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Abstract—Antenna tracking is common yet critical for main-
taining robust communication. However, tracking ingestible elec-
tronics (IE) is laborious and tedious, as their orientation becomes
entirely unpredictable after ingestion. The conventional solution
is to maximize transmission power (TXP) to compensate for
misalignment, which significantly increases power consumption.
Another way is to randomly change the orientation of the receiver
(RX), which increases uncertainty. In this study, we propose
an orientation-aware system that embeds inertial measurement
units in both the IE and RX to estimate real-time orientation
and dynamically align the RX antenna. Attitude estimation
is performed using the Mahony filter, and quaternion-based
motion was visualized in Blender. We evaluated four antenna
types—Chip, Helical, PCB, and FPC—and found that each
exhibited pronounced directionality, with received signal strength
indicator (RSSI) standard deviations of at least 5 dB. Continuous
beam tracking based on real-time orientation yielded an average
gain of 4 dB, allowing for a 4 dB reduction in TXP and a
corresponding 32% decrease in peak current draw. Even under
complex motion, the RX maintained near-optimal RSSI ( —40
dBm) with minimal fluctuation. These results demonstrate that
our system enhances communication stability, reduces power
consumption, and enables precise, dynamic tracking of ingestible
electronics.

Index Terms—Ingestible Electronics, Antenna, Directivity,
IMU, Attitude Estimation, Quaternions

I. INTRODUCTION

The advancement of ingestible electronics (IE) has enabled
real-time, in situ monitoring of the gastrointestinal (GI) tract
[1]-[3]. However, wireless communication remains a signifi-
cant challenge due to strong electromagnetic wave attenuation
caused by tissue absorption [4]-[6]. Additionally, the random
and uncontrollable orientation of IE within the GI tract further
degrades communication quality, as it prevents effective align-
ment between the IE antenna and the external receiver (RX), as
shown in Figure 1. To address this, a variety of antenna designs
have been developed to produce omnidirectional radiation pat-
terns, aiming to support orientation-insensitive communication
within the body [3], [7], [8].

To date, no antenna design achieves truly omnidirectional
performance. As a result, maximum transmission power (TXP)
is often employed to compensate for antenna misalignment,
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Fig. 1: The siganl strength of a wireless ingestible electronics differs from
orientation, and the best beam changes. The maximum TXP is used, and the
receiver’s position is changed randomly to achieve stable communication.

significantly reducing energy efficiency. Simultaneously, the
RX must blindly adjust its position and orientation in search of
the optimal signal direction, introducing additional uncertainty
and instability in the communication link.

In this work, we propose a dual-IMU system—one em-
bedded in the IE and the other in the RX—to enable real-
time attitude estimation and feedback-guided alignment for
optimal signal reception. The RX, equipped with a high-
gain directional antenna, dynamically orients itself toward the
optimal beam direction as indicated by 3D visual feedback.
This approach allows for reduced TXP while maintaining sta-
ble communication quality. The IMU-based feedback system
guides the user in real time to align the RX for maximum
signal strength with less uncertainty. This study investigates
various attitude estimation algorithms, characterizes the ra-
diation patterns of four commonly used antenna types, and
demonstrates that visualized orientation feedback significantly
improves signal quality and energy efficiency.

II. METHODOLOGY
A. Attitude Estimaition and Visualization

Attitude estimation enables the IE and RX to be represented
simultaneously within the same coordinate system, yielding
their relative positional relationship [9]. Visualization enables
operators to see relative relationships and perform correspond-
ing actions intuitively.
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Fig. 2: Testing platform for antenna directivity. (a) Design of the IE main PCB and four supporting antennas; the complete IE will be assembled into a
000-size capsule. (b) Constant-speed rotation platform with a cubic container. This cube has three faces labeled. (c) The receiver is using a highly directional

2.4 GHz Yagi antenna.

We selected the Mahony filter for its high accuracy, com-
parable to that of the extended Kalman filter (EKF), and its
superior performance over the Madgwick filter in dynamic
scenarios involving moderate-to-rapid motion [10]. Moreover,
it relies solely on quaternion-error proportional-integral up-
dates and eschews matrix and gradient iterations, which sig-
nificantly reduces computational complexity and accelerates
convergence [11]. Its complementary design further attenuates
high-frequency jitter and low-frequency drift without requiring
explicit noise modeling [12].

The quaternions obtained after attitude estimation are used
to rotate the corresponding models in Blender.

B. Antenna Directional Characteristics

We selected four different types of 2.4 GHz antenna, which
are commonly used in ingestible electronics: Chip [13], Helical
[14], PCB [15], and FPC [16], to characterize their directional
patterns and identify whether each antenna has peak-beam
orientation. The four antennas’ PCB and the main PCB are
shown in Figure 2(a).

The main PCB connects to each antenna via an IPEX
connector and integrates an nRF52833 MCU with an ICM-
20948 IMU. The MCU’s TXP is set to 8 dBm. The RX
platform uses an nRF52833 DK paired with the same IMU
and a 2.4 GHz Yagi antenna, whose high directivity provides
increased link gain and beam resolution [17].

The experiment was performed on a rooftop to minimize
electromagnetic interference. The IE was mounted inside a
cube at the center of the rotation platform (Figure 2(b)). First,
the cube’s X face contacted the platform and was rotated while
the RX antenna, located 1 m away, recorded received signal
strength indicator (RSSI) over a full 360° sweep. The same
procedure was then repeated with the cube’s Y and Z faces to
capture RSSI variations along all three planes.

