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Abstract—Real-time sensory recording of the musculoskeletal
system function is an important tool for the diagnosis, treatment
planning, and optimal treatment execution of diseases, such as
Parkinson’s disease and osteoarthritis. This article presents a new
wireless joint communication and localization electromyography
(EMG)-sensing concept. An on-body sensor beacon measures EMG
signals and wirelessly transmits them. At the same time, the spatial
position and movement of the beacon is determined with high
precision in real time using these transmitted radio signals. The
seamless integration of multiple sensors avoids the need to syn-
chronize and individually set up multiple independently operating
sensors. An outstanding feature of the radio localization approach
is that it does not require proprietary ultra-wideband signals or
complicated time synchronization protocols, allowing for small
and energy-efficient implementation. To demonstrate this novel
concept, a wireless 3D-localizable EMG sensor was developed and
experimentally evaluated. This new type of sensing concept allows,
for the first time, the time-synchronous measurement of muscle
activity and the underlying movement of the associated body
part.

Index Terms—Array signal processing, EMG, localization, radar
tracking, radio communication.
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I. INTRODUCTION

MOVEMENT disorders such as Parkinson’s disease and
osteoarthritis are some of the most common age-related

diseases worldwide. These diseases are associated with signifi-
cant disability and morbidity [1], [2]. For an effective treatment
of these disorders, early and accurate diagnosis is crucial. Ac-
cording to [3], classical 3D-gait analysis is the state-of-the-art
in clinical environments to determine the pathological degree of
movement restriction, monitor the related progression over time,
and assess the impact of prevention and rehabilitation measures.
Thereby, apart from visual inspection, suitable sensor concepts
are required to provide additional sensory data and quantitative
measures. To analyze gait patterns, motion capture systems are
necessary. Diagnostic systems currently in use are based on
inertial measurement units (IMUs) [4], [5], [6], [7] or optical
systems [8], [9], [10], [11]. The combination of classical 3D-gait
analysis with additional information about the muscle activity
and their temporal behavior collected by a synchronized EMG
sensor enables the determination of muscle activation or fatigue
information in specific gait phases. This leads to a novel powerful
tool that is able to obtain patient-specific gait pattern models with
unique information about the causality of gait alteration [12].
From a clinical viewpoint, this enables physicians to draw a
comprehensive picture of symptoms for diagnostic purposes and
clinical decision-making by using them over a longer period
of time in real-life scenarios. In neurodegenerative disorders
such as Parkinson’s disease, motion tracking and EMG devices
are considered to be used for monitoring therapy response and
motor fluctuations as well as for improving rehabilitation in-
terventions [13]. In particular, it is known that the combination
of kinematic and EMG measures provides detailed clinically
meaningful outcomes for gait analysis in neurological popula-
tions [14]. To reduce the application complexity and setup times
in everyday medical practice, the corresponding sensor systems
should enable continuous monitoring, be easy to use, and be
able to monitor common movements in a natural, non-disturbing
real-world setting. The sensors should also be small, lightweight,
and connected wirelessly while being powered by a battery or
via energy harvesting to ensure complete freedom of movement.

© 2023 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-0308-0689
https://orcid.org/0009-0003-9348-0487
https://orcid.org/0000-0003-1689-0960
https://orcid.org/0000-0002-0892-9944
https://orcid.org/0000-0002-6420-4884
https://orcid.org/0000-0001-9113-9531
https://orcid.org/0000-0002-3131-1800
https://orcid.org/0000-0003-2037-9460
https://orcid.org/0000-0003-0630-9204
https://orcid.org/0000-0002-0417-0336
https://orcid.org/0000-0002-8369-345X
mailto:stefan.brueckner@fau.de
mailto:jasmin.kolpak@fau.de
mailto:jasmin.kolpak@fau.de
mailto:fabian.michler@fau.de
mailto:nikita.shanin@fau.de
mailto:robert.schober@fau.de
mailto:robert.weigel@fau.de
mailto:martin.vossiek@fau.de
mailto:amelie.hagelauer@emft.fraunhofer.de
mailto:heiko.gassner@uk-erlangen.de
mailto:juergen.winkler@uk-erlangen.de
mailto:bjoern.eskofier@fau.de


