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Leadless Pacemaker Synchronization Based on
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Abstract—Conductive intracardiac communication (CIC) has
been demonstrated as a promising concept for the synchroniza-
tion of multi-chamber leadless cardiac pacemakers (LLPMs). To
meet the 2–5 µW power budget of a LLPM, highly specialized
CIC-transceivers, which make optimal use of the cardiac commu-
nication channel, need to be developed. However, a detailed inves-
tigation of the optimal communication parameters for CIC-based
LLPM synchronization is missing so far. This work analyzes the
intracardiac communication performance of two low-power modu-
lation techniques, namely On-Off-Keying (OOK) and Manchester-
encoded baseband transmission (BB-MAN), as a function of the
transmitted bit-energy. The bit error rate (BER) of a prototype
dual-chamber LLPM was determined both in simulation and in-
vitro experiments on porcine hearts. A BER of 1e−4 was achieved
with a median bit-energy in the range of 3-16 pJ (interquartile
range: 4-15 pJ) for data rates from 75-500 kbps and a receiver
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input noise density of 7 nV/
√
Hz. Both modulation schemes showed

comparable performance, with BB-MAN having a slight bit-energy
advantage (1-2 dB at 150-500 kbps) under equalized transceiver
characteristics. This study demonstrates that reliable CIC-based
LLPM synchronization is feasible at transmitted power levels
<10 nW under realistic channel conditions and receiver noise
performance. Therefore, modulation techniques such, as BB-MAN
or OOK, are preferable over recently proposed alternatives, such
as pulse position modulation or conductive impulse signaling, since
they can be realized with fewer hardware resources and smaller
bandwidth requirements. Ultimately, a baseband communication
approach might be favored over OOK, due to the more efficient
cardiac signal transmission and reduced transceiver complexity.

Index Terms—Baseband transmission, conductive intracardiac
communication, galvanic-coupled conductive communication,
intra-body communication, leadless CRT, leadless dual-chamber
pacing, leadless pacemaker, Manchester code, modulation scheme,
multisite pacing, On-Off-Keying, OOK.

I. INTRODUCTION

W ITH over 1 million implantations per year, conventional
cardiac pacemakers (PMs) are well established medical

devices for the treatment of bradyarrhythmias [1]. Recently,
leadless pacemakers (LLPMs) have been introduced to over-
come the major sources of complications in conventional PMs,
which are related to the pacing leads [2], [3]. LLPM implan-
tation is safe and effective if proper implantation techniques
are used [4]. However, currently available LLPMs, which are
single-chamber systems implanted in the right ventricle, suffer
from two main limitations. The majority of PM patients requires
atrio-ventricular (AV) synchronous ventricular stimulation (i.e.
that the ventricular pacing is synchronized to the intrinsic atrial
rhythm) and/or additional atrial pacing. Although the recently
introduced Micra AV TPS (Medtronic, USA) LLPM, which
provides contactless atrial sensing and tracking, successfully
achieves AV synchronous pacing with a single device, its per-
formance is still considerably worse than that of conventional
dual-chamber PMs [5].

As an alternative, multiple LLPMs, that wirelessly synchro-
nize their activity, could be implanted in different chambers to
overcome the above mentioned limitations [6], [7]. However, de-
vice synchronization remains a challenge, due to the significant
constraints on the corresponding hardware in terms of power
consumption and size. Radio frequency (RF) communication
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seems not suitable for this task, due to the high signal absorption
in the human body and the low antenna impedance requiring
large transmitted power levels [7], [8]. Galvanic-coupled con-
ductive intracardiac communication (CIC) has been proposed as
a low-power alternative, due to the relatively low channel atten-
uation and the utilization of low-frequency signals in the 1 kHz
to 20 MHz range [6], [9]–[12]. While feasibility of CIC-based
synchronization has recently been demonstrated, the presented
systems required extensive hardware and power consumption
resources [6], [9], [12].

In a typical dual-chamber LLPM system, one device would
be located in the right atrium and one in the right ventricle of the
heart, respectively. Both devices would need to synchronize their
activity periodically by communicating over the intracardiac
channel. The total power consumption Ptot of such transceivers
can be described by

Ptot = PTX + Pcir = Nbps · Ebit + Pcir, (1)

where PTX is the transmitted power applied to the cardiac
channel and Pcir summarizes the power consumption of the
electronic circuits. PTX can be re-written as the energy per bit
Ebit times the mean number of bits Nbps, transmitted every
second. A key challenge of LLPM synchronization is to achieve
a sufficiently low bit error rate (BER) during transmission, to
guarantee synchronous pacing, while operating on power levels
substantially lower compared to the overall 2-5 µW budget of a
LLPM.

Previous studies on LLPM synchronization reported the
achieved communication performance in terms of BER and
PTX , however, an analysis of influencing factors such as
channel attenuation, channel impedance and transceiver perfor-
mance was lacking [6], [9], [12]. To design a power-optimized
transceiver, a detailed understanding of the major influencing
factors on communication reliability and transmitted power con-
sumption is crucial, as minimizing Ptot will require an optimal
trade-off between BER, Pcir and PTX .

