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Abstract—A new radar architecture that features a com-
pact size and only one radio frequency (RF) active device was
designed, fabricated, and tested for small motion detection
and human range tracking. Unlike conventional board-level
radar systems, it contains a single antenna and does not use
any low noise amplifier (LNA) or circulator in the RF front
end. The I/Q amplitude and phase imbalance present on the
system were measured to be <1% and 5.17°, respectively.
Besides the local oscillator (LO), there is no other active
device consuming dc power. The fabricated radar system has
dimensions of 36 x 72 mm (L x W) and a power consumption
of 290 mW in continuous operation. Moreover, a 24-GHz
single-channel radar system was designed, fabricated, and
tested using the proposed architecture. The dimensions of
fabricated board are 24 x 27 mm (L x W) and total power
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consumption of 800 mW dissipated by the LO. The range tracking capabilities of the implemented radar systems were
demonstrated by successfully tracking the range of a human target walking back and forth on a hallway. Moreover, the
high sensitivity of the proposed quadrature 2-port monostatic Doppler radar was demonstrated by effectively measuring
a sinusoidal movement with an amplitude of 2.5 um with a 5.8-GHz carrier.

Index Terms— Doppler radar, frequency-shift keying (FSK), interferometric radar, Internet of Things (loT), mixer,

transceiver.

[. INTRODUCTION

UE to their multipurpose functionality in various appli-

cations such as human tracking, vital signs recognition,
speech sensing, hand gesture identification, convert weapon
detection, structural health monitoring, and traffic safety mon-
itoring [1], [2], [3], [4], [S], [6], [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16], [17], radar sensors are under extensive
investigation by the scientific community. In the last few years,
the interest in low-power and low-cost portable smart sensors
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has increased to make feasible the massive deployment of
sensors demanded in the Internet of Things (IoT) era [18],
[18], [20], [21].

The most widely used architecture for low-power and
low-cost portable radar sensors is the quadrature direct down-
conversion architecture, due to its low hardware complexity
and easy on-chip integration. However, this architecture uses
several active radio frequency (RF) components that increase
its power consumption, minimum size, and cost. To tackle
this drawback, a simplified direct-conversion microwave front
end was proposed in [22]. The local oscillator (LO) power
was split between the transmit/receive (TX/RX) antenna and
the downconversion mixer by a hybrid coupler. Because the
hybrid coupler is a passive 4-port network that is reciprocal,
it also split the radar’s received signal between the LO and the
RF ports of the mixer, resulting in an unwanted 3-dB loss but
eliminated the need for expensive components such as a circu-
lator. The total area of the system was 25 cm?, including only
the microwave circuit and the antenna. Nevertheless, the size
of the hybrid coupler is highly dependent on the wavelength
of the carrier frequency A, which limits the minimum size of
the system. Afterward, a 2-port monostatic radar that does not
use a hybrid or circulator in the RF front end and just exhibits
one RF active device was proposed by Rodriguez and Li [23]
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using a diode-based mixer. The manufactured radar system
measures 20.6 x 26.5 mm (length by width) or 5.47 cm?
in size, excluding the antenna but encompassing a two-stage
baseband amplifier. Subsequently, a similar architecture was
used in [24] to implement a monolithic microwave inte-
grated circuit (MIMIC) D-band monostatic radar. The system
was fabricated in a 130-nm bipolar complementary metal—
oxide—semiconductor (BiCMOS) technology and includes a
compact direct-conversion architecture composed of a diode-
based mixer, an oscillator, and an on-chip antenna. However,
all these architectures did not support quadrature channels,
which jeopardizes the radar’s capability of recovering the
displacement trajectory and distinguishing between positive
and negative Doppler shifts. Moreover, the lack of quadrature
channels makes the radar system vulnerable to the well-known
null detection point issue, when operating in Doppler mode
[25], [26]. In addition, the range tracking capabilities of these
compact direct-conversion radars were not studied, limiting
the possible applications of these systems.

