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 a b s t r a c t

Reliable electrode-skin contact is essential for accurate biomedical signal acquisition, as poor contact leads to 
signal degradation and measurement errors in critical applications such as ECG, EEG, and EMG monitoring. 
Traditional lead-off detection methods face real-world challenges, including motion artifacts causing false detec-
tions, environmental noise reducing accuracy, and variations in skin-electrode impedance affecting reliability. To 
address these limitations, this paper presents a BioContact assurance system (BCAS) leveraging common-ground 
human body communication (CG-HBC) to continuously monitor electrode contact status. CG-HBC enables di-
rect digital communication through the human body without complex modulation. The system consists of three 
core components: a CG-HBC transceiver, a processing unit, and an electrode interface module. The CG-HBC 
transceiver, fabricated using the TSMC 65nm process, achieves 11.55 pJ/bit energy efficiency and consumes only 
23.10𝜇W, making it suitable for seamless integration into wearable medical devices. A custom timing protocol 
synchronized with biomedical sampling ensures consistent and reliable contact monitoring. BCAS accurately clas-
sifies electrode conditions (connected, loose, intermittent, disconnected) in real time by analyzing the bit error 
rate and transmission success rate between electrode pairs, ensuring reliable contact assessment while main-
taining signal quality. Unlike traditional DC/AC lead-off techniques, it detects subtle contact degradations with 
high sensitivity while sustaining robust performance for fully connected or disconnected states. These advance-
ments highlight its promise for next-generation continuous health monitoring systems and intelligent biomedical 
wearables.

1.  Introduction

The concept of the Internet of bodies (IoB) has revolutionized health 
monitoring by embedding sensors and devices in, on, or near the hu-
man body [1]. The IoB leverages the human body as a communication 
medium, enabling seamless signal transmission across different body re-
gions [2]. Electrodes play a pivotal role within the IoB ecosystem, en-
abling biomedical signal acquisition and information transfer. They fa-
cilitate communication between the human body and medical devices, 
crucial for health monitoring, diagnostics, and wearable technology ad-
vancements [3]. Electrodes are mainly classified as wet and dry, with 
advancements leading to types such as semi-dry, dry non-contact, and 
microneedle array electrodes [4]. Wet electrodes use an electrolyte layer 
to enhance conductivity by hydrating the skin and reducing impedance 
at the electrode-skin interface [5]. However, using an electrolyte layer 
requires careful handling, and prolonged use may cause skin irritation 
or performance issues due to electrolyte drying [4]. In contrast, dry elec-
trodes eliminate the need for an electrolyte layer and rely on material 
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properties for conductivity. While they offer greater convenience and 
reduced maintenance compared to wet electrodes, they face challenges 
such as poor skin contact and interference from air or dust [5]. More-
over, the pressure exerted by dry electrodes must strike a balance be-
tween effective operation and user comfort [6].

Reliable biomedical signal acquisition depends on the quality of the 
electrode-skin interface, making lead-off detection essential for ensur-
ing consistent performance. In addition to maintaining signal quality, 
detecting disconnections conserves power by shutting down modules 
and alerts users in a timely manner to improve connections. Traditional 
methods primarily fall into two categories: DC and AC [7–11]. DC de-
tection measures electrode input voltages relative to supply rails using 
bias resistors that establish reference thresholds, signaling disconnec-
tion when voltage levels approach the rails. It offers simplicity and low 
power consumption, making it attractive for compact, battery-powered 
systems. AC lead-off detection, on the other hand, injects high-frequency 
test signals between electrodes to evaluate impedance changes associ-
ated with connectivity status. Despite their advantages, both DC and 
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AC techniques exhibit notable limitations. The reliance on threshold-
based criteria quantizes the connection state into binary outcomes, con-
nected or disconnected, making it difficult to recognize intermediate 
or partially detached conditions. Under marginal contact situations, 
the measured status may fluctuate, leading to unstable detection. In 
DC-based methods, external pull-up resistors or current sources are re-
quired, which add additional noise and cause baseline shifts. Although 
AC-based methods can capture impedance characteristics, they increase 
system complexity due to the need for signal demodulation and filtering 
of superimposed waveforms. These challenges are particularly signif-
icant in wearable applications, where constant movement and varying 
electrode placement affect the skin-electrode interface [12]. In such sce-
narios, the contact between the electrode and the skin may fluctuate, re-
sulting in brief interruptions in signal transmission [13]. Both methods 
struggle with real-world challenges: motion artifacts can trigger false 
detections, environmental noise can reduce accuracy, and varying skin-
electrode impedance can compromise reliability.

