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Abstract—With the increasing demand of power and energy,
more and more cells are packed into battery modules. Conse-
quently, the electromagnetic (EM) emissions from batteries also
intensify. These emissions have been observed to interfere with
nearby electronic safety and health devices, causing malfunctions.
While conventional methods, such as shielding, filtering, and dis-
tance separation, are commonly used to mitigate the interference
issue, each has its own limitations and may not be applicable
in all situations. On the other hand, magnetic field cancellation
methods found in certain applications offer distinct advantages in
addressing challenging magnetic field shielding or compensation
issues. In this article, we introduce a novel approach to mitigate
EM emissions from batteries consisting of common cylindrical form
cells. The new approach leverages the coherent nature of battery
cell currents when powering external load and the paired structure
present in the battery pack, and then rearranges the cells so that the
magnetic fields of the loops of paired cells are canceling one another.
We demonstrate the validity of our approach in addressing the EM
interference issue that exists in an electronic device currently used
in underground coal mines. The results show a significant reduction
in EM emission from the battery, highlighting the effectiveness of
our approach in real applications.

Index Terms—Battery, cylindrical cell, electromagnetic compa-
tibility, electromagnetic interference (EMI), magnetic field
cancellation, multicell battery.

I. INTRODUCTION

TO MEET the ever increasing demand of power and energy,
battery manufacturers are responding by packing more

cells into their designs. However, this expansion has raised con-
cerns about the electromagnetic (EM) emissions from the battery
system and its associated current carrying cable network. For
instance, in the electrical vehicles, the high-frequency current
ripples created by high-speed switching power converters often
constitute a significant source of electromagnetic interference
(EMI) [1]. As a result, there has been increasing interest in
studying the EM characteristics of batteries in a wide range of
frequencies for various purposes and applications [2], [3], [4],

Manuscript received 15 June 2023; revised 4 October 2023 and 2 April 2024;
accepted 16 June 2024. Date of publication 11 July 2024; date of current version
19 February 2025. (Corresponding author: Yongjun Zhang.)

The authors are with the National Institute for Occupational Safety and
Health (NIOSH), Pittsburgh, PA 15236 USA (e-mail: yzhang13@cdc.gov;
czhou@cdc.gov; jcarr1@cdc.gov; jsrednicki@cdc.gov).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TEMC.2024.3421377.

Digital Object Identifier 10.1109/TEMC.2024.3421377

[5], [6], [7], [8], [9]. Particular attention has been paid to the
cylindrical 18 650 lithium-ion cell due to its cost-effectiveness,
energy efficiency, mechanical stability, and widespread use in
commercial products [4], [5], [6], [7], [10], [11].

So far, most of the research on battery cell impedance has
primarily focused on conductive behavior or emission [3], [4],
[5], [6], [7], [12], [13], [14]. Radiated emissions from battery
systems have relatively been underexplored. An interesting
study delving into the radiated emissions of batteries is found in
[15]. In their work, Maleki et al. [15] examined the positions and
lengths of the anodic and cathodic tabs within a prism-shaped
lithium-ion cell, investigating their impact on the battery’s
radiated emissions. Their work was further developed into a
patent [16], extending to a battery pack composed of multiple
prism form cells. In this patent, the asymmetricity of internal
electrode construction was harnessed so that the asymmetrical
constructions of adjacent cells are oriented in different directions
to reduce the overall magnetic field emission. In addition, the
internal tab positions are also exploited in the wirings between
the cell terminals to achieve further reductions in emission.
The primary drawback of this patent is its reliance on prior
knowledge of internal asymmetricity and tab positions of battery
cell. Consequently, the method described in the patent becomes
challenging when dealing with cylindrical 18 650 cells, where
it is impractical to know the internal electrode structure and tab
positions of each individual battery cell. The method proposed
in this article, however, does not rely on the internal battery
structure, and hence can be applied to a wide range of battery
packs consisting of cylindrical battery cells.

