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Abstract— Spiral coil-based LC resonant sensors have seen
many applications in agriculture, healthcare, biomanufacturing,
and consumer electronics. Traditional techniques to interrogate
such sensors using vector network analyzers are expensive and
often not portable, whereas custom readouts suffer from either
high cost, low range of usable interrogation distances, or low
frequency range. This paper proposes a new simple, low-cost, and
portable readout design based on the technique of coherent
demodulation. A complete theoretical analysis examining how the
interrogation distance is related to other circuit parameters is
presented. Finally, a complete readout system was implemented
using printed circuit board technology and commercially available
off-the-shelf components. The system operates between 1-100
MHz and the fabricated system consumes 1.26 W. Measurements
show that the system operates reliably and repeatably with
interrogation distances up to 5 cm.

Index Terms—Contactless measurement, inductive coupling,
interrogation distance, passive wireless LC sensor, readout
system, resonance detection, resonant sensor, wireless telemetry

1. INTRODUCTION

S our world undergoes the fourth industrial revolution

(Industry 4.0 [1]), fueled by the growth and adoption

of smart technologies, there has been a rapid increase
in the demand for low-cost, wireless, real-time sensing systems.
Spiral coil-based inductor-capacitor (LC) resonators, first used
for sensing in 1967 by Collins [2], have emerged as an
attractive solution, owing to their passive nature and low-cost
fabrication [3]. LC resonant sensors have been demonstrated for
a multitude of applications, including pH measurements in
bioreactors [4], eye-pressure sensing [5], wound monitoring
through bandages [6], measuring the concentration of ionic
solutions [7], sweat monitoring in consumer wearables [8],
and telemetric measurements at high-temperatures [9]. An
extensive survey of papers reporting LC resonant sensors for
different applications can be found in [10].

A typical setup to interrogate resonant sensor coils is
illustrated in Fig. 1. The signal from the sensor coil is picked
up at a distance by the reader coil. Most of the relevant
literature uses a vector network analyzer (VNA) to analyze
the reflection coefficient spectrum of the reader coil signal
and extract information about the sensor’s resonance. VNAs
are traditionally benchtop equipment costing tens of
thousands of dollars, and their capabilities lie way beyond
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reflection coefficient spectrum analysis. Most of the elaborate
capabilities of VN As that result in increased cost and bulkiness
are unnecessary for the sensing applications discussed above,
which require a simple, low-cost solution. Moreover, all VNAs
require a calibration step before commencing measurement
[11], which makes them less attractive for applications that
require operation by nontechnical users. Although less
expensive and portable alternatives are available [12], [13],
they sacrifice accuracy and reliability for cost [14] and often do
not offer enough output power or flexible frequency-sweep
capabilities to make them conducive for interrogating resonant
sensors for different applications. Hence, there is a need for
low-cost, portable, compact, robust readout systems for sensing
LC resonant sensors that can be easily used by nontechnical
personnel.

A practical readout system should be able to read sensors
from different interrogation distances (i.e., vertical separation
between reader and sensor coils), and the required range of
interrogation distances will vary between applications. As
changing the interrogation distance affects the coupling
coefficient between the reader and sensor coils [15], an
additional focus for the readout design would be to build a
system with low sensitivity to the variation in coupling
coefficient.

While there has been considerable research effort to design
LC resonant sensors and make them suitable for different
applications, the amount of work put into developing practical
readout systems to interrogate such sensors has been
disproportionately low [16]. Furthermore, many of the existing
custom readout methods, such as exceptional point locking
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Fig. 1 Traditional setup for interrogating a sensor coil with a
reader coil connected to a vector network analyzer. The
interrogation distance is the vertical separation between the two
coils and it is assumed that there is no horizontal displacement
between the centers of the two coils.
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[17], diabolic point operation [18], and parity-time symmetric
arrangements [19], achieve excellent coupling coefficient
sensitivity but require the use of a VNA [20]. Hence, such
techniques remain beyond the scope of a low-cost readout
design. The prevalent readout techniques for LC resonant
sensors that do not require a VNA, or other similar equipment
(i.e., impedance analyzer [21], [22], oscilloscope [23], or RF
bridge [24]), can be broadly categorized into time-domain and
frequency-domain techniques [25].

Time-domain techniques eliminate the need for
complicated signal sources by eliminating the need to generate
signals over wide frequency ranges [26]. They suffer, however,
from the need to have high-resolution test circuits to measure
short decay times and small signal amplitudes, increasing the
overall cost and complexity of the readout [10]. For these
reasons, frequency-domain techniques are much more popular.

Frequency-domain techniques can be further classified as
self-oscillating and those which require forced oscillations [20].
Self-oscillating readouts implement the reader coil, which is
electromagnetically coupled with the sensor coil, as a part of an
oscillator’s tank network [27]-[30]. The bias current pulled by
the oscillator is affected by the sensor and can be used to extract
the sensor’s resonant frequency [16]. Also known as a “grid-dip
meter,” this was the technique used by Collins in 1967 [2]. The
grid-dip meter is easy to implement, and the extracted resonant
frequency is insensitive to variations in the coupling coefficient.
Above a critical coupling coefficient, however, this method
exhibits poor phase-noise behavior [16].

Forced oscillation techniques, on the other hand, use an
external signal source to generate a frequency sweep excitation
of the reader coil. The sensor’s resonant frequency is then
estimated from the resonant frequency of the reader coil, wg,
which is typically extracted from the input impedance through
either the phase ([31], [32]), the full complex input impedance
([33]-[35]), or the real part ([36]-[40]).

