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Abstract

This paper presents a low-power and lightweight human body communication

(HBC) receiver with an embedded dummy electrode for improved signal

acquisition. The clock data recovery (CDR) circuit in the receiver operates with

a low supply voltage and utilizes a clock phase inversion scheme. The receiver

is equipped with a main electrode and dummy electrode that strengthen the

capacitive-coupled signal at the receiver frontend. The receiver CDR circuit

exploits a clock inversion scheme to allow 0.9-V operation while achieving a

shorter lock time than at 3.3-V operation. In experiments, a receiver chip fabri-

cated using 130-nm complementary metal–oxide–semiconductor technology

was demonstrated to successfully receive the transmitted signal when the

transmitter and receiver are placed separately on each hand of the user while

consuming only 4.98 mW at a 0.9-V supply voltage.
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1 | INTRODUCTION

Developments in telecommunications technologies and
low-power semiconductor manufacturing have enabled
the wide use of various wearable devices such as smart-
watches, mobile phones, and wireless earphones.
Wearable devices are user-friendly electronic devices that
are manipulated by users to transmit and process
information. Human body communication (HBC) is a
short-distance communication method that is suitable for
wearable devices attached to the body. Many studies have
supported the adoption of HBC by wearable devices for
different purposes, ranging from communication channels
to hardware implementations [1–12]. Although several
studies have focused on the magnetic field HBC due to its

low path loss and robustness to environmental noise, this
study focuses on capacitive-coupled HBC because of its
low hardware complexity and compact device size; hence,
capacitive-coupled HBC is more suitable than magnetic
field HBC for wearable devices. Capacitive-coupled HBC
uses the human body as a communication medium to
transmit capacitive-coupled signals between a transmitter
and receiver [13]. Because the capacitive-coupled signal is
influenced by the ambient signal around the human body,
several studies have used modulation schemes for signal
transmission and reception. However, these schemes
increase the die area and power consumption because of
the modulating and de-modulating circuits for the base-
band digital signal [14]. To eliminate these drawbacks, an
unmodulated baseband-only communication scheme was
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developed for HBC [15]. However, this scheme uses Walsh
code spreading for robustness against ambient noise, and
the capacitive-coupled baseband signal is still vulnerable
to digital switching noise from the receiver itself. Specifi-
cally, the transmitted signal can be distorted at the receiv-
ing frontend if a strong noise source exists around the
human body, which itself acts as an antenna for surround-
ing noise. Moreover, it is difficult to extract genuine trans-
mitted data from the received signal if the HBC receiver is
attached to the human body because the transmitted
signal is also picked up by the receiver ground plane in
close proximity. In Oh et al. [16], resistors were used as
power filters to minimize digital switching noises radiated
from the receiver. However, this approach cannot be used
in devices with a low voltage supply because the resistive
power filter sacrifices the supply voltage headroom for the
circuit. Nevertheless, baseband digital signaling has sev-
eral advantages for HBC such as a low-power
consumption and lightweight implementation. In Kang
et al. [17], narrowband digital transmission (NBDT) was
proposed; instead of reducing the data transmission rate
through HBC, the communication bandwidth is narrowed
to increase the error redundancy. This increases the
robustness to ambient noise generated in bands other than
that for HBC, but signal attenuation still occurs because of
the ground plane of the receiver being close to the user.

In this study, an analog frontend (AFE) circuit was
developed that comprises a dummy electrode for strength-
ening the capacitive-coupled received signal and clock
data recovery (CDR) circuit using a clock phase inversion
scheme for securing a fast lock time at a low supply volt-
age. The AFE circuit is integrated with an HBC modem
that uses baseband digital signaling. A prototype receiver
chip was fabricated using 130-nm complementary metal–
oxide–semiconductor (CMOS) technology, and successful
data transmission from an HBC transmitter to an HBC
receiver attached to the wrist of the user was demon-
strated. The data rate of the receiver chip was as high as
1 Mbps, and the power consumption of the chip was
4.98 mW at a supply voltage of 0.9 V.

