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ABSTRACT This paper presents a novel technique for extracting the resistance (R) and inductance (L)
of an ultra-low capacitance PIN diode, a critical component in developing 5G mmWave reconfigurable
circuits and antennas. In the proposed method, a PIN diode is mounted on a microstrip transmission line
and biased by a DC biasing network and its S-parameters are measured. The measured S-parameters are
calibrated by the thru-reflect-line calibration to reduce undesirable effects from the measurement fixture.
Subsequently, the post-calibration transmission coefficient (S21) is fed into a deep neural network (DNN)
which has been trained with simulated S21 data obtained from a full-wave 3D electromagnetic simulation
software. The output of the DNN provides frequency dependent R and L values at the frequency range
from 27 GHz to 30 GHz. The results agree well the presumption that R decreases with the increase in
bias current and frequency, while L increases as the frequency increases. This result was obtained with a
MA4AGP907 p-i-n diode biased with three different forward currents i.e. 1 mA, 5 mA, and 7 mA.

INDEX TERMS Deep neural network (DNN), p-i-n diode, equivalent circuit, mmWave, TRL calibration.

I. INTRODUCTION
Reconfigurable antennas have played a significant role in
recent wireless communication technologies due to their
flexibility in operations, especially in the context of the
fifth generation (5G) [1], [2], [3]. These antennas enables
a compact design footprint of the antenna system due to
their multipurpose operational capabilities as the antenna
geometry can be adjusted dynamically. The reconfigurable
properties may include a frequency, pattern, polarization
reconfigurability, or a combination of these properties [4],
[5], [6]. For instance, a pattern-reconfigurable antenna
can provide multiple switchable beams that significantly
enhances the channel capacity, efficiency, and coverage of
the transmission system in urban vehicle communication [1].
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In practice, reconfigurable antennas can be realized by
employing various mechanisms, including changes in mate-
rial, optical, mechanical, and electrical characteristics [4].
Electrical reconfigurability mechanism has become a promis-
ing solution for the development of modern reconfigurable
antennas due to its simplicity and compact design. This mech-
anism utilizes radio frequency micro-electromechanical-
systems (RF MEMS) [7], varactor diodes [8], and p-i-n
diodes [1], [9], [10], to modify the properties of the antenna
electrically. Among these components, a reconfigurable
antenna using p-i-n diodes is widely developed due to its
fast-switching speed, low cost, precision control, and easy
integration capability [1], [9].
The p-i-n diode, which is a current-controlled resistor

at RF/Microwave frequency, is typically integrated into the
design of reconfigurable antenna to effectively modify the
electrical characteristics [2]. Fig. 1 depicts a sample image
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FIGURE 1. p-i-n diode sample and its equivalent circuit model [11],
where Rs is the series resistance under forward bias, and Rp is the
resistance connected in parallel with the total capacitance CT in the
reverse bias.

of a p-i-n diode and the representative equivalent circuit in its
forward and reverse bias state, respectively [11]. Electrical
characteristics of a p-i-n diode, e.g., R-L parameters in
forward bias, are crucial for designing and optimizing the
performance of reconfigurable antenna. For example, a small
change in the forward state resistance of the p-i-n diode
shifts the resonant frequency of the antenna [12], [13].
Therefore, accurate knowledge of the electrical parameters
of the diode must be obtained prior to designing and
optimizing the reconfigurable antenna. This parasitic com-
ponent can cause severe degradation in the overall system
performance due to inaccurate and unpredictable antenna
characteristics [14]. For this reason, a suitable method
that can accurately predict the parasitic elements of the
equivalent circuit for the p-i-n diode model is always in
demand.

Many researchers utilize specifications supplied by the
manufacturer to reflect p-i-n diode behavior, which is limited
to specific bias conditions or low frequencies [1], [2], [5].
To overcome the above issue, researchers have estimated the
electrical parameters of a diode with measured S-parameter
data in combination with an in-house extraction method
e.g., curve-fitting or analytical ABCDmatrix [15], [16], [17].
For instance, the curve-fitting method extracts the R-L
parameters of the diode by fitting its data to a equivalent
circuit obtained from a T-model or π -model. However, it only
provides a rough approximation of the results at a single
frequency point, and the accuracy is heavily rely on that
representation mathematical model. Additionally, the fitting
parameters are often correlated, making it challenging to
extract individual electrical parameters of the diode. It is
also sensitive to noise in the measured data since small
fluctuations can lead to severe errors in the extracted results,
particularly at high frequencies when the signal-to-noise
ratio is often low. An alternative method involving machine
learning (ML) to analyze the diode characteristics also exists,
but it only addresses overall system performance analysis
without directly extracting the electrical parameters of the
diode [18].
In this paper, we present a novel technique to extract the