Using the phase of the reader coil’s input impedance to
estimate the sensor’s resonant frequency is heavily dependent
on the coupling coefficient, making such readouts susceptible
to positional dependence [16]. This makes this method less

desirable for hand-held applications, where the interrogation
distance cannot be easily maintained.

Measuring the complex impedance of the reader coil, on
the other hand, is independent of the coupling coefficient, and
therefore does not exhibit such positional dependence [34],
[35]. However, as both the real and the imaginary components
of the reader coil’s input impedance are affected by the sensor
in the same way, measuring just one component saves on
additional circuitry. Of the two components, measuring the real
component results in less complexity and more sensitive to
frequency changes near the resonant frequency [36]. Because
of this, measuring just the real part of the reader coil’s input
impedance has become a promising technique. For example,
Riistama ef al. [38] used this to monitor ECG signals around 34
MHz with up to 5.5 cm separation distance between the reader
and sensor coil. A summary of the advantages and
disadvantages of the different custom readout techniques
prevalent in literature that do not require a VNA is provided in
Table 1.

This paper addresses the gaps in the literature by
developing a simple, low-cost readout design platform that can
be used to build custom readouts for multiple applications.
Informed by existing research, we implement a coherent
demodulation technique to detect wp, similar to the system
architecture presented in [39]. This method is chosen because
of its relative simplicity and the fact that wp is theoretically
independent of the coupling coefficient. However, we made a
few significant changes. Firstly, we used a direct digital
synthesizer (DDS) as our signal source. Unlike the voltage-
controlled oscillator (VCO) of [39], a DDS has a broad output
frequency range, a much finer frequency resolution, and almost
instantaneous frequency hopping, enabling fast programmable
frequency sweeps [31]. Moreover, we replaced the operational
transconductance amplifier (OTA) in [39] with an easily
customizable common emitter amplifier with emitter
degeneration. This change allowed us to eliminate a large DC
voltage offset at the input to an analog-to-digital converter
(ADC), resulting in an increased dynamic range. Section II
provides a complete theoretical analysis of the system, using

TABLE I
SUMMARY OF CUSTOM READOUT TECHNIQUES (NOT REQUIRING A VNA) FOR LC RESONANT SENSORS
Techniques Advantages Disadvantages
Time Domain - Large interrogation distance - Expensive high-resolution test
- Fast measurements due to simple circuits
signal source
Frequency Domain — Self Oscillating - Low-cost - Poor phase-noise behavior
- Simple implementation - Poor sensitivity for large
- Large interrogation distance coupling coefficients (small
interrogation distances)
Frequency Domain — Forced - Low-cost - Extracted resonant frequency is
Oscillations — Phase of Input - Simple implementation sensitive to coupling coefficient
Impedance Measurement
Frequency Domain — Forced - Low-cost - Peak value of real part of input
Oscillations — Complex/Real part of - Simple implementation impedance (at resonance)
Input Impedance Measurement - Extracted resonant frequency is decreases rapidly with a decrease
theoretically independent of in coupling coefficient
coupling coefficient




Fig. 2 Lumped circuit equivalent model of sensor and
reader coils. Lz and Ls represent the self-inductance of the
reader and sensor, respectively, and k is the coupling
coefficient between the two coils. The material-under-test
is modeled as variable R and Cs.

which relevant design tradeoffs are identified. A complete
system implementation is described in Section III and
experimental results are provided in Section IV. Finally, the
paper concludes with Section V.

II. THEORY

We start this section by first revisiting, from existing
literature, the expression for the input impedance of a reader
coil that is inductively coupled to a sensor coil which interacts
with a medium-under-test. This expression is then used to find
the degrees of freedom for achieving a large interrogation
distance. Next, the proposed readout architecture is introduced,
and a theoretical analysis of its operation is given. The analysis
allows us to identify important design requirements and
tradeoffs and sets us up for implementing the readout system in
the subsequent section.

A. Input Impedance of An Inductively Coupled LC Resonator

At the core of an LC resonant sensor is a reader coil
inductively coupled to a sensor coil that interacts with a
medium-under-test. Its equivalent lumped element model is
shown in Fig. 2, where Ly and Lg represent the self-inductance
of the reader coil and the sensor coil, respectively, and k is the
coupling coefficient. The coupling coefficient can be expressed

in terms of the mutual inductance M as:
M

k= M

Further, Cs denotes the capacitance of the medium-under-
test, Rg represents losses in the sensor coil and the medium-
under-test, and Ry represents the losses in the reader coil. It is
assumed that the parasitic capacitance of the reader coil is small
enough to be ignored at the frequency range of interest. The
equivalent impedance Z;y looking into the reader coil as a
function of the angular frequency w is given by:
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k() l
1 2
g () (o)
where, wg and Qg are the resonant frequency and the quality
factor of the sensor, respectively, and are defined as:
1
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The input impedance Z, is presented to the readout, which
is tasked with measuring ws. It has been shown that measuring
the real part of Z; is sufficient for this purpose [16]. Hence,
looking at Re{Z,, } in closer detail, we write:

Re(Ziy(@)} = Re + Lek?wsQsH (2)  (5)
where
(%)= . - (©)

(@) +e{(2) "]

The only part of (5) that changes with w is H(w/wg). In
Fig. 3, H(w/ws) is plotted for different values of Qs. It can be
observed that H(w/ws) has a peak that moves toward wg as Qg
is increased. Given the linear relationship between Re{Z;} and
H(w/wg) in (5), this peak frequency in H(w/wg), corresponds
to a peak in Re{Z;} and can be calculated to be:
20Qs (7)