BRÜCKNER et al.: WIRELESS JOINT COMMUNICATION AND LOCALIZATION EMG-SENSING CONCEPT FOR MOVEMENT DISORDER ASSESSMENT 441

A motion-capturing setup that combines IMU data with data
recorded by a Bluetooth EMG sensor was investigated in [15].
While being positively validated, the problem of drift concerning
the IMU remains a huge problem [16], [17]. As shown in [4],
skeleton models help to partially solve these problems, but
multiple body parameters are necessary for posture estimation.
Incorrect or inaccurate parameters strongly influences the posi-
tion estimation, making IMU systems questionable for precise
medical analysis [18], [19]. More robust results are achieved
by combining EMG with optical motion-tracking systems for
absolute positioning. However, the large setup effort for the
markers and sensors, the need for free skin or tight clothes,
and high costs inhibit the practical usability of such systems. To
overcome the above limitations, classical localization techniques
using the already available radio frequency (RF) signals not
only for data transmission but also for motion tracking are quite
promising. However, vast effort has to be made, to avoid the
interference between data transmission and the localization [20],
[21], [22]. This becomes even more challenging for wireless
multi-sensor systems, where the sensors share a single frequency
band, where a tight timing protocol has to be implemented
and sensors have to be synchronized between each other. The
contribution of this publication is the introduction of a novel
EMG-sensing concept, where a sensor transmits the captured
data wirelessly and without restrictions on modulation while
being absolutely localized in 3D using the same signal, as well
as the description and validation of a proof-of-concept hardware
setup. The developed concept enables an easy to set up and
use, cost-effective, and reliable diagnostic tool for gait analysis
which does not need a manual synchronization of the captured
data.

The proposed system concept with an explanation of its ben-
efits is presented in Section II. The hardware implementation of
the localizable sensor is described in Section III, followed by the
presentation of the receiver hardware and localization algorithm
in Section IV. The experimental verification of this concept is
presented in Section V, concluded by final remarks and outlook
in Section VI.

II. PROPOSED SYSTEM CONCEPT

As discussed in Section I, a diagnostic system using RF
localization offers several advantages and results in a better
usability in terms of setup and use for the assessor as well as
the patient compared to the traditional methods with an EMG
and IMU or optical system combination. Thereby, a joint RF
communication and localization system is preferable, where an
on-body hardware, here referred to as beacon, measures the
EMG signals and, at simultaneously operates as a node that is
localized by multiple base stations for gait or body movement
analysis. This approach must overcome various specific chal-
lenges, such as tracking 12 key points, three for each extremity
of the patient, simultaneously performing gait analysis and, at
the same time, recording and processing multiple EMG signals.
The general key requirements of the overall system derived from
these challenges are as follows:

1) Synchronization of EMG data with position details:
As stated, the combination of motion tracking and EMG
provides great benefits for diagnosis and therapy response.
However a precise temporal linking between muscle stim-
ulation (EMG) and muscle movement (motion tracking)
is required for a meaningful gait analysis [14]. As an
example, [23] evaluates the EMG signals directly before
a freezing caused by Parkinson’s disease occurs. Also,
the muscle activation timing in relation to the gait cycle
in [24] requires precise synchronization between the mea-
surement devices, which either has to be done manually
or desirably automated.

2) Small size and low complexity of the transmitter:
The goal is to evaluate human motion and, particularly,
whether there is a deficit. As a result, the beacon must not
affect the motion itself, even if it is worn over a period of
time in an everyday environment, and therefore, needs to
be small in the first place. Considering its power supply,
a wireless solution is strongly preferred to a wired one
since cables severely influence and restrict natural motion
sequences and impose a large overhead when attaching
the system. Therefore, one key aspect regarding the size
is the utilized battery. To keep the battery as small as
possible, a low power consumption achieved by appro-
priate hardware and software design is necessary. This
leads to the requirement of low computational effort in
the beacons and sleep times between the EMG-sampling
phases. In addition, an efficient antenna design needs to be
considered. In particular, ultra-wideband (UWB) antennas
are often sized multiples of wavelengths, which inhibits a
compact beacon design.