An important aspect of any communication system is the
employed modulation technique used to encode the transmitted
data. In previous studies, modulation schemes which try to
minimize PTX , such as pulse position modulation (PPM) and
conductive impulse signaling (CIS), have been proposed [6], [9],
[12]. The authors demonstrated that reliable communication is
feasible at PTX < 1 µW, transmitting a reasonable amount of
bits for the given application. However, for a power-optimized
synchronization, the impact of the modulation scheme on the
transceiver circuits should be considered as well. While PPM and
CIS could represent a beneficial choice in casePtot is dominated
byPTX , they suffer from relevant drawbacks. Considering PPM,
the required receiver bandwidth, for a given data rate and a
fixed number of carrier cycles per slot, is increased compared to
other modulation schemes [13]. In addition, symbol and frame
synchronization are more complex, since only a few signal
pulses per message are sent at irregular intervals [14]. Simi-
larly, receiving wideband pulses in CIS, requires a large input
bandwidth and high sampling frequencies, which are orders of
magnitude above the data rate used [12]. These factors may

considerably increase circuit complexity and bandwidth, and,
consequently, rise Pcir.

Although the miniaturization of the electronics in a future
application-specific-integrated-circuit (ASIC) will allow to re-
ducePcir, compared to the presented systems, it may still remain
the dominating factor. In this case, modulation schemes with the
potential to reduce Pcir, might represent a crucial design fac-
tor [15]. Therefore, two low-complexity modulation schemes,
namely On-Off-Keying (OOK) and baseband transmission with
Manchester encoding (BB-MAN), have been considered in this
work (more details on the selection of these modulation tech-
niques are given in the methods section).

In this work we aim to analyze the required bit-energy Ebit

to achieve reliable communication, by considering key factors,
such as the electrical properties of the CIC channel, the choice of
the modulation scheme, the communication frequency, and the
electronic performance of the transceiver. An optimized receiver,
suitable for miniaturization in a low-power integrated circuit,
was developed. The BER performance of a LLPM prototype
was assessed during in-vitro experiments on porcine hearts
and blood. In addition, a simulation model of the intracardiac
communication was developed and used to predict the BER per-
formance as function of the most important system parameters.

II. METHODS

For each investigated in-vitro configuration, three separate
measurements were performed to obtain the BER performance,
the transfer function and the inter-electrode impedance, respec-
tively. The BER was measured separately for each modulation
scheme and data rate combination. In addition, one simulation
was performed for each BER measurement, based on the corre-
sponding transfer function and impedance measurements.

In the subsections below the selection of the modulation
schemes and communication parameters, as well as the elec-
tronic prototypes, the measurement setup, the in-vitro experi-
ments and the simulation model are discussed in detail.

A. Modulation Scheme & Communication Parameters

Two requirements were considered when selecting the mod-
ulation scheme and communication frequency. Firstly, the com-
munication signal should be direct current (DC) free. The re-
sulting net charge at the electrode-tissue interface is almost
zero, which prevents tissue damage and increasing the polariza-
tion impedance and, thus, the pacing threshold. Secondly, the
communication signal should not lead to myocardial capture to
prevent accidental pacing during synchronization.

For passband modulation with a sinusoidal carrier the first
requirement is not a concern. On-Off-Keying modulation with
non-return-to-zero (NRZ) encoding was selected from this cat-
egory, since it can be implemented with ultra-low-power circuit
designs, as recently demonstrated [16]–[19].

For baseband communication with rectangular pulses, the DC
component can be eliminated by using either a constant-weight
code, a paired disparity code or a scrambler. The latter two
approaches achieve zero DC offset, by balancing the pulse
polarities over multiple bits. In contrast, Manchester encoding
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Fig. 1. Principal schematic of the receiver prototype.

(BB-MAN), representing a constant-weight code, eliminates the
DC component at the bit level. Since for LLPM synchronization
the total amount of bits per message is low, BB-MAN was used
during this study. Manchester code uses twice the bandwidth,
for a given data rate, compared to the NRZ encoding adopted
for OOK.

Previous work has found good cardiac signal transmission
in the frequency range from 10 kHz to 20 MHz [10], [11].
Considering patient safety, signal transmission and transceiver
power consumption, the four data rates of 75 kbps, 150 kbps,
300 kbps, and 500 kbps were investigated in this work. The OOK
carrier frequency fcar was set one decade higher relative to the
data rate, i.e. in the range between 750 kHz and 5 MHz.

B. Electronic Prototypes

The analog parts of a CIC-based receiver (RX) and transmitter
(TX) prototype were developed in the form of two separate
evaluation boards, based on discrete electronic components.

1) Receiver: A circuit schematic of the receiver can be found
in Fig. 1. The capacitor and DC-bias resistor at both differential
inputs form a first-order high-pass filter (HPF). The cut-off
frequency of the HPF is set to 3 kHz to suppress low-frequency
physiological signals without significant impact on the high-
frequency communication signal. While the two signal paths
for processing the OOK and BB-MAN signals share the same
input and output stages, separate circuits for demodulation and
filtering have been implemented. The input stage is split up
into a low-noise amplifier (LNA), achieving a moderate gain
of 5, and a voltage-controlled variable gain amplifier (VGA),
providing up to 80 dB of gain at a fixed 3-dB bandwidth of
18 MHz (AD8338, Analog Devices, USA). The offset-nulling
feature of the VGA is activated and its inputs are AC-coupled
to suppress the propagation of the LNA offset. At a maximum
gain of 80 dB the LNA and the VGA achieve a DC-offset of
2 mV and 45 mV, respectively. The LNA and VGA together
realize a flat frequency characteristic from 10 kHz to 10 MHz,
in order to identically amplify the BB-MAN and the OOK
signals. The LNA was designed to have a relatively high input
impedance Zin = (23 kΩ ‖ 1 pF), to have a negligible impact
on the channel attenuation over the entire frequency range
used in this study [11]. Following amplification the differential
BB-MAN signal is converted to single-ended and filtered by a
second-order composite band-pass filter. Both the LPF and the
HPF of this stage, are realized in a Sallen-Key topology and the
cut-off frequencies can be selected based on the data rate.

