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Abstract: A zero-power microwave sensor is reported for the real-time assessment of water quality.
The proposed structure is able to transmit sensed data directly to a base-station without additional
data processing at the wireless sensor node (WSN) which results in less power consumption.
The base-station propagates a single tone signal at the frequency of f 0/2. At the sensing node, an
antenna absorbs that signal and a passive frequency doubler makes its frequency twice, i.e., f 0, which
will be used as the carrier signal. Two pairs of open-ended coaxial probes are used as liquid sensors;
one inside a known reference sample and the other one inside the water under test. A combination of
both sensors’ data will be sent to the base-station. A special six-port structure is used for modulation
of sensed data over the carrier. At the base-station, a receiver will demodulate the received signal for
extracting the sensed data. As an example, the system has been evaluated at f 0 = 2.45 GHz for the
detection of Humic-Acid levels as a common contaminant of river waters.

Keywords: Internet of things (IoT); real-time assessment; reflection-based; six-port structure;
unpowered; wireless sensor node (WSN)

1. Introduction

Water crisis, according to the Global Risks Report by World Economic Forum in 2017,
is consistently among the top-ranked global risks since 2012 [1]. Improved technologies make water
harvesting possible from rainwater, seawater desalination, and industrial/municipal waste-waters,
even at homes [2,3]. These utilities are required to periodically monitor water quality. To prevent
unhealthy water usage, the automated in-line sensors are required to detect various pollutions [4,5].
However, most of these systems are not real-time and/or Internet of Things (IoT) compatible, as they
need special laboratory equipment. Using wireless sensor nodes and Internet of distributed water
systems are a step toward smarter cities [6–9]. A wireless sensor node (WSN) in a wireless network
senses a physical/chemical variation in a desired environment [10–12], analyze them, and transmit
the extracted data to a receiver which can be a mobile phone or a base-station [13]. In this regard,
the WSN usually has a small processing unit, one or more sensors, a telecommunication subsystem,
and a source of energy in the form of battery or energy harvesting module. A few un-powered sensor
systems were proposed which comprises receiving, frequency conversion, sensing, and transmitting
elements [14–16].
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There are a couple of architecture reported for sensor nodes in the literature which usually
include radio frequency identification (RFID). The interferometry systems send a signal and measure
the reflection from sensor nodes by a direct conversion receiver [17–20]. The chip-based sensing
nodes have a separate sensor, a digitizer, and a direct conversion modulator [21,22]. Using chips
make multi-node networks possible but a higher received signal strength is required for powering-up
the sensor and micro-controller chips. The chipless structures in [23–26] work based on the shift in
the operating frequency. These frameworks are sensitive to the undesirable condition varieties that
change the frequency response of system and need an accurate frequency discovery at the receiver.
This detriment is a major point of confinement on the actualizing functional remote systems based
on these type of sensors. The six-port structures (SPS), as a vector modulator, only consists of some
passive elements [27–30] and is an ideal choice for a near-to-zero (N-zero) or zero-power systems.
The direct conversion sensors, as of late proposed in [31,32], need a signal generator and a power
source with the occasional support or trade necessities at the sensor node. Therefore, these kind of
nodes cannot be utilized in applications with restricted access or troubles for upkeep.

This paper proposes real-time water quality assessment using a Base-Station (BS) and sensor
nodes in a water harvesting system. The adaptive and switched-beam antenna at the BS makes an
exclusive connection with each node possible. The sensor node senses the effects of filter’s output
and reference sample on the reflection coefficients of open-ended coaxial probes, simultaneously.
This information can be used to determine the quality of filtered water. For systems with exchangeable
filters, the reference sample can be taken when the filter is new and works perfectly. After that,
the quality of filtering and thus the replacement time of the filter can be determined.

The proposed direct conversion sensor is based on the SPS that simplify the sensing system
by eliminating digitizer and integrating the sensor into the modulator. Using the vector modulator
eliminates the frequency up-converting chain and leads to a low-cost and straightforward realization
of modulation scheme for transmitting data. The introduced unpowered WSN comprises a dual-band
receiving/transmitting antenna, a frequency diplexer, a frequency doubler, a SPS, and two pairs of
open-ended coaxial probes for sensing in which one pair senses the desired variations in the water
under test (WUT) while the other one is in contact with the pure water, as a reference. These probes
provide broadband and non-destructive sensing of liquids. The variations in sensing parts modulate
the input signal and the reference data can be used in the calibration procedure of six-port receiver at
the BS.

For evaluation, the system has been implemented at the frequency of 2.45 GHz. As a common
contaminant sample, various concentrations of humic acid in water were used as the WUTs to resemble
dissolved organic matter in the river. The measurement results show that the proposed sensor node
can detect the level of pollution with a good accuracy.

