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Abstract— In the past decades, dramatic investments and
growth in wireless communication have occupied more and more
radio frequency (RF) spectrum and created a shortage in the
available radio spectrum. Hence, spectrum efficiency is a critical
issue at the forefront of the research. Compared with conventional
radar sensors, which rely on a transmitter and a receiver to
detect a target, microwave passive sensing does not require a
dedicated transmitter. Therefore, microwave passive sensing can
have lower power and lower cost while saving the RF spectrum
that is becoming limited in the modern wireless era. Since RF
signals exist ubiquitously, microwave passive sensing technology
has tremendous opportunities. This article proposes a passive
biomedical Doppler radar sensor that operates at the Wi-Fi
2.4-GHz band to detect physiological motions of human subjects
with a third-party 2.4-GHz transmitter. The proposed passive
radar does not require a reference signal. It has a simple archi-
tecture with an LNA and a customized single-input diode-based
mixer to maximize the down-conversion gain. Experiment results
demonstrated that the proposed passive radar receiver has a volt-
age gain of 53.9 dB from the antenna output to the mixer output,
and it can measure the respiration rate and the heart rate of a
human subject successfully. The measured respiration rate and
heart rate match the results from a fingertip pulse monitor and
a chest band respiration monitor, respectively. Gesture detection
was also demonstrated with the proposed passive radar.

Index Terms— Biomedical sensor, diode-based mixer, Doppler,
hand-gesture detection, passive radar, physiological motion
detection, receiver, vital signs detection.

I. INTRODUCTION

M ICROWAVE passive sensing makes use of electromag-

netic waves illuminated by a third-party transmitter to

detect a target [1]. By comparing the direct signal from the

transmitter and the reflected signal from the target of interest,
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the motion of the target can be detected. With the rapid growth

of the Internet of Things (IoT) and satellites internet, wireless

signals are ubiquitously present in the ambient air. It enables

the possibility of microwave passive sensing at most places on

our planet. Since microwave passive sensing does not transmit

its own radio frequency (RF) signals, it inherently reduces

cost and power compared with conventional radar sensors.

Moreover, it provides a solution to address the interference

with the wireless communication signals and improves the

spectrum efficiency. The fast-growing wireless communication

technologies require more and more radio spectrum and have

started to affect conventional radars because of the potential

interference. For example, major U.S. airlines recently warned

that the new C-band 5G service could potentially interfere with

the altimeter and cause a significant number of aircraft to be

unusable. The automotive and consumer electronics industries

have also been looking for interference mitigation approaches

due to the increasing number of cars and appliances that rely

on wireless devices operating at the same frequency for com-

munication or sensing purposes. Therefore, microwave passive

sensing technology has tremendous opportunities, and it has

gained attention in recent decades.

Many efforts have been made to evaluate the feasibility

of microwave passive sensing [2]–[14]. The prior arts have

demonstrated the possibility of indoor positioning [2], human

targets detection [3], [10], human activity and gesture recog-

nition [4], [5], [8], [9], and vital sign monitoring [6], [11]

using passive sensing technologies in the Wi-Fi frequency

band. The existing microwave passive sensing works can be

classified into two main categories based on whether additional

RF receivers are needed or not.

One of the categories extracts target information from exist-

ing wireless communication devices, such as Wi-Fi access

points [2], [5], [6]. One of the advantages of this category

is that the transceivers in the Wi-Fi access points are syn-

chronized, and it has the information for both the transmitted

signal and the target reflected signal. However, because the

Wi-Fi access points are not designed to detect targets, they

do not directly provide targets’ information as conventional

radars do. In those works, the target detection needs to be

extracted from the available data in the Wi-Fi system, such

as received signal strength and channel state information.
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It requires special Wi-Fi network interface cards to access

the necessary data from the Wi-Fi access points and specially

designed computationally intensive algorithms. While it is

attractive to achieve the target detection without additional RF

devices, the existing hardware and software limit the flexibility

and performance of the system.