2 | CONVENTIONAL HBC
RECEIVER AND ITS LIMITATIONS

Figure 1 shows the signal transmission mechanism for a
capacitive-coupled HBC receiver [18–22]. The key mech-
anism for signal transfer involves capacitive coupling
between the human body and devices, especially between
the human body and device electrodes (CTE-BD, CRE-BD)
and between the earth ground and device grounds (CTG-

EG, CRG-EG). The transmitter and receiver attached to the
human body have their own device grounds. Because

both the transmitter ground (TG) and receiver ground
(RG) are floating from the earth ground (EG), each
device has an almost independent reference ground
potential. However, weak capacitive coupling between
the TG and EG and between the RG and EG makes it
possible to couple the TG and RG, which builds a weak
return path between them. A very weak signal is trans-
ferred from the transmitter via the human body, which
can be detected by a receiver with appropriate signal
filters and very-high-gain amplifiers. A block diagram of
a conventional baseband HBC receiver including a high-
gain amplifier and crystal oscillator-based CDR is shown
in Figure 2 [16, 22]. Signals from each intermediate node

F I GURE 1 Signal transmission mechanisms for capacitive-

coupled human body communication: between RE (TE) and the

human body (blue), between RG (TG) and EG (red), and between

RG (TG) and the human body (black)

F I GURE 2 Structure of a conventional baseband human body

communication (HBC) receiver, including a high-gain low-noise

amplifier and crystal oscillator-based clock data recovery (CDR)

circuit
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in the AFE chain are depicted in the figure to highlight
the role of each block. The HBC receiver comprises two
major blocks: the AFE and digital modem. The AFE
senses the weak signal from the receiver electrode and
extracts the transmitted digital data and clock using a
multistage pre-amplifier, bandpass filter, multistage post-
amplifier, and crystal oscillator-based CDR circuit. For
the pre-amplifiers/postamplifiers, multistage amplifica-
tion is essential to acquire a large signal amplitude for
the CDR input. The CDR extracts the data, clock
frequency, and phase information from the amplified
signal. The digital modem uses the extracted clock and
data to demodulate the Walsh-encoded transmitted signal
and acquire the raw data.

2.1 | Signal acquisition

The capacitance around the human body varies from the
estimated value if the user’s posture changes. Therefore,
it is important to secure a strong received signal even if
the coupling capacitance between the human body and
device electrodes or between the EG and device grounds
is weakened. Moreover, if the receiver is attached to the
skin and the distance from a device ground to the skin is
short, the amplitude of the signal acquired at the receiv-
ing frontend is reduced. This is because the ground refer-
ence potential of the receiver is decoupled from the EG
and is more likely to be coupled to the skin. Figure 3
shows the coupling capacitance model on the receiver
side when the receiver is (A) placed on the floor and
(B) attached to the human body. When the receiver is
placed on the floor, the coupling capacitance between the
RG and EG (CRG-EG) is relatively strong, and the signal
amplitude acquired at the receiving frontend is relatively
large. However, if the receiver is attached to the human
body, the coupling capacitance between the RG and EG
(CRG-EG) is weakened, and the coupling capacitance

between the RG and skin (CRG-BD) is strengthened.
Because the signal from the transmitter is delivered
through the skin, the sensed signal amplitude at the
receiving frontend, which is referenced from the RG, is
small. To recover data in this severe situation, the receiv-
ing frontend should be equipped with a very-high-gain
low-noise amplifier, which increases power consumption
because of the large bias current and multistage amplifi-
cation that are required. The noise around the human
body also affects the signal-to-noise ratio (SNR) of the
received signal because the human body accepts a wide
frequency range of ambient noises. The SNR of the
received signal further deteriorates if the receiver is
attached to the human body because the acquired signal
is reduced, and the influence of digital noise radiated
from the receiver is increased. The serially connected
power resistors used in Oh et al. [16] are limited to appli-
cations where the receiver has a relatively high supply
voltage. Moreover, increasing the SNR of the receiver has
limited applicability because the signal at the receiving
frontend still has a small amplitude. Therefore, power
resistors are not applicable to wearable devices with a
low voltage supply.

2.2 | Low-power CDR

Generally, the received signal amplitude at the HBC
receiver is very small, and noise is added to the transmit-
ted signal. Accurately recovering the rising and falling
edges from the received signal is difficult, even if a good
signal amplifier is provided at the receiving frontend.
Therefore, providing a stable clock to the data sampler is
important for the HBC receiver to operate properly dur-
ing data edge tracking in a noisy environment. To gener-
ate a stable clock at the CDR, the loop bandwidth should
be carefully limited to avoid tracking the jitter caused by
ambient noise at the receiving frontend [23]. The �3-dB
frequency of the jitter transfer (ω-3dB) of the CDR can be
written as follows:

ω�3dB ¼ πKVCOIpRp

2φin,p
ð1Þ

where KVCO is the gain of the voltage-controlled oscilla-
tor (VCO), Ip is the V/I converter current, Rp is the
resistance of the loop filter (LF), and φin,p is the input
jitter of the CDR [24]. A crystal oscillator-based CDR
provides a stable clock to the HBC receiver with a nar-
row loop bandwidth because the nominal value of KVCO

is around 1 through 10 kHz/V, which is relatively small
compared with that of ring oscillator-based VCOs [25].
To minimize the power consumption of a device, an

F I GURE 3 Coupling capacitance models on the receiver side:

(A) receiver is on the floor and (B) receiver is attached to the

human body
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effective approach is to lower the supply voltage of the
receiver because this also decreases the current
consumption of the circuit, which minimizes the total
power consumption of the device [26]. For an HBC
receiver using baseband digital signaling, however, one
bottleneck for lowering the system supply voltage is
that the CDR circuit requires sufficient control of the
clock oscillation frequency with a short lock time and
wide lock range.