The microwave techniques described in this article are an
extension of the published results elsewhere [23]. In this
work, the theoretical analysis and sensing capabilities of the
novel, low-cost, low-power 2-port monostatic radar proposed
by Rodriguez and Li [23] are expanded. A single-channel
radar system is designed and implemented using the 24-GHz
industrial, scientific, and medical (ISM) band to verify the
scalability of the proposed architecture. The dimensions of the
fabricated radar system are 24 x 27 mm (L x W) or 6.48 cm?
taking into consideration the size of a two-stage baseband
amplifier but excluding the area occupied by the antenna.
Moreover, the range tracking capability of the proposed
architecture is verified using frequency-shift keying (FSK)
[27], [28], [29], [30]. As a further step, a quadrature 2-port
monostatic direct-conversion radar architecture is suggested.
Unlike conventional radar systems, this design eliminates the
need for separate TX/RX signal chains and uses a single
antenna without a hybrid or circulator in the RF front end.
Apart from the LO, there is no other RF active device that
draws any dc power. A circuit model of the proposed quadra-
ture architecture is developed, showing the diode’s location
and conversion loss dependence. Moreover, the impact of
the mixer’s bias point was experimentally studied, for the
single- and quadrature-channel systems. This new quadrature
architecture is implemented and successfully tested at 5.8 GHz
with dimensions of 36 x 72 mm (L x W) or 25.92 cm?,
including a two-stage baseband amplifier for each channel and
excluding the area occupied by the antenna.

This article is structured as follows. Section II provides
an in-depth analysis of the design principles of the systems.
In Section III, the implementation of the radar systems is
described, and the measured parameters are compared with the
proposed theory. In Section IV, experimental results for human
range tracking and small motion detection are presented.
Finally, a conclusion is drawn in Section V.

Il. THEORY
A. Single-Channel System
Prior to delving into the in-depth examination of the hard-
ware design, a concise elucidation of the mixing principle
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Fig. 1. 2-port transceiver chain schematic.

concerning RF diodes is provided. Suppose that the sum
of two microwave signals (a; cos(wt) + a; cos((w + Aw)t))
is applied to the input of an RF diode, where w and
w + Aw are carrier frequencies and a; and a, are real-
valued constants. Then, the signal at the diode’s output can
be written as v,(t) = cj(cos(wt) + cos((w + Aw)t)) +
c2(cos(wr) + cos((w + Aw)t))? + -+, ie., the first term on
the right is the summation of the original two signals, fol-
lowed by the square of the sum, which can be rewritten as
(cos(wt) + cos((w + Aa))t))2 = cos(wt)?+2 cos(wt) cos((w+
Aw)t) +cos((w+ Aw)t)?. ¢y, ca, . .. are real-valued constants,
and the ellipsis represents all the other higher order powers
of the sum that are assumed to be negligible for small sig-
nals. By utilizing the trigonometric identity, cos(wt) cos((w +
Aw)t) = (cos (Awt) + cos (2w + Aw)t))/2, which demon-
strates how the nonlinear effects of a Schottky diode can
be leveraged to downconvert the received signals. Even if
the higher order powers of the sum were nonnegligible, the
resulting output products would lie outside of the baseband
frequency band. It is also worth mentioning that an RF
choke is used to attenuate higher frequency signals while
allowing lower frequency signals to pass through with minimal
impedance, so higher order terms will not go into the baseband
path (not even the fundamental tone), and the baseband
amplifier has a low-pass filter response, which contributes to
retrieving a clean signal at the baseband.

Fig. 1 shows the schematic of the implemented
single-channel radar system. A 4-port junction along
with the diode, the LO, the TX/RX antenna, and the RF
choke was created. Since there are only two RF ports in
the antenna and LO sections of the configuration, the 4-port
junction will be studied as a 2-port transceiver chain. The
oscillator is the only microwave component that consumes dc
power in the architecture, responsible for the overall power
consumption. In addition, the RF choke was used to create
an RF isolated port. This port is used to dc bias the mixer
and recover the downconverted signal without affecting the
RF performance of the system. By changing the dc bias
point of the mixer, it is possible to change its effective
impedance, which could be used to improve the matching
and the conversion loss of the system.

