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ABSTRACT

In this paper, behavioral modelling of a driver amplifier is implemented by using S2P and S2D model setup. By

using the standard silicon-based driver amplifier for obtaining the measured results of Scattering (S-parameters and

large signal parameters for temperatures 25 °C and 85 °C. These parameters are imported into the S2P and S2D

models to perform the small signal and large signal analysis at 3 GHz frequency for temperatures 25 °C and 85 °C.
Then, the simulated results are compared with the measured results to verify the efficient utilization of behavioral

models. The novelty of this work deals with the simulation study of the characteristics of a silicon-based driver

amplifier, which are obtained directly from the measurements. This proposed method is essential for performing

hetero-integration of transceiver design, which can be further utilized to improve the efficiency of transceiver for

high-frequency band. At last, the study of relative error performance analysis between measured and simulated

results of different parameters is carried out and calculated value of NMSE (in %) for S11, S12, S21, S22, gain, pout,

1 dB compression point, ACP, 3rd harmonics, 4th harmonics, and 5th harmonics are 0.0083, 0.0055, 0.0086, 0.011,

0.0844, 0.814, 0.926, 0.71, 0.22, 0.012 and 0.070 respectively.
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1. INTRODUCTION

In modern times, Power amplifier (PA) has become
the most demanding and promising circuit topology
in the field of advanced wireless technology for effi-
cient energy consumption and low transmitting ex-
penses. With the utilization of circuit level, [1, 2] or
behavioral models [3–5], a veracious modelling tech-
nique is required in the design of power amplifier.
As compared to circuit-level models, behavioral mod-

els are much preferred because of the easy modelling
method. The basic behavioral modelling of power
amplifiers includes small signal analysis [6]. From
this, small signal gain and basic linearity analysis
can be carried out. However, a complete nonlinear
analysis of the device under test (DUT) cannot be
performed. Therefore, to study the accurate nonlin-
ear behavior of power amplifiers, large signal analysis
is required [7–9]. Furthermore, for the characteriza-
tion of power amplifiers, behavioral models with some
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mathematical formulation must be included. Most of
the simulation and computer-aided engineering-based
software, such as Keysight’s Advanced design system
(ADS), is utilized to furnish the in-built behavioral
models (such as S2D and P2D models) of PA with
S-parameters [10, 11], 1 dB gain compression point
and third order intercept point (IP3) for analyzing
the large signal simulation.
In this work, importing of S2P and S2D models

is being employed for the characterization and mea-
surement of the driver amplifier. We have developed
a pathway to incorporate the amplifier‘s experimen-
tal results in an EDA tool(for this case, it is ADS)
through S2D model file. This proposed approach
is required when we are doing hetero-integration of
the transceiver design, like some modules are on
GaN/GaAs substrate and some modules are on Si
or SiGe substrate. This kind of hetero-integration is
utilized to increase the efficiency of the transceiver
in the high-frequency range, like 6G. For getting an
esteemed performance or formation project of any
kind of hetero-integration platform, we require the
proposed model that serves as a bridge between real-
world measurements and simulation in ADS. When
we know about the internal structure of the circuit,
then we can easily simulate it on the ADS tool. But
on the other hand, we don’t know about their internal
circuit, like proprietary elements whose internal cir-
cuits are protected by industry IPs. Then, in order to
forecast these performances in a transceiver system,
we have only one pathway, which is measuring it and
putting it in an ADS tool. Thus, this paper focuses
on designing a model by which we can incorporate the
experimental results of the device inside an ADS tool
to forecast its behavior when used in a transceiver
system. Thus, we require measurement data to rep-
resent the behavior of the driver amplifier inside the
ADS tool. By using the behavioral model of PA, it is
quite straightforward to perform the small signal and
large signal simulation. Also, the impact of the tem-
perature on measurement and simulation is analyzed
for temperature (T) = 25°C and 85°C. The paper is
organized as follows: Section II describes the basic
structure of S2D modelling. Section III describes the
measurement setup and the related procedures. Sec-
tion IV presents the results and the discussion, and

finally, Section V concludes the paper.

