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Using cell phones in proximity to implanted sensitive medical electronic devices
has raised concerns about the potential negative impacts of electromagnetic
interference (EMI) on pacemaker functioning. This study presents a comprehensive
simulation-based analysis of induced fields and voltages in pacemaker leads
resulting from electromagnetic emissions of 2G through 6G mobile phones. The
EMI model incorporates parameters including distance, orientation, frequency,
antenna gain, and burst factor. Simulation results show that 2G and 3G phones,
particularly within 10-15 cm at 0° alignment, can induce electric fields exceeding
the pacemaker immunity threshold of 3 V/m. Conversely, 5G and 6G technologies,
due to higher frequencies and directional emissions, exhibit minimal EMI risks.
These findings support updated safety guidelines and call for revised EMI testing
protocols considering emerging wireless standards.
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1. Introduction

Electromagnetic interference (EMI) is defined as the disturbance in an electrical circuit functioning due to the
effect of either electromagnetic induction or radiation emitted from external sources in the surrounding
environment [1]. In the field of biomedical devices, implantable cardiac pacemakers are designed to monitor
and control heart rhythms. These devices are highly sensitive and can be disrupted by unintended
electromagnetic exposure [2].

The widespread use of mobile phones in close proximity to the human body makes them one of the most
prevalent sources of EMI for implantable devices, leading to potential health risks. As wireless technologies
have rapidly progressed from first-generation (1G) to sixth-generation (6G), the electromagnetic environment
surrounding the human body has evolved significantly. Each generation introduces variations in frequency
bands, modulation techniques, and emission patterns that affect the level and nature of EMI [3, 4]. The choice
of the placement of components within electronic systems in the appropriate design plays an important and vital
role in reducing EMI, as indicated in previous studies on optimal PCB layout for communication devices [5].

Earlier studies revealed conflicting results regarding EMI impacts, some highlighting significant effects from
GSM (2G) signals, while others indicated minimal influence from modern systems. A recent clinical study by
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Wisaratapong et al. showed no direct EMI in 5G environments under standard usage conditions but suggested
that ringing phones may still cause interference [3]. The study conducted by [6] highlighted that cell phones
operating on GSM frequencies have more potential to cause higher levels of EMI compared to those operating
on newer technologies. The study carried out by Yaqiong Li et al shows that exposure to 5G base station
radiation may affect medical care devices due to short-time strong electromagnetic narrow waves in specific
areas [7]. However, most existing works lack rigorous modeling of critical variables such as distance, angle of
alignment, burst modulation characteristics, and specific absorption rate (SAR). Furthermore, high-frequency
emissions, like those from 5G and 6G systems, exhibit different propagation behaviors such as directional
beamforming and rapid radio signal attenuation, which can reduce near-field exposure risk [8-11]. Advanced
control and optimization methods, such as neural network-based controllers, have been applied to enhance the
stability and performance of power electronics in various applications, demonstrating the potential of intelligent
algorithms to improve system robustness against disturbances [12].

This paper develops a mathematical and simulation-based analytical model to assess the EMI effects of 2G
through 6G mobile phones on implanted pacemakers. The model quantifies induced voltages and electric field
intensities as functions of phone-pacemaker separation, orientation, frequency, antenna gain, and burst
characteristics. SAR-based risk analysis is also conducted to map near-field exposure zones. The proposed
model enables generation-specific EMI risk characterization and supports the development of updated EMI
testing protocols.

The paper is organized as follows: Section 2 reviews the interaction mechanisms of EMI. Section 3 formulates
the mathematical model. Section 4 presents the simulation approach, while Section 5 presents the results.

2. Mechanisms of EMI effects on electronic devices

The proliferation of cell phones has raised concerns about electromagnetic interference (EMI) that may affect
the performance of nearby medical electronic sensitive devices [13]. Cell phones operate across a wide range
of frequencies depending on the generation of wireless technology and geographic region; therefore, cell phones
emit radiofrequency (RF) radiation at different frequencies, generating time-varying electromagnetic fields that
can couple into nearby medical device circuits via the generated induction interference [14-16].

The magnitude of the induced electric field intensity at a distance d from the cell phone transmitting antenna in
the far-field region can be expressed by:

E(d)= 7\/30%

p )

Where E(d) is the electric field strength at a distance d from a cell phone transmit antenna (V/m), P; is the
power transmitted by the cell phone (W), G; is the cell phone antenna gain (unitless), and d is the distance from
the source (m).

The actual induced electric field intensity varies with the orientation angle (0) or the angle at which the cell
phone emission is incident [11].

