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A 2m-Range 711uW Body Channel Communication
Transceiver Featuring Dynamically-Sampling
Bias-Free Interface Front End

Guanjie Gu
, Senior Member, IEEE, Sijun Du
and Bo Zhao

Jian Zhao

Abstract—Body Channel Communication (BCC) utilizes the
body surface as a low-loss signal transmission medium, reducing
the power consumption of wireless wearable devices. However,
the effective communication range on the human body is limited
in the state-of-the-art BCC transceivers, where the signal loss
between the body surface and the BCC receiver remains one
of the main bottlenecks. To reduce the interface loss, a high
input impedance is desired by the BCC receiver, but the DC-
biasing circuits decrease the input impedance. In this work,
a dynamically-sampling IFE is proposed to eliminate the DC
voltage bias, resulting in a 90k(2 high input impedance and
a 94dB RF—IF conversion gain to reduce the interface loss
in long-range BCC applications. The BCC transceiver chip
is fabricated in 55nm CMOS process, taking a die area of
0.123mm?. Measured results show that the chip extends the BCC
range to 2m for both the forward and backward paths, where
the transmitter and receiver consume 711uW power in total.

Index Terms—Body channel communication (BCC), inter-
face front end (IFE), communication range, low power, input
impedance.

1. INTRODUCTION

ODY Channel Communication (BCC) has been validated
to be a power-efficient scheme in the signal transmission
of wireless body area network (WBAN) [1]. A WBAN node
is based on a battery-powered wireless device to monitor and
transfer the physiological signals, which requires a miniature
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size and a long life time. As the most power-hungry submodule
in a WBAN node, the transceiver becomes the main design
bottleneck to reduce the system power. Traditional RF com-
munication suffers from the loss induced by body shielding
in wearables, which should be compensated by circuits with
higher power consumption. BCC utilizes the body surface as the
signal-transmission medium, providing a low-power solution
for transceiver designs. There are two main advantages of BCC
over traditional wireless communication: 1) the conductivity of
human body reduces the power consumption, and 2) antenna-
free communication helps to minimize the system size [2].
Therefore, the BCC transceiver is regarded as one of the best
candidates in further WBAN systems [3], [4], [5], [6].

In the state of the arts, only the electro-quasi-static (EQS)
mechanism based chips have achieved whole-body coverage for
BCC transmission [7]. Nonetheless, the signal wavelength must
be much longer than the body size in the EQS mechanism. As
a result, the carrier frequency in EQS mechanism is limited
to be less than 1IMHz [8]. For low power consumption, the
works [7], [8] adopted the envelope-detection-based receivers,
where the sensitivity was optimized at a carrier-to-data ratio of
100, limiting the data rate to be less than 20kbps. Therefore,
the communication range for a >50kbps data rate is limited
to <lm in the state of the arts [9]. For example, the BCC
transceiver in [10] realized 1.4mW power and 2.5nJ/bit energy
efficiency, while the communication range was less than 30cm.
In addition, the effective communication range was extended
to Im in [11], at the penalty of 2.35mW power consumption.
Moreover, the measurement in [ 12] showed that the bit error rate
(BER) increased from 10~7 at a 5cm communication range to
102 at a 1m range, consuming 1.97mW power. As a result, the
limited communication range of conventional BCC transceivers
restricted the applicability in a number of WBAN scenarios,
such as the signal transmission from a foot to a smartwatch [13].