(,UR = (US
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It is evident from (7) that wy is independent of the coupling
coefficient k and the reader coil circuit parameters. The
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Fig. 3 H(w/wg) plotted versus percent change in w with
respect to ws. For large Qs, the frequency where H(w/wg)
peaks is approximately equal to the sensor resonant
frequency, ws.
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Fig. 4 wg /ws plotted versus Qg according to (7). The
difference between wg andwg drops below 2% for Qg >
3.6.



independence of wg from k makes the detection of Re{Z,y} a
promising candidate for measurements with a large
interrogation distance. Also, it can be observed from (7) that for
large Qg, wg = wg. The plot of wg/ws versus Qg, presented in
Fig. 4, reveals that the error in approximating wg as wg drops
below 2% for Qs > 3.6. For most practical applications of
interest, the resulting quality factor of the sensor would be high
enough to make the approximation successfully [10].
Substituting (7) into (5), one can solve for the peak value
of Re{Z;y} and arrive at the following approximate equations

for the frequency at which Re{Z;y} peaks and the
corresponding peak value:
Wg = Wg (®)
Re{Zin}max ® Rg + Lrk?wsQs 9)

Assuming Qg > 3.6, one would want Re{Z;y}|;nax to be
significantly larger than Re{Z,y(w)} at frequencies away from
resonance. Moreover, it can be seen from (8) and (9) that
although the frequency at which Re{Z,y} peaks is independent
of the coupling coefficient k. the peak value shows a strong
(squared) dependence on k. In fact, according to (5), above a
small offset caused by Rp, k? scales Re{Z,y} for all @
uniformly. Hence, as the separation between the reader and
sensor coils is increased, and k is effectively decreased, the
difference between Re{Z;y}|max and Re{Z,y} at frequencies
away from resonance decreases rapidly. Thus, given a set of
reader and sensor coils and the corresponding readout
instrumentation, there will be a limit to the maximum
interrogation distance feasible, beyond which the peak in
Re{Z,y} would be too small for the readout to detect.
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It is of interest to explore what degrees of freedom are
available to the designer to compensate for a small coupling
coefficient k. In (5), it appears that a decrease in k can be
counterbalanced by an increase in Ly, wg or Qs. While the latter
two quantities are properties of the medium-under-test and the
sensor, and cannot be modified by the designer, increasing the
self-inductance Ly of the reader coil can be a viable option.
Moreover, changing L by modifying the geometric dimensions
of the reader coil can lead to an increase in the mutual
inductance M for a given sensor coil, which will result in an
increase in k for a given interrogation distance [15]. However,
increasing Ly would also imply using a larger reader coil with
more parasitic capacitance, thus a lower self-resonant
frequency. Hence, there is a tradeoff between obtaining a larger
peak in Re{Z,y} and the maximum usable frequency of the
reader coil when increasing L.

B. Analysis of Proposed Architecture

Next, a readout system for detecting the peak in Re{Zy} is
introduced. A behavioral block diagram of the proposed readout
system is provided in Fig. 5. The core principle of operation of
the readout is motivated by previous works [16], [36], [39] and
can be described qualitatively as follows. The circuit passes a
frequency-swept current through the reader coil to generate a
voltage proportional to Z;, and having the same frequency as
the input current. To avoid confusion, we deliberately denote
the angular frequency of the current source set externally as
Qg while using w to represent the continuous angular
frequency variable. The reader coil voltage is subsequently
mixed with a reference voltage which has the same frequency
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Fig. 5 Block diagram of proposed readout system. A microcontroller unit (MCU) controls the amplitude and frequency of a
sinusoidal current source with a time-domain output current isgc (t) and Norton equivalent resistance Rgsp. The emitter voltage,
v,, has the same frequency and phase as the current source, whereas the collector voltage, v., has the same frequency but is
proportional to the input impedance of the reader coil, Z;y. A mixer, with its LO signal limited to an amplitude of 1 V and a
conversion gain A, is used to mix the two voltages. The mixer output is then filtered and only the DC component is passed
through. This DC voltage is proportional to Re{Z;y} and is amplified before being digitized by an analog-to-digital converter.
The frequency of the current source for which Re{Z,y} peaks ({5, = wgr = ws) is extracted digitally.
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Fig. 6 Equivalent small-signal circuit of the readout circuit. The transistor is replaced by its small-signal T-model. The final
output of the system is a DC signal due to the action of the mixer and the lowpass filter.

and phase as the input current. It is assumed that the amplitude
of the local-oscillator (LO) input of the mixer is limited (typical
of a linear time-variant mixer) to £1 and the mixer has a
conversion gain A; modeled by the gain block. The coherent
demodulation by the mixer results in an output voltage with a
DC component proportional to Re{Z,;y}. To extract this DC
component, a lowpass filter is placed at the mixer’s output. The
filter output is then further amplified by Ap. and subsequently
sampled by an ADC.

