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Abstract—This article proposes a novel radio frequency inter-
ference (RFI) mitigation method and applies it to a real consumer
electronic device. Through near-field scanning, an equivalent dipole
moment of the noise source containing the CPU and DDR memory
chip is reconstructed. The near-field components of the victim
Wi-Fi antenna are measured to obtain the transfer function. By
determining the relationship between the dipole moment and the
antenna near field, the noise source is rotated by a certain angle
to reduce RFI. Rotating the source to reduce RFI is implemented
in such a way that it does not compromise the signal integrity, and
it does not require an additional shield can. New boards with the
suggested changes are fabricated and the measured results show
the RFI reduction up to 8 dB compared with the original board.

Index Terms—Antenna, double data rate (DDR), dipole moment
model, reciprocity, radio frequency interference (RFI), transfer
function.

I. INTRODUCTION

W ITH the recent progress in the Internet of Things (IoT)
and 5G technologies, billions of electronic devices in

homes, factories, hospitals, cars, and many other places will be
connected to the Internet [1]–[3]. These devices range from a re-
frigerator to a small car key fob, which are connected wirelessly
to the Internet access point through Wi-Fi. Although the wireless
technology in IoT devices provides great convenience, it also
brings a lot of design challenges to RF integration engineers
[4]–[6]. As the complexity of the digital subsystem increases,
the potential noise sources in devices, such as a system on chip
(SoC), high-speed traces, flexible cables, and power converters
coupled to a colocated wireless antenna [7]–[12]. This unin-
tended electromagnetic (EM) noise, called the RF interference
(or simply RFI) interferes with the functionality of the wireless
radio and reduces the usable wireless range of the device.

There are a few conventional ways to mitigate RFI. For
example, the designers use absorbing materials, ferrite sheets,
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and shield cans to suppress noise radiation by modifying the cou-
pling path [13]–[17]. However, in small form-factor products,
sometimes it is difficult to apply a shield can or a layer of ferrite
sheet due to the mechanical fabrication (product design) and
cost limitations. Another approach is to modify the noise source
itself. The clock or slew rate can be lowered to reduce the power
spectral density of the noise source for frequencies where RFI
issues occur. However, modifying the signal quality may reduce
the signal integrity margin. The data encoding can also help to
reduce RFI. A linear encoding technique that can reduce RFI
by up to 14 dB is proposed in [16]. It is experimentally shown
that an 8b/10b coding method can lead to the RFI reduction at
2.437 GHz in the range of 7–12 dB [17]. Another approach is to
route the high-speed signals in a stripline instead of a microstrip.
A stripline structure can provide better shielding compared with
a microstrip structure. However, the choice of using a stripline
routing or a microstrip routing can increase the printed circuit
board (PCB) layer count, affect the signal integrity, and also add
complexity to the overall board layout. Therefore, it is important
to explore alternate ways to mitigate RFI without compromising
signal integrity or adding cost to the product.

Recently, efficient methods to predict RFI in real products,
such as laptops and cellphones, were introduced in [18]–[21].
A reciprocity theorem is used to estimate RFI by decomposing
the overall RFI problem into two steps: forward problem and
reverse problem. In the forward problem, the noise source’s near-
field radiation is studied, while the victim antenna is terminated.
The forward problem can reconstruct the noise source into an
equivalent dipole moment model. In the reverse problem, the
antenna is excited and the noise source is turned OFF. Using
the equivalent dipole moment and the reverse field, RFI from
the noise source to the antenna can be obtained. However, there
has been little effort to conduct a systematic way to mitigate
RFI.

In this article, a popular consumer electronic device is stud-
ied. This small form-factor device has many complex digital
subsystems, including CPU, double data rate (DDR) memory,
power supply, and two Wi-Fi antennas (for the multiple-input
and multiple-output (MIMO) functionality). Only the CPU,
dynamic random-access memory (DRAM) ICs, and two Wi-Fi
antennas are clearly shown in Fig. 1. The other parts are hidden
to protect the intellectual property of the product. Through RFI
measurements with and without the shielding, it is determined
that the high-speed DDR3 traces on the main logic board are the
dominant noise sources for RFI issues on the Wi-Fi antennas.
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Fig. 1. DUT illustration. DDR noise source couples to nearby Wi-Fi antennas.