Recent studies have investigated advanced methodologies such as 
impedance spectroscopy, embedded neural networks, and passive con-
tact monitoring to enhance lead-off detection reliability. These ap-
proaches are designed to improve detection sensitivity, minimize power 
consumption, and enable real-time evaluation of electrode-skin adhe-
sion under dynamic conditions. Passive monitoring techniques have 
been introduced to provide basic contact quality assessment; however, 
their implementation necessitates the integration of additional system 
components, thereby increasing design complexity and reducing prac-
tical feasibility [14]. Neural network-based frameworks have demon-
strated accuracies of approximately 98% in distinguishing between 
proper adhesion and partial detachment. Nonetheless, implementing 
such algorithms on microcontrollers requires an average inference time 
of 4.286 ms, which may constrain their applicability in biomedical plat-
forms [15]. While these emerging techniques exhibit significant po-
tential, they are not yet suitable for all biomedical applications due 
to implementation complexity and processing demands. Consequently, 
addressing variations in biointerface impedance, minimizing motion-
induced artifacts, and establishing standardized evaluation protocols for 
consistent performance remain major challenges.

To address these challenges, this article proposes a new BioCon-
tact assurance system (BCAS) leveraging common-ground human body 
communication (CG-HBC) technology to ensure reliable real-time elec-
trode contact. CG-HBC utilizes the conductive properties of human tis-
sue as a transmission medium for digital signals. The proposed system 
transmits digital data packets between electrodes through the human 
body and analyzes reception quality, transmission success rates, and 
signal integrity to determine electrode connectivity status. Extensive re-
search on implantable and wearable intrabody communication demon-
strates that electrode configuration and coupling mode play a critical 
role in determining propagation characteristics and channel attenua-
tion, thereby influencing bit error rate (BER) and signal reliability [16]. 
Consequently, detailed channel characterization becomes crucial to un-
derstanding how signal propagation is affected by tissue composition, 
electrode placement, and the surrounding environment. Such charac-
terization enables the development of accurate propagation models that 
account for frequency-dependent attenuation, coupling impedance, and 
parasitic interactions, which are essential for optimizing transmission 
reliability and minimizing energy loss in body area networks [17–19]. 
Since the ground reference is shared within BCAS under the CG-HBC 
topology, the implementation and optimization are simplified due to 
reduced circuit complexity compared with galvanic or capacitive cou-
pling. The system continuously monitors electrode contact, detecting 
contact loss or signal fluctuations. It introduces several key advance-
ments:

1. The system employs direct digital communication between elec-
trodes through the human body, providing enhanced robustness 

Fig. 1. Functional block diagram of the proposed BCAS system.

and reliability compared to conventional impedance-based detection 
techniques.

2. An optimized time-slotted transmission protocol is implemented to 
accommodate the diverse sampling requirements of various biomed-
ical applications.

3. A custom-designed integrated circuit architecture for CG-HBC 
transceiver (TRx) achieves ultra-low power consumption, ensur-
ing extended battery life and sustainable performance in resource-
constrained wearable healthcare applications.

These features not only improve signal acquisition reliability but also 
enable timely intervention in the case of suboptimal electrode perfor-
mance, ensuring continuous and precise clinical measurements. Com-
pared to traditional lead-off detection methods, the proposed system 
offers several advantages. By eliminating the need for external resistors 
or current sources, it reduces noise and baseline shifts. It enhances reli-
ability by detecting individual electrode disconnections and is compat-
ible with systems featuring various electrode configurations, which is 
crucial for multichannel systems. Furthermore, it seamlessly integrates 
with existing devices without requiring hardware modifications, utiliz-
ing existing processing units for efficient operation. These features col-
lectively reduce system complexity, and the system’s effectiveness in 
detecting false or loose connections makes it suitable for applications 
such as wearable biomedical monitoring, long-term physiological data 
acquisition, and implantable sensing systems, where reliable electrode 
contact is critical for maintaining signal integrity and ensuring patient 
safety.

The main contributions and innovations of this work are summarized 
as follows:

1. A new BCAS architecture is proposed to ensure reliable and real-time 
electrode contact monitoring.

2. A compact CG-HBC TRx chip is designed and fabricated, featuring 
low-power operation.

3. A complete system prototype is developed by integrating the pro-
posed architectures, and its capability to accurately detect the con-
tact states of an electrode pair is experimentally validated.

4. A comprehensive comparison with conventional AC/DC detection 
approaches is conducted, demonstrating the superior performance 
of the proposed system.