The OOK signal is demodulated with a synchronous detector
based on a balanced modulator circuit. The sinusoidal input

signal is mixed with an amplified and band-pass filtered version
of itself, leading to a rectified waveform. The output signal is
passed through a programmable RC LPF to retrieve the baseband
waveform and to remove high frequency mixing products. The
gain of the preceding stages is chosen such that amplitudes of at
least 50 mV and 500 mV are present at the signal and carrier in-
puts of the mixer, respectively. A high carrier amplitude ensures
complete and fast switching of the mixer. The mixer noise can
consequently be minimized and, thus, has a negligible effect on
the signal-to-noise-ratio (SNR) of the communication signal.

The BPF filter in the mixer path is designed with a second-
order Sallen-Key topology and variable central frequency. The
Q-factor is fixed to a value of 3, providing sufficient out-of-band
filtering such that the switching of the mixer is not compromised
by noise and disturbances. At the same time the BPF has a fast
response time with respect to the data rate. Therefore, significant
phase shifts between the two mixer inputs are avoided, even in
case of a slight misalignment of the central frequency and fcar.

The output circuits, consisting of a programmable gain ampli-
fier (PGA) and a comparator, are shared by both signal paths, as
well. The PGA allows setting the input voltage of the comparator
to a sufficient level, guaranteeing a negligible propagation delay
compared to the data rate. The slicing comparator operates as
a 1-bit analog-to-digital converter and realizes the baseband bit
stream output. The reference voltage input of the comparator is
set to half of the two analog voltage levels representing bit 1 and
bit 0.

2) Transmitter: The transmitter is realized with the arbitrary
waveform generator (AWG) of a Handyscope HS5 (TiePie
engineering, Netherlands) combined with a custom-made dif-
ferential output driver (based on the LT1994 fully-differential
amplifier), providing a balanced signal to the TX electrodes.
For each modulation technique an individual AWG waveform
based on the same random bit sequence bn,TX and with a
resolution of 400 points per bit, was generated in MATLAB
R2020a (MathWorks, USA).

C. In-Vitro Setup

1) Electrodes: The receiver and transmitter electronics were
connected to porcine hearts using pairs of epicardial needle
electrodes. The stainless steel needles were soldered to a printed-
circuit-board (PCB). The inter-electrode distance was 15 mm.
The electrode length was 10 mm, to ensure that the needles
can penetrate the myocardium and are in contact with the blood
inside the heart chambers.

To represent a typical dual-chamber configuration, one elec-
trode PCB was sutured epicardially on the right atrium (RA) and
the right ventricle (RV), respectively (cf. Fig. 2). The electrode
distance was set between 60 mm to 70 mm, representing a
reasonable separation of two endocardial LLPMs. For each
sample, three RV electrode orientations with respect to the
fixed RA electrode were analyzed. In the 0◦ configuration the
two electrode PCBs were placed in parallel. For the other two
configurations the RV electrode was rotated by 30◦ and 60◦,
respectively, while keeping the midpoint distance to the RA
electrode constant.
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Fig. 2. Schematic (a) and photograph (b) of the setup used to measure the BER performance and the channel transfer function (see connection legend). The RX
electrodes, sutured to the right ventricle of the porcine heart located in the middle of (b), were connected to the receiver prototype PCB. The two Handyscope HS5
devices were used to generate and record the bit streams. The MFIA was used to measure the inter-electrode impedance and the transfer function.

2) Samples: The porcine heart and blood samples were ob-
tained from adult domestic pigs (weight 90-120 kg) collected
freshly at the slaughterhouse. To prevent clotting, the blood was
heparanized (5000 U/l) directly after being extracted from the
animal within 1-2 minutes after death. The experiments were
subsequently performed within the next 5-60 hours. A total of
five in-vitro samples, three without blood and two with blood
filled into the RA and RV, were measured.

D. Measurements

1) Bit Error Rate Measurement: A schematic and a pho-
tograph of the BER measurement setup are shown in Fig. 2.
At both, the transmitter and the receiver, a Handyscope HS5
device was used to generate and record the communication
signal, respectively. The laptops connected to the Handyscopes,
were battery-powered to avoid parasitic coupling through the
measurement equipment or the powerline [20], [21]. To further
minimize the parasitic coupling of the TX and RX signals
through the environment, a fully differential signal path was
used and the electrodes were connected to the transmitter and the
receiver, respectively, with coaxial cables. In addition, sensitive
signal lines on the PCBs were kept as short as possible and
shielded by ground planes/lines. The generation and propagation
of spurious common-mode (CM) signals and their conversion
into differential signals was minimized by the subsequent mea-
sures. Firstly, a balanced driver, with a minimum differential
output matching of 56 dB over the frequency range from 1 kHz
to 5 MHz, was used at the transmitter. Secondly, the parasitic
coupling capacitance between the TX and RX ground potentials
was minimized by separating the receiver and transmitter elec-
tronics as far as possible from each other. Lastly, to suppress
any remaining CM signal at the receiver, a differential input
stage with a minimum common-mode-rejection-ratio (CMRR)

