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Figure 1: Overview of picoRing. picoRing is a fexible sensing architecture enabling a variety of batery-free smart rings paired 
with a wristband. This paper shows four types of picoRing that support thumb-to-index fnger pressing, sliding, or scrolling. 

ABSTRACT 
Smart rings for subtle, reliable fnger input ofer an attractive path 
for ubiquitous interaction with wearable computing platforms. 
However, compared to ordinary rings worn for cultural or fashion 
reasons, smart rings are much bulkier and less comfortable, largely 
due to the space required for a battery, which also limits the space 
available for sensors. This paper presents picoRing, a fexible sens-
ing architecture that enables a variety of battery-free smart rings 
paired with a wristband. By inductively connecting a wristband-
based sensitive reader coil with a ring-based fully-passive sensor 
coil, picoRing enables the wristband to stably detect the passive 
response from the ring via a weak inductive coupling. We demon-
strate four diferent rings that support thumb-to-fnger interactions 
like pressing, sliding, or scrolling. When users perform these inter-
actions, the corresponding ring converts each input into a unique 
passive response through a network of passive switches. Combining 
the coil-based sensitive readout with the fully-passive ring design 
enables a tiny ring that weighs as little as 1.5 g and achieves a 13 cm 
stable readout despite fnger bending, and proximity to metal. 
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1 INTRODUCTION 
Hand and fnger gestures are the primary ways to intuitively and 
seamlessly interact with wearable computing platforms, such as 
those provided by smart watches or smart glasses [28, 34, 40]. In 
particular, thumb-to-index fnger microgestures support efcient 
and privacy-preserving inputs for wearable interaction [2, 4, 35]. 
Despite technical advances in wristband-based hand sensing [9, 38] 
and glasses-based computer vision [12, 13], high-fdelity detection 
and classifcation of the subtle and occluded thumb-to-index ges-
tures including tap, pinch, and swipe remains challenging [16, 18, 
38]. Some work has explored thumb-to-index fnger inputs based 
on wristband sensing [38, 39], but they require relatively dynamic 
gestures for reliable classifcation or limit the input interface to 
either within-user, short-term usage for sufcient accuracy. By con-
trast, a ring-based device with physical inputs, like a button or 
slider, placed on the index fnger ofers a simple alternative with 
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unparalleled reliability for subtle thumb-to-index gestures [1, 14]. 
Such rings ofer attractive and reliable interactive capabilities, but 
their form-factor is often bulky, largely due to the need to integrate 
a sufciently sized battery. 

In this work, we explore how two common device form-factors— 
a ring and wristband—can work together to unlock a new design 
space of small, battery-free rings for subtle thumb-to-index input. 
Because today’s rings for micro fnger gestures must power sens-
ing and communication modules, their usability is hindered by the 
need for a bulky battery [18, 25, 26] or cumbersome power supply 
wiring [7, 21] in what would otherwise be a small, comfortable ring 
form factor. On the other hand, many users already wear a wrist-
band all day long for health and ftness applications and for their 
convenient visual display, but typical hand interactions provided by 
a wristband requires dynamic, expressive hand gestures [16, 20, 41], 
which can be fatiguing or impractical in daily use. To fll this gap, 
we consider how a battery-free ring can complement a wristband 
by enabling a variety of reliable microgestures. 

This paper introduces picoRing, a thumb-to-index fnger input 
system enabling a battery-free, tiny, and lightweight ring-based in-
put device (Figure 1). picoRing operates based on a pair of two coils: 
a ring-based fully-passive sensor coil and a wristband-based reader 
coil. Using a coil-based readout technique called passive inductive 
telemetry (PIT) [31, 32], the wristband coil wirelessly monitors the 
passive response of the ring coil caused by user inputs. First, the 
ring coil, which consists of a passive resonant coil connected to a 
physical switch, can passively convert the subtle thumb-to-index 
fnger action (e.g., pressing the switch) into a unique passive re-
sponse (i.e., the change of the ring’s resonant frequency). Then, the 
wristband coil, which couples with the ring coil via a weak induc-
tive feld, can recognize the fnger input by detecting the shift of the 
ring’s resonant frequency. Because the ring operates by modifying 
the inductive feld in a passive manner and does not require active 
signal transmission, the ring can be battery-free. 

Unlike semi-passive readouts like near-feld communication (NFC) 
and radio-frequency (RF) backscatter [22, 24], fully-passive PIT-
based systems [31, 32] can eliminate the need for powering up the 
ring, enabling a chipless and simple ring design. Prior PIT-based 
input systems [31] leveraged passive input for detecting taps on 
surfaces. However, systems like TelemetRing [31], which requires a 
large (e.g., 9 cm-diameter) uncomfortable wristband coil to capture 
the ring’s weak response, is not suitable for wearable usage and 
is primarily designed for simple taps. In contrast, picoRing stands 
out due to its versatility and practicality. Specifcally, picoRing 
introduces four types of rings of mass 1.5 to 2.9 g for subtle thumb-
to-index inputs including pressing, 1-D/2-D sliding, or scrolling 
with a network of diferent passive switches. Moreover, picoRing 
increases the PIT sensitivity by about ten times through a design 
optimization process at a higher frequency band from 13.5 MHz to 
27 MHz. This results in a 5 cm-diameter-sized compact wristband 
coil demonstrating a stable readout distance of approximately 13 cm, 
regardless of fnger bending or wrist in proximity with metallic 
items. Such a compact implementation of the wristband and ring 
increases the practicality of this approach and allows integration 
of picoRing into standard ring and wristband accessories. 

