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Abstract—Transthoracic bioimpedance spectroscopy is a
promising wearable sensing modality for tracking impedance-
based physiological changes, but practical wearable acquisition
is limited by the lack of synchronized cardiac electrical infor-
mation. This paper presents a portable three-channel thoracic
bioimpedance front-end with synchronized electrocardiogram
acquisition. The system integrates a DDS based sinusoidal ex-
citation source, single-supply analog conditioning, a Tietze-type
VCCS, multiplexed tetrapolar electrode selection, lead-off detec-
tion, GPD, an ECG analog front-end, microcontroller control,
Bluetooth communication, and battery-powered operation. The
excitation circuit generates 100 frequency points from 1 kHz
to 1 MHz with an approximately 2901 A current and less than
5 percent variation across the measured band. Based on the
evaluated data, the impedance mean absolute percentage errors
were 3.940.24%, 5.24+0.32%, and 5.72+0.5% for Channels 1-3,
respectively. The corresponding phase mean absolute errors were
1.1240.5°,1.084+0.7°, and 1.440.65°. Position-matched Nyquist
trajectories further confirmed preservation of the resistive and
reactive impedance components for all three channels. The
integrated ECG path produced clearly identifiable R—peaks over
a 30s recording. These results demonstrate a compact, single-
supply platform capable of acquiring validated multi-frequency
BioZ data from all three transthoracic paths together with
synchronized cardiac electrical timing.

Index Terms—transthoracic bioimpedance spectroscopy, elec-
trocardiography, wearable sensor, voltage-controlled current
source, gain and phase detection, tetrapolar electrodes, multi-
channel acquisition

I. INTRODUCTION

Transthoracic bioimpedance spectroscopy (TBIS) has
emerged as an attractive sensing modality for non-invasive
and wearable physiological monitoring because electrical
impedance changes can reflect tissue composition, fluid dis-
tribution, and cardiac-related impedance variation. Recent
reviews of wearable BioZ interfaces emphasize that BioZ
sensors are well suited for long-term monitoring because
they are non-invasive, low-cost, and user friendly; how-
ever, they also identify major circuit-level challenges, in-
cluding low-noise readout, large baseline impedance, elec-
trode—tissue impedance, motion artifacts, common-mode in-
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terference, safety-limited current injection, and low-power
operation for battery-powered devices []1]].

Multi-frequency measurement provides information than
a single-frequency BioZ measurement because tissue resis-
tance and capacitive behavior vary across frequency. Groe-
nendaal et al. described transthoracic BioZ as containing both
static tissue information and dynamic physiological variation,
while Schoutteten et al. demonstrated the feasibility of semi-
continuous, multi-frequency thoracic BioZ measurements dur-
ing changes in fluid status [2], [3[]. These studies support
the use of spectroscopy rather than a single impedance when
the objective is to preserve resistance, reactance, phase, and
frequency-dependent trends for physiological interpretation.

ECG provides complementary information because it di-
rectly measures cardiac electrical activity and supplies a
temporal reference for heart rate, beat-to-beat intervals, and
impedance-related cardiac changes. Recent wearable systems
have therefore combined transthoracic impedance with ECG,
heart rate, and motion sensing [4]], [5]. The System for Heart
Failure Identification Using an External Lung Fluid Device
(SHIELD) study further showed that combining transtho-
racic BioZ with ECG-derived heart-rate-variability features
improved fluid-status classification, illustrating the potential
value of synchronized electrical and impedance-based mea-
surements [[6]. Acquiring both signals within one device also
avoids timestamp uncertainty and additional hardware associ-
ated with separate BioZ and ECG instruments.

A clinically useful wearable platform must first produce
technically reliable data. For BioZ, this requires a controlled
AC excitation current, accurate magnitude and phase ex-
traction, and reduced sensitivity to the electrode interface.
Tetrapolar sensing separates current injection from voltage
measurement and thereby reduces electrode—tissue impedance
contamination compared with a two-electrode configuration
[1]], [7]. Nevertheless, a single transthoracic path remains vul-
nerable to local contact variation, garment pressure, electrode
displacement, and motion. Prior wearable fluid-accumulation-
vest (FAV) studies demonstrated the feasibility of home-based
transthoracic BioZ acquisition, but sufficient usable data were
not obtained from every enrolled participant, highlighting the
continuing need for improved acquisition robustness [8]].