One of the main factors limiting the effective communication
range is the signal loss at the interface between the body surface
and the BCC receiver. Relative to the high impedance of human
body [14], a lower input impedance of the BCC receiver leads
to significant signal attenuation. For the channel loss in the
backward path [15], the backward coupling capacitance tends
to be constant versus a long distance, while the value becomes
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Fig. 1. Conventional interface front ends (IFEs) of BCC transceivers and
this work.

very small (usually less than 0.5pF), leading to a significant
backward path loss. However, the small and constant backward
coupling capacitance in the long distance can be canceled by
a passive inductor [16] or an active component [17]. In long-
distance transmission scenarios, the capacitance between the
GND plane and earth ground induces much less impact on BCC
transmission than backward capacitance. As a result, the inter-
face loss between the human body and the receiver dominates
the overall signal loss in BCC. Relative to the high impedance
of human body [14], a lower input impedance of the BCC
receiver leads to significant signal attenuation on the body-
receiver interface. Therefore, an interface front end (IFE) of a
BCC receiver should be designed with a high input impedance
and a high gain to reduce the interface loss. There were two
conventional typologies to implement the IFE of BCC receivers,
as shown in Fig. 1:

e 1) Closed-loop IFE. Negative feedback was adopted to
provide self-biasing DC voltages for cascaded IFE stages,
as shown in Fig. 1(a). A feedback resistor is needed to
establish the DC operating point. Compared to the high
impedance of the MOSFET gate terminal, the feedback
resistor decreases the overall input impedance and gain of
the IFE, which leads to a voltage loss at the body-receiver
interface. For example, the interface amplifier with neg-
ative feedback resulted in a gain of 20dB, achieving a

communication range of 15cm with SmW power [4]. The
communication range was extended to 1m in [18] by a
receiver with 10k(2 input impedance, which was at the
penalty of 9mW power consumption.

* 2) Open-Loop IFE with external DC bias. The IFE presents

an open-loop structure without feedback, where the in-
put stage can be the gate terminal of a MOSFET [19],
[20], providing a higher impedance and a higher voltage
gain than the closed-loop structure. However, a biasing
resistor connects the MOSFET gate terminal to a voltage
reference, which degrades the high input impedance of the
MOSFET gate terminal. Thus, there is a voltage loss at the
body-receiver interface. For example, the open-loop IFE
in [19] realized 1k input impedance and -62dB sensi-
tivity of BCC receiver. As a result, the BCC transceiver
with 6.44mW power consumption achieved a communica-
tion range of 20cm [20]. Compared to poly-resistor bias-
ing, the pseudo-resistor biasing [21] takes a smaller chip
area. However, additional circuits such as voltage refer-
ences are required, which increase the power consumption
and noise.

Subsequent to the IFE, a mixer is also needed for downconver-

sion in both conventional structures, which enlarges the die area

and power consumption of BCC transceivers.

In this work, we propose a dynamically-sampling technique
to realize a bias-free IFE, which helps the BCC receiver to
achieve a high input impedance of 90k(). and a high RF—IF
gain of 94 dB. In this way, the interface loss between the body
surface and the BCC receiver is reduced from 84dB to 55dB,
which improves the receiving sensitivity. In addition, the high
input impedance and high gain of the proposed IFE can reduce
the stage number and minimize the AC-coupling capacitors.
The proposed technique is implemented in a BCC transceiver
chip fabricated in 55nm CMOS process. Measured results show
that the BCC transceiver achieves a communication range of
2m, at a BER of 2x10~%. In this case, the BCC transmitter
(TX) and receiver (RX) only consume 711uW in total.

The rest of this paper is organized as follows. Section II
describes the proposed dynamically-sampling IFE technique.
The system architecture of BCC transceiver is presented
in Section III, and the measurement results are given in
Section IV. Finally, Section V concludes the paper.

II. DYNAMICALLY-SAMPLING INTERFACE FRONT END
A. Modeling and Measurement of Body Channel

For BCC channel measurement, a standard setup is widely
adopted in previous BCC works, while different cases (such as
different distances, frequencies, electrodes, GND planes, etc)
result in diverse results. For example, the setup in research
[22] focused on the channel loss at operating frequencies below
IMHz. In the <1MHz frequency band, the propagation loss is
relatively low and constant versus the distance due to the long
wavelength, but the data rate can only be 1 —20kbps. In addition,
the setup in reference [23] focuses on studying the influence
of GND electrodes. In this work, we study the path loss in
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long-range BCC at the operating frequency of 16—24MHz, to
realize a communication data rate of 500kbps.