C. Antenna following

The antenna following procedure is as follows. First, with
the IE held stationary, the operator adjusts the RX until
the RSSI is maximized; during this step, the beam model
remains rigidly attached to the RX. Second, once the optimal
orientation is identified (maximum RSSI), the beam model is
locked onto the IE, indicating the IE’s best direction. Finally,
if the IE rotates dynamically, the operator rotates the RX
antenna to realign with the beam model, thereby maintaining
the optimal link.

To validate this method, the previous test platform shown in
Figure 2(b) was placed inside a black box. With the platform
stationary, the RX antenna was positioned 1 m away and
adjusted until RSSI was maximized; this orientation was then
registered to the IE model. In the first trial, the RX was fixed at
the current orientation while the IE completed a 360° rotation,
and RSSI was recorded continuously. In the second trial, the
RX antenna was continuously steered to follow the recorded
optimal beam direction as the IE rotated, and RSSI was logged
over a full rotation.

We measured the nRF52833’s maximum current consump-
tion across different TXP settings. Using the antenna following
system may yield a gain that allows a corresponding reduction
in current consumption while having equivalent communica-
tion performance.

To evaluate accuracy under noisy GI motion, the IE was
placed inside a container, which was hung in midair with
no obstructions around it. We identified the maximum and
minimum RSSI at 1 m and locked the maximum beam
orientation to the IE model. Then, we applied four random
disturbances to the container. After each disturbance, once the
IE had stabilized, the RX was realigned to the locked beam
direction, and the resulting RSSI was recorded.

ITII. RESULTS AND DISCUSSION

A. Antenna Directional Characteristics

Figure 3 presents the antenna measurement results. Sub-
plots (a)—(d) correspond to the Chip, Helical, PCB, and FPC
antennas, respectively. In each subplot, the red, green, and
blue curves show RSSI readings on the X, Y, and Z planes;
each point’s angle is measured from the initial position, and its
radial distance represents the RSSI magnitude. All four plots
display uneven surfaces, indicating that the radiated power is
not uniformly distributed across planes. In other words, each
antenna exhibits clear directionality.

Table I compares statistical results for four antennas, com-
bining data from their X, Y, and Z planes. Each antenna’s
standard deviation exceeds 5 dB, confirming directionality.
Based on average RSSI, the Helical antenna has the highest
signal strength, the FPC antenna the lowest, and the Chip and
PCB antennas exhibit similar performance at -49 dBm. Con-
sidering that the Chip has a smaller form factor and is easier
to integrate in designs, and to validate the antenna-following



functionality under conditions closest to the “omnidirectional”
limit, subsequent experiments will use the Chip antenna.

B. Antenna following

The static receiving result versus the actively tracking result
is shown in Figure 4(a). The purple curve represents the RSSI
readings when the IE completes one full rotation while the RX
is fixed; the yellow curve represents the RSSI during active
tracking of the optimal direction. It can be seen that the yellow
curve approximates a circle of radius -45 dBm, whereas the
purple curve is uneven.
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Fig. 3: Directional characteristics of four antennas. All antennas exhibit
directionality in three directions.

TABLE I: Radiation characteristics of four antennas, showing RSSI maximum
(dBm), minimum (dBm), average (AVG in dBm), and standard deviation (STD
in dB).

Antenna MAX MIN AVG STD
Chip —38 -8 —49 5
Helical —32 —71 —41 5
PCB —35 -98 —49 11
FPC —44 —-88 —63 6
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Fig. 4: (a) RSSI comparison with and without antenna following. (b) Maxi-
mum current under different TXP for nRF52833.

Table II provides a statistical comparison of the static and
active-tracking RSSI curves. Although their maximum RSSI

TABLE II: RSSI statistics with and without following, showing RSSI maxi-
mum, minimum, average, and standard deviation.

Scenario MAX MIN AVG STD
Without following ~ —41 —72 —48 5
With following -39 =57 —44 3

values are similar, the minimum differs by 15 dB. Over a full
360° rotation, active tracking raises the average RSSI from
—48 dBm to —44 dBm (a 4 dB gain) and reduces the standard
deviation from 5 dB to 3 dB, thereby stabilizing the signal.

Based on the system’s current consumption shown in Figure
4(b), assuming a 4 dB gain has been obtained, we can avoid
driving the IE at its maximum TXP (8 dBm for the nRF52833)
and instead set TXP = 4 dBm. In doing so, maximum current
consumption drops 32% from 34.6 to 23.46 mA.

Under disturbances, our method can effectively determine
the optimal beam orientation, as shown in Figure 5. The
signal strength bounds at -39 dBm (upper) and -63 dBm
(lower) in this case. In the four trials, the receiver’s peak RSSI
consistently reached approximately -39 dBm, while both the
mean and median values converged near -45 dBm, demon-
strating that the optimal beam was successfully maintained in
a dynamic environment.
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Fig. 5: RSSI results when aligned to the optimal beam after four complex
disturbances. The RSSI upper limit is -39 dBm, and the lower limit is -63
dBm.

CONCLUSION AND FUTURE WORK

In this study, we propose utilizing the IMUs in ingestible
electronics and receivers to compute their attitude, provide
feedback on the optimal beam direction, and align the receiver
antenna accordingly to mitigate communication instability. Us-
ing the Mahony filter and visualizing in Blender, we estimated
the attitudes of both the ingestible electronics and the receiver.
We validated that Chip, Helical, PCB, and FPC each possess a
directivity. We demonstrated that aligning the receiver with the
optimal beam yields stable communication. Experimental re-
sults demonstrate that, by continuously tracking the ingestible
electronics’ optimal beam, a 4 dB gain is achieved, corre-
sponding to a 32% reduction in maximum current consumption
(TXP from 8 to 4 dBm). This performance is maintained
under four complex motions. Future work should consider the
attenuation of tissues, which may necessitate establishing a
mapping between position and tissue-induced attenuation.
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