of 50 dB was employed (cf. Section II-B for more details on
the prototypes). The transmitter amplitude VTX was varied to
cover a target BER range from 1e−6 to 1e−1. A sequence of one
million bits bn,RX(VTX) was recorded at the receiver for each
VTX step. The filters and the gain of the receiver were adjusted
according to the data rate fdata and the signal amplitude. For
OOK, the LPF cut-off frequency and the BPF central frequency
were adjusted to fdata and fcar, respectively. For BB-MAN,
occupying twice the bandwidth, the LPF cut-off frequency was
set to 2 · fdata.

As depicted in Fig. 3(a), BER(VTX) was determined by com-
paring the received bit-stream bn,RX(VTX) to the transmitted
bit sequence bn,TX(VTX) in post-processing. Lastly, the BER
was expressed as a function of bit-energy (i.e. BER(Ebit)), by
calculating Ebit from VTX and the transmitter inter-electrode
impedance ZRA (cf. Fig. 3(a) and Section II-E3).

2) Impedance and Transfer Function Measurement: The
inter-electrode impedance and the transfer function were mea-
sured with the MFIA impedance analyzer (Zurich Instruments,
Switzerland) in the frequency range from 1 kHz to 5 MHz.

For the transfer function measurements the MFIA was oper-
ated with differential inputs and outputs. A custom-made balun
board (PWB2010 L, Coilcraft, USA) was inserted in series with
the output to galvanically isolate the signal generator and the
spectrum analyzer of the MFIA (cf. Fig. 2(a)). Additionally, this
helped a) to minimize parasitic coupling inside and outside the
MFIA, arising due to the inevitable proximity of the TX and
RX signals and b) to suppress the propagation of unwanted CM
signals. The number of baluns and their location in the setup has
to be carefully considered, to realize an undistorted measurement
of the intracardiac attenuation. A single balun at the TX site was
used, since it has been demonstrated that such a configuration
closely matches a battery-powered measurement system with
separate transmitter and receiver units [21].
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Fig. 3. In (a) the measurement and post-processing steps to obtain the bit
error rate (BER) during the in-vitro experiments are shown. In (b) the BER
estimation procedure, based on transfer function and impedance measurements
of the intracardiac channel, is depicted.

The amplitude and phase of the transmitted signal (VTX ) and
the received signal (VRX,meas) were measured in two consec-
utive frequency sweeps. The transfer function H̃ was obtained
by

H̃ =
VRX,meas

VTX
. (2)

The MFIA input impedance and the electrode cables (UMCX)
introduced a load Zmeas = (10 MΩ ‖ 39 pF) across the RX
electrodes. The parallel combination of Zmeas (pre-dominantly
capacitive) and the RX inter-electrode impedance ZRV (mainly
resistive) forms a low-pass filter, potentially altering H̃ at
frequencies above 1 MHz. To correct for such setup-induced
loading effects, the unloaded transfer function H was calculated
from H̃ by

H =
Zmeas + ZRV

Zmeas
H̃ =

Zmeas + ZRV

Zmeas

VRX,meas

VTX
, (3)

using a Thévenin equivalent of the intracardiac channel (see
supplementary material for more details).

E. BER Estimation

An additive white Gaussian noise (AWGN) model is em-
ployed to determine the BER in simulation as shown in Fig. 3(b).
In a first step, the receiver output amplitude VRX,o(VTX) is sim-
ulated as function of the transmitter amplitude VTX based on the
channel characteristics (H , ZRA and ZRV ) measured in the in-
vitro experiments (cf. Section II-D2). In a next step, the signal-
to-noise ratio SNR(VTX) is calculated from VRX,o(VTX) and
the numerically approximated RMS noise amplitude Vno,rms.

Fig. 4. Circuit schematic used for the eye-diagram simulation, the receiver
noise analysis and the Ebit calculation.

The bit error rate BER(VTX) is subsequently obtained from
SNR(VTX) with the help of a look-up table, containing the
pre-simulated BER(SNR) values of an AWGN channel. In the
last step, the BER is expressed as a function of the bit-energy
Ebit, which is calculated based on VTX and the transmitter
inter-electrode impedance ZRA. In the following subsections
the individual steps are explained in more detail.

1) Eye Diagram Simulation: The simulation schematic
shown in Fig. 4 is implemented in Simulink 10.1 (MathWorks,
USA). On the transmitter side, the output impedance Zod of the
TX driver is included to account for loading effects introduced
by ZRA. The channel is modelled with the transfer function
obtained during the in-vitro experiments. On the receiver side,
the most critical circuits such as the input amplifier, the filters
and the OOK demodulator are considered. Depending on the
modulation scheme, the output signal of the receiver is period-
ically sampled in the middle of each bit-pulse (OOK) or each
half-bit-pulse (BB-MAN), respectively. To include the effect of
inter-symbol-interference, the vertical eye opening, produced by
a random bit sequence (length Nbit= 2500), is determined and
used for the subsequent SNR calculations. Representative eye
diagram simulation plots are shown in the Supplement for both
BB-MAN and OOK.