2. PROPOSED MODEL AND
CONFIGURATION

There are many behavioral model examples avail-
able in the electronic design automation (EDA) tool
for the extraction of small signal and large sig-
nal parameters. In the ADS environment, the S2P
model is available for small signal analysis of ac-
tive and passive element-based circuits [12]. Here,
All the S-parameters, i.e., input return loss (S11),
small signal gain (S21), output return loss (S22),
and insertion loss (S12), can be extracted by per-
forming the S-parameter analysis for a particular
range of frequency. For large signal analysis, the
AMPS2D model setup is available in the ADS tool.
Here, Radio-frequency (RF) parameters can be ex-
tracted by simulating the harmonic balance of the
AMPS2D model setup containing the S2D file from
the measured large signal parameters data. The basic
flowchart of the S2P and S2D model-based simulation
setup is given in Figure 1.

2.1 Steps for S2P model setup

1. First, start the ADS with the design environ-
ment window and open the S2P model setup in
the schematic cell view.

2. Then, prepare the S2P file with the measured
data in a predefined format and import it into
the S2P model setup.

3. Start the S-parameter simulation to perform the
small signal analysis.

4. Lastly, open the data display window to see the
simulation result of the S-parameter.

2.2 Steps for S2D model setup

1. First, start the ADS and open the schematic
window in the ADS design environment.

2. Then, prepare the S2D file in the predefined for-
mat according to the measured data type and
import it into the S2D model setup.
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Figure 1: Design Workflow chart of S2P and S2D modelling.

3. Start the Harmonic Balance (HB) simulation to
perform the large signal analysis (namely, one-
tone and two-tone HB simulation).

4. Lastly, open the data display window to see the
simulated results of 1-tone and 2-tone analysis
in a separate window.

3. MEASUREMENT PROCE-
DURE

The measurement setup for small signal and large sig-
nal analysis can be performed for analyzing the non-
linear characteristics of RF PA (ZX-60-63+) from
Mini-circuits [13] biased at 5V,80 mA as shown in
Figure 2. In order to observe the impact of temper-
ature on small signal and large signal analysis, we
have tested and verified the outcomes of RF PA at
two temperatures, i.e., 25 °C and 85 °C.

3.1 Small signal analysis of PA

The small signal parameters (S-parameter) are mea-
sured by performing the small signal analysis of RF
PA. The measurement setup for S-parameter analy-
sis consists of a PNA network analyzer N5221A, RF
testing cables, and RF PA. After completing the cal-
ibration of PNA for 2 ports [14], all the S-parameters
are measured for the frequency ranging from 50 MHz

Figure 2: (A) Measurement setup configuration (B)
Measurement setup of 1-tone analysis for output
spectrum of PA (C) Measurement setup of 1-tone
analysis for Adjacent channel power (ACP) (D) Mea-
surement setup of 2-tone analysis of PA for third or-
der intercept (TOI).

to 8 GHz with a step of 500 MHz. The measured
S-parameters are saved in .csv file format. Then, the
S2P file containing measured S-parameters of stan-
dard PA is imported into the S2P model of the ADS
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software, and the small signal analysis within the
same frequency range for 50-ohm termination. All
the simulated S-parameters are available in the data
display window of the simulated cell view.

3.2 Large signal analysis of PA

The measurement setup is the same as the small sig-
nal analysis. The only difference is that all the mea-
surements are carried out with power sweep instead
of frequency as in the case of small signal character-
ization. On PNA setup, Gain compression analysis
(GCA) is performed. The gain of PA is calculated by
using Eq.1. The measurement of large signal analy-
sis can be performed in two ways, i.e., one tone and
two tones. It is noted that after importing the mea-
sured data in the AmpS2D model, a simulation is
performed for 1-tone and 2-tone analysis, and results
are generated from the same AmpS2D model. The
description of measurement setup and procedure of
1-tone and 2-tone analysis of PA is given in sections
3.2.1 and 3.2.2, respectively.

