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A B S T R A C T

This paper presents the extraction of an equivalent circuit model for PIN diodes and varactors in the millimeter
waves. This circuit model is handy for new communication applications involving, for example, electronic beam
reconfigurability, where diodes are commonly used. For parameter extraction, the proposed model includes
the effects of the device, the pads, and the gap underneath the device. From the measurement at various
bias points (varactor) or states (PIN diode), it is possible to extract an equivalent circuit to properly model
the behavior of these devices when using them to design reconfigurable elements. The results are validated
experimentally, obtaining an excellent agreement between the measurements and the equivalent circuit models
in a large frequency band up to 67 GHz.
1. Introduction

In the context of upcoming communication systems, there will be
a rise in their operating frequencies to circumvent the congested sub-
6 GHz spectrum and obtain greater bandwidth. The proposed frequency
range for future communications devices is in the millimeter-wave
frequency band (30–300 GHz) [1]. Nonetheless, this frequency range
poses an engineering hurdle as it leads to a remarkable increase in
the propagation losses of the wireless links [2]. To overcome this issue
efficiently, the radiating systems should increase their gain and have
the ability to reconfigure the direction of their main beam [3]. There-
fore, the integration of reconfigurability mechanisms for the radiation
pattern is strongly required in the next generation of radiating devices.

Several strategies have been proposed in the literature to give
reconfigurability to radiation patterns, among which the use of diodes
is one of the most widely adopted [4,5]. Specifically, most studies that
use diodes in their antenna designs do so for frequencies in the sub-
6 GHz band [6–10]. The main reason for not using diodes for higher
frequencies is their size since parasitics start appearing and becoming
significant for their electromagnetic performance [11]. This undesired
parasitic effects in diodes is due to how the diode is manufactured
and the packaging used for its integration and soldering. Generally, in
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research works reporting antenna designs with diodes for frequencies
below 6 GHz, the diodes have surface-mount device (SMD) packaging.
However, as the operating frequency increases for diodes with this
type of packaging, parasitic effects must be considered to predict their
behavior and produce an accurate design [12]. In addition, parasitic
effects also depend on the device assembly.

Another type of device packaging, named flip chip packaging, pro-
vides a broader frequency operating range. PIN diodes with this type
of packaging have been selected for prototypes above 10 GHz [13–
18]. With this packaging, the parasitic effects are mitigated, and the
circuit model of the diode is extended in frequency to use it in the
design process. The previous research works use a PIN diode that
allows the adoption of two states depending on the diode bias. There
is also another type of diode called varactor that, depending on the
bias voltage, allows a continuous variation of the value of a variable
capacitance located in its circuit model. Using this type of diode is
beneficial in antenna design since, for example, it allows a gradient in
phase for the radiating elements to be obtained. For this type of diode, a
commercial flip-chip packaged model has been used in several antenna
designs reported in the literature such as leaky-wave antennas [19,20],
phased arrays [21], transmitarrays [22] and, reflectarrays [23].
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The datasheets of the diodes mentioned in the previous research
works usually include information about some of their circuit pa-
rameters depending on their bias. Unfortunately, the circuit values
given are for certain frequencies or are incomplete. In addition, these
datasheets do not usually include the maximum operating frequency of
the diode, after which its performance starts to deteriorate due to the
appearance of parasitic effects. In order to bring light to this general
issue found in most PIN diode and varactor datasheets, this paper
presents a broadband RF modeling of these devices up to 67 GHz. This
characterization fills the gap about the unknown performance of com-
mercial diodes at millimeter-wave frequencies. In other words, it allows
us to know the circuit values that model the behavior of commercial
PIN and varactor diodes at this frequency range. This characterization
predicts the electromagnetic performance of reconfigurable RF devices
(such as antenna arrays) more accurately for this frequency range. It
is important to remark that the maximum operating frequency found
in all the above research works about reconfigurable antennas was
around 30 GHz. The broadband modeling has been performed on two
of the most commonly used diodes (PIN [24] and varactor [25]) for RF
designs above 10 GHz. These diodes have flip-chip packaging suitable
for millimeter-wave frequencies. In this paper, we will present the
broadband characterization and the equivalent circuits used to model
the performance of the diodes, their comparison with the circuit models
used so far, and the limitations of these diodes in the studied frequency
range (up to 67 GHz).