2) Noise Calculation: In the simulation model, noise is in-
jected at the receiver input with a power spectral density Sni(f)
(cf. Fig. 4). The RMS noise level Vno,rms at the receiver output,
required to determine the SNR, is numerically calculated by

V 2
no,rms =

∫ ∞

0

Sno(f)df, (4)

where Sno represents the output noise spectrum.
For the BB-MAN receiver, Sno can be directly obtained with

linear circuit analysis by

Sno,MAN (f) = Sni(f) ·G2 · |Hfilt(f)|2, (5)

where G is the gain of the receiver and Hfilt is the combined
transfer function of the filters following amplification.

For the OOK receiver, a flat noise density is used, which is
a valid assumption in the signal bandwidth around the carrier
frequency fcar (cf. Section II-B1). Under this assumption the
input and output noise densities of an ideal switching mixer are
identical [22]. Thus, the receiver output noise density becomes

Sno,OOK(f) = S̄ni,fcar ·G2 · |HLPF,OOK(f)|2, (6)
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where HLPF,OOK represents the baseband low-pass filter at the
output of the demodulator. S̄ni,fcar is obtained by averagingSni

over the signal bandwidth around fcar.
The input noise power spectrum Sni was obtained from

noise measurements of the receiver prototype (cf. Fig. 7(d)).
To include thermal noise from the channel, a 240 Ω resistor was
connected across the differential inputs of the receiver during
the measurement.

3) Ebit Calculation: The energy per bit Ebit, for a sequence
of N bits sent at a data rate fdata, is calculated from the
instantaneous transmitted power by

Ebit =
1

N

∫ N
fdata

0

VTX,o(t) · ITX,o(t)dt. (7)

The transmitter output voltage VTX,o(t) and current ITX,o(t)
are obtained from the eye-diagram simulation presented in the
previous subsection (cf. Fig. 4).

In the results Section, Ebit values are reported in decibels
relative to 1 Joule, obtained by

Ebit[dBJ] = 10 · log10
(
Ebit[J]

1 J

)
. (8)

4) Simulation Conditions: To directly compare the perfor-
mance of OOK and BB-MAN, the following implementation-
specific confounding factors were considered. Firstly, the input
noise density should be identical and the LPF cut-off frequencies
should be matched for the two receivers. To meet the first
condition, the receiver was designed with a white noise char-
acteristic, since for the same data rate fdata the two modulation
schemes operate at different frequencies. However, amplifier
non-idealities, as well as 1/f-noise, can lead to a deviating noise
characteristic. In addition, component tolerances and parasitic
capacitances can shift the cut-off frequencies in the LPF circuits.
Secondly, the capacitance of the RX electrode cables can alter
the signal attenuation (cf. Section II-D2). Lastly, in the OOK
receiver a first-order LPF was used, while a second-order filter
was employed in the BB-MAN receiver. Although circuit sim-
ulations during the receiver development had shown, that the
filter-order has a minor impact on the SNR, we included this
effect for completeness.

The impact of the described effects was investigated in sim-
ulation. For each measured in-vitro configuration two corre-
sponding BER simulations, one with effective and one with
equalized receiver parameters, were performed. For the effective
simulations, the noise and LPF characteristics, as measured on
the receiver prototype, were used. The equalized simulations
employed a white noise characteristic and a second-order LPF
with cut-off frequencies precisely matched to fdata for both
modulation schemes. In contrast to the effective simulations,
the transfer function correction not only included the MFIA,
but also the RX cables, since in future miniaturized electronics
cabling could be minimized (cf. Section II-D2).

F. Performance Evaluation

1) Fitting BER Vs.Ebit Data: For each in-vitro configuration
a separate BER vs. Ebit curve was obtained in measurement and
simulation. To get a statistical representation, an averaged curve

was fitted to all available data points at the same modulation
scheme and data rate (see supplementary material for more
details).

2) Averaging Ebit Data: The minimum required Ebit to
achieve a target BER = 1e−4 was extracted individually from
the BER vs. Ebit characteristic of each in-vitro configuration.
The median and interquartile range (IQR) were then calculated
over all configurations sharing the same modulation scheme and
data rate.

III. RESULTS

The raw data of the results presented in this Section are
available online on the IEEE DataPort platform [23].

A. CIC-Channel Measurements

A total of 15 separate transfer functions, RA and RV
impedance measurements were taken from 5 porcine hearts at
three different RV electrode orientations of 0◦, 30◦ and 60◦.

1) Transfer Function: In Fig. 5(a) the median channel atten-
uation |H(f)| is shown for hearts with and without blood. The
frequency behavior in the range from 1 kHz to 5 MHz was similar
for the two sample types. In Fig. 5(b) the median |H(f)| for the
three RV electrode orientations of 0◦, 30◦ and 60◦ is depicted.
For 0◦ and 30◦ the attenuation levels were almost identical. In
contrast, a 1-2 dB higher attenuation was observed for 60◦ as
compared to 0◦ and 30◦.

2) Inter-Electrode Impedance: In Fig. 5(c) and (d) the me-
dian inter-electrode impedances (|ZRA| and |ZRV |) are shown
for the two groups of samples with and without blood. The
impedance decreased with frequency, independent of the elec-
trode position and whether blood was added.

B. Bit Error Rate

Each of the five in-vitro samples was measured at the four
data rates at an RV electrode orientation of 0◦. At RV electrode
orientations of 30◦ and 60◦, additional measurements were per-
formed at 150 kbps and 500 kbps.

