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Anıl Karatay, Enes Ataç and Fatih Yaman

Abstract

Doppler radar systems have an essential role in various applications, in-
cluding aviation, weather forecasting, and military surveillance. However,
their high fabrication costs and heavy weight may limit their utilization in
rapid prototyping, small-scale applications, and seamless transportation.
To address these challenges, a novel papercraft-based approach for pro-
ducing the entire Doppler radar system’s horn antenna, hybrid tee, and
short termination components in the X-band was investigated with details
in this study, alongside conventional aluminum and 3D printing methods.
This paper presents the rst attempt to develop a Doppler radar using
papercraft-based manufacturing. The papercraft-based approach is cost-
eective, lightweight, exible, and readily available, oering a promising
route for improving and fabricating Doppler radar systems that are both
aordable and accessible, particularly in resource-limited settings. The
experimental results show that the papercraft-based components can per-
form comparably to conventional aluminum-based and 3D-printed com-
ponents, making it an innovative and cost-eective solution for fabricating
Doppler radar systems.

radar, antenna, coating, additive manufacturing, papercraft

1 Introduction

Doppler radar systems have become indispensable tools having a wide range of
application areas from military surveillance, weather forecasting, and biomed-
ical applications to space exploration and aviation since the detection and
measurement of object velocity and motion are critical in today’s advanced
technology [1–9]. They are capable of detecting and tracking moving objects
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by measuring the frequency shift of the electromagnetic waves reected from
the objects. Although traditional Doppler radar systems provide accurate, ef-
fective, and high-quality data about events [10, 11], they are often costly and
heavy [12], which limits their accessibility and applicability in resource-limited
environments and small-scale applications. Recent advancements in fabrica-
tion technologies have opened up new opportunities for developing low-cost and
lightweight radar systems. Among these, additive manufacturing (AM), called
3D printing, has been increasingly used for producing radar components due to
its ability to create high-precision complex shapes and waste reduction [13–18].
However, 3D printing still requires specialized equipment and materials, which
may not be available in certain circumstances. Therefore, origami-based com-
ponents, providing mobility and easy deployment, have received much attention
in recent years [19, 20].

Papercraft, is the art of creating three-dimensional objects using paper, has
been gaining popularity among hobbyists and artists due to its versatility and
accessibility. Its applications extend beyond the realm of art and craft, with
papercraft being used in various elds, including architecture, engineering, and
even medicine. Although papercraft may incorporate other techniques such as
cutting, gluing, and assembly to create more complex and varied forms, it shares
many similarities with origami, as it involves the use of paper as a primary ma-
terial and requires skillful folding techniques to create intricate designs [21]. In
recent years, origami techniques have received considerable attention in antenna
systems since it is anticipated to have major impact in future communication,
sensing, and military applications [22–26]. It provides practical solution for
creating low-cost, lightweight, and deployable antennas, which are especially
useful for military communication in the microwave frequency range [27–29].
Compared to bulky conventional satellite antennas that require vehicular trans-
port, deployable origami antennas made from paper sheets and conductive tape
can be easily carried by military personnel and folded into antennas at desired
locations without requiring additional tools. The capability to atten previ-
ously folded structures for reusability, thereby ensuring ease of transportation,
and the possibility of re-folding and adhering as needed, emerges as a signicant
advantage. This makes them a highly attractive option for military applications
where mobility and portability are critical [30]. Additionally, origami folding
can help to miniaturize antenna size, making them suitable for transportation
and easy deployment in various locations. Therefore, the innovative use of pa-
percraft in the fabrication of radar components may also provide a promising
solution for creating low-cost, lightweight and accessible radar systems. For
instance, their ease of transport and adaptability make them highly valuable
in scenarios such as earthquakes, structural collapses, and search missions in
remote wilderness areas. On the other hand, on-chip commercially available
miniaturized radar sensors are present in the market; however, these systems
are not only costly but also highly sophisticated devices from fabrication point of
view [31]. Conversely, papercraft-based radar systems maintain a cost below 3,
and employ signicantly lightweight horn antennas with high gain. By capital-
izing on the aordability of both the paper and the conductive tape used as the
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coating material, it becomes possible to realize an exceptionally cost-eective
radar system [32].