The other category of microwave passive sensing requires

customized RF receivers but does not require access to any

information inside the Wi-Fi access point [8]–[14]. Since the

theories and algorithms used to extract the target for this

category are identical to those used in conventional radars,

we call it passive radars in the later sections. The mixer in

a conventional radar needs two inputs: a local oscillator (LO)

and an RF input. The LO signal is used as the reference signal

to downconvert the RF input. The challenge for the passive

radar is generating the reference signal or the LO signal for

the mixer since it does not have a hardware connection to the

transmitter. Two separated receivers were used to solve this

problem in [8]–[10]: a reference receiver and a surveillance

receiver. The authors assumed that the reference receiver con-

tained the signal from the transmitter while the surveillance

receiver included the reflected signal from the target. Passive

radar with one receiver was proven to be feasible with an

injection-locking oscillator [11]. Our previous work demon-

strated the function of one receiver passive radar without an

injection-locking oscillator [14]. However, the architecture was

not optimized for low cost and maximum down-conversion

gain. In this article, a passive radar is proposed for the 2.4-GHz

Wi-Fi frequency band with a customized diode-based single-

input mixer to maximize the down-conversion gain. The pro-

posed architecture has a low cost because it only includes an

RF gain stage, a diode-based mixer [18]–[26], and a baseband

amplifier as the main components.

It is worth mentioning that the passive radar for Wi-Fi can

be treated as a bistatic radar with a third-party transmitter and

a customized receiver [9]. For a bistatic radar, if the target

movement is perpendicular to the line of bistatic radar, it will

not generate sufficient Doppler frequency. For biomedical vital

signs monitoring, the chest movement for respiration and

heartbeat is in all directions [27]. Therefore, the vital signs can

be detected regardless of the relative location to the passive

radar. Nevertheless, the placement of the passive radar plays a

critical role in the strength and quality of the received signals.

The rest of this article is organized as follows. Section II

explains the theory of operation for the proposed passive radar.

Section III discusses the detailed design and the optimization

for the down-conversion gain for the diode-based single-input

mixer. The proposed architecture was manufactured on an

FR-4 substrate to validate the theory and the effectiveness

of the proposed architecture. The experimental results are

presented in Section IV. Finally, conclusions are drawn in

Section V.

II. THEORY

Fig. 1 shows the block diagram of a conventional Doppler

radar [15]. In a conventional Doppler radar [28], [29]: an

oscillator generates the RF signal; the oscillator output is split

by a power divider into two signals, one of them is amplified

Fig. 1. Block diagram of a conventional Doppler radar.

by a power amplifier and transmitted toward the target, the

other one is sent to the LO port of the mixer; an LNA amplifies

the phase-modulated signal reflected by the moving target in

the receiver; the amplified signal is sent to the RF input port

of the mixer; the mixer downconverts the RF input with the

reference signal (LO) to the baseband signal, which carries

the target information.

In the proposed passive radar architecture, a third-party

transmitter is responsible for transmitting the RF signal T (t)

to the target

T (t) = VTX cos(2π f t + ϕ(t) ) (1)

where f is the transmitted signal’s frequency, VTX is the

amplitude of the transmitted signal, and ϕ(t) is the phase noise

of the transmitted signal. The RX antenna of the passive radar

picks up the reflected signal from the target R1(t)

R1(t) = V1 cos(2π f (t − td(t)) + ϕ(t − td)) (2)

where td(t) is the time delay between the transmitted signal

and the received signal, and V1 is the amplitude of the received

signal. The target’s movement results in variation in the time

delay and modulates the phase of the signal.