Gain(dB) = POUT[dBm] − PIN[dBm] (1)

3.2.1 1-tone analysis of PA

The 1-tone PA measurement setup consists of a DC
supply with a multi-meter, MXA N9020A spectrum
analyzer (SA), EXG N5172B signal generator (SG),
and PA. The large signal parameters are measured
by selecting the standard gain compression mode for
the swept input power per frequency. For this type
of measurement, input power from port 1 of PNA is
swept from -30 dBm to 20 dBm with a step of 0.2.
Port 2 of PNA is connected to the other terminal
of PA to display the measurement results. Figure
2(B) shows the output spectrum of PA biased at 5V,
80 mA for 3 GHz frequency. Figure 2(C) shows the
ACP analysis of PA biased at 5V,80 mA for 3 GHz
frequency.
The measured large signal parameters can be saved

in .csv file format. The exported data contain the
measured output power with respect to input power.
Then, the measured data are saved in the S2D file
format, which contains both the S-parameters (as ex-
plained in section 3.1) and large signal parameters

(Gain, output power, Harmonics, etc.) with respect
to the swept input power for 3 GHz frequency. Then,
this S2D file is imported into the behavioral model of
PA given in the ADS tool, i.e., S2D model. Finally,
the simulation setup of large signal analysis of PA
having HB simulator with swept power and imported
S2D file-based amplifier model is run to perform the
simulation.

3.2.2 2-tone analysis of PA

The 2-tone PA measurement setup consists of a DC
supply with a multimeter, spectrum analyzer (SA),
signal generator (SG), Rat-race coupler (RRC) as
power combiner [15], and PA biased at 5V, 80 mA.
For 2-tone analysis, both the PNA and SG are set
with the same amplitude of input power of 5 dBm.
However, the operating frequency of PNA and SG is
set at 3.01 GHz and 2.99 GHz, respectively. One sig-
nal is given to port 1 of RRC and the other one is
given to port 3 of RRC. The RRC acts as a power
combiner between the power signals of port 1 and
port 3. The resultant output is a combined power
signal, which is taken out from port 3 and given to
the SA. It is noted that port 4 is kept isolated for the
entire measurement procedure. The whole measure-
ment procedure is carried out at a center frequency
of 3 GHz with a frequency spacing of 20 MHz. The
display of the measured two-tone spectrum is shown
in Figure 2(D).

4. RESULT AND DISCUS-
SION

In this section, PA measurements and simulation re-
sults of S-parameters, as well as gain and output
power versus input power for for T = 25 °C and T=
85 °C, are represented as shown in Figure 3(A) and
Figure 3(B). The value of output power is 15.94 dBm
for 0 dBm input power, and the corresponding gain
is 15.90 dB. It is observed that the output power of
the PA is increasing up to 5 dBm input power. Af-
ter a further increase in input power, the value of
output power becomes saturated, which is said to be
saturated power (Psat). The 1 dB compression is
normally defined as the corresponding output power
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for which the gain drops by 1 dB. Here, the 1 dB
compression point at 5 dBm input is 24.4 dBm. The
value of measured and simulated gain of the PA is
constant up to 0 dBm input power. After that, the
value of gain starts decreasing linearly on increasing
the swept input power. The trajectory of the slope
of gain is opposite to the slope of the output power.
This can be clearly explained by seeing the gain ex-
pression in Eq.1.

Figure 3: Measured and simulated result of (A) S-
parameters, (B) Gain and Output power, (C) 3rd,
4th, and 5th order harmonics, and (D) AM-AM and
AM-PM vs input power for one-tone measurement.

Also, after the completion of the measurement of
ACP analysis at 3 GHz, 5 dBm input power signal,
obtained ACP is -65.8 dBc. Figure 3(C) shows mea-
sured and simulated results of the 3rd harmonics, 4th

harmonics, and 5th harmonics for different values of
output power. It is observed that values of 3rd har-
monics and 5th harmonics are more than -20 dBc
which is required for better linearity of PA. Figure
3(D) shows the AM-AM and AM-PM plots for mea-
sured and simulated results of PA. The measured and
simulated results of P1dB (dBm) are compared for T
= 25°C and 85°C in Figure 4. To analyze the two-
tone measurement of PA, Figure 5 shows the mea-
sured and simulated results of the output spectrum

for 25°C and 85°C. By observing the results, it is
seen that the value of output power for two-tone fre-
quencies (2.99 GHz and 3.01 GHz) is 22.91 dBm and
22.90 dBm for 25°C, respectively. Similarly, the out-
put power value for 85°C is 22.87 dBm and 22.85
dBm.

