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ABSTRACT As the technology scales down, besides the CAD tools and design guidelines, understanding
circuit performance degradation as a consequence of transistor degradation becomes essential for designers.
Due to several adverse environmental conditions, the study of performance degradation in the power
amplifier (PA) is very demanding research. In this paper, an RF PA is experimentally studied to observe
various characteristic degradations in a broad range of operating temperature and humidity conditions.
Based on a few key measurement points, a measurement-based modeling method is proposed to help
designers make intelligent decisions to minimize the performance degradation effects. This method uses
four two-dimensional interpolation models, and the results show that the prediction results of the four planar
interpolation models are in good agreement with the measurement results. The results presented in this article
help select design models for the RF power amplifier that can analyze the performance degradation of the
transistor parameters in advance. Cubic and spline interpolation has the highest model accuracy among the
four two-dimensional models, while the nearest interpolation offers the shortest training time.

INDEX TERMS Two-dimensional interpolation, power amplifier (PA), characteristics modeling, tempera-

ture, humidity.

I. INTRODUCTION
Power amplifiers (PAs) are commonly used in a variety
of applications such as radar applications [1]-[6], imaging
systems [7]-[9], wireless/mobile communications [10]-[13],
satellite communications [14]-[17], positioning systems
[18]-[21], etc. Some of these application systems have to be
used in outdoor environments, for instance, the base stations
of mobile communications [22]-[24], weather radar stations,
etc., even under hazardous/extreme environments as well as
fluctuating temperature and humidity [25]. It was reported
that nearly 31% of system failures in the US coastal bases
were caused by high temperature and humidity [26]. One of
the major reasons for the electronic system failures is that
the devices and the critical circuit elements cannot sustain
extreme environmental conditions.

PAs are one of the critical circuit elements in any radio
system to drive antennas, where antennas are used for trans-
mission and receiving a signal through free space (usually
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air) [27]-[30]. Although it is well known that the behav-
iors of any PAs are strongly dependent on the temperature
and humidity, the fluctuation in environmental conditions,
primarily temperature [31]-[33], and humidity, causes the
performance degradations of the PA [34]-[38].

In general, it is expected that a PA used in an RF system
should maintain the specifications throughout its lifetime
as initially designed and would not change no matter how
the environmental conditions will vary. However, due to the
lack of a comprehensive temperature and humidity depen-
dent device model, their analysis and dependency in PA are
confined to a limited temperature and humidity range [34].
When the ambient temperature and humidity exceed the
simulated temperature and humidity range, the actual per-
formance of the PA becomes far from the expected design
performance [34]. Suppose a PA used in a system does not
perform as designed/expected under certain environmental
situations. In that case, the system’s performances will be
corrupted, even if the system is likely to fail [35], [36]. There-
fore, it is desirable to get the PA’s performance degradations
concerning the temperature and humidity changes in advance.
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Recently, an experimental analysis of aging due to the hot
carrier injection (HCI) and bias temperature instability (BTI)
effects in the 65-nm CMOS technology-based PA is presented
in [39] that shows how aging produces important degradation
carrier mobility and threshold voltage.

It is mainly due to the above reasons; the PA’s performance
degradation for the changes in temperature and humidity
conditions is a hot topic of research [40]-[48]. However,
most of the published papers are focused on the PA’s perfor-
mances degradations limited to the individual characteristic
temperature and humidity, for instance, 85°/85%RH [40],
121°/100%RH [40], 0° [41], 25° [42], 50° [49], 80° [50],
100° [43], 130°/60%RH [44], 130°/40%RH [44]. Measure-
ment of a PA’s temperature and humidity dependence at spe-
cific temperature/humidity points does not provide enough
information to model the relationships of the PA’s perfor-
mance degradations in actual environmental conditions [34].
The most direct method considers each temperature and
humidity point to obtain the temperature and humidity char-
acteristics in the whole temperature and humidity range.
However, measuring all the temperature and humidity points
is nearly impossible due to the limitation of measurement
time, cost, and instruments.

This paper proposes a measurement-based modeling
method to get a PA’s temperature and humidity characteristics
in the whole temperature and humidity range. The proposed
technique provides a PA’s complete environmental tempera-
ture and humidity characteristics by measuring a few critical
temperatures and humidity points. This method uses planar
interpolation to establish a nonlinear model, which can accu-
rately predict the temperature and humidity characteristics
of the PA in the entire range of temperature and humidity.
Four types of planar interpolation methods are used to model
PA’s performance. They are based on two major environ-
mental factors: two-dimensional linear interpolation, two-
dimensional nearest interpolation, two-dimensional spline
interpolation, and two-dimensional cubic interpolation. It is
found that the measurement results are in good agreement
with the predicted results using the proposed model.