This paper presents a novel approach to microwave component design by
proposing and realizing, to the best of our knowledge for the rst time, a fully
functional complete Doppler radar system operated by papercraft-based compo-
nents. We mainly focus on three key components of the Doppler radar system:
a pyramidal horn antenna, a hybrid tee, and a short termination, excluding
the signal generator and detector sections. While horn antennas and rectangu-
lar waveguide-based components are preferred for their high gain and low loss,
their use as aluminum radar components is constrained by issues of weight,
cost, and bulkiness; nevertheless, our papercraft-based approach not only pre-
serves their high range characteristics but also oers solutions to challenges
related to weight, cost, and space constraints. A comparative analysis is per-
formed by three dierent fabrication techniques for producing Doppler radar
components: conventional aluminum, 3D printing, and papercraft-based. The
aforementioned methods are evaluated in terms of cost, weight, and perfor-
mance for a complete radar system. The primary objective of our study is to
assess the eectiveness of papercraft-based techniques as a credible substitute
for conventional fabrication methods in developing aordable, lightweight, and
easily accessible Doppler radar systems. The experimental results delve into
the viability of integrating papercraft-based components into situations where
conventional fabrication techniques, such as resource-limited environments, may
not be practical.

The present article is structured as follows. Section II provides a comprehen-
sive overview of the experimental design, encompassing the utilized materials,
components, and their fabrication processes employed in the measurements.
Section III constitutes the core of the article, where a thorough analysis of the
experimental results is presented. Specically, we compare and contrast the per-
formance of three distinct techniques, evaluating both their strengths and weak-
nesses. Furthermore, we conduct a detailed S-parameters analysis and provide
insightful discussions thereof. Moreover, this section presents the measurement
results for the operational radar systems and their comparative analysis, provid-
ing a thorough evaluation of these systems. Finally, Section IV oers concluding
remarks, summarizing the key ndings of the study and highlighting avenues
for future research.

2 Materials, Methods and Experimental Designs

In our experiments, the aforementioned components: the pyramidal horn an-
tenna, hybrid tee, and short termination, were congured optimally within the
X-band frequency range, specically at 10 GHz. While the conventional alu-
minum components required no supplementary treatment, the dielectric mate-
rials involved in both 3D printing and papercraft-based approaches are needed
to be coated for conductivity. As each 3D printed component is produced as a
single piece, spray coating with aerosol provides an eective solution, especially
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for tough surfaces such as the inner faces of the hybrid tee. However, the coat-
ing process shows dierences for the paper-based constituents since exposing
the paper to moisture could damage its structure. Therefore, conductive tape
is selected as a coating material for paper-based components. The tape has
also facilitated the proper establishment of electrical contact between the radar
pieces, as it is employed in bonding the grounds of the components.

2.1 Operating principles

The rst and simplest component of the Doppler radar, the waveguide-type
short termination, consists of a conductive square having reectivity propor-
tional to the conductivity level. Ideally, an S11 value of unity is expected. The
second component is the antenna which is a transducer converting electrical
signals into electromagnetic waves and vice versa. It is an essential component
of radar systems, responsible for transmitting electromagnetic waves into the
environment and receiving the reected waves back from the target. In general,
the gain of an antenna is an important measure of the ability to direct the ra-
diation pattern in a particular direction. It plays a critical role in determining
the radar’s maximum range. The radar range equation is given in Equation
1. It includes the gain of the antenna as a parameter that impacts the radar’s
maximum range.

R =

(
PtG

2λ2σ

(4π)3Pmin

) 1
4

(1)

where R: range (m), Pt: transmitted power (W ), G: antenna gain (dimen-
sionless), σ: radar cross-section (m2), λ: wavelength (m) and Pmin: minimum
detectable signal power (W ).

The last and most complex component is the hybrid tee. It is a four-port
device uses a T-shaped junction with an additional arm to achieve precise and
predictable signal division. It is a vital component in microwave and radio fre-
quency systems due to splitting and combining of signals [33]. It operates by
splitting an input signal (Port 3 in Fig. 1) equally between two ports (Port 1 and
Port 2) and, conversely, combining signals from two ports to the input port. It
has high isolation level between the input port and the additional arm (Port 4).
It oers wide-ranging functionality and ability to deliver high-performance re-
sults. Moreover, its ability to act as a mixer combining transmitted and received
signals makes it one of the most critical components in Doppler radar systems.