Figure 4 shows the conventional CDR circuit used
in previous studies [16, 22]. In a crystal oscillator-based
CDR, the frequency and phase of the generated clock
are trimmed by the reverse-bias voltage (VR) of a varac-
tor diode. If VR increases, the space charge region in
the PN junction between the anode and cathode
widens, which decreases the capacitance across the var-
actor diode. If VR decreases, the capacitance across the
varactor diode increases. Combined with the crystal
oscillator, the CDR tracks the frequency and phase of
the input data and extracts the clock information. For
the relationship between the control voltage (VCTRL)
and capacitance across the varactor diode, the capaci-
tance variance narrows if VR is insufficient. In other
words, if the supply voltage of the CDR is decreased to
reduce the power consumption, this also reduces the
trimmable frequency range, which is a critical factor
not only for covering the frequency variation of the
input data but also for acquiring a fast CDR lock time.
Especially, to achieve a short active period for wearable
devices where the system operates in sleep mode most
of the time, the lock time is considered an overhead
compared with the data payload. Therefore, if the lock
time of the CDR is increased by lowering the supply
voltage, the overall reduction in power consumption
because of the short active period of the wearable
device is lessened.

Consequently, the two major design factors for the
CDR of the HBC receiver are the stable recovery of
the clock from the noisy received signal and low-
power consumption. The first involves limiting the
loop bandwidth using a crystal oscillator-based CDR to
filter out jitter caused by noise in the incoming data.
The second involves sustaining a fast lock time for the
CDR with a low supply voltage while the crystal oscil-
lator is used.

3 | PROPOSED HBC RECEIVER

3.1 | Embedded dummy electrode for
signal amplification

Increasing the gain of the amplifier in the receiver is one
option to obtain a large signal amplitude. However, this
inevitably increases the power consumption because it
increases the bias current of the amplifier or requires
multistage amplification to secure a sufficient gain.
Figure 5 shows the proposed architecture of the AFE
using an embedded dummy electrode for signal amplifi-
cation in the HBC receiver. The stacked structures of the
electrode and GND plane illustrate the actual position
and relative size of each layer. The proposed receiving
structure is based on a differential amplifier. Each input
of the differential amplifier is connected to the main elec-
trode and dummy electrode. The main electrode contacts
the skin, where it builds a relatively strong coupling
capacitance. The floating dummy electrode is positioned
on the opposite side of the receiver. When the user
attaches the receiver to the skin, the RG potential
becomes similar to the signal potential at the main

F I GURE 4 Circuit structure of a conventional crystal

oscillator-based clock data recovery (CDR) circuit

F I GURE 5 Block diagram of the proposed analog frontend

(AFE) based on the signal amplification scheme for the embedded

dummy electrode
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electrode, which can be attributed to the short distance
between the skin and RG. In this case, the RG does not
provide a stable reference potential. Thus, the dummy
electrode can be used to form a coupling capacitance
with the EG and provide a more stable reference poten-
tial for the receiving amplifier because of its greater dis-
tance to the skin than the RG. The stable reference
potential increases the signal strength at the receiving
frontend, so the amplifier does not need a high bias cur-
rent or multistage amplification. Thus, the signal strength
of the received signal is effectively increased without
sacrificing the power consumption of the amplifier.
Moreover, because a high SNR can be obtained by adopt-
ing the dummy electrode, there is no need for an active
element-based signal filter circuit or process–voltage–
temperature (PVT) compensation circuit for the active fil-
ter to acquire sharp pass-band characteristics. Therefore,
the additional hardware cost of the dummy electrode can
be compensated using a simple amplification circuitry
that can reduce the occupied die area. The circuit of the
proposed receiving amplifier comprises a pre-amplifier,
off-chip bandpass filter, and postamplifier. To filter the
ambient noise around the human body effectively, the
bandpass filter comprising LC circuit is placed off chip
rather than on chip. Although the amplifier has a rela-
tively simple circuit structure, the receiving frontend
acquires a sufficiently large input signal because of the
embedded dummy electrode even if the receiver is
attached to the human body.