For a more formal description of the readout system, its
equivalent small-signal circuit is shown in Fig. 6. To keep the
analysis simple, the following assumptions are made. First, it is
assumed that the current source produces a sinusoidal current
isrc With amplitude I, and variable angular frequency Q...
As the AC excursion caused by the input sinusoid would be
much smaller than the transistor’s DC operating point, the
transistor is replaced with its small-signal T-model. Moreover,
given that we would operate at frequencies well below 1 GHz
where the parasitic capacitances of the transistor would have a
very little impact on the transistor’s input impedance, we ignore
the parasitic capacitances. The Early effect is ignored too as it
is not pronounced for discrete transistors. Further, it is assumed
that that the mixer is ideal and the LO input is a square wave
oscillating between +1 V. This assumption holds well for linear
time-variant mixers where the LO signal amplitude is large
enough to completely switch the LO input transistor. Finally, it
is assumed that the lowpass filter retains the DC component and
filters out all AC components, and the gain block Ap is ideal.
These assumptions are reasonable for a lowpass filter with a
low enough cutoff frequency to substantially attenuate the
lowest frequency AC component in the mixer output
(fundamental), and the op-amp used to implement DC gain has
large open-loop gain and gain-bandwidth product.

It is important to note that for Figs. 5-6, and the equations
to follow, we adopt the following symbol convention.
Lowercase symbols with uppercase subscripts denote total

instantaneous quantities, whereas uppercase symbols with
uppercase subscripts represent DC quantities, and symbols with
lowercase subscripts indicate incremental (AC) signal
quantities. Phasor quantities are denoted with uppercase
symbols and lowercase subscripts with an additional vector
sign.

The bulk of the analysis will be carried out in the phasor
domain at a generic current source frequency, (.. The source
can be represented in the phasor domain as:

(10)

Realizing that this current sees the impedance Rggpc||(B +
1)(r, + Rggr), the base voltage is given by:

ISTC srcme]

Vo = Isrem[Rsrell(B + 1) (7, + Regr)]e (11)
Using Ohm’s Law at the transistor’s base,
fe _ Isrcm[RSRCJl(_fR":E;(re+RREF)] eJ0 (12)
Thus, the emitter voltage can be written as:
Ve = Lrem[Rsrcll(B + 1) + Regr)] 2= e (13)
and the collector current is given by:
i(.' —a Isrem[Rsrcl|(B8+1)(re+RREF)] )0 (14)

TetRREF
Further, applying Ohm’s Law across the reader coil input
impedance, Z;y, we can express the collector voltage as:
VC Isrcm[RSRC||(B+1 )(re+RREF)] |Z |eIBZIN
TetRREF

where 6,y is the phase of Z; in radians.

As the mixer operation is better understood in the time-
domain, we will convert (13) and (15) to their time-domain
representations using the inverse phasor transform at Q...

VE(t) - Isrcm[RSRC”(ﬁ +1 )(re +

(15)

RREF)] Te :;EF COS(erct) (16)
UE(t) = C(Isrcm [RSRclll(ﬁ +1 )(re
RREF)] - COS(erct + 6ziv) (17)




Due to the action of the ideal limiter, the input to the mixer
LO is a square wave given by:

VLo @® = sgn[cos(erCt)] (18)
Multiplying v (t) and v, (t) in the time-domain and using the
Fourier series expansion of (18), the IF output of the mixer can

be found to be:
ve(Ovyo(t) = _“Isrcm[RSRcllii;i I);Te‘FRREF)]

Ozin) E cos(Qgpct) — %COS(&erct) + ] (19)
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Realizing Re{Z;y} = |Z;y| cos(8zy), absorbing the factor
—2/m into the conversion gain of the mixer A, and applying
the ideal LPF action and a final gain stage of A, we obtain:

VOUTDC| = HsremAcApe [Rsrell(B + D (1 +
, Qgrc Te+RREF

Rrer)IRe{Z )y (0 = Qo))

The subscript .. is used in conjunction with Vyoyrpc to
emphasize that the quantity is a DC voltage for a given input
current source frequency, (1., and is not a sinusoidal voltage
with frequency (... Further, approximating a« to 1 and

assuming Rgzgr > 7., (20) can be rewritten as:

V. | ~ lsremAcApcIRsrell(B+DRReFIRZIN(W=05r0)} 5
outrnclg 1)
src RREF

It is evident from (20)-(21) that VOUT’DC| Q is directly
proportional to Re{Z,y(w = Qg..)}. Hence, when the

frequency of the current source (1, is swept, according to (7)
and (8), VOUT,DCl Q peaks when Q.. = wg. The DC voltage

(20)

Vour,pc can be subsequently digitized over a sweep of ;.. and
the peak frequency wg, which corresponds to the sensor’s
resonant frequency wg, can be evaluated. To successfully
capture the peak in Vpyr pc digitally, it is desirable to have a
large difference between Vo1 pe |max at wg and Voyrpc at w #

Wg.

Now, we shall investigate the readout circuit design
parameters from (21) and related constraints with the aim of
designing a readout system for a large interrogation distance.
(21) provides the designer with four degrees of freedom to
compensate for the reduction of Re{Z;y} due to a small
coupling coefficient k, and the following describes actions that
the designer can take to achieve a large interrogation distance.

Firstly, the current source should be chosen to have a large
current amplitude I, and a large output impedance Rgp.
However, a large input swing at the base of the transistor,
courtesy of a large Iscm Or Rgpe, can lead to a large collector
voltage swing. If this voltage results in saturating the mixer
input, this nonlinear distortion will lead to inaccuracies in peak
detection.

Next, the mixer and DC gain stage should provide large
gain A; and Apc respectively. Nevertheless, at large
interrogation distances the DC voltage at the mixer output
becomes very small and noise starts to play an important role.
Any subsequent gain amplifies both the signal and the noise
equally and adds its own noise, resulting in limited benefit in
peak detection.

