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Abstract— Patient and health monitoring in real-life settings
can be realized with passive, wireless, unobtrusive, and low-cost
physiological signal monitoring. We have previously reported
a new fully-passive sensor system, namely resistive wireless
analog passive sensors (rWAPSs), based on inductive coupling
for physiological signal collection. Fabrication of thin body-worn
sensors using rWAPS technology requires planar printed spiral
coils (PSC) as the inductive link. This paper describes a formal
method to design and optimize this PSC coil for such a system
and presents the results of a comparison of a commercial PSC
and the optimal design developed with the proposed method.
Iterative process is required to reach the optimal solution of
this complex multivariate optimization problem. After optimum
design based on given coil dimensions and track specifications,
a coil pair with a two-layer PCB was fabricated. The secondary
coil size was restricted to a small footprint of 20 mm, while
the carrier frequency was selected as 13.56 MHz within ISM
frequency band. Lower power consumption and higher sensitivity
were set as the key criteria for the comparison of these designs.
Experimental results confirm that although the sensitivity varies
with respect to sensor resistance, the optimized design has a
smaller footprint and offers a higher sensitivity in most sensor
ranges, while consuming slightly less power. This proposed
optimization approach of PSC design is practical for rWAPS and
other similar inductively coupled sensors and can be utilized in
body-worn, wearable, and implanted sensors.

Index Terms— Body-worn sensors, fully passive sensors,
impedance loading, inductive link, iterative optimization, printed
spiral coil (PSC), wearable sensors.

I. INTRODUCTION

MONITORING physiological signals in the regular life
setting plays an important role in early and precision

diagnostic and health tracking. Wireless wearable sensors as
the general solution for continuous monitoring remove obtru-
sive wires, that are susceptible to noise and disconnection,
making them more practical. A challenge for wireless wearable
sensors is battery that makes them heavy, costly and requires
maintenance. Hence, fully-passive wireless sensors that do not
require battery at the sensor-side are suitable as body-worn
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sensors. We have previously presented [1], [2] a novel resistive
wireless analog passive sensor (rWAPS) based on inductive
coupling between sensor board and interrogator that employed
printed spiral coils (PSCs) instead of the traditional solenoid
coils that cannot be printed and has thicker profiles. Inductive
coupling has been used extensively for power transmission
in remote charging and implanted devices [3]–[12]. In order
to have more comfortable wearing experience, they need to
be flexible (thin profile), smaller (in size), and lightweight,
and be sensitive over wide range of distances between sensor
and interrogator coils. These coils occupy most of the floor
plan of the sensor, hence, should be small in size with high
sensitivity. However, these two factors usually have the reverse
trend [1], [3], [5], [11] meaning that increasing sensitivity
needs larger coil and decreasing the coil size weakens the
mutual inductance that ends up to lesser sensitivity for the
same amount of power consumption.

Even though radio frequency identification (RFID) and
near-field communication (NFC) based sensor-tag are fully-
passive and low cost, they are usually not optimal for phys-
iological signal collection. These techniques utilize digital
data encoding techniques for wireless link, which requires
higher power compared to its counterpart of WAPS. Gener-
ally, in an RFID, power circuits and other low-power chips,
consume energy that make them an unsuitable option for
wearable sensors compared to WAPS [13], [14]. Moreover,
resolution and sensitivity are still the bottlenecks of sensor-
tag RFID [13], [15]. It should be noted that a typical RFID
works once it is in reader’s field and it requires power-up time
that limits the sampling rate for high-frequency biopotentials
like ECG [13], [14].

One implementation of WAPS relies on capacitive vari-
ation of a varactor that responds to bioelectric signals.
Towe [16], [17], Baldwin et al. [18], Chae et al. [19]–[21],
and Lekkala et al. [22] are among the pioneers to develop such
capacitive WAPS (cWAPS). In those studies, an LC resonator
with capacitive sensing (realized with a varactor) caused
changes of the resonance frequency fc of the inductively
coupled or backscattered signals. A surface acoustic wave
chip has been used as a delay line for the modulated signals,
thus differentiating backscattered signal from the interrogating
signal [20], [23], [24].