Our contribution is summarized as follows: 

• The practical design of a sensitive PIT technique to pair a 
battery-free ring coil with a compact wristband coil. 

• The demonstration and technical evaluation of four types of 
rings, each below 3 g for subtle thumb-to-index input. 

2 RELATED WORK 
This section focuses on prior work which can recognize fnger 
gestures by instrumenting an input system around the hand. For 
more detail on other prior work, please refer to [16, 18]. 

2.1 Instrumented hand 
A wristband serves as a convenient location for detecting fnger 
movements based on force measurement [9], EM wave [19], inertial 
sensing [20], capacitive coupling [28], electromyography (EMG) [30], 
computer vision [37], etc. Because the wristband infers fnger ges-
tures away from the wrist, the signal caused by subtle fnger mo-
tions inevitably becomes small, challenging for the wristband to 
stably detect and accurately distinguish them [37, 38]. The use of ma-
chine/deep learning algorithm [19] and sensor fusion approach [38] 
can improve the recognition accuracy of the various fnger gestures, 
and also recognize user-defned input as customized input with 
a few-shot learning [39]. However, 1) the approach is limited to 
within-user/short-term usage, requiring periodic calibration [19], 
2) the wristband needs not subtle but relatively dynamic fnger 
motions to accurately classify diferent gestures [39], or 3) the pure 
prediction accuracy signifcantly decreases when the wristband 
tries to recognize various subtle fnger motions [38]. As a result, 
most wristband sensing rather focuses on the stable classifcation 
of expressive fnger gestures [16, 20], possibly causing fatigue and 
discomfort for daily usage. In contrast, a fnger-mounted device 
like a ring ofers the advantages of close-range sensing for fnger 
gestures, enabling reliable detection of subtle fnger movements 
using a simple sensor and algorithm [7, 11, 17, 23, 25, 29]. More-
over, the sensing near the fngers can enable stable classifcation of 
micro, discrete fnger gestures like tapping [18, 38], and mm-scale, 
continuous fnger gestures such as sliding and scrolling [1, 7, 36], 
allowing imperceptible interactions in everyday life. 

2.2 Ring-based input device 
A ring positioned close to the index fnger is an ideal accessory for 
implementing a thumb-to-index fnger input system. Furthermore, 
the ring design that leaves the fngertip uncovered is more accept-
able for daily use compared to other fnger-mounted form factors 
like nails [5, 6]. Commercially, some smart rings (e.g., Oura Ring) 
are already available as healthcare monitoring. To detect subtle 
fnger inputs, many standalone rings have been developed [10, 11, 
17, 18, 25], but, prior rings are so bulky and heavy (> 10 g) due to 
the equipment of battery, signal processing circuit, and wireless 
communication module along with a sensor. Additionally, integrat-
ing these components into a small ring is complicated and costly. 
In contrast, the pair of a ring and a wristband enables a slimmer 
ring design by relocating the signal processing module from the 
ring to the wristband [26, 31]. For example, a ring equipped with a 
passive magnet [1] or an oscillating coil [26, 27], which can transmit 
a varying signal related to fnger movement to a signal-processing 
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wristband, can be lightweight (< 5 g), compact, and tiny. Neverthe-
less, the ring itself remains bulky compared to the standard ring 
because it requires either a bulky magnet or a battery-driven oscil-
lator to transmit the strong static or dynamic inductive signal to 
the wristband. 

2.3 Battery-free ring-based sensor 
To eliminate the battery from the ring connected to the wristband, 
RF backscatter [24], inductive power transfer [33], and PIT [31] are 
promising. RF backscatter operates a low-powered semi-passive 
antenna tag by harvesting environmental energy and refecting 
an incoming RF signal from a reader antenna. Unfortunately, the 
EM interaction of the RF signal with the body can degrade com-
munication performance, which requires a reader with W-class 
high input power. Moreover, the signal path is afected by unrelated 
hand movements, which could be misclassifed as false positive. 
Inductive power transfer, which wirelessly transmits power to a 
ring-based coil via a wristband-based coil, also sufers from a low 
efciency below 1% due to a large size ratio of the tiny ring and 
the compact wristband and relatively long distance between the 
ring and the wristband [31]. As a result, the input power from the 
wristband potentially exceeds 5 to 10 W considering 1% efciency 
at best and over 100 mW power consumption of the communication 
module in the ring. Such high power levels are impractical for the 
power design of wristband devices. 