A five-tissue-layer channel model of BCC is built to analyze
the loss in long-range human body signal transmission, which
is explored from our previous work in [24], [25]. The circuit
model is shown in Fig. 2, where a human body is mainly
composed of arms, legs, and a torso. The circuits representing
arms and legs are divided into a series of 10cm segments, where
each unit is equivalent to an RC network. In addition, the torso
is modeled by a 50cm-diameter cylinder composed of an RC
network. The signal-transmission channel consists of a forward
path on the body surface, as well as a backward path formed
by the capacitive coupling (C'gy/) between the ground planes
of TX and RX. Moreover, both the ground planes also induce
parasitic capacitance (C'g) over the external ground. Through
the circuit model, the channel loss of BCC can be simulated
and analyzed at different communication ranges along with the
channel impedance and RX impedance.
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The impedance of TX—RX channel on the human body
is studied by measurement. The signal loss at the interface
is determined by the ratio of body-channel impedance over
the receiver input impedance. Through a pair of electrodes on
human body, the TX—RX channel impedance is measured in
Fig. 3, which shows a channel impedance of 23.2k{2 to 16M(2
corresponding to a forward path length of 0.1m—2m. It can be
seen that the channel impedance increases significantly versus
the forward length. As a result, the interface loss versus the RX
input impedance at 20MHz is given in Fig. 4. Targeting a long
communication range on human body, the IFE must be designed
with a high impedance to reduce the interface loss.

The simulation of overall channel loss at different commu-
nication ranges is based on both the circuit model and channel-
impedance measurement. Fig. 2(b) illustrates the channel loss
versus both forward and backward distances at 20MHz. For
a short forward path on the arm (<50cm), the BCC shows a
signal transmission loss of less than -30dB. At a long-range
transmission, the signal is transferred across the torso, which
leads to an abrupt increase in channel loss. For example, the
signal transmission through a 2m range corresponds to -55dB
channel loss, where -37dB loss appears at the interface between
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the human body and the BCC receiver. As a result, reducing the
interface loss is essential to realize a long-range signal transmis-
sion in BCC, which requires both a high input impedance and
a high gain of IFE.

B. Dynamically-Sampling Technique

A dynamically-sampling technique is proposed to increase
both the input impedance and the voltage gain of the IFE in
BCC receiver. The schematic of the proposed IFE is shown in
Fig. 5, which is composed of high-gain inverter-based ampli-
fiers with feedback switches. The switches are controlled by the
SW signal, generated by a low-power phase-locked loop (PLL).
The proposed IFE operates in a duty-cycled way composed of
two phases, i.e., the holding phase and the sampling phase.
In the holding phase, all the feedback switches are turned on,
connecting the input and output of the inverter-based amplifier.
The DC operating points are set by the feedback across the
input and output terminals of the inverters. As the input and
output of each stage is shorted, the strong feedback provides
stable DC operating points versus PVT variations, and a suffi-
cient phase margin is designed for each stage. In the sampling
phase, all the feedback switches are shut down to configure
the IFE as an open-loop amplifier chain. The biasing circuit is
eliminated because the DC operating points of all the nodes
are still maintained due to the parasitic capacitance. As the
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Fig. 6.  Simulated input impedance of BCC RX.
TABLE 1
COMPARISON WITH STATE-OF-THE-ART FRONT ENDS
JSSC’20 [20] [ JSSC’17 [10] [ JSSC’19 [29] | JSSC’19 [30] | This Work
Frequency 40MHz 20-120MHz 21MHz 30-120MHz | 16/24MHz

Gain NA 15-27dB 29dB 10dB 94dB
Power NA NA 60 W W 261 W

Bias Ext Ext Ext Ext Self

Zin 10k2 10092 1kQ2 22k 90k2

inverters amplify the input FSK signal limitedly into a rail-to-
rail waveform, only the zero-crossing points of the waveform
contain data information, while the distortion on the amplitude
induced by the supply interferes induces little impact. In ad-
dition, the gate terminal of a MOSFET acts as the IFE input,
resulting in a high input impedance of the BCC receiver. In
this way, the channel loss can be significantly reduced by the
high input impedance of the proposed IFE and the high gain,
extending the communication range. To mitigate the impact of
clock feedthrough, transmission gates are adopted as switches,
which cancels the clock feedthrough by 17.5dB.