parasitic properties of the MA4AGP907 p-i-n diode in its
forward bias state, specifically the R-L electrical parameters

since it is commonly used for developing a 5G high band
reconfigurable antenna [1], [10]. We designed a microstrip
transmission line (tx-line), incorporating a DC biasing net-
work and corresponding thru-reflect-line (TRL) calibration
tx-line standards [19]. The calibration enables accurate
extraction of the responses of the p-i-n diode while mitigating
unwanted effects stemming from the measurement fixture.
An optimal 7-hidden layer deep neural network (DNN)
model is proposed to extract the electrical parameters of
the diode, which has been trained with simulated data
obtained from a full-wave 3D electromagnetic simulation
software (HFSS). From the measured calibrated data of
the diode, we have successfully obtained its R-L electrical
parameters over a frequency range spanning from 27 GHz
to 30 GHz at various DC biasing currents, including 1 mA,
5 mA, and 7 mA.

This paper is organized as follows. Section II provides an
overview of the procedure for extracting the R-L parameters
of the p-i-n diode, starting from the design stage of the
proposed measurement fixture and culminating in the final
prediction stage using our in-house developed DNN model.
We also describe the design of the measurement fixture and
its corresponding TRL calibration, and the development of
our proposed 7-hidden layer DNNmodel. Section III presents
the measurement setup and data collection process for the
measured p-i-n diode model, based on our configuration
of the applied DC forward biasing conditions. Section IV
describes the measurement process and presents the cal-
ibrated results, followed by extracting the R-L electrical
parameters of the p-i-n diode. Finally, we summarize the
primary contributions of this work and provide a conclusion
to our research in Section V.

II. PROPOSED CHARACTERIZATION METHOD
AND IMPLEMENTATION
The flow chart in Fig. 2 illustrates the entire parameter
extraction process, encompassing two primary steps: the
design of the measurement fixture and the development of
the DNN model for extracting the R-L electrical parameters.
Initially, we must identify a suitable measurement fixture
that is capable of integrating a DC biasing network to
activate the functionality of the diode. It is important to
emphasize that solely the S21 of the diode will be utilized
to retrieve the R-L electrical parameters. This necessitates
an additional design and implementation phase for the TRL
calibration. Lastly, the calibrated measurement responses
are fed into the optimally trained DNN model to estimate
the electrical parameters of the p-i-n diode. The details of
the above-mentioned steps are provided in the following
subsection.

A. PROPOSED DESIGN OF MEASUREMENT FIXTURE
In our method, we employ a microstrip line based mea-
surement fixture. It contains a DC biasing circuit to control
the PIN diode providing different biasing points. It is worth
emphasizing that this research aims to attain a more accurate
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FIGURE 2. Flow chart of the proposed method.

estimation of the electrical parameters to the p-i-n diode,
particularly in its forward bias state. We try to encompass
every conceivable factors that might significantly influence
the overall performance of the characterization results. So,
we deliberately incorporated the DC bias circuit into the
design of the fixture in which the microstrip configuration
is the most promising structure for this purpose. The
fixture incorporated a single-pole-single-throw (SPST) DC
biasing mechanism which encompasses a series DC blocking
capacitor and a shunt RF choke. Fig. 3 provides a visual
representation of the comprehensive design of the proposed
measurement fixture.

The microstrip was designed to operate at the frequency
of 28 GHz with a 50 � impedance standard, utilizing an
RT/Duriod 5880 substrate (Dk = 2.20, Df = 0.0009) with
a thickness of 0.508 mm. We designed a quarter wave
transformer (QWT) for impedance transition to minimize
the impedance mismatches between the microstrip trace line
and the 2.92 mm connector (DC – 40 GHz). The overall
design integrates an interdigital capacitor (IDC) [20], and a
radial stub [21] to mitigate parasitic effects arising from the
non-ideal behavior of the low-frequency lumped components
in the DC biasing network. Design parameters essential for
the proposed measurement fixture (see Fig. 1) are presented
in Table 1. From the DUT fixture, we also design the three
corresponding Thru-, Reflect, and Line tx-line standards for
TRL calibration.