If the passive radar is on the line of sight path from the

transmitter, the RX antenna also picks up the transmitted signal

directly. If the receiver is not on the line of sight, static clutters

will reflect the transmitted signal to the receiver, and the RX

antenna will pick up the static clutter reflected signal. The

received signals have a constant phase in both cases because

the transmitter, the receiver, and the static clutters are all

stationary. The directly received signal from the transmitter

can be written as

R2(t) = V2 cos(2π f t + ϕ0 + ϕ(t − td0)) (3)

where V2 is the received signal’s amplitude, ϕ0 is the constant

phase shift, and td0 is a constant time delay between the

transmitted signal and this signal. Note that the phase noise

term ϕ(t − td) in (2) and ϕ(t − td0) in (3) are still correlated.

Therefore, the difference between these two terms is small and

negligible in short-range applications according to the range

correlation theory [15], [28], [30].
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It is generally true to claim that the received signal always

contains the directly transmitted signal without phase mod-

ulation and the phase-modulated signal reflected from the

moving target in a natural environment. If we appreciate the

fact that the passive radar always receives both signals, even

though both of their amplitudes can vary independently, the

target can be detected by multiplying the transmitted signal

with the reflected signal. Any nonlinear device can achieve

the multiplication with the square term for the sum of those

two signals. The proposed architecture uses a diode-based

single-input mixer design since a diode has an exponential

relationship between its current and voltage, which is highly

nonlinear. From [16], the diode current I (t) with a small-signal

approximation is given in the following:

I (t) = I0 + gm(R1(t) + R2(t)) +
g0

m

2
(R1(t) + R2(t))

2
+ · · ·

(4)

where I0 is the bias current, gm = d I/dV is the transconduc-

tance, and g0

m = d I 2/d2V is the second-order derivative of the

current applying on the square term of the input voltage. The

square term in the current is the main nonlinear contribution

to multiply and downconvert the signals. The baseband output

current IBB(t) can be found by substituting (2) and (3) into the

square term inside (4), and then using trigonometric identities

to expand it

IBB(t) =
g0

m

2
V1V2cos(2π f td(t) + ϕ0). (5)

To extract the target movement from (5), the fast Fourier

transform (FFT) will be applied which is the same approach

as in a conventional Doppler radar [17].

The circuit diagram for the proposed passive Doppler radar

is shown in Fig. 2. The received signal is amplified by an

LNA, which is implemented as two LNAs (ADL5611) cas-

caded to provide a 40-dB gain for microwave passive sensing

applications. The LNA’s output is ac coupled to a Schottky

diode D1’s anode (Infineon-BAT15-02LRH) with a capacitor

C1 to isolate the output common mode of the LNA from the

diode’s bias voltage. The diode D1 is used as a single-port

mixer. The anode of D1 is also connected to an inductor L1

(Coilcraft_0603HP_R36) as an RF choke. The other side of

L1 is connected to a resistor R1, then to the supply. R1 needs

to meet the power dissipation requirement since it carries a

large current. The output of the diode-based mixer is between

L1 and R1, and it is ac coupled to the baseband amplifier by a

capacitor C2. The cathode of D1 is shorted to a dc ground and

a radius stub which works as an ac ground at 2.4 GHz. The

baseband amplifier has a low-pass filter (LPF) implemented by

R2, R3, and C4 for the common-mode reference to filter out

the supply noise. It is also designed to have a bandpass transfer

function for the input signal. The lower and upper frequencies

for the passband are set by 1/(2πC2 R4) and 1/(2πC3 R5),

respectively. Since the frequency range for the signal of inter-

est is from sub-Hz to hundreds of Hz, the high-pass corner

frequency is set at around 0.1 Hz to remove the dc offset at

the mixer’s output, and the low-pass corner frequency is set

around 1 kHz and used as an antialiasing filter before digitizing

Fig. 2. Circuit diagram for the proposed passive Doppler radar.

the signal with an analog-to-digital converter. The dc gain of

the baseband amplifier is set by the ratio of R5 and R4.