This work addresses these limitations through a 3-channel
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transthoracic architecture in which all channels are designed
to provide valid, position-specific impedance spectra. Each
tetrapolar path measures a different thoracic region and is
evaluated against a reference analyzer measurement obtained
at the same electrode location. The architecture therefore
provides spatially distributed transthoracic information while
allowing channel-specific signal-quality assessment. Path 1
additionally supports synchronized one-lead ECG acquisition,
enabling cardiac timing and impedance spectroscopy within
a common MCU-controlled platform. The main contributions
of this work are: 1) a wearable three-channel TBIS front-
end that acquires valid spectra from all paths using a shared
excitation and readout chain; 2) stable approximately 290 pA
excitation across 1kHz—1M Hz; 3) channel-wise validation
against position-matched analyzer references; and 4) synchro-
nized ECG acquisition within the same portable platform.

II. SYSTEM OVERVIEW

Fig. [I] shows the complete concept of the proposed wear-
able TBIS-ECG platform. The system consists of a compact
bioimpedance and ECG electronics module connected to a
thoracic vest containing three tetrapolar electrode paths. Each
bioimpedance path contains two current-injection electrodes
and two voltage-sensing electrodes. This tetrapolar configura-
tion is used because the current-injection path is separated
from the voltage-sensing path, reducing the effect of elec-
trode—tissue impedance on the measured BioZ signal. This
design choice is consistent with wearable BioZ interface litera-
ture, which notes that two-electrode BioZ measurements suffer
from electrode—tissue impedance contamination, while four-
electrode measurements improve BioZ accuracy by separating
current flow from voltage measurement [/1].

The three-channel architecture is not intended to measure
unrelated body regions. Instead, all channels focus on the
thoracic area, with each channel observing a slightly dif-
ferent transthoracic path. This is important because prior
wearable fluid-accumulation vest (FAV) studies showed that
daily transthoracic bioimpedance can be measured at home
and transmitted using a mobile-phone system, but reliable
acquisition remains a practical limitation. In the FAV-mobile
phone dyad observational study, 106 participants completed
follow-up; however, the prediction algorithm was evaluated
only among participants with sufficient FAV data, n = 57,

| 65 mm

Fig. 1. Overview of the proposed wearable three-channel TBIS and ECG
acquisition system. (a) Prototype PCB with dimensions of 65 mm X 50 mm.
(b) Vest with the electronics module packaged in an 80 mm x 60 mm X
20 mm enclosure. (c) Three tetrapolar transthoracic electrode paths, while
Path 1, positioned closest to the heart, also provides the electrode interface
for synchronized one-lead ECG acquisition.

highlighting the need for improved wearable data quality and
acquisition robustness [8].

ITII. CIRCUIT AND SYSTEM ARCHITECTURE

Fig. [ presents the complete circuit architecture. The system
is organized into six major blocks: excitation generation, cur-
rent injection, electrode/channel selection, gain/phase readout,
synchronized ECG acquisition and data transmission through
bluetooth. The measurement sequence begins with lead-off
detection to verify electrode contact. Once valid connections
are confirmed, the MCU sequentially selects each transthoracic
channel and controls the DDS frequency sweep; the resulting
excitation drives the VCCS, while the measured gain and
phase outputs are digitized by the MCU and continuously
transmitted via Bluetooth to a smartphone for real-time display
and storage throughout the 5 min acquisition period.

A. DDS-Based Frequency Generation

The signal chain begins with a programmable DDS source.
BioZ spectroscopy requires controlled excitation at multiple
frequencies. In this device, the DDS block provides pro-
grammable sinusoidal excitation over 100 frequency points
from 1 kHz to 1 MHz The circuit was designed with addi-
tional high-frequency margin up to 1.5 MHz to reduce the
uncertainty that the useful 1 MHz range operates at the edge
of the analog bandwidth.