TABLE 1. Design parameters of the proposed measurement fixture.

B. DEVELOPMENT OF THE DNN MODEL
Another significant component of the proposed method
involves utilizing a DNN-based extraction approach, particu-
larly a supervised feed-forward network, to characterize the
R-L electrical parameter of the p-i-n diode. This AI-inspired
algorithm allows the computer to learn from known training
input data and makes predictions on other unknown data
based on the optimally trained model [22], [23], [24]. The
model consists of three main layers such as the input
layer, the hidden layer, and the output layer. The calibrated
S21 complex data is used as the input, while the R/L electrical
parameter is used as the output. The hidden layers encompass
multiple perceptrons, which are processing nodes computed
from a weighted sum model by assigning random weights
for each corresponding input and introducing a bias to
generate individual outputs. The outputs of each perceptron
in the first hidden layer are then forwarded as inputs to
the second hidden layer with its corresponding bias. This
process continues until the final hidden layer is reached,
and a suitable activation function, e.g., scaled exponential
linear unit (SELU), is employed to retrieve the output. The
mean squared error (MSE) is utilized as a cost function to
estimate the error between the actual and the predicted result.
The cost function is then minimized by using the Adam
optimizer, which employs the backpropagation algorithm
to provide suitable updated values for the weights and
biases [24].
Fig. 4(a) illustrates the single-frequency DNN model for

extracting the R-L electrical parameter of the p-i-n diode
from the S21 complex data. We introduced a 7-hidden
layer DNN model featuring a rhombus-shaped hidden layer
structure, wherein the number of the perceptrons is doubled
at layer transitions from the first to the fourth layer and then
halved in subsequent layer transitions. The SELU activation
function was applied to estimate the R/L parameter as
it mitigates the vanishing gradient problem, which could
lead to inappropriate weight and bias updates during the
learning process. Several hyperparameters involved in the
training process, such as the learning rate and training
epoch, have been fine-tuned to find optimal values once
the model achieves a testing accuracy of 95%. The learn-
ing rate is the increment utilized in the cost function
optimization process, while the training epoch denotes the
number of training iterations. The single-frequency DNN
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FIGURE 3. Proposed design of the microstrip measurement fixture, which the diameters are given in Table 1.

model was subsequently extended into a multi-frequency
model demonstrated in Fig. 4(b), covering our frequency of
interest spanning from 27 GHz to 30 GHz. In our method,
an optimal DNN model is completed once achieving the
above mentioned target training and testing accuracy. This
involves optimizing several crucial parameters, including the
number of hidden layers. It is worth noting that the number
of hidden layers can severely increase the model complexity
and training time consumption. After several trials on varying
the number of hidden layers, we determined an optimal
training performance with a 7-hidden layer model, which has
been discussed comprehensively in our recently published
works [26], [27].

It should be noted that the accuracy of the DNN model
significantly relies on the input training dataset, which can
increase the complexity of the model. Collecting plenty of
data requires an extensive amount of time, and a reasonable
range for the predefined parameters should be carefully
considered. The simplified equivalent circuit in Fig. 1
considered both diode packaging effect and the parasitics due
to soldering the diode on a PCB. From the measurement of a
p-i-n diode, its transmission response S21 has been captured,
calibrated, and processed for characterization which contains
the characteristics of its package and soldering effects in
addition to the diode. The simplified equivalent circuit of
the p-i-n diode in its forward bias consists of a series
connected resistance and inductance, and this circuit was
modeled in HFSS by varying one parameter at a time to
avoid possible failure due to excessive amount of simulations.
The data collection for the R/L parameter was predefined

TABLE 2. Simulation data collection of forward-biased p-i-n diode for
DNN model.

based on the component datasheet. For instance, a DNN
model to predict the p-i-n diode resistance in our method
comprises 80 simulations. These simulations are obtained by
varying the resistance from 0.25 � to 15 � with 0.25 �

increments, and a fixed inductance of 0.05 nH. Table 2
presents the configuration of the two DNN models used to
estimate the resistance and inductance of the p-i-n diode in
its forward bias state. It is worth noting that these collected
responses were later calibrated with the three TRL tx-line
standards to accurately obtain the de-embedded response of
the p-i-n diode before feeding it into the DNN model for
training.