3.2 | Clock phase inversion scheme for
fast locking of the CDR

The architecture of the CDR block exploiting clock
phase inversion scheme in the proposed HBC receiver is
shown in Figure 6A. The CDR consists of a phase detec-
tor (PD), a LF, a phase-to-voltage converter (PVC), a
VCTRL buffer, varactor diodes, a crystal oscillator, an
abnormal clock phase detector (ACD), and a feedback
clock controller (FCC). The PD, LF, PVC, VCTRL buffer,
varactor diodes, and crystal oscillators are operated the
same as in conventional CDR circuits. A major differ-
ence is the operation of the ACD and FCC, which
control the feedback clock phase according to the phase
difference between the input data and feedback clock
(FBCLK). When the CDR supply voltage is lowered, the
lock time increases because of the narrowed capacitance
trimming range of the varactor diodes, which eventually
decreases KVCO of the crystal oscillator. To eliminate
this limitation, the major causes of the prolonged lock
time were analyzed from the perspective of the phase
difference between the input data and FBCLK. To

achieve fast locking during the tracking procedure, the
main goal of the CDR is to adjust the FBCLK phase
around the input data phase because of the long locking
time if the phase difference is greater than 0.5π.
Therefore, the proposed scheme uses an ACD and FCC
to detect abnormal clock states and correct the FBCLK
phase for fast locking, respectively. Figure 6B shows a
block diagram of the ACD, which comprises two com-
parators (COMP1, COMP2), two counters (CNT_H,
CNT_L), an OR gate, a pulse generator, and a D-type
flipflop (D-FF). The output of the PVC (OPVC) is fed to
the negative input of COMP1 and positive input of
COMP2. R1–R2 and R3–R4 determine the high (VTH_H)
and low threshold voltages (VTH_L) for COMP1 and
COMP2, respectively.

Figure 7 shows the operation of the CDR including
abnormal phase detection and correction of the FBCLK
in the ACD and FCC, respectively. If the OPVC is
between VTH_H and VTH_L, RST_H and RST_L are high.
Then, two counters remain in the “reset” state even
though the clock inputs for CNT_H and CNT_L are
active. Because both OVF_H and OVF_L are “low,” the

F I GURE 6 Circuit schematics of (A) the proposed clock data

recovery (CDR) block exploiting a clock phase inversion scheme

and (B) the abnormal clock phase detector (ACD) for the

proposed CDR
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output of OR remains “low.” There is no pulse output
from the pulse generator, and the D-FF maintains the
previous state. If the OPVC is greater than VTH_H, RST_H
falls to “low,” and CNT_H starts counting up. If the count
reaches the maximum value, which means that the
abnormal phase difference remains greater than
384 � tCLK, OVF_H is changed to “high.” Then, the D-FF
inverts its state because of the pulse generated by the
pulse generator. Similarly, when the OPVC is less than
VTH_L, OVF_L is changed to “high,” and the D-FF inverts
its state because of the pulse generated by the pulse gener-
ator. The FCC comprises an inverter and a mux. The state
of the D-FF affects whether the clock phase that is fed to
the PD can be inverted. Consequently, the ACD and FCC
control the FBCLK phase by sensing the large phase dif-
ference between the input data and FBCLK. In this
design, VTH_H and VTH_L were set to 3/4 � VDD and
1/4 � VDD, respectively. Therefore, if the phase difference

(Δφ) is greater than +0.5π or less than �0.5π and main-
tained for 384 � tCLK during the tracking period, the FCC
inverts the FBCLK phase, and the phase difference (jΔφj)
becomes less than 0.5π. There is no risk of abnormal
phase tracking at the boundary of the �0.5π phase gap
because the ACD has a sufficient timing margin to deter-
mine if the abnormal situation is temporary or persistent
by counting the maintained duration of the abnormal
phase gap. Moreover, if the loop bandwidth of the crystal
oscillator-based CDR is sufficiently narrow, then glitches
caused by the abrupt phase inversion of the FBCLK are
canceled out, and they do not affect the overall stability of
the CDR. Consequently, avoiding an excessive phase gap
between the input data and FBCLK effectively reduces
the lock time at the beginning of the CDR tracking phase.