Figure 4: Measured and simulated results of P1dB
(dBm) for one-tone measurement.

Figure 5: Measured and simulated results of Output
spectrum for two-tone measurement.

NMSE =

∑N
i=1 (Ymeasured − Ysimulated)

2∑N
i=1 (Ymeasured)

2
(2)
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RMSE =

√∑N
i=1 (Ymeasured − Ysimulated)

2

N
(3)

MAE =

∑N
i=1 (Ymeasured − Ysimulated)

N
(4)

It is observed that the simulated results of the S-
parameter and large signal analysis of PA are similar
to the measured results with some magnitude vari-
ations (in dB), which can be calculated as an error.
This error shows the deviation of the simulated value
from the measured value.
The simulated results are lower than the measure-

ment, which can be attributed to several factors that
may affect the accuracy of the simulation despite the
direct import of measured data into ADS. These fac-
tors can include:

• Model Fidelity: The behavioral S2D model used
may not perfectly capture all the intricacies of
the real-world power amplifier. It simplifies the
device’s behavior and may not account for all
the effects, leading to differences in simulation
results.

• Measurement Setup: Even though the mea-
sured data is imported directly, the accuracy
of measurements can be influenced by factors
like test equipment calibration, environmental
conditions, and setup variations. Small discrep-
ancies in measurement accuracy can lead to
differences in simulation results.

• Frequency Dependency: The behavior of ampli-
fiers, especially at high frequencies like 3 GHz,
can vary significantly with frequency. If the
measurements and simulations are not carried
out at exactly the same frequency, it can result
in variations in the gain and power output.

• Nonlinear Effects: Power amplifiers can exhibit
nonlinear behavior, and the simulation model’s
representation of these nonlinear effects may
not be perfect. This can lead to discrepancies
in large signal parameters like output power
and gain.

• Model Tuning: Behavioral models may require
fine-tuning and calibration to match measured
results accurately. If this tuning is not done
rigorously, it can result in differences between
simulation and measurement.

• Parameter Extraction Errors: The process of
extracting S-parameters and other parameters
from measurements and importing them into
the S2D model can introduce errors. These
errors can propagate through the simulation,
leading to variations in the results.

• Load Mismatch: Mismatches between the
load conditions in the measurement setup
and the simulation can affect the results. If
the load conditions in the simulation are not
well-matched to the measurement setup, it can
lead to differences in gain and power.

• Device Variability: Power amplifiers can exhibit
manufacturing variations. If the measured
device and the simulated device have inherent
differences in their characteristics, this can lead
to variations in gain and power.

All the above factors can greatly affect the similar-
ity between experimental and simulation results. The
performance analysis of relative error between mea-
sured and simulated results of different parameters
can be performed by calculating the error matrices
such as Normalized mean square error (NMSE), Root
mean square error (RMSE), and Mean absolute error
(MAE). NMSE is defined as the ratio of summation
of the square of the difference between the Ymeasured

(measured) and Ysimulated (simulated) data and sum-
mation of the square of Ymeasured (measured) data for
N (number of residuals) as given in Eq.2. It is gen-
erally used to measure the normalized error between
measured and simulated data. From Eq.3, RMSE is
defined as the square root of the mean square error
for N residuals. It is used to measure the standard
deviation between the simulated and measured data.
From Eq.4, MAE can be defined as the average of the
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Table 1: Comparison of measured and simulated outcomes of PA for T= 25°C & T= 85°C
Parameters for T= 25°C for T= 85°C

