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Abstract: The amplifier is a key component of the radio frequency (RF) front-end, and its speci-
fications directly determine the performance of the system in which it is located. Unfortunately,
amplifiers” specifications degrade with temperature and even lead to system failure. To study how
the system failure is affected by the amplifier specification degradation, it is necessary to couple the
amplifier specification degradation into the system optimization design. Furthermore, to couple the
amplifier specification degradation into the optimal design of the system, it is necessary to model the
characteristics of the amplifier specification change with temperature. In this paper, the temperature
characteristics of two amplifiers are modeled using an extreme learning machine (ELM), and the
results show that the model agrees well with the measurement results and can effectively reduce
measurement time and cost.
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Modeling of Key Specifications for A radio frequency (RF) amplifier is a key component of the RF front-end [1,2], which

has been widely used in various radio systems [3], such as navigation systems [4], radar [5,6]
and satellite communication systems [7], mobile communication systems [8], positioning
systems [9], etc. Due to different application scenarios and requirements, the above radio
systems usually need to work in various environments. Some radio systems even need
Academic Editor: Arman Roohi to work in very harsh environments [10], such as significant variations in temperature
and humidity. As a key component of the above radio system, the performance of the
RF amplifier is very sensitive to temperature variations. The performance of the radio
system will be affected or even fail with the performance specifications of the RF amplifier
change with temperature. It may lead to the radio systems not meeting the requirements
of the actual application scenario [10]. In [11], although the RF amplifier has not reached
the end of its life at this point, its performance specifications have degraded to the point
where it cannot meet the minimum requirements for the proper functioning of the radio
system. Therefore, the RF amplifier’s performance specifications must be known for a
given temperature range to ensure the radio system’s proper functioning.
Much fruitful work has been carried out previously on the study of amplifier specifi-
cations versus temperature variations. For example, Gian Piero Gibiino et al. [12] proposed
a thermal behavioral model for RF power amplifiers (PAs) directly extracted through base-
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presence of self-heating and for a wide temperature range. K. Mohamad Ali et al. [14]
focused on the behavioral modeling of thermal effects induced by a power amplifier for
system-level simulation to predict better the link budget of RF transmitters for narrow-
band radar applications. Finally, Julie Mazeau et al. [15] presented a new electrothermal
behavioral model for power amplifiers. This model, implemented into a circuit simula-
tor, allows predicting the impact of the thermal effects in pulsed-RF mode thanks to an
envelope transient analysis. The above studies have investigated the relationship between
amplifier specifications and temperature in detail and have developed behavioral models.
However, the above studies only focus on the amplifier’s thermal effect on its specification,
while the actual operating scenarios, where the environment changes (e.g., temperature)
also affect the amplifier’s specification. Therefore, knowing the relationship between the
amplifier specifications and the change in the external operating environment becomes an
urgent problem.

Currently, there are two main ways to obtain the environmental characteristics of
amplifier specifications. On the one hand, the specifications of the RF amplifier at different
temperatures are obtained by simulation [16-18], which is fast. However, the absence of
an accurate transistor device model leaves a gap between simulation results and measure-
ment results [19]. However, it is still very effective and convenient for some application
scenarios that need to know the trend and range of RF amplifier specifications quickly and
qualitatively. On the other hand, another method is to directly obtain the specifications
of RF amplifiers at different temperatures by measurement [20]. For example, Li et al.
measured the specifications of power amplifiers at 0 °C, 50 °C, 75 °C and 100 °C [20,21],
and Kumar et al. measured the specifications of low-noise amplifiers at —40 °C, 27 °C,
75 °C and 100 °C [22]. This method can be more accurate in knowing the specifications of
RF amplifiers at different temperatures, but the measurement process takes more time and
is also constrained by the measurement environment to measure RF amplifier specifications
at each temperature. Therefore, it becomes an urgent problem to know the specification of
an RF amplifier at any temperature in each temperature range by measuring a few critical
temperature points.

In this paper, temperature characteristic variation measurements are performed for
two given RF amplifiers and are based on the data from these measurements. An extreme
learning machine (ELM) is applied to model the critical specifications of an RF amplifier
concerning temperature. It can be used to predict the variation in the critical specifications
of the RF amplifier in each temperature interval. The modeling results show that the
accuracy of this model is two orders of magnitude higher than that of the model in the
literature [19] for the same number of temperature measurement points, and the selection
and distribution of temperature points have little effect on the accuracy of this model.

The organization of this paper is specified as follows. Section 2 gives a brief description
of the structure and the measurement setup of the temperature characteristics of the two RF
amplifiers. Applying ELM to model the temperature characteristics of two RF amplifiers
is described in Section 3. Section 4 provides a detailed discussion and analysis of the
modeling results. Finally, the main conclusions of this paper are summarized.