1) BER Vs. Ebit: In Fig. 6 the BER as a function of Ebit

is shown separately for BB-MAN and OOK at different data
rates. Both BB-MAN and OOK showed similar BER vs. Ebit

characteristics over the entire data rate range. The mean BER
decreased by 2 orders of magnitude for an increase of Ebit by
4-6 dB. Depending on the data rate and modulation scheme,
the measurements showed a mean offset between -1 dB to 3 dB
along the Ebit axis.

2) Ebit Vs. Data Rate: In Fig. 7(a) and (b) the median and
IQR of the minimum required Ebit, to achieve a target BER of
1e−4, are shown for BB-MAN and OOK, respectively.

For the BB-MAN measurements a median Ebit in the range
from -115 dBJ to -113 dBJ (3-5 pJ) was obtained and no clear
trend with data rate could be observed. The simulations predicted
no frequency dependence for the effective receiver and a 2 dB
increase from 75-500 kbps under equalized conditions. In the
simulation the target BER was achieved with 1-2 dB (effective)
and 2-4 dB (equalized) lower Ebit values compared to the
measurements.
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Fig. 5. Channel characteristics observed during in-vitro experiments. The median attenuation and interquartile range (IQR) for different (a) channel types and
(b) RV electrode orientations are shown as function of the frequency. The median and IQR of the impedance magnitude are shown for the RA (c) and the RV
(d) electrodes.

Fig. 6. Bit error rate (BER) vs. energy per bit (Ebit) performance of the prototype dual-chamber LLPM for (a)-(d) BB-MAN and (e)-(h) OOK modulation. Four
different data rates of 75 kbps (a, e), 150 kbps (b, f), 300 kbps (c, g), and 500 kbps (d, h) were measured.

Fig. 7. Minimum required bit-energy (Ebit) to achieve a bit error rate (BER)
of 1e−4 for (a) BB-MAN and (b) OOK. In (c) the Ebit ratio between OOK and
BB-MAN at the same target BER = 1e−4 is shown. In (d) the measured and
the idealized receiver input noise density are shown, which were used for the
effective and equalized simulations, respectively.

For OOK the median Ebit, obtained in the measurements,
was between -112 dBJ and -108.5 dBJ (6-14 pJ), increasing
by 3 dB at 500 kbps compared to the lower data rates. The
simulations of the effective receiver predicted a 5 dB increase
from 150-500 kbps. The simulations of the equalized receiver
showed a reduced dependence of Ebit on data rate, increasing
by only 2.5 dB from 75-500 kbps. The target BER was achieved
with 0-2.5 dB (effective) and 2.5-5 dB (equalized) lower Ebit

values, when comparing the simulations to the measurements.
3) Modulation Scheme Comparison: In Fig. 7(c) the median

and IQR of the Ebit ratio between OOK and BB-MAN at a
target BER = 1e−4 are shown as a function of the data rate. In
the measurements a 2-4.5 dB higher bit-energy was required for
OOK compared to BB-MAN, with the performance difference
increasing at higher data rates. A similar characteristic was
observed in the simulations of the effective receiver, showing
a monotonic increase of the Ebit ratio from 1.5 dB to 6 dB
from 75-500 kbps. The simulations under equalized conditions
predicted a comparable performance of the two modulation tech-
niques at 75 kbps and a performance advantage for BB-MAN
of 1-2 dB for data rates from 150-500 kbps.

Fig. 7(d) shows the measured input-referred noise densitySni

of the receiver prototype, which has been used as an input for



426 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 16, NO. 3, JUNE 2022

TABLE I
PERFORMANCE COMPARISON WITH PREVIOUS CONDUCTIVE INTRABODY COMMUNICATION PROTOTYPES

a At 1 MHz.b
b PTX = NbitEbitfHR, for Nbit = 100 bits transmitted per heart cycle at an average heart rate of fHR = 60 beats per minute and tmessage =

Nbit
fdatac Calculated based on typical data sheet values of the components shown in the circuit schematic provided in [12].

d For a supply voltage of VDD = 5 V.
e Only contribution of the TX driver.

the effective BER simulations. The flat noise density, used for
the equalized simulations, is also shown for comparison.

IV. DISCUSSION

This study found that reliable intracardiac communication is
feasible at very low Ebit levels, using simple modulation tech-
niques. With an optimized receiver design a BER = 1e−4 was
achieved, under realistic channel conditions, with a median Ebit

in the range of 3-16 pJ for data rates from 75-500 kbps. A good
agreement between the BER measurements and simulations was
found. These results suggest that the BER vs. Ebit performance
is well predicted by the presented system model, which considers
the attenuation and the impedance of the intracardiac channel,
as well as noise arising from the receiver electronics and the
cardiac tissue.