2. Equivalent circuit extraction

2.1. Measurement setup

The diodes chosen to be characterized in this work are MACOM
PIN diode MA4AGP907 and varactor MAVR-011020-1411. To prop-
erly characterize the electromagnetic response of both diodes, it was
decided to use a microstrip transmission line due to its low manu-
facturing cost, the possibility to cover the whole bandwidth of the
vector network analyzer (VNA), and the ease of soldering the diodes
onto the line. For this purpose, a through-reflect-line (TRL) calibration
kit was designed and manufactured over Rogers RO4003C substrate,
20 mils of thickness, and 𝜀𝑟 = 3.55. The line width is 1.22 mm for a
50 Ω characteristic impedance. The gap left for attaching the PIN diode
measures 350 μm, whereas the one for the varactor is 228 μm long.
The complete equivalent circuit presented in Fig. 1(a) will comprise
four blocks. Three will depend on the chip and how it is soldered,
whereas the last one will vary with the transmission line and gap size.
A photograph of the manufactured setup, including the welded diodes,
is shown in Fig. 2. Measurements are taken with a Keysight PNA-X
N5247B, from 1 to 67 GHz, using −5 dBm in each port. The PNA-X
employs internal bias tees on each port to bias the diodes.

2.2. Gap and pad modeling

As shown in Fig. 1, the model comprises four clearly differentiated
blocks. The first and third blocks, highlighted in orange, represent
the pads. The connecting pads can be effectively modeled as a 𝜋-
network [26,27], encompassing both pad capacitance and pad induc-
tance values. This 𝜋-network depiction adequately captures the pad
behavior when the pad length is below 10% of the effective wavelength
at the highest frequency, and its characteristic impedance remains
dispersion-free. The second block, highlighted in purple, encompasses
the intrinsic effects of the device and will be studied in depth in
Section 3.

The fourth block, highlighted in yellow, corresponds to the gap
where the varactor is placed. This gap can be modeled as a capacitor,
including capacitive effects, connected in parallel with a conductance
that will consider the radiation effects [28] and will vary with fre-
quency. The capacitors 𝐶 obtained are 28.5 fF for the varactor and
2

𝑔𝑎𝑝
Fig. 1. Equivalent circuit of the (a) complete measurement scheme, including pad and
gap effects, (b) intrinsic PIN diode (ON state), (c) intrinsic PIN diode (OFF state), (d)
intrinsic varactor. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 2. Photograph of the manufactured measurement setup, including TRL calibration
kit and welded PIN diode and varactor.

15.4 fF for the PIN diode, whereas the radiation resistance, 𝑅𝑔𝑎𝑝, can
be calculated as

𝑅𝑔𝑎𝑝 ≃
1

2𝜋√𝜀𝑟,𝑒𝑓𝑓
3

3𝜂0

(

𝑤
𝜆0

)2
, (1)

being 𝜀𝑟,𝑒𝑓𝑓 the effective relative permittivity of the microstrip line,
𝑤 the width, 𝜂0 the free space impedance, and 𝜆0 the free space
wavelength.

2.3. Fitting process

Once the calibration of the VNA has been performed, the S-
parameters, including the effects of the diodes, are measured. However,
these parameters are typically influenced by noise and measurement
errors. For this reason, to have a better starting point for extracting
the equivalent circuit of the diodes, a fitting of the S-parameters is
performed to approximate the response properly. Concretely, a rational
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fitting of the S-parameters [29] is carried out. It consists of finding a
rational function

𝐹 (𝑠) =
𝑁
∑

𝑘=1

𝐶𝑘
𝑠 − 𝐴𝑘

+𝐷, (2)

being N, the number of poles considered for the approximation. This
technique has proven to be quite efficient in controlling responses with
certain errors or resonant peaks to be eliminated [29].