2. Designed Circuits and Experiments

To achieve the goals set in this paper, we chose two RF amplifiers for measurement
and modeling. As shown in Figure 1, one is a 50-450 MHz complementary metal oxide
semiconductor (CMOS) low-noise amplifier (LNA), and the other is a 0.5-2.1 GHz gallium
nitride (GaN) class-AB power amplifier (PA).

Gold wire bonding fixed the LNA to the printed circuit board (PCB). The matching
stage of the LNA uses a standard source cascade amplifier with shunt feedback, which is
mainly used to improve the noise figure (NF) [23]. The LNA is simulated with frequencies
(50~450 MHz, step-size 20 MHz) and temperatures (—40~+90 °C, step size 5 °C). The input
power and supply voltage of the LNA is set to be —40 dBm and 1.8 V, respectively.
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Figure 1. The photograph of the: (a) Complementary Metal Oxide Semiconductor low-noise amplifier
(CMOS LNA); (b) Gallium Nitride class-AB power amplifier (GaN Class-AB PA).

The 0.5—2.1 GHz GaN Class AB power amplifier consists of a GaN High Electron
Mobility Transistor (HEMT) (Cree’s CGH40006P, Durham, NC, USA) fabricated on a Rogers
5880 substrate. The PA was simulated in with a set of frequencies (500~2100 MHz, step-size
20 MHz) and temperatures (—40~+90 °C, step-size 5 °C). Additionally, the input power of
the PA is set to be —40 dBm. Besides, the PA’s output power (Poy;) at 1.22 GHz is simulated
with a set of input powers (0~23 dBm, step-size 1 dBm).

As shown in Figure 2, the temperature characterization of the RF amplifier was
performed in an environmental chamber (SC® 1000 MHG from Vétsch Industrietechnik
(Gie&szlig, Germany)) with a measured temperature range of —40 °C to +90 °C.

Environmental chamber
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Figure 2. Measurement environment and setup: (a) S-parameters and noise figure (NF); (b) output power.

The S-parameters of PA and LNA were measured by Vector Network Analyzer (VNA,
Rohde & Schwarz, Munich, Germany), and the output power (P,,) was measured by the
spectrum analyzer (FSV30, Rohde & Schwarz, Munich, Germany) and Rohde & Schwarz
Vector Network Analyzer (ZVA24, Rohde & Schwarz, Munich, Germany). In addition, the
output power is measured using a drive amplifier ZVA-183-5+ (MiniCircuits, New York,
NY, USA) and a 30 dB attenuator. Finally, Agilent Noise Figure Analyzer (NFA) N8975A
(Agilent, Santa Clara, CA, USA) measures the NF of the LNA.
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The input power, temperature, and frequency ranges are consistent with the simulation
settings. Each temperature testing point is stabilized for 30 min before starting the measure
to ensure that the temperature of the environmental test chamber has stabilized.

3. Modeling Process
3.1. Structure of the Model and the Process of Modeling

The lack of an accurate temperature-dependent device model makes it possible that
there is always a gap between simulated and measured RF amplifiers [19], but the trend in
the simulated and measured results with temperature is similar. Suppose the gap between
simulation and measurement results can be eliminated or minimized by calibrating the
simulation results with the actual measurement results. In that case, the calibrated “simula-
tion results” can then be used to predict the performance of the RF amplifier at different
temperatures over a given temperature range and reduce the number of measurement
points required for modeling.

Therefore, to reduce the number of measured temperature points, the simulation
data of the RF amplifier is used for modeling the temperature characteristics of the RF
amplifier in this paper. The main idea of its modeling is first to establish the relationship
between the amplifier performance and temperature variation using the simulation data of
the RF amplifier and then calibrate the trained model using the actual measurement data.
The greater the number of measurement points used for model calibration, the higher the
accuracy of the resulting model.

ELM is emerging as a new developmental milestone in artificial neural networks. They
have been widely applied in microwave millimeter-wave devices/circuits, such as filter
design [24], behavior modeling of power amplifiers [25], etc. The relationship between the
input and output of an RF amplifier is strongly nonlinear [25], and the ELM has a strong
non-linear learning capability [18]. Therefore, ELM was used to model the temperature
characteristics of the RF amplifier. The ELM-based modeling process for the RF amplifiers’
temperature characteristics proposed in this paper is shown in Figure 3.

START

| Select Neural Network Model (ELM) |

Determine training data and test data
based on simulation results

| Determine the initial number of neurons I in the hidden
| layer and the initial output weight ; of the ELM model

Randomly generate input weights «;
and hidden layer bias b;

=

=g

E IOutput model prediction results
B

: |

o

§ ’ Calculate the model error (MSE;)
E
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I\'es
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Figure 3. ELM (extreme learning machine)-based modeling flow for RF amplifier temperature
characteristics.
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As shown in Figure 3, the process of modeling the temperature characteristics of the
RF amplifier is divided into two main parts, one is the training of the model, and the other
is the calibration of the model. The main steps are specified as follows.

Step 1: Selection of a suitable neural network. As described in the literature [26,27], to
establish this nonlinear relationship for the temperature characteristics of the RF
amplifier, a single hidden layer feedforward network (SLFN) is used, as shown in
Figure 4.