The power division ratio of the 2-port transceiver chain
was engineered to maximize radar performance. To enhance
the performance of the proposed microwave topology, four
conditions must be satisfied: 1) the ac voltage across the
Schottky diode should be maximized; 2) the amount of power
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received by the antenna that goes into the LO should be
minimized; 3) the LO power at the antenna port should be
as high as possible without affecting the conversion loss; and
4) a good matching for the two ports should be achieved.
To improve the RF power levels across the mixer, it is
necessary to consider the transmission line effect. The resultant
ac voltage across the diode can be represented as

Vi (xy) = Vo e P 4+ vy el (1)

where Ve /P* is the forward propagating voltage, V, e/
is the backward propagating voltage, 8 is the phase constant,
and x; is the position of the diode with respect to port 1.
From (1), it can be deduced that the voltage across the diode
is highly dependent on its location along the transmission line.
Therefore, the location of the mixer must be optimized to
achieve the lowest conversion loss. However, if the circuit
is well matched (e.g., |V | = 0), the magnitude of the ac
voltage across the diode, i.e., |Vj|, remains constant at any
location on the line, facilitating the design process. To evaluate
the second and third conditions, it is necessary to analyze the
power flow diagram of the proposed transceiver chain in TX
and RX modes, as shown in Fig. 2. The power division ratio
in the TX and RX modes can be written as

P, V4

ar = -+ =M1 (2a)
Pur  Zy
P Z

g = TEOR _ Zum (2b)
Pyr Zio

where Zy, Z4, and Zyo are the impedances looking into
the mixer, the antenna, and the LO, as shown in Fig. I,
respectively; oy and ap are the power division ratios in the
TX and RX modes, respectively; Par and Pyt are the powers
going from the LO to the antenna and the mixer in the TX
mode, respectively; and Pror and Py represent the RF power
flowing from the antenna to the LO and the mixer, in the
RX mode, respectively (refer to Fig. 2). From (2a) and (2b),
it can be concluded that the second and third conditions are
contradictory to each other (i.e., cannot be satisfied at the same
time). For instance, if the TX power (Par) is increased to
satisfy the third condition, the power going from the antenna
to the LO (PLor) will also increase, contradicting the second
condition. In addition, the power distribution of the system
cannot be arbitrarily changed without affecting the matching
at the 2-ports. The reflection coefficient at the LO and antenna
ports for a symmetric transceiver chain with a total length of
a full wavelength can be written as

ZaZo—ZuZa+ ZoZy
ZaZo+ZyZa+ ZoZy
ZoZ1o+ ZyuZo — ZioZu
ZoZ1o+ZyuZo+ ZioZy

where I' o and I'4 are the reflection coefficients at the LO
and antenna ports, respectively. To avoid negatively impacting
one of the operation modes, an equal power division ratio was
chosen for both, the TX and RX modes (e.g., ar = ar = 1).
In addition, to have a good matching in the two ports (e.g.,
I'o = 'y < —10 dB) along with a reciprocal structure,
Za, Z10, and Zy were set to 50 Q. Moreover, the total

I'Lo = (3a)

'y =

(3b)
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Fig. 2. Graphical representation of the power transfer in a transceiver
chain with 2-ports.
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Fig. 3. Proposed system schematic and equivalent circuit.

length of the transceiver chain was set to a full wavelength
with the mixer placed at a half-wavelength distance from each
port. Fig. 3 shows the schematic and equivalent circuit of the
proposed system. It is important to note that the impact of the
mixer’s location is reduced since a good matching is expected
on the system.

B. Quadrature-Channel System

To incorporate a quadrature channel in the proposed 2-port
transceiver chain, it is necessary to add an ac-coupled but dc-
isolated structure to the proposed system. In other words, the
LO signal must be shared between the mixers of each channel,
but the generated IF signals should be isolated. Otherwise,
they will mix together. The proposed architecture is shown
in Fig. 4, a capacitor was used to isolate the downconverted
quadrature baseband signals, and a quarter-wave transformer
was added in series with the RF choke to improve the isolation
of the isolated port. The improved isolation is necessary to
avoid adding additional phase shifts to the RF and LO signals
due to the baseband circuit components. To generate the two
quadrature signals, it is necessary to introduce a 90° phase shift
between the two channels. To produce the desired phase shift
without adding any additional microwave structure, the two
Schottky diodes are placed 2mn+m /4 degrees apart from each
other. As the signal travels twice through the 2-port transceiver
chain (e.g., in TX and RX modes), the total phase shift
applied due to the distance between the mixers is equal to 90°
(e.g., w/2), which generates the quadrature channels. Fig. 4
shows the quadrature-channel generation. For simplicity, just
the LO’s incident propagating wave was used for illustration.
The LO signal can be modeled as cos(wt), after traveling
through L, and reaching the junction J, the LO signal can
now be represented as cos(wt —¢;), where ¢, is the phase shift
due to L;. When the signal reaches junction J;, an additional
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Fig. 4. Proposed quadrature direct-conversion architecture.

