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Abstract—This work presents a novel galvanic-coupling-
communication (GCC) method, ITX-IRX GCC, which transmits
and receives current to achieve high channel gain over a wide
frequency bandwidth and high energy efficiency. In-vitro mea-
surement using porcine tissue confirms reliable communication,
achieving a bit-error rate lower than 10~° through 10-mm and
15-mm tissue layers with a 3-cm electrode pitch. Fabricated using
a 65-nm CMOS process, the IC achieves a TX energy efficiency
of 0.94 pJ/b at a data rate of 100 Mb/s, making it highly suitable
for uplink communication in implantable systems.

Index Terms—Current-to-current communication, galvanic-
coupling communication, ultra-low-power transmitter, tran-
simpedance amplifier, implantable devices.

I. INTRODUCTION

Neural implant systems have been gaining attention due
to their potential to restore and enhance human functionality.
Among these, active endoskeleton systems, fully implantable
with integrated actuators, require uplink data rates of tens
of Mb/s to transmit multi-channel neural recording signals,
electromyography (EMG) signals, and pressure sensor signals,
essential for precise motion feedback. Moreover, minimizing
power consumption in the uplink TX is critical for reducing
heat generation and battery-dominant device volume.

Fig. 1 shows prior wireless communications for neural
implants. RF-based communications allow high data rates but
suffer from high tissue attenuation [1], [2]. Body-channel
communication (BCC), which uses the human body as its
transmission medium, has emerged as a promising alternative.
However, capacitive-coupling BCC (CC-BCC) faces signif-
icant path loss due to reduced return-path capacitance in
implanted conditions [3]. Galvanic-coupling communication
(GCC) also has challenges. Voltage-transmitting and voltage-
receiving (VIX-VRX) GCC suffers from signal loss due to
unregulated current flowing through low-impedance paths in
the body [4], [5], which can also pose a safety issue in
implantable scenarios. Meanwhile, current-transmitting and
voltage-receiving (ITX-VRX) GCC transmits regulated cur-
rent, and the signal is received as the voltage across a 100 {2
termination resistor [6]. While this approach enhances channel
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Fig. 1. Prior wireless communications for neural implants and the concept
of the proposed current-transmitting and current-receiving GCC with its
application to an active endoskeleton system.

bandwidth over 100 MHz, the termination resistance leads to
lower channel gain and degraded RX sensitivity.

In this work, we propose current-transmitting and current-
receiving (ITX-IRX) GCC (Fig. 1), which addresses the lim-
itations of existing methods. In ITX-IRX GCC, a regulated
current is transmitted, and the signal is received, not as a
voltage across a body impedance or a passive termination
resistor but as a current entering a common-gate (CG) input
stage with active low-input impedance. As the input impedance
decreases, the channel bandwidth increases and the channel
current gain also improves. Furthermore, employing a CG
input stage for current receiving, rather than a passive re-
sistor, improves RX sensitivity, consistent with the common
preference for transimpedance amplifiers (TIAs) over passive
resistors in current-input topologies.

This approach achieves low signal loss, low tissue leakage
current, and a high maximum data rate while significantly
enhancing the implant TX’s energy efficiency, making it highly
suitable for the uplink communication of implantable systems.
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Fig. 2. Block diagram of the current-transmitting wireless neural implant TX
and external current-receiving RX.
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Fig. 4. Topology comparison of current-input front-end stages.

II. PROPOSED ARCHITECTURE AND CIRCUIT
IMPLEMENTATION

The overall block diagram of the proposed ITX-IRX GCC
TX and RX is shown in Fig. 2. On the TX side, the test data
pattern is selectable between a toggle pattern and a PRBS-
15 pattern. The encoder processes non-return-to-zero (NRZ)
data and generates control codes, enabling the current driver
to transmit bipolar return-zero (B-RZ) current signals through
the body channel. On the RX side, the transmitted current is
received by a current buffer with unity gain and low input
impedance (Z;,), then amplified and converted to voltage
using a shunt-feedback transimpedance amplifier (SF-TIA).

Fig. 3 illustrates the channel model of the ITX-IRX GCC
and simulated channel characteristics. The RX is modeled with
wet electrodes, while the TX uses dry electrodes with a 5-mm
diameter. Simulations were performed for electrode pitches (P)
of 3 cm and 5 cm and tissue thickness (T) of 1.25 cm. The
results show that the channel gain is inversely proportional to
Zin. At high Z;,, the channel exhibits low-pass filter (LPF)
characteristics. As the Z,;,, decreases from 1 k), the channel
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Fig. 5. (a) Circuit details of the TX’s bipolar-return-zero encoder with its

timing diagram. (b) TX’s current driver with the measured amplitude of the
output current pulse for different control code values.
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Fig. 6. (a) Circuit details of RX’s CG-current buffer with amplitude and phase
mismatch simulation results. (b) RX’s SF-TIA with gain and input-referred
noise simulation results.

becomes flatter, with the gain flatness (the difference between
the maximum and minimum gain in dB) approaching 0 dB
near 200 (). Further reduction in Z;, increases the high-
frequency gain of the channel, and when Z;, approaches
0 €, the channel is simulated to exhibit a gain flatness of
approximately 2 dB. To achieve both high channel gain and
wide channel bandwidth, a 50-Q RX Z,,, is selected.