3.3 | CDR loop analysis

Because the overall architecture of the proposed CDR is
similar to that of the second-order type-2 PLL and the
input data transition density of the NBDT transmission is
close to 1, the control loop of the CDR was analyzed
using the system model shown Figure 8 [17]. The LF
transfer function can be described by

F sð Þ¼
ROP5
ROP4

sþ 1
ROP5COP1

� �
s

, ð2Þ

where ROP4, ROP5, and COP1 are the design values of the
passive element of the active proportional–integral LF
shown in Figure 6 [27]. Based on (2), the open-loop trans-
fer function can be described as

G sð Þ¼Фout sð Þ
Фe sð Þ ¼KPDF sð ÞKVCO

s

¼
KPDKVCO

ROP5

ROP4
sþ 1

ROP5COP1

� �

s2
,

ð3Þ

F I GURE 8 System model in the frequency domain for the

proposed clock data recovery (CDR)

F I GURE 7 Operating waveforms of the abnormal clock phase

detector: (A) jΔφj < 0.5π and (B) jΔφj > 0.5π
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where KPD and KVCO are the PD and VCO gain, respec-
tively. Using (3), the closed-loop transfer function can be
expressed as

H sð Þ¼Фout sð Þ
Фref sð Þ ¼

G sð Þ
1þG sð Þ

N

¼ KPDKVCOF sð Þ
sþ KPDKVCOF sð Þ

N

� �

¼
KPDKVCO

ROP5

ROP4
sþKPDKVCO

ROP5

ROP4
� 1
ROP5COP1

s2þ KPDKVCO
ROP5

N �ROP4

� �
sþKPDKVCO

ROP5

N �ROP4
� 1
ROP5COP1

:

ð4Þ

To extract the KPD of the proposed CDR, we simulated
the output of the PD according to the input phase

difference (Figure 9A). The structure of the PD used in
the proposed CDR is similar to the Hogge PD that has
linear KPD characteristics in the region of “φe = �π – π
[28]. Therefore, KPD was obtained as 0.9/2π V/Hz using
the simulated results. To extract the KVCO of the proposed
CDR, crystal-based VCO frequency deviations relative to
the applied control voltage were measured for five sam-
ples and are summarized in Figure 9B. From the mea-
surements, KVCO was obtained as 5.22 kHz/V. Using the
extracted KPD, KVCO, and design values of the passive ele-
ments of the LF, G(s) and H(s) of the proposed CDR can
be expressed as follows:

G sð Þ¼ 0:47�106 sþ1ð Þ
s2

, ð5Þ

F I GURE 9 (A) Simulated phase detector gain (KPD) of the proposed clock data recovery (CDR) and (B) measured frequency deviation

of the crystal-based voltage-controlled oscillator (VCO) according to the VCTRL for the five samples

F I GURE 1 0 Frequency response of (A) open-loop transfer function and (B) closed-loop transfer function of the proposed clock data

recovery (CDR)
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H sð Þ¼ 470000sþ470000
s2þ470000sþ470000

: ð6Þ

In (5) and (6), we applied N = 1, because a loop divider is
not required in the proposed CDR. Figure 10A,B shows
the simulated frequency responses of G(s) and H(s),
respectively. The phase margin was verified using the fre-
quency response of G(s) to ensure the stability of the
CDR loop. As shown in Figure 10A, the phase margin
atjG(s)j = 0 was nearly 90�, showing that the control loop
of the proposed CDR is stable. As shown in Figure 10B,
the �3-dB bandwidth was extracted from the frequency
response simulation of the H(s) as 0.377 Mrad/s to verify
the loop bandwidth of the CDR, where it effectively fil-
ters out the input jitter and provides a stable tracking of
the input data.

4 | HARDWARE
IMPLEMENTATION

4.1 | Prototype chip

Figure 11A shows a micrograph of the proposed HBC
receiver chip, which was fabricated in a 130-nm
CMOS process. The chip comprised differential-type
pre-amplifiers/postamplifiers, the proposed CDR, and a
digital modem. The digital modem used a 42-MHz clock
that was provided by the proposed crystal oscillator-based
CDR. Because the center frequency of the transmitted and
received signals for the HBC was around 21 MHz, the cut-
off frequency of the DC block filter was set to 3 MHz, and
the center frequency of the bandpass filter was set to
21 MHz. The passive components of the filters were
implemented off-chip because of the versatility of the fil-
tering characteristics. The crystal and peripheral passive
components were also implemented off-chip. The total
chip area was 1.8 mm � 1.5 mm. The digital modem,
which occupied the largest area of the chip, contained
76-k gate equivalents, which included four 800-bit dual-
port RAMs. Although we have adopted the system archi-
tecture reported in a previous study [17], which is a
bandwidth-efficient simplified version of the HBC stan-
dard from the perspective of the HBC transmitter and
HBC digital modem, the proposed AFE architecture and
circuit techniques can be applied to any capacitively
coupled HBC receiver, regardless of the HBC communica-
tion protocol. The power capacitor designed to effectively
suppress the switching noises of the chip has a surface
area of 0.1 mm2 and a capacitance of 80 pF. The specifica-
tions of the prototype chip are summarized in Table 1.