Figure 4. Single-hidden layer feedforward network.

For arbitrary distinct samples (xj, t)(G=1,...,d), SLENs with L hidden nodes are
mathematically modeled as [27]

L L
0j = ;,Bigi(xj) :; BiG(a; - x; + b;) )

where x; presents the input power, frequency, and temperature; ¢; is the simulation’s S-
parameter, NF, and output power; o; is the model’s output; f; is the output weight; 4; is the
input weight; and b; is the hidden layer bias. The input weight and hidden layer bias are
randomly generated according to the continuous distribution probability [27]. Additionally,
g(+) is a nonlinear activation function; G (-) is the output function of the hidden node [27].

Step 2: Divide the simulation data into training data and test data.

Step 3: Determine the initial number of hidden layer layers (L) and hidden layer output
weights (;) of the model.

Step 4: Randomly generate input weights (4;) and hidden layer weights (b;).

Step 5: Output the model results.

Step 6: Calculate the model error (MSE7).

Step 7: Calibrate of the model using the test results.

Step 8: Compare the model error with the expected value.

Step 9: Determine whether the model is trained or not based on comparing the model error
with the expected value.

3.2. ELM Training Algorithm

In Section 3.1, SLFNs can be approximated with zero error for d samples. There-

fore, [25],
d

Y lloj—till =0 2)

=1

L L
tj = ;ﬁigi(xj) :; BiG(a;i, bi, x;) 3)
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Equation (2) can be expressed as [25]
HB=T 4)
where H is the hidden layer output matrix (randomized matrix) [28]
h(x1) hi(x1) -+ hi(x)
H=| : |=| 1 @ 5)
h(xq) hi(xg) -+ ho(xg)
and T is the training data—target matrix [28].
tlT fn -t
T=|:|=|: : ; (6)
ta tn o tan

The ELM training algorithm can be summarized as follows [28,29].

(1) Randomly assign the hidden node parameters, e.g., the input weights (a;) and hidden
layer weights (b;),i=1,..., L.

(2) Calculate the hidden layer output matrix H.

(38) Obtain the output weight vector.

B=H'T 7)

where H' is the Moore-Penrose generalized inverse of matrix H.
The orthogonal projection method can be efficiently used for the calculation of MP
inverse [28]:
If HTH is nonsingular,
+ Ty gt
H'=(H'H) H 8)

if HHT is nonsingular,
H = H'(H'H)' )

3.3. Error of the Model

Once the first step of this modeling process is completed, it is time for the second step
to calibrate the already trained model using the measurement data. The primary process
of calibration is by comparing the error (MSE;) between the model output (0;) and the
measurement data (1), which is expressed as

1¢ 2
MSE; = ) (0j — m;) (10)
j=1

Suppose the MSE; is less than 10~ or lower. The model is well-calibrated. Conversely,
it is necessary to keep adjusting L and B; until the error MSE; meets the requirements. This
results in a set of values of L and B; calibrated by the actual measurement data. This set of
parameters can then be substituted into the trained model.

4. Modeling Results and Discussion
4.1. 0.5—2.1 GHz GaN Class AB PA
4.1.1. 821

The modeling results of 521 of PA are shown in Figure 5, where Figure 5a,b show
the modeling results with and without simulation data. Firstly, from the temperature
characteristics of S21, S21 decreases with the increase in temperature. The main reason for
the degradation of S21 with the temperature rise is that the two-dimensional electron gas
(2DEG) mobility drops. Of course, the increase in temperature will also lead to a decrease
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in the threshold voltage, which will lead to a rise in S21. However, the gate-source voltage
is often much larger than the threshold voltage in the actual circuit to obtain a higher gain.
Therefore, the effect of the threshold voltage change on the gain is negligible. It is also
consistent with what was reported in the literature [11].

O Measurement (T =-40°C) T L BTATA 4 L O Measurement (T =-40°C) EEARA N
15.5 O Measurement (T =-20°C) (A 15.5 O Measurement (T =-20°C) =4
"7 || & Measurement (T =90°C) 1 ] A Measurement (T =90°C)
15.0 ——ELM Model with Simulation (T =-40°C) i 15.0 - ——ELM Model without Simulation (T =-40°C) i
. ELM Model with Simulation (T =-20°C) e ELM Model without Simulation (T =-20°C)
ELM Model with Simulation (T =90°C) / 1 ELM Model without Simulation (T =90°C)
14.5 = T T T T T T Ms—~r—rT—"—T1T 1 "~ 1 1 " " T T
0.6 1.2 1.4 1.6 1.8 2.0 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Frequency(GHz) Frequency(GHz)
(a) (b)

Figure 5. S21: (a) with simulation; (b) without simulation.