The optimization procedure consists of first fitting the measured S-
parameters of the diodes, and subsequently, the processing is carried
out in MATLAB®. To obtain the equivalent circuit model, the optimiza-
tion starts at low frequencies to avoid the parasitic effects of the pads.
This way, we assume that the inductors and pad effects are negligible.
Once these values are obtained, we move up to high frequencies to
find optimal values of the rest of the elements. For this purpose, we
minimize the error function

min
𝑝

2
∑

𝑖=1

2
∑

𝑗=1

1
2
|

|

|

𝑆𝑓𝑖𝑡𝑖,𝑗 − 𝑆𝑒𝑞.𝑐𝑖𝑟𝑐𝑢𝑖𝑡𝑖,𝑗
|

|

|

2
, (3)

where 𝑆𝑓𝑖𝑡 are the fitted from measured S-parameters, 𝑆𝑒𝑞.𝑐𝑖𝑟𝑐𝑢𝑖𝑡 the ones
obtained from the equivalent circuit that is optimized as a function of
the elements in the circuit, and 𝑝 the circuit elements to be estimated.

3. Experimental validation

3.1. PIN diode

The PIN diode is modeled in two states, commonly named ‘‘ON’’
and ‘‘OFF’’. As mentioned previously, the equivalent circuit given in
the datasheet of the devices will be the initial guess for the parameter
considered to be fitted. We will use 15 mA forward current for the
ON state and 0 V for the OFF state, as there is no variation of the
behavior with different reverse bias voltages. The procedure starts
with the ON state, as the number of parameters to be optimized is
reduced. Subsequently, having fixed 𝐿𝑠, the values of 𝐶𝑜𝑓𝑓 and 𝑅𝑜𝑓𝑓 are
computed. The results are summarized in Table 1. The magnitude of the
equivalent circuit S-parameters is represented in Fig. 3. As seen, there
is an excellent agreement between measured results and those from the
achieved equivalent circuit for both states. The values obtained for the
intrinsic parameters of the PIN diode are pretty different from those
used in other packaging technologies, such as SMD, for reconfigurable
antennas up to 6 GHz. In this sense, the commercial PIN diodes Sky-
works SMP1345079LF (𝐿𝑠 = 0.7 nH, 𝐶𝑜𝑓𝑓 = 0.17 pF, 𝑅𝑜𝑛 = 1.5 Ω,
𝑅𝑜𝑓𝑓 = 1 MΩ) [6] NXP BAP65-02 (𝐿𝑠 = 0.6 nH, 𝐶𝑜𝑓𝑓 = 0.5 pF,
𝑅𝑜𝑛 = 1 Ω, 𝑅𝑜𝑓𝑓 = 20 kΩ) [8], or Infineon BAR50-02V (𝐿𝑠 = 0.6 nH,
𝐶𝑜𝑓𝑓 = 0.15 pF, 𝑅𝑜𝑛 = 4.5 Ω, 𝑅𝑜𝑓𝑓 = 5 kΩ) [9,10] show a difference in
their equivalent circuit of an order of magnitude in series inductance
(𝐿𝑠) or parallel capacitance (𝐶𝑜𝑓𝑓 ), which will clearly limit their use in
the millimeter-wave band.

3.2. Varactor

To model the varactor, we start from the model given in the
datasheet, composed of a series resistance (𝑅𝑠), inductor (𝐿𝑠), and
capacitor (𝐶𝑣𝑎𝑟), and connected in parallel with an extra capacitor
(𝐶𝑝𝑎𝑟), to model the parasitic effects of the varactor packaging. It is
specified by manufacturer that 𝑅𝑠 and 𝐶𝑣𝑎𝑟 should vary with the bias
voltage. However, there is no information about the possible values
of the elements in the equivalent circuit, nor how they change with
the bias voltage. The process is carried out in two stages. The initial
one considers 0 V bias voltage. The achieved results are summarized in
Table 1.