III. MEASUREMENT SETUP
The proposed design of the DUT measurement fixture and
its corresponding tx-line standards for TRL calibration were
fabricated. Fig. 5 depicts the entire measurement setup, where
we connect the DUT test fixture to a network analyzer
(Anritsu MS46122B) for capturing the S21 responses of
the test sample. Simultaneously, a DC supply (ROHDE &
SCHWARZ NGE100) is employed to bias the p-i-n diode
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FIGURE 4. Schematic of the proposed 7-hidden layer DNN model: (a) Single-frequency, (b) Multi-Frequency.

at various biasing currents. A computer is used to set
up the measurement configuration and view the responses
of the measuring sample. Since we are interested in
measuring the R-L electrical parameters of p-i-n diode in the
5G high-band, a frequency range from 27 GHz to 30 GHz has
been designated for this measurement.

To mitigate the measurement uncertainties arising from
instruments and other essential components involved in
the measurement process, we performed a well-known
short-open-load-through (SOLT) calibration using the VNA
standard calibration kit. This calibration procedure effec-
tively eliminates inaccuracies attributable to measurement
equipment and redefines the reference plane of the measure-
ment from the VNA connectors to the 2.92 mm connectors
interface. However, an additional TRL calibration is applied
in our method to extend the measurement plane beyond the
connector and encompass the DUT section.

We measured the responses of the through, reflect, and
line tx-line standard for the TRL calibration, respectively.

These specific measurements do not require a DC power
supply, as there is no p-i-n diode integrated into the structure.
For the measurement of the p-i-n diode, a DC power supply
is connected to the bias TEE structure as illustrated in Fig. 3.
We measured the diode in three DC biasing conditions,
1 mA, 5 mA, and 7 mA. From the measured responses of
the DUT at each biasing current and TRL tx-line standards,
we applied the calibration to obtain only the response of
the p-i-n diode for each case. It is worth noting that there
were no significant changes in the DUT responses for other
biasing currents beyond 7 mA, based on the p-i-n diode
model used in our measurement. Therefore, we selected the
aforementioned three biasing conditions for the R-L electrical
parameter retrieval of the p-i-n diode using the DNN-based
extraction method in our research.

IV. RESULTS
The measurement data of the MA4AGP907 p-i-n diode was
calibrated with a TRL calibration technique, and we obtained
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FIGURE 5. Measurement setup.

the response of the diode for 1 mA, 5 mA, and 7mA
accordingly. In Fig. 6(a), both the reflection coefficient (S11)
and the transmission coefficient (S21) of the p-i-n diode are
depicted at a DC biasing current of 7 mA. We noticed that
the calibrated responses were improved significantly due to
the removal of the effects from the measurement fixture.
It should be noted that accurate calibration results are crucial
for this DNNmethod since it exclusively relies on the training
S21 complex data, which determines the transmissible power
based on the electrical properties of the diode. Fig. 6(b)
illustrates the calibrated responses for the three DC biasing
conditions of the p-i-n diode. Notably, there is a discernible
decrease in insertion loss as the biasing current is increased
from 1 mA to 7 mA. The fluctuations across the frequency
range of 27 GHz to 30 GHz can be attributed to the non-
constant R-L electrical characteristics of the p-i-n diode
within the observed frequency spectrum, and the specific
configuration of the measurement environment.

We compared the measurement results from multiple
test samples of the same p-i-n diode model, and obtained
similar results that assure the reliability of our measure-
ments. Furthermore, we provide a comparison between the
S21 responses of the p-i-n diode in Fig. 7 between our
calibrated data and the data provided by the manufac-
turer [28]. Our observations indicate that comparable results
were attained for the observed DC biasing current of 5 mA
in both datasets. However, our measurements tend to exhibit
slightly higher losses, attributable to the design of integrated
DC bias network in the test fixture and its corresponding
TRL calibration standards. Hence, the calibrated results are
applicable for subsequent processing with our DNN model,
facilitating the estimation of the R-L electrical parameters of
the p-i-n diode.

FIGURE 6. Measured S-parameters of the MA4GP907 p-i-n diode:
(a) Responses without(w/o) and with(w/) TRL calibration (DC bias
of 7 mA), (b) Calibrated responses of the diode at three DC biasing
currents (1 mA, 5 mA, and 7 mA).