45° phase shift will be applied, and this additional phase shift
can be represented as cos(wt — ¢ —m/4). Then, after traveling
through L4, the signal will be radiated by the antenna, the TX
signal can be modeled as cos(wt — ¢ — 7w /4 — ¢»), where ¢,
is the phase shift applied by L4 to the signal. The reflected
RF signal at J; can be represented as cos[(w + Aw)t — ¢ —
/4 —2¢, — ¢,)], where Aw is the Doppler shift applied by
the target to the signal and ¢, is the phase delay due to the
distance between the target and the radar. When the reflected
RF signal travels from J; to J, an additional 45° phase shift
is applied. Therefore, the reflected RF signal at the junction J
can be represented as cos[(w+ Aw)t — ¢ — /2 —2¢, — p,)].
As can be seen, the TX/RX signals at junction J are 90° out
of phase, and thus, the generated IF products at each junction
by the mixers can be modeled as 0.5 -sin(Awt —2¢, — ¢,) and
0.5 - cos(Awt — 2¢, — ¢,), showing the effectiveness of the
proposed architecture to generate quadrature baseband signals.

A circuit model of the proposed architecture was developed
as shown in Fig. 5, the capacitor C was modeled as a short
circuit for the RF, and the added phase shift was included in
L, 4+ L3. From Fig. 5, the voltage at D; due to LO can be
modeled as

z3 73

o €q1

= VLo
(o, +2,) (75,41 + B1)

“4)

where qul =277 | Za, Za, is the D; equivalent impedance,
A; =cos(BL}), and B) = jZysin(BL;). Following the same
analysis, the voltage at D, due to the LO can be modeled as
follows:

73 77

o €q2

T VLo )
(Zi(;l + ZS) (Zeoque‘h + BCQI)

dy

where Agq, and Bey, come from the ABCD parameters of the
line L;, the diode D, and the line L, + L3, qu2 =Z%, |
Z4, and Z, is the D, equivalent impedance. To calculate
the generated IF, it is necessary to calculate both the LO and
the RF received signal contributions to the voltage across the
diodes. Therefore, the voltage in D, due to the RF received
signal is given by
Zl, 7

r €qi

vdz = URF
(i + Za) (75 A4 + B1)

(6)

Fig. 5. Quadrature 2-port transceiver chain equivalent circuit.
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Fig. 6. RF equivalent circuit model of a Schottky diode.

where Z{, = Z || Za,, As = cos(BL4), Bs = jZosin(BLa),
and vgr is the RF received signal. Likewise, the voltage in D,
due to the RF received signal can be modeled as
YA
ng = o URF
(2, + Za) (querqz n Beqz)

)

where Z{, = Zx, || Z4 and A, and Beg, come from the
ABCD parameters of the line L4, the diode D,, and the line
L, + Ls. As can be seen, the ac voltage across the diodes
depends on the lengths of L and L4, and thus, their lengths
cannot be arbitrarily chosen.

To complete the model, it is necessary to estimate the
impedance of the Schottky diodes. For this purpose, the circuit
model shown in Fig. 6 was adopted, where R; is the junction
resistance of the diode, C; is the junction capacitance, Rg
is the bulk resistance, and Lg and C, are the packaging
inductance and capacitance, respectively [31]. From Fig. 6, the
admittance of the Schottky diode can be written as follows:

R
Yo= R+ joL+ —2—| +jwC,.  ®)
P + ]Rj

The nonlinear behavior of a Schottky diode comes from the
junction capacitance and resistance C; and R;. The nonlinear
junction capacitance can be modeled as shown in (9), where
Q is the charge stored in the diode’s junction and V; is the
voltage across the junction

_ 0

Ci=—.
7

©))

The overall nonlinear junction resistance is given by (10),
where 1 is the diode ideality factor, s is the reverse saturation
current, and Igp is the voltage-controlled current through the
Schottky diode junction

ar \ ! 1%
R; = (_) = rr (10)
aV; Is + Isp
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Fig. 7. Schottky diode IF source model.

The total IF current generated in the proposed quadrature
direct-conversion architecture can be calculated at each mixer
as

. 1 IR VAR V44
lIf, = EGdle le (lla)

. 1 /Yy Y70
IF, = EGddede (11b)
where G/, = (G4/Vr), G4 = (1/R;) is called the dynamic
conductance of the diode, V; &~ 25 mV is the thermal voltage,
and i, and iz, are the generated IF currents by D; and D,
respectively.

