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Abstract: This paper presents a low-cost C-band frequency-modulated continuous wave (FMCW)
radar system for use in indoor through-wall metal detection. Indoor remote-sensing applications,
such as through-wall detection and positioning, are essential for the comprehensive realization of
the internet of things or super-connected societies. The proposed system comprises a two-stage ra-
dio-frequency power amplifier, a voltage-controlled oscillator, circuits for frequency modulation
and system synchronization, a mixer, a 3-dB power divider, a low-noise amplifier, and two cylin-
drical horn antennas (Tx/Rx antennas). The antenna yields gain values in the 6.8 ~ 7.8 range when
operating in the 5.83 ~ 5.94 GHz frequency band. The backscattered Tx signal is sampled at 4.5 kHz
using the Arduino UNO analog-to-digital converter. Thereafter, the sampled signal is transferred to
the MATLAB platform and analyzed using a customized FMCW radar algorithm. The proposed
system is built using commercial off-the-shelf components, and it can detect targets within a 56.3 m
radius in indoor environments. In this study, the system could successfully detected targets through
a 4-cm-thick ply board with a measurement accuracy of less than 10 cm.
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1. Introduction

Radar technology is widely used in the military and internet of things (IoT) applica-
tions because it facilitates the development of remote-sensing equipment [1, 2]. Military
radars, such as those used in aerial defense, battlefield, and traffic-control operations,
comprise large active phased-array systems to realize high-precision long-range detection
(exceeding 100 km) and tracking [3-5]. Meanwhile, radars used in IoT applications are
considerably smaller and lighter than their military counterparts because they are re-
quired to detect objects within an approximately 300-m range [6-8]. Recently, the devel-
opment of compact integrated remote-sensing platforms for use in IoT applications, in-
cluding healthcare, networking, and autonomous driving, has attracted increased indus-
trial and academic research interest. For example, the radar systems used in automotive
applications are among the most popular and fast-growing technologies owing to their
superior detection capability compared with that of the lidar and vision-analysis tech-
niques even under harsh environments involving rain or snow [9]. Additionally, the elec-
tromagnetic (EM)-field-based imaging and sensing technologies are widely investigated
with regard to their in household and disaster-control applications. The indoor position-
ing and object tracking are key technologies for future hyper-connected human-centric
IoTs [10]. However, the low-cost implementation of high-performance radar systems re-
mains a major technological challenge. The simultaneous consideration of the radar archi-
tecture and detection algorithms could facilitate the balancing of operation costs with re-
spect to radar performance.
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Several radar types exist, including the continuous wave Doppler, frequency-modu-
lated continuous wave (FMCW), and pulsed radars, and each type affords several ad-
vantages and disadvantages to users [11]. The FMCW radar possesses a simple and low-
complexity architecture. Furthermore, it can simultaneously detect the speed and distance
of objects with high accuracy. These radars are widely employed in IoT applications be-
cause they do not require high computing power and data acquisition devices. These char-
acteristics of the FMCW radar facilitate the design of low-cost, compact radar systems [12—
16]. This paper presents the development of a low-cost, compact FMCW radar system
comprising commercial-off-the-shelf (COTS) components operating in the C-band (5.83-
5.94 GHz). The proposed system is intended for use in indoor positioning and through-
wall applications. The proposed system is assembled on a 1-mm-thick FR4 printed circuit
board (PCB) using the surface-mount technology. Arduino UNO—a well-known open-
source, economical microcontroller platform—is used for data acquisition owing to its
high scalability and suitability for use in several applications [17,18]. The radio-frequency
front-end (RFFE) of the proposed radar and Arduino platform are synchronized using a
customized modulator. The circular horn antennas are inspired by the cantenna concept
and designed based on the dominant-mode analysis. The proposed FMCW radar system
costs less than US$ 100.

The remainder of this paper is organized as follows. Section 2 describes the architec-
ture of the proposed FMCW radar as well as details concerning the modulator, amplifiers,
mixer, baseband circuit, and antennas. Additionally, the signal-processing algorithm for
object detection is discussed. Section 3 discusses the measured performance of the pro-
posed radar system. Finally, the major conclusions drawn from this study are presented
in Section 4.