In the second stage, it is necessary to study how the capacitance 𝐶𝑣𝑎𝑟
and resistance 𝑅𝑠 vary when the bias voltage changes. The equivalent
circuit created will now be used as a starting point. Subsequently, the
S-parameter response is measured from 0 V to 20 V reverse voltage
3

Table 1
Extracted PIN diode and varactor parasitic model parameters.

PIN diode Varactor

Element Value Unit Element Value Unit

𝐿𝑠 30.3 pH 𝑅𝑠0𝑉 10.2 Ω
𝑅𝑜𝑛 4.2 Ω 𝐿𝑠 88.5 pH
𝐶𝑜𝑓𝑓 41.3 fF 𝐶𝑣𝑎𝑟0𝑉 234 fF
𝑅𝑜𝑓𝑓 100 kΩ 𝐶𝑝𝑎𝑟 9 fF
𝐿𝑝𝑎𝑑 120.2 pH 𝐿𝑝𝑎𝑑 42.8 pH
𝐶𝑝𝑎𝑑 13.4 fF 𝐶𝑝𝑎𝑑 11.7 fF

𝑉𝑗 1.8 V
𝑀 0.75 −

Fig. 3. Measured and equivalent circuit S-parameters of the PIN diode, using (a) 15 mA
forward current and (b) 0 V bias voltage.

in steps of 2 V. These data are used to find the optimum capacitance
values, following the equation

𝐶𝑣𝑎𝑟 = 𝐶𝑣𝑎𝑟0𝑉

(

1 +
𝑉𝑑𝑐
𝑉𝑗

)−𝑀
, (4)

being 𝐶𝑣𝑎𝑟 the capacity obtained using a reverse bias voltage 𝑉𝑑𝑐 .
rom (4), 𝑉𝑗 and 𝑀 are obtained directly. Their values are also indi-
ated in Table 1. Regarding 𝑅𝑠, we proceed similarly. In this case, in
he absence of any specific model for the variation of the resistance,
hat has been done is to sample the value at various bias points and

hen proceed with a polynomial fit. It has been found that the equation
ives the values that make the equivalent circuit fit best

𝑠(𝑉 ) = 0.016𝑉 2
𝑑𝑐 + 0.07𝑉𝑑𝑐 + 10.2. (5)

Once this variation has been calculated, the complete equivalent cir-
cuit of the varactor can be obtained. Fig. 5 shows the results of the
magnitude of S-parameters for 0 V, 6 V, 10 V, and 20 V. As can be
seen, there is an excellent agreement between measured S-parameters
and equivalent circuits. The variation of 𝐶𝑣𝑎𝑟 and 𝑅𝑠 with bias voltage
is represented in Fig. 4 for 𝑉𝑑𝑐 = 0...20 V.

To conclude the study, we studied how the response varies ac-
cording to the position of the diode. For this purpose, the varactor
was selected to be soldered in three different positions: upwards (top
position), sideways (side position), and backward (bottom position). A
photograph of the attached varactor can be seen in the insets of Fig. 6.
To model the variation produced by position, different 𝐿𝑝𝑎𝑑 have been
used, following the same procedure in the previous section. The values
obtained are 42.8 pF (top), 71.3 pF (side), and 100.2 pF (bottom),
respectively. As seen, the value of the pad inductance increases when
the length of the welding is longer, which physically makes sense,
and therefore expected. Finally, Fig. 6 includes the variation of S-
parameters with varactor position. As it is seen, the best way to increase
the useful bandwidth of the device is to place it in the top position. In
contrast, the parasitic response worsens when the varactor is positioned
sideways or downward, as expected.

For the sake of discussion, the transmission response (𝑆21 in mag-

nitude) of the proposed equivalent circuit model and the one usually
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Fig. 4. Variation of the varactor capacitance (𝐶𝑣𝑎𝑟) and resistance (𝑅𝑆 ) with the bias
voltage (𝑉𝑑𝑐 ).