III. DIODE-BASED MIXER DESIGN

The purpose of having the RF choke L1 is to provide a

high impedance at 2.4 GHz so that the load impedance on

the other side of L1 is negligible when it is compared with

the impedance of L1 itself. The resistor R1 is required to

provide an impedance between D1 and supply at the baseband

frequency, such that the baseband current from D1 can flow

through it to generate an output voltage. Otherwise, L1 is a

short at the baseband frequency and the supply shorts directly

to the anode. Since the resistance of R1 is in parallel with

the small-signal resistance of the diode, it needs to be much

larger than the small-signal impedance of the diode to not

affect the down-conversion gain of the diode-based mixer.

Another function of R1 is to set the bias current for the diode.

Since D1 is a Schottky diode, the voltage across the diode

is approximately zero, and the bias current of the diode is

approximately as I0 ≈ Vdd/R1. The diode I–V relationship

is given by

I = Is

(

e
qV

nkT − 1
)

≈ Ise
qV

nkT (6)

where q is the charge of an electron, k is Boltzmann’s con-

stant, T is the temperature, n is the ideality factor which

typically varies from 1 to 2 based on the structure of the diode,

and Is is the saturation current. The approximation holds for

V � nkT/q . From (6), the diode’s small-signal resistance req

and g0

m can be calculated as follows:

req

∣

∣

I=I0
=

1

gm

∣

∣

∣

∣

I=I0

=

(

d I

dV

)−1
∣

∣

∣

∣

∣

I=I0

=
1

q

nkT
I0

(7)
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g0

m

∣

∣

I=I0
=

d2 I

dV 2

∣

∣

∣

∣

I=I0

=

( q

nkT

)2

I0. (8)

Equations (7) and (8) show that the bias current of the diode

determines both req and g0

m, and they differ from each other

just by a constant. Both of them contribute to the diode’s

down-conversion gain, as will be shown later.

As mentioned previously, the RF choke provides a high

impedance at 2.4 GHz. Hence, the total impedance looking

into the diode is mainly decided by the diode’s small-signal

resistance, assuming that the parasitic cap at 2.4 GHz is also

negligible. Hence, the bias current of the diode also affects

the input impedance matching for the mixer and indirectly

affects the diode’s down-conversion gain. Since req is inversely

proportional to the bias current, it drops from infinite to zero

as the bias current increases from 0 to infinite. There is a bias

point that makes the diode’s small-signal resistance equals to

the output impedance of the LNA and achieves good matching.

On the other hand, the g0

m keeps increasing as the current

increases. Because of this, the best bias point for the maximum

down-conversion gain may not be the bias point that allows

the best matching.

The previous analysis shows that all the parameters that

affect the down-conversion gain are related to the bias current

of the diode. Hence, a mathematic equation that relates the bias

current to the down-conversion gain can be derived to provide

more insight into selecting the bias current that maximizes

the down-conversion gain. A small-signal model with the

second-order term of the Taylor series for diode current can be

developed to analyze the down-conversion gain for the single-

input diode-based mixer. The proposed mixer’s small-signal

model is shown in Fig. 3(a). VLNA is the output of the LNA,

and Z0 is 50 � assuming that the LNA output is matched. The

circuits circled in blue are the proposed equivalent model for

the diode to facilitate the calculation: rs is the series resistance

for the diode; req is the small-signal resistance of the diode;

the current source (1/2)g0

m V 2
diode represents the nonlinear base-

band current which comes from the square term of (4). The

parasitic capacitance and inductance of the equivalent model

are ignored here for simplicity because they are not dominant

at 2.4 GHz. One should note that R4 is drawn to be connected

to a small-signal ground in the model also for simplicity.

It is correct at low frequency since the baseband amplifier’s

inputs are virtual grounds. At high frequency, the gain of the

amplifier drops to zero, and it should be treated as open. If the

parasitic capacitance is considered, R4 should be collected to

the parasitic capacitance. Since R4 can be designed to be much

larger than req, it can be ignored even if it is connected to

the ground. Therefore, assuming R4 is short to ground for all

frequencies that does not affect the accuracy of the conclusion.