The technique of neutralizing an unwanted magnetic field
with a counteracting field, often termed active or dynamic mag-
netic field cancellation, is a well-established practice in various
advanced systems [17], [18], [19], [20]. Naval ships, for instance,
employ this method to diminish magnetic signatures and reduce
detection risk [21]. The main challenge and drawback of this
approach is its complexity and cost, as it requires magnetic sen-
sors, a control system, and EM coils. Nonetheless, this method
proves particularly effective in specific scenarios, such as power
line applications where the magnetic field’s characteristics are
predictable, allowing for easier field cancellation. Techniques
include modifying power line configurations, splitting and rear-
ranging conductors, mixing phases in super-bundle lines [22],
[23], and onboard filtering [24]. To the best of the author’s

U.S. Government work not protected by U.S. copyright.

Authorized licensed use limited to: Stephen B. Thacker CDC Library. Downloaded on March 04,2025 at 12:19:35 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0003-0418-2705
https://orcid.org/0000-0002-5813-658X
https://orcid.org/0000-0001-5020-4333
mailto:yzhang13@cdc.gov
mailto:czhou@cdc.gov
mailto:jcarr1@cdc.gov
mailto:jsrednicki@cdc.gov
https://doi.org/10.1109/TEMC.2024.3421377


52 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 67, NO. 1, FEBRUARY 2025

TABLE I
COMPARISON OF DIFFERENT EMI MITIGATION METHODS ON CYCLONE SIDE OF PDM

knowledge, this technique has not yet been applied to battery
systems comprising cylindrical cells. The approach introduced
in this article is distinguished by its simplicity and effectiveness,
as it does not require additional circuits or external controls,
making it highly practical for real-world applications.

Our research on the EM emission of cylindrical battery cells
was prompted by the reported incidents of EMI in underground
mines [25], [26], [27]. Researchers from the National Institute
for Safety and Health (NIOSH) discovered that the EM emission
from the battery of the personal dust monitor (PDM) device
was the major cause of EMI incidents between the PDM and
the wearable proximity detection system (PDS) device [27],
[28]. Since then, researchers from NIOSH have been exploring
various mitigation strategies [27], [28]. However, none of these
methods have been entirely satisfactory. The administrative con-
trol method is the simplest and can be achieved by, for example,
wearing the two devices on opposite sides of the waist. However,
in real environment, it creates extra burden on miners and could
be difficult for miners to maintain the separation distance at
all times. The shielding pouch did alleviate but could not solve
the EMI issue completely. Furthermore, the pouch adds extra
weight and size to the device and hinders the dissipation of heat
generated by the PDM. The shielding on the battery is con-
strained by the internal spacing of the PDM. Filtering is another
very common and effective EMI mitigation method. However,
it requires modification of the circuit board. The cost and time
of redesign and recertification process make this approach less
attractive. We investigated the structure of the battery and dis-
covered that the cylindrical battery cells in the PDM battery
pack are connected in five pairs and placed in parallel. Given the
coherence in the currents flowing through each cell, it is therefore
possible to rearrange the cells so that the magnetic fields of
the five pairs could partially neutralize each other. A practical
implementation of this method has demonstrated a significant
reduction in EM emissions, especially on the two crucial sides
of the PDM battery. We have published a comparative study
of this method against others, including administrative control,
filtering, and shielding in [29]. A summary of the comparative
results is included in Table I. This article presents the detailed
steps and analysis of this magnetic field cancellation method on
the PDM battery pack and its experimental result.

Fig. 1. Images of PDM devices.

II. PDM BATTERY AND ITS EM EMISSION

Fig. 1 displays the external and internal images of a PDM
device that is obligatory for individuals working in underground
coal mines. This device continuously monitors the miners’ ex-
posure to coal dust, which is crucial to their lung health. If the
PDM reports a high dust level, the miners can take necessary
precautions, such as improving ventilation or relocating to a
different working area. As a result of its critical role in safeguard-
ing miners’ health, the Mine Safety and Health Administration
mandates the use of PDMs in underground coal mines [30].

The battery of a PDM device is illustrated in Fig. 2, displaying
both top and bottom views, as well as an indication of the

Authorized licensed use limited to: Stephen B. Thacker CDC Library. Downloaded on March 04,2025 at 12:19:35 UTC from IEEE Xplore.  Restrictions apply. 