2.  BioContact assurance system

The BCAS validates electrode contact by transmitting predefined dig-
ital patterns across electrode pairs and evaluating transmission success, 
error characteristics, and signal integrity to assess connectivity. The pro-
posed system, illustrated in Fig. 1, consists of three primary compo-
nents: (1) a CG-HBC TRx, which forms the core of the system and repre-
sents the key novel component added to existing biomedical measure-
ment systems; (2) a processing unit to perform necessary calculations 
for electrode status detection, which could either utilize the processing 
capabilities of existing measurement systems or function as a standalone
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microcontroller (MCU); and (3) an electrode interface module to man-
age electrode connections in multi-electrode setups, required only for 
systems with more than two electrodes such as multi-lead ECG configu-
rations.

Several approaches have been developed to implement human body 
communication (HBC): i) capacitive coupling uses the body as a for-
ward path and environmental coupling as a return path; ii) galvanic 
coupling employs differential signal transmission through body tissue; 
and iii) magnetic coupling utilizes magnetic fields induced in the body 
[1]. For electrode contact monitoring, where the primary goal is reli-
able and continuous verification of electrode connectivity, we introduce 
a simplified CG-HBC approach where transmitter (Tx) and receiver (Rx) 
share a common ground on the same device. This eliminates complex 
analog front-end circuitry typically required in conventional HBC Rxs, 
enabling pure digital transmission while reducing system complexity, 
lowering power consumption, and enhancing signal reliability by mini-
mizing degradation and interference commonly observed in other HBC 
implementations.

2.1.  System architecture

The overall BCAS architecture for 𝑁 electrodes is shown in Fig. 2, 
representing one possible implementation of the proposed concept that 
employs a CG-HBC TRx, a standalone processing unit, and an elec-
trode interface module for validation purposes. This exemplary sys-
tem includes an OLED display for electrode status indication and an 
MCU serving as the processing unit. The modular design allows for ver-
satile implementation approaches: the system can be seamlessly inte-
grated into existing monitoring equipment with minimal hardware ad-
ditions (primarily the CG-HBC TRx component), or deployed as a com-
prehensive standalone solution as depicted in the figure. At the core 
of this framework is the CG-HBC TRx, which integrates essential func-
tionalities for signal processing, control, and communication. It com-
municates with a compact processing unit through a universal asyn-
chronous receiver-transmitter (UART) interface, where the MCU serves 
as a programmable interface, enabling configuration for specific appli-
cations such as electrocardiogram (ECG), electroencephalogram (EEG), 
and electromyogram (EMG). A critical component is the high-pass filter 
(HPF), which attenuates low-frequency components to remove interfer-
ence in the frequency range of biomedical signals. This ensures signal 
accuracy by preventing spectral overlap between measurement and test-
ing signals, thereby enhancing overall performance. The electrode inter-
face module is critical for selecting Tx and Rx electrodes from the avail-
able electrodes within the system during measurements. It comprises 
components such as multiplexers, demultiplexers, encoders, decoders, 
and finite state machines controlled by a central controller to govern 
electrode selection. This selection process may follow sequential, time 
slot-based, or alternative patterns, enabling comprehensive verification 
of contact status across all electrodes.

The CG-HBC TRx facilitates broadband communication for direct 
digital data transmission, eliminating the need for complex modulation 
schemes, as illustrated in Fig. 2. The system supports configurable data 
rates from 1 kbps to 13.5Mbps by adjusting the operating clock fre-
quency. Lower data rates minimize power consumption for long-term 
monitoring and improve signal reliability under suboptimal contact con-
ditions, while higher rates enable rapid electrode status verification for 
time-critical medical procedures requiring instant feedback, all without 
interfering with measurement signals. Data transmission begins with in-
coming data temporarily stored in a FIFO buffer, interfacing with the 
UART module to ensure reliable handling. The data is then passed to 
the raw baseband Tx (RBT) for direct transmission through the human 
body. A programmable clock divider generates the required data rates 
from the reference clock, ensuring synchronization and operational ac-
curacy. The Tx constructs packets with eight start bits, an 8-bit pay-
load, two stop bits, and a 4-bit break period, forming a robust framing 
structure for reliable detection. The Rx employs a frame synchroniza-

Fig. 2. Block diagram of the BCAS design showing the overall system architec-
ture for 𝑁 electrodes.

tion module featuring a shift register with pattern-matching logic to de-
tect packet boundaries, using start bits to initiate data capture and stop 
bits with inter-frame gaps to maintain synchronization. A state machine 
tracks packet structure, ensuring robust recovery even under noise or 
signal degradation. After synchronization, received data is routed to the 
UART module through raw baseband Rx (RBR) for further processing. 
The control logic, managed by a finite state machine, coordinates system 
operations, including timing and Rx synchronization, while configura-
tion registers allow runtime selection of data rates and modes.