Since the mixer converts high-frequency RF signals to low-

frequency baseband signals, the small-signal model can be

simplified by analyzing the high frequency and low frequency

separately. The small-signal models for high frequency and

low frequency are shown in Fig. 3(b) and (c), respectively.

It should be noted that the nonlinear current of the diode-based

Fig. 3. Small-signal model for the diode-based mixer: (a) full model for the
diode-based mixer; (b) high-frequency (RF) model for the diode-based mixer;
and (c) low-frequency (baseband) model for the diode-based mixer.

mixer needs to exclude the voltage drop on the series resistance

rs , so Vdiode is the voltage applied on the p-n junction of the

diode and contributes to the down-conversion. At the high

frequency (RF), C1 and C2 are short, L1 is an open, and the

current source (1/2)g0

m V 2
diode is eliminated since it models the

baseband current. At the low frequency (baseband frequency),

C1 is open, L1 is short, and C2 is designed to be short at the

frequency of the interest for the baseband so that the mixer

output can be ac coupled to the baseband. Note that the Vdiode

in the current source expression (1/2)g0

m V 2
diode is the RF input

voltage for the mixer, so it needs to be calculated from the

high-frequency model. From Fig. 3(b), it is easy to find the

actual RF input voltage to the diode Vdiode as

Vdiode = VLNA ∗
req

Z0 + rs + req

. (9)
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Fig. 4. Diode-based mixer’s conversion ratio versus bias voltage from SPICE
simulation and calculation.

From the low-frequency model, the output of the mixer Vmix,out

can be calculated with Thevenin equivalent circuit

Vmix,out =
1

2
gm

0

V 2
diodereq ∗

R4//R1

R4//R1 + req + rs

. (10)

Substituting (9) into (10)

Vmix,out =
1

2
g0

mreqV 2
LNA

r2
eq

(

Z0 + rs + req

)2
∗

R4//R1

R4//R1 + req + rs

.

(11)

Similar to the derivation from (4) to (5), the mixer’s baseband

voltage output VBB can be written as

VBB =
1

2
g0

mreqV1V2

r2
eq

(

Z0 + rs + req

)2
∗

R4//R1

R4//R1 + req + rs

.

(12)

If R4 � R1 � (req + rs), substituting (7) and (8) into (12),

VBB can be simplified to

VBB ≈
1

2

q

nkT
V1V2 ∗

1
(

q

nkT
I0(Z0 + rs) + 1

)2
. (13)

Equation (13) indicates that the amplitude of the baseband

output voltage reduces as the bias current increases. On the

other hand, when the I0 is small, req � R4, R1, substituting (7)

and (8) into (12) again, VBB can be simplified into a different

equation

VBB ≈
1

2

( q

nkT

)2

I0V1V2(R4//R1). (14)

Equation (14) indicates that mixer output amplitude increases

as the bias current increase.

The analysis above shows that an ideal bias point must exist

to maximize the down-conversion gain. The down-conversion

gain for the diode was simulated with a SPICE diode model

to validate the analysis. Both V1 and V2 were set to 10 mV to

approximate the small-signal condition. The baseband outputs

were recorded with different bias voltages. Then, the same bias

points were used to calculate the baseband output using (12).

Fig. 5. (a) Circuit under test for the diode-based mixer stand-alone test.
(b) S11 for the diode-based mixer versus bias voltage.

Conventionally, the down-conversion gain of a mixer is defined

as G = VBB/VRFin under a fixed LO output power. Because the

baseband signal for the single-input mixer is a strong function

of both input signals, it might be easier to use the conversion

ratio defined as VBB/V1/V2 instead of the conversion gain to

analyze and compare different mixer designs. The conversion

gain can be calculated from the conversion ratio by multiplying

the conversion ratio with the LO voltage. Fig. 4 plots the

conversion ratio as the function of the bias voltage for both

simulation and calculation. The x-axis is the bias voltage in

voltage, and the y-axis is the conversion ratio in 1/V . As can

be seen, the calculated conversion ratio matches closely with

the SPICE model simulation.