ZHANG et al.: IMPROVING BATTERY DESIGN FOR ELECTROMAGNETIC COMPATIBILITY: A MAGNETIC FIELD CANCELLATION METHOD 53

Fig. 2. Top and bottom views of the stock battery: (a) top view and (b) bottom
view and the indication of the four sides.

four sides: sides 1– 4 referred in this article. As is shown, the
battery comprises ten common cylindrical 18 650-type battery
cells, where each cell has a diameter of 18 mm and a height
of 65 mm. Every two cells are connected in series, yielding
a nominal voltage of 7.4 V. Five pairs of such cells are then
connected in parallel to increase the output power, resulting in
a so called “5P/2S” configuration.

A. EM Field Simulation

In order to evaluate the EM emission of the battery, we
adopt the simplified 3-D structure model for cylindrical 18 650
lithium-ion cell described in [3] and [4], where the battery cell
is approximated by a perfect conducting cylinder surrounded
by a perfect electrical conductor shield with an opening on the
positive side. The inner conducting cylinder has a diameter of
16.73 mm and a length of 64.95 mm, and the outer shield has a
diameter of 18.16 mm and a length of 64.95 mm. An external
load is placed between the power supply pins of the battery pack,
as shown in Fig. 3. The position of each cell model in the battery
pack is also shown in Fig. 3. The x-axis is aligned with the edges
of the first row of four cells, the y-axis is aligned with the edge
of the first cell on the left, and the z-axis extends upward. The
bottom plane of battery pack represents the XY-plane at the zero
z-axis. The external load and voltage source are adjusted so that
each battery cell is supplying a current of 0.5 A.

The EM field simulation is conducted using Altair Feko tool.
Fig. 4 displays an image of the magnetic field captured at a
distance of 7 cm away from side 1 of the battery. The color

Fig. 3. Positions and orientations of battery cells in XYZ axes and the connec-
tion positions of external load in both simulation and experiment.

Fig. 4. Simulated magnetic-field plane image at 7 cm away from the edge of
side 1 of the stock battery at 100 kHz.

bar illustrates the H-field strength values. As is shown, the
maximum magnitude value is around 165 mA/m. Note that the
7-cm distance is adopted from the radiated emission test standard
MIL-STD-461 [31]. It is the distance between the antenna and
device under test. Side 1 is selected as it corresponds to one of
the two sides of the PDM device that exhibits the strong EM
emission that could interfere with the operation of nearby PDS
devices [26], [27].

According to the simulation, the total radiated power of the
stock battery in the far field is about −127.7 dBm at 100 kHz.

B. EM Emission Measurement on Side 1 of the Battery

In addition to simulations, we also performed the EM emis-
sion measurement on the real battery using the setup of radiated
emission test method (RE101) defined in MIL-STD-461 [31],
which serves as de facto standard or the fundamental standard for
many industries. As shown in Fig. 12, the battery is placed at a
distance of 7 cm from the center of a COM-POWER AL-RE101
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passive loop antenna, and the antenna is then connected to a
Tektronix RSA5115B spectrum analyzer. To isolate the battery’s
EM emission from the other components of the external load,
i.e., the PDM circuit, a 50-cm-long shielded cable was used to
connect the battery to the PDM, and the PDM was then enclosed
in a shielded enclosure. The averaged current load of PDM
circuit is about 0.5 A.

The spectrum analyzer was configured to measure with 1 kHz
resolution bandwidth. To capture the peak EM emission, a thou-
sand sweeps were conducted for approximately 10 s, and then the
maximum value of the detected peaks from all the sweeps was
recorded using the max-hold function of the spectrum analyzer.

The result of the EM emission measurement on side 1 of
the stock battery is displayed as the top red curve in Fig. 13.
As shown, there are two primary frequency bands that exhibit
strong emissions, one at around 50 kHz, which corresponds
to the switching frequency of dc–dc power converters on the
board, and the other at around 100 kHz, which corresponds to
the driving current frequency of the air pump motor in the PDM.
The emission limit specified in MIL-STD-461 standard [31] is
also included for reference, which is set at 76 dBpT. Emissions
at both bands exceed the limit.