In [22], ECG was recorded from 5 cm distance by two
detecting methods: slope detector and phase locked reader.
A major drawback of cWAPS sensing is that it is limited
to voltage sensing only. Furthermore, the cWAPS approach
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is based on frequency modulation (FM), as the resonant
frequency ( fc) shifts due to the LC tank circuit. Thus, the
interrogator requires a relatively larger bandwidth (BW) for
each sensor and complex FM demodulator circuit must be
implemented in the interrogator. Furthermore, very limited
availability of capacitive transducer for various physical sig-
nals severely constrains its applicability.

In contrast, we have proposed an alternative technology,
rWAPS, that is comprised of an RLC tank circuit where
the inductor (L) and capacitor (C) determine the resonant
frequency ( fc) for probing, while the load resistance (R) is a
resistive transducer suitable for physiological signal measure-
ment [1], [2], [25]. The working principle of rWAPS is based
on the alteration of quality factor (Q) at the tuned frequency
as the modality of measurement. The significant advantage of
resistive transducer is that various physical signals can be mea-
sured with resistive transducers (such as light, pressure, and
temperature) as well as bioelectric potentials can also be mea-
sured (with MOSFET as we have demonstrated earlier [2]).
Furthermore, since the amplitude modulation (AM) operates
in a narrower BW, the technique allows a larger number of
sensors to be probed simultaneously within a given wire-
less BW and narrow BW (or high Q) increases the sensi-
tivity [3], [4], [12]. Moreover, AM demodulators have less
complexity compared to FM detectors. In addition, most of
such resistive transducers are readily available as components
off-the-shelf providing a large selection of low-cost physical
signal measurement options.

We have previously presented a paper [26] that describes
a method to optimize the PSC in order to have optimum
inductive link in terms of smaller PSC size, higher sensitivity,
and larger distance between coils. Within this scope of rWAPS,
the PSC size, sensitivity, and power consumption for the
same distance are the appropriate criteria for evaluating PSC
designs. In [26], we presented the coil optimization procedure
and the experimental results for probing biosignals. This paper
extends these results in terms of comparing output sensitivities
between a commercial PSC design and our optimized design.

Even though the coil design optimization research
was conducted for some aspects like maximizing cou-
pling coefficient (k) [9], maximizing the inductance density
(Hennry/occupied area) [3], or strongly coupled regime [9],
there are only a few works reported on coil optimization for
maximizing the power efficiency [5], [11]. Furthermore, our
previous report on rWAPS [1], [2] employed a coil design
provided by Texas Instruments (TI) in [27, Sec. 6–8]. In this
paper, we extend our work and present the comparison results
of power consumption and sensitivity between an optimized
PSC (based on an iterative algorithm) and a design provided
by TI. We utilized various commonly used constraints for PCB
fabrication, such as track width, space between tracks, and
maximum coil size. The resultant optimal design was fabri-
cated with dimensions of w = 762 μm (30 mil), s = 508 μm
(20 mil), and coil area = 20 mm × 20 mm while the
PSC designed by TI has dimensions of 50 mm × 38 mm
(rectangular). The experimental results show better sensitivity
and generally less power consumption for the optimal design.

Fig. 1. Concept of rWAPS. Variation of resistive sensor changes the primary
voltage proportional to mutual inductance.

Fig. 2. Detail of rWAPS and the concept of reflected resistor (at the resonance
frequency) from secondary to primary.

II. HARDWARE CONCEPT

Fig. 1 shows the concept of rWAPS. The sensor side is
fully-passive and includes the resistive sensor and secondary
coil with a tuning capacitor, such that the secondary has the
same resonance frequency as the primary. Rsensor is a resistive
transducer that converts the physiological signal of interest to
electrical resistances. The primary is excited with an input
voltage at 13.56 MHz and transducer variation modulates the
output voltage at the primary coil that is proportional to the
sensitivity of the resistive sensor at the secondary coil.

The sensitivity depends on the distance between the coils,
the power delivered by VOSC, values of Rsensor, and the
coil’s specifications including self and mutual inductances
and their quality factors. The goal of this paper is to have
higher sensitivity with less delivered power. To achieve higher
sensitivity with lower power, the efficiency from power source
to Rsensor needs to be maximized.