This paper is organized as follows. First, the designed
PA and the experimental setup are explained in Section IL.
Then, the modeling and result discussions are presented in
Section III. Finally, conclusions are drawn in Section IV.

Il. DESIGNED PA AND EXPERIMENTAL SETUP
A GaN class-AB dual-band power amplifier operating at
1.76 GHz/2.14 GHz is used for our experiment, as shown
in Figure 1. The amplifier consisting of GaN HEMT (Cree’s
CGH40010F) has been fabricated on a Rogers 4350B sub-
strate of thickness 30 mils with dielectric permittivity of 3.48.
The total size of the board, including the heat sink, is 61.6 cm?
The environmental test chamber (SC3 1000 MHG from
Votsch Industrietechnik) has been used for environmental
experiments and is shown in Figure 2. The dual-band power
amplifier was tested under a combined temperature and
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FIGURE 1. The photograph of the GaN Class-AB dual-band PA.
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FIGURE 2. The measurement environment and measurement setup.
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FIGURE 3. The proposed measurement-based modeling process.

humidity condition where the humidity varies from 10%RH
to 90%RH and the temperature varies from 10° to 90°.

The DC power supply HMP4040 of R&S provides a
stable DC offset to the dual-band power amplifier during
the environmental experiments. The measurement results
are recorded using R&S Vector Network Analyzer (VNA)
ZVA6T.

IIl. MODELING AND RESULT DISCUSSIONS

A. MODELING

1) PROPOSED MEASUREMENT-BASED MODELING PROCESS
Two-dimensional interpolation is a standard and mature
mathematical modeling method, which is also suitable for
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FIGURE 4. The modeling result of S; under different temperature: (a) two-dimensional linear interpolation; (b) two-dimensional nearest
interpolation; (c) two-dimensional cubic interpolation; (d) two-dimensional spline interpolation.

nonlinear modeling problems and convenient to use at the
system level. There is a strong nonlinear relationship between
the temperature/humidity and the PA’s performance and the
relationship between the input and output [34], [51]. There-
fore, to get the temperature and humidity characteristics of a
PA in the whole temperature and humidity range, four differ-
ent two-dimensional interpolation methods are used to model
and predict the temperature and humidity characteristics of
the PA.

The process of using two-dimensional interpolation to
model and predict the performance of the PA in the broad
range of temperature and humidity profiles is explained using
the flow chart and shown in Figure 3.

As shown in Figure 3, the modeling process is quite gen-
eralized such that the input of the proposed model can be
arbitrarily chosen. The input parameters in the above flow
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chart can be input power, frequency, voltage, and environ-
mental conditions subject to the PA. This article mainly stud-
ies the temperature and humidity characteristics of the PA,
so the input variables of the model in this article are input
power, frequency, temperature, and humidity. The output of
the proposed model includes output power, S-parameters,
phase, impedance, power added efficiency (PAE), etc. For
n arbitrary distinct samples (X;, M;), X; is the input variable,
and M; is the measurement result. For each given exam-
ple, the model will output a predicted value (O;) accord-
ingly. When the root mean square error (RMSE) between
the model’s expected value and the measured value is less
than the required error accuracy requirement, the model is
considered to have been trained. When the value of RMSE
is greater than the error necessary accuracy, the model needs
to be retrained. The sampling start position (P) and sampling
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FIGURE 5. The modeling result of S,; under different temperature: (a) two-dimensional linear interpolation; (b) two-dimensional nearest interpolation;
(c) two-dimensional cubic interpolation; (d) two-dimensional spline interpolation.

interval (N) of the two-dimensional interpolation model can
be adjusted to meet the required requirements during the
retraining process.

2) TEST ERROR
After the model is trained, the measurement data is used to

verify the accuracy of the trained model by calculating the
RMSE of the difference between M; and O; as follows:

1 n
- > (M — 0

i=1

RMSE = (1

Only when the RMSE value is less than a threshold value,
e.g.,1072, the trained model can be considered to meet the
requirements. Otherwise, the model needs to be retrained
until the RMSE value is less than the given value.
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B. RESULT DISCUSSIONS

To comprehensively understand the relationships of the PA’s
performance degradations for the temperature and humid-
ity changes in advance, four standard mathematical mod-
eling methods, i.e., two-dimensional linear interpolation,
two-dimensional nearest interpolation, two-dimensional
spline interpolation, and two-dimensional cubic interpola-
tion, have been introduced into the characteristics modeling
of RF power amplifiers under different temperature and
humidity conditions.