F I GURE 1 1 (A) Micrograph of the proposed human body

communication (HBC) receiver chip; (B) prototype HBC receiver

and HBC transmitter

TABL E 1 Specifications of the prototype chip

Technology 130-nm CMOS

Chip size 1.8 mm � 1.5 mm

Gate count (modem) 76 k GE

Supply voltage AFE: 0.9 V, Logic Core: 0.9 V

Clock frequency 42 MHz

Max. data rate 1 Mbps

Package 56-pin QFN
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4.2 | Prototype receiver

A test board and prototype wearable HBC receiver con-
taining the proposed HBC receiver chip were implemen-
ted to verify the proposed scheme, as shown in
Figure 11B. The test board contained a microcontroller
unit (MCU) to control the HBC receiver chip by setting
the register value via a serial peripheral interface and to
receive decoded data from the HBC receiver chip. The
MCU sent commands to other peripheral devices such as
the organic light-emitting diode (OLED) display if the
received data were cyclic redundancy check error-free.
The OLED display plotted identification information sent
from the transmitter. The prototype wearable HBC

receiver was 40 mm wide by 45 mm long by 15 mm
height. The prototype receiver had a dummy electrode on
top of the wristband in addition to the main electrode at
the bottom. The dummy electrode at the top was imple-
mented using a conductive cover for the wristband. A
prototype HBC transmitter was implemented to transmit
the test pattern to the HBC receiver. It was small so that
it could be attached to objects around the user. The test
pattern for the HBC receiver was generated by the com-
plex programmable logical device mounted on the HBC
transmitter, and it was transmitted to the transmitting
electrode via a series of passive components. The same
crystal was used to generate the clock signal for the HBC
transmitter and HBC receiver.

F I GURE 1 3 Comparisons of the eye diagram and bit error rate (BER) performance for different measurement cases according to the

size of dummy electrode and conventional electrode structure. The measurement is categorized into five cases

F I GURE 1 2 (A) Human body communication (HBC) receiver module with electrodes for differential signal measurement;

experimental setup and measurement of acquired signal at the HBC receiving frontend (B) with and (C) without the dummy electrode
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5 | EXPERIMENTAL RESULTS

Figure 12A shows the experimental setup for measuring
the increase in amplitude of the received signal at the
receiving frontend. Figure 12B,C compares the measure-
ment results of the proposed HBC receiver with the
dummy electrode and conventional HBC receiver with
no dummy, respectively. A simple HBC receiver module
with the same electrode size and structure as the proto-
type HBC receiver was constructed to compare the ampli-
tude of the received signal detected at the HBC receiving
frontend with a differential probe. The positive input of
the differential probe was selectively connected to one of
the nodes between the ground (GND) layer and dummy
electrode to compare the detected waveforms at the HBC
receiving frontend for each case. The differential probe
(Tektronix P6248) had differential-mode and common-
mode input impedances of 200 kΩ and 100 kΩ, respec-
tively [29]. The HBC receiver module was attached to the
left wrist, while the right hand touched the electrode of
the HBC transmitter. The HBC transmitter sent its own
digital identification data for 1 ms. For the HBC receiver
module without a dummy electrode, the detected signal
amplitude was 34 mV. For the HBC receiver module with
the dummy electrode, the detected signal amplitude was
233 mV, which is approximately 6.8 times greater. This
reduces the signal amplification burden, which decreases
the power consumption of the AFE amplifier in the HBC
receiver.

To thoroughly verify the influence of the dummy elec-
trode size on the HBC receiving performance, we con-
ducted performance comparisons, including bit error rate
(BER) degradations and eye diagram quality shrinkage
according to the size of the dummy electrode using the
experimental setup shown in Figure 12. The comparison
results are summarized in Figure 13. As shown in
Figure 13, the measured eye width and height decrease
with the area of the dummy electrode. Moreover, if the
area of the dummy electrode is smaller than
35 mm � 5 mm, as shown in case 4, it influences not only
the quality of the measured eye diagram but also the BER
performance. To measure the BER, we embedded the BER
measurement feature that sent the known-bit sequence
from the HBC transmitter and compared the received bit
sequence with a known-bit sequence in the prototype
HBC receiver. Signals from the simple HBC receiver mod-
ule are delivered to the prototype HBC receiver by con-
necting the electrodes of the simple HBC receiver in
Figure 12 to the input of the prototype HBC receiver.