A. Theory

Fig. 2 shows the schematic of rWAPS. CP1, RS1, L1 and
CP2, RS2, L2 are the equivalent components for primary and
secondary PSC, respectively. C1 and C2 are the tuning capac-
itors to adjust resonance frequencies on the desired values.
CS is the series matching capacitor between the primary coil
and the signal generator (VOSC). It can be shown [3], [5], [8]
that the overall power efficiency (η) is dominated by

η = Rref

Rref + RS1
× Q2L

QL
= k2 Q1 Q2L

1 + k2 Q1 Q2L
× Q2

Q2 + QL
(1)

where Rref is the reflected resistor from secondary to primary
side

Rref = k2 RS1Q1 Q2L (2)

k is the coupling factor between two coils, Q1, Q2, and Q2L

are the quality factors of primary, secondary without load, and
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secondary with load, respectively and they are calculated from
the following equations [5]–[7], [28]:

Q1 = L1 · ω0

RS1
(3)

Q2 = L2 · ω0

RS2
(Quality factor without load) (4)

QL = RL

L2 · ω0
× 1(

1
Q2 + 1

)∼= RL

L2 · ω0
(5)

Q2L = Q2

Q2 + QL
(Quality factor with load). (6)

Equations (1)–(6) calculate the power efficiency based
on the circuit with equivalent components of primary and
secondary coils. Equivalent self-inductance (L) and par-
asitic resistor (R) and capacitor (C) can be calculated
from the coil’s physical characteristics with the following
equations [3], [5], [11], [29]:

L = 1.27n2μ0(do + di )

4

[
ln

(
2.07

ϕ

)
+ 0.18ϕ + 0.13ϕ2

]

(7)

RS = ρ
lc

w · t
× t

δ · (1 − exp(−tc/δ))
(8)

δ = √
ρ/πμ f (Skin effect). (9)

Conductor length and parasitic capacitor are given by

LC = 4ndO − 3nw − (2n − 1)2(s + w) (10)

CP = CPC + CPS≈(αεrc + βεrs)ε0
tC
S

lg . (11)

Gap length (between tracks) is given by

Lg = 4(dO − nw)(n − 1) − 4n(n + 1)s (12)

ϕ in (7) is called “fill-factor” and is defined as

ϕ = dO − di

dO + di
. (13)

Regarding (1)–(6), power efficiency increases with quality
factors, and having larger quality factor requires smaller coil
resistance and larger self-inductance that have opposite trends:
increasing “L” increases “R” as well, unless we increase the
track width (w) that ends in larger coil size. Therefore, for the
specific input constraints for maximum coil dimension (dO)
and minimum space between tracks (s), there is a tradeoff
between parameters. We attempt to find the best values that
lead to maximum efficiency through an iterative method that
has been provided in [5] to find the optimum values based on
given constraints.

B. Input Constraints

Fig. 3 illustrates the coil parameters. There are some
constraints that are defined by the device application and
PCB manufacturer. The minimum limit for the space between
tracks (s), track width (w) and track thickness are defined
as 152.5 μm (6 mil), 152.5 μm, and 28.35 gr (1 oz that is
equal to 1.5 mil), respectively, by the PCB manufacturer.

Another important constraint is the coil size that is restricted
by the device application. We limit the maximum coil size to

TABLE I

SPECIFIC PSC DESIGN CONSTRAINTS (1 mil = 25.4 μm)

Fig. 3. Coil parameters and configuration.

40 mm for primary (dO1max) and 20 mm for the secondary
(dO2max). Table I shows the applied constraints.

III. COIL DESIGN

A. Iterative Method for Coil Optimization

Designing an optimized coil pair is a multivariable optimiza-
tion problem. Among different methods, e.g., “genetic algo-
rithm” or “particle swarm optimization,” a well-established
method [5], which reflects the effect of two optimized variables
on the other variables through an iterative method, has been
employed for this optimization process. In other words, the
optimum values that maximize the power efficiency in each
step have effect on the other steps that have to be itera-
tively performed until having less than 1% (residual error)
improvement in efficiency. Fig. 4 shows the flowchart of the
optimization algorithm.