2. Materials and Methods

The proposed wireless quality sensing system consists of a base station and one or more
zero-power sensor nodes, as shown in Figure 1a. The BS transmits the pure and receives the modulated
signals at the frequencies of f /2 and f , respectively. The node receives the pure signal at f /2, modulates
it with sensed data, and transmits it back at f . In the next sections, both parts are presented in detail.

2.1. The Sensing Node

The sensing mechanism is shown in Figure 1b, which is based on a comparison between the water
filter’s output as the water under test and a fixed pure water as the reference sample. The open-ended
coaxial line is selected as the sensitive circuit that can provide a good accuracy for liquid detection.
The material around the open end of the line affects its fringing fields, as shown in Figure 1c.
Considering the open-ended coaxial probe as a truncated transmission line, the electromagnetic
waves propagate along it and reflected back at the end of line because of an impedance mismatch
between the probe and the sample. This mismatch, and thereafter the reflection coefficient, is related
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to the ratio of dielectric constants for sample and probe, or equivalently ratio of their capacitances.
For a WUT with permittivity of εWUT , the reflection coefficient (ΓWUT) of the open-ended line can be
represented by [33],

ΓWUT =
1 − jωZ0

(
εWUTC0 + C f

)
1 + jωZ0

(
εWUTC0 + C f

) , (1)

where ω is angular frequency, Z0 is characteristic impedance of coaxial line, i.e., 50 Ω, C0 and C f
are capacitances of air outside and fringing field inside the coaxial line, respectively. For a reference
sample with permittivity of εRe f close to εWUT , the first approximation of (1) can be obtained as,

ΓWUT = ΓRe f − 2jωZ0

(
εWUT − εRe f

)
C0. (2)

Figure 1. Schematic presentation of real-time water quality assessment: (a) A water sensor network;
(b) A sensor node; (c) Open-ended coaxial line sensing of water.

The proposed sensor node uses the same sensitive circuits for the WUT and reference samples.
The node consists of a six-port sensor, a dual-band antenna, a diplexer, and a frequency doubler,
as shown in Figure 2a. The antenna absorbs the transmitted signal of BS at f /2 and the diplexer
passes it to the frequency doubler. The output signal of the doubler is used as the input signal of the
SPS, at f . The output port of SPS is connected to the f branch of diplexer and transmits the output
modulated-signal back to the BS through the antenna. The other four ports of SPS are connected to two
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pairs of open-ended coaxial line for sensing, as described previously. One pair senses the WUT while
the other one with a known sample is used as a reference for calibration procedure at the receiver.

Figure 2. Functional block diagrams of system’s sub-circuits: (a) The sensor node; (b) The base station;
(c) The six-port sensor; (d) The six-port receiver.

The modified SPS as a sensor node uses a 90◦ hybrid coupler, two pairs of variable reflectors
and one power combiner, as shown in Figure 2c. In the first stage, the input signal at port #1 (P1) is
quadrature divided between two branches, named by I- and Q-path. At each path, a pair of sensitive
structures reflects the signal at reflection ports, i.e., P3, P4, P5, and P6, while the phase and amplitude
of reflected signals change according to the WUT. The power combiner adds two reflected signals at
the output port P2. Considering the SPS as a linear circuit with ideal power combiner (equal power
division with 0 degrees phase shift) and quadrature couplers (equal power division with 90 degrees
phase shift), its scattering parameters are related as follows,

S31 = jS41 = −S32 = jS42 = jS51 = −S61 = −S52 = jS62,
and Smn = Snm,

(3)

where Smn is the reflected power waves from port m due to the incident power waves at port n, for n
and m from 1 to 6. Then, the reflection coefficient at the input (R11) and transmission from input to
output (T21) of SPS can be represented as,

R11 = S31Γ3S13 + S41Γ4S14 + S51Γ5S15 + S61Γ6S16

= S2
31(Γ3 − Γ4) + S2

51(Γ5 − Γ6),
(4)

T21 = S31Γ3S23 + S41Γ4S24 + S51Γ5S25 + S61Γ6S26

= S2
31(Γ3 + Γ4)− jS2

51(Γ5 + Γ6).
(5)
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Based on (3) and (4), the input reflection coefficient will be equal to zero (R11 = 0) if ΓRe f , Γ3 = Γ4

and ΓWUT , Γ5 = Γ6. Then, the normalized transmission coefficient from the input to the output port (TN)
is simplified to:

TN ,
1

2S2
31

T21 = ΓRe f + jΓWUT , (6)

which is normalized to the known value of S31. Hence, for a single tone input signal, the output signal
is composed of two reflected components, i.e., ΓRe f and jΓWUT , which are in a semi-orthogonal vector
space and easy to separate at the receiver.