The circuit uses an AD9851BRSZ DDS controlled by
the MCU through Word Load Clock (W_CLK), Frequency
Update/Chip Select (FQ_UD), Master Reset (RESET), and
Serial Data Input (SDI) signals. DDS excitation enables repeat-
able MCU-controlled stepped-frequency sine-wave generation
while simplifying synchronization of frequency updates, MUX
selection, and ADC sampling.

B. Single-Supply Excitation and VCCS Current Generation

After the frequency-programmable sinusoidal waveform is
generated by the DDS, the analog excitation chain operates
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Fig. 2. Circuit and system architecture of the proposed three-channel
TBIS-ECG platform which integrates DDS-based excitation, post-DDS filter-
ing and buffering, a single-supply Tietze-type VCCS, MUX-based tetrapolar
path selection, lead-off detection, gain and phase readout, an ECG analog
front-end, MCU-based timing and control, Bluetooth communication, and
battery-powered regulation. The MCU coordinates electrode-contact verifica-
tion, channel selection, frequency stepping, data acquisition, and continuous
transmission to a smartphone during the measurement period.
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Fig. 3. Single-supply excitation conditioning and VCCS current-generation
performance. (a) Representative DDS-generated sinusoidal waveforms cen-
tered at the 2.5 V mid-supply reference for single +5 V operation at selected
frequencies from the 100-point sweep between 1 kHz and 1 MHz. (b) Tietze-
type VCCS design condition and measured output current across frequency.

from a single +5-V supply, eliminating the need for a negative
rail. This simplifies portable implementation by reducing the
regulator count, board area, circuit complexity, and power loss,
which is advantageous for battery-powered wearable systems.

To enable single-supply operation, the excitation signal is
AC-coupled and re-biased around a 2.5-V mid-supply refer-
ence, Ve, wWhich serves as the local analog virtual ground,
as shown in Fig. Bfa). The AC-coupling capacitor blocks DC
offsets from the DDS and preceding stages, thereby preventing
unintended DC current from reaching the VCCS and elec-
trode interface. Because V.. establishes the common-mode
level of the analog chain, it is generated using a low-noise,
well-decoupled reference to minimize errors in the measured
impedance magnitude and phase.

The filtered, buffered, AC-coupled, and biased sinusoidal
voltage is then applied to a Tietze-type voltage-controlled
current source (VCCS), which generates an approximately
290 pA AC excitation current for transthoracic BioZ measure-
ment. Because impedance is determined from the injected cur-
rent and the resulting sensed voltage, the VCCS must maintain
a stable current magnitude with minimal phase distortion over
the 1 kHz—1 MHz operating range. The measured frequency-
dependent current response of the implemented VCCS is
presented in Fig. 3(b).

C. Multiplexed Tetrapolar Electrode Interface and GPD

The electrode interface uses a multiplexed architecture to
select among three transthoracic BioZ paths while sharing a
single excitation and readout chain. Each path contains four
electrodes: HC and LC for current injection, and HV and
LV for voltage sensing. The schematic includes the path-
specific nodes HC,;-HC3, LC,-LC3, HV,;-HV3, and LV ;-
LV3. The selected current-injection and voltage-sensing paths
are controlled by the MCU.

For each selected path, an AC current is injected through
the outer electrode pair, while the resulting transthoracic
voltage is measured through the inner electrode pair. This
tetrapolar configuration reduces the influence of electrode—
tissue interface impedance because the current-injection and
voltage-sensing paths are separated, as illustrated in Fig. [3[c).

The sensed voltage is subsequently routed to the gain/phase
detector (GPD) for impedance estimation [9], [[10].