III. NOVEL APPROACH

During our investigation into the EM emissions from PDM
batteries, we discovered that certain multicylindrical-cell bat-
teries can form current loops through pairs or strings of cells.
Since they supply power to the same external load, these loops
exhibit the same magnitude and phase of current. Inspired by
the concept of magnetic field cancellation, we recognized the
potential for rearranging the battery cells to exploit these loops.
By pairing and overlapping the battery cell loops, we can create
opposing current flows. This innovative approach served as the
foundation for the design of a new multicylindrical-cell battery
pack specifically tailored for PDM devices.

In the following, we delve into the details of this ground-
breaking battery pack design, exploring how the arrangement of
the battery cells effectively harnesses the principles of magnetic
field cancellation to mitigate EM emissions. Let us take another
look at the stock battery of the PDM device displayed in Fig. 2.
The battery is made up of five pairs of two serially connected
battery cells. These pairs of cells form five loops in various ways.
It is worth noting that, to keep minimum costs and avoid any
modification of the form and structure of existing PDM devices,
we want to retain the same structure and shape of the battery
pack as that of existing ones.

A. Battery Cell Rearrangement

Now, let us rearrange them in the following manner. In
Fig. 5(a), the first row of four cells can be rearranged into two
pairs, forming a 2P/2S structure, as shown in Fig. 5(b), so that
their current loops have opposite flow directions, as indicated
by the red and green arrows in the figure.

The second and third rows of the six cells in Fig. 2(a) can be
rearranged, as shown in Fig. 6, forming a 3P/2S structure. The

Fig. 5. First row four cells rearrangement of new battery pack. (a) Original
four cell arrangement. (b) New four cell arrangement. The red and green arrows
indicate the two opposite directions of the current loops of the two paired cells.

pair of middle cells is arranged such that it has current flow in
the opposite direction to those of the two adjacent pairs.

B. Simplified Analysis on Magnetic Field Cancellation

The radiated EM emission of a battery cell is closely linked to
the inductive impedance of the battery cell. According to [7] and
[32], the inductive impedance of cylindrical cell is composed by
three parts: the cell’s coiled structure, the interaction between
the anode and cathode current collectors, and the length of the
cell along which current travels longitudinally from the anode
to the cathode terminal. Due the complicated electrochemical
processes, as well as its physical spiral structure, the inductance
of battery cell is rather complicated and decreases nonlinearly
when frequency increases [32].

For the simplicity of our analysis, in the following, we assume
battery as a solid cylindrical conductor with length l and radius
r. We also assume that the effect of the end connections between
the conductors can be ignored and the current is uniformly
distributed over the cross section of the conductor.

The self-inductance of such a cylindrical conductor can be
calculated as follows [33], [34], [35]:

Lself ≈ μ0l

2π

(
ln

2l

r
− 3

4

)
(1)

where μ0 is the permeability of the air.
When two conductors are placed nearby in parallel, the time-

varying magnetic field created from one conductor will impact
the EM field behavior of the other one. Let us consider the
parallel case in Fig. 7(a), where two conductors carry currents
in the same direction. According to [33], [34], and [35], their
total inductance can be calculated by the summation of self-
inductance and mutual inductance from the other

Lparallel = 2 (Lself +Md) . (2)
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Fig. 6. Second and third rows of battery cell rearrangement. (a) Original
six cell arrangement. (b) New six cell arrangement. The red and green arrows
indicate the different directions of the current loops of the three paired cells.

Fig. 7. Inductance of two straight conductors. (a) Two parallel conductors
where current flow in the same directions. (b) Two anti-parallel conductors
where current flow in opposite directions.

Here, Md denotes the mutual inductance between the two
conductors with a separation distance d between the centers.
The mutual inductance Md can be approximated by the following
[33], [34], [35]:

Md ≈ μ0l

2π

(
ln

2l

d
− 1 +

d

l

)
. (3)

Note, the above formula assumes that the length l is much
greater than the separation distance d. A shorter relative length
would need a more complicated formula.