The complex S21 information corresponding to each DC
biasing condition of the p-i-n diode has been input into our
trained DNNmodel. The estimated resistance and inductance
values are presented in sub-figures (a) and (b) of Fig. 8,
respectively. It is worth noting that the extracted results (R/L)
of a p-i-n diode are frequency-dependent. We determine
its resistance and inductance from the extracted results of
the DNN model for R and L prediction, respectively. Each
DNN model was configured to have one parameter fixed
while varying the other during training, e.g., fixed R while
varying L. This is to investigate the frequency-dependent
inductance with a minimal effect of the resistance and
reduce the simulation time by having a smaller number
of R-L permutations. Our method successfully retrieves
R-L parameters within the frequency range of 27 GHz
to 30 GHz, revealing gradual variations for all the applied
DC bias conditions. The estimated resistance shows a
consistent decrease as frequency increases, while it also
decreases when the DC biasing current is raised from 1 mA
to 7 mA. Given the substantial discrepancies losses in
the S21 of the measurement data and the datasheet [28],
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FIGURE 7. Comparison between the calibrated measurement data and
datasheet of the MA4AGP907 p-i-n diode.

we expect that the diode will provide higher resistance
values in the actual PCB implementation with DC biasing
network. As a result, we obtained the resistance of 11 �

at 28 GHz for the DC bias of 5 mA which is bigger
than the datasheet that affirms the correctness of our
estimated results. In contrast to resistance, the inductance
tends to increase with ascending frequency until around
28.5 GHz based on the prediction. A subtle difference
in the estimated results was observed for each case in
the frequency of interest. It is worth emphasizing that
our method can provide the R-L parameters extraction
in a frequency-dependent manner, significantly enhancing
the accuracy of p-i-n diode characteristic modeling in
simulations.

We offer a comparison between our proposed DNN-based
extraction method of the electrical parameters of p-i-n diode
and the relevant existing techniques, as detailed in Table 3,
to underscore the contribution and novelty of our approach.
It presents an alternative means of extracting the electrical
parameters of the diode within the 5G high band, specifically
spanning the frequency range from 27 GHz to 30 GHz.
The DNN-based extraction approach exclusively relies on
S21 information from the measured diode response. More-
over, our method demonstrates the potential for extracting
frequency-dependent characteristics over a given range with
moderate results by using full-wave 3D electromagnetic
simulation software. This simulation incorporates a DC
biasing network, enhancing the ability of the method to
yield emulated diode characteristics. Notably, our approach
exhibits proficiency in obtaining diode properties with a
reduced data input from measurements, a trait particularly
advantageous in contrast to analytical solutions. Analytical
methods often necessitate more information on the mea-
surement and assumptions for their calculations, which can
significantly impair the accuracy of the extracted p-i-n diode
electrical parameters. Our proposed method requires less
input data for p-i-n diode characterization, which is a useful
parameters for designing reconfigurable antennas within the
5G high band.

FIGURE 8. Predicted resistance and inductance of MA4AGP907 p-i-n
diode: (a) Resistance [�], (b) Inductance [nH].

V. CONCLUSION
This paper presented an alternative approach for extracting
the electrical parameters of a p-i-n diode in its forward bias
state using a DNN-based method, covering the frequency
range from 27 GHz to 30 GHz. The approach involves
training the proposed 7-hidden-layer DNN model which has
been trained with simulated S21 data obtained from HFSS.
After achieving a defined optimal model with a training
accuracy of 95%, we applied this model to estimate the R-L
parameters of p-i-n diode from the calibrated S21 responses.
Our proposed method is capable of providing a frequency-
dependent parameter extraction using solely S21 information.
This alternative and novel approach reduces errors in the
extracted parameters incurred with analytical or curve-
fitting methods. We validated our approach by extracting
the electrical parameters of the MA4AGP907 p-i-n diode
at Ka-band and obtained reasonable results. The extracted
resistance decreases as we increase the biasing current
from 1 mA to 7 mA, and also decreases as the frequency
increases. Meanwhile, the estimated inductance exhibits an
increasing trend with frequency, as indicated in our findings.
This information will be beneficial for researchers, working
on designing reconfigurable antennas at the 5G high band
using the aforementioned p-i-n diode model to optimize the
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TABLE 3. Comparison between the proposed DNN-based and other relevant methods of the electrical parameter extraction of p-i-n diode.

design based on the provided R-L electrical characteristics
of a p-i-n diode. The diode used for antenna design involves
only a small-signal input, hence the non-linear effects due
to high frequency were not considered in this research.
Additional investigation for this non-linear analysis of the
diode can be taken into consideration in future work.
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