D. Lead-Off and Poor-Contact Detection

Lead-off detection is included because a three-channel sys-
tem is only useful if the device can identify whether each
channel is electrically reliable. The lead-off block functioned
as a fault-aware measurement layer as it is shown in Fig. [2] It
helps classify whether the transthoracic path is likely usable,
degraded, or invalid. The circuit converts electrode-contact
uncertainty into an explicit system variable. This is a central
system-level advantage over single-channel BioZ monitors,
where one poor contact might invalidate the entire recording.

IV. RESULTS AND DISCUSSION
A. VCCS Current Stability, and Single-Supply Operation

Table [[] summarizes the principal limitations of represen-
tative VCCS architectures and the corresponding mitigation
strategies adopted in the proposed design. As shown in
Fig. B[b), the implemented VCCS maintains an excitation
current close to the target value of 290 pA throughout the
100-point frequency sweep from 1 kHz to 1 MHz, with a
deviation of less than 5% near the upper end of the frequency
range. This variation is primarily attributed to the reduction
in op-amp loop gain and effective VCCS output impedance
at higher frequencies. Nevertheless, the excitation current
remains sufficiently stable for impedance extraction across the
proposed transthoracic BioZ measurement range.

B. Three-Channel Impedance and Phase Accuracy

20 healthy male participants completed the study with
[mean £+ SDJ: age, (19.2 £ 1.2) yrs; height, 173.5 + 6.8
cm; body mass, 69.4 + 8.7 kg. BioZ measurements from the
proposed device were validated against a Zurich Instruments
MFIA impedance analyzer and precision LCR meter (500
kHz/5 MHz). All participants provided written informed con-
sent after being informed of the procedures and potential risks.
The study was approved by the University of Massachusetts
Ambherst Institutional Review Board (#22040451).

Fig.[]evaluates the impedance-measurement accuracy of the
proposed device across the three transthoracic channels. Mea-
surements from each channel were compared with a position-
matched BioZ analyzer reference acquired at the correspond-

TABLE 1
CURRENT-SOURCE LIMITATIONS AND PROPOSED DESIGN RESPONSE

Current-source
approach
Enhanced

Howland current

source [11]

Reported limitation Proposed design response

Output impedance and current
flatness degrade at high
frequency due to resistor

mismatch, op-amp nonlinearities,

and stray capacitance.
Stray capacitance at op-amp
inputs, switches, and output
nodes affects current accuracy
above 100 kHz.

Improved high-frequency current

stability but increased circuit
complexity.

Compact Tietze-type VCCS
with measured current
validation over 1 kHz—1 MHz.

Conventional
dual Howland
current
source [12]

Short analog routing, filtered
DDS drive, and
parasitic-aware
implementation.

Compensated
Howland/load-in-
loop designs [12]
High-voltage or

dual-supply

VCCS [13]

Simpler wearable-oriented
VCCS with stable current
under single-supply operation.
Single +5 V supply with a
2.5 V analog reference for
battery-compatible operation.

Requires additional rails or
converters, increasing power and
hardware complexity.
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Fig. 4. Three-channel TBIS-ECG acquisition. (a) Impedance measured by
the proposed device for CH1, CH2, and CH3 compared with the position-
matched BioZ-analyzer reference for each channel. (b) Corresponding device
and position-matched reference phase responses. (e) Representative 30 s one-
lead ECG waveform acquired from Path 1 at a sampling rate of 1 kHz.

ing electrode location. Therefore, the reported errors represent
device-to-reference agreement for each thoracic path rather
than physiological differences among electrode placements.

As shown in Fig. @), the measured impedance magnitude
closely follows the corresponding analyzer reference for all
three channels. Across the 1 kHz—1 MHz frequency sweep,
the impedance magnitude decreases from approximately 30—
33 Q at the low-frequency end to approximately 13-15 2 at the
high-frequency end. The phase responses shown in Fig. @{b)
also reproduce the corresponding reference trends. The phase
begins near 0° at 1 kHz, decreases to approximately —10° to
—12° in the mid-frequency region, and subsequently increases
to approximately 15°-20° near 1 MHz.