In contrast, PIT based on an inductive link can reliably read out 
the sensor value from a fully-passive ring coil via a wristband coil 
without powering up the ring, as detailed in § 3.2. However, the 
prior PIT proposed by TelemetRing [31], which is most similar to 
picoRing’s underlying technology, requires a 9 cm-diameter-sized 
large wristband coil due to its insufcient sensitivity. This is not 
suitable for wearable applications as it leaves a big gap (>3 cm) 
around the wrist. Unlike TelemetRing, picoRing ofers distinct ad-
vantages including 1) the stable connection of the battery-free ring 
with a fexible 5 cm-diameter wrist-sized compact wristband, and 
2) the sensing capability to detect various subtle fnger movements 
using various battery-free rings. 

3 THEORY OF OPERATION 

3.1 System overview 
picoRing consists of two main components: 1) a ring-based fully-
passive sensor coil (i.e., ring coil) that passively changes its res-
onant frequency based on the user’s thumb-to-index input to a 
passive switch such as a tactile or slider switch and 2) a wristband-
based reader coil (i.e., wristband coil) that detects a peak in the 
frequency response corresponding to the resonant frequency of the 
ring coil (Figure 2a). The working principle is as follows (Figure 2b): 
First, the ring coil picks up the inductive feld emitted by the wrist-
band coil. Then, the ring coil causes a strong induced current in 
the wristband coil around the ring’s resonant frequency based on 
Faraday’s law of induction. Note that the resonant frequency of( √ )
the ring is calculated as follows: �0 = 1/ 2� �sensor�sensor where 
�sensor and �sensor are inductance and capacitance of the ring coil. 
The current also causes an impedance change in the wristband 
coil around �0. Finally, a switch-based variable capacitor connected 
to the ring coil can convert the user’s input such as press to the 

shift of �sensor by passively changing �sensor via the on/of of the 
switch. Finally, a reader board connected to the wristband coil can 
recognize a tiny impedance change in the frequency response using 
a sensitive impedance measurement circuit and a sensitive peak 
detection algorithm, as will be explained in § 3.2 and § 3.3. 

3.2 Sensitive passive inductive telemetry 
picoRing needs to increase the sensitivity of prior PIT techniques [31] 
because the large size ratio and long distance between the ring and 
wristband weaken the passive response signifcantly. Basically, the 
passive response strengthens with the increase of the three factors: 
distance between wristband/ring coils (coupling coefcient: �), the 
inductance of the coils (�), and resonant frequency (�0). When the 
wristband coil inductively couples with the ring coil as shown in Fig-
ure 2c, the input impedance of the wristband coil (�load) changes 
based on the passive response (Δ�reader) as follows: 

1⎧
�sensor + � (��sensor − ) (� ≠ �0)

�sensor = ��sensor (1)⎨
⎩�sensor (� = �0) 

(��)2 

�load = �reader + (2)
�sensor 

= �reader + Δ�reader (3) 
√

where � (= 2� � ) is an angular frequency, � (= � �reader�sensor)
is mutual inductance between the wristband and ring coils, �reader 
and �sensor are impedance of the wristband and ring coils consisting 
of the coil loss (�), the coil inductance (�), and the chip capacitor 
for tuning a resonant frequency of the coil (�), respectively, and 
Δ�reader is the impedance change caused by the ring coil. Δ�reader 
has a large peak around �0 because �sensor remains only a small real 
impedance �sensor at �0 cancelling a large imaginary impedance 
��sensor by 1/(��sensor). Thus, the wristband can estimate the 
resonant frequency of the ring by detecting the peak in �load. Un-
fortunately, the extremely weak � below 0.002 in picoRing makes 
Δ�reader below 1 mΩ, which makes it hard for the wristband to 
capture such a small peak. 

To increase Δ�reader under the low � , one simple solution is to 
design wristband and ring coils with a high � or high �0. How-
ever, the short wavelength at a high �0 prevents increasing the turn 
number of the coil. Thus, prior PIT uses either a high � (>10 µH) 
at a low �0 (kHz) or a low � (<1 µH) at a high �0 (tens of MHz), 
which inevitably results in small Δ�reader under the low � . To solve 
this trade-of, picoRing employs distributed capacitance arrange-
ment (DCA) technique, enabling a high � at a high �0 [8]. DCA 
separates a long coil into multiple shorter coils by inserting multi-
ple chip capacitors in series. With this confguration, each short coil 
can behave as a small � (Figure 2c). Because the multiple small � are 
connected in series, the coil with a large turn number comprised 
of a long wire can behave as a high � (µH) at the high �0 (MHz), 
which can increase Δ�reader under the low � . 

Although DCA strengthen the passive response, it is still rela-
tively weak (Δ�reader ≈ 50 mΩ) because of the low � (∼ 0.001). To 
detect such a small impedance change, picoRing then employed 
a balanced bridge circuit [31]. Unlike a standard impedance mea-
surement circuit which measures the target impedance itself, the 
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Figure 2: picoRing design. (a) The system illustration of picoRing. picoRing is based on passive inductive telemetry (PIT), in 
which the wristband coil wirelessly monitors the passive response of the ring coil caused by user inputs. (b) The circuit diagram 
and signal processing of picoRing which consists of a ring-based fully-passive sensor coil and a wristband-based reader coil 
connected to a reader board. (c) Overview of distributed capacitance arrangement (DCA) technique which can increase the 
passive response by enabling a high inductor at a high frequency. 