The input impedance and voltage gain of the proposed IFE
are validated by simulation. In the sampling phase, the input
impedance is simulated in Fig. 6 versus the carrier frequency.
The gate input of IFE achieves a capacitive impedance higher
than 90kS} in the 16MHz—24MHz frequency band, reducing
the signal loss at the body-RX interface. In addition, the pro-
posed IFE achieves an RF-IF gain of 94dB across the FSK
communication band, which helps to amplify the small received
signal and compensate the loss at the interface. Table I shows
the comparison with the state-of-the-art IFEs. For high-input-
impedance designs in previous studies such as [20] and [30], the
AC coupling and gate-input common-source amplifiers were
adopted as the first stage, but both the two designs require
external bias circuits. As a result, the input impedance is limited
by the biasing resistors. In this work, the inverter-based ampli-
fiers with switch-controlled negative feedback are adopted to
eliminate the bias resistors. It can be seen that the proposed
IFE achieves a higher input impedance and a higher gain com-
pared to other IFEs, which helps to achieve a transmission
distance of 2m.
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The DC offset in the conventional high-gain RX front end
can be eliminated by the proposed dynamically-sampling tech-
nique. Conventional RX front end increased the gain by mul-
tiple amplifying stages, where the DC offset was reduced by
AC-coupling capacitors [26] or feedback cancellation [19].
Nevertheless, the low carrier frequency of BCC (e.g., ~21MHz
IEEE802.15.6 standard frequency [27]) induces a negative ef-
fect on the AC-coupling methods, whereas the feedback loops
degrade the voltage gain. In the proposed IFE, the DC offsets
in each stage are removed during the holding phase, when the
feedback of inverters settles the DC points. As the signal am-
plification is conducted during the following sampling phase,
the feedback formed in the holding phase will not decrease the
IFE gain.

The dynamically-sampling operation down-converts the RF
signals into an intermediate frequency (IF), eliminating the use
of a mixer. In conventional IFEs, a mixer is required as the
signal down-converter [10], which also needs biasing circuits.
In this work, the signal is amplified and passed to the sub-
sequent stages in the sampling phase, while the input signal
is blocked during the holding phase, as given in Fig. 5. The
on-off operation is equivalent to multiplying the input signal
with a 0—1 rectangular waveform, performing the function of
a sampling mixer. In this way, the 16MHz—24MHz FSK RF
signal is sampled by a 26MHz clock and then down-converted
to an IF ranging in 2MHz—10MHz. While the upper-band
components (10MHz & 42MHz—50MHz tones) can be rejected
by the subsequent LPF. Therefore, the IFE eliminates the use of
a mixer and auxiliary circuits, reducing the chip area and power
consumption.

III. SYSTEM ARCHITECTURE

The proposed IFE technique is implemented in a BFSK BCC
transceiver, and the block diagram is shown in Fig. 7. The sys-
tem clock is generated by a 2MHz crystal oscillator and a dual-
mode PLL, providing an FSK carrier signal for the transmitter
as well as a sampling clock for the receiver. The FSK signal is
formed in the transmitter, including two frequency dividers, a
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I

Fig. 9. Dual-mode integer-N PLL.

multiplexer (MUX), and a body driver. The BCC receiver is
composed of the dynamically-sampling bias-free IFE, a 4*/-
order Sallen-Key LPF, an IF amplifier (IFA), an envelope de-
tector, and a slicer. The baseband data can be modulated in
the transmitter and then transmitted through the body surface.
Meanwhile, the receiver picks up the signal from the human
body, which was finally demodulated and recovered into a
data stream.