Secondly, from the perspective of model accuracy, the model results of S21 match
well with the actual measurement results if the simulation data are used in the modeling
process (as shown in Figure 5a). In contrast, if the simulation data are not used in the
modeling process of S21 (Figure 5b), there is a large gap between the model results and
the actual measurement results. This is mainly because we first used the simula-tion
data in the modeling process to describe the trend in the temperature characteris-tics of
521, which is only a little different from the real situation in terms of magnitude. This
gap can then be eliminated by calibrating the measured data. Finally, from the point of
view of frequency, the variation in 521 at different frequencies is not the same for the
same magnitude of temperature change. This indicates that the 2DEG mobility is not only
temperature-dependent but also frequency-dependent.

4.1.2. Output Power

The modeling results of the output power of the PA are shown in Figure 6. Figure 6a
shows the modeling results with simulation data, and Figure 6b shows the results without
simulation data. Firstly, from the temperature characteristics of the output power, the
output power of the PA decreases with the increase in temperature. This is mainly due to
the decrease in 2DEG mobility, increasing source/drain resistance [11]. However, it can
also be noted that the drop in output power decreases when the out-put power is close to
saturation (when the temperature change is the same).

From the model’s accuracy, it is the same as the modeling result of S21. However,
from Figure 6a, there is a better agreement between the model with simulation data and
the actual measurement results, while there is a more significant deviation be-tween the
model without simulation data and the actual measurement results (Figure 6a). This is also
mainly because the trend in the output power temperature characteris-tics can be depicted
by the simulation data in the case where simulation data are available.
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Figure 6. Output power: (a) with simulation; (b) without simulation.

The above discussion provides a detailed analysis of the relationship between S21
and temperature and output power and temperature. Next, the effect of the model will be
explicitly discussed in terms of the results of the model. As shown in Figures 5 and 6, the
ELM model based on the simulated data agrees well with the measured results. However,
at the same time, there is a significant deviation between the ELM model without simulated
data and the measured results. This is mainly because the trend between simulated and
measured data is the same, and there are only some differences in the values. Therefore, the
trend in the temperature characteristics of the PA is first obtained from the simulated data
and then calibrated by the measured data. As a re-sult, the model based on the simulated
data matches the actual trends and values measurements. In contrast, the modeling is
based on measurement data, where the number of measured temperature points is very
small, and the behavior of many tem-perature points is not learned, so there is a significant
error between the model output and the actual measurement results.

To further compare the differences between the modeling method in the literature [19]
and the modeling method proposed in this paper, the errors of the two modeling methods
are compared at different numbers of temperature measurement points, as shown in Table 1.
Table 1 shows the results compared to the modeling approach in the literature [19]. The
modeling method proposed in this paper has the following ad-vantages: first, it is less
sensitive to the temperature measurement points; second, the model accuracy is two orders
of magnitude higher with the same number of measure-ment temperature points; and
third, the number of required temperature measurement points is less with the same model
accuracy requirement.

Table 1. Comparison results of models in different cases for power amplifiers (PA).

Number and Distribution of Measured

Temperature Points MSE
No. Temperature (°C) This Work Ref. [19]
3 —40; 25; 90 9.2317 x 1073 47517 x 107!
3 —40;-20; 90 9.3243 x 1073 1.4372 x 100
5 —40; —10; 25; 60; 90 9.1524 x 10~* 9.9561 x 1072
5 —40; —5; 0; 15; 90 9.2037 x 10~* 3.3107 x 1071
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Table 1. Cont.
Number and Distribution of Measured MSE
Temperature Points

No. Temperature (°C) This Work Ref. [19]

6 —40; —10; 15; 40; 65; 90 8.5972 x 1074 9.6521 x 1072
6 —40; —20; 0; 70; 80; 90 8.6113 x 10~* 2.8317 x 107!
7 —40; —20; 0; 25; 50; 70; 90 8.3821 x 1074 9.4621 x 1072
7 —40; —30; —20; 50; 60; 75; 90 8.4981 x 10~% 2.5237 x 107!
8 —40; —30; —10; 10; 30; 50; 70; 90 8.1681 x 107° 9.2386 x 1073
8 —40; —35; —5; 15; 20; 25; 85; 90 8.2234 x 107° 2.3025 x 1072
9 —40; —25; —10; 5; 25; 45; 60; 75; 90 7.8475 x 107> 9.0274 x 1073
9 —40; —5; 10; 15; 35; 60; 65; 85; 90 8.0521 x 107° 2.0679 x 1072

4.2. 50—450 MHz CMOS LNA
42.1.521

The modeling results of S21 of LNA are shown in Figure 7. Figure 7a,b show the
modeling results with simulation data and without simulation data. First, in terms of the
temperature characteristics of 521, S21 of LNA decreases with the increase in temperature.
This phenomenon is mainly because the rise in temperature causes the carrier mobility to
decrease and thus the trans-conductivity to decrease. It can also be noted that when the
temperature change is the same at different frequencies, the magnitude of S21 change is
not the same. For example, when the temperature increases from —40 °C to 90 °C, the 521
distribution at 70 MHz and 450 MHz decreases by 3.54 dB and 3.02 dB. This also shows that
the carrier mobility is temperature-dependent and frequency-dependent. Second, in terms
of the model’s accuracy, it is evident that the model with simulation data agrees well with
the actual measurement results, while the model without simulation data has a significant
deviation from the actual measurement results. This indicates that a better modeling result
can be achieved using the simulation data with the same number of measurement points
and a smaller number of measurement points.