bridge circuit can measure only the impedance change by using a 
diferential structure (Figure 2c). Thus, the bridge circuit is useful 
for accurately measuring a small impedance change in an other-
wise high impedance like with a thermistor or strain gauge. Here, 
picoRing uses the bridge circuit simply by matching a reference 
load (�ref ) composed of chip elements with the wristband coil (i.e., 
�reader = �ref ). With this, the voltage output of the bridge circuit 
�out can be calculated as follows with Eqn. 3, �ref = �reader, and 
�reader ≫ Δ�reader: 

( 
�in �in 

�out = −�amp − )
�load �ref 

⎧ Δ�reader 
�amp �in (w/ ring coil)

≈ � 2 
ref ⎨

⎩ 0 (w/o ring coil i.e., Δ�reader = 0) 

(4) 

(5) 

where �in is the input voltage of the bridge circuit, �amp is the 
amplifer factor. Note that the real part of �reader is adjusted over 
50 Ω with a chip resistor to meet the relationship of �reader ≫ 

Δ�reader. Eqn. 5 indicates that �out is sensitive to Δ�reader by the 
matching process. Thus, the small peak (Δ�out) appears in �out via 
the bridge circuit (Figure 2c). 

3.3 Resonance detection 
Finally, picoRing needs to stably recognize the small peak (Δ�out) in 
�out despite the variations of �out owing to the capacitive coupling 
with the body, the eddy current caused by the metal, EM noise 
from electric appliances, etc. To solve these challenges, picoRing 
uses a sensitive peak detection algorithm, which can fnd the peak 
through the error caused by a least-squared ftting of the frequency 
response (Figure 2c). First, the least-squared ftting function (e.g., 
scipy.polyft) estimates a smooth baseline from the raw magnitude 
output (�out = 20 log10 �out) from the bridge circuit. Notably, the 
baseline is almost similar to the average line of �out, which re-
moves a small peak (Δ�out) and noises in �out. Then, the ftting 
error containing Δ�out is derived by calculating the diference be-
tween the baseline and the �out. Finally, a standard peak detection 
algorithm (e.g., scipy.fnd_peaks) can fnd a clear peak against the 
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Figure 3: Design of passive variable capacitor. Among three types, picoRing uses type 1. 

small noise (Figure 2c). The peak threshold was set to 0.02 dB, con-
sidering the dB RMS of a vector network analyzer (VNA) (0.002 dB), 
which converts �out into �out. Because the baseline is updated in 
real-time, the peak detection can be robust against the amplitude 
and frequency drift of �out. 

Unlike the prior PIT using DCA around 13.5 MHz frequency 
band [31], we note that picoRing uses DCA around the two times 
higher frequency band around 27 MHz to further increase prior PIT 
sensitivity, in addition to the unique peak detection algorithm. As 
a result, picoRing achieves sensitive readout of the fully-passive 
ring coil via the weakly-coupled compact wristband coil. Mathe-
matically, the most critical technique to increase the SNR, or �out is 
the distributed capacitance technique. The distributed capacitor in-
creases the �out by approximately 39 dB, while the bridge increases 
the �out by approximately 19 to 25 dB at 29 MHz. The peak de-
tection does not increase �out, but it can detect a small peak. We 
experimentally checked that our peak detection can stably detect a 
small peak over 0.1 dB against the output drift (see § 6.5), resulting 
in the about 10� higher SNR. 

4 DESIGN OF BATTERY-FREE RING COIL 
In the context of AR/VR and human-computer interactions, sub-
tle thumb-to-index fnger inputs are frequently used as always-
available and easy-to-use wearable controllers [16]. For example, 

press, slide, and scroll fnger inputs can complement touch or voice 
controls within the existing wearable devices to quickly access 
features, make selections, or control displays. Thus, this section 
explores how to recognize the press, slide, or scroll fnger inputs 
via the ring coil. Because the wristband coil estimates the sensor 
state of the ring coil through the shift of the ring’s resonant fre-√
quency (�0 = 1/(2� �sensor�sensor)), picoRing focuses on how to 
design a passive variable capacitor reacting to the above fnger 
inputs (Figure 3). One could also create a variable inductor, but this 
is more complicated, so in this work we limited our design space to 
variable capacitors. 

There are three types of passive variable capacitors: type 1 based 
on a mechanical switch, type 2 based on a set of a variable re-
sistor and an impedance converter circuit, and type 3 based on a 
set of a varactor and a passive current source (piezo or photodi-
ode). Among the three types, picoRing needs a small and passive 
variable capacitor to embed the capacitor in the tiny and battery-
free ring. Type 1 has low-cost and size advantages in addition 
to requiring users to only connect a tiny chip capacitor to the 
switch. As for type 2, the commercially-available variable resistor 
like the potentiometer is too bulky for a ring. Similar to type 2, 
type 3 requires a bulky battery because the passive current from 
the piezo or photodiode is too weak without a signal amplifer. 
Moreover, the frequency shift of type 2 and type 3 is much smaller 
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than the one of type 1. Thus, picoRing adopts type 1 sensors to 
a ring coil, as described in § 5.2. Specifcally, picoRing uses a tac-
tile switch, lever switch, or joystick reacting to press or 1-D/2-D 
slide input, respectively. Furthermore, picoRing uses the combi-
nation of the multiple reed switches and magnets to detect the 
scroll of the ring. Note that the use of the multi-functional switch 
could combine the above four switches together, but, currently-
available multi-functional switch (e.g., EVQWJN005, Panasonic) 
needs battery-driven active sensors near the switch to distinguish 
the direction of sliding or scrolling. Thus, this paper uses difer-
ent passive mechanical switches for detecting pressing, sliding, or 
scrolling interactions. 