Fig. 5. Measured and equivalent circuit S-parameters of the varactor, using (a) 0 V,
(b) 6 V, (c) 10 V, and (d) 20 V bias reverse voltage.

found in PIN diode and varactor datasheets (manufacturer model) are
compared in Fig. 7. Concerning Fig. 7(a), related to the PIN diode,
it can be seen for the two states (ON and OFF) the responses of the
two compared circuit models are similar up to about 20 GHz. From
this frequency, the difference between the two starts to diverge, where
the proposed equivalent model captures the behavior of the measured
PIN diode. Regarding Fig. 7(b), the difference between the two circuit
models is more pronounced from about 30 GHz onwards. Therefore,
the proposed equivalent circuit models reproduce better the PIN and
varactor diode behavior in the millimeter-wave frequency band.

3.3. Phase performance of the diodes

The key point in using PIN diodes and varactors for reconfigurable
device design is the range of phase variation that can be provided.
Therefore, studying how the phase varies as a function of bias voltage
and frequency is very convenient. Fig. 8(a) and (b) show the measured
and obtained 𝑆21 phase value of the PIN diode and varactor in the
bias point chosen in previous sections. As seen, there is an excellent
agreement between the phase values along the whole measurement
bandwidth. Slight deviations in low frequency are because the TRL
calibration kit designed, which included only one line was not intended
to cover the range below 5 GHz. This fact could be easily corrected by
using a Multiline TRL kit, but the focus is high-frequency parasitics.
However, what is important is the phase difference between states.
In this sense, a comparison between the range of phase differences
4

Fig. 6. Measured and equivalent circuit S-parameters of the varactor, welded in top
position (a), side position (b), and bottom position (c) using 𝑉𝑑𝑐 = 10 V bias reverse
voltage.

Fig. 7. Magnitude comparison between the measured 𝑆21, manufacturer model S-
parameter, and the equivalent circuit for (a) the PIN diode and (b) the varactor at
different bias voltages.

that can be achieved with the PIN diode in OFF–ON and varactor
states between 20 V and 0 V (reverse bias voltage) along the fre-
quency is presented. Fig. 8(c) shows the comparison, including the
manufacturer’s equivalent circuit, i.e., without pad and gap effects.
The values of the manufacturer models are computed for our intrinsic
equivalent circuit. As can be seen, the PIN diode allows a broader range
of phase variation than the varactor. However, the phase variation of
the varactor remains flatter with frequency, a point to consider for
broadband designs or in frequencies above 40 GHz. It can be seen
how, at this frequency, our design clearly fits the measured parameters
better than the manufacturer’s model. This fact is essential since it
indicates that the manufacturer’s model is valid up to about 40 GHz,
and the results are acceptable. However, above that frequency, it is
convenient to use the equivalent model that we propose to consider
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Fig. 8. Measured and equivalent circuit 𝑆21 phase of (a) the PIN diode and (b) the
aractor. (c) Phase difference comparison with the manufacturer model S-parameter of
he PIN diode and varactor at different bias voltages.

he real phase difference in the diodes studied. Despite this fact, it is
mportant to mention that the measurements, starting at approximately
0 GHz (for PIN diode) or 55 GHz (for varactor), begin to show a
ignificant deterioration due to unpredictable effects such as peaks and
nternal resonances of the device. These effects can hardly be corrected,
s they are even different depending on the chip used and its position,
omplicating the repeatability of the experiment. On the other hand, it
s also worth mentioning that the phase difference between states starts
o be very small at these frequencies. This fact can be observed in the
hase difference drop in Fig. 8(c).

.4. Comparison and practical considerations

Tables 2 and 3 compare the circuit values of PIN and varactor diode,
espectively, considered in some studies in the literature. Regarding
able 2, which considers the PIN model of this paper, it can be observed
hat most of the research works that use this diode model use the values
eported in one of the first characterization studies of this PIN diode
ealized up to 20 GHz [17]. In contrast, the present work performs a
haracterization up to 67 GHz. It considers the effect of pads, which
as been identified as necessary for the phase behavior at frequencies
bove 45 GHz [see Fig. 8]. The other part of the extrinsic model, the
ne related to the gap, is not included in the equivalent circuit but is
ntroduced in the electromagnetic simulator by entering the dimensions
f the corresponding gap.