Finally, a small value of the emitter degeneration resistance
Rpgr should be chosen. However, Rggr has to be large enough
for the approximation of Rgzgr > 7, made in (21) to hold, the
input impedance looking into the base of the transistor to not be
sensitive to changes in the current gain 8, and meeting the LO
input drive requirements of a real mixer. Furthermore, if Rggp
is not significantly larger than Rgz- /(8 + 1) , it would decrease
the quantity Regc || (B + 1) Rggr in the numerator of (21), which
would be undesirable for large interrogation distances.

III. SYSTEM IMPLEMENTATION

This section describes the implementation of the readout
system shown in Fig. 5 using commercial off-the-shelf
components. The readout hardware was implemented on a
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Fig. 7 Detailed schematic of the current source described in Fig. 5. A DDS, controlled by a microcontroller, generates a
balanced-output current. Each DDS output is terminated by a resistor, R, and a transformer provides the required differential-
to-single-ended conversion to drive a low-pass reconstruction filter. The source termination impedance of the filter is
determined by R, and the transformer, whereas the load termination impedance is determined by the amplifier block.



printed circuit board (PCB), and a microcontroller unit (MCU)
was programmed to control the input current source and digitize
the readout output. Since many resonant sensing applications
target resonant frequencies from a few to tens of MHz [6]-[8],
[41], the readout system was built to operate from 1 MHz to 100
MHz. Furthermore, for added modularity, the readout system
was designed agnostic of the reader coil to enable the user to
utilize coil dimensions targeted to their specific application of
interest.

A. Direct Digital Synthesizer Current Source

The readout circuit presented in Fig. 5 requires an easily-
controllable AC current source of which the output frequency
can be swept over a wide range. A direct digital synthesizer
(DDS) emerged as a compelling candidate for this purpose. A
DDS produces frequency-tunable analog waveforms by
generating a time-varying digital waveform referenced to a
fixed-frequency clock and subsequently converting it to its
analog form using a digital-to-analog converter (DAC) [42].
Being digital in nature, a DDS renders itself readily to external
digital control. Further, it offers extremely fast switching
between output frequencies, fine output frequency resolution
down to micro-Hz and operation over a wide range of
frequencies. Moreover, a DDS is less susceptible to
performance degradation due to component aging and
temperature drift — factors commonly ailing voltage-controlled
oscillator (VCO)-based solutions. From the multitude of DDSs
available in the market, the Analog Devices AD9913 was
selected for the readout implementation, owing to its low cost,
low power, and capability to produce a frequency-agile
sinusoidal current of amplitude up to 4.55 mA and frequency
up to 100 MHz.

Despite all the above advantages, the output of a DDS has
large amounts of harmonic distortion, due to its sampled nature.
This necessitates the use of a sharp cut-off reconstruction filter
[43].

1) Reconstruction Filter Termination Requirements

The system clock frequency of the AD9913 is 250 MHz
and its maximum desired output frequency is 100 MHz. The
lowest DAC image will therefore occur at 150 MHz [43]. To
pass the desired 100 MHz output signal while sufficiently
attenuating the 150 MHz image, a 7"-order low-pass elliptical
filter with 100 MHz cutoff frequency was designed [44]. The
schematic of the DDS-based current source, including the
reconstruction filter, is shown in Fig. 7. A key requirement of
this type of filter is the value of the termination impedance, Ry,
which must be presented at both the input and output of the
filter. It can be seen in Fig. 7 that the value of Ry at the input of
the filter is given by [45]:

RT = ZRO (22)

where R, is the termination resistance required by the DDS. At
the output of the filter, R can be written as:

Rr = Ry||R|IRs]1(B + D) (7 + Rrgr)

where it as assumed that the DC blocking capacitor is an ideal
short at the frequencies of interest. Finally, the expression for
Rsgc in Fig. 7 is given by:

Rsre = Ril|R2||Rs]|Rr

We can combine (23) and (24) to write:

(23)

24

Rr/2 = Rspc||(B + 1) (7, + Rggr)

Now, we previously established that we want Rgpp >
Rggrc/(B + 1) to obtain a large value of Voyr pe |Q , according
STC

(25)

to (21). By imposing the same condition on (25), we can write:
Rspe = Rr/2 =Ry (26)

It is evident from (26) and (21) that for operation at large
values of interrogation distance, a reconstruction filter with a
large source and load termination Ry would be desired.
However, increasing R would lead to an increase in the values
of Lps1, Lgrso and Ligs and an associated reduction in their self-
resonant frequencies. Furthermore, a large Ry would
necessitate a large R, which, for a given value of I, would
be limited by the AC compliance voltage rating of the DDS
[45]. These two tradeoffs dictated the final choice of Ry for the
readout implementation.

Although the reconstruction filter removes harmonics and
DAC images, the amplitude of the fundamental signal will
follow a sinc(Qy,./Qei) response over the programmed output
frequency [42], where Q.. denotes the angular system clock
frequency of the DDS. For the AD9913, this would result in an
amplitude roll-off of 2.42 dB from DC to the maximum output
frequency of 100 MHz. Thus, (20) can be recast as:

alsrem(Qsre) AcA
VOUT,Dclﬂm = e Se B [Repc||(B + D (. +

TetRREF
Rrer)IRe{Zy (0 = Qg0)} (27)

The dependence of I, on Q.. would impact the detection of
a peak in Re{Z,y} and, thus, would need to be accounted for.
While the variation in current amplitude could be easily
corrected through programming the full-scale current of the
DDS to compensate the sinc(Qg,./Q.x) roll-off, such a
solution would reduce Ig,.,, at lower frequencies from the
maximum, an unwanted condition for large interrogation
distances. Hence, instead we implement a background
correction method to deal with the sinc(Qg.c/Qcx) roll off,
which will be considered next.
2) Background Correction