E(d)= V30P’dc@ cos(9) (2)

The cell phone radiates electromagnetic emissions, induces current in sensitive devices, and interferes with their
normal operation. The inverse relationship of the induced electric field with distance denotes how proximity to
a cell phone significantly affects the exposure level of surrounding electronic devices. EMI effects can be
generated even with low power emissions, where the cell phone is sufficiently close to unprotected electronic
devices. The level of the induced electric field may exceed the electromagnetic immunity thresholds of certain
unprotected or unshelled medical devices [15].
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The strength of electromagnetic emissions from mobile phones depends on the power transmitted by the cell
phone, which is dynamically controlled based on its distance from the serving base station and environmental
obstructions. Cell phones typically emit between 0.25 to 2 watts of RF power. This power may increase in areas
with poor reception to maintain signal quality, raising the potential for electromagnetic interference. The
transmission of cell phones is typically non-continuous and pulsed. For example, GSM phones transmit in short
bursts at a rate of 217 Hz, which can produce periodic EMI [17].
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Figure 1. EMI interaction mechanism

The interaction between mobile phone radiation and implanted pacemaker devices occurs through
electromagnetic coupling. The radiofrequency (RF) signal emitted by a cell phone can induce alternating
currents in a pacemaker’s leads, as illustrated in Figure 1. The current or voltage induced in the implanted
pacemaker may affect the pacemaker's sensing circuitry, leading to inhibition of pacing [18, 19].

3. Mathematical modeling of EMI effect

Investigate and quantify the effect of external EMI from cell phones interacting with the pacemaker device,
electric field attenuation, and the voltage induced at the pacemaker’s leads must be evaluated to decide whether
this voltage exceeds EMI susceptibility thresholds.

This section presents a mathematical model to understand the coupling mechanisms and to estimate the
electromagnetic interference (EMI) effects on implanted cardiac pacemakers across several generations of
cellular technologies. The main elements of the model include:

e A cell phone that represents the RF source of EMI emitting modulated electromagnetic waves at specific
frequencies and power levels matching the network generations.

e Pacemaker device: represents the victim device, which is designed to deliver pacing pulses. It has
conductive wires that act as antennas on which the currents or voltage are induced from an external EMI
source (cell phone).

The cell phone is assumed to be located at a distance d from the pacemaker device with an alignment angle (6)
as illustrated in Figure 2. The alignment angle is the angle between the RF field vector and the pacemaker lead
longitudinal axis in the signal propagation medium.

The power density (Pq) induced at a distance d due to the emissions from the cell phone antenna is expressed as
[20]:
A

P, =
d 47 d?

(2)

Where P; is the power transmitted through the cell phone antenna that has a gain of (G).

Cell phone antennas are typically not isotropic as they radiate more power in certain directions; therefore, they
are characterized by an antenna gain function G (0). For many directional antennas, the gain is expressed as a
function of cos" (0) [21, 22]. Therefore, the power density (W/m?) at a distance d from the cell phone antenna
is:
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G(0) =G,y cos"(0)

_ P, cos”(0)

P
d A7 d?

3)
Where @ is the angle between the cell phone antenna axis and the implanted pacemaker, which represents the

phone's angular direction (radian), and # is an empirical constant that models the transmit antenna directivity or
beamwidth.

Pacemaker

— E-Field
Figure 2. EMI coupling model from cell phone to pacemaker

The power density induced due to RF signal transmission in free space medium is related to the induced electric
field (E) through the free space intrinsic impedance (1) by the equation [20]:

|E@)* =P, 7

P, 1 cos" ()

Ard? @)

E@)] =

Where E(d) is the electric field intensity at the linear distance (d) from the source, and (1) is the free space
intrinsic impedance (120m) Q.

The electromagnetic interference (EMI) intensity generated by the induced electric field in circuits at a distance
d is proportional to the square of the electric field intensity:
P, 1 cos" ()

EMI | Ed)|* yE
T

E(d>=E<do)(‘i;) 5)

d
|E(d)|*= E*(d,) (70)2

Where d, is a reference distance that is very close to the source at which the angle (6) is equal to zero.

E(d =P, (d :M
‘ (0)‘ d( 0)77 47Z(d0)2
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2
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Where B (f) is the burst enhancement factor for a certain generation. This factor can model how time-domain
burstiness of the signal enhances EMI risk.

Mobile cell phone manufacturers usually confirm the value of the specific absorption rate (SAR) for their
products to verify that the device meets safety standards for radiofrequency (RF) energy exposure. SAR is a
measure of the RF energy absorbed by the human biological tissue when using a certain cell phone. SAR is
expressed in terms of tissue conductivity (o), tissue mass density (p), and the induced electric field intensity as
[23, 24]:

o E?

P

Ed) = 1/”i‘m (‘if) ©)

Equation 9 is useful to be applied in conversion the SAR of a certain cell phone into field intensity and induced
voltage to assess the effects of cell phone emissions on an implanted pacemaker. Cell phones will expose
pacemakers to near-field radiation that is inversely proportional to (d?).