In the case where two conductors carry currents in opposite
directions, as shown the antiparallel case in Fig. 7(b), their

inductance is given by the following [33], [34], [35]:

Lantiparallel = 2 (Lself −Md) . (4)

These calculations, often referred to as the Grover method
[34], can be applied to an array of multiple conductors [33], [34].
Assuming that the four battery cells in Fig. 5 can be simplified as
four cylindrical conductors, we can estimate the total inductance
for the arrangement in Fig. 5(a) as follows:

Lorg4 = 4Lself + 6Md + 4M2d + 2M3d (5)

and for the new arrangement in Fig. 5(b) as follows:

Lnew4 = 4Lself − 2Md − 4M2d + 2M3d. (6)

Substituting l with 65 mm, r with 9 mm, and d with 19 mm in
above formulas, we arrive at approximate inductances of 255 nH
for the original arrangement Lorg4 and 44 nH for the new one
Lnew4.

The above analysis is overly simplified and the approxima-
tions may be far from accurate. However, the underlying concept
still holds. Altering the direction of current flow among the
conductors can decrease the total inductance, especially when
compared to an arrangement where currents in all conductors
are flowing in the same direction. The difference in inductance
depends on the mutual inductance; the larger the mutual induc-
tance, the greater the difference.

It is noteworthy that, through the 3-D EM simulation and
experiment, Landinger et al. [32] demonstrated that the Grover
method is also applicable to two parallel cylindrical battery cells.
In other words, the principle also applies to the battery cells in
Figs. 5 and 6, such that the new arrangement has less inductance
than the original arrangement. The extent of reduction largely
depends on the mutual coupling of the battery cells. The in-
ductive mutual coupling of two cylindrical 18 650 battery cells,
connected in series and placed in parallel, has been well studied
in [32]. It was found that the mutual inductance is relatively
small below 1 MHz but increases significantly between 1 and
20 MHz.

C. Battery Pack Wiring

With the position of each cell being fixed, the subsequent
step involves choosing a wiring option. Note that the wiring on
the bottom is fixed due to the pairing. There are several wiring
options for connecting the cathodes and anodes of cells located
on the top of the battery pack. Each top wiring option results
in a unique current flow pattern, depending on the placement of
the external load. For example, Fig. 8 shows one wiring option
where all the anodes on the top are connected to single place
with straight wires, and so are all the cathodes. However, this
wiring configuration poses a safety concern and/or manufacture
challenge as some positive and negative wires overlap, poten-
tially resulting in electrical shorts if insulation materials wear
out or are not properly placed.

An alternative and better top wiring option, which eliminates
wire crossover, is illustrated in Fig. 9(a) and (b). We adopted this
option, and the actual PDM battery pack based on this wiring
option is shown in Fig. 9(c) and (d).

Authorized licensed use limited to: Stephen B. Thacker CDC Library. Downloaded on March 04,2025 at 12:19:35 UTC from IEEE Xplore.  Restrictions apply. 



56 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 67, NO. 1, FEBRUARY 2025

Fig. 8. Wiring diagram option #1 with wire crossovers. (a) Top wiring diagram.
(b) Bottom wiring diagram.

Fig. 9. Wiring diagram option #2 without wire crossover. (a) Top wiring
diagram. (b) Bottom wiring diagram. (c) Top view of the real battery. (d) Bottom
view of the real battery.

IV. RESULT OF NEW PDM BATTERY DESIGN

As in Section II, we assess the EM emission of the new battery
design using both simulation and experimental measurement.
Then, we will compare the results with that of the stock battery.

A. EM Field Simulation

The EM simulation of the new battery was conducted using
the same simplified 3-D structure for the battery cell as described
in Section II-A. The external load was placed on the two power
supply pins depicted in Fig. 10. The XYZ axes are the same as
that in Fig. 3.

Fig. 11 displays the magnetic field plane image captured at 7
cm away from side 1 of the new battery. In comparison to Fig. 3,
the maximum near-field strength value on side 1, as indicated by
the color bar, has decreased from 165 to 22 mA/m. It is important
to note that this comparison only considers the maximum field
magnitude value and does not take into account the phase and
direction of the magnetic field, which are also crucial factors in
measuring actual EM emissions.