2.2. The Base Station

At the BS, as shown in Figure 2b, a signal generator provides the main signal at the frequency of
f /2. An unequal power divider separates a low-power part of this signal for subsequent demodulation.
A frequency doubler, which consists of a nonlinear element and its matching circuits, upconverts
the frequency to f and feeds it to the input port of the SPS as a direct conversion receiver. Using the
same signal source for modulation and demodulation makes the synchronization much easier as
there is no frequency difference between the received and local oscillator (LO) signals at the receiver.
The high-power part is passed to the f /2 branch of a diplexer which is connected to a dual-band
transmitting at f /2 and receiving at f antenna. Therefore, the BS can propagate a single tone signal
at the frequency of f /2. The other branch of diplexer separates the received signal at f and feeds it
to the input port of SPS for detection. As there is no critical limitation on the power consumption of
BS, the transmitted and received signals can be amplified by a power amplifier (PA) and a low noise
amplifier (LNA), respectively, to increase the wireless coverage or improve the signal to noise ratio.
In the SPS as a direct conversion receiver, various 90◦ phase shifted versions of received (RF) and
local oscillator (LO) signals at the same frequency are combined, as shown in Figure 2d. Then, signals
at the output port #3 through #6 are applied to four power detectors and low-pass filters to find the
output powers Po3-Po6. The normalized coefficient between the (RF) and (LO) signals is defined by
TB, with real and imaginary parts of IB and QB. In a lossless SPS, TB can be calculated from the linear
compositions of the output signals, Po3,...,o6, as [28],

TB , IB + jQB = IB =
Po4 − Po3

2
+ j

Po6 − Po5

2
. (7)

As in an ideal communication channel TB = TN = (ΓRe f +jΓWUT), the value of ΓWUT can be
calculated from the measured TB and known ΓRe f . Based on this demodulated data, the pollution
index of water and the quality of WUT can be estimated.

3. Experimental Verification

The proposed system is evaluated at the power and data transmit frequencies of 1.225 GHz
and 2.45 GHz, respectively, as shown in Figure 3a. The circuits are fabricated with printed circuit
technology on Rogers’ RO4003 material with relative permittivity of 3.55, thickness of 0.508 mm,
and loss tangent of 0.0027. The antennas is fabricated on Rogers’ RT/duroid 5880 material with relative
permittivity of 2.2, thickness of 0.508 mm, and loss tangent of 0.0009.

An R&S ZVA67 (Rohde & Schwarz: Munich, BY, Germany) vector network analyzers is used for
reflection coefficient measurements. An ADF4350 (Analog Devices: Norwood, MA, USA) frequency
synthesizer generates both frequencies at the base station. An AD7605 (Analog Devices: Norwood, MA,
USA) data acquisition system converts received signals from analog to digital domain for demodulation
in a personal computer. The output power of transmitter was +5 dBm and distance between the sensor
node and base-station was selected as 1.5 m. The sensor is zero power but there is no critical limitation
on the power consumption of base-station. Therefore, the transmitted and received signals can be
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amplified by a power amplifier (PA) and a low noise amplifier (LNA), respectively, to increase the
wireless coverage or improve the signal to noise ratio.

The detailed schematics of all sub-circuits are presented in Figure 3 with the dimensions provided
in Tables 1 and 2. A HSMS-2850 (Broadcom Inc.: San Jose, CA, USA) conventional diode and an open
stub are used to generate and filter the second harmonic of the input signal in the output branch.
A dual-band low-profile antennas [34] is designed to transmit and receive the frequencies of 1.225
GHz and 2.45 GHz. Figure 4 shows the implemented overall system, sensing node, receiver, diplexer,
the combined structure of diplexer and frequency doubler, and dual-band antenna.

Figure 3. Detailed schematic of designed circuits: (a) The six-port sensor; (b) The six-port receiver;
(c) The duplexer at sensor node including frequency doubler; (d) The dual band antenna.

Table 1. Six-Port Sensor and Demodulator Dimensions.

Parameter (mm) Parameter (mm)

w0 1.13 L0 5.00
w1 1.91 L1 18.8
w2 0.62 L2 8.50
w3 0.30 L3 22.4
s 0.70 L4 10.2

The measured parameters of various parts are presented in Figure 5. The SPS provides the
acceptable transitions about −6 dB while its isolation and reflection coefficients are better than −10 dB,
at the operating frequency of 2.45 GHz. The required phase shifts of 0◦ and 90◦ in a conventional SPS
are also achieved, as shown in Figure 5a. The antenna response in Figure 5b shows that despite the
small size, it can be used in both frequencies with the acceptable gains (more than 1.7 dBi). The diplexer
has less than −0.5 dB loss in the pass bands and better than 15 dB isolation in the rejection bands for
both branches of 1.225 GHz and 2.45 GHz, as seen in Figure 5c. The performance of frequency doubler
in Figure 5d shows about 10 dB conversion loss from main to the second harmonic signals.
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Table 2. Diplexer, Frequency Doubler, and Dual-Band Compact Antenna Dimensions.