2.2.  Transmission protocol for link status detection

To determine the connectivity status of 𝑁 electrodes, we utilize a 
time-slotted transmission protocol shown in Fig. 3, where 𝑀𝑖,𝑗 packets 
are transmitted to identify the link status between electrodes 𝑖 and 𝑗, 
𝑖 ≠ 𝑗, {𝑖, 𝑗} ∈ [1, 𝑁]. The packet duration Δ = 𝑃∕𝑅 depends on packet 
size, 𝑃 , and the data rate, 𝑅. For a packet size of 8, three data rates – 
100 kbps, 1Mbps, and 2Mbps – are used in the protocol, resulting in 
packet durations of 220𝜇s, 22𝜇s, and 11𝜇s, respectively. These data 
rates are selected considering ECG as the reference application, balanc-
ing contact verification time and sampling requirements. Standard ECG 
sampling rates range from 250 Hz to 1 kHz, with sampling intervals of 
1–4 ms. The selected packet durations are significantly shorter than ECG 

Fig. 3. Pictorial representation of the timing protocol illustrating the time-
slotted transmission approach.
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Fig. 4. (a) Die micrograph of the fabricated CG-HBC TRx and the evaluation PCB showing the implementation. (b) Signal outputs from the RBT, HPF, and RBR 
demonstrating successful digital signal transmission at 2Mbps data rate.

Algorithm 1 Transmission protocol for link status detection.
1: Electrode interface module select electrodes 𝑖, 𝑗
2: Initialize 𝑀 , 𝐾, 𝑃
3: Initialize bitErrors, totalTx, successfulTx, failedTx, noResponseC-
ount to 0

4: for each iteration do
5: Send byte 0xAA from electrode 𝑖 and receive at electrode 𝑗
6: if response is received then
7: Count bit errors in response 
8: Increment successfulTx and reset noResponseCount
9: else
10: Increment noResponseCount and failedTx
11: end if
12: if noResponseCount reaches 𝐾 then
13: Set Status to “Disconnected” and reset counters
14: end if
15: if totalTx reaches 𝑀 then
16: if bitErrors = 0 and failedTx = 0 then
17: Set Status to “Connected”
18: else if bitErrors ≥ 0 and failedTx = 0 then
19: Set Status to “Loose”
20: else if failedTx ≥ 0 then
21: Set Status to “Intermittent”
22: end if
23: Compute BER as bitErrors / (successfulTx * 𝑃 ) 
24: Reset counters
25: end if
26: end for
27: Return Status

sampling intervals, enabling real-time contact verification without in-
terfering with biomedical signal acquisition. This multi-rate approach 
ensures compatibility with standard ECG protocols while adapting to 
different clinical scenarios.

The pseudocode of the transmission protocol is outlined in
Algorithm 1 that assesses the communication link between two generic 
electrodes. The process begins by selecting two electrodes from multiple 
available options and then defining two constants, 𝑀 and 𝐾. The con-
stant 𝑀 represents the number of consecutive transmissions that form 
an evaluation window for assessing link quality. After every 𝑀 trans-
missions, the system determines whether the connection status should 
be classified as “connected,” “loose,” or “intermittent,” based on the 
relative success or failure rate of the transmissions within that window. 
Conversely, the constant 𝐾 defines the threshold for declaring a com-
plete disconnection, corresponding to the number of consecutive failed

transmissions required before the system marks the link as “discon-
nected.” By ensuring 𝐾 is greater than 𝑀 , the protocol avoids mis-
classifying short-term noise disturbances or transient losses as discon-
nections, thereby improving the robustness of link monitoring. Both
parameters can be tuned according to user requirements and 
application-specific considerations, enabling adaptable performance 
across diverse electrode configurations or experimental scenarios. Other 
key variables that include counters for tracking various metrics, such as 
the total number of transmissions, occurrences of bit errors, and the 
counts of successful, failed, and no-response transmissions, are also ini-
tialized to 0.