1) MODELING RESULT OF S;; UNDER DIFFERENT
TEMPERATURE

The four kinds of modeling results are estimated using
the measured results of PA in the frequency range of
2.10 GHz -2.16 GHz for various temperatures. The measured
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FIGURE 6. The modeling result of S,, under different temperature: (a) two-dimensional linear interpolation; (b) two-dimensional nearest interpolation;
(c) two-dimensional cubic interpolation; (d) two-dimensional spline interpolation.

reflection coefficients data and the modeled data are plotted
together for each case and given in Figure 4. It is observed
that the S1; increases with increasing temperature. The main
reason for this change is that the impedance of the transistor
changes with the temperature, while the matching circuit has
been processed and does not change with the temperature.
Therefore, S1; increases with the increase of temperature.

2) MODELING RESULT OF S,; UNDER DIFFERENT
TEMPERATURE

Similar to Figure 4, the modeling results of S»; derived using
the measured results of PA subjected to various temperatures
are shown in Figure 5. The transmission coefficients are
plotted in a wide band compared to the S;; to show the
dual-band characteristics of the PA. From Figure 5, it is
observed that Sy; decreases for an increase in temperature.
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The main reason for this change is that the mobility of two-
dimensional electron gas decreases, and the threshold voltage
shifts forward with the rise in temperature [52].

3) MODELING RESULT OF S,, UNDER DIFFERENT
TEMPERATURE

The modeling results of S, and the measured results are
illustrated in Figure 6 for various temperatures. It may be
observed from Figure 6 that the change in the profile of
S2» concerning the temperature change is different through-
out the range of frequency. For example, at 1.76 GHz,
Sy2  decreases with increasing temperature, while at
2.14 GHz, Sy increases. The main reason for this change is
that the optimal matching impedance of transistors at differ-
ent frequencies is different. When the temperature changes,
the optimal matching impedance will also change. Suppose
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FIGURE 7. The modeling result of input impedance under different temperatures: (a) two-dimensional linear interpolation; (b) two-dimensional nearest
interpolation; (c) two-dimensional cubic interpolation;(d) two-dimensional spline interpolation.

the optimal matching impedance at some frequency points
is closer to the impedance of the matched circuit that has
been manufactured. In that case, it provides a lower reflec-
tion loss at that frequency point—otherwise, the value of
S»7 increases.

4) MODELING RESULT OF INPUT IMPEDANCE UNDER
DIFFERENT TEMPERATURE

The modeling result of input impedance and the mea-
sured values is shown in Figure 7 for various temperatures.
As shown in Figure 7, the input impedance varies with tem-
perature at different frequencies. The main reason for this
change is that the resistance and capacitance in the tran-
sistor change with temperature, which leads to a change of
impedance. Since impedance is directly related to capaci-
tance and resistance of a circuit, changes in resistance and
capacitance will lead to changes in impedance. Therefore,
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it can be observed that the input impedance changes with
temperature.

5) MODELING RESULT OF OUTPUT IMPEDANCE UNDER
DIFFERENT TEMPERATURE

Similar to the input impedance, the modeling results of out-
put impedance are illustrated in Figure 8 for a range of
temperatures. Similar to the input impedance, the output
impedance varies with temperature at different frequencies.
This variation is also caused by the change in the resistance
and capacitance of the transistor with temperature.

6) MODELING RESULT OF STABILITY FACTOR UNDER
DIFFERENT TEMPERATURE

The modeling result of the stability factor under different
temperatures is illustrated in Figure 9. As shown in Figure 9,
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FIGURE 8. The modeling result of output impedance under different temperatures: (a) two-dimensional linear interpolation; (b) two-dimensional
nearest interpolation; (c) two-dimensional cubic interpolation;(d) two-dimensional spline interpolation.

The results of the four models are in good agreement with the
measurement results.