The scattering matrix, called S-matrix, represents the relation between the
initial and nal states of a physical system in a reection mechanism which can
be expressed as Equation 2 [34] for an ideal hybrid tee. In this context, an input
signal at frequency f0 given from the third port is equally divided between the
rst and second ports. The signal transmitted to the rst port is terminated
with a short circuit, causing it to be fully reected with a frequency of f0. The
second port contains an antenna, and if there is a moving object in front of it,
the signal reected from the object will be shifted in frequency by the Doppler
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Figure 1: Conguration of the radar and port numbers of the hybrid tee

eect to f0±fd. As a result, the rst and second ports will provide simultaneous
input power to the system.
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Assuming that the third and fourth ports are completely isolated, the factor
determining the signal that will be observed at the fourth port is the signals
entering the system from the rst and second ports. If we call the voltage wave
transferred from the rst port to the system as A and the one entering from the
second port as B, the value observed at the fourth port will be 1√

2
(A−B). After

the vector sum/dierence of signals at two dierent frequencies is obtained by
the hybrid tee, the diode detector at the output of the fourth port can provide
the user with the intermediate frequency of fd. As the diode detector operates
as an envelope detector, it can be employed to detect the low-frequency signal
component of two distinct signals, such as a carrier signal and its modulating
message signal.

The velocity equation in a Doppler radar can be expressed using the trans-
mitted frequency f0 and the received Doppler frequency fd. Assuming that the
radar is stationary, the frequency shift fd observed in the received signal is due
to the Doppler eect caused by the movement of the target object. The longi-
tudinal velocity of the object relative to the radar can be calculated using the
following equation [35]:

v =
cfd
2f0

(3)

where c is the speed of light.

2.2 Experimental Design and Fabrication

In this subsection, three specic components were meticulously scrutinized in
the pursuit of creating each individual radar structure. The designed pyramidal

5



horn antenna has an aperture area of 96×73 mm2 and a height of 120 mm. The
dimensions of the waveguide attached to the horn antenna have been determined
as 22.86× 10.16× 40 mm3. The length of the waveguide between the rst and
second port of the hybrid tee, which has the same cross-sectional area, is 70 mm,
while the lengths of the other two extensions are 35 mm. The short termination
is a square structure with a cross-sectional area of 40× 40 mm2.

The initial technique employed in manufacturing these radar components
involves aluminum-based production, a widely recognized methodology real-
ized through machining. In contrast, the alternative technique utilized in this
study consists of producing 3D-printed radar components, which were gener-
ated by exporting STL les of appropriate dimensions for direct replication.
The structures, created utilizing a dielectric material known as PLA, were sub-
sequently given conductivity by applying a conductive spray coating to the
interior surfaces. However, the primary innovation highlighted in this article
involves creating paper-based radar components and the subsequent assembly
of these components to form an operational Doppler radar structure. This was
accomplished meticulously, whereby each of the three components was cut from
a suitably thick and foldable paper before being coated with conductive adhe-
sive tape. The paper was then precisely folded along predetermined lines and,
if necessary, subjected to cutting and gluing procedures. Detailed information
on the precise steps involved in this process is provided in the accompanying
gures.

Figure 2: Manufacturing of the papercraft-based components in the X-band (a)
waveguide (b) pyramidal horn antenna (c) hybrid tee

The illustration in Fig. 2-(a) shows steps to produce an X-band waveguide,
relying on the intricacies of papercraft. The waveguide comprises ve parts,
consisting of four edges and a singular ear, and each is carefully cut to conform
to the prescribed dimensions and subsequently covered with conductive tape
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whose electrical conductivity is approximately 20000 S/m [32]. Post-covering,
the thick paper is marked and folded to manifest the intended structure, which
is then securely axed using adhesive and conductive tape. The easily foldable
thick paper, having the ability to distribute stress across its surface, possesses a
Young’s Modulus ranging from 1 to 4 GPa [36]. If necessary, anges belonging
to the corresponding structure are also cut and conductive before being added
to the end of the produced waveguide.