5 IMPLEMENTATION 
The following sections describe the implementation of both the 
wristband reader and ring-based sensor coil. 

5.1 Wristband-based reader coil 
The wristband coil consists of 1) a resonant coil implemented by 
fexible PCBs, 2) a fexible wristband implemented by 3D printing 
of elastomeric polyurethane, and 3) a readout board containing two 
magnetic connectors, the balanced bridge circuit connected to the 
external laptop-sized VNA (PicoVNA 106, Pico Technologies) and 
a laptop (Figure 4). To construct a proof-of-concept prototype, we 
selected the bulky PicoVNA for fast signal emission and acquisition, 
but, a set of a tiny VNA chip (ADL5960, Analog Devices) and a tiny 
FPGA (ICE40LP8K, Lattice Semiconductor) could be useful to imple-
ment a compact, low-powered, self-contained readout board. The 
turn number, size, and thickness of the coil are 6, 4.7 × 6.0 cm, and 
2 mm, respectively. In addition, the resonant frequency, inductance, 
and resistance of the coil are 27 MHz, 3.7 µH, and 55 Ω, respectively. 
Using DCA, the coil was tuned by soldering eighteen 170 pF chip 
capacitors and one 51 Ω chip resistor in series. The coil with the 
larger turn number can further increase Δ�reader, but, accurate 
impedance matching with the chip elements becomes harder. Thus, 
the turn number of the coil was set to 6. 

The coil was snapped on the readout board via magnetic spring 
connectors (Magnetic Connector 6 Contact Pins, Adafruit Indus-
tries). The bridge circuit follow a similar implementation to [31] 
and was implemented by multiple amplifers available for a wide 
frequency band (LTC6228, Analog Device) and connected to a 5 V 
portable charger (Portable Charger, Anker). In total, the bridge con-
sumed 430 mW (= 5 V × 86 mA). Note that the power consumption 
could be signifcantly lowered (≈ 20 mW) by simply replacing the 
current amplifer with the low-powered amplifer (e.g., LTC6253, 
Analog Device Inc.). �amp was set to 100 Ω considering the gain 
product of the amplifer. The reference load was implemented by 
the chip elements. The impedance error between the reference 
load (�ref ) and the coil (�reader) was approximately 5 to 10%, which 
was sensitive enough to recognize the small Δ�reader. With this 
setup, the VNA connected to the bridge circuit inputs a sweep sig-
nal to the bridge circuit ranging from 27 MHz to 30 MHz in steps of 
60 kHz with a bandwidth of 10 kHz and an input power of 1 mW. 
Then, the VNA acquires the frequency response from the bridge 
circuit at approximately 5 fps and the laptop analyzes the response 
to detect the resonant frequency of the ring coil. Note the input 

Figure 4: Implementation of a wristband coil. 

Table 1: Physical specifcation of picoRing prototypes. 

Ring Weight Width Thickness 
picoRing press 1.5 g 4.2 mm 1.5 mm 
picoRing slide 2.9 g 5.6 mm 1.5 mm 
picoRing joystick 2.7 g 5.6 mm 1.5 mm 
picoRing scroll 2.5 g 8.8 mm 3.2 mm 

power itself is a less crucial parameter since picoRing is required 
to measure the coupled ring’s impedance through the power ratio 
of the input power and the output power in the wristband coil. For 
instance, even when we increased the input power above 1 mW, 
the SNR of the picoRing remained almost unchanged. 

5.2 Ring-based sensor coil 
The ring consists of a coil comprised of 24 AWG copper wire, a ring 
base, and a rigid sensor board. The turn number and size of the 
ring coil are 7 to 8, 1.9 cm diameter with the width of 4 to 9 mm. 
Note that the turn number was determined based on § 6.1 evalua-
tion. Moreover, our preliminary investigations revealed that ISM 
frequency band above 40 MHz leads to inevitable electromagnetic 
interactions and increased impedance in the ring coil when worn 
on the hand, resulting in an SNR decrease. Specifcally, we found 
that ring coils resonating at 13.56MHz or 27.12 MHz exhibit mini-
mal impedance change (5-10%), whereas coils tuned to 40.68 MHz 
experience signifcant impedance changes (over 50%) when worn. 
Consequently, we selected the 27.12 MHz band as the ring’s reso-
nant frequency. The ring base was SLS-printed with Nylon material. 
The sensor board was designed based on the circuit diagram of 
type1 (Figure 3), which consists of a pair of a mechanical switch 
and chip capacitors. Four types of mechanical switches were em-
ployed to detect basic subtle one-handed inputs: a tactile switch 
for pressing input, a lever switch and a joystick switch for sliding 
input in 1-D and 2-D, and a set of reed switches for scrolling input. 
For more detail, please refer to § 7 and Table 1. 