3) Synchronized position estimation for each beacon: For
assigning different gait cycles, as well as the whole body
posture, multiple beacons have to be considered in regard
to each other. For fast-paced movements, even small time
delays impose errors in posture determination.

4) High accuracy of the localization itself: Just as temporal
errors strongly influence the posture evaluation, a spatial
accuracy of at most a few centimeters is necessary to assign
the correct pose.

The most obvious approach for meeting these requirements
is based on a localization with the evaluation of distance infor-
mation between a beacon and multiple receivers, such as time
difference of arrival (TDOA) or round trip time of flight (RTOF).
However, several drawbacks make this solution far from ideal:
The localization requires the beacons to transmit predefined
signals that can be evaluated by the receivers to obtain distance
information. Consequently, the localization signal needs to have
a specific shape, e.g. frequency-modulated continuous-wave
(FMCW) or UWB pulses. These specific-shaped signals are
difficult for data transmission, and thus for precise localization,
a second system would be required for the communication,
which would then have to be synchronized with the posi-
tion information. Furthermore, localization with high accuracy
requires broadband signals associated with comparatively
complex antenna structures. Additionally, the need to locate
multiple beacons at the same time leads to interfering signals.
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Fig. 1. Proposed sensor setup consisting of multiple beacons, attached to the
human body, transmitting captured EMG data as well as multiple base stations
coherently converting the RF signal to a baseband signal. A central processing
unit divides the baseband signal into multiple frequency channels to separate
the beacons’ signals and calculate the corresponding position and EMG data for
each beacon.

In turn, this requires a complex transmission protocol with
time-division multiple access (TDMA) to enable information
reception at each beacon which makes the system design even
more complex. However, then, the position information may
still not be recorded simultaneously, which compromises its
suitability of such systems for gait analysis.

To meet the above requirements, the proposed concept shown
in Fig. 1 uses the same RF signal for data transmission and
localization without interference. Therefore, the beacons are
implemented combining an EMG sensor and an RF transmitter
employing conventional low-bandwidth modulation schemes
on a single RF carrier to send data to multiple base stations.
These base stations are distributed around the capturing area and
consist of spatially distributed antennas that all coherently re-
ceive and mix the beacons’ signals to an intermediate frequency
(IF), which is then digitized and sent to the central processing
unit. For low-bandwidth modulation, each beacon uses its own
frequency band, and the signals of all beacons are transmitted
simultaneously and separated at the central processing unit by
bandpass filters. In contrast to typical localization approaches,
here, the concept of phase difference of arrival (PDOA) is applied

Fig. 2. Hardware overview of the beacon consisting of the low-frequency parts
in green: analog front-end, which capture the EMG signal through two electrodes
and amplifies it in order to be digitized in the following analog digital converter
and processed by the microcontroller. The RF parts, i.e. the 24 GHz oscillator
and the following modulator, which is driven by the microcontroller, are shown
in blue. The power is supplied by a battery, depicted in gray.

to the spatially distributed antennas at the base stations. Utilizing
a Holographic Extended Kalman Filter (HEKF), recently intro-
duced by the authors in [25], [26], the beacons are localized
by using the same RF signal as for data transmission. To this
end, the HEKF recursively evaluats the relative phase of the
RF signal by an Extended Kalman Filter (EKF). As shown
in [27], the resulting localization accuracy is not dependent on
the bandwidth, as in conventional runtime-based localization
schemes, but is determined by the size of the apertures with
regard to the beacon-base station distance. This makes the HEKF
a perfect candidate for precise indoor localization. By using the
same signal for communication and localization, the received
data is inherently synchronized with the position information,
which is a great benefit over traditional measurement approaches
with multiple different systems, where manual synchonization
is necessary. By using narrowband signals, the separation of the
different beacon signals does not have to be done in the time
domain, but frequency-division multiple acess (FDMA) can be
used for separation. Each beacon can continuously transmit the
acquired data in real time or with a small predictable delay.
Therefore, on the one hand, a direct time link between the
EMG and position data of the beacon is achieved. On the other
hand, this continuous transmission enables the HEKF to track all
beacons simultaneously in a time-coherent manner. Finally, as
the implemented beacons can transmit the captured data directly,
they do not require any form of synchronization, which yields
low computational effort on the beacon side. Thus, by elim-
inating inefficient broadband modulation, an energy-efficient
beacon can be built using only a small battery and a small
antenna. Overall, in contrast to traditional approaches or other
RF-solutions,this concept meets the above requirements, and
thus, represents a promising solution for gait analysis with
combined EMG sensing.