Measured Simulated NMSE RMSE MAE Measured Simulated NMSE RMSE MAE
S11 (dB) -15.68 -15.86 8.31E-05 0.18 0.00415 -15.98 -16.11 4.16948E-4 0.13 0.00335
S12 (dB) -23.56 -23.74 5.59E-05 0.16 0.00452 -23.86 -23.99 4.44063E-4 0.11 0.00372
S21 (dB) 21.9 21.72 8.60E-05 0.18 0.00462 21.6 21.47 4.13958E-4 0.13 0.00382
S22 (dB) -15.61 -15.79 1.10E-04 0.17 0.00442 -15.91 -16.04 3.9041E-4 0.12 0.00362
Gain (dB) 17.01736 16.51736 8.44E-04 0.5 0.00249 16.71736 16.26736 3.4372E-4 0.45 0.00169
Pout (dBm) 17.43309 16.23309 0.00814 1.2 0.00597 17.13309 15.98309 0.00764 1.15 0.00517

1 dB Compression point (dBm) 24.4 23.3 0.00926 1.1 0.0067 24.1 23.05 0.00876 1.05 0.0059
ACP (dBc) -65.8 -66.9 0.00713 0.11 0.00575 -66.1 -67.15 0.00663 0.06 0.00495

3rd Harmonics (dBc) -78.6003 -81.1003 0.00225 2.5 0.02358 -78.90031 -81.35031 0.00175 2.45 0.02278
4th Harmonics (dBc) -205.396 -207.896 1.22E-04 2.4 0.02158 -205.6962 -208.1462 3.7774E-4 2.35 0.02078
5th Harmoinics (dBc) -152.397 -154.897 7.04E-04 2.5 0.02458 -152.6971 -155.1471 2.03873E-4 2.45 0.02378

squared difference between the measured and simu-
lated data. It is used to measure the variance of N
residuals.
Table 1 shows the comparative summary of rel-

ative error performance for different simulated and
measured parameters for 25 °C and 85 °C. The value
of N for S11, S12, S21, S22, and ACP is 39. For gain,
pout and 1 dB compression point, N = 201 and for
3rd harmonics, 4th harmonics, and 5th harmonics, N
= 106. It can be seen that the RMSE value for ACP,
i.e., 0.11, is less as compared to other parameters.
The value of MAE, i.e., 0.00249, is less for gain, and
the value of NMSE, i.e., 0.0000559, is less for S12 as
compared to other parameters. The overall perfor-
mance of NMSE is better compared to the other 2
error matrices. It is due to the existence of less value
of deviation between measured and simulated results.

5. CONCLUSION
This paper focuses on designing a model by which we
can incorporate the experimental results of the de-
vice inside an ADS tool to forecast its behavior when
used in a transceiver system. Thus, we require mea-
surement data to represent the behavior of the driver
amplifier inside the ADS tool. The behavioral model
of the driver amplifier is utilized for verifying the non-
linear characteristics of a driver amplifier. The mea-
sured S-parameters and large signal parameters are
imported into S2P and S2D model setups in respec-
tive file formats in order to perform small signal and
large signal simulations. Then, the obtained simu-
lated results are compared with the measured results

to verify the importance of the behavioral model in
the characterization of the silicon-based driver ampli-
fier. The error occurring between measured and sim-
ulated results for different parameters has been ac-
curately estimated. Among 3 error matrices, NMSE
shows the lower value of deviation. The calculated
value of NMSE (in %) for S11, S12, S21, S22, gain,
pout, 1 dB compression point, ACP, 3rd harmon-
ics, 4th harmonics, and 5th harmonics are 0.0083,
0.0055, 0.0086, 0.011, 0.0844, 0.814, 0.926, 0.71, 0.22,
0.012 and 0.070 respectively. For future extension of
this work, instead of using circuit-level simulation, a
model-based setup can be utilized for the design and
characterization of the driver amplifier. After imple-
mentation of the model-based setup of PA, accuracy
can be greatly improved with a low value of error and
performance analysis becoming fast. This work can
be utilized to determine the influence of the driver
amplifier properties on the driver amplifier measure-
ments via simulation.
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