7) MODELING RESULT OF THE PHASE OF INPUT UNDER
DIFFERENT TEMPERATURE

The modeling result from the phase of the input signal under
different temperatures is shown in Figure 10. These results
show that the nearest model and the measurement results
agree only at successive staircase intervals. Due to the inher-
ent quality of the nearest model, continuous agreement with
the measured results is not possible. However, the results
of the other three models are in decent agreement with the
measurement results.

8) MODELING RESULT OF THE PHASE OF OUTPUT UNDER
DIFFERENT TEMPERATURE

The modeling result from the phase of the output signal under
different temperatures is shown in Figure 11. Like the input
signal phase, the only model, i.e., the nearest model results
from the output phase, disagrees well with the measurement
results. However, the rest of the three models are in good
agreement with the measured data.

9) THE MODELING RESULT OF S;; UNDER DIFFERENT
HUMIDITY

The four kinds of modeling results are estimated using the
measured results of PA for various humidity conditions. The
measured reflection coefficients (S;1) data and the modeled

121638

data are plotted together for each case and given in Figure 12.
It is observed that the S1; increases with increasing humidity.
The main reason for this change can be attributed to the
fact that the impedance of the transistor changes with the
humidity.

10) THE MODELING RESULT OF S,; UNDER DIFFERENT
HUMIDITY

The modeling result of the transmission coefficient (S»1) data
under various humidity conditions is illustrated in Figure 13.
From Figure 13, it can be observed that S; decreases with
increasing humidity. One of the primary reasons for this
change is that the threshold voltage shifts positively [52]. Due
to the interchange of the network, the transmission coefficient
modeling presented in Figure 13 is valid for S5 as well.

11) THE MODELING RESULT OF S,, UNDER DIFFERENT
HUMIDITY

Since the device is asymmetric, the modeling results extracted
from the measured results of Sy; are also modeled separately
and given in Figure 14 for various humidity values. It can be
seen from Figure 14 that the change in Sy, due to humidity is
significant in the passband of frequencies. One of the primary
reasons for this change is that the humidity changes the resis-
tance and capacitance values in the transistor, which leads to
the change of impedance value that brings an inevitable shift
in the reflection coefficients.
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FIGURE 9. The modeling result of stability factor under different temperature: (a) two-dimensional linear interpolation; (b) two-dimensional nearest
interpolation; (c) two-dimensional cubic interpolation;(d) two-dimensional spline interpolation.
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FIGURE 10. The modeling result of the phase of input under different
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12) THE MODELING RESULT OF OUTPUT IMPEDANCE
UNDER DIFFERENT HUMIDITY

The modeling result of output impedance under different
humidity is shown in Figure 15. The results of all four models
agree relatively well with the measurements. Still, the model
accuracy of the two-dimensional nearest interpolation model
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FIGURE 11. The modeling result of the phase of output under different
temperatures.

at individual measurement points is not as good as the rest of
the three models.

13) THE MODELING RESULT OF THE PHASE OF
INPUT/OUTPUT UNDER DIFFERENT HUMIDITY

The modeling result of the input and output signal
phase under different humidity conditions are shown
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FIGURE 12. The modeling result of S;; under different humidity: (a) two-dimensional linear interpolation; (b) two-dimensional nearest
interpolation; (c) two-dimensional cubic interpolation; (d) two-dimensional spline interpolation.

in Figures 16 and 17. It is observed that the nearest model
and the measurement results are not in excellent agreement.
However, the results of the rest of the three models are in good
agreement with the measurement results.

C. MODEL ACCURACY COMPARISON

The testing results of four two-dimensional interpolation
models under different temperature and humidity environ-
ments are shown in Table 1.

As shown in Table 1, the prediction results of the four
different two-dimensional interpolation models are in good
agreement with the measurement results. This shows that the
two-dimensional interpolation model can be effectively used
to predict the temperature and humidity characteristics of
the RF power amplifier. Thus, by using a two-dimensional
interpolation model to predict the temperature and humidity
characteristics of PA, the measurement time and cost can
be significantly reduced, and the advanced prediction of
PA characteristics under different temperature and humidity
conditions can be realized, which is of great significance
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for practical application systems, especially for outdoor
systems.

As can be seen from Table 1, the method of two-
dimensional nearest interpolation has the worst accuracy, but
the time of the training model is the shortest. On the other
hand, the two-dimensional cubic interpolation and spline
interpolation methods have the same accuracy. It may be
noted here that the method of two-dimensional cubic interpo-
lation possesses the highest accuracy, while the training time
is a trade-off. However, the method of two-dimensional linear
interpolation has no significant advantage in terms of either
accuracy or time.