III. BEACON IMPLEMENTATION

In this work, a non-miniaturized demonstrator of the beacon
was constructed. Although this demonstrator does not yet meet
the requirements for a sophisticated medical device due to the
high power consumption and large size, it still serves as a
prototype to validate the concept and its claimed benefits. The
related block diagram is shown in Fig. 2. The sensory part of the
beacon consists of a single-channel surface electromyography
(sEMG) block with electrodes, an analog front-end (AFE), and
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Fig. 3. Block diagram of the sEMG sensor including two AC- coupled elec-
trodes, instrumentation amplifier, feedback path with low-pass filter, as well as
a high-pass and low-pass filter and variable gain amplifier to optimize the gain
for analog-digital conversion.

an analog-digital-converter (ADC). For wireless data transmis-
sion, an RF transmitter is realized by using an oscillator with
a phase-locked loop (PLL), a modulator, and an antenna. The
data pre-processing and encoding as well as the modulation of
the RF signal are performed by a low-power microcontroller.

While most of the EMG sensor topologies reported in the
literature [28], [29], [30], [31] are based on a third electrode
that serves as a reference to the human body, the sEMG sensor
used in this setup requires only two electrodes for measuring the
potential difference between two points on a muscle to keep the
sensor as small and simple as possible for the end user.

For sEMG signals, the relevant differential voltage amplitudes
detectable on the skin surface are in the range between a few
µV and 5–6 mV [31]. These analog voltages must then be
digitized to process information and transmit data to the base
station. Therefore, an ADC is necessary, which usually samples
analog signals in the order of a few volts. Hence, the recorded
weak sEMG signal must first be amplified by the AFE to fit
the input range of the ADC,i.e., with gain factors of 100 to
2000 [31]. Since the relevant information content of sEMG
signals lies in the frequency range between 0 Hz and 500 Hz, the
strong interference caused by the power line at the frequency of
50/60 Hz is the most challenging issue for the implementation
of the AFE [32]. This also applies to battery-powered devices,
especially in the absence of a reference electrode. The concept
of the realized AFE is shown in Fig. 3. In the proposed setup,
adhesive silver-/silver-chloride (Ag/AgCl) electrodes with a
recording diameter of 4 mm are used to connect the beacon to the
proband. From an electrical perspective, the resulting interface
between the electrodes and the human skin corresponds to a
complex impedance in the range of hundreds of kΩ to 1 MΩ [33],
thus forming a voltage divider with the input impedance of the
following amplifier. To avoid an additional attenuation of the al-
ready weak sEMG signal, the optimal amplifier input impedance
according to [33], [34] is in the range of 100–1000 MΩ.

Together with the requirement of a common-mode rejection
ratio (CMRR) higher than 100 dB at 50/60 Hz related to power
line interference caused by parasitic coupling effects between the
mains and the human being leads to the use of an instrumentation
amplifier (INA) as a subsequent pre-amplification stage [34]. To
suppress DC offset voltages resulting from polarization effects

Fig. 4. 24-GHz low-cost modulator, consisting of SPDT-RF switch, alternat-
ing the signal between a microstrip line and attenuator, as well as a combiner.