A circuit simulation was performed to verify the clock
phase inversion scheme of the CDR, as shown in

F I GURE 1 4 Simulated waveform of the clock data recovery

(CDR) for the human body communication (HBC) receiver:

(A) conventional CDR using a 3.3-V supply voltage for the crystal

oscillator and (B) and (C) proposed CDR with the clock phase

inversion scheme using a 0.9-V supply voltage. The initial phase

difference between Data_in and FBCLK is “�π,” and “�π/2” in
(B) and (C), respectively
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Figure 14. The simulation was initialized with no input.
After 5 μs, input data were suddenly delivered from the
amplifier to the CDR. This emulated the signal transmit-
ted from the HBC transmitter, and it was used to evaluate
the locking time of the CDR. The signal delivered from
the amplifier had a chip rate of 42 Mcps, which was the
same as the oscillation frequency of the crystal oscillator.
The supply voltage was 3.3 V for the crystal oscillator and
VCTRL buffer and 1.2 V for the other circuits in the con-
ventional CDR, so the pull-in range and KVCO were suffi-
ciently large. To simulate the worst-case locking time, the
initial phase difference between Data_in and FBCLK was
configured as “π” in the simulation. As shown in
Figure 14A, the conventional CDR requires 31 μs before
locking, which is relatively long. To verify the locking
time improvement using the clock phase inversion
scheme in the proposed CDR, we configured the same
initial phase difference between Data_in and FBCLK as
that in the simulation for the conventional CDR. To sim-
ulate the proposed CDR, the supply voltage for the crystal
oscillator and other circuits was configured at 0.9 V. As
shown in Figure 14B, the proposed CDR had a locking
time of only 9.9 μs, which was mostly consumed by the
overflow period of CNT_L, although the pull-in range
and KVCO were relatively small. Because the OPVC volt-
age was initially placed lower than VTH_L, an abnormal
phase difference was sensed by the ACD. After the over-
flow period of CNT_L, the FCC inverted the phase of
FBCLK by setting the PhSEL to “high.” To evaluate the
worst-case locking time of the proposed CDR in detail,
we configured the initial phase difference between
Data_in and FBCLK as “�π/2.” Figure 14C shows that
the locking time in this condition, evaluated as 18.2 μs, is
still relatively small compared with the conventional
CDR. Using the clock inversion scheme, the tracking bur-
den in the proposed CDR was halved compared with the

conventional CDR, resulting in a shorter locking time
even at a lower supply voltage.

Figure 15 shows the measured waveform of the CDR
of the fabricated HBC receiver chip. The supply voltage
was 0.9 V. As shown in Figure 15A, the locking process
was not completed during the data transmission period
of 1 ms in the CDR without clock phase inversion when
the phase difference between the data input and FBCLK
was large. For the proposed CDR with the clock phase
inversion scheme, the locking process finished within
10 μs under the same conditions. Because the ACD com-
pares the OPVC with VTH_H and VTH_L continuously, the
CDR effectively inverted the FBCLK for the PD according
to the PhSEL signal, as shown in Figure 15C. Table 2
breaks down the measured power consumption of the
fabricated HBC receiver chip. We surveyed the key fea-
tures and experimental performance of previous HBC
papers and compared them with our work. The compari-
son is based on the following: semiconductor
manufacturing technology used, operating scheme pro-
posed by the design, HBC channel distance, maximum
data rate, power consumption, energy per bit, BER, sensi-
tivity, die-occupying area, recovered data, and clock jitter.
The comparison results are presented in Table 3. The
design in Lee et al. [34], which is the latest HBC design

F I GURE 1 5 Measured waveforms of the clock data recovery (CDR) for the human body communication (HBC) receiver: (A) CDR

without the clock phase inversion scheme using a 0.9-V supply voltage; (B) proposed CDR with the clock phase inversion scheme using a

0.9-V supply voltage; and (C) measured clock phase inversion waveform according to PhSEL

TABL E 2 Power breakdown of the prototype chip

Block name Power consumption (mW)

Digital core (0.9 V) 1.89

Digital I/O (3.3 V) 0.26

Pre/postamplifier (0.9 V) 2.01

CDR (0.9 V) 0.82

Total 4.98
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in the comparison list, achieves a relatively high data rate
and low bit energy by implementing a decision feedback
equalizer at the AFE frontend. However, our design
achieves a longer communication channel distance and a
lower BER than the design in [34]. To measure the chan-
nel distance of 200 cm, the transmitter was attached to
the foot of the user, and the receiver was attached to the
user’s wrist. Although the power consumption and bit
energy are relatively high compared with the design in
Lee et al. [34], we can infer that the power consumption
of the signal amplifier in our design would be smaller
because the measured sensitivity of our design is rela-
tively high. In future work, we expect that a single-staged

signal amplifier that consumes less power than a two-
stage amplifier will be sufficient for the operation of the
wrist-type HBC receiver with the help of the proposed
dummy electrode.

