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Abstract—Future Internet of Things (IoT) devices will need to
maintain high power efficiency while being able to reconfigure
for changing performance requirements and operating
frequencies. The design of quickly reconfigurable power
amplifiers able to maintain high efficiency and meet spectral
requirements will be critical to success. This paper discusses
fast optimization techniques that will be useful in real-time
optimization of transmitter power amplifiers: (1) a vector-based
algorithm to find the load impedance giving the highest power-
added efficiency (PAE) while keeping the adjacent-channel
power ratio (ACPR) below a prespecified minimum, (2) the use
of a spectral mask directly in the load-pull optimization in place
of the ACPR, and (3) the extension of the Smith Chart to a
three-dimensional, cylindrical “Smith Tube” for optimization
involving an additional parameter: the waveform bandwidth.
This paper builds a framework for design and the real-time
optimization of reconfigurable, efficient, and spectrally
compliant IoT power amplifiers.

Topic Areas—electronics for infrastructure systems, low-power
design, communications, reconfigurable systems

1. INTRODUCTION

The recent momentum in constructing the Internet of
Things (IoT) will require a significant amount of devices
using the radio spectrum. In a recent paper, Palattella
identifies power efficiency as an important criterion for the
IoT, and also pinpoints power amplifiers as a source of
significant power expenditure in the system [1]. Because loT
systems often must operate in multiple protocols and
standards, flexibility in operating frequency is useful [2].
Because of the large number of simultaneous spectrum users
expected, each user’s transmission and reception will be
required to operate within a stringent spectral mask. These
demands require reconfigurable power amplifiers optimizable
for power efficiency and spectral compliance.

The spectral spreading of a transmitter’s power amplifier
is based on its linearity. The linearity/efficiency tradeoff is
important, as designers desire to maximize the power
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efficiency while minimizing the spectral spreading related to
nonlinearities. Both the power-added efficiency (PAE) and
adjacent-channel power ratio (ACPR) are dependent upon the
transistor load impedance. In the literature, the ACPR has
been connected with the third- and fifth-order
intermodulation products in the nonlinear amplifier [3].
Sechi delineates a method to find the Pareto-optimal load
impedance for third-order intermodulation (IM3) and
efficiency, solving a similar problem, from pre-measured
load-pull data [4]. While this approach is very useful in
optimizing this important design tradeoff, it does not improve
the swiftness of the load-pull, and therefore makes it difficult
for implementation in a real-time reconfigurable transmitter.
If a system is reconfiguring in real-time, it must find the
optimum load impedance with as few measurements as
possible. Impedance tuning algorithms prove useful for this
purpose, and many have been suggested by the literature,
including genetic algorithms [5, 6], fuzzy control [7], neural
networks [8], and least-squares optimization [9]. Real-time
load-impedance tuning [10] and reconfigurable matching
networks [11] have been suggested and demonstrated in the
literature as a way to provide desired impedance-dependent
behavior. A recent paper by Cui demonstrates a power
amplifier specifically for IoT application with a dual-band,
reconfigurable matching network [2]. Other issues related to
amplifiers and the IoT are also described in the literature [12,
13, 14, 15].

The focus of this paper is to overview several recent
innovations from our group that will be useful in creating
quickly reconfigurable circuitry to facilitate the IoT.

II. FAST LOAD-PULL FOR THE PAE/ACPR TRADEOFF

The PAE/ACPR tradeoff is of significance in amplifier
operation for the IoT. The leakage into the adjacent channel
is limited by practical or regulatory limitations based on
coexistence considerations. For example, Figure 1 shows
measured load-pull data for a Skyworks packaged amplifier



excited by a broadband frequency-modulation (FM) signal,
where the ACPR is required to be below -27.5 dBc. It is
desirable to select the load reflection coefficient I'; that
maximizes the PAE while constraining the ACPR to lie
within the “Acceptable Terminations Region” (possessing
ACPR less than a pre-specified maximum) shown in Fig. 1.
However, an IoT device cannot spend the time to characterize
each state in a full load-pull for “on-the-fly” reconfiguration.

An algorithm created by our group for the purpose of
changing power amplifier load impedance in real-time [16]
can be applied to reconfiguring loT power amplifiers. This
algorithm allows reconfiguration to precisely optimize PAE
while keeping within ACPR requirements in a small number
of measurements. Figure 2 shows the basic concept behind
this vector-based load-pull search.

Acceptable
Terminations
Region

Fig. 1. Measured PAE (red) and ACPR (blue) load-pull contours for
a Skyworks packaged amplifier with broadband signal excitation.
The region of acceptable terminations meeting the PAE and ACPR
requirements is shown (similar to [18]).

As explained in [16], the search is conducted using search
vectors. A starting value for the load reflection coefficient I';,
is specified by the user. From this point, two measurements
are made at points slightly above and to the right of the
candidate on the Smith chart, as shown in Fig. 3. This allows
estimation of the PAE gradient and ACPR gradient. The unit
vector in the direction of the PAE gradient is given as p and
the unit vector opposite to the direction of the ACPR gradient
is given as d. The unit-vector bisector between these vectors
is b. The next candidate is selected using these vectors and
the user-specified search distance Dg. When the ACPR value
is above the acceptable limit, the following equations are
used to calculate the vector ¥ to the next candidate [16]:
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Fig. 2. Schematic of vector-based load-pull search behavior (a)
when the ACPR at Candidate 1 is not within limitations and (b)
when the ACPR at Candidate 1 is within limitations, reprinted from
[12].