2. FMCW radar system for through-wall metal detection
2.1. Low-cost FMICW radar system

Figure 1 depicts the block diagram and prototype of the proposed low-cost radar sys-
tem. The modulator generates a synchronization signal for the entire system and controls
the voltage-controlled oscillator (VCO) for frequency modulation (FM). The Tx chain com-
prises a two-stage power amplifier (PA), power divider, and VCO (Figure 1(a)). In this
configuration, the measured output signal power of the VCO (HMC43LP4ETR, Analog
Devices [19]) equals 2 dBm, and the FM signal is amplified by the two-stage PA. The gain
values of PA1 (GRF2505, Guerrilla RF [20]) and PA2 (HMC407MS8GE, Analog Devices
[21]) equal 11.5 dB and 10 dB, respectively. Each PA possesses sufficient bandwidth to
cover the VCO-generated FMCW signal. The measured insertion loss of the power divider
(PD4859]505052HF, Anaren [22]) equals 0.7 dB in the C-band. The power delivered to the
antenna equals 19.8 dBm, and an identical RF power is transferred to the mixer. The Rx
chain comprised a low-noise amplifier (LNA) and mixer, because the proposed radar uses
a homodyne Rx system. The LNA (QPL9503TR7, Qorvo [23]) yields 21.6 dB gain and its
noise figure equals 1 dB at room temperature (25 °C). The amplified Rx signal is down-
converted by the mixer (HMC218BMS8GE, Analog Devices [24]) to generate a baseband
signal. The proposed system employs direct conversion to achieve a baseband signal fre-
quency in the 0 ~ 1.5 kHz range. The baseband signal is amplified by the intermediate
frequency (IF) amplifier and filtered by an active fourth-order low-pass filter (LPF). The
3-dB bandwidth (BW) of the LPF lies in the 0 ~ 1.5 kHz range to reject the out-of-band
high-order harmonics and noise. Subsequently, the filtered baseband signal is sampled
and brought into the MATLAB (MathWorks®, USA) platform using the Arduino UNO
analog-to-digital converter (ADC) at 4.5 kHz frequency. This sampling frequency is suffi-
cient to recover signals with a BW of up to 1.5 kHz. In the proposed system, the modulator,
LPF, and IF amplifier circuits are designed using the same operational-amplifier OpAmp
units (TLE2062, Texas Instruments [25]). Table I lists all COTS components used in the
proposed system.
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Figure 1. Proposed Arduino-ADC-based low-cost FMCW radar system for through-wall detection:
(a) system block diagram and (b) radar prototype.

Table I. List of components used in the proposed FMCW radar system

Passive Components

Ri | 22kQ | R | 10kQ | Rs | 10kQ | Re | 51kQ | Rs | 510kQ
Re | 43kQ | R | 22kQ | Rs 1kQ Ro | 220Q | Ro | 10kQ
Ri | 68kQ | Rz | 68kQ | Ris | 121kQ | Ru | 1kQ | Ris | 68kQ
Ris | 68kQ | Ry | 1.62kQ | Ris | 2kQ | R | 47kQ | Ra | 47kQ
Ra | 10kQ | C 1 uF C 1 uF Cs 1 pF Ci | 10nF
G | 10nF | Gs | 10nF | C; | 10nF

Figure 2 illustrates the modulator and baseband circuits of the proposed system. The
modulator comprises an astable multivibrator and integrator for square and triangular
wave generation, respectively. The square wave is characterized by a 50 ms period, and it
synchronizes the baseband amplifier and active filter. The baseband stage, which com-
prises the IF amplifier and LPF, transmits the Rx signal to the Arduino because the micro-
controller exclusively accepts positive voltages. Therefore, upon attainment of a positive
voltage, the synchronizing square signal activates the baseband circuit. Subsequently, this
square signal is transformed into a triangular wave by the integrator. The period of the
triangular voltage wave also equals 50 ms. This triangular voltage wave controls the VCO,
which subsequently generates an FM signal. Figures 3(a) depicts the time history of the
generated voltage waveforms. Figure 3(b) reveals that the VCO output frequency is a
function of the tuning voltage (V). The nearly linear increase in the VCO output frequency
with increase in Vi can be modeled as the linear expression, as follows:
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Figure 2. (a) Designed frequency modulator (FM) and (b) baseband circuits.
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Figure 3. Variation trends concerning (a) output signals obtained from proposed modulator and (b)
VCO output frequency.