The algorithm initiates a transmission loop by sending a predefined 
byte (0xAA) through the body and waits for a response from the Rx. If a 
response is received, the transmitted and received values are compared 
to detect bit errors. Any identified errors are logged, and the counters 
for transmissions and errors are updated. If no response is received, the 
no-response counter is incremented. If it exceeds a threshold 𝐾, the sys-
tem enters a Disconnected state, signaling a failure in maintaining the 
communication link. At this point, all counters are reset, and the system 
prepares for reinitialization to restore connectivity. Following the com-
pletion of a specified number of transmissions, the algorithm performs 
a detailed evaluation of the communication link’s quality. It calculates 
the BER, a critical metric that quantifies the accuracy and reliability of 
data transmission. It also calculates comprehensive statistics, including 
transmission counts and error occurrences, providing real-time feedback 
for system evaluation. Based on the accumulated metrics, the connec-
tion is categorized into one of three states: Connected, which indicates 
error-free and reliable communication; Intermittent, which suggests in-
termittent transmission failures; or Loose, which denotes occurrences of 
bit errors despite an otherwise stable connection. The counters are reset 
after each evaluation phase to prepare the system for subsequent verifi-
cation cycles. A mapping between BER and transmission failure ranges 
for each connection state is presented in Table 1. Alert sensitivity for de-
tecting loose or intermittent connections is tunable via BER and failed-
transmission thresholds, alongside window parameters 𝑀 and 𝐾. This 
configurability enables clinicians to balance sensitivity and specificity 
by application: lower 𝑀∕𝐾 for high-sensitivity clinical monitoring to 
capture early degradation, and higher 𝑀∕𝐾 for home settings to reduce 
alert burden while preserving detection of significant failures.

2.3.  Electrode contact status detection

Since Algorithm 1 determines the link status between electrode pairs, 
it is not directly possible to infer the connectivity status of individual 
electrodes. A missing link suggests that at least one electrode is faulty; 
however, identifying a specific faulty or disconnected electrode re-
quires at least two fully connected reference electrodes, that is, the links
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Fig. 5. (a) (a) Electrode placement for signal transmission and power analysis on the human body with OLED display showing real-time connection status. (b) Core 
power consumption versus supply voltage at 27MHz, demonstrating linear scaling with minimum operating voltage of 0.78V. (c) Power consumption at various clock 
frequencies showing frequency-power correlation. (d) Failed transmission analysis across different contact states. (e) BER analysis showing error-free transmission 
for connected states, ≈10−3 for loose connections, and higher rates for intermittent contacts.

Table 1 
Link status determination based on BER and transmission performance.
 Bit Error Rate  Failed Transmission  Evaluation Window  Final State
 0  0 𝑀 transmissions; 𝐾 > 𝑀  Connected
> 0  0 𝑀 transmissions; 𝐾 > 𝑀  Loose
≥ 0 > 0 𝑀 transmissions; 𝐾 > 𝑀  Intermittent
 – 𝐾 consecutive 𝐾 transmissions; 𝐾 > 𝑀  Disconnected

between these electrodes exhibit no bit errors or transmission failures, 
allowing each to serve as a reliable reference. Consequently, an ex-
haustive link status evaluation among 𝑁 electrodes can identify up to 
𝐹max = ⌊

𝑁
2 ⌋ faulty electrodes.

To generalize the system, we represent the set of electrodes as an 
undirected graph ( , ), where   denotes the set of 𝑁 electrodes 
(i.e., vertices) and  represents the set of 𝐿 = 𝑁(𝑁−1)

2  links (i.e., edges), 
each labeled with their connetion status. Due to the bidirectional na-
ture of communication links,  is inherently undirected. Constructing 
( , ) requires executing Algorithm 1 𝐿 times to verify all pairwise 
connections. Once the graph is constructed, graph traversal algorithms 
can be employed to determine the connectivity status of all [20], whose 
worst-case (i.e., having more than 𝐹max disconnected electrodes) com-
putational complexity is (𝑁2).

Since graph traversal operates at the computation level, the total 
time required for detecting electrode statuses is predominantly dictated 
by the time needed to construct the graph. Therefore, BCAS system 
parameters must be carefully tuned based on the application require-
ments. For instance, in an ECG monitoring scenario, the connectivity 
status of electrodes must be determined within an ECG cycle, given 
by 𝑇 = 60

𝐻𝑅  s, where 𝐻𝑅 is the heart rate in beats per minute. Con-
sidering that Algorithm 1 requires at most 𝐾 packet transmissions per 

link evaluation, the condition 𝑁(𝑁−1)
2 𝐾Δ ≤ 𝑇  must hold to ensure graph 

construction within the ECG interval, where Δ is the packet duration. 
Accordingly, the maximum allowable packet transmissions per link is 
given by 𝐾max =

2𝑇
𝑁(𝑁−1)Δ . For example, in a 12-lead ECG system with 

𝑁 = 10, we obtain 𝐹max = 5 and 𝐾max = {2020, 1010, 101} for 𝐻𝑅 = 60
bpm and Δ = {11, 22, 220}𝜇s, respectively. The determined 𝐾max values 
demonstrate suitability for ECG signal conditions, and the same param-
eter framework can be readily adapted for other biomedical monitoring 
applications with appropriate tuning. In the next section, we present a 
proof-of-concept implementation of the BCAS system, focusing on a sin-
gle electrode pair, and demonstrate that 𝐾 = 50 is sufficient for reliable 
link status detection.