Figure 16 shows the application of the prototype
wearable HBC receiver with the above schemes. HBC
transmitters were attached to various objects around the
user such as a remote control, the door handle of a
refrigerator, and a water glass. The prototype HBC
receiver successfully received the transmitted baseband
digital signals from the HBC transmitters attached to
objects, and error-free information identifying specific
devices was shown on the OLED display. This shows an

F I GURE 1 6 Operation test results of the proposed human body communication (HBC) receiver as a wearable wristband. Magnified

organic light-emitting diode (OLED) images are shown in the figure: (A) HBC transmitter is attached to a remote control, (B) HBC

transmitter is attached to the door handle of the refrigerator, and (C) HBC transmitter is attached on a water glass. On the OLED display,

error-free information identifying specific devices is shown

TAB L E 3 Performance summary and comparisons to other HBC designs

Designs [30] [14] [31] [32] [33] [34] This work

Technology 180 nm
CMOS

180 nm
CMOS

65 nm CMOS 65 nm
CMOS

180 nm
CMOS

65 nm
CMOS

130 nm CMOS

Scheme Capacitive
+3-Level
PPM

Capacitive
+AFH-
FSK

Capacitive
+3-Level
Walsh
Code

mHBC
+OOK

Galvanic
+Bipolar
RZ

Capacitive
+DFE

Capacitive
+Dummy
Electrode
+NBDT

Channel distance
(cm)

25 180 - 150 1 100 200

Max. data rate
(Mb/s)

10 10 60 5 100 100 1

Power (mW) 2.6 4.6 10.87 0.059 3.155 2.35 4.98

Energy/bit (nJ/b) 0.26 0.46 0.18 0.012 0.0315 0.024 4.98

Bit error rate 10�4 10�5 10�5 - 10�9 10�6 10�9

Sensitivity (dBm) - �65@10�5 �58@10�5 - - �30@10�6 �58@10�9

Area (mm2) 2.0 2.30 1.12 0.12 1.258 0.00558 2.7

Recovered data and
clock pk-pk
jitter (ps)

- - - - - - 261.3 (data)

219.6 (clock)

Abbreviations: CMOS, complementary metal–oxide–semiconductor; HBC, human body communication.
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example application of a wearable HBC device. Data are
naturally transmitted between the HBC transmitter and
receiver when the user touches an object with a trans-
mission tag. If a unique identification code is stored in
each HBC transmitter and is transmitted to the HBC
receiver, then it will be possible to know which objects
the user has touched. Because the HBC signal can only
be received by a person who touches an object and
wears the receiver, it will be possible to distinguish
between users. The object touch information received
by the wearable HBC receiver may be transmitted and
collected to a server using conventional wireless trans-
mission communications technology. The information
collected by the server can then be used to infer the
user’s current behavioral status, the purpose of the
behavior, and the usage frequency of objects.

6 | CONCLUSION

HBC is a versatile and efficient solution for user-centric
wearable devices because it uses the human body as a
data transmission medium. Previously, the requirements
of a high-gain amplifier and sufficiently large supply
voltage for stable AFE operation hindered low-power
operation. In this work, a low-power and lightweight
HBC receiver was demonstrated that uses an embedded
dummy electrode to increase the signal sensitivity and
a clock phase inversion scheme with a CDR circuit
operating at a low supply voltage. The fabricated HBC
receiver chip operated with a supply voltage of 0.9 V
supply and power consumption of 4.98 mW. Data were
successfully transmitted from the transmitter to the
receiver with a shorter locking time than a conven-
tional HBC receiver during the short active phase of
the wearable device. In addition, the identification code
of an object stored in an HBC transmitter was success-
fully transmitted to the HBC receiver when the user
touched the object. This application can be expanded to
inferring the user’s behavior, such as what kinds of
objects the user touches and how many times they are
touched. The HBC receiver can also be used as an aux-
iliary data collection device to predict changes in user
behavior patterns.

The implementation of a lightweight HBC receiver
exploiting low-power analog circuits for signal acquisi-
tion and the extraction of clock and data are discussed in
this study. In designing a multiple transceiver applica-
tion, we implemented a feature that assigns different
identification codes and enables transceivers to distin-
guish signal destinations among multiple receivers in a
time-division manner if the data length is relatively short.
To stop further signal interference, the proposed design

assigned different frequency bands for transceivers. We
hope to apply this method in our future work to establish
an advanced body area network.
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