Fig. 2-(b) depicts the proposed production process for a pyramidal horn
antenna. Similarly to the previous example, the paper is precisely cut to the
appropriate size and shape, covered with conductive tape, and subsequently
folded to achieve the desired incised pyramid shape. After the folded segments
are adjoined together, they are glued with the waveguide produced using the
recommended method from the previous step to acquire the nal form. Once the
gluing is nalized, the lower section of the incised pyramid, which comprises the
mouth of the horn antenna, is meticulously trimmed to yield an open pyramidal
horn antenna structure, tailor-made to meet the specic requirements of the
application at hand.

Lastly, for producing a hybrid tee, three rectangular waveguides, one mea-
suring 7 cm and the others 3.5 cm in length, are meticulously aligned to create
the basic structure. From the center of the 7 cm waveguide, a curved T-shaped
section is cut to conform to the other two waveguides precisely. Subsequently,
the waveguides are adjoined using the papercraft-based method, as depicted
in Fig. 2-(c). Then, the anges are axed to the outputs of the waveguides,
thus concluding the production process of the papercraft-based hybrid tee. In
producing a short termination, a square with a cross-sectional area of 4× 4 cm2

is cut, and at least one of its sides are covered with conductive tape. In our
study, both surfaces were covered with conductive tape to increase the level of
insulation and enhance the durability of the paper-based structure.

3 Results and Discussions

This section is dedicated to compiling and interpreting the measurement re-
sults of the short terminations, horn antennas, and hybrid tee components,
which have been produced using three dierent fabrication methods, and com-
bining them to form a constructed radar. Each of the produced components’
S-parameters were individually measured using HP 8720D 50 MHz-20 GHz vec-
tor network analyzer (VNA), and the gain and pattern results for the antenna
were analyzed in an anechoic chamber. Additionally, by combining the radar
structures with a signal generator and detector, velocity information about a
moving target was obtained.

3.1 Characterization of the components

In this subsection, results are presented for S-parameter measurements of com-
ponents obtained through the various production methods, as well as gain and
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pattern measurements for antennas. Fig. 3 displays nine dierent components,
each produced through one of three distinct methods: aluminum, 3D printing,
and papercraft-based manufacturing. The aluminum components are located at
the bottom left of the triangular arrangement, the 3D-printed components at
the bottom right, and the papercraft-based replicas at the apex of the triangle.
In Fig. 4, S11 results are presented for short terminations and horn antennas
produced using various fabrication techniques. Initially, aluminum, 3D printed,
and papercraft-based shorts were screwed onto the coaxial to waveguide adapter
at the output of the VNA, and S11 values were examined in the 6-15 GHz range.
Based on these results, the reection coecient values of all three components
are very close to 0 dB, indicating that the short terminations eectively fulll
their intended function. Following this, the same process was executed to the
horn antenna, and S11 values were investigated in the same frequency range.
The S11 parameter for all three components, which descended below -6 dB at
8 GHz, did not ascend above -6 dB again across the evaluated frequency band.
Notably, at the operational frequency of the radar, 10 GHz, the S11 value for
all three components was beneath -10 dB, indicating that all three antennas
were adequately successful in terms of impedance matching. To put it dif-
ferently, this graphical representation reveals that the papercraft-based horn
antenna, when compared to other costly, time-consuming, and logistically chal-
lenging alternatives, delivers a similar level of ecacy with respect to impedance
matching. Photographs depicting the antennas during the scattering parameter
measurement are presented in Fig. 5.

Figure 3: Hybrid tee, pyramidal horn and short termination manufactured with
three dierent fabrication methods

The measurements of the realized gain and far eld patterns of the an-
tennas were performed in an anechoic chamber. The realized gain values for
aluminum, 3D printed, and paper-based antennas at 10 GHz were measured as
18.1, 17.5, and 16.5 dBi, respectively. In this regard, the results suggest that the
paper-based antenna is not only impedance-matched but also oers comparable
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Figure 4: S11 results of horn antennas and short terminations for three dierent
manufacturing methods

(a) (b) (c)