Regarding the comparison with the research works that use the
ame varactor model, we note that no complete characterization of this
aractor has been done. Previously, some studies using this varactor
odel consider only the parasitic resistance and the capacity range
𝑣𝑎𝑟, the only information found in their datasheet [25]. In other
tudies, they complete the effects of the varactor circuit model by in-
luding the physical model in the electromagnetic simulator as applied
n [21]. In this way, the effect of the pads is also considered, taking into
ccount their impact for frequencies higher than 50 GHz. Therefore, to
btain accurate results of the diode behavior at frequencies higher than
0 GHz, it is essential to include either the corresponding S-parameters
through the equivalent circuits) or the complete physical model of the
iode to consider the parasitic effects. However, this information about
he internal elements/geometries of the diodes is not always available.

The research works in comparative Tables 2 and 3 show antenna
5

esigns where the PIN diode or varactor is employed to reconfigure
Table 2
Comparison with the research works where the equivalent circuits of the PIN diode
MA4AGP907 are extracted or used.

Ref. Freq. 𝑅𝑜𝑛 | 𝑅𝑜𝑓𝑓 𝐿𝑠 𝐶𝑜𝑓𝑓 Pads
(GHz) (Ω) | (kΩ) (pH) (fF) consideration

[13] 9–10 4.2 | 300 50 42 No
[14] 10.1 4.2 | 300 50 50 No
[15] 27–29 4.2 | 300 50 42 No
[16] 0.1–20 3.5 | 200 55 27 No
[17] 1–20 3.6 | 300 50 42 No
[18] 26–31 4.2 | 300 50 42 No

This work 1–67 3.4 | 100 30.3 41.3 Yes

Table 3
Comparison with the research works where the equivalent circuits of the varactor
MAVR-011020-1411 are extracted or used.

Ref. Freq. 𝑅𝑠 𝐿𝑠 𝐶𝑝𝑎𝑟 Pads
(GHz) (Ω) (pH) (fF) consideration

[19] 27–30 13.2 n. a. n. a. No
[20] 10.65 13.2 n. a. n. a. No
[21] 22–32 8 n. a.a n. a.a Yesa

[22] 29–31 7 n. a. n. a. No
[23] 15–26 7.5 n. a. 10 Yesa

This work 1–67 10.2b 88.5 9 Yes

a It is taken into account in the electromagnetic software by introducing the physical
diode model.
b It depends on the bias voltage [see Eq. (5)].

the radiated beam electronically. Modifying the main beam direction
is mainly due to the change of the relative phase shift between the el-
ements forming the antenna array. The maximum operating frequency
found in these antenna designs is 32 GHz. For a reconfigurable antenna
design with a higher operating frequency, it would be more accurate
to use the proposed equivalent circuit models for PIN diodes and
varactors, as these would capture the phase behavior provided by these
diodes up to 67 GHz. Consequently, the electromagnetic simulation at
the design stage is more accurate, and the expected behavior of the
fabricated prototype is more predictable.

4. Conclusion

In this work, we have proposed a broadband parasitic model for
PIN diodes and varactors up to 67 GHz. For this purpose, the diodes
were mounted on a microstrip line, and their responses were measured
at different bias points and soldering positions. Subsequently, a model
with several parasitic effects, including the gap and pads, has been
modeled and optimized to ensure that its frequency response is similar
to that of the measured varactor. Finally, it has been verified that
there is an excellent agreement between the measurements and the
response of the equivalent circuit models proposed, showing that the
useful bandwidth can reach up to approximately 55 GHz. In contrast,
the PIN diode is up to about 50 GHz. This modeling has not been
reported yet, and it will be helpful to perform more accurate designs
using these diode models and properly know their frequency limits
since the manufacturer does not provide this information.
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