C. Other Considerations

In small-signal low-frequency analysis, the bias resistor R is
in parallel with the Schottky diode and the baseband amplifier
input resistance. Therefore, its impact on the conversion loss
and the noise performance of the system must be analyzed.
The circuit model of a Schottky diode as an IF source is shown
in Fig. 7, where R, is the diode intrinsic resistance and ijr can
be modeled by (11). From Fig. 7, it can be deduced that if the
value of R and the baseband amplifier input resistance Rgp are
high compared with R, the total equivalent resistance seen by
irr Will be R; || R | Rgg =~ R,. Therefore, the conditions of
R > R, and Rpp > R, must be satisfied to avoid loading
the mixer and negatively impacting the conversion loss of the
system.

In addition, to optimize the system performance, it is
necessary to assess the noise contribution of the bias resistor R
to the recovered baseband signal. To perform this analysis, it is
necessary to use the equivalent circuit for noise analysis of the
implemented baseband amplifier, as shown in Fig. 8 [32]. Any
noisy resistor can be modeled as a noiseless resistor in parallel
with a noise current source or its corresponding Thevenin
equivalence [32]. The thermal noise current variance per hertz
of bandwidth generated by any generic resistor R, can be
modeled as i3, = 4 kT/R,, where k is Boltzmann’s constant
in joules per kelvin, T is the resistor’s absolute temperature in
kelvins, and R, is the resistor value in ohms [32]. The noise
of an operational amplifier (op amp) is characterized by three
equivalent noise sources: two current sources with spectral
densities iy, and i,p, and a voltage source with spectral density
e, [32]. A practical op amp can be modeled as a noiseless op
amp fed with these three sources at the input, as shown in
Fig. 8. The superposition principle was applied to calculate
the overall noise spectral density e,; referred to the input of
the op amp. However, the induvial terms must be added in a

ir

IRy R,

Fig. 8. Equivalent circuit for noise analysis of the implemented base-
band amplifier.

power fashion. From Fig. 8, the overall input-referred noise
power spectral density for the amplifier can be modeled as

Ro(R1+Reg)'+R1 B3
(Rl +R2+ch)2

" (Regl(R1+R)’
Req

erzli = eﬁ + 4kT

+ R332+ (Ra |l (Ri + Re)) i, (12)

where Req = RgR/(R;+ R) is the parallel combination of R,
and R. For ac-coupled interferometric radars, the value of R;
is usually in hundreds of kiloohms to obtain the necessary
low cutoff frequency to remove the dc component while
passing the low frequencies generated by slow motions (e.g.,
respiration and heartbeat) [33], [34], [35], [36], [37]. From
(12), it can be deduced that to reduce the noise contribution
of R and R, to the system, it is necessary to satisfy the
condition of R; > Ry,. If this condition is satisfied, R;
will be much bigger than Ry and (12) can be rewritten as
shown in (13), where the negligible effect of R and R; on the
total input-referred noise power spectral density of system is
evidenced

em = €, +4KT[R3 + (R, || R)]+ R3in, + (Ry || Ry)%ig,.
(13)

[1l. SYSTEM IMPLEMENTATION AND ELECTRONIC
CHARACTERIZATION

A. Single-Channel System

To verify the scalability of the proposed system to higher
frequencies as compared with [23], a 24-GHz 2-port single-
channel monostatic radar was implemented, as shown in
Fig. 9. A 125-um Rogers Duroid 5880 substrate was used to
fabricate the radar system. The RF choke was implemented
using a radial stub and a quarter wavelength transmission
line since RF structures have a small size at millimeter-wave
frequencies and lumped elements usually exhibit lower self-
resonant frequencies. The nonlinear detector (mixer) was
built using the Skyworks SMS7621-040LF Schottky diode.
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Fig. 9. Fabricated 24-GHz radar system.