A. Implications for CIC-Transceiver Design

1) Power Consumption Budget: A future dual-chamber
LLPM could potentially achieve AV-sequential pacing by ex-
changing less than 100 synchronization bits per heart beat [9].
Under this assumption, the presented system would achieve
an average transmitted power PTX < 1 nW, for a data rate
of 150 kbps assuming a typical average heart rate of 60 bpm.
These results indicate that for a miniaturized transceiver with
comparable performance, there is a considerable margin to in-
crease the transmitter amplitude VTX (and thus PTX ) compared
to the values used in this work without significantly affecting
the overall 2-5 µW power consumption of a LLPM. This is
promising for two reasons. Firstly, this may guarantee reliable

communication even in the case of time-dependent signal atten-
uation and long-term drift of channel properties, which have to
be expected in a living beating heart [10], [12], [24]. Specifically,
in-vivo experiments on porcine hearts have found variations in
attenuation as high as ±5 dB at 1 MHz relative to the time
average [10], [12]. Therefore, the reported values for PTX and
Ebit, which were measured under stationary conditions, would
need to be increased by up to a factor of 5 dB to guarantee
similar communication performance in a beating heart. Sec-
ondly, a larger VTX , for a given channel attenuation, allows to
increase the receiver noise level, while keeping the SNR and the
BER constant. This is beneficial, since in sensitive receivers a
significant part of the power consumption is devoted to achieve
the low noise performance.

Ultimately, a power-efficient transceiver should minimize
the total power consumption Ptot, which is the sum of the
transmitted power PTX and the circuit power consumption Pcir

(cf. equation (1)). In addition, to maximize the longevity of a
dual-chamber LLPM, i.e. the time period until either of the two
devices needs to be replaced due to battery depletion, the power
consumption of the atrial and the ventricular device should ide-
ally be matched. The presented system model can help to achieve
both of these goals, during the design of future power-optimized
transceivers, as it provides an accurate estimation for PTX as
function of the most important system parameters.

2) Modulation Scheme Selection: For all listed prototypes in
Table I, the power consumption of the transceiver electronics
Pcir exceeds the transmitted power PTX by orders of magni-
tude, since for LLPM synchronization only a small amount of
bits need to be communicated per heart cycle. In addition, the
presented receiver, as well as the ones in Refs. [9] and [12], have a
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power consumption (Pcir > 150mW) that significantly exceeds
the power budget of a LLPM, due to their implementation based
on discrete components. Therefore, future work should focus on
minimizing Pcir, by integrating the electronics on a single chip.
Results from recent integrated receivers for intra-body commu-
nication indicate the potential power consumption savings of
miniaturization. Specifically, in Refs. [15] and [25], shown in ta-
ble I for comparison, similarEbit performance was achieved, for
comparable channel conditions and communication parameters,
at a power consumption in the order of a few tens of microwatts.

To minimize Pcir, the selection of the modulation scheme
should also be carefully considered. This study suggests that
BB-MAN and OOK are promising candidates for reducingPcir,
since good communication performance was achieved and the
corresponding transceivers can be implemented with a minimal
amount of circuit blocks. Modulation schemes such as PPM or
CIS, which could be more suitable forPTX -limited systems, but
also increase circuit complexity and bandwidth requirements,
may not represent a power-efficient choice.

We observed a 2-6 dB performance advantage for BB-MAN
over OOK modulation. The difference increased with higher
data rates in both, the measurements and the effective re-
ceiver simulations (cf. Fig. 7(c)). Additional simulations with
equalized receiver parameters were performed to eliminate
implementation-specific confounding factors such as non-flat
noise characteristics, RX cable capacitance and LPF mismatch.
Based on these results, the data rate dependence of the effective
Ebit ratio, is most probably explained by the increase of the
receiver input noise density above 1.5 MHz (cf. Fig. 7(d)).
The increased noise density manifests as an SNR reduction of
the OOK signal at 300-500 kbps and a corresponding increase
in the Ebit ratio. The remaining performance advantage for
BB-MAN, of 1-2 dB above 75 kbps, can be explained by
the frequency characteristics of the communication channel.
The relatively flat transfer functions do not strongly favor either
of the two modulation techniques (cf. Fig. 5(a)). However, the
lower impedance of myocardial tissue and blood for higher
frequencies (cf. Fig. 5(c)), increases the transmitter current (and
thus Ebit) for OOK due to the higher communication frequency
as compared to BB-MAN. A baseband approach such as BB-
MAN may therefore be favored over OOK, since the perfor-
mance advantage inEbit increases the available power budget of
the electronics. In addition, it is expected that a baseband system
can further reduce power consumption, since no (de)modulation
circuits are necessary and the required bandwidth will be smaller
for an anticipated data rate.

3) Impact of 1/f-Noise: The receiver has a 1/f-noise charac-
teristic (below ∼16 kHz) affecting the BB-MAN signal, which
extends to frequencies as low as 1 kHz. The impact of different
receiver noise characteristics on the bit-energy (Ebit) was ana-
lyzed in simulation (cf. Section II-E4). As shown in Fig. 7(a),
the Ebit results for BB-MAN were increased by 0.4-2 dB, due
to the effect of 1/f-noise, compared to a receiver with a pure
white noise characteristic. The largest effect was observed at
the smallest data rate of 75 kbps, since the relative contribution
of the 1/f-noise to the total RMS noise power increases, if the
overall bandwidth decreases. However, for a custom-designed

receiver, using a CMOS input amplifier with an active current
consumption in the order of a few tens of micro-amperes, the
1/f-corner frequency may be reduced below 10 kHz [26], [27].
Thus, the effect of 1/f-noise on CIC performance can most
probably be minimized for data rates above 50-100 kbps with
an optimized receiver design.