Figure 5: VNA measurements of the horn antennas (a) Aluminum (b) 3D
printed (c) Papercraft-based

performance in gain to its aluminum and 3D printed counterparts, thereby un-
derscoring its suitability for deployment in practical applications. The results
of the normalized far eld pattern and the photographs taken during the pat-
tern measurements in the anechoic chamber for horn antennas are showcased in
Fig. 6 and 7. As shown in Fig. 6-(a) and -(b), the normalized H- and E-plane
far eld pattern results are approximately the same for all three manufacturing
methods. Here, the term H-plane refers to the azimuthal axis when the longer
side of the horn antenna is parallel to the ground, while the term E-plane per-
tains to the pattern information regarding the azimuthal axis when the shorter
side of the horn antenna is parallel to the ground. Although there are minor
dierences visible in the side angles of the antennas due to dierences in con-
ductivity levels, the overall behavior of the three antennas is quite similar to
each other. Using the CST software, the conductivity-dependent variation in
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Figure 6: Pattern measurements of the horn antennas manufactured with vari-
ous methods (a) Normalized H-plane results (b) Normalized E-plane results

Figure 7: Pattern measurements photos of the horn antennas in the ane-
choic chamber (a) Aluminum horn antenna (b) 3D printed horn antenna (c)
Papercraft-based horn antenna

the gain of the X-band horn antenna was simulated for three dierent frequen-
cies, and the results are presented in Fig. 8. According to this simulation, the
known conductivity level of approximately 20000 S/m for the conductive tape,
does not exhibit a signicantly adverse impact on the antenna’s performance.
The manifestation of this negative eect is observed when the conductivity level
is reduced to approximately below 500 S/m.

Following the initial measurements of the short terminations and horn an-
tennas, the subsequent step involved conducting S-parameter measurements for
three dierent hybrid tees. As a passive and reciprocal component with four
ports, the hybrid tee requires a total of ten graphs to be properly characterized,
including S11, S22, S33, S44, S21, S31, S41, S32, S42, and S43. However, the
excessive number of graphs involved and the potential to clutter the article’s
presentation necessitated a judicious approach to combining certain scattering
parameters into a single gure, thereby optimizing the readability and coher-
ence of the data. By virtue of symmetry, one anticipates that the S11 and S22

parameters would be equivalent. Similarly, the instances where S31 = S32 and
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Figure 8: Simulation results of gain versus conductivity for X-band horn antenna

S41 = S42 are also envisaged. As depicted in Fig. 9, the S-parameter measure-
ments of the papercraft-based hybrid tee yielded results that are comparable
to those of its aluminum and 3D printed counterparts, thus demonstrating its
suitability for utilization in a radar system. The outcomes evince the requi-
site precision of the fabrication process. The measurements illustrate that the
short termination, horn antenna, and hybrid tee components produced using
metalized foldable papers with a conductive tape exhibit performance that is
comparable to that of their aluminum-based counterparts, which are notably
more costly and heavy.

3.2 Doppler radar measurements

This subsection presents the results of Doppler radar measurements and a com-
parative analysis of three dierent Doppler radar structures. Each structure
was constructed using a combination of aluminum, 3D printed, and papercraft-
based components. The rst and second ports of the hybrid tee were terminated
with short loads and pyramidal horn antennas, while the third and fourth ports
were utilized as input and output ports. These ports were terminated to carry
out the test measurements using Amitec X-band Gunn oscillator and X-band
matched envelope detector, both operating within the 8-12 GHz range. Given
the symmetrical nature of the rst and second ports, the specic allocation of
the short load and antenna to each port is inconsequential. Fig. 10 illustrates
that short loads and antennas were connected to the rst two ports of the hybrid
tee for each of the three distinct manufacturing methods, while the third and
fourth ports were left unconnected for the attachment of signal generators and
detectors.