A quarter wavelength radial stub with a shunt dc line was
leveraged to provide a dc and ac ground to the cathode of
the diode. The LO (Analog Devices HMC739LP4) has a
power consumption of 800 mW, which is the total power
consumption of the RF front end. An output power reading
of 8 dBm was obtained through measurement, which matches
with the manufacturer specification. A two-stage noninverting
amplifier was developed for the baseband circuit. An RC high-
pass filter was employed to remove the dc component. The
cutoff frequency of the high-pass filter is 0.16 Hz since R =
100 k2 and C = 10 uF. On the other hand, the minimum
detectable frequency is a function of several relevant factors
such as the strength of the received signals, the conversion
loss, and the baseband filter attenuation at that frequency. The
designed sensor has dimensions of 24 x 27 mm (L x W)
or 6.48 cm? without the antenna but including a two-stage
baseband amplifier. An SMA connector was placed on the
antenna port to interface with a commercial horn antenna.
S11 for the 24-GHz horn antenna (WR-42 waveguide standard
gain horn antenna by Pasternack) was measured as —25 dB at
24GHz.

An additional 2-port RF transceiver without the LO was
constructed to evaluate the performance of the designed struc-
ture. The S-parameters were calculated for different values
of Viias, Using a bias resistor R = 2.3 k2. The measured
S-parameters are shown in Fig. 10. As can be seen, when
the bias voltage increases, the matching improves, but the TX
power slightly reduces. To assess the impact of Vii,s on a
system level, the conversion loss for different bias voltages
was measured and the obtained results are shown in Fig. 11.
The conversion loss of the system was measured by feeding an
8-dBm 24-GHz signal into the LO port and a —14-dBm RF
signal with a 1-kHz offset into the antenna port. As shown
in Fig. 11, the variation in the conversion loss is less than
2 dB when the bias voltage is swept from 0 to 5 V. It is
important to notice that the impact of this variation to the
radar’s performance is even smaller than 2 dB since these
measurements do not account for the reduction in TX power.
As a result, Vi = 0 V was selected in this work since
the conversion loss improvement does not compensate for
the increased power consumption and hardware complexity.
In addition, for Vs = 0 V, S11 and S, are below —10 dB,
which pushes S>; = S, above —3 dB, verifying the authors’
analysis for the single-channel system.
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Fig. 10. Measured (a) Si1, (b) So2, (c) Sz1, and (d) Sy2 for different bias
voltages for the fabricated 24-GHz radar system.
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Fig. 12. Measured baseband signal for different values of R.

To verify the negligible effect of the dc bias resistor R on
the system’s conversion loss (e.g., R > R;), the conversion
loss was measured for R equal to 2.3, 100, and 1000 kS2. For
these experiments, the value of Vs was set to 0 'V, to avoid
changes on the bias point of the diode. The recovered baseband
signals for each value of R are shown in Fig. 12. As can
be seen, the recovered signals have almost identical ampli-
tudes and noise performance, verifying the authors’ theoretical
analysis.
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Fig. 13. Fabricated characterization board for the 5.8-GHz quadrature
radar system.

B. Quadrature-Channel System

A 5.8-GHz quadrature 2-port monostatic radar system was
implemented, as shown in Fig. 13. A low-cost 1.57-mm-thick
FR4 substrate was utilized to design the entire system. With
the LO (Analog Devices HMC358MS8G) being the sole active
RF component in the proposed design, the power consumption
of the 2-port quadrature monostatic front end is constrained
to 290 mW. The //Q mixers were designed and implemented
using the Infineon BAT15-02L Schottky diode. The provision
of ac and dc ground to the cathode of each diode was
accomplished using a shunt dc line and a 90° radial stub.
In addition, a 90° radial stub with a shunt line was added
to each isolated port to improve the isolation. These shunt
lines were used to recover the quadrature baseband signals
and provide dc bias to the diodes. The lengths of L; and
L, were optimized in simulation to achieve the minimum
conversion loss (L} = L4 =~ 0.537). A two-stage noninverting
amplifier was specifically created for the baseband circuit.
To simplify the amplifier design, an RC high-pass filter
was utilized to separate the dc component. The designed
RF transceiver has dimensions of 36 x 72 mm (L x W)
or 25.92 cm?, including the area occupied by the two-stage
baseband amplifier for each channel and excluding the area
occupied by the antenna. As shown in Fig. 13, a microstrip
interdigital capacitor (MICAP) was designed and implemented
to isolate the generated quadrature signals. The simulated and
measured S-parameters of the MICAP are shown in Fig. 14.
As can be seen, the simulated and measured results are in
good agreement. Si; and Sp; at 5.8-GHz were measured as
—23.2 and —1.23 dB, respectively. Therefore, the implemented
MICAP exhibits good matching and low loss while success-
fully isolating the quadrature baseband signals. The 5.8-GHz
patch antenna was designed with the FR4 substrate. S;; of the
antenna was measured as —9.42 dB at 5.8 GHz.