Having identified the noise, the steps outlined in the following
are followed to measure, reconstruct, and mitigate the RFI issue.

First, the near-field measurements of source and antenna are
performed using an EM scanner to understand the RFI radi-
ation and coupling physics. Then, the dipole moment based
reciprocity method is utilized to propose the RFI mitigation
methods, such as the movement and/or rotation of noise source.
The theoretical derivations and steps to maximize the RFI reduc-
tions for two antennas are also provided. Finally, the results of
the final modified board with the reduced RFI are presented. The
comparisons of the measured RFI reduction and the theoretical
RFI reduction for both antennas are also presented.

II. NOISE SOURCE AND ANTENNA CHARACTERIZATION

An EM scanner with a spectrum analyzer is a fast and conve-
nient tool to measure near-field emissions from any radiating
source. Using an EM scanner, the near-field distribution of
noise sources (i.e., SoC and DDR3 interface) is measured. The
measurement setup and a simple illustration are shown in Fig. 2.
During the measurement, the device was configured in a stress
mode to emulate a high-speed data transfer between the CPU and
DDR memory chip. The resonant-type H-field probe at 2.45 GHz
is used and the scanning is performed at channel 6 of 2.4 GHz
Wi-Fi. The resolution bandwidth of the spectrum analyzer is set
to 100 kHz with a sweep time of 50 ms. An average detector
is used, and the scan data are sampled using a max hold mode
for 15 s. Furthermore, the scanning area was chosen to be 30 ×
30 mm with a 2 mm step.

The measured near-field patterns withHx andHy components
are shown in Fig. 3(a). The H-field patterns are similar to the field
patterns of a single magnetic dipole My . Similar field patterns
were observed in measurements of some cellphones and laptops
[18]. According to the article presented in [18], a few other
projects also use only one single magnetic dipole moment to
replace the noise source based on its H-field patterns. Once
the source dipole is identified as one single magnetic dipole
moment, the magnitude of the magnetic dipole can be calculated
using the least squares method with the magnitude-only data, as
used in [19] and [20]. Fig. 3(b) shows the near-field patterns
calculated from the reconstructed magnetic dipole. According
to EMs theory and analysis in [21], the pattern center is the
location of the dipole moment. In the measured field patterns, the

Fig. 2. Near-field scanning measurement setup of the tangential H-field above
the DUT. (a) Real picture. (b) Simple illustration. The measurement loop in the
tangential H-field probe was placed facing the X and Y directions to measure
Hx and Hy separately.

Fig. 3. (a) Measured |Hx | and |Hy |. (b) Calculated |Hx | and |Hy | from the
reconstructed magnetic dipole.

pattern center corresponds to the center of the microstrip lines, as
depicted in Fig. 4. The reconstructed magnetic dipoleMy can be
understood as an electric current loop in the xz-plane facing the
Y-direction. Although the field patterns in this device are similar
to those in [21], it is worthwhile to point out that the underlying
physics behind the dipole moment of these two products is
different. The magnetic dipole moment in this product is caused
by the microstrip, as shown in Fig. 4. However, the magnetic
dipole moment in [21] is caused by the transition parts from the
embedded stripline to the ICs.

Since the radiation source is a single My dipole moment in
the forward problem, according to the article presented in [18],
the coupled voltage to the victim antenna can be calculated by
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Fig. 4. Routing between the CPU and memory IC.