Based on the simulation result, the total radiated power of the
new battery in the far field is about −132.2 dBm at 100 kHz,
about 4.5 dB reduction compared with that of the stock battery.

Fig. 10. Top view of positions, orientations, and wirings of battery cells, and
the connection positions of external load in both simulation and experiment.

Fig. 11. Simulated magnetic-field plane image at 7 cm away from the edge of
side 1 of the new battery at 100 kHz.

B. EM Emission Measurement on Side 1 of the Battery

We used the same measurement setup shown in Fig. 12 to
measure the EM emission of the new battery, as we did for
the stock battery. The result from side 1 of the new battery is
presented as the blue curve in Fig. 13, indicating a remarkable
reduction in EM emissions compared with those of the original
stock battery, with an approximately 18 dB decrease at 100 kHz.

C. EM Emission Reductions on Other Sides of Battery

Because the magnetic field cancellation appears almost on
every side of the battery pack, we expect that the decrease in
EM emissions is not limited to one side of the new battery.
Indeed, it is present in a similar measure on other sides as well.
This observation is supported by experimental measurements.
Fig. 14 illustrates the reduction in measured EM emissions on
other sides of the battery.
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Fig. 12. Battery EM emission measurement setup.

Fig. 13. Measured EM emission comparison of side 1 of new battery versus that of original stock battery.

Fig. 14. Measured EM emission reduction of all sides of the new battery,
compared with the stock battery.

D. Comparison With Other EMI Mitigation Methods in a
PDM Device

As mentioned in Section I, this newly designed battery pack
was applied to a PDM device, and its EMI mitigation per-
formance was compared with conventional methods, such as
administrative control, filtering, and shielding. The results were
published in [29]. For reference, a summary of the comparative
results is presented in Table I.

V. CONCLUSION

The fact that batteries can be a source of radiated EM emission
has not been well conceived by many engineers. This issue is
exemplified by the EMI problem between the PDM and the PDS
devices, which demonstrates that the EM emission from batter-
ies can be severe and catch us off guard. While conventional
methods, such as shielding and filtering, do help mitigate EMI,
they can be costly and come with tradeoff, especially when the
product is on the market.
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However, through simulation and experimental measurement,
we have found that magnetic field cancellation techniques can
effectively reduce EM emissions from multicell battery packs.
By rearranging the positions of battery cells, we were able to
achieve a significant reduction in EM emissions. Our initial re-
sult was first presented as a one-page abstract [36] in conference.
One of the key advantages of our approach is that it effectively
addresses the EMI issue between the PDM and the PDS without
requiring any modifications to the existing PDM circuit boards.
This is significant as it saves both time and money, because
any redesign and recertification of coal mining devices is time
consuming and costly.

There are a few interesting topics that merit further inves-
tigation. For instance, what are the best battery pack designs
that have least possible EM emissions? How can this method be
applied to large numbers of battery cells? What are the best
wiring practices for minimal EM emission for large battery
pack?

It should be noted that the new arrangement of the PDM
battery cells might introduce added complexity in the jointing
of anodes and cathodes. Despite this, we believe that our ap-
proach provides valuable new insights and potential solutions
for battery designers and manufacturers looking to improve EM
compatibility in their products.

In this work, the battery cell is approximated as a simple 3-D
structure. While this simplified model served our initial needs for
comparing the simulated results of the stock and new battery, we
believe that there is still ample room for further exploration on
the radiated emission of the battery cells and packs. For example,
our next step is to investigate and correlate simulated radiated
emissions with measured radiated emissions. Another interest-
ing venue of the study is investigating the impact of the defects,
such as short-circuit or aging of battery cells, on the EM field.
Quantifying the effects of unbalanced cells resulting from these
defects would provide valuable insights. These research topics
will contribute to enhancing our understanding of EM field char-
acteristics in the battery systems and could lead us to find new
methods in detecting and maintaining the health of the battery.
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