The S-parameters of the implemented 5.8-GHz 2-port
quadrature monostatic radar system were measured for dif-
ferent values of Vi, using a bias resistor R = 2.3 k.
The measured S-parameters are shown in Fig. 15. As can be
seen, when the bias voltage increases, the matching remains
constant, but Sp; and S, of the system decrease (e.g., higher
insertion loss). It is important to notice that a higher insertion
loss reduces the total TX power, negatively impacting the radar
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Fig. 14. Measured and simulated S-parameters of the MICAP.
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Fig. 15. Measured (a) Sy1, (b) Sa2, (C) S21, and (d) Sy2 of the fabricated
5.8-GHz quadrature radar system.

TABLE |
PERFORMANCE CONVERSION LOSS FOR DIFFERENT VALUES OF R

R (kQ) R =2.3kQ R = 100kQ R=1MQ
CL,(dB) 6.9 6.7 6.6
CL,(dB) 6.4 62 6.0

LO =10 dBm, RF =-30 dBm, 1 kHz offset, Vy,s =0V

TABLE Il
PERFORMANCE CONVERSION LOSS FOR DIFFERENT VALUES OF Vpjas
Vbias
0.5 1 1.5 2 2.5 3

™

CL]

(dB) 6.68 6.68 6.89 6.47 6.89 6.89
CLo

(dB) 6.26 6.26 6.47 6.06 6.06 6.26

LO =10 dBm, RF = -30 dBm, 1 kHz offset, R = 2.3kQ

performance. Therefore, Vy;,s = 0 V was chosen as the optimal
operating point. Different values of R and Vs were used to
evaluate the conversion loss of the system. The obtained results
are shown in Tables I and II.
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Fig. 16. Measured quadrature baseband signals.
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Fig. 17. Constellation plot of the measured and corrected quadrature
baseband signals.

To verify the orthogonality of the generated //Q channels,
two signals with a 1.4-kHz offset were fed into the LO
and antenna ports. A circulator was placed at each port to
reduce the interaction between the signal generators. The
recovered baseband signals are shown in Fig. 16. The mea-
sured amplitude error between the signals is below 1% and
the measured phase difference between the two channels is
84.83°. To illustrate the I/Q distortion present on the system,
the constellation plot of the recovered quadrature signals was
computed, to compare it with the trajectory that fits the unitary
circle. In addition, a distortion correction method was applied
to the recovered signal. As shown in Fig. 17, the recovered
I/Q channels are almost balanced and the constellation plot
closely overlaps with the trajectory that fits the unitary cir-
cle. Moreover, the correction method was enough to offset
the distortion, mitigating the small imbalance present in the
system. It should be noted that different diode biases may not
significantly affect the I/Q amplitude and phase imbalances
since the designed structure functions as a quasi-reciprocal
2-port network.

V. SYSTEM EXPERIMENTAL RESULTS
A. Single Human Tracking
FSK modulation was used to perform range measurements
with the implemented radar systems. A radar system that
utilizes FSK transmits two distinct frequencies, f; and f>,,
through a common RF chain at a switching rate of fy.

Fig. 18. Human range tracking experimental setup.

If a target moves at a constant velocity, the reflected signal
undergoes a frequency shift due to the Doppler effect, which
can be used to track its range. In addition, a phase delay
will also be applied to the signal, due to its round-trip travel.
Therefore, by comparing the phase of the two downconverted
tones, the instantaneous distance between the target and the
FSK radar can be estimated as Ry = cA¢(¢)/4mw Af, where ¢
is the speed of light, A¢(¢) is the time-varying phase different
of the two downconverted tones, and Af is the frequency
difference of the transmitted discrete tones. As the phase of a
sine signal repeats every 277, the maximum unambiguous range
of an FSK quadrature system is limited to Rp,x = c/2Af.
It is important to notice that, as shown in [38] and [39], the
maximum unambiguous range for single-channel radar system
is reduced by half compared to quadrature systems.