3.  Hardware implementation and performance analysis

This section provides a comprehensive evaluation of the proposed 
BCAS. The proposed BCAS is designed as a comprehensive electrode con-
tact monitoring solution, utilizing an ESP32 microcontroller paired with 
an integrated OLED display and a custom-designed CG-HBC TRx inte-
grated circuit. The CG-HBC TRx is designed and implemented with a fo-
cus on optimizing area efficiency, throughput, and power consumption. 
It is fabricated using TSMC 65-nm CMOS technology, with implementa-
tion carried out using Cadence’s industry-standard digital design tools. 
Following the ASIC flow, we first develop system-level models in MAT-
LAB to validate the design concept and determine optimal design param-
eters. This is followed by RTL implementation in Verilog, with detailed 
functional verification using Cadence Xcelium to ensure the proper op-
eration of all components. The design then undergoes synthesis us-
ing Cadence Genus to create an optimized gate-level implementation. 
Subsequent physical design stages, including floorplanning, clock tree 
synthesis, and place-and-route, are executed using Cadence Innovus,
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Fig. 6. Electrode connection scenarios for performance evaluation: (a) perfect 
electrode-skin contact, (b) no electrode-skin contact, and (c) degraded electrode-
skin contact.

focusing on layout optimization, resource utilization, and timing con-
straints. Post-layout verification is performed using Cadence Xcelium 
with back-annotated SDF files to validate timing performance under re-
alistic conditions. Clock and enable gating techniques are applied across 
all modules to further enhance power efficiency.

The compact design achieves an area of 0.1𝑚𝑚2 while incorporating 
18K logic gates. The modular architecture allows easy integration of the 
CG-HBC TRx as an IP block in future medical ASICs. The die micrograph 
of the fabricated CG-HBC TRx, along with the evaluation PCB, is shown 
in Fig. 4(a). Fig. 4(b) presents experimental signal measurements from 
the BCAS prototype operating with two electrodes at a 2Mbps data rate. 
The oscilloscope traces demonstrate the signal propagation through the 
system, capturing the CG-HBC Tx output (Out𝑅𝐵𝑇 ), the HPF filtered out-
put (Out𝐹 ), and the successfully received signal (Out𝑅𝐵𝑅). These mea-
surements validate the integrity of digital signal transmission through 
the human body channel and confirm proper system functionality.

Fig. 5(a) illustrates the practical deployment scenario, with elec-
trodes positioned on the human body and the corresponding connection 
status displayed on the OLED interface. The MCU’s integrated OLED dis-
play provides real-time visualization of electrode connectivity, signifi-
cantly enhancing system usability by allowing healthcare profession-
als to monitor performance and identify issues instantaneously. Using 
detection parameters of 𝐾 = 50 and 𝑀 = 10, the system successfully 
demonstrates accurate link status identification based on the computed 
connectivity metrics. Power consumption characteristics of the proposed 
CG-HBC are comprehensively evaluated under varying operating con-
ditions. Fig. 5(b) shows the core power consumption measured at a 

27MHz clock frequency while varying the supply voltage from 0.7V 
to 1.3V. The results demonstrate that power consumption scales lin-
early with supply voltage reduction while maintaining full operational 
functionality down to the minimum operating voltage of 0.78V, indi-
cating excellent power scalability for battery-constrained applications. 
Fig. 5(c) presents power consumption measurements across different op-
erating frequencies corresponding to the supported data rates. As ex-
pected, power consumption exhibits a direct correlation with clock fre-
quency and data rate due to increased switching activity. At the process 
corner with a 1.1V supply voltage, the proposed CG-HBC TRx achieves 
optimal power efficiency of approximately 23.10𝜇W when operating at 
a 2Mbps data rate with a 4MHz clock frequency.

In the subsequent analysis, comprehensive electrode connectivity as-
sessment is conducted through systematic evaluation of bit error rate 
(BER) and transmission failure metrics across varying contact condi-
tions. The experimental protocol employs 𝑀 = 500 and 𝐾 ≫ 𝑀 over 
100,000 total transmissions to ensure statistical significance and ro-
bust performance characterization. During these measurements, inten-
tional arm movements are introduced to emulate realistic operating con-
ditions and induce dynamic variations in electrode contact. Fig. 5(d) 
presents the failed transmission analysis across three distinct electrode 
contact states. Under optimal contact conditions and loose connection 
scenarios, failed transmissions remain at zero, indicating reliable signal 
propagation through the human body channel. However, intermittent
contact conditions exhibit elevated failure rates, providing a clear dis-
criminatory metric for contact quality assessment. The corresponding 
BER analysis, illustrated in Fig. 5(e), demonstrates the system’s sensi-
tivity to contact degradation. Error-free transmission (BER = 0) is con-
sistently achieved under optimal electrode contact, while loose connec-
tions exhibit BER values in the 10−3 range. Notably, intermittent con-
tact conditions show a strong correlation between increased transmis-
sion failures and elevated BER, with error rates rising significantly as 
contact reliability deteriorates.