B. Selection of Communication Parameters

1) Safety of CIC: To avoid accidental pacing, the half-waves
of the sinusoidal carrier (OOK) and the bit-pulses (BB-MAN)
need to be below the myocardial capture threshold, which, for
LLPMs, is typically in the range of 240 µs at an amplitude
of ∼0.5 V [28]. In this work, a maximum unipolar pulse du-
ration of <20 µs and transmitter amplitude of <0.2 V were
used. Considering Lapique’s equation and typical chronaxie and
rheobase values, the expected capture threshold is above 3 V for a
20 µs rectangular pulse, [29]. Consequently, CIC seems feasible
without invoking myocardial capture assuming a data rate above
50 kbps and a carrier frequency above 40 kHz.

2) CIC-Channel Properties: The minimum Ebit for a
BER = 1e−4 increased moderately with the data rate. This can
be explained by the decrease of the transmitter inter-electrode
impedance with increased frequency. As this trend is small,
the selection of the optimal communication frequency and data
rate should not be purely driven by the channel properties, but
include electronic design considerations, as well. In terms of
the transceiver a trade-off for increasing the data rate has to be
made: On the one hand, an increase shortens the duration of a
communication message tmessage, allowing to decrease the av-
erage electronic power consumption, since the total active time
can be reduced. On the other hand, the transceiver needs to have
a larger bandwidth, most probably increasing the instantaneous
power consumption.

C. Variation of Channel Attenuation

We observed identical attenuation as function of the frequency
for the three RV electrode orientations. In addition, the absolute
level of attenuation was similar for 0◦ and 30◦ and increased
slightly for 60◦. These results agree with recent simulations,
which reported a small variation of the attenuation for angles up
to 60◦ and a steep increase for even larger angles [10]. A low
attenuation variation with relative orientation of the transmitter
and receiver is beneficial for the dual-chamber LLPM due to
two reasons. Firstly, it is challenging to implant a device at
a precise location with a pre-specified orientation due to the
limited maneuverability of catheter-based implantation tools.
Secondly, patient anatomy and the pacing threshold also play
an important role in the selection of a suitable implantation site.
Furthermore, the attenuation is less sensitive to the angle than
time-dependent variations, which are on the order of ±5 dB
as previously discussed (cf. IV-A1). In conclusion, moderate
angles between the two LLPMs, should not significantly impede
the system design. In any case, channel altering attenuation due
to variations in device distance, channel properties, as well as
time-dependence due to the cardiac cycle and long-term drift,
have to be considered.
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D. Future Work

Future work should focus on reducing the circuit power
consumption by integrating the transceiver electronics into an
ASIC. A detailed analysis of duty-cycled transceiver operation
on pacing performance will be crucial, to minimize the active
time and thus to reduce the average power consumption at the
system level. The authors are currently working on a low-power
CIC-transceiver ASIC based on the presented prototypes. This
will allow to validate the results of this study in a realistic in-vivo
setting, by incorporating the electronics in a fully-implantable
LLPM prototype.

V. LIMITATIONS

The usage of porcine in-vitro samples extracted after death is
a limitation of this work. However, the time-averaged channel
characteristics, measured in earlier in-vivo experiments, are
similar to the results obtained during the in-vitro experiments
of this and previous work [10], [11]. In addition, the channel
parameters were constant over time due to the non-beating heart.
The time-variation of attenuation, however, is considered to
not fundamentally change the findings of this study, as cardiac
motion happens on a much slower time scale compared to the
data rates considered here. Moreover, in a typical dual-chamber
operation the communication window would take place at a
relatively fixed time point relative to the cardiac cycle. Based
on this consideration, it is expected that the variation over time
is significantly low and not prohibitive.

Potential disturbances due to the intrinsic electrical signals
of the heart could not be studied. However, signals from car-
diac activity have dominant energy contents at frequencies far
below 100 Hz, falling outside the investigated communication
bandwidth from 10 kHz to 5 MHz. In addition, the receiver
prototype included multiple high-pass filter stages designed to
reduce physiological signals to negligible levels. The experi-
ments used symmetric epicardial needle electrodes with simul-
taneous contact to myocardium and blood, while commercial
LLPMs feature tip and ring electrodes, which are predominantly
in contact with either tissue or blood, respectively. In addition,
the electrode arrangement was simplified compared to the pos-
sible relative orientations of two endocardial LLPMs in three
spatial dimensions. However, these differences are unlikely to
significantly modify the BER results, since the attenuation and
impedance measurements were in good agreement with previous
in-vivo experiments using more realistic endocardial LLPM cap-
sules [11]. Furthermore, endocardial experiments would have
required miniaturized electronics, which were beyond the scope
of this study. However, further work is planned to develop an
integrated transceiver (cf. Section IV-D).

VI. CONCLUSION

A model for estimation of the BER as function of the most
important system parameters was validated during in-vitro ex-
periments and could serve as a basis for the design of future
power-optimized transceivers. Reliable LLPM synchronization
is feasible at very low transmitted power, given that only a few

bits will need to be exchanged per cardiac cycle in a typical
clinical setting. The power consumption of the synchronization
process is most likely dominated by the electronics, even for a
future miniaturized transceiver. Therefore, simple modulation
techniques such as baseband transmission with Manchester
encoding or On-Off-Keying, which can be implemented with
minimal hardware resources, seem to be preferable in a future
power-optimized transceiver. Ultimately, a baseband communi-
cation approach might be favored over OOK, due to the more
efficient cardiac signal transmission and reduced transceiver
complexity.
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