The BCC transmitter is designed to generate a BFSK signal
at a central frequency of 20MHz. With a 48MHz frequency
output of PLL, a pair of <2 and -3 dividers are used to generate
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In the receiving mode, the BFSK signal is amplified
and down-converted by the proposed IFE, providing a high
gain to ensure a long communication range. After the down-
converting, the IF signal presents 2MHz and 10MHz frequency
components. Subsequently, the four-stage Sallen-Key LPF with
3MHz corner frequency is designed to suppress the 10MHz
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higher-frequency component while passing the 2MHz IF
signal. As a result, the FSK signal is converted into an AM
waveform, where the 2MHz component shows a much higher
amplitude than the 10MHz one, corresponding to data 1 and
0, respectively. Afterward, an envelope detector is utilized to
demodulate the AM signal, which is finally recovered into a
‘0—1" bit stream.

IV. CIRCUIT DETAILS

With a 2MHz crystal reference, the PLL is designed to gen-
erate the TX FSK frequencies as well as the RX sampling
clock. The frequency divider in the PLL is set to 24 and 13
for the transmitting and receiving modes, respectively. In the
transmitting mode, the PLL output a 48MHz frequency, which
is utilized to generate the 16MHz and 24MHz FSK components
by dividers and MUX. In the receiving mode, the PLL generates
a 26MHz sampling clock for the IFE. As shown in Fig. 9, the
two modes of PLL share most of the components except the
divider and the loop filter to minimize the chip area. The loop
filter switches between the transmitting and receiving modes,
to ensure a 70° phase margin. A current-starve ring oscillator
is adopted as the voltage-controlled oscillator (VCO) of PLL,
which consumes 4uA and 7pA at the 26MHz receiving mode
and 48MHz transmitting mode, respectively.
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Fig. 18. Measured parameters of BCC transceiver at different forward
distances, backward distances, electrode-to-ground distances, and ground
plane sizes.

Subsequent to the IFE, the LPF suppresses the harmonics
generated by the simple TX as well as the upper sideband output
by the IFE. The schematic and transfer function of LPF is
given in Fig. 10. The main design target of the IF filter is to
pass the 2MHz signal while filtering out the 10MHz sideband
and other higher-frequency components. As a result, the IF
filter should reject the 10MHz components to be at least -40dB
lower than the desired 2MHz signal. Therefore, a 4" _order
Sallen-Key structure is selected to realize the -40dB rejection,
which offers a quality factor of Q=1.3 and a passband gain
of 0dB with minimal number of large capacitors, to save the
die area.

The AM signal output by the 4!"-order Sallen-Key LPF is
amplified by an IFA. The amplitude of the AM signal ranges
in 26mV—32mV, which is amplified into 800mV by the IFA,
enabling the demodulation by the subsequent envelop detector.
The schematic of IFA is given in Fig. 10, which includes a rail-
to-rail input amplifier, a passive-RC filter, and a buffer. The rail-
to-rail input amplifier adapts to a range of input signals, and
then the passive-RC filter rejects the interference. As shown in
Fig. 10, the envelop detector converts the AM signal into a data
waveform. Finally, a slicer is adopted to recover the 0—1 bit
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Fig. 19. Measured BER versus different parameters (D : Forward distance,
Dp: Backward distance, Sq: ground size, and Dg¢: Electrode-to-ground
distance).

stream. The cross-coupled transistors provide a hysteresis to
tolerate the interferes. The signal waveforms in the IF circuits
are illustrated in Fig. 10.
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TABLE II
PERFORMANCE COMPARISON

\JSSC’2O [20] \ JSSC’17 [10] \ JSSC’19 [28] ‘JSSC’19 [29] \ JSSC22 [7] \ JSSC’19 [30] ‘TBCAS’23 [31] ‘ JSSC’22 [9] ‘This Work