24
23
224
21 7
220
<)
S 19
n > {
SA L Q 18 4 . e}
O Measurement(T = —40°C) B A 1 © Measurement(T =—-40°C) A S
174 © Measurement(T = 25°C) A ) 174 © Measurement(T = 25°C) A )
A Measurement(T = 90°C) A ¢ { 2 Measurement(T = 90°C) 4 ‘
16 4——ELM with simulation(T = -40°C) A y 16 4——ELM without simulation(T = —40°C) a 1
ELM with simulation(T = 25°C) 4 1 ELM without simulation(T = 25°C) & 9
157 ELM with simulation(T = 90°C) 7 154 ELM without simulation(T = 90°C) 7
L L — 1 T 1 T T - r r T r T - T T T r T LI
50 100 150 250 300 350 400 450 50 100 150 200 250 300 350 400 450
Frequency(MHz) Frequency(MHz)
(a) (b)

Figure 7. S21 of the LNA: (a) with simulation; (b) without simulation.
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4.2.2. The NF of the LNA

The results of modeling the temperature characteristics of the NF of the LNA are shown
in Figure 8. Figure 8a shows the modeling results with simulation data, and Figure 8b
shows the results without simulation data. From Figure 8a, the NF increases with the
temperature increase. This is mainly because the carrier mobility decreases whenever the
temperature increases, making the trans-conductivity decrease. In turn, the reduction in
trans-conductivity will lead to a rise in NF [30]. It means that the NF of LNA increases with
the temperature rising and is consistent with the results reported in [22].

3.5 T T T "7 O Measurement(T = —40°C) T

— o N .
? Measurement(T = —40°C) 3.2 ] O MeasurementET =25°C)
\ O Measurement(T = 25°C) L 304 /A Measurement(T = 90°C) i
A Measurement(T = 90°C) ] ——ELM without simulation(T = —40°C) A
3.0 - ——ELM with simulation(T = —40°C) g 2.8 ELM without simulation(T =25°C) _
ELM with simulation(T =25°C) VANSY A A ELM without simulation(T = 90°C)

AR ELM with simulation(T = 90°C) 1 2.6 o b - 7

-
PAN

VAN A

NE(dB)

— 1.0

1.0 —T

T
50 100 150

T
200

Frequency(MHz)

T T T T T T
200 250 300 350 400

Frequency(MHz)
(b)

Figure 8. NF of the LNA: (a) with simulation; (b) without simulation.

T T T
250 300 350 450 150 450

(a)

In addition, it can be found that the change in NF is different at different frequen-
cies when the magnitude of temperature change is the same. For example, when the
temperature increases from —40 °C to 90 °C, the NF increases by 1.22 dB and 0.74 dB at
50 MHz and 270 MHz, respectively, which shows that the carrier mobility increases are
not only temperature-dependent but also frequency-dependent. Then, from the results
in Figure 8a,b, the model with simulation data has a smaller gap and better agreement
with the actual measurement results than the model without simulation data, achieving
the expected modeling effect. This shows that using simulation data to describe the trend
in NF temperature characteristics first, and then calibrating it with actual measurement
data, is feasible. Furthermore, this approach can significantly reduce the time and cost
of measurement.

The above results are a specific analysis and discussion of the S21 and NF of the LNA
versus temperature. The following results of modeling 521 and NF of LNA are discussed
and analyzed in detail. As can be seen in Figures 7 and 8, the modeling results of LNA
agree well with the actual measurement results. The main reason is that the model accuracy
in the literature [19] depends on the number of measured temperature points, and with a
small number of measured points, the behavior of many temperature points is not learned,
resulting in poor model accuracy. In contrast, the modeling method proposed in this paper
first uses simulation data to obtain a rough model of the temperature characteristics of
the LNA and then calibrates this rough model with actual measurement data. In this
way, a better model accuracy can be achieved based on the data of a small number of
measurement points.

Similarly, to compare with the modeling approach in the literature [19], the accuracy
of the two modeling approaches is compared in this paper (as in Table 2). Table 2 shows
the following advantages over the modeling approaches in the literature [19]: first, it is less
sensitive to temperature measurement points; second, the accuracy of the model is two
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orders of magnitude higher with the same number of measurement temperature points;
third, the number of measurement temperature points required is less with the same model
accuracy requirement.

Table 2. Comparison results of models in different cases for LNA.

