Tube to provide 
visualization of PAE and ACPR variation over all 
combinations of r L and Pin- This visual aid will enhance 
convergence to design solutions and assist in creating 
optimization algorithms for simulation-based design. The 
Power Smith Tube is also expected to be a convenient 
optimization space for real-time, joint optimizations of input 
power and reflection coefficient in reconfigurable power 
amplifiers. 

The Power Smith Tube is shown in Fig. 1: a cylindrical 
extension of the Smith Chart with input power as the third 

dimension. It is similar to the Smith Tube presented by 
Fellows [1], but the vertical axis represents input power 
instead of waveform bandwidth. 

Designing for efficiency and linearity performance over 
varying input power can be challenging, for example, with 
high peak-to-average power ratio signals in wireless 
communications. Snider [2] and Nemati [3] show that the 
optimum-efficiency load can vary with input power. Fu 
demonstrates a varactor-based tunable matching network to 
improve both efficiency and linearity [4]. Hajji analyzes the 
necessary change in input power for constant intermodulation 
rejection [5]. The Power Smith Tube is a unique extension of 
the Smith Chart to incorporate input power into the design. 
Previous extensions of the Smith Chart incorporate negative 
impedances [6, 7], fractional circuit elements [8], lossy 
transmission lines [9], and waveform bandwidth [1]. 

The Power Smith Tube can be used to find the 
combination of r L and Pin producing the largest PAE while 
remaining within the ACPR constraint. From load-pull 
measurements perfonned at different values of Pin, a surface 
of all points with the limiting value of ACPR can be plotted in 
the Smith Tube. The point with the largest P AE that meets 
ACPR requirements is identified as the constrained optimum. 
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Typical power compression curves show that, for 
increasing Pin, P AE increases to a maximum and then drops 
off again at very high power. This trend generates an 
expectation that the region of the Smith Chart containing a 
given P AE or higher (cross-section of a Smith Tube surface of 
constant PAE) is expected to widen as the Smith Tube is 
ascended, and then narrow again following the optimum Pin 
for efficiency. For ACPR, linearity (for a given rd decreases 
as Pin is increased. As such, it is expected that the limiting 
constant-ACPR surface will narrow as the Smith Tube is 
ascended, with fewer values of r L providing acceptable ACPR 
as Pin is increased. These trends are observed in the 
simulations and measurement examples shown. 

II. SIMULATION RESULTS 

Load-pull simulations were performed over input power 
levels from 0 dBm to 37 dBm for a nonlinear FET model in 
the Keysight Technologies Advanced Design System (ADS) 
simulator. A constraint of ACPR :s -40 dBc was imposed on 
the design. The maximum P AE providing ACPR :s -40 dBc 
was found to be 36.79% at Pin = 21 dBm with rL = 

0.800/180°. Traditionally measured load-pull contours are 
shown in Figures 2, 3, and 4 for load-pull measurements at 
input power values Pin = 20, 21, and 22 dBm, respectively. 
The acceptable-ACPR region is shaded in each figure (the 
region of r L values providing ACPR :s - 40 dBc). As Pin is 
increased, the acceptable region grows smaller. No acceptable 
region exists for Pin = 23 dBm. 
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Fig. 2. Simulated PAE and ACPR load-pull contours for Pin = 20 
dBm. The acceptable ACPR region (ACPR:S -40 dBc) is shaded. 

Because the Smith Tube uses Pin as the vertical axis, it 
allows display of the input-power-dependent load-pull data in 
one picture for design optimization. Figure 5 shows the 
ACPR surface representing ACPR = -40 dBc in the Smith 
Tube, with the surface representing PAE = 36.79%, the 
constrained optimum P AE. It can be seen that the two 
surfaces touch at one point, at which the surfaces are collinear. 
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For two-dimensional load-pull optimizations, PAE and ACPR 
contours are collinear at ACPR-constrained optimum solutions 
for PAE [10]. This collinearity also exists between the level 
surfaces of PAE and ACPR in three dimensions at the ACPR­
constrained PAE optimum, as shown in Fig. 5. 
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Fig. 3. Simulated PAE and ACPR load-pull contours for Pin = 21 
dBm. The acceptable ACPR region (ACPR :S -40 dBc) is shaded. 
The ACPR-constrained optimum point for the design is indicated. 
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Fig. 4. Simulated PAE and ACPR load-pull contours for Pin = 22 
dBm. The acceptable ACPR region (ACPR:S -40 dBc) is shaded. 
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Fig. 5. Constant ACPR Surface from simulations for ACPR = -40 
dBc and PAE surface for the maximum PAE from simulated load­
pull data. The ACPR-constrained optimum solution occurs where the 
two surfaces intersect; the surfaces are collinear at this point. 



III. MEASUREMENT RESULTS 

Measurement-based design was performed from multiple­
power load-pull measurements on a Skyworks packaged 
amplifier (a different device is used for measurements to 
demonstrate the utility of the approach). A constraint of 
ACPR:S -27.5 dBc was imposed. Figures 6, 7, and 8 show the 
load-pull results for Pin = 0, 1, and 2 dBm, respectively. The 
region of points providing ACPR :S -27.5 dBc is shown in 
each figure (Figure 7 shows the constrained optimum). The 
load-pull at Pin = 2 dBm provides an acceptable-ACPR 
region, but P AE results are lower than the maximum P AE 
found for Pin = 1 dBm. 

...-:-----
�- ---

Fig. 6. Measured P AE and ACPR load-pull contours for Pin = 0 
dBm. The acceptable ACPR region (ACPR:S -27.5 dBc) is shaded. 
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Fig. 7. Measured PAE and ACPR load-pull contours for Pin = 

dBm. The acceptable ACPR region (ACPR :S -27.5 dB c) is shaded. 
The optimum point is indicated (this is the combination of r L and Pin 
providing the highest PAE while meeting ACPR requirements). 

Figure 9 shows the three-dimensional visualization of the 
design in the Power Smith Tube. The limiting ACPR surface 
(ACPR = -27.5 dBc) is plotted. The maximum P AE value 
within this surface is 6.707 percent, obtained with 
r L = 0.35/-28.4° and Pin = 1 dBm. Load-pull measurements 
should be performed at high enough power values to 
completely isolate the edge of the ACPR surface defining the 
ACPR-acceptable region. However, it is not recommended 
that the entire Smith Chart be measured (all values of r L ) at all 
power levels; the device could be harmed by measuring low­
efficiency values of r L at high input power. 
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Fig. 8. Simulated PAE and ACPR load-pull contours for Pin = 2 
dBm. The acceptable ACPR region (ACPR:S -27.5 dB c) is shaded. 
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Fig. 9. Constant ACPR Surface from measured data for 
ACPR = -27.5 dBc from measured load-pull data. The constrained 
optimum solution occurs at the combination of r L and Pin in this set 
producing the largest value of PAE. 

IV. CONCLUSIONS 

The Power Smith Tube has been demonstrated as a useful 
visualization tool. It simplifies design for the Iinearity­
efficiency tradeoff. Joint design of the input reflection 
coefficient and input power to maximize P AE while keeping 
the ACPR within specified limitations has been demonstrated 
in this paper. Simulation and measurement results show that a 
surface of constant ACPR at the constraint value can be 
obtained, and the combination of load reflection coefficient 
and input power within this surface providing the largest P AE 
is chosen as the optimum. Designs for different devices in 
simulation and measurement have been demonstrated. 
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