The proposed methodology demonstrates robust classification ca-
pability, accurately distinguishing between connected, loose, and in-
termittent electrode states through dual-metric analysis of BER and 
transmission success patterns. This multi-parameter approach enables
error-free contact state identification with high specificity and sensi-
tivity. The classification accuracy is fundamentally dependent on the 
optimization of detection parameters 𝑀 and 𝐾, which determine the 
statistical sample size and temporal resolution of the evaluation proto-
col, highlighting the importance of parameter tuning for specific clinical 
applications. While the electrode interface module can be implemented 
using analog multiplexer and demultiplexer circuits [21], this function-
ality is not included in the current implementation.

4.  Comparison of lead-off detection methods

To establish a comprehensive performance benchmark, the proposed 
BCAS is systematically compared with conventional AC and DC lead-
off detection methods. The AC and DC detection schemes are imple-
mented using the ADALM2000 (M2K) mixed-signal processing platform 
from Analog Devices, incorporating the lead-off detection architecture 
derived from the AD8233 heart rate monitor IC [11,22]. A consistent 
experimental protocol is employed across all modalities, maintaining 
identical electrode placements while acquiring lead-off status data se-
quentially. Signal processing and statistical evaluation are conducted in 
MATLAB to ensure standardized data handling and uniform computa-
tion of performance metrics. Each detection method is evaluated over 
multiple consecutive iterations to generate a statistically robust dataset. 
For BCAS, each iteration employs 𝑀 = 10, and for the disconnected case, 
𝐾 = 50, consistent with the initial parameter settings.

The baseline assessment is performed under ideal conditions using 
new electrodes, as illustrated in Fig. 6(a) and Fig. 6(b). In Fig. 6(a), all 
electrodes maintain proper contact, while in Fig. 6(b), all electrodes are 
intentionally disconnected. These two scenarios define the full range 

Results in Engineering 29 (2026) 108456 

6 



R. Kumar et al.

Fig. 7. Comparative evaluation under degraded electrode conditions. (a) BER analysis, (b) transmission failures, (c) AC signal distribution with threshold, and (d) 
DC signal distribution with threshold.

of connection states and serve as references for evaluating detection 
accuracy. Under these ideal conditions, BCAS demonstrates detection
performance comparable to both AC and DC methods, where the thresh-
old values for these methods are determined based on the specific M2K 
hardware configuration and the corresponding resistor values used in 
this experimental setup. For more realistic operating conditions, a chal-
lenging test scenario is introduced by replacing one electrode with a 
deliberately degraded counterpart, mimicking the effects of aging and 
poor skin contact. This results in varying degrees of performance degra-
dation. As shown in Fig. 6(c), BCAS exhibits enhanced sensitivity in de-
tecting compromised connections under the tested conditions. Within 
this experimental framework, none of the iterations achieved error-free 
transmission, with all exhibiting measurable errors that highlight BCAS’s 
ability to identify degraded contact quality. Unlike the DC and AC meth-
ods, which classified all iterations as connected within their respective 
thresholds, BCAS identified more than 98% of the iterations as loose 
connections, while the remaining cases are detected as intermittent.

The comparative analysis of BER is presented in Fig. 7(a), while 
Fig. 7(b) shows the transmission failures observed under these spe-
cific degraded conditions. Under the imposed degraded electrode condi-
tions, BCAS demonstrates a notable diagnostic advantage over the con-
ventional methods tested. This outcome suggests BCAS’s enhanced di-
agnostic precision and improved reliability in detecting compromised 
electrode integrity within this experimental setup. Fig. 7(c) shows the 
distribution of AC values obtained, indicating that the amplitude falls 
below the predetermined threshold value consistent with AC lead-off 
detection principles. Similarly, Fig. 7(d) presents the corresponding DC 
signal distribution along with the predetermined threshold value spe-
cific to the DC detection method. The enhanced capability of BCAS 
stems from its complete packet analysis approach, in contrast to the