fo = 0.11-V, + 5.4 (GHz) 1)

As observed in this study, the VCO output frequency lies in the 5.83 ~ 5.94 GHz range,
which corresponds to Vi values in the 3.88 ~4.93 V range.

Table I lists the resistance and capacitance values of all COTS components used in the
proposed system. The active LPF is designed using the conventional active-filter design
principle. It comprises two second-order LPF filters to reject noise signals and high-order
harmonics. The 3-dB bandwidth of the forth-order LPF lies in the 0 ~ 1.5 kHz range.
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2.2. Antenna design

The cylindrical horn antennas used in the proposed system were designed based on the
dominant-mode analysis. A commercial product package was used to this end, and it was
metalized using a copper tape, as illustrated in Figure 4(a). The simulations were per-
formed using the Ansys HFSS 2021 R2 package. The horn antennas measured 35 x 88
mm (diameter X height), and they operated in a single dominant TMu propagation mode
in the 5 ~ 6.6 GHz frequency range. A 12-mm-long feeding probe was mounted 20 mm
away from a shorting wall. All antenna parameters were measured inside an anechoic
chamber. The measured antenna S-parameters cover the required operation frequency
band of 5.83 ~ 5.94 GHz, and the isolation between the Rx and Tx antennas equals 40 dB
when the distance between them equals 12 cm (Figures 1(b) and 4(b)). The measured an-
tenna gain values lie in the 6.8 ~ 7.8 dB range, and the cross-pol suppression level exceeds
20 dB at the rated operation frequency (Figure 4(c)). Figure 5 depicts the observed radia-
tion patterns in the E- and H-planes (¢ = 0" and ¢ = 90, respectively). All measurements
demonstrate good agreement with the simulation results.
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Figure 4. Designed circular horn antenna: (a) fabricated antenna, (b) S-parameters, and (c) realized
gain.



Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2021

Figure 5. Measured antenna radiation patterns.

2.3. Operating principle of proposed FMICW radar

The Arduino UNO ADC used in this study operates at a 4.5 kHz sampling rate,
thereby limiting the FMCW radar bandwidth to 2.25 kHz in accordance with the Nyquist
sampling theorem. The bandwidth of the proposed FMCW radar system equals 1.5 kHz,
which is lower than the above-mentioned limit. The VCO output frequency (fr) as a func-
tion of time T could be expressed as

_(fotK-t (0<t<T/2)
fT_{,Z—K-t (T/2<t<T) (2)

where fo and fu denote the lowest and highest frequencies, respectively, and K denotes the
time rate of increase of the triangular wave. As described in (3), the received signal fre-
quency (fr) is delayed by 7 = 2:R/c where R denotes the distance between the radar and
detection target and c denotes the speed of light (c = 3 x 108 m/s).

fr(®) = fr(t = 1) ®3)

The down-converted signal is filtered by the active LPF over half the square-wave pe-
riod (T/2), thereby producing a beat signal frequency, as illustrated in Figure 6. This beat
signal frequency (fs) can be expressed as

fe(©) = fr(6) = fr(t), (4)

where fr and fr denote the Tx and Rx signal frequencies, respectively. The time-domain
data of the beat signal are sampled using the Arduino UNO ADC at 4.5 kHz and sent to a
PC via serial communication. The duration of the beat signal is 25 ms. Each i-th range bin
(See(i, N)) stores 450 data points (N = 450) because they comprise 112.5 beat signal data
points. The remaining 337.5 sample points represent zero-padded data, as described in
Figure 6. The zero-padded data format increases signal smoothness in the frequency do-
main [26]. The proposed FMCW radar system requires DC offset filtering because it uses
a homodyne system. As described in (5), DC offset can be removed from the baseband
signal by subtracting the averaged value (Sae) of each data stored in the range bin.