IV. EXPERIMENTAL RESULTS

In this section, the diode-based mixer was characterized

stand-alone first to find out the maximum down-conversion

gain, and then, the full passive radar was tested.

A. Diode-Based Mixer

The circuit under test is shown in Fig. 5(a). First, the bias

voltage for the diode was swept, and the S11 of the diode was

measured. Fig. 5(b) shows the results. The x-axis is the bias
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Fig. 6. Diode-based mixer’s down-conversion ratio with different input power
levels and different bias voltages: (a) Vbias is 0.4 V; (b) Vbias is 0.6 V;
(c) Vbias is 1.1 V; (d) Vbias is 1.9 V; (e) Vbias is 4 V; and (f) Vbias is 10 V.

voltage in volts, and the y-axis is the S11 in dB. The best

matching was achieved with 1.1-V bias voltage, and the S11

was −21.75 dB.

Since the maximum down-conversion gain does not neces-

sarily coincide with a good matching based on the previous

analysis, the down-conversion gain of the diode was measured

with different bias points in the following experiment. In this

experiment, a power combiner was used at the input of the

mixer to combine two RF inputs. One RF input was set at

2.4 GHz, and another was set at 2.4 GHz plus 1-Hz offset

to simulate the heartbeat’s frequency. A few bias points were

picked to cover both sides of the best matching point based

on Fig. 5(b), and the powers of both inputs were swept

independently. The baseband amplifier had a voltage gain of

40 dB, and the baseband output voltage at 1 Hz was recorded

to calculate the down-conversion ratio. The results were plot-

ted in Fig. 6(a)–(f). Each plot is for different bias voltages.

The x-axis is the first input’s power in dBm; the y-axis is the

second input’s power in dBm; and the color code represents the

down-conversion ratio. The plot shows that when the bias volt-

age is 4 V, the down-conversion ratio is larger compared with

other bias voltages across different combinations of two inputs.

The maximum down-conversion ratio of 4.985, or 13.95 dB,

was achieved. From Fig. 5(b), the S11 with a 4-V bias point is

about −4.5 dB, which is not an outstanding good matching but

is sufficient for the proposed application as the corresponding

insertion loss is about 2 dB. Therefore, for the rest of the

works on system demonstration, 4-V bias was used.

Fig. 7. Passive radar experiment with actuator as target: (a) photograph for
the PCB of the proposed passive radar; (b) in laboratory setup; (c) transient
waveform for the baseband output; and (d) spectrum for the baseband output.

B. Passive Radar

This section covers the experiments with the proposed pas-

sive radar. The printed circuit board (PCB) photograph for the

proposed passive radar is shown in Fig. 7(a). First, an actuator

carrying a metal plate (10 cm × 10 cm) was used as the

target to better control the target movement and get repeatable

results. The experimental setup is shown in Fig. 7(b). The

distance from the transmitter to the passive radar was 1.2 m,

from the transmitter to the actuator was 1.9 m, and from the

passive radar to the actuator was 1.2 m. Because the maximum

allowable power for Wi-Fi is 20 dBm, the power level of

the transmitted signal was set to 15 dBm in this experiment.

The actuator was moving periodically at 1 Hz with 0.2-mm

displacement to mimic the chest movement from the human

subject’s heartbeat. The baseband outputs were digitized using

a data acquisition device (DAQ). Fig. 7(c) shows the transient

waveform for the recorded baseband output, the x-axis is the

time in seconds, and the y-axis is the amplitude in volts.