Number and Distribution of Measured

Temperature Points MSE
No. Temperature (°C) This Work Ref. [19]
3 —40; 25; 90 8.8737 x 1073 4.4758 x 10~1
3 —40; 40; 90 9.0481 x 1073 2.4478 x 10°
5 —40; —5; 25; 55; 90 8.6943 x 104 9.5745 x 102
5 —40; 0; 25; 30; 90 8.7042 x 104 5.6612 x 1071
6 —40; —15; 10; 35; 60; 90 8.3569 x 104 9.3036 x 1072
6 —40; —20; —5; 20; 50; 90 8.4327 x 104 4.8756 x 107!
7 —40; —15; 5; 25; 45; 65; 90 7.9783 x 1074 9.1069 x 1072
7 —40; —30; 0; 10; 40; 70; 90 8.1678 x 10~% 42132 x 107!
8 —40; —20; 0; 20; 40; 60; 80; 90 7.5237 x 107 8.8607 x 1073
8 —40; —25; —15; 0; 15; 35; 40; 90 7.6654 x 107> 6.8072 x 1072
9 —40; —20; —5; 10; 25; 40; 55; 70; 90 7.0612 x 107° 8.5492 x 1073
9 —40; —35; —5; 0; 15; 40; 65; 75; 90 7.1357 x 1075 6.5627 x 1072

This paper verifies the effectiveness of the proposed ELM-based RF amplifier modeling
method by taking a GaN PA of 0.5—2.1 GHz and a CMOS LNA of 50—450 MHz as examples.
It is also compared with the modeling method in the literature [19]. The modeling method
in the literature [19] is mainly based on measurement data and uses ELM for modeling. This
modeling approach needs to rely on a relatively large number of measurement points. If the
number of measurement points is too small, the model accuracy will be very poor because
the model has not learned the trends in many temperature points. In contrast, the modeling
method proposed in this paper mainly uses simulation data to build a coarse model first
and then calibrates the coarse model using measurement data, and this modeling method
only needs a few measurement data to achieve a high model accuracy.

From Tables 1 and 2, the modeling method proposed in this paper has the following
advantages, both for modeling PA and for modeling LNA: first, it is less sensitive to
temperature measurement points; second, the model accuracy is two orders of magnitude
higher than the model accuracy in [19] with the same number of measured temperature
points; third, only three temperature measurement points are required with the same model
accuracy requirement, while eight temperature measurement points are required in [19].

In summary, the modeling method proposed in this paper can not only model the
temperature characteristics of the RF amplifier but also significantly reduce the number of
measured temperature points while ensuring the model’s accuracy.

Finally, it should be noted that the data used for modeling in this paper are from static
simulation/measurement points. Additionally, the modeling of the dynamic behavior of
amplifiers is currently receiving more and more attention from the industry. The ELM
model used in this paper has not been verified as to whether it is suitable for modeling the
dynamic behavior of amplifiers, which is currently receiving a lot of attention. However,
the authors believe that the ELM model used in this paper can be used to model amplifiers’
dynamic behavior. This is because the ELM model used in this paper is a behavioral-level
black-box model, which only cares about the input and output variables and data, not
about the specific physical mechanism. Therefore, only the input and output variables
and data need to be known, and the ELM model can still be used for modeling. All that
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remains is adjusting and optimizing the model parameters until the model meets the
desired requirements.

5. Conclusions

In this paper, an ELM-based modeling method for the temperature characteristics of RF
amplifiers is proposed. Additionally, the effectiveness of this modeling method is verified
by taking PA and LNA as examples. The results show that the modeling method proposed
in this paper can realize the modeling of RF amplifier temperature characteristics and
significantly reduce the number of measured temperature points with very low sensitivity
to the temperature points while ensuring the model accuracy. Compared with the existing
modeling methods, the modeling method can effectively reduce the measurement time
and lower the cost. Furthermore, the model proposed in this paper can characterize the
static characteristics of RF amplifiers and be extended to model the behavior of dynamic
characteristics of RF amplifiers or other devices.
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software, S.Z. and C.Y,; validation, S.Z., C.Y. and J.W,; formal analysis, J.W.; investigation, S.Z.
and C.Y.; resources, ].W.; data curation, S.Z. and C.Y.; writing—original draft preparation, S.Z.;
writing—review and editing, C.Y. and J.W.,; visualization, S.Z. and C.Y.; supervision, J.W.; project
administration, ].W.; funding acquisition, ].W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Moreno Rubio, ].J.; Angarita Malaver, E.F,; Lara Gonzalez, L.A. Wideband Doherty Power Amplifier: A Design Approach.
Micromachines 2022, 13, 497. [CrossRef]

2. Balani, W.; Sarvagya, M.; Ali, T.; Samasgikar, A.; Kumar, P,; Pathan, S.; Pai, M.M.M. A 20-44 GHz Wideband LNA Design Using
the SiGe Technology for 5G Millimeter-Wave Applications. Micromachines 2021, 12, 1520. [CrossRef] [PubMed]