6 TECHNICAL EVALUATION 
To characterize how the peak signal varies with the coil parameters, 
fnger movements, or surrounding objects, this section evaluates 
the signal-to-noise ratio (SNR) of picoRing for various conditions. 
To decouple the readout board from the common ground, we in-
serted two RF transformers (T1-1-X65+, Mini Circuits). Because 
of the inductive coupling’s resilience against the body, the SNR 
characteristics of picoRing shows minimal variations for similar 
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Table 2: SNR, �sensor, �sensor, and the capacitor number for the 
turn number of a sensor coil tuned around 29 MHz. 

Turn number 3 4 5 6 7 8 9 
SNR 6.2 8.6 11.6 13.5 17.0 18.2 17.5 
�sensor (µH) 0.34 0.56 0.85 1.2 1.4 1.8 2.1 
�sensor (Ω) 0.89 1.1 1.5 1.8 2.0 2.6 3.4 
Capacitor number 1 2 2 2 3 3 3 

hand sizes. Thus, we conducted the following evaluations for a 
single user (man, 20s). 

6.1 SNR for turn number 
First, we evaluated the SNR for the turn number of the ring coil 
to decide the proper turn number of the ring coil. The ring coil 
was tuned at 29 MHz, and the turn number ranged from 3 to 9 in 
the step of 1. The distance between the ring and the wristband 
was set to 13 cm. The SNR was calculated as follows using S21 100 ( )
outputs �out (dB) = 20 log10 �out of the VNA: 

( ) ( )
mean − mean�out w/ sensor �out w/o sensor 

SNR = ( )
std �out w/o sensor 

SNR for the turn number was described in Table 2. The result 
indicated that the higher turn number results in a higher SNR, 
although the SNR varies little above 7 turns. This is because the coil 
loss (�sensor) owing to the long wire and proximity efect between 
the wires becomes non-negligible as the turn number increases. 
Therefore, this paper employed 7 or 8 as the turn number of the 
ring coil. Following the next sections, we measured the SNR of the 
ring coil with turn number of 8. 

6.2 SNR for frequency 
To check the acceptable resonant frequency of the ring, we then 
examined the SNR for resonant frequencies ranging from 20 MHz 
to 40 MHz in 1 MHz step (Figure 5a). The distance between the ring 
and the wristband was set to 13 cm. The result showed that the 
sensitive readout band (SNR > 10) was 24 to 31 MHz because the 
impedance matching of the bridge circuit was adjusted at the center 
of 27 MHz. Note that at SNR below 10, or Δ�out below 0.02 dB, it 
was difcult to distinguish the noise’s peak robustly, as detailed 
in § 7.4. Therefore, we reject false positives by setting the peak 
threshold to be 10� higher than the noise foor. Based on the result, 
we used 27.5 to 29.5 MHz, which is a large enough band to monitor 
the peak shift of various picoRings, as will be described in § 7. 

6.3 SNR for distance 
Next, we evaluated the SNR for the readout distance to confrm the 
available distance between the ring and wristband coils. Figure 5b 
illustrates the result of SNR. First, we measured the SNR with and 
without the hand and confrmed that the SNR curve was almost 
the same, which means the inductive coupling between the coils 
interacts little with the body. Then, we compared picoRing (with 
no hand) to two baselines: (i) a standard PIT coil without DCA or 

UIST ’24, October 13–16, 2024, Pitsburgh, PA, USA 

a bridge circuit, and (ii) a PIT coil tuned at 13.5 MHz similar to 
TelemetRing [31]. 

In (i), the wristband coil was a 1-turn, 50 Ω coil, and the ring 
coil was a 3-turn resonant coil tuned at 29 MHz and the VNA mea-
sured S11 (impedance) of wristband coil directly without the bridge 
circuit. In (ii), the wristband coil was a 6-turn resonant coil tuned 
at 13.5 MHz and the ring coil was an 8-turn resonant coil tuned 
at 15 MHz. Because picoRing uses a two times higher frequency 
than (ii), the �out can increase at least 12�out (≈ 20 log10 22�out)
times compared to (ii). The result shows that picoRing using the 
higher resonant frequency around 27 MHz increases its SNR by 
approximately 13 compared to (i)(ii) and the available readout dis-
tance of picoRing (SNR ≥ 10) reaches up to 15 cm (� ≥ 0.001) with 
no misalignment between the coils. Considering the SNR decrease 
owing to the fnger angle (§ 6.4), the available readout distance of 
the current picoRing is 13 cm (�2.3 reader’s diameter). 

6.4 SNR for fnger bending 
Then, we examined the SNR for fnger angle because the induc-
tive coupling (�) decreases due to the coil misalignment. Figure 5c 
shows the time-series SNR spectrum and the average SNR against 
the fve distinct fnger angles (−30◦, 0◦, 30◦, 50◦, or 70◦). The dis-
tance between the ring and the wristband was set to 13 cm, and 
the ring was tuned at 29 MHz. The result shows that picoRing can 
successfully capture the ring’s peak at 29 MHz against up to 70◦ 

fnger bending, which is sufcient for the daily hand movement. 