Fig. 5. Measurement setup of the reverse problem with the antenna excited.
The measurement loop in the tangential H-field probe was placed facing the X
and Y directions to measure Hx and Hy separately in the reverse problem.

the following equation:

Ufwd =
ZL

2U+
rev

[
�Hrev · �Mfwd

]
(1)

where Ufwd is the coupled voltage at the antenna port due to the
noise source,Mfwd is the dipole moment in the forward problem
(My in this device), ZL is the load impedance (50 Ω), U+

rev is the
incident voltage from the antenna port in the reverse problem,
and Hrev is the H-field in the reverse problem with the incident
voltage of U+

rev.
The measurement setup of the reverse problem is shown in

Fig. 5. A vector network analyzer (VNA) is used along with the
EM scanner instead of the spectrum analyzer. The victim antenna
is excited using port 1. Port 2 of the VNA is connected to the
near-field probe of the EM scanner. With the noise source turned
OFF, the near-field components of the antenna are measured by
capturing S21 from VNA. Using the probe calibration factor, the
H-field at the location of the dipole moment can be obtained. The
measured |Hy| in the reverse problem is shown in Fig. 6. In the
scanning plane, it is observed there are hot spots and cold spots
of the antenna H-field. According to (1), smaller Hy can lead
to smaller coupled voltage on the antenna port. Thus, moving
the My dipole (the noise source) to the smallest Hy location can
help in reducing the RFI. However, in this device, the smallest
Hy location is at the edge of the scanning plane, which is also
the edge of the main logic board. If this change was applied,
CPU and memory ICs would have to be placed at the edge of
the board, which is not a practical layout change. Reducing the
magnitude of equivalent dipole moment My can also lead to a
smaller RFI. Since the magnetic dipole moment is essentially an
electric current loop, either the current on the loop or the loop

Fig. 6. Measured |Hy | in the reverse problem when the victim antenna radiates.
Moving the My dipole to the smallest Hy place reduces the noise coupling and
alleviates the RF desense issue.

Fig. 7. Simple diagram of the rotation problem.

area can be reduced. Although both options can successfully
reduce RFI, they also impact the signal integrity as mentioned
above; thus, these are not the main focus of this article.

III. RFI REDUCTION BY ROTATING NOISE SOURCE

In (1), it is worth noting that there is an inner product between
the two vectors: the noise source and the reverse field (i.e., �Hrev

and �Mfwd). In this work, a novel method in manipulating the
angle difference of the two vectors is undertaken. With a certain
angle, the inner product of these two vectors can be minimized.
A general expression of �Hrev and �Mfwd is given as follows:

�Hrev = x̂|Hx|eiθx + ŷ|Hy|eiθy + ẑ|Hz|eiθz
�Mfwd = x̂|M |eiθm cosϕ+ ŷ|M |eiθm sinϕ (2)

where x̂, ŷ, and ẑ are the unit vectors along the x-, y-, and z-axis,
respectively. |Hx| and θx are the magnitude and phase of the
complex number Hx, which can be measured in the reverse
problem. Similar definitions apply forHy andHz . |M| and θm are
the magnitude and phase of the original M dipole, respectively.
ϕ is the rotation angle, relative to the x-axis. The rotation of the
magnetic dipole moment corresponds to the different routing
angles of the noise traces or the different angle placement of
noise IC in real-world applications. If the magnetic dipole is
rotated to a certain angle in the xy-plane, the magnetic dipole
moment will have both x and y components. Fig. 7 shows a
simple diagram of the rotation problem. Substituting (2) into (1),
and assuming U+

rev = 1 V and ZL = 50 Ω, the coupled voltage
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can be obtained as follows:

Ufwd = 25 �Hrev · �Mfwd

= 25(x̂|Hx|eiθx + ŷ|Hy|eiθy + ẑ|Hz|eiθz )
· (x̂|M |eiθm cosϕ+ ŷ|M |eiθm sinϕ)

= 25|M |eiθm(|Hx|eiθx cosϕ+ |Hy|eiθy sinϕ) (3)

where |Mϕ| is the magnitude of the magnetic dipole after rota-
tion angle ϕ in the xy-plane; and |Mϕ| remains the same value
|M| for any rotation angle ϕ in the xy-plane. Ufwd is a complex
number. |Ufwd| can be obtained from the real part and the
imaginary part of the complex number (4) shown at the bottom
of this page, where |Hϕ| is the H-field component along �Mfwd,
which is the perpendicular direction over the current loop. A
special case for this rotation problem is that the reverse H-field is
linearly polarized. Namely, the phase difference betweenHx and
Hy fulfills the relationship such that θx − θy = ±nπ, where n is
an integer. Then, it leads to cos θx cos θy + sin θx sin θy = ±1.
In this special case, (4) is simplified as

|Ufwd| = 25|M |(|Hx| cosϕ± |Hy| sinϕ)
|Ufwd| = 25|Mϕ||Hϕ|
|Hϕ| = (|Hx| cosϕ± |Hy| sinϕ)