B. Efficiency Behavior With Coil Parameters

To characterize the behavior of the efficiency with coil
design parameters, the efficiency was analyzed over three
inputs pairs as shown in Figs. 5–7. These figures show the
efficiency behavior based on (1)–(13) versus two parameters
while the other parameters are constant, as given in each figure.
As it can be seen from Figs. 5–7, η is always increasing with
respect to w1, dO1, and ϕ1 but has a maximum with respect
to w2 and ϕ1.
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Fig. 4. Flowchart of the iterative optimization method.

Fig. 5. Simulation results of the effect of primary fill-factor (ϕ1) and primary
outer size (d O1) on the efficiency (η) (1 mil = 25.4 μm).

C. Coil Fabrication

The general parameters for the coil design have been listed
in Table II. Some of the parameters are the PCB charac-
teristics, and (α, β) are empirical parameters [5]. Several
coil pairs, based on different constraints, have been designed
and fabricated and their specifications are listed in Table III.
L, RS , and CP in Table III are the coil equivalent components

Fig. 6. Simulation results of the behavior of efficiency (η) with primary
outer size (d O1) and primary track width (w1) (1 mil = 25.4 μm).

Fig. 7. Simulation results of efficiency (η) versus secondary track
width (w2) and secondary fill-factor (ϕ2) (1 mil = 25.4 μm).

TABLE II

INPUT CHARACTERISTICS OF PSC DESIGN

corresponding to Fig. 2. Last column of Table III shows
C1 and C2, which are the capacitors to tune the primary and
secondary to the same resonance frequencies. For the larger
values of C1 and C2, the primary and secondary resonance
frequencies are less sensitive to the parasitic capacitors. The
coils coupling factor (k) is considered as a constant value of
0.07 which is reasonable for such setup [4], [5], [28], [30].
The optimization process starts with specific s, dO2, dO1−max,
w1,2−min, and w1,2 − max as the constraints and ends with ϕ1,
ϕ2, dO1, and w1,2. In Table II, n is the number of turns in the
primary and secondary that depends on dO , di, w, and s with
the following equation:

n = dO − di

(s + w)
= do

(s + w)
× ϕ

1 + ϕ
. (14)

All four designs in Table III, have been optimized for one
extremum feature to see the maximum effect of that specific
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TABLE III

FOUR OPTIMUM DESIGNS WITH DIFFERENT INPUT CONSTRAINTS
(P: PRIMARY COIL, S: SECONDARY COIL, 1 mil = 2.54 μm)

TABLE IV

SPECIFICATIONS OF TI COIL (P: PRIMARY COIL,
S: SECONDARY COIL, 1 mil = 25.4 μm)

feature. Design1 has the largest primary turns, Design2 has the
largest dO1, Design3 has the widest w1, and Design4 has the
smallest dO2. Design3, with the highest efficiency, has been
selected for this paper to compare with the TI provided coil
design.

As explained before, the larger C1 and C2 values make the
primary and secondary resonance frequencies less sensitive to
the parasitic capacitors and regarding this feature in Table III,
again Design3 is preferred.

Table IV shows the suggested coil by TI (referred as
Design0 here) [2], [27]. Theoretically, Design3 is optimized
by the size and power efficiency. The different footprints of
Design0 and Design3 can be compared in Fig. 8.

IV. RESULTS

A. Test Setup

After designing and fabricating Design0 and Design3, their
equivalent circuits were measured with an LCR Analyzer
(Agilent 4294A, 40 Hz–110 MHz). The axial separation
between primary and secondary coils for all measurements
was 40 mm. The measurement setup is shown in Fig. 9.
The input voltage is applied by a function generator
(RIGOL DG1022) through a coaxial cable via an SMA
connector and the output is observed with a Spectrum

Fig. 8. (a) PCB layouts and (b) fabricated PCBs of Design0 and Design3.
Design0 (TI design) has the same size of primary and secondary (left figure),
while the optimized coil (Design3) has a smaller secondary (Primary coil in
the middle, and secondary coil in the right).