6.5 SNR for proximity metal 
Lastly, we measured the SNR against six kinds of metallic ob-
jects in the proximity of the hand because the eddy current or 
EM noise generated from metallic electrical appliances could in-
ductively infuence both the ring and wristband coil. Figure 5d 
shows the time-series SNR spectrum and average SNR for the 
six items including Qi wireless charger (Magsafe Charger, Apple) 
attached to a smartphone (iPhone 13 Pro Max, Apple), a set of 
an NFC reader (DLP-7970ABP, Texas Instruments) and an NFC 
tag (TIDM-RF430-TEMPSENSE, Texas Instruments), a laptop (Mac-
Book Air M2, Apple), a microwave oven (NE-EH228, Panasonic), a 
hair dryer (KHD-9300, KOIZUMI), and a smart ring (SOXAI RING 
1, SOXAI). Note that the SNR evaluation was conducted during op-
eration of the appliances such as 15 W charging of the smartphone 
with the Qi charger, 200 mW charging and communication of the 
NFC tag with the NFC reader, 700 W heating of the rice with the 
oven, etc. The result indicates that picoRing successfully detects a 
sharp peak at 29 MHz except for the smart ring placed near the ring 
coil. This is mainly because 1) for the readout board, the passive 
response from the ring coil is much higher than EM noise, and 
2) the peak detection algorithm is robust against the output drift 
caused by the eddy current, as explained in § 3.3. Unfortunately, the 
resonant frequency of the ring coil is shifted up when the metallic 
ring within 1 cm distance of the ring coil (e.g., the metallic ring is 
worn either index or middle fngers) constructs a strong inductive 
coupling with the ring coil. Future work could utilize such a peak 
shift up as the hint of metal detection near the ring. 
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Figure 5: SNR evaluation of picoRing. (a) SNR for the resonant frequency of the ring coil. (b) SNR for the distance between the 
wristband and the ring. (c) SNR for diferent fnger bending angles (d) SNR for proximity metallic items. 

7 PICORING EXAMPLES 
This section presents four examples of picoRing (Figure 6). Because 
of its easy-to-carry and always-available advantages, picoRing can 
potentially serve as a versatile input controller for ubiquitous de-
vices, users, and situations. Although the current prototype is di-
vided into four input structures and is less adaptive, future iterations 
could feature a more fexible and integrated design to accommodate 
a wider range of interactions, as detailed in § 8. 

7.1 picoRing press 
First, Figure 6a shows picoRing press for a music controller. picoR-
ing press consists of 7-turn 2-layer resonant coil with a tiny tactile 
switch (EVQ-P2P02M, Panasonic), and the resonant frequency in 
on/of state was tuned at 28.9 and 28.0 MHz, respectively. Although 

the thumb-to-index press action is the one of most fundamental in-
puts in wearable computing, the prior rings are bulky and heavy due 
to the battery equipment. Unlike them, picoRing press is tiny and 
lightweight (1.5 g) because picoRing can replace a bulky battery and 
a sensing/communication module with a lightweight fully-passive 
coil (Table 1). Thus, the battery-free, lightweight implementation of 
picoRing press can provide continuous, natural interactions without 
worrying about the battery management. 

7.2 picoRing slide or joystick 
Then, Figure 6b-c show picoRing slide designed for a movie con-
troller and joystick for a game controller, respectively. picoRing 
slide that can detect center (idle), 2 mm or 4 mm left, 2 mm or 4 mm 
right slide, and press input, consists of a ring base and an 8-turn res-
onant coil with a lever switch (PLMG5-GH-V-T/R, Diptronics). The 
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Figure 6: picoRing demonstration. Photograph, application example, and peak in the frequency response of picoRing (a) press, 
(b) slide, (c) joystick, and (d) scroll. 

resonant frequency of fve types of slide and press states was tuned 
at 28.7, 28.4, 28.1, 27.9, 27.7, and 27.6 MHz, respectively. Moreover, 
picoRing joystick, which can detect a center (idle), right, up, left, 
and down motion of the joystick, consists of a ring base, an 8-turn 
resonant coil with a joystick switch (SKRHAAE010, Alps Alpine), 
and a joystick knob. The resonant frequency of the fve types of 
positions was tuned at 28.7, 28.4, 28.1, 27.8, and 27.6 MHz, respec-
tively. The prior rings which needs user-dependent calibration for 
1-D or 2-D subtle fnger input [3, 17, 26]. However, picoRing, which 
directly senses the 1-D/2-D slide via the switch, can recognize the 
1-D/2-D fnger motions without any user-dependent calibration 
for each input, similar to standard physical-button-based video or 
game controllers. Such intuitive operation allows for easy and quick 
use of picoRing slide and picoRing joystick for various users and 
situations. 