In closed-loop TIAs, the body impedance included within
the loop makes it difficult to satisfy the stability condition.
Moreover, they have the drawback of a low transimpedance
limit when operating with human body, which typically ex-
hibits low impedance. To address these challenges, the RX
current-input front-end adopts an open-loop, unity-current-
gain buffer followed by an SF-TIA, as shown in Fig. 4.



Fig. 5 shows the circuit details and timing diagram of the
TX encoder and current driver [6]. For an NRZ signal of ‘1°,
the current driver alternates bipolar current pulses, while no
current is transmitted for ‘0. The transmitted current ampli-
tude (I,.p), controlled by the number of activated unit cells
according to the I.,4, value, ranges from approximately 40 uA
to 170 pA. Fig. 6 shows the circuit details of the RX current
buffer (Fig. 6. (a)) and SF-TIA (Fig. 6. (b)). The current buffer
features low input impedance, high output impedance, and
unity current gain. By incorporating the current buffer, the
input of the SF-TIA is decoupled from the body impedance,
enabling the SF-TIA to achieve both high transimpedance
gain and loop stability. The current buffer employs a mis-
match compensation technique [7]. This mitigates the effects
of differential input current mismatches, caused by either
electrode contact mismatches or device mismatches. Since the
current buffer provides unity current gain, the SF-TIA’s high
transimpedance gain and low input-referred noise (IRN) are
crucial for minimizing the overall noise at the RX front-end.
A feedforward amplifier with a unity-gain bandwidth (UGBW)
of approximately 3 GHz is used to meet the aforementioned
requirements [8].

III. MEASUREMENT RESULTS

Fig. 7 shows the electrical measurement results of the RX
circuit. The measured overall transimpedance gain of the RX
is approximately 77 dB) in minimum gain mode and 100 dB¢2
in maximum gain mode (Fig. 7. (a)). The measured integrated
IRN (from 1 MHz to 200 MHz) is around 300 nA,,, s (Fig. 7.
(b)), and the measured Z;,, value is close to 50 2 (Fig. 7.
(c)). Fig. 8 shows the in-vitro measurement setup using two
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Fig. 7. Electrical measurement results: (a) measured RX gain, (b) RX input-
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Fig. 9. Measured transmitted and received signal waveforms for a 100-Mbps
PRBS-15 data stream.

types of TX boards to test different P values of 3 cm and 5
cm. The RX side uses commercial wet electrodes (Adafruit,
H124SG Covidien) attached to the porcine skin. Fig. 9 shows
the transmitted and received waveforms for a PRBS-15 data
stream. The RX output exhibits the B-RZ signal corresponding
to the digital data stream transmitted at the TX side. With
T = 10 mm and P = 5 cm, the measured channel gain is
approximately —17 dB, calculated from the measured values
of the TX output current amplitude, RX transimpedance gain,
and RX output voltage amplitude. This shows good agreement
with the simulation results based on the channel model.

Fig. 10 presents the eye diagrams measured under varying
T and P conditions. As T increases from 10 mm to 15 mm
and P decreases from 5 cm to 3 cm, the eye margin degrades
due to decreased channel gain. Fig. 11 presents the bit-error-
rate test (BERT) results measured at different electrode pitches
and transmitted current amplitudes. At T = 15 mm and P =3
cm, no bit error was measured for a total of 10° bits with
TX power consumption of 112.2 uW. Fig. 12 summarizes
and compares the performance of the proposed work with
prior wireless neural implants along with the fabricated chip’s
die micrograph. This work achieves the highest TX energy
efficiency with 0.94 pJ/b at T = 10 mm and 1.12 pJ/b at T
= 15 mm, both measured with P = 3 cm and exhibiting a
bit-error rate (BER) lower than 10~% at a data rate of 100
Mb/s. The proposed IC was fabricated using a 65-nm CMOS
process.

The performance comparison with prior implanted TXs
and their external RXs is summarized in Table I. This work



100Mb/s PRBS-15 Eye (T = 10mm, | o4 = 2, 1MUI)

Joav

Fig. 10. Measured eye diagrams at different tissue thicknesses and electrode
pitches.

BERT (T = 15mm, P = 3cm)

BERT (T = 15mm, P = 5¢cm)

Total # of bits: 10° Total # of bits: 10°
4507 T 1130 || 450 Fwdds T30S
@ 300 |288 100 =] |2 300 1005
el | 1% 5]15°9 1100 5
S 150 1703|5150} {1703
7 o 0 o
of . | 40< of . : . { 40<

1 2 0 1

|\ Icode VAN Icode )

Fig. 11. Measured BER at different electrode pitches and transmitted current
amplitudes.

achieves the best TX energy efficiency while offering sig-
nificant merits such as RX implementation, low BER, and
operation with thick tissue layers. Since the RX is placed
outside the body, its power consumption is less critical. The
RX is designed to consume 14.7 mW, which can be sufficiently
supplied externally.

IV. CONCLUSION

This work presents a novel GCC scheme that overcomes
key limitations of conventional approaches. By transmitting
regulated current and receiving it through an active low-
impedance input stage, the proposed architecture achieves
simultaneous improvements in channel bandwidth, channel
current gain, and RX sensitivity. The current-mode TX and RX
front-ends enable efficient and robust uplink communication,
making this approach well-suited for fully implantable neural
systems requiring high-speed and low-power operation.
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