SAR =

@)

4. Simulation results and discussion

Simulations were carried out using a MATLAB-based model to estimate the electromagnetic interference (EMI)
induced in implanted cardiac pacemakers by 2G through 6G cell phones. The analysis considers power
transmission, transmit antenna gain, burst factor, frequency band, and orientation angle between the cell phone
antenna and the pacemaker lead. The effective lead length was assumed to be 20 cm, and the immunity threshold
for the pacemaker was set to 3 V/m based on (AAMI)-PC69 standards [25] that are set by the Advancement of
Medical Instrumentation.

Three orientation angles, 0°, 45°, and 90°, were studied at varying distances from 1 ¢m to 30 cm. Each
simulation was performed under isotropic and directional radiation assumptions, corresponding to antenna
characteristics of older mobile technologies generations (2G/3G) and newer generations (5G/6G), respectively.

Figure 3 illustrates the induced electric field at various distances and orientation angles (0°, 45°, 90°) for each
cellular generation, where the power is assumed to be 2W transmitted through an isotropic antenna across all
cell phone generations. At 0° alignment, 2G phones exhibit the highest EMI, with electric field intensity
surpassing the threshold of 3 V/m within 15 cm. This is attributed to their lower frequency and continuous time-
division multiple access (TDMA) burst emissions, which create persistent high-power peaks. Conversely, 5G
and 6G phones demonstrate significantly reduced EMI, primarily due to: directional beamforming technique
that can reduce the stray emissions; higher operational frequencies (mmWave/THz), which are subject to higher
attenuation; and lower burst factors resulting in reduced exposure time. It can be noticed that at 45°orentation,
the induced field is lower than that of zero degrees. At 90° orientation, the induced electric field decreases
dramatically for all generations, confirming that the alignment between the phone antenna and pacemaker leads
is a critically sensitive determinant of EMI risk.

407



SEI Vol. 7, No. 2, September 2025, pp.403-414

Angle = 0° Angle = 45° <10ANgle = 90°
111 | 11l \ 111 \
2G 0.6r 2G sl 2G
0.8 3G 3G 3G
4G 4G 4G
5G o5l 5G 4.5 5G
0.7 6G : 6G 6G
/\E\ — — — -data1l /\E\ — — — - data1l /\E\ 4 — — — - data1l
=061 = =
= < 0.4 = 3.5
Q@ @ Q@
L. 0.5} L L 3t
Q Q Q
S S 0.3f S
D L D @® 251
i 04 i ]
(3] (3] (5]
= = = 2F
S 0.3f 3 | 3
2 2 0.2 ks
L L w 1.5
0.2
1 -
0.1
0.1 05l
(6] (6] (6]
0] 50 0] 50 (6] 50
Distance (cm) Distance (cm) Distance (cm)
Angle = 0° Angle = 45° «10ANgle = 90°
| | | | | | | | |
2G 061 2G sl 2G
0.8 3G 3G 3G
4G 4G 4G
5G 05l 5G 4.5 5G
071 6G : 6G 6G
— - — = 1 — - ——- 1 — 4t - —— 1
g data § data g data
> 06 =3 =)
R 5 04F 5 357
Q0 Q0 RS
L. 0.5 L L 3+
Qo Q Qo
© S 0.3} ©
@ L @ @25k
m 04 i m
(O] (O] (0]
= = = 2r
303 3 0.2t 3
= = =
L L w 1.5F
0.2
1+
01F
0.1r 05k
0 0 0
0 50 0 50 0 50
Distance (cm) Distance (cm) Distance (cm)

Figure 3. Field induced at different distances and angles

It can be noticed that a lower frequency of 2G cell phone produce relatively higher field strength at longer
distances compared to 5G and 6G. This is because of lower path loss at lower frequencies. At closer distances
(<20 cm) and 0° orientation, the electric field exceeds the threshold of 3 V/m, which has the potential to result
in pacing inhibition in pacemakers. Furthermore, it can be noticed that the induced electric field drops with
increasing orientation angle, and the greatest risk occurs where there is direct alignment. At mmWave (5G) and
THz (6G) bands, signal attenuation is severe with distance; therefore, EMI due to 5G/6G cell phones is rapidly
diminished, making 5G and 6G less dangerous unless the phone is extremely close and aligned directly with the
device.