Fig. 9. Measurement setup. Vosc is applied by function generator and the
output is observed with spectrum analyzer and oscilloscope. The distance
between primary and secondary coils has been kept at 40 mm for all tests.
(Inset: The photographs of the primary and the secondary PCBs are shown.)

Analyzer (RIGOL DSA 1030) and an Oscilloscope (Tektronix
TDS 1001B). The circuit schematic for both Design0 and
Design3 have the same configurations as shown in Fig. 10.
In this figure, RS is the internal resistor of signal generator,
and CS is the coupling capacitor for impedance matching.
Rsensor at the secondary side is the resistive transducer whose
variation reflects to Vout at the primary side.

B. Measurement Results

To compare Design3 with Design0, we define the sensitivity
as follows:

Sensitivity = �VOUT

�RSensor
. (15)
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Fig. 10. Circuit under test with real measured values with an LCR analyzer
for Design3. Design0 has the similar configuration with: Cs = 3.9 pF,
C1 = 240 pF, CP1 = 1 pF, R1 = 0.5 �, L1 = 735 nH and same values for
the secondary.

Fig. 11. Measurement results of the output voltage versus Rsensor for Design0
and Design3. Design3 has better response to Raensor with respect to Design0.

To measure sensitivity with (15), Rsensor is changed
from 0 � (short circuit) to 15 k� while VOSC (without load)
is 10 Vp-p. The sensitivity is too low to be considered for RS

more than 15 k� because the equivalent parallel resistor of
the secondary coil and its tuning capacitor in the resonance
frequency is as follows [31].

For Design0 (R2 = 0.5 �, L2 = 735 nH, f = 12.25 MHz)

Req = (1 + Q2)RS2 =
(

1 +
(

Lω

R2

)2
)

R2 = 6.4 k�. (16)

For Design3 (R2 = 1 �, L1 = 1 μH, f = 13.23 MHz)

Req = (1 + Q2)RS2 =
(

1 +
(

Lω

R2

)2
)

R2 = 6.9 k�. (17)

Fig. 11 shows the Design0 and Design3 output voltages for
comparison. According to Fig. 11, Design3 has approximately
three times higher output voltage compared to Design0, which
increases SNR and makes it more practical in the actual
setting. Fig. 12 shows the sensitivity [defined by (15)], which
is the derivative of Vout in Fig. 11. Regarding Fig. 12,
sensitivity of Design0 and Design3 can be divided into four
zones for Rsensor ranging between 0 and 8.2 k�. The sign
of (�VOUT/�Rsensor) reflects that the changes of Vout and
Rsensor are in the same direction (positive sign) or the opposite
direction (negative sign). Therefore, the sign is not important
in comparing the sensitivities.

In the first zone, Rsensor = 0 to 570 �, Design3 has
less sensitivity than Design0, namely the average sensitivity
for Design0 is −31 and for Design3 is −19. In the second
zone, Rsensor = 570 to 5.6 k�, the average sensitivity for

Fig. 12. Measurement results of the sensitivities for Design0 and Design3
with different Rsensor . There are four different zones by which the average
sensitivities for both designs are mentioned in the plot.

Design0 and Design3 is 6 and 32, respectively. In the third
zone, Rsensor = 5.6 k� to 6.7 k�, the average sensitivity of
Design3 is again more than Design0, 3 for Design0 and 16
for Design3. In the fourth zone, Rsensor = 6.7 to 8.2 k�, the
average sensitivity of Design0 is 40 and for Design3 is 45,
which means that Design3 is again more sensitive.

Generally, when a sensor is driven with more power, the
response is expected to be higher. Thus, in comparing the two
coil designs in rWAPS, the amount of the power delivered by
the signal generator needs to be considered and the sensitivity
defined by (15) should be normalized with the delivered power.
Delivered power is calculated by, first, measuring Vin and Vout
(Fig. 10), and then, using the following equations:

IS = Vin − Vout

1/ jωCS
(18)

P = IS × Vin (19)

Pav =
∫

Pdt . (20)

According to (18)–(20), by changing Rsensor from zero
to 8.2 k� and measuring Vout and Vin, Pav was calculated and
is drawn in Fig. 13. Regarding Fig. 13, there is no significant
difference between the two designs in terms of delivered
power. In Fig. 13, the average delivered power can be split
into two zones, by which in the left one (Rsensor = 0 �
to Rsensor = 2.8 k�), Design3 consumes 50 μW (2.5%)
more power than Design0 and in the right zone (Rsensor =
2.8–8.2 k�), Design3 consumes 20 μW (1%) less power than
Design0. Thus, there is no significant difference between the
two designs in terms of power consumption.