6 is the angle between b and @ and guides the search
toward the tradeoff line between PAE and ACPR, or the locus
of Pareto optimum solutions. On the Pareto optimum locus,
the gradients are oppositely directed and 6 = 0;4,ger = 90°.
The value of ACPR; 4y ge: is equal to the ACPR limit imposed
based on spectral regulations.

If the ACPR value is within the acceptable limit, the
vector to the next candidate is instead given by

v =pD, + bD, 4)
The value of Dy is divided by three when (1) the search is
inside the ACPR acceptable region and attempts to leave or
(2) the search is inside the ACPR acceptable region and a
new candidate point gives a lower value of PAE, as described
in [16]. In both of these cases, the search returns to the
previous candidate and performs another attempt.
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Fig. 3. Measurements to estimate the PAE and ACPR gradients and
calculate @ and p. Reprinted from [16].

A more detailed presentation of the results from this search
algorithm is presented in [16]. Bench-top testing of this new
algorithm was performed (the laboratory measurement setup
is shown in Fig. 4). It can be seen in Fig. 5 that accurate
results are obtained with the fast search, requiring only 17
measurements. The reflection-coefficient value providing the
best compromise between PAE and ACPR can be found to
high precision with only about 20 measurement queries. This
is very useful for real-time optimization, and this technique
will also speed the design process, allowing quick
performance of load-pull characterization measurements for
different power levels, bias settings, and frequencies. This
will allow the PA design process to be much more effective
and efficient.
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Fig. 4. Measurement test bench
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Fig. 5. Sample fast load-pull search results starting from
I, = 0.9 /-90°, reprinted from [16]. Only 17 measured values of I,
were required to find the optimum in this fast load-pull.

III. FINDING THE LOAD TERMINATION BASED ON
SPECTRAL-MASK COMPLIANCE

It may be more useful to examine and optimize the
transmitter spectral compliance directly by the spectral mask
for the optimization. ACPR, while useful for measuring the
linearity of the device, does not provide a concrete indication
of spectral mask compliance. We have developed an
approach geared toward the real-time optimization of radar
transmitters that also applies to the load-pull based design of
nonlinear power amplifiers for communications and radar
applications alike [17]. The metric S,,, describing the
maximum distance between the spectrum and the spectral
mask, can be used rather than ACPR for the linearity
optimization [17]:

S, = max(s —m)

®)

In this equation, s is the power in dBm of the measured power
spectrum, and m is the power of the spectral mask level in
dBm. When the spectrum is in compliance with the spectral
mask, the value of S, is less than or equal to zero. The
vector-based algorithm from the search using PAE and ACPR
was adapted to use S,,, instead of ACPR. As in the previous

algorithm, this search can find the value of I'; providing the
highest PAE while meeting spectral mask requirements
(S < 0) with a small number of measurements. Figure 6
shows measurement results of the PAE-and-S,, load-pull
search using the Skyworks amplifier. An optimum was
obtained using only 10 measurements, maximizing the PAE
while keeping S,,, below zero. This type of load-pull allows
an intelligent, measurement-based search that is based

directly on the spectral mask.
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Fig. 6. PAE-and-S,,, load-pull measurement search algorithm results
starting from I'; = 0, reprinted from [17].

IV. THE SMITH TUBE FOR MATCHING NETWORK AND
BANDWIDTH DESIGN

We have demonstrated a design procedure to include both
the load reflection coefficient I, and the waveform
bandwidth B by extending the Smith chart cylindrically into a
third dimension. The Smith Tube (Fig. 7), as introduced in
[18], provides a three-dimensional search space where these
three parameters can be jointly designed.

The vertical axis of the Smith Tube represents the
adjustable bandwidth of a waveform. In designing for the
IoT, it is often desirable to maximize the bandwidth to
increase the data rate. However, PAE and spectral mask (or
ACPR) requirements must also be met by the system. Figure
8 shows the design of the Skyworks packaged amplifier load
reflection coefficient and bandwidth to find the highest
bandwidth where ACPR < -27.5 dBc and PAE > 7%, as
described in [18]. The optimum is the highest point in the
intersection of the PAE and ACPR acceptable regions [18].

V. CONCLUSIONS

Internet of Things device design requires flexibility to
meet changing requirements in power efficiency, data rate,
and spectrum performance. This paper shows recently
developed algorithms for power amplifier circuit and
waveform optimization that could prove useful to reconfigure
circuits for IoT transmitters. Recently developed algorithms
can quickly optimize multiple conflicting criteria in a real-
time reconfigurable power amplifier with a small number of
measurements. Joint PAE/ACPR optimizations, a spectral
mask metric, and the Smith Tube are useful tools for real-



time reconfiguration of load reflection coefficient and for
joint design of the circuit and transmission waveform.
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Fig. 7. (a) The Smith Tube, reprinted from [15]. The vertical axis
represents an additional parameter (possibly chirp bandwidth B), and
the horizontal cross section of the tube is a Smith chart. (b)
Conceptual drawing of the Smith Tube solution of the radar
bandwidth design problem, reprinted from [15]. The optimum point
provides the largest bandwidth possible while meeting the PAE and
ACPR requirements.
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Fig. 8. Surfaces representing the locus of points shown in the Smith
tube with ACPR = -27.5 dBc and PAE = 7.0%. The optimum
solution is the highest intersection of the PAE and ACPR surfaces.
Reprinted from [14].
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