Figure 4 summarizes the EMI risk matrix across generations. It clearly highlights that high-risk zones for 2G/3G
located within 10-15 cm at direct orientation. 2G/3G cell phones are more likely to produce high-risk zones at
close distances, while 5G and 6G are usually safe, even at 5-10 cm, unless oriented directly (0°). For 4G, EMI
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risk is moderate but may still exceed thresholds at very close proximity (<5 cm). Additionally, safe zones for
5G/6G at almost all tested distances indicate strong electromagnetic compatibility unless alignment is direct and
extremely close (<2 cm).
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Figure 4. Risk matrix at different angles

Another simulation depends on the phone generation specifications explained in Table 1, was conducted to
assess the interference intensity (EMI) and the induced voltage across different cell phone generations. The
distance between the cell phone and the pacemaker varied from 1.0 cm to 30 cm, and the orientation angle is
changed from 0 to 180 degrees for each generation. The findings reinforce that interference potential across cell
phone generations is highly dependent on both spatial distance and orientation angle, as illustrated in Figure 5.

The simulation results show that there is an inverse relationship between the cell phone generation and the
produced interference intensity. Older cell phone generations produce higher interference intensity, while newer
generations pose little to no significant interference. The interference effect is highly sensitive to the physical
separation distance between the cell phone and the pacemaker. The effect is reduced due to the inverse square
law. This explains that maintaining a safe separation distance between the mobile phone and pacemaker is an
effective protective method in interference effect reduction.

The interference risk is highest when the pacemaker is located in front of the cell phone antenna. This orientation
factor is modeled by a cosine function and reflects the antenna directivity. It can be noticed that the interference
effect drops significantly at angles beyond 60°, confirming that the phone orientation angle relative to the body
is an important factor. Furthermore, it can be noticed that the older generation (2G and 3G) is characterized by
higher induced field strengths and pulsed transmissions, leading to higher EMI, while the newer generation of
lower burst factors and less EMI footprint. It is recommended to keep cell phones at least 15 cm away from
implanted cardiac devices, especially for older generation phones. The results also remarked that newer cell
phone technologies, 5SG and 6G, demonstrate negligible risk even at short distances, which means that
electromagnetic compatibility is improved in these generations.

Table 1. Description of cell phone generation specifications [3, 17]

Phone Electric Field Burst Factor

. at 10 cm Frequency Band Modulation Pulse Frequency

Generation B
(V/m)

2G 15 1.5 900-1800 MHz TDMA 217 Hz pulse
3G 10 1.2 2.1 GHz CDMA/WCDMA Spread spectrum
4G 8 1.0 700MHz-2.6GHz OFDMA Less pulsed
5G 5 0.6 3.5GHz-28GHz OFDM Directional
6G 2 0.3 100-300GHz Al Optimized Highly directional
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Figure 5. Effects of EMI on different generations

At the next simulation, a cell phone with SAR of 1.4 W/kg is chosen to be the EMI source while the cardiac
muscle tissue with a conductivity of 1.5 S/m is assumed to be near the victim's pacemaker. The field intensity
and the induced voltage at pacemaker leads are plotted against the near-field distance that varies from 0.5cm to
5.0 cm, as shown in Figure 6.
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Figure 6. Effects of the near—field of a cell phone with known SAR
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A secondary simulation used SAR values to estimate near-field electric fields. Using typical SAR ratings from
commercially available devices, iPhone 15 Pro (0.99 W/kg), Samsung S23 Ultra (1.35 W/kg), and Galaxy S24
(1.14 W/kg), the corresponding electric fields were computed. Figure 6 demonstrates that induced fields remain
within safety limits defined by AAMI (20 V/m) and the International Committee of Non-Ionizing Radiation
Protection ICNIRP (61 V/m) beyond 2 cm for all phones. For most recent phones, induced electric fields remain
<10 V/m at distances >1.5 cm. Figure 7 shows the electric field induced due to three cell phones of different
rated SAR values. It can be concluded that modern cell phones pose minimal risk if kept at a distance >15 cm
from pacemakers, or simply the ear opposite the implanted pacemaker can be used. The findings of this study
can be exploited with filters [26, 27], antennas [28, 29], diplexers [30], and machine learning [31, 32].

Electric Field Decay from Smartphones Compared to EMI Limits

70
ICNIRP Limit (61 V/m) - iPhone 15 Pro
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Samsung Galaxy S24 (1.14k)
3
2
o
L
=
=
©
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w
5 ]
5 10 15 20 25 30

Distance from Cell Phone (cm)

Figure 7. Effects of the near-field of three cell phones

5. Conclusions

This study developed a comprehensive modeling and simulation framework to assess electromagnetic
interference from 2G to 6G mobile phones on implanted pacemakers. Results indicate that 2G and 3G phones
may exceed the safety threshold of 3 V/m at close proximities (<15 cm), particularly under direct alignment. In
contrast, 5G and 6G phones exhibit significantly lower EMI potential due to directional transmission and higher
frequency-induced path loss. The proposed model provides insights into EMI behavior across orientations and
frequencies, and it supports the update of safety standards and testing protocols. Future work may focus on
incorporating real-body phantoms and validating simulation results through experimental setups.
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