Table [[I| summarizes the impedance-magnitude mean ab-
solute percentage error (MAPE) and phase mean absolute
error (MAE) calculated over the 100-point frequency sweep.
The noticeable higher magnitude error and intermeasurement
spread observed for Ch3 may partly reflect its lower thoracic
placement, which is farther from the heart and more strongly
influenced by the lower lung region. Compared with the upper
thoracic paths, this location may exhibit greater anatomical
and posture-dependent variability and may be more sensitive
to small variations in electrode contact and current-path distri-
bution. Consequently, modest differences between the device
and position-matched reference can produce a comparatively
larger relative error in Ch3. Nevertheless, all three channels
demonstrate close agreement with their corresponding refer-
ences, supporting the accuracy of the proposed multichannel
acquisition system over the intended BioZ frequency range.

C. Synchronized ECG Acquisition

Fig. [@[c) shows a representative 30 s ECG waveform
acquired using the integrated ECG path. The signal is centered
near 0 mV, with visible R-peaks reaching approximately 0.9-
1.0 mV and negative deflections around —0.6 to —0.8 mV.

The clear R-peak morphology confirms that the Path-1 elec-
TABLE I
BI0Z MEASUREMENT ERROR ACROSS FREQUENCY POINTS PER SUBJECT

Channel Impedance MAPE (%) Phase MAE (degree)
Chl 3.94+0.24 1.124+0.5
Ch2 5.2 +0.32 1.08 £ 0.7
Ch3 5.72+ 0.5 1.4 £0.65
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Fig. 5. Channel-wise Nyquist validation of the measured complex transtho-
racic impedance. Nyquist trajectories of (a) Chl, (b) Ch2, and (c¢) Ch3 com-
pared with the respective position-matched bioimpedance-analyzer references.

trode configuration can acquire usable one-lead ECG while
the same device performs thoracic BioZ acquisition. This
is important because ECG provides direct electrical cardiac
timing, while BioZ provides impedance-based physiological
information. Since both signals are acquired within the same
MCU-controlled platform, the system avoids the timing uncer-
tainty that would occur if ECG and BioZ were recorded using
separate instruments.

D. Nyquist Analysis of Complex Impedance

Fig. [§] presents the Nyquist trajectories of Chl, Ch2, and
Ch3, with each device response compared against its position-
matched BioZ-analyzer reference. Across all three channels,
the measured trajectories closely follow the corresponding
reference arcs, demonstrating agreement in both the resistive
and reactive components of the transthoracic impedance.

The Chl and Ch2 trajectories span resistance ranges of
approximately 14-32 (), whereas the Ch3 trajectory spans
approximately 12-31 €. For each channel, the trajectory rises
to a maximum negative-reactance value, —X, of approxi-
mately 5 € in the mid-frequency region before returning
toward the resistive axis at higher frequencies. This arc-
shaped behavior demonstrates that the system captures the
frequency-dependent capacitive response of the corresponding
thoracic paths. Although the Ch3 device trajectory exhibits
slightly greater separation from its position-matched reference,
consistent with the higher impedance-magnitude MAPE and
phase MAE reported in Table its overall trajectory and
curvature remain well aligned with the reference. These results
demonstrate that the proposed system preserves the complex-
impedance trajectories of all three transthoracic channels. The
resistance and reactance components provide complementary
information regarding the frequency-dependent electrical char-
acteristics of each measurement path.

V. CONCLUSION

Overall, the proposed architecture shifts transthoracic BioZ
acquisition from a single-path measurement approach toward a
multi-path, fault-aware wearable sensing platform. By combin-
ing three tetrapolar transthoracic BioZ paths, lead-off-aware
channel assessment, and synchronized ECG acquisition, the
system improves the opportunity to obtain usable physiological
data when one electrode path is degraded. Future work will
extend the platform toward signal-quality-aware ML by com-
bining multi-channel TBIS features, Cole-Cole parameters,
ECG-derived HRV features, and channel-quality indicators
for transthoracic fluid-status assessment and worsening-HF
prediction.
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