Process | 18nm | 65nom | 65nm | 65nm | 65nm | 65nm | 180nm |  28mm | 55nm
Electrode | Ag/AgCl | Ag/AgCl | Gold | Ag/AgCl | Metal | Metal | Metal | Ag/AgCl | Ag/AgCl
RXInput | 10kQ | 1000 | NA | 1k | NA | 2%Q | NA | NA | 90kQ

RX Sensitivity| -989dBm | -78dBm | -60dBm | -72dBm | -60dBm | -633dBm |  N/A | N/A | -104dBm
Data Rate | 240Kbps | 1Mbps | 80Mbps | 525Mbps | 1-20Kbps | 30Mbps | 10Mbps | 0.1/27Mbps | 500Kbps
BER | NA | 1007 | 1075 | 1007 | 107% | 1073 | 1073 |  NA | 107
Crystal | 2IMHz | NA | 40MHz | 42MHz | NA | NA | NA | NA | 2MHz
Total Power | 59mW | 25mW | 97mW | 4.14mW | 226uW | 191uW | 2.3mW | 76uW | 0.71mW
TX Power | 09mW | 1ImW | 17mW | 3.52mW | 219uW | 93%uW | 1125mW | 76uW | 0214mW
RXPower | 5mW | 14mW | 8mW | 062mW | 720W | 98uW | L192mW | N/A | 0.49mW
Core Area | 14.44mm? | 2.13mm? | 16mm? | 0.672mm? | 0.056mm? |  N/A | 0216mm? | 0.0418mm? |0.123mm?
Energy/Bit ‘ 3.8nJ/bit ‘ 2.5n]/bit ‘ 0.12nJ/bit ‘ 4.2nJ/bit ‘ 0.11nJ/bit ‘ 6.37pl/bit ‘ 231.7pl/bit ‘ 170/2.8pl/bit ‘ 1.42nJ/bit
Range | 20cm |  30cm | 20cm | N/A | EB#* | N/A | Im | 50cm | 2m

*The measured BER in this work presents to be 10~° at Im range and 10~% at 2m range, respectively.

**EB: Full body.

TX Others
16.1uW

LPF

RX Others
193.2uW

\ TX Driver
123.9uW

(a) (b)

Fig. 20. Power breakdown.

V. EXPERIMENTAL RESULTS

The BCC transceiver chip is implemented in 55nm CMOS
process, and Fig. 11 shows the die photo and measurement
setup. The core circuit takes a total area of 0.123mm?, in-
cluding a 31pumx32um TX, a 574umx180pum RX, and a
135pumx73pum PLL. The maximum transmission ranges of
both the forward path on the body surface and the backward
path in capacitive coupling are set to 2m. A PRBS-7 bit stream
is transferred through a 2m range (from the ankles to the wrist),
where a pair of 3M medical electrodes are used as the contact
between human body and BCC transceiver chips. To avoid
signal transmission through the power line, both the BCC TX
and RX are powered by a button battery. The PRBS-7 bit stream
is produced by a waveform generator and the recovered data is
collected by a hand-held oscilloscope.

As one of the key building blocks in the BCC transceiver
chip, the proposed IFE is tested individually. The input

impedance of the proposed IFE versus the RX input frequency
is measured in Fig. 12. The IFE shows a 90k input impedance
at the central frequency of the operating band. According to
the measured TX-RX channel impedance in Fig. 4, the 90k{2
IFE reduces the interface loss to -55dB in a transmission
range of 2m.

The FSK BCC transmitter shows its output spectrum in
Fig. 13. The FSK signal takes a bandwidth of 9MHz at a
central frequency of 20MHz. The EVM performance of BCC
TX measured in Fig. 14, where the BFSK TX signal shows
an EVM of -19 dB. The operating frequency results in a low
loss in the forward path on body surface [14]. With a PRBS-7
bit stream input, the TX output signal in the time domain is
given in Fig. 15. The RX picks up the signal and recovers
into 0—1 data, which is compared to the original PRBS-7 bit
stream to evaluate the BER performance. The eye diagram in
Fig. 16 indicates the BCC receiver performs effectively at a
transmission distance of 2m.