For the single human tracking experiments, all the imple-
mented radar systems were used, including the 5.8-GHz
single-channel system introduced in [23]. The frequency dif-
ference between the two carrier signals for all the experiments
was set to Af = 8.8 MHz. Therefore, the maximum unam-
biguous range can be approximated as 17 m for a quadrature
system and 8.5 m for a single-channel system. To avoid
the antenna nearfield and limit the experiment within the
maximum unambiguous range for the single-channel radar
systems, a human subject was asked to complete a round
trip from 2 to 8 m with a normal walking speed, as shown
in Fig. 18. The recorded data were measured with a 15-kHz
sampling frequency. A Hamming window and zero padding
were utilized in conjunction with a 0.2-s window length for the
fast Fourier transform (FFT). Information about the Doppler
frequencies generated by the waking human can be derived
after an analysis of both spectra. Then, by analyzing the phase
difference between the two Doppler frequencies, the subject’s
instantaneous range can be estimated. The experimental results
obtained using the implemented single-channel systems are
shown in Fig. 19, which confirms the range tracking capabil-
ities of the proposed architecture.

To exploit the extended range capabilities of quadrature
radar systems and assess the performance of the implemented
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Fig. 21.  Experimental setup for small motion detection using the
proposed quadrature 2-port monostatic system.

2-port monostatic quadrature-channel system, the subject was
asked to complete two different round trips, one from 2 to
11 m and the other one from 2 to 13 m, walking at normal
speed. The experimental results are shown in Fig. 20, where
the range of the human target was successfully recovered,
and the maximum unambiguous range was extended compared
with the single-channel systems.

B. Small Motion Detection

To determine the performance and relative merits of the
proposed 2-port monostatic transceiver front end against other
systems, the implemented quadrature radar was placed 50 cm
away from a mechanical actuator (Zaber T-NAOSAS50) to
measure the linear movements of a corner reflector, as shown
in Fig. 21. The actuator was programmed to produce a 2-Hz
sinusoidal movement with an amplitude of 2.5 wm. The mea-
surement window was set to 50 s and the selected sampling
frequency was 6 kHz. The experimental results are shown in
Fig. 22, where the frequency of the programmed motion was
effectively detected, demonstrating the superior sensitivity of
the proposed design. In addition, to assess the displacement
measurement capabilities of the proposed architecture, the
actuator was placed 1.5 m away from the radar and it was
programmed to produce a 2-Hz sinusoidal movement with

Fig. 23. Recovered constellation plot for a 2-mm sinusoidal motion.

-1 0

Normalized I-signal

TABLE IlI

PERFORMANCE COMPARISON FOR RADAR-BASED

SMALL MOTION DETECTION

. A/L

Displacement Frequency (GHz) (um/m)
This work 2.5 um 5.8 48.4
[41] 10 pm 24 800
[40] 20 pm 60 4000
[26] 95 nm 125 39.5

an amplitude of 2 mm. For this experiment, the sampling
frequency was set to 250 Hz and a 40-s window was used.
It should be noted that the signal-to-noise ratio (SNR) at the
output of an amplifier is always worse when compared to
the SNR at its input. Therefore, increasing the gain of the
baseband amplifier can potentially enhance detection sensi-
tivity if the dynamic range of the analog-to-digital converter
allows. However, this will restrict the radar operation to the
detection of very small motion within specific ranges, and
now, the amplifier stability becomes a matter of concern.
Also, a higher gain in the baseband amplifier may introduce
certain challenges. Higher gain levels can lead to increased
noise and the risk of signal distortion, which may impact
the radar’s overall performance. The recovered constellation
plot is shown in Fig. 23, and a circular fitting algorithm was
used to compare the recovered trajectory with the unit circle.
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Moreover, simulations were carried out to compute the ideal
1/Q signal generated by the programmed motion. As can be
seen, the recovered displacement closely matches the ideal
trajectory that fits the unitary circle, showing the low 1/Q
imbalance present in the proposed system. Table III shows a
comparison with previously reported motion sensing radars
using more complex architectures.

V. CONCLUSION

Single- and quadrature-channel 2-port monostatic front-end
architectures were proposed, designed, fabricated, and tested.
The low cost, high sensitivity, and compact size inherent to
these architectures make them suitable for mass deployment
and collocated sensor implementation. Experiments with the
implemented 5.8-GHz quadrature 2-port monostatic radar ver-
ified the high sensitivity of the proposed architecture, showing
great potential for small motion sensing and human range
tracking applications. Moreover, a single-channel 24-GHz
2-port radar system was designed, implemented, and tested
to verify the scalability of the proposed architecture to
millimeter-wave frequencies. Finally, the proposed architecture
can be potentially used for millimeter-wave radar-on-chip
implementation due to its low complexity and small area
requirements for small wavelengths.
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