Sl’?B(i: N) = Spp(i, N) — Sape %)
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Figure 6. Operating principle of proposed FMCW radar

Thus, a new DC-offset-removed range bin (Sgz (i, N)) is created, and a range—time inten-
sity (RTI) graph can be plotted based on the magnitude of the new fast-Fourier-trans-
formed (FFT) range bin.

3. Experimental results
3.1. Indoor FMCW radar measurement

The performance of the proposed low-cost FMCW radar system was verified in an in-
door environment maintained at 25 °C. A 30 x 30 cm? copper plate was placed facing the
radar, and the distance between them was measured. As observed, the DC offset was suc-
cessfully removed, and the peak-signal strength was clearly observed to facilitate distance
measurement. Figure 7 illustrates the effect of the DC offset removal described in (5). The
time-varying distance (R) between the radar and object can be calculated as follows. In (6),
B denotes bandwidth of the proposed FMCW radar system, fz is beat frequency, T is fre-
quency rising time, and c is the speed of light.

R= fz-c-T/(2*B) (6)
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Figure 7. Amplitude of received signal in frequency domain (a) with and (b) without DC offset.

The maximum detection range (Ru) of the proposed FMCW radar is realized when the
beat frequency of the FMCW radar equals fs. In this study, the value of Ru equaled 56.3
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m, which is sufficient in an indoor environment. The range resolution (Rws) of the pro-
posed FMCW radar system equals 1.36 m, as described in (7).

Ryes = ¢/(2°B) @)

Figure 8 depicts plots of the measured and actual positions of a metallic object in the
range-time space. In this study, the piecewise cubic Hermite interpolating polynomial
(PCHIP) was employed to extract distance data from the measured range bin. As ob-
served, the average range error equals 0.37 m, which is less than the distance resolution.
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Figure 8. Range-time intensity (RTI) of proposed FMCW radar in indoor environment.

3.2. Through-wall detection

To validate the through-wall detection capability of the proposed system, the FMCW
radar system was used to detect a metallic object through a 4-cm-thick plywood wall (Fig-
ure 9). The FMCW radar and target were placed on an 80-cm-high wooden table. A 4-cm-
thick plywood was placed at 1 m away from the radar. The width and height of the ply-
wood equaled 2 m and 1.2 m, respectively. Subsequently, a metallic object was placed
behind the wall, and the Rx signal was analyzed using the previously described algorithm.
The object was placed at value of R in the 2.5 ~ 4 m range, as depicted in Figure 9(a), and
the corresponding measurement results are depicted in Figure 10. As can be seen, the
maximum error between the actual and estimated positions equals 10 cm, and the average
range error equals 5.6 cm. The proposed FMCW radar system demonstrates a high range
accuracy of 5.6 cm, albeit its corresponding range resolution equals 1.4 m.
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Figure 9. (a) Through-wall detection measurement setup and (b) measurement environment.
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Figure 10. Through-wall object-detection results: (a) R =2 m, (b) 2.5 m, (c) 3m, (d) 3.5 m, and (e) 4 m.

4. Conclusions

This paper presents a low-cost C-band FMCW radar system based on the Arduino
platform and designed using COTS components. It incorporates a simplified modulator
circuit for VCO control and baseband-circuit synchronization. The circular Tx and Rx an-
tennas are designed based on the dominant-mode analysis of commercial product pack-
ages. The results of this study reveal that the proposed PCHIP-based range-estimation
algorithm significantly improves the range-measurement accuracy. The performance of
the proposed system has been verified by performing metallic object-detection experi-
ments in an indoor environment with and without a large plywood wall, thereby demon-
strated its through-wall detection capability. The proposed FMCW radar system, includ-
ing the PCB, ICs, resistors, and MLCCs, costs less than US$ 100. Overall, the proposed
low-cost FMCW radar represents a scalable technology that can be utilized in several ap-
plications, such as indoor IoTs.
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