Therefore, in selecting a two-dimensional interpolation
model to predict the temperature and humidity characteris-
tics of the RF PA, it is necessary to compromise the model
training time and model accuracy. To understand the change
in the output characteristics of PA subjected to various envi-
ronmental conditions, viz. temperature and humidity, one can
use the two-dimensional nearest interpolation model with the
shortest model training time. While the precise knowledge
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TABLE 1. Model Accuracy Comparison Between Four Two-Dimensional
Interpolation Under Different Temperature and Humidity Conditions.

Key Time of
Condition Specification hgodel Training Tﬁsli/lesrg) .
of PA P Models)  (RMSE)
Linear 0.083 0.0788
11 Neargst 0.0771 0.09302
Cubic 0.166 0.0076
Spline 0.158 0.0076
Linear 0.0807 0.0052
1 Near@st 0.0758 0.0362
Cubic 0.1603 0.0016
Spline 0.1554 0.0016
Linear 0.0804 0.0245
S22 Near@st 0.075 0.0422
Cubic 0.1645 0.0176
Temperature Spline 0.1522 0.0176
Linear 0.0779 0.0248
input Nearest 0.0743 0.0424
impedance Cubic 0.1605 0.0143
Spline 0.148 0.0143
Linear 0.0774 0.029
output Nearest 0.0734 0.036
impedance Cubic 0.1635 0.0288
Spline 0.1526 0.0288
Linear 0.0778 0.0093
Stability Nearest 0.0729 0.088
factor Cubic 0.1598 0.0049
Spline 0.146 0.0049
Linear 0.0792 0.0120
Phase of Nearest 0.0762 0.0313
input Cubic 0.1545 0.0057
Spline 0.1494 0.0057
Linear 0.0841 0.0113
Phase of Nearest 0.0811 0.0420
output Cubic 0.1618 0.0048
Spline 0.1565 0.0048
Linear 0.0804 0.0081
s11 Near@st 0.0746 0.0115
Cubic 0.1569 0.0065
Spline 0.1489 0.0065
Linear 0.0806 0.0065
1 Nearefst 0.0741 0.0105
Cubic 0.1622 0.0022
Spline 0.1533 0.0022
Linear 0.0817 0.0517
S22 Neargst 0.0768 0.0668
Cubic 0.1613 0.0438
o Spline 0.1564 0.0438
Humidity Linear 00796  0.0643
output Nearest 0.0746 0.08
impedance Cubic 0.1588 0.0259
Spline 0.1517 0.0259
Linear 0.0796 0.0247
Phase of Nearest 0.0729 0.0334
input Cubic 0.16 0.0205
Spline 0.1541 0.0205
Linear 0.0805 0.0378
Phase of Nearest 0.0739 0.0696
output Cubic 0.1574 0.0351
Spline 0.1465 0.0351

of the output characteristics of a PA operating at a specific
temperature and humidity conditions can be estimated using
the two-dimensional spline model with the highest model
accuracy and shorter model training time. Suppose one wants
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to precisely know the performance of a PA at a specific
temperature or humidity without spending too much time.
In that case, a two-dimensional linear interpolation method
can be considered.

IV. CONCLUSION

To obtain the output characteristics of the PA in a wide range
of temperature and humidity conditions, a measurement-
based modeling method has been proposed in this paper. The
proposed method uses four different two-dimensional inter-
polation models. The results show that the prediction results
of these two-dimensional interpolation models are in good
agreement with the measurement results. At the same time,
the model training time and model accuracy of the four mod-
els are compared. The results show that the model accuracy
of the two-dimensional nearest interpolation is the worst, but
its model training time is the shortest. On the other hand, two-
dimensional cubic interpolation and two-dimensional spline
interpolation have the same and highest model accuracy,
while the model training time of two-dimensional cubic inter-
polation is the longest. The results of this article guide how
to select models for the RF power amplifier or other circuit
characteristics prediction.

The modeling method proposed in this paper can predict
the performance of the RF power amplifier in the whole tem-
perature and humidity range based on a few key test points,
which significantly reduces the measurement time and cost,
and can realize the prediction of temperature and humidity
characteristics of the RF power amplifier in advance, which
is of great significance for practical application systems,
especially for outdoor systems. Furthermore, this method
is also applicable to predicting and modeling critical spec-
ification degradation of other RF/microwave circuits and
devices.
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