Since the dependence of Isqpn on Q.. is not affected by
the presence of the sensor, it could be captured by measuring
the output of only the readout connected to the reader coil with
no sensor coil in vicinity. Using (27), the reader-coil-only
output, or the “background data” is given by:

_ alsrem(Qsrc)AcApclRsrell(B+1)(re+RREF)]
VOUT,DC| = Rr (28)
Qsre Tet+RREF

Dividing (27) by (28), Isyem(Qsre) is eliminated, leaving us
with a quantity proportional to Re{Z,y}:

14
0UT,DC|erc = RLRE{ZIN (w= -erc)} (29)
R

Vo UT'DC|erC,background

As analog division is challenging to implement, the
background data is collected and digitized before the start of
sensor measurements, and the subsequent division is executed
in the digital domain. Finally, the additional step of background
correction also enabled the cancelation of any systematic error
common to both the background and the sensor data.
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Fig. 8 Photograph of the fabricated readout circuit. The
highlighted regions correspond to: (1) the DDS termination
network, consisting of transformer and reconstruction
filter; (2) the amplifier network, consisting of the BIT,
biasing resistors and reference resistor Rggr; and (3) the
output network, consisting of the LPF and DC gain stage.

TABLE II
ESTIMATED POWER CONSUMPTION BREAKDOWN OF THE
FABRICATED READOUT SYSTEM

Power Percentage of
Readout Block Consumption | Total Power
(mW) Consumption
DDS 114 9.0%
Amplifier 136 10.8%
Mixer 1,000 79.2%
Output Circuit
(LPF + DC Gain) 10 0.8%
ADC 2 0.2%
Total 1,262 100%

B. Mixer Selection and Amplifier Realization

In the readout system, the mixer facilitates coherent
demodulation for signals between 1 to 100 MHz. Based on the
required frequency range and the need for a high conversion
gain to compensate for low k according to (20), Analog Devices
AD831 was selected. It is a double-balanced mixer with a
minimum LO input switching level of 200 mVp-p and an input

1 dB compression point of +10 dBm. According to (21), a small
Rgpr 1s desired for large interrogation distances; however, the
minimum LO switching level of the mixer limited the minimum
voltage swing of v, in Fig. 6, thus constraining the smallness of
Rggr. On the other hand, the linearity specification in the form
of the input 1 dB compression point set a limit on the maximum
amplitude of v, in Fig. 6. This is because driving the mixer into
compression would make A; non-constant, leading to
inaccuracies in resonant frequency measurement. For most
large interrogation distance applications, the mixer’s linearity
would not affect readout operations as the main challenge
would, in fact, be to maintain a high enough v, in the presence
of a low k. However, for an application requiring small reading
distances and with a low-loss medium-under-test (high Qs),
linearity could cause a potential issue. In such a scenario, Is¢m
of the DDS could be reduced.

The amplifier circuit was realized using a BFR380F RF
transistor which is highly linear across the frequencies of
interest. The resistors R, and R,, in Fig. 7, were sized to provide
the required base bias, whereas Rz was chosen to be of the
same order of magnitude as Rgspc. Further, it was ensured that
the output current of the DDS would be able to generate a large
enough v, and fully switch the mixer’s LO input.

Finally, a 2"-order Sallen-Key lowpass filter (LPF) with a
cutoff frequency of 10 kHz was implemented to preserve the
DC component of the mixer output while attenuating the
harmonic components. A non-inverting amplifier followed the
LPF to provide user-controlled DC gain and offset.

The reader circuit is controlled using a Texas Instruments
MSP432 Launchpad. Furthermore, the ADC of the
microcontroller is used to digitize the output signal for
subsequent offline digital signal processing to extract the peak
frequency.

The readout hardware was implemented on a four-layer
PCB with FR4 substrate (€, = 4.1). The final board is
4" x 3.5". A photograph showing the top view of the final

Fig. 9 Photograph of (a) the bottom view of single-turn
reader coil placed in custom 3D-printed ABS platform, and
(b) the top view of sensor coil adhered to petri dish using
epoxy and placed on top of the reader coil platform.



readout board highlighting the key blocks is shown in Fig. 8.
Further, Table II lists the estimated power consumption by the
different blocks of the implemented readout system.

IV. EXPERIMENTAL SETUP AND MEASUREMENT RESULTS

Having implemented the complete readout system,
laboratory experiments were performed to validate its
performance.

A. Fabrication of Reader and Sensor Coils

A single 4 cm diameter loop of 18 AWG wire was used for
the reader coil and a mold was 3D printed from acrylonitrile
butadiene styrene (ABS) plastic to house the reader coil. A
BNC connector was soldered to the wire loop to facilitate
mating with either the readout board or a VNA. The bottom
view of the 3D printed platform with the reader coil and BNC
connector is illustrated in Fig. 9 (a).

The sensor coil was designed with 0 cm inner diameter, 6
cm outer diameter, and 0.12 cm pitch and etched using a
copper-clad laminate. The fabricated sensor coil was then
attached, copper-side down, to a petri dish using epoxy. The top
view of the sensor coil, placed on top of the reader coil platform,
is shown in Fig. 9 (b). The resonant frequency of the reader-
only (with no sensor coil present) was measured to be 144.0
MHz. The resonant frequency dropped to 44.0 MHz when the
sensor coil was placed at an interrogation distance of 2 cm.