of the electrodes, the input signals captured by the electrodes
are AC-coupled by the series capacitors CAC,p/n in Fig. 3. The
pre-amplified signal is then filtered due to the limited EMG
content of interest, as mentioned earlier. Therefore, an active
second-order high-pass filter with a 3 dB cutoff frequency of
7 Hz and a passive second-order low-pass filter with a 3 dB
cutoff frequency of 500 Hz are implemented. In case of internally
generated noise and DC offset voltages, an analog integrator
with low-pass behavior connected to the reference input of the
INA is realized, which functions as an additional high-pass
filter to the pre-amplified signal. Due to the wide sEMG input
voltage range of 10 µV to 10 mV, depending on the muscle of
interest and the anatomical constitution of the subject, a second
amplification stage with variable gain is necessary: the VGA.
With the proposed AFE topology, the total gain factors between
46 dB and 98 dB are possible. Once converted into the digital
domain by a 12-bit ADC, the upper eight bits of this digitized
data are then processed by a microcontroller, which cashes
multiple EMG samples, performs error correction coding, and
adds an M-sequence for synchronization with the receiver. Each
single transmission transfers 30 uncompressed EMG samples.
For error correction, a Reed-Solomon implementation, namely
RS(36,6), is used, i.e. for every 30 data bytes, an additional six
redundancy bytes are calculated. This allows for the correction
of up to three bit errors and detection of up to six bit errors [35].
Additionally, the first 32 bits are reserved for an M-sequence,
resulting in 320 bits for each transmission, which are sent at the
data rate of 50 kbit/s. To transmit this data, a continous-wave
(CW) source is modulated with a switchable attenuator. The
24-GHz CW signal is generated by an oscillator, which is
controlled by a PLL referenced by a quartz crystal. For the
modulator, a single pole double throw (SPDT)-RF switch is used,
which is digitally controlled by the microcontroller. Depending
on the switch position, the signal is guided through a −10 dB
attenuator or a microstrip line. Both are combined again with
a power splitter/combiner, resulting in a binary amplitude shift
keying (ASK) modulation scheme. The realized modulator is
shown in Fig. 4. Compared to state-of-the-art modulators using
an I/Q-mixer, this design stands out through its ease of imple-
mentation and low hardware complexity, which makes it suitable
for low-cost sensors. One disadvantage of this scheme is its low
spectral efficiency because of the binary-ASK modulation. In
Fig. 5, the signal in one transmission block is shown.
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Fig. 5. View of the transmitted signal with 24 GHz carrier frequency and
2-ASK modulation. The first 32 bits are an M-sequence to find the beginning of
a transmission, followed by 288 data bits, encoded in a RS(36,6) implementation.
A detailed view is presented for one 0-1 transmission.

Finally, a patch antenna is used for transmitting the signal. A
two-cell battery powers the AFE, ADC, microcontroller, and
oscillator. The total power consumption is 1.3 W, which is
not yet a concern as this is a proof-of-concept. The individual
components are connected through a baseboard and housed in a
3D-printed case for mounting on a participant for evaluation. In
Fig. 6, an exploded view of the realized beacon is shown.

IV. BASE STATIONS AND WIRELESS LOCALIZATION

To receive the data and localize the beacon, multiple base
stations are distributed around the capture area to cover the
beacon from at least two angles. Each receiver generates its own
local clock, and thus, only a coarse synchronization between
the receivers and no synchronization between the beacons and
the receivers is necessary. The aperture consists of multiple
antennas arranged to enable unambiguous position-dependent
phase information of closely spaced antennas, as well as it-
eratively larger antenna distances to improve accuracy while
retaining unambiguity, as explained in [26]. For each antenna,
the receiving signal is mixed coherently at the base station
to a complex valued IF signal, followed by a low-pass filter
for mirror-frequency suppression and anti aliasing. An ADC
digitizes the signal, which is then sent over Ethernet to the
central processing unit. The separation of different beacons is
then digitally performed by using bandpass filters.

For data recovery, the envelope of the digital IF signal is
calculated and a cross-correlation with an M-sequence is per-
formed to find the precise start of a data transmission. Now,
with the predefined symbol-rate, each bit can be determined. A
Reed-Solomon decoder is implemented to correct bit errors in

Fig. 6. Exploded view of the prototype sensor, comprising of a case with a
patch antenna and four optical markers, the center point of which coincides with
the antenna position, a 24-GHz oscillator, an EMG sensor, a microcontroller, a
battery, and a modulator, as well as a baseboard, and a bottom case with mounting
holes.

the transmission. Finally, a local timestamp is added to the data
to precisely link it to the localization information.