The signal-to-interference ratio (SIR) performance of BCC
RX is measured in Fig. 17. For the in-band interference, the
SIR can be less than -7.5dB in the frequency band of 23MHz—
24MHz and -16 dB within the range of 16MHz—22MHz. For
the out-of-band interference, the SIR reaches -9dB from 25MHz
to 31MHz, and goes below -15dB at other frequencies.

The sensitivity and BER of the BCC receiver are tested
with a 500kbps PRBS-7 data stream. It shows that the re-
ceiver achieves a sensitivity of 0.2mV (correspond to -104dBm)
at a BER of 6x107°. Therefore, the 94dB RF—IF gain of
the proposed IFE has improved the sensitivity of the BCC
receiver.

The performance of BCC transceiver is tested at differ-
ent forward distances(Dr), backward distances(Dp), ground
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plane sizes(S¢), and electrode-to-ground distances(D ). The
measurement setup on human body is shown in Fig. 18, and all
the measured results are given in Fig. 19. Firstly, the forward
path on the body surface is kept to be equal to the channel length
of backward capacitive coupling. The measured BER versus the
overall communication distance shows that the BCC transceiver
chip achieves a BER of 2x 10~# at a 2m distance. Secondly, the
forward path is set to 2m, and the BER changes from 5x10~° to
2x10~* at a backward channel length of 30cm—2m. Thirdly,
the measured BER is reduced from 1.5x1073 to 2x107° as
the ground plane of BCC transceiver is enlarged from 9cm? to
100cm?. Finally, the distance between signal electrodes and the
ground is changed from Ocm to 20cm. In this case, a smaller
coupling capacitance establishes a higher impedance between
signal electrode and GND electrode, resulting in a higher volt-
age drop on the BCC receiver. As a result, The BER drops
from 4x 1073 to 2x10~° at a communication distance of 2m.
Therefore, the 2m range of the proposed BCC transceiver can
cover the communication of various wearable devices on the
whole human body.

The power breakdown of the BCC transceiver chip is shown
in Fig. 20. In the transmitting mode, the chip consumes
214.4p4W power, including 1404W in the MUX, dividers, and
body driver, as well as 74.4uW in the PLL. In the receiving
mode, the overall power consumption is 497.5uW, which is
composed of 457.2uW consumed by the receiver chain and
40.3uW consumed by PLL. As a complete BCC system, the
TX and RX consume 7114W in total.

The measurement results are summarized and compared with
the state-of-the-art BCC transceivers in Table II. It shows that:
1) Both the 90kOhm high RX input impedance and the 94dB
high gain of proposed IFE help the BCC receiver to achieve
a 2m effective range with a data rate of 500kbps, which is
the longest among the works with >50kbps data rates. 2) The
total power consumption of transmitting and receiving modes
is reduced to 711 W. 3) The proposed IFE technique achieves
the best sensitivity due to the 90k(2 high input impedance and
94dB RF—IF conversion gain.

VI. CONCLUSION

The state-of-the-art BCC transceivers have realized ultra-
low power consumption, but the communication range for a
>50kbps data rate is limited to less than 1m. One of the
issues limiting the communication range of BCC is the loss
at the interface between human body and RX. The DC bias
in previous self-biasing and gate-input techniques reduced
the input impedance and voltage gain of IFE, leading to a
high interface loss. In this work, we propose a dynamically-
sampling bias-free IFE to realize a 90k(2 input impedance and
94dB RF—IF gain of IFE, resulting in a receiving sensitivity
of -104dBm. Therefore, the communication range has been
extended to 2m with 7111 W total power consumption. The pro-
posed technique enables the BCC transceiver to cover the whole
human body, such as the signal transmission from a foot to a
smartwatch.
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