B. Comparison of Readout with VNA

An Agilent E5071C VNA was used to validate the
performance of the low-cost, portable custom readout system in
the detection of sensor resonance. The VNA was calibrated
from 300 kHz to 100 MHz and then connected to the reader
coil. 25 mL of DI water at room temperature was added to the
sensor coil petri dish, and the sensor coil was placed at an
interrogation distance of 2 cm using a Z-axis positioner. The
test setup is shown in Fig. 10. MATLAB was used to extract
Re{Z;y}, as a function of frequency, from the measured S;; and
the results are shown in Fig. 11 using the left y-axis.

For measurement with the readout system, first, the reader-
only background data was captured, followed by the
reader+sensor data. In order to get cleaner peaks, the
background data and sensor data had to be individually
denoised. For this purpose, we used wavelet denoising as it is
has been a common technique to remove noise in image
processing applications, and is readily implementable on
MATLAB [46]. We employed a sym7 wavelet with 8 levels
[47]. A single measurement of the sensor was used as a training
dataset (not used in the subsequent validation process) to
manually tune the parameters of the Wavelet Denoising
algorithm. The denoising method of universal threshold was
chosen with soft thresholding and a level-independent noise
estimate [46]. After denoising, the sensor data was background-
corrected and plotted as a function of the programmed DDS
output frequency, Q...

Fig. 11 also plots the background corrected and denoised
ADC output of the proposed readout system (right y-axis) from
5 MHz to 15 MHz in 20 kHz steps. Notice that the output of the
proposed reader aligns nicely with the VNA measurements and
both peak at the same frequency (11.0 MHz). This confirms that
the readout system responds to Re{Z,y}, as described by the

sensor coil petridish

platform

Fig. 10 Photograph of the test setup. The Z-axis positioner
is used to control the interrogation distance between the
reader and sensor coils. This same setup was used for both
VNA characterization of the coils as well as
characterization using the proposed readout circuit.
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Fig. 11 Comparison of measurements by VNA and custom
readout for the sensor coil in room temperature deionized
water, with an interrogation distance of 2 cm. The readout
data is denoised and background-corrected.

analysis. Moreover, the fact that the peak frequency of the
custom readout’s output is the same as that of a laboratory-
grade test equipment demonstrates the effectiveness of the
readout in detecting sensor resonance.

C. Monitoring Temperature Changes in DI Water

The system was then evaluated in a dynamic testing
environment. 25 mL of DI water at 65 °C was added to the
sensor coil petri dish and observed for 20 minutes as it cooled
down. An Amprobe TMD-56 thermocouple sensor (0.05%
basic accuracy) was used to monitor the true temperature of the
water, independently, sampling the temperature every minute.
Simultaneously, the readout system was programmed to run a
periodic frequency sweep from 10.500 MHz to 12.498 MHz
with a step size of 2 kHz, once every minute.

MATLAB was used for denoising, background correction
and to extract the peak frequency for each measurement by the
custom readout system. Peak extraction was done by first
computing the mean and standard deviation of the first and last
50 frequency points of each measurement sweep, and then a
peak was successfully identified if the maximum output value
was larger than 5 standard deviations above the mean.
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Fig. 12 Comparison of temperature measurement by
thermocouple and peak frequency measurement by custom
readout for the sensor coil in deionized water at an
interrogation distance of (a) 3 cm, and (b) 5 cm. In each
case, hot water is added to the sensor coil and
measurements are taken as it cools down over time.

The experiment was repeated with interrogation distances
from 2, 3, 4, 5, 6, and 7 cm. Results from 3 cm and 5 cm
separations are shown in Fig. 12(a) and Fig. 12(b), respectively.
In addition, four replicates of the experiment were executed at
the interrogation distance of 2 cm to examine the repeatability
of the readout system.

Since the two measurement systems were not synchronized
to take measurements at the same instant of time, the data points
from the thermocouple and the proposed readout do not overlap
in time. To make a fair comparison, their outputs were
separately interpolated and plotted against each other in Fig. 13.
Data from measurements at 2, 3, 4, and 5 cm were used, and the
red curve denotes the mean reading, and green bars show the
magnitude of errors at distinct frequency points. The maximum
error relative to the mean is less than 0.33% pointing to the high
insensitivity of the designed readout system over this range of
interrogation distances. Furthermore, a straight line fits the
mean curve with an R-squared value of 0.99. The linear fit
between resonant frequency and temperature is expected as the
resonant frequency of an LC resonator has an inverse-square
root dependence on the sensing medium’s relative permittivity,
while a quadratic interpolation can be employed to fit the
dependence of DI water’s relative permittivity with temperature

[48], [49]. Moreover, using the results from the four repetitions
of the experiment at the interrogation distance of 2 cm, a similar
plot was generated, shown in Fig. 14. The same linear fit to the
mean curve, as used in Fig. 13, results in an R-squared value of
0.99. The maximum error relative to the mean is now less than
0.15%, demonstrating excellent repeatability of the readout
system.
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Fig. 13 Interpolated peak frequency from custom readout
measurement versus temperature from thermocouple
measurement for the sensor coil in deionized water for
interrogation distances of 2 cm, 3 cm, 4 cm and 5 cm. The
solid red line represents the mean peak frequency for all
four interrogation distances at each temperature. The bars
show maximum and minimum values of the peak
frequency at fixed temperature points. In the fitted
equation, F and T denote the readout peak frequency and
thermocouple temperature, respectively.
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Fig. 14 Interpolated peak frequency from custom readout
measurement versus temperature from thermocouple
measurements for the sensor coil in deionized water for
four separate measurements at an interrogation distance of
2 cm. The solid red line represents the mean peak
frequency for all four interrogation distances at each
temperature. The bars show maximum and minimum
values of the peak frequency at fixed temperature points. In
the fitted equation, F and T denote the readout peak
frequency and thermocouple temperature, respectively.