For localization, the IF signals of one beacon at each receiv-
ing channel are cross-correlated with each other. This yields a
position-dependent phase, which is then evaluated in the HEKF.
Compared to a conventional angle of arrival (AOA) localization
algorithm, which fist calculates the angle of the signal source
and then combines multiple AOAs via triangulation to find the
position, the HEKF does not rely on farfield assumptions, and
therefore, can be used in the nearfield regarding the aperture size,
minimizing the errors that occur through the nonlinear operation
of calculating the angle from phases, as shown in [36].

In the following, a brief description of the HEKF is presented,
whereas in [26] the algorithm is derived in detail. First, an
assumption on the movement model and the determination of
the measurement model have to be made. For the movement
model, in general, any assumption can be made; here, a linear
movement was chosen due to its simplicity. Thus, for a given
state of position and velocity, a prediction of the next state is
made through linear extrapolation. For the measurement model,
it is assumed that in measurement step k an unsynchronized
beacon transmits the signal

sB,k(t) = A · sTX,BB,k(t)e
j(ωTXt+ϕB,k) (1)

with amplitude A, a so far unconstrained baseband signal
sTX,BB,k(t), the roughly known angular frequency ωTX, and the
phase offset ϕB,k, which is unknown and independent for each
step. At the ith antenna of the receiver, the signal si,k(t), which
is the transmitted signal delayed by τi,k (as a function of beacon
and antenna position), is mixed with the complex-valued CW
signal sLO(t) with amplitude ALO, angular frequency ωLO, and
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phase ϕLO,k to yield the low-frequency signal

smix,i,k(t) = si,k(t) · sLO(t)

= Ai,k · sTX,BB,k(t− τi,k) · ej(ωTX(t−τi,k)+ϕB,k)

·ALO · e−j(ωLOt+ϕLO,k)

= Amix,i,k · sTX,BB,k(t− τi,k)

· ej((ωTX−ωLO)t−ωTXτi,k+ϕB,k−ϕLO,k)

(a)
= Amix,i,k · sTX,BB,k(t− τi,k) · ej(−ωTXτi,k+ϕmix,k).

(2)

Here, Ai,k is the amplitude of the received signal, Amix,i,k

is the resulting amplitude, and ϕmix,k includes the transmitted
phase, LO phase, and the phase resulting from (ωTX − ωLO)t,
which is assumed to be constant for ωTX ≈ ωLO and sufficiently
small sample time.

Next, since ϕmix,k is unknown and a direct evaluation is not
possible, the difference between the phases is used to cancel out
the unknown term, which is constant for all antenna elements at
the receiver. As stated earlier, the phase difference is evaluated
by cross-correlation between the ith and the jth antenna as

Δϕk,i−j = arg

(∫
s∗mix,i,k(t)smix,j,k(t)dt

)
(3)

= arg

(
ejωTX(τi,k−τj,k)

·
∫

s∗TX,BB,k(t− τi,k)sTX,BB,k(t− τj,k)dt

)
. (4)

For most practical modulation schemes (e.g., all band-limited
baseband signals with bandwidth � fTX, pseudo random
sequences, or white noise),

∫
s∗TX,BB,k(t− τi,k)sTX,BB,k(t−

τj,k)dt is approximately real-valued and can be omitted for
calculation of the phase. This yields

Δϕk,i−j = mod′
2π (ωTX(τi,k − τj,k)) , (5)

where

mod′
2π (•) =

{
mod2π(•) for mod2π(•) ≤ π,
mod2π(•)− 2π for mod2π(•) > π

(6)

maps the phase to an interval (−π,π]. (5) is a function of the
beacon position, contained in τ and a given receiver position,
and there is no remaining unknown parameters. Therefore, mul-
tiple measured phase differences from multiple receivers can be
processed directly by a Kalman Filter (KF) to compare it with
expected phase differences. The beacon position is updated, to
minimize the difference between the expected and measured
phase differences. A full derivation is given in [26], where a
suitable selection of the parameters i and j for choosing antenna
combinations is also explained.