3. Zurek, P; Cappello, T.; Popovic, Z. Broadband Diplexed Power Amplifier. IEEE Microw. Wirel. Compon. Lett. 2020, 30, 1073-1076.
[CrossRef]

4.  Jing, X.;; Zhong, S.; Wang, H.; You, F. A 150 W Space-Borne GaN Solid State Power Amplifier for BeiDou Navigation Satellite
System. IEEE Trans. Aerosp. Electron. Syst. 2021. Early Access. [CrossRef]

5. Kuchta, D.; Gryglewski, D.; Wojtasiak, W. A GaN HEMT Amplifier Design for Phased Array Radars and 5G New Radios.
Micromachines 2020, 11, 398. [CrossRef] [PubMed]

6.  Chen, B; Lou, L.,; Tang, K.; Wang, Y.; Gao, J.; Zheng, Y. A 13.5-19 GHz 20.6-dB Gain CMOS Power Amplifier for FMCW Radar
Application. IEEE Microw. Wirel. Compon. Lett. 2017, 27, 377-379. [CrossRef]

7. Dmitriev, D.D.; Ratushnyak, V.N.; Gladyshev, A.B.; Tyapkin, V.N. Study of a Q-band Power Amplifier for Satellite Communication
Systems. In Proceedings of the 2021 International Siberian Conference on Control and Communications (SIBCON), Kazan,
Russian, 13-15 May 2021.

8. Lee, M.-P; Kim, S.; Hong, S.-J.; Kim, D.-W. Compact 20-W GaN Internally Matched Power Amplifier for 2.5 GHz to 6 GHz
Jammer Systems. Micromachines 2020, 11, 375. [CrossRef] [PubMed]

9.  Giofre, R; Colantonio, P.; Gonzalez, L.; Cabria, L.; De Arriba, F. A 300 W complete GaN solid-state power amplifier for positioning
system satellite payloads. In Proceedings of the 2016 IEEE MTT-S International Microwave Symposium (IMS), San Francisco, CA,
USA, 22-27 May 2016.

10. Ma, J.; Zhou, S. Experimentally Investigating the Performance Degradations of Power Amplifiers Against Temperatures. In
Proceedings of the 2020 International Conference on Microwave and Millimeter Wave Technology (ICMMT), Guangzhou, China,
19-22 May 2020.

11.  Zhou, S. Experimental investigation on the performance degradations of the GaN class-F power amplifier under humidity
conditions. Semicond. Sci. Technol. 2021, 36, 035025. [CrossRef]

12.  Gibiino, G.P; Cappello, T.; Niessen, D.; Schreurs, D.M.M.-P; Santarelli, A.; Filicori, F. An empirical behavioral model for RF PAs
including self-heating. In Proceedings of the 2015 Integrated Nonlinear Microwave and Millimetre-Wave Circuits Workshop
(INMMIiC), Taormina, Italy, 1-2 October 2015; pp. 1-3.

13. Jindal, G.; Watkins, G.T.; Morris, K.; Cappello, T. An RF Power Amplifier Behavioral Model with Low-Complexity Temperature

Feedback for Transmitter Arrays. In Proceedings of the 2021 IEEE MTT-S International Microwave Symposium (IMS), Atlanta,
GA, USA, 7-25 June 2021; pp. 442-445.


http://doi.org/10.3390/mi13040497
http://doi.org/10.3390/mi12121520
http://www.ncbi.nlm.nih.gov/pubmed/34945370
http://doi.org/10.1109/LMWC.2020.3026050
http://doi.org/10.1109/TAES.2021.3133343
http://doi.org/10.3390/mi11040398
http://www.ncbi.nlm.nih.gov/pubmed/32290236
http://doi.org/10.1109/LMWC.2017.2679047
http://doi.org/10.3390/mi11040375
http://www.ncbi.nlm.nih.gov/pubmed/32252460
http://doi.org/10.1088/1361-6641/abe65c

Micromachines 2022, 13, 693 13 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Ali, KM.; Sommet, R.; Mons, S.; Ngoya, E. Behavioral Electro-Thermal Modeling of Power Amplifier for System-Level Design. In
Proceedings of the 2018 International Workshop on Integrated Nonlinear Microwave and Millimeter-wave Circuits (INMMIC),
Brive La Gaillarde, France, 5-6 July 2018; pp. 1-3.