Fig. 7(d) shows the spectrum for the baseband output, the

x-axis is the frequency in Hz, and the y-axis is the amplitude
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Fig. 8. Passive radar experiment with human subject: (a) in laboratory setup;
(b) raw data for the passive radar baseband; (c) FFT of the high-pass filtered
passive radar’s output and the fingertip pulse monitor’s output; and (d) FFT
of the low-pass filtered passive radar’s output and the chest band respiration
monitor’s output.

in dBmV. A 1-Hz tone is shown in the spectrum which matches

the actuator’s displacement frequency.

Then, the passive radar was used to measure a human

subject’s respiration rate and the heart rate. Fig. 8(a) shows

Fig. 9. Hand-gesture detection: (a) illustration for hand-click; (b) illustration
for horizontal rotation of the hand; (c) spectrogram for hand-click; and
(d) spectrogram for horizontal rotation of the hand.

the experimental setup. A human subject was sitting in front

of the radar. At the same time, a fingertip pulse monitor and

a chest band monitor were used as the ground truth for the

heart rate and respiration, respectively. The distance from the

transmitter to the passive radar was 1.2 m, from the transmitter

to the human subject was 1.4 m, and from the passive radar to

the human subject was 1 m. The DAQ recorded the baseband

output from the passive radar and the monitors’ outputs for

the fingertip pulse monitor and the chest band monitor. The

transmitter output power was the same 15 dBm as the previous

experiment. Fig. 8(b) shows the transient waveform for the

passive radar’s baseband output, the x-axis is the time in

seconds, and the y-axis is the amplitude in volts. The digitized
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baseband output was fed into two different digital filters to

separate the heartbeat signals from the respiration signals. For

heart rate measurement, a 0.6-Hz high-pass filter was used; for

respiration rate measurement, a 0.6-Hz LPF was used. Fig. 8(c)

shows the spectrum of the high-pass filtered passive radar’s

output and the spectrum of the fingertip pulse monitor’s output

for the heartbeat measurement. The x-axis is the frequency

in Hz, and the y-axis is the normalized amplitude. Fig. 8(d)

shows the spectrum of the low-pass filtered passive radar’s

output and the spectrum of the chest band respiration monitor’s

output, the x-axis is the frequency in Hz, and the y-axis is the

normalized amplitude. It shows that the human subject’s heart

rate was approximately 64 beats/min, and the respiration rate

was about 10.3 breaths/min. Both the heart rate and respiration

rate measurement results were in agreement with the fingertip

pulse monitor’s result and the chest band monitor’s result,

respectively.

The last experiment was hand-gesture detection using

micro-Doppler effects. The distance from the transmitter to

the passive radar, from the transmitter to the human subject,

and from the passive radar to the human subject were all

1 m. Fig. 9(a) and (b) illustrates two hand gestures from the

human subject in the experiments: hand-click (moving one

of the forearms from 90◦ to 0◦ with respect to the ground)

and horizontal rotation of the hand. In the experiment, each

gesture was repeated for seven times. Fig. 9(c) presents the

Doppler spectrogram for the hand-click. It has two strips for

each repetition with a similar profile. The first strip is for

the forearm to move down, and the second strip is for the

forearm to move back to the original position and prepare for

the next repetition. Fig. 9(d) presents the Doppler spectrogram

for the horizontal rotation of the hand. The frequency changes

gradually from 0 to a peak and then comes back to 0 because

of the circular movement.

V. CONCLUSION

This article proposes a low-cost passive radar with a single-

input mixer based on a diode for physiological motions of

human subjects. The proposed passive radar makes use of

the ambient electromagnetic wave illuminated by a third-party

2.4-GHz transmitter to achieve target detection, and it does

not require knowing any other information for the transmitter.

A PCB prototype was fabricated with FR-4 substrate and

tested in the laboratory. The experimental results demonstrated

that the maximum down-conversion ratio of the designed

diode-based mixer is about 13.95 dB. Vital signs sensing and

hand-gesture detection were also demonstrated with a human

subject to show the effectiveness of the proposed architecture.
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