V. EXPERIMENTAL VERIFICATION

To validate the concept of joint localization and sensing, a
practical measurement was conducted, as shown in Fig. 7, using
the EMG sensor described in Section III. Three receiver arrays

Fig. 7. Experimental validation for simultaneous EMG measurement on the
musculus deltoideus and 3D sensor localization. The utilized coordinate system
is marked in turquoise, the receiving arrays in green, two of the six cameras
of the reference system in red, the sensor with electrodes in blue (which also
include a detailed view of the electrode placement), and the pulling direction is
indicated by an orange arrow.

were positioned on the ceiling with approximately 1 m distance
in between and 2 m above the measurement area to receive the
transmitted data and localize the beacon. Each receiver array
employed 12 channels to coherently mix the received RF signal
into a signal at the IF of 100 kHz, which was subsequently
digitized at a rate of 780 kSPS. In addition, a camera-based
tracking system was positioned in the room as a reference,
which localized the four reflective markers on the case, as shown
in Fig. 6, and calculated the geometrical mean between them,
which matched the position of the antenna. The beacon was
mounted on the lower arm of a subject, with two EMG electrodes
placed approximately 2 cm apart on the musculus deltoideus
located on the upper arm. The musculus deltoideus was selected
for its easy-to-find innervation zone and its participation in a
drawing movement. An elastic strap was attached on one side of
a static object, so a drawing on the strap results in a movement
in negative y-direction, which is in the area observed by the
radar as well as the reference system. Moreover, the drawing
force, and therefore, the muscle activity is proportional to the
deflection in negative y-direction. This movement was selected
to ensure that the transmitting patch antenna always had line of
sight to all receiving arrays, which is a requirement and must be
addressed for practical applications in further research. During
the measurement period of 10 seconds, the participant made two
pulling movements of approximately 0.5 m on the band while
resting his arm on a box to relax the measured muscle in between.

Fig. 8 shows the resulting localization using the HEKF com-
pared to the reference from the camera-based system as well as
the measured EMG signal. The alignment of the EMG signal
with the contraction of the muscle, which is dependent on the
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Fig. 8. Results for the conducted measurements, where in (a)–(c), the lo-
calization results from the joint localization and sensing system are shown
in solid green and the optical reference system as a dashed blue line for the
x, y, and z coordinates. Time coherent to that, (d) shows the captured and
wirelessly transmitted EMG signal. The deflection in y-direction is correlated to
the measured EMG signal, thus revealing the inherent synchronization between
them.

force proportional to the displacement in the y-direction, is
evident. As stated earlier, the synchronization is inherent to
the proposed measurement concept and is not required sepa-
rately, which is one of the key arguments for the superiority
over conventional approaches with multiple different sensors.
The root-mean-squared error between the radar and reference
for localization is 5.7 cm. This error mainly results from the
dilution of precision, in particular in the z-direction, due to
the disadvantageous spatial setup, as the entire measurement
area had to be covered within line of sight of the receivers
and multiple cameras. In [26], a positioning with a root-mean-
squared error in the outstanding sub-cm range is shown using
the same localization system, where a robotic arm is used as
a reference instead of cameras, which reveals the potential of
the utilized localization system. Although no medical analysis
is conducted in this measurement, it proves the feasibility of the
proposed concept and its potential for an all-in-one gait analysis
measurement system.

VI. CONCLUSION

In this article, for the first time, a concept for joint communi-
cation and localization EMG-sensing was presented, which has
the potential to improve and simplify medical gait analysis. The
localization and data transmission were shown to work inde-
pendently and to not interfere with each other while inherently
synchronizing measured data and localization. The example
setup demonstrated that this approach does not require a costly
hardware and enables broad and inexpensive usage in medical

applications. The proposed concept can be expanded to further
sensor modalities, such as force sensors or IMUs.

Our concept opens the possibility for new partially automated
diagnosis and therapy of diseases such as Parkinson’s disease
and rheumatoid arthritis.

For an application-oriented implementation, further research
should be conducted to connect more base stations for full
coverage of the capture area and optimize the beacon in terms of
size and power consumption for a sophisticated medical device.
While this publication provides a proof for the communication
and localization concept, after optimizing the beacon, a medical
analysis with Parkinson’s disease is the next logical step.
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