Before proceeding to radar measurements, it is crucial to precisely tune the
operating frequency of the radar to the desired frequency. The operating fre-
quency must be measured with great accuracy since it is also utilized in the
subsequent velocity calculation. Given that our signal source lacks a frequency
display option, we placed an additional X-band horn antenna and a spectrum
analyzer connected to it in front of the radar during operation to adjust the
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Figure 9: S parameters of the hybrid tees for three dierent manufacturing
methods

operating frequency of the radar precisely. As depicted in Fig. 11-(a), the
operating frequency of the radar was measured to be 10 GHz. In the radar
measurements, two dierent measurement scenarios were focused on for three
dierent congurations. In the rst scenario, measurement sets of a person who
started walking towards the radar around the fth second and after waiting
near the radar for a short period, walked back in the opposite direction. The
second scenario includes the measurement sets of a pendulum placed directly
in front of the radar and a metal ball attached to the end of this pendulum. A
photograph of the pendulum measurement can be seen in Fig. 11-(b). These
scenarios were utilized to evaluate the performance of the radar system in de-
tecting moving objects and to assess its ability to measure the velocity of those
objects accurately.

The measurement results for the rst scenario are presented in Fig. 12.
These three gures show the measurements for the Doppler radar structures
made of aluminum, 3D printed components, and papercraft-based materials,
respectively. A person who starts walking towards the radar from a distance of
a few meters waits for approximately 4 seconds after approaching the radar and
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Figure 10: Assembled Doppler radar conguration manufactured with three
dierent fabrication methods: Aluminum, 3D printed and papercraft-based

Figure 11: Doppler radar measurement (a) Operating frequency of the Doppler
radar (b) A photograph of the pendulum experiment

then walks back in the opposite direction. When considering parameters such
as distance and arrival time between the radar and the starting point, it can be
observed that the velocity of the person matches the radar result. The yellow
colors in the gures indicate an increase in the power level, while the blue colors
indicate a decrease.

The papercraft-based approach was measured on the same scale as the other
two cases, and it was found that the SNR value of the proposed approach was
lower than the other two congurations. Several factors may contribute to the
higher noise levels observed in the papercraft-based approach compared to the
other two congurations at the same scale. Firstly, the antenna gain is lower in
the papercraft-based design. Secondly, the durability of the magic tee structure
is lower in the papercraft-based approach compared to the other two, leading to
micro deformations. Thirdly, the coating material used in the papercraft-based
approach exhibits higher losses. Finally, the micro misalignment of the input
and output ports of the papercraft-based components contributes to higher noise
levels.

To observe the velocity measurement in a more controlled manner, a pendu-
lum was placed 1.5 m in front of the radar structures, and the velocity graph of
the metal ball at the end of the pendulum was plotted in Fig. 13. The maximum
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Figure 12: Doppler radar results of a walking person with (a) Aluminum com-
ponents (b) 3D printed components (c) Papercraft-based components

Figure 13: Doppler radar results of a pendulum with (a) Aluminum components
(b) 3D printed components (c) Papercraft-based components

velocity of the pendulum, hanging from a one-meter string, was measured at
approximately 4 m/s in the rst swing for all three congurations. This velocity
decreased in accordance with the pendulum equation, yielding approximately
the same result for all congurations. In this measurement, as in the walking
person experiment, the noise level was slightly higher in the papercraft-based
method than in the other two methods. To determine the relative Signal-to-
Noise Ratio (SNR) levels in a quantitative manner, the variations in SNR be-
tween three dierent manufacturing techniques were determined using distances
corresponding to minimum detectable power levels, through the radar range
equation. In the measurements conducted with reference to an aluminum-based
radar, the SNR of the 3D printed radar was found to be approximately 2 dB
lower than that of the aluminum-based radar, while the SNR of the papercraft-
based radar was about 1.5 dB less than that of the 3D printed radar. However,
the ultra-cost-eectiveness, extreme lightness, seamless transportation, and ease
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of accessibility provided by the papercraft-based approach make it a tolerable
disadvantage. It should also be noted that these results represent the rst suc-
cessful attempt to obtain a Doppler radar using a papercraft-based approach.