Mazeau, J.; Sommet, R.; Caban-Chastas, D.; Gatard, E.; Quere, R.; Mancuso, Y. Behavioral Thermal Modeling for Microwave
Power Amplifier Design. IEEE Trans. Microw. Theory Tech. 2007, 55, 2290-2297. [CrossRef]

Subramaniyan, H.K.; Klumperink, E.A.M.; Srinivasan, V.; Kiaei, A.; Nauta, B. RF Transconductor Linearization Robust to Process,
Voltage and Temperature Variations. IEEE |. Solid-State Circuits 2015, 50, 2591-2602. [CrossRef]

Liu, C.; Shi, C.-J.R. Design of the Class-E Power Amplifier Considering the Temperature Effect of the Transistor On-Resistance for
Sensor Applications. IEEE Trans. Circuits Syst. II Express Briefs 2021, 68, 1705-1709. [CrossRef]

Sira, D.; Larsen, T. Process, Voltage and Temperature Compensation Technique for Cascode Modulated PAs. IEEE Trans. Circuits
Syst. I Regul. Pap. 2013, 60, 2511-2520. [CrossRef]

Zhou, S.; Fu, H.; Ma, J.; Zhang, Q. A Neural Network Modeling Approach to Power amplifiers Taking into Account Tem-
perature Effects. In Proceedings of the 2018 IEEE/MTT-S International Microwave Symposium-IMS, Philadelphia, PA, USA,
10-15 June 2018.

Lin, Q.; Cheng, Q.F,; Gu, ].J.; Zhu, Y.Y.; Chen, C.; Fu, H.P. Design and Temperature Reliability Testing for A 0.6-2.14 GHz
Broadband Power Amplifier. J. Electron. Test. 2016, 32, 235-240. [CrossRef]

Chen, Y.L.; Yoshida, T.; Katayama, K.; Motoyoshi, M.; Fujishima, M. Evaluation of temperature dependence and lifetime of
79 GHz power amplifier. In Proceedings of the 2013 IEEE International Meeting for Future of Electron Devices, Kansai, Japan,
5-6 June 2013.

Kumar, P; Saurav, P; Jaiswal, S.; Jalan, P.; Mehra, G. Temperature stable 65 nm UWB CMOS LNA with 1.5 dB NF for K-Band
Applications. In Proceedings of the 2nd International Conference on Smart Electronics and Communication (ICOSEC), Trichy,
India, 7-9 October 2021.

Yang, C.; Feng, F. Multi-Step-Ahead Prediction for a CMOS Low Noise Amplifier Aging Due to NBTI and HCI Using Neural
Networks. |. Electron. Test. 2019, 35, 797-808. [CrossRef]

Xiao, L.; Shao, W.; Liang, T.; Wang, B. Efficient extreme learning machine with transfer functions for filter design. In Proceedings
of the 2017 IEEE MTT-S International Microwave Symposium (IMS), Honolulu, HI, USA, 4-9 June 2017.

Zhang, C.; Zhu, Y.; Cheng, Q.; Fu, H.; Ma, J.; Zhang, Q. Extreme learning machine for the behavioral modeling of RF
power amplifiers. In Proceedings of the 2017 IEEE MTT-S International Microwave Symposium (IMS), Honolulu, HI, USA,
4-9 June 2017.

Huang, G.B.; Zhu, Q.Y.; Siew, C.K. Extreme learning machine: A new learning scheme of feedforward neural networks. In
Proceedings of the. 2004 IEEE International Joint Conference on Neural Networks, Budapest, Hungary, 25-29 July 2004;
Pp. 985-990.

Huang, G.B.; Zhu, Q.Y.; Siew, C.K. Extreme learning machine: Theory and applications. Neurocomputing 2006, 70, 489-501.
[CrossRef]

Tang, ].; Deng, C.; Huang, G. Extreme Learning Machine for Multilayer Perceptron. IEEE Trans. Neural Netw. Learn. Syst. 2016,
27,809-821. [CrossRef] [PubMed]

Huang, G.-B.; Zhou, H; Ding, X.; Zhang, R. Extreme Learning Machine for Regression and Multiclass Classification. IEEE Trans.
Syst. Man Cybern. 2012, 42, 513-529. [CrossRef] [PubMed]

Zhang, Y.; Yuan, J]. CMOS Transistor Amplifier Temperature Compensation: Modeling and Analysis. IEEE Trans. Device Mater.
Reliab. 2012, 12, 376-381. [CrossRef]


http://doi.org/10.1109/TMTT.2007.907715
http://doi.org/10.1109/JSSC.2015.2453964
http://doi.org/10.1109/TCSII.2021.3066963
http://doi.org/10.1109/TCSI.2012.2215802
http://doi.org/10.1007/s10836-016-5571-7
http://doi.org/10.1007/s10836-019-05843-7
http://doi.org/10.1016/j.neucom.2005.12.126
http://doi.org/10.1109/TNNLS.2015.2424995
http://www.ncbi.nlm.nih.gov/pubmed/25966483
http://doi.org/10.1109/TSMCB.2011.2168604
http://www.ncbi.nlm.nih.gov/pubmed/21984515
http://doi.org/10.1109/TDMR.2011.2180388

	Introduction 
	Designed Circuits and Experiments 
	Modeling Process 
	Structure of the Model and the Process of Modeling 
	ELM Training Algorithm 
	Error of the Model 

	Modeling Results and Discussion 
	0.5-2.1 GHz GaN Class AB PA 
	S21 
	Output Power 

	50-450 MHz CMOS LNA 
	S21 
	The NF of the LNA 


	Conclusions 
	References