7.3 picoRing scroll 
Next, Figure 6d shows picoRing scroll used as a page controller. 
picoRing scroll consists of an inner ring that has four tiny magnets 
with 2 mm diameter and 0.5 mm height, an outer ring that includes 

an array of three reed switches (MK24-A-2, Standex-Meder Elec-
tronics), and a bearing ring with a 1.5 mm width between the inner 
and outer rings. Each part was 3D-printed using an SLS printer and 
Nylon material. The tiny magnet placed near the reed switch can 
activate the reed switch when the magnet is within 5 mm distance. 
This setup allows picoRing scroll to recognize the rotation of the 
outer ring with an approximate 45◦ resolution, considering the two 
states (i.e, on and of states) of three reed switches. The resonant fre-
quency in on state of each reed switch was tuned at 29.3, 28.9, and 
28.6 MHz. Note that picoRing scroll becomes relatively thick owing 
to the thickness of commercially-available tiny reed switch (see 
Table 1). However, picoRing scroll equipped with tiny magnets can 
radically reduce the risk of accidental contact with daily metallic 
objects, unlike the conventional ring-based scroll device equipped 
with bulky magnets [1]. As a result, the compact design of picoRing 
scroll can enhance its usability while ensuring seamless scrolling 
in various applications. 

7.4 Input accuracy 
Lastly, we invited three participants (one woman and two men) 
to evaluate how picoRing’s input accuracy changes based on the 
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diferent users. Their hand size was almost similar to ft in the ring 
and wristband coils to their hand. First, we measured the SNR of 
picoRing press, slide, joystick, and scroll around 30 to 70◦ fnger 
bending. Figure 6 shows the time-series SNR and the average SNR. 
The result shows that the average SNR of the four types of picoRing 
can be over the threshold of 10 dB. Then, we attached picoRing 
press to the users and measured the press recognition accuracy for 
the measured SNR ranging from 10 to 13. Here, we measured the 
recognition ratio of only picoRing press because picoRing press, 
which consists of the 7-turn coil unlike the 8-turn other picoRing, 
shows the smallest SNR. We observed that the recognition accuracy 
for the pressing of 300 (= 100 × 3 users) times was 99.7% around 
the SNR of 11 − 13, but the recognition accuracy started degrading 
to 93.3% at the SNR of around 10. Such accuracy drop at the SNR of 
10 is considered negligible since the users had to bend their wrist 
tightly, making it hard to input to the ring. While a more through 
evaluation dedicated for each input through Fitts’s law is necessary, 
current picoRing shows technically sufcient high SNR, ensuring 
reliable recognition for pressing, sliding, and scrolling actions. 

8 DISCUSSION 
There are some limitations in the current picoRing. First, the current 
prototype needs four types of picoRing covering various thumb-to-
index inputs. Although wearing four types of picoRing might be 
one of the solutions, the inductive interference between the ring 
coils, which has the almost similar resonant frequencies, inevitably 
causes wrong classifcation of fnger inputs. Additionally, wearing 
multiple rings on a single index fnger could compromise comfort 
and wearability. To solve this challenge, we would try to develop a 
tiny all-in-one switch supporting press, slide, and scroll interactions, 
as described in § 4, and also assign the diferent resonant frequencies 
to each interaction. Then, picoRing requires users to attach the two 
types of wearable devices—ring and wristband—unlike the prior 
single wearables like smartwatches. Next, our wristband device 
including the VNA function can potentially be miniaturized to the 
smartwatch size, although the current wristband requires the large 
VNA equipment, by referring to the S21 measurement circuit part 
(2 cm x 3 cm) of NanoVNA (open-source compact VNA). 

Finally, the current prototype is designed for middle-sized hands. 
To be available for various hand sizes, we should quantitatively 
explore how the coil size, the distance, and the readout frequency 
afect the SNR. we also plan to examine subjective usability using 
System Usability Scale and NASA Task Load Index. 

As for the future works, picoRing could be used to track the 
continuous fnger movements utilizing the strength change of the 
inductive coupling according to the fnger bending [15, 26]. Also, pi-
coRing system could support both subtle fnger inputs and dynamic 
hand gestures by installing the conventional wristband-based hand 
sensing system to the wristband coil. Moreover, the attachment of 
the multiple rings to both hands could provide uni-manual thumb-
to-index input interface. For example, wearing two picoRing joystick 
to the left and right index fngers can enable wearable VR/AR game 
controller, almost similar to the standard VR/AR controllers. 

9 CONCLUSION 
This paper proposed picoRing, enabling a battery-free ring-based 
fnger input device. With the combination of the sensitive coil, the 
sensitive impedance measurement circuit, and the sensitive peak 
detection, picoRing could pair a compact wristband coil with a 
tiny battery-free ring coil up to 13 cm away from the wristband 
despite the fnger bending and metal near the wrist. picoRing also 
demonstrated that the ring coil could detect the basic subtle fnger 
inputs including press, 1-D/2-D slide, or scroll, by using diferent 
passive switches. The development of the single ring coil supporting 
various fnger inputs could be one of our main future work. We 
strongly believe the battery-free design of picoRing can be applied 
to other accessories such as earbuds, gloves, stylus, etc., and could 
promote the ubiquitous development of battery-free wearable input 
function into various accessories. 
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