Table 1: Comparison of the various manufacturing methods of the radar systems

Aluminum 3D Printed Paper

Cost ∼ 400 ∼ 40 ∼ 3
Weight 801 g 99 g 34 g

Manufacturing time ∼ 4-6 hours ∼ 1 day ∼ 1-2 hours
Range (10 mW input) 10 m 9 m 8 m

Durability High Medium Low

Figure 14: A weatherproof enclosure (a) Operational form with radar (b) over-
head view (c) attened form (d) folded form

In Table 1, a comparison of the cost, weight, performance and manufacturing
time of aluminum, 3D printed, and paper-based radars is provided. In terms of
cost, aluminum radar components are the most expensive option, whereas the
cost burden is greatly reduced with 3D-printed components. However, it is a fact
that the 3D printing service or the device that produces it is still considerably
more expensive than paper-based materials. On the other hand, the ability
of components produced particularly at high frequencies, such as X-band, to
be coated with conductive materials like conductive tape when produced as
a single piece is quite weak, necessitating the need for a conductive aerosol
coating method, which is a more expensive alternative to conductive tape. If
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the 3D printed components are produced in several pieces to be coated with
conductive tape, they become much more lossy due to the gaps that will be
left in between. The weight comparison also yields a result in line with the
cost. The required durations for production methods vary; particularly, when
considering the necessity for aerosol coating of the 3D-printed structure, the
drying time can extend up to one day. On the other hand, the production times
for aluminum structures that need to undergo machining and grinding processes
are both complex, requiring sophisticated machinery, and longer compared to
the papercraft-based structures. The paper-based approach is far ahead of the
other two methods in terms of both weight and portability. Despite the fact
that the range of the paper-based radar is lower than the other two approaches
due to the conductivity dierence and minor deformations of the paper, this
dierence is bearable in comparison to the advantages it provides. Here, the
given ranges in Table I indicate the maximum achievable distances with 10 mW
input power. The main disadvantage of the paper-based approach appears to be
durability. Although there is no serious problem regarding its use in a closed or
isolated area, its use may be limited in areas exposed to rain and wind, but this
problem can be overcome with dierent types of paper, new coating methods
or employing radomes.

In the last step, a weatherproof enclosure using plastic material for the proof
of concept was constructed to improve the durability of the radar. This not only
protects the radar from the weather conditions but also shields it from physical
damage and attacks at a certain level. The enclosure is designed to have a
foldable structure to maintain the portability of the papercraft-based Doppler
radar. In this context, it is achieved by assembling eight thin sheets in a foldable
manner. To avoid impacting the radar’s performance, the aperture of the horn
antenna is left open when it is operational. Additionally, two square-shaped
apertures are introduced to facilitate the placement of the oscillator and the
detector. Thus, it has been demonstrated that the proposed papercraft-based
structure can be used in conjunction with a portative and foldable protective
cover without compromising its ease of portability.

4 Conclusion

The present study showcases a novel approach in the eld of radar technol-
ogy by successfully designing and testing a Doppler radar system composed of
papercraft-based components. The hybrid tee, pyramidal horn, and short ter-
mination are among the components constructed through this approach, with
the exception of the signal generator and detector. This accomplishment marks
the rst fully functional Doppler radar system where all essential components
are made from papercraft-based approaches, highlighting the innovation of this
research. This unconventional and inventive technique not only conrms the
feasibility of using papercraft as an aordable and lightweight substitute for
traditional materials in radar components but also provides a new perspective
on the development of radar systems. The study also oers valuable insights for
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future research by comparing the cost, weight, and performance of three dierent
manufacturing methods: conventional aluminum, 3D printing, and papercraft-
based approaches. The antennas, which has similar realized gain values mea-
sured as 18.1, 17.5, and 16.5 dBi, and other components with S-parameters
that are also found to be quite close to each other, do not exhibit a signicant
dierence in performance. The measured weights are found to be 801 g, 99 g,
and 34 g, respectively, which will yield substantial benets in the production of
larger-scale or larger-sized components with a range loss of merely 20%. This
approach would be more eective at low frequencies rather than X-band, as
the deformations caused by paper and conductive tape are relatively reduced
at low frequencies, including the emergence of more noticeable dierences in
the weight and cost comparison of the systems. Furthermore, the proposed sys-
tem presents high potential for diverse applications in numerous elds, such as
remote sensing and target detection in some military applications and search
missions owing to its simplicity, low cost, eortless transportation, and versa-
tility. The papercraft-based approach additionally introduces new prospects for
the creation of other electronic components with comparable characteristics. In
summary, we believe the design and development of a papercraft-based Doppler
radar system is a remarkable contribution to the radar technology, as it empha-
sizes the potential of unconventional materials and fabrication methods in the
development of alternative microwave components.
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