Fig. 14 shows the sensitivity that is normalized with deliv-
ered power. Regarding Fig. 14, normalized sensitivity can be
split into four regions, by which in three regions Design3 has
higher sensitivity than Design0.

V. DISCUSSION

Since the iterative method calculated the coils’ specifi-
cations based on maximum power efficiency, having higher
normalized sensitivity with almost the same power in Design3
compared to Design0 was predictable. Even comparing the
two designs in terms of sensitivity (not normalized) (Fig. 12)
verifies that the new design (Design3) has higher sensitivity
in most regions, regardless of power consumption. It can be
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Fig. 13. Measurement results of the power consumption for Design0 and
Design3. There are two zones at the two sides of 2.8 k�: on the left side
Design3 has 50 μW more power consumption and in the right zone Design3
has 20 μW less power consumption on average.

Fig. 14. Measurement results of the sensitivities of Design0 and Design3 as
normalized with power consumption. There are four zones by which only for
the leftmost zone, Design0 shows higher sensitivity while in the other zones
Design3 is more sensitive than Design0.

explained in the way that if the coil design has been optimized
for highest power transfer from primary to the secondary, it has
been optimized for highest reflected or backscattered signal
from secondary to the primary, as well.

According to Fig. 12, there are some variations in the
sensitivity with Rsensor for both designs. It is worth to
investigate in the future work, but it might be the effect of
Rsensor on the coupling factor (k), quality factor, and the
resonance frequency. Regarding the input parameters for coil
optimization in Table II, the coil pair has been optimized for
Rsensor = 1 k�, and it is seen from Fig. 12, that one of the
maximum sensitivities of Design3 happens in this resistance,
but changing Rsensor affects the other parameters and changes
the sensitivity. In this paper, the coil has been optimized
for specific Rsensor (1 k�) and consequently, for the specific
quality factor, coupling factor, and resonance frequency that
regarding Fig. 14, the result verifies the optimization. It is
expected that a better result or higher sensitivity can be
achieved by performing the optimization process for different
values of Rsensor and its associated parameters and then
choosing the region of Rsensor in which the sensitivity is max-
imized. The optimization in this paper has been performed for
13.56 MHz resonance frequency. However, since the frequency
affects the impedance and quality factor, the optimization
algorithm will lead to different coil specifications at other
resonance frequencies.

VI. CONCLUSION

We have utilized an optimization algorithm that uses given
constraints (size and fabrication) to design an optimum PSC.

The optimum PSC has been designed within specifications
(width and space of tracks, number of turns in primary
and secondary coils and the primary size) to achieve the
best power efficiency from carrier signal generator to the
transducer. We also fabricated several coil pairs with different
size constraints based on an iterative optimization method to
have the best sensitivity of the output voltage to the resistive
transducer. The best design in the sense of size and power
efficiency has been tested, and compared to the standard coil
pair provided by TI in terms of power consumption and
sensitivity. While the optimized coil has less than half size
(secondary) of the TI coil, it shows better sensitivity and
almost the same power consumption.

In this paper, we have measured the best sensitive region
(of Rsensor) for each design that should be considered in
the application of rWAPS. The proposed coil design opti-
mization will enable design of efficient fully-passive sensors
that operate on inductive loading principle such as rWAPS.
Such fully-passive sensors can have practical applications in
wearable sensors for unobtrusive monitoring of patients for
physiological signals at home and during routine daily activi-
ties. As rWAPS requires only a few inexpensive components,
wearable sensors based on rWAPS can further be fabricated
using flexible substrates that make them more comfortable,
lighter, low cost, and disposable. On the other hand, flexible
coils are subject to bending and it will change the coupling
factor and efficiency. Future work will investigate the effect of
bending on sensitivity that has impact on wearable and body-
worn sensors development.
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