Table 2 
Comparing existing HBC TRx design with the proposed HBC TRx.
 Design Parameters  [23]  [24]  [25]  [26]  [27]  This work
 CMOS Process (nm)  65  65  90  55  65  65
 Communication  FSDT  OOK  FSDT  FSK  AE  RBT
 Power Supply (V)  1.2  0.5  1.2  1.2  1.2  1.1
 Clock (MHz)  210  0.05-1  42  2  42  4
 Data Rate (kbps)  1312.5  1  1312.5  500  5250  2000
 Power (𝜇W)  4140  0.415  784  710  85.3  23.10
𝐸𝑏 (pJ/bit)  3155  415  598  1420  16  11.55

threshold-based comparative techniques used in DC and AC methods. 
While this method introduces additional timing complexity, it enables 
a more detailed and accurate assessment of connection quality. De-
spite the increased processing demands, BCAS remains well-suited for 
biomedical applications–as demonstrated in earlier sections–where ro-
bust and precise detection of lead-off events is essential for maintain-
ing signal integrity and ensuring reliable clinical monitoring. A signif-
icant advantage of BCAS is that it employs a signal attenuation-based 
approach, which directly addresses the signal degradation challenges 
encountered in biomedical measurements.

5.  Discussion and future scope

The hardware implementation and comparative analysis of various 
lead-off detection methods highlight the potential of the proposed sys-
tem. In the experiments, commercially available wet electrodes are 
used. The skin surface is cleaned with a wet tissue before electrode 
placement to ensure good contact and reduce impedance variabil-
ity. This procedure is applied consistently across all measurements to
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maintain experimental reliability. This study further benchmarks the 
proposed HBC TRxs against existing literature, evaluating communi-
cation methods based on autoencoder (AE), frequency-shift keying 
(FSK), on-off keying (OOK), and frequency-selective digital transmis-
sion (FSDT). Table 2 demonstrates that the proposed approach achieves 
superior energy efficiency while maintaining data rates comparable to 
prior implementations. This performance improvement primarily results 
from the elimination of analog front-end requirements inherent to con-
ventional designs.

Despite these promising results, the study has some limitations. A 
major experimental constraint arises from the sequential application 
of the three detection schemes (AC, DC, and BCAS) rather than their 
concurrent execution. In practice, it is not feasible to transmit and re-
ceive three types of signals simultaneously between the same electrode 
pair. Consequently, slight variations in electrode contact conditions be-
tween successive measurements introduce variability in the results. This 
temporal factor inherently adds a degree of uncertainty to the compar-
ative analysis and represents a fundamental limitation of the evalua-
tion methodology. To minimize temporal errors, the measurements are 
conducted sequentially with only a few seconds of delay between each 
mode. Another limitation of this study is that the system is tested us-
ing intentionally degraded electrodes to emulate real-world conditions. 
However, practical testing in an actual environment using real biomed-
ical signal measurements is not yet performed. Furthermore, the proto-
type implementation is currently limited to a single electrode pair. The 
electrode interface module is implemented manually with only a pair of 
electrodes, but automation can be incorporated in future versions using 
dedicated hardware components.

The current experimental measurements are performed under con-
trolled humidity conditions, and the effects of humidity or sweating are 
not analyzed in this study. Degradation of the skin-electrode contact due 
to these factors may lead to loose or intermittent connections, which re-
mains beyond the present scope. Future work focuses on developing an 
integrated System-on-Chip solution that combines the HBC TRx with 
a reconfigurable electrode interface module and a dedicated process-
ing unit for analysis under different environmental conditions. This in-
tegrated approach enables comprehensive multi-electrode monitoring 
while achieving a reduced form factor and lower power consumption. 
It enhances the reliability and autonomy of healthcare systems by auto-
matically identifying electrode connection states and generating warn-
ing signals for faulty connections, thereby minimizing the need for man-
ual inspection.

6.  Conclusion

This paper presents a novel BioContact Assurance System leverag-
ing common-ground human body communication for real-time elec-
trode contact monitoring. The system employs direct digital transmis-
sion through the human body, eliminating complex analog front-end 
circuitry while achieving better performance compared to conventional 
DC and AC lead-off detection methods. The custom-designed integrated 
circuit, fabricated in TSMC 65nm technology, achieves exceptional en-
ergy efficiency of 11.55 pJ/bit and power consumption of only 23.10𝜇W 
in a compact 0.1𝑚𝑚2 footprint. The system successfully classifies elec-
trode states as connected, loose, intermittent, or disconnected through 
dual-metric analysis of bit error rates and transmission patterns. The 
modular architecture enables seamless integration into existing biomed-
ical systems without hardware modifications. Future work will focus on 
developing an integrated System-on-Chip solution combining the HBC 
TRx with reconfigurable electrode interface module, enabling compre-
hensive multi-electrode monitoring with reduced form factor and power 
consumption. The proposed BCAS establishes a new benchmark for elec-
trode contact monitoring, offering enhanced reliability and precision es-
sential for critical healthcare applications.
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