Parameter (mm) Parameter (mm) Parameter (mm) Parameter (mm)

w0 1.13 L0 5.00 w1 1.13 L1 7.00
w2 0.85 L2 18.8 w3 1.02 L3 30.3
w4 0.85 L4 7.20 w5 1.13 L5 4.80
w6 1.13 L6 32.6 w7 1.13 L7 7.00
w8 0.3 L8 4.40 w9 0.25 L9 4.3
w10 1.70 L10 31.2 w11 1.13 L11 20.3
Wt 36.5 Wp 10.1 St 2.525 Wu 8.67
Ht 9.1 Wl 1.11 H 0.508 Wg 62
S2 0.47 Lg 111.67 S1 1.22 W f 2.225
Ws 53.3 L f 29.67 εr 2.2 Le 18.65

Figure 4. Fabricated water quality sensing system.

Figure 5. Cont.
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Figure 5. Measurement results of sub-circuits.

To evaluate the sensor in the first step, the sensitive circuit has been tested to find its response
to various samples which will be used as the reference to calculate concentrations of contaminant
(CoC) in the water at the BS. The system is tested with three water samples with 5, 11, and 28 ppm
of humic acid and for each sample the measurements were repeated 10 times. A commercial humic
acid (Sigma-Aldrich, CAS no: 1415-93-6) was used in sample preparation. The amplitude and phase of
ΓWUT versus CoC are approximately linear, as can be seen in Figure 6a,b. These curves can be used at
the BS to extract the CoC from the calculated ΓR.

Figure 6. Measurement results of ΓWUT versus concentrations of pollution (ppm).

The calculated constellation at the BS for all samples and 10 times measurements are presented
in Figure 7. All data are normalized to a reference case which is obtained by using the pure water as
WUT. Using a nonlinear interpolation, we can fit a curve to the measurement points. The errors of
demodulated points, (I, Q)Dem, with the points on the fitted curve, (I, Q)Fit, can be defined as,

Error ,

√
(IDem − IFit)

2 + (QDem − QFit)
2√

I2
Fit + Q2

Fit

× 100%, (8)
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Figure 7. Demodulated data at the receiver (I: real part, Q: imaginary part).

In the above measurements, errors are less than 4% for a laboratory test environment using
a +5 dBm transmitter at 1.225 GHz and about 1.5 m wireless range. Undoubtedly, this error depends
on the propagation channel conditions, such as propagation power, distance between transmitter and
receiver, and environmental noises.

In a real scenario, first, two similar volume of pure water are used as the test and the reference
samples. This test gives us a reference node which will be mapped to (1,1,0). Then, the test ports
will be put inside the WUT samples while the reference ports remain in the pure water. By using (7),
demodulated I and Q will be extracted from the received signal and normalized to the reference values.
The demodulated constellation point (I, Q)Dem will be mapped to Figure 7 and the concentration
of contaminant can be determined. In a water treatment system, a pre-defined level of pollution is
considered for water quality assessment and the proportional limit point, (I, Q)Lim, can be determined
for that level of pollution from the fitted curve. Then, the base station can simply compare (I, Q)Dem

with (I, Q)Lim and find if the water quality is acceptable or not. Therefore, the system provides a simple
real-time assessment without local power sources at the sensor node. This is true that some water
quality assessment systems can provide higher wireless ranges and various pollution detection but
they need very long processing times and periodic battery maintenances at the sensor nodes.

4. Conclusions

This paper proposed a zero-power direct conversion sensor. The six-port structure was used at
the node as a sensing data modulator and at the base station as the IQ data demodulator. The input
signal of this sensor was generated by a passive frequency doubler from a pure wave received from
the BS at f /2. A dual band antenna was used as the receiver of power-up signal at f /2 and transmitter
of modulated signal at f . As an example for validation, a system is fabricated at f = 2.45 GHz
and its results for various polluted water samples have been presented. The ability of sensing and
directly transmitting its data at the RF frequencies, without local power source and signal processing
at the node, expand applications of the proposed system as sensor nodes in real-time water quality
assessment with low complexity, power consumption, and cost. In this paper, the system was designed
and evaluated by using the conventional microwave structures and inexpensive printed circuit board
(PCB) technology. In the next step, the sensor nodes have been optimized and miniaturized for
mass production and WSN applications by using compact building blocks and integrated circuit
(IC) technologies. Moreover, the application can be extended to human body sensors for wireless
measurement of biological tissues [35].
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QPD Quadrature Power Divider
QPC Quadrature Power Coupler
PC Power Combiner
PD Power Detector
LPF Low Pass Filter
RSC Reference Sensitive Circuits
SSC Sample Sensitive Circuits
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