It is important to explore the interrogation distance limit of
the implemented readout system in the context of the current
experiment. Hence, we present the experimental results at large
interrogation distances of 6 cm and 7 cm in Figs. 15 (a) and (b)

S 65 . . . 12.0 =
Z 60 O O thermocouple || 11.9 =
z X X custom reader < E
=55} >
5 & {11.8 &
=50f & s
2‘45 111.7 &
g ©) 2
=40 o {11.6 =
=35 Otx 5
= 1115 &
S30} -
g 251 {114 2
2 (a) :
220 —_— . 113 2
=0 200 400 600 800 1000 1200
Time in s

¥ 65 . . : : . 12.0 =
260 1O O thermocouple || =
5} 11.9 =
= | X custom reader =
=55 >
gl & {11.8 2
Iy 2]
=451 O {17 &
5] S
= 40 Qo ] =
%35 - OO 11.6 D
5 OOO {11s &
S 30F % -
g 25| (b) {114 2
5 x E
= 20 ; : ; . 21113 2
| 200 400 600 800 1000 1200

Time in s

Fig. 15 Comparison of temperature measurement by
thermocouple and peak frequency measurement by custom
readout for the sensor coil in deionized water at an
interrogation distance of (a) 6 cm, and (b) 7 cm. In each
case, hot water is added to the sensor coil and
measurements are taken as it cools down over time. In (a),
the readout is mostly able to track the change in water
temperature although it is unable to detect peak at one point
and provides a non-monotonic output at another. In (b), the
readout is unable to correctly detect most peaks.

TABLE III
KEY PERFORMANCE METRICS ACHIEVED BY
IMPLEMENTED READOUT SYSTEM

Performance Metrics Value
Operating Frequency Range 1-100 MHz
Minimum Frequency Resolution 99 kHz
Over Operating Frequency Range
Minimum Frequency Resolution 10 kHz
for a 10 MHz Frequency Sweep
Maximum Interrogation Distance 5cm
(sensor in deionized water)"

DC Power Consumption 1,262 mW
Area 14 sq in

For specific reader and sensor coils used in this paper

respectively. Although, the readout was able to follow the
change in water temperature at an interrogation distance of 6
cm, except at two points, peak detection fails considerably at
the interrogation distance of 7 cm. The key performance metrics
achieved by the current implementation of the custom readout
system are presented in Table II1.

Further improvement in the interrogation distance range of
the readout could be achieved by using a higher gain setting on
the DC amplifier following the output LPF, while an additional
enhancement would require a DDS with a higher maximum
full-scale DAC output current which would invariably increase
the cost of the readout system. Looking beyond the readout
system, using a two-loop reader coil to increase the reader-coil
self-inductance could be helpful as well. Finally, it should be
noted that the achieved range of interrogation distances in the
presented experiment would generally not translate to other
applications. In particular, the same implementation of the
readout system and reader and sensor coils would result in a
higher maximum interrogation distance in a sensing medium
with lower loss than the one used in the above experiment.

V. CONCLUSION

This paper proposed a new design platform for low-cost
portable custom readout systems to interrogate LC resonant
sensors wirelessly over varying interrogation distances. The
readout was designed to detect sensor resonance by measuring
the real part of the input impedance of a reader coil, inductively
coupled with a sensor coil, using coherent demodulation. A
theoretical analysis led to identifying factors to increase the
interrogation distance range and related constraints.

A complete system implementation then
demonstrated, which led to additional requirements and
constraints that were discussed accordingly. A complete
readout system, having a frequency range of 1-100 MHz, was
implemented on printed circuit board technology. The readout
hardware used an AD9913 DDS as the signal source and an
ADS831 mixer for coherent demodulation, while an MSP432
Launchpad was employed to control the hardware and digitize
the readout output. The use of the DDS signal source permitted
targeting multiple applications over a wide frequency range and
enabled fine frequency resolution, fast frequency hopping, and
simple programming of frequency sweeps, making the readout
easy to use by nontechnical personnel.

Using a set of reader and sensor coils, with the sensor coil
placed in deionized water at a 2 cm interrogation distance, we
demonstrated an agreement between the readout and a VNA in
measuring the sensor resonant frequency. Furthermore, to test
the performance of the readout for a dynamic medium-under-
test over different interrogation distances, it was used to track
the drop in temperature of hot deionized water as it cooled
down. The resonant frequency measurements by the readout
were compared with independent temperature measurements by
a commercial thermocouple probe. A linear fit (R? = 0.99 )
between the resonant frequency and temperature data concurred

was



with the change in the dielectric permittivity of deionized water
with temperature. The readout’s performance was seen to be
repeatable at a fixed interrogation distance (less than 0.15%
maximum error relative to the mean using 4 replicates at an
interrogation distance of 2 cm) as well as over a range of 2-5
cm (less than 0.33% maximum error relative to the mean using
1 cm steps).

Other researchers and engineers can use the readout design
methodology presented in this paper to build custom readout
systems targeting specific frequency ranges and interrogation
distances for their particular application of interest, thereby
replacing expensive VNA-based setups. Future work would
involve integrating the microcontroller into the readout board,
a more compact board layout, and implementing online signal
processing to make the realized readout system ready for
industrial/commercial use.
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