= (x̂|Hx| ± ŷ|Hy|) · (x̂ cosϕ+ ŷ sinϕ). (5)

In (5), |Hϕ| is actually an inner product of two vectors, both of
which are real numbers. For an inner product of two real value
vectors in the xy-plane, there is always a zero case when two
vectors are perpendicular to each other as the rotation angle ϕ
is a variable here. In contrast, (1) is also an inner product of two
vectors, both of which, however, are complex numbers. In (1),
there is no guarantee that the inner product can achieve zero.
Equation (1) depicts a general case (θx − θy �= ±nπ), while (5)
shows the special case (θx − θy = ±nπ). A simple diagram is
drawn in Fig. 8 to illustrate the special case (θx − θy = ±nπ). In
Fig. 8, when the current loop is placed along the reverse H-field
line, there are no H-field lines penetrating through the current
loop. Thus, the inner product between the H-field vector and the
normal vector of the loop is zero and no noise coupling occurs.
The worst RFI for the linearly polarized case happens when
the H-field vector is perpendicular to the current loop. Another
diagram is drawn in Fig. 9 to illustrate the general case (θx −
θy �= ±nπ). In the general case, the reverse H-field is elliptically
polarized. In Fig. 9, when the loop is placed along the longer
axis of the ellipse, there are less H-field lines penetrating through
the current loop. Thus, the inner product between the H-field

Fig. 8. Special case for the rotation problem: Reverse H-field is linearly
polarized (θx − θy = ±nπ).

Fig. 9. General case for the rotation problem: Reverse H-field is elliptically
polarized (θx − θy �= ±nπ).

vector and the normal vector of the loop becomes the minimum.
The worst RFI for the elliptically polarized case happens when
the H-field vector is placed along the shorter axis. There are
more H-field lines penetrating through the current loop. Thus,
the inner product between the H-field vector and the normal
direction of the loop becomes the maximum.

Taking one of the Wi-Fi antennas on this board for analysis
(right-side antenna), the magnitude and phase of reverse Hx

and Hy are obtained from the reserve problem measurement,
as shown in Fig. 5. The measured phase difference of reverse
Hx and Hy is 181°, which is very close to the special case in
Fig. 8 (reverse H-field has the phase difference of 180° or 0°).
It is expected that RFI will be minimum at a certain rotation
angle ϕ. By substituting the magnitude and phase of reverse Hx

and Hy into (4), the coupled voltage at any rotation angle ϕ is
obtained. The theoretical RFI reduction is defined by subtracting
the coupled voltage at any rotation angle ϕ from the original
coupled voltage, where the dipole moment is My (where ϕ is
90°).

As stated above, |Mϕ| stays the same for any rotation angle ϕ
in the xy-plane. The RFI reduction is indeed from the reduction
in |Hϕ| compared with the original |Hy| (namely ϕ = 90°).

|Ufwd| = 25|M |
√

(|Hx|2cos2ϕ+ |Hy|2sin2ϕ+ 2|Hx||Hy| sinϕ cosϕ(cos θx cos θy + sin θx sin θy)

|Ufwd| = 25|M ||Hϕ|

|Hϕ| =
√

(|Hx|2cos2ϕ+ |Hy|2sin2ϕ+ 2|Hx||Hy| sinϕ cosϕ(cos θx cos θy + sin θx sin θy) (4)
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Fig. 10. Theoretical and measured RFI reduction for various rotation angle ϕ.
The noise source is kept at the same place. When the rotation angle is 27°, the
RFI will reduce 38.75 dB compared with the original case.

Fig. 11. Simulation model containing the PCB, victim antennas, and the
equivalent dipole moment (current loop in this case).

The measurement is also done to show the reduction in |Hϕ|
using the setup, as shown in Fig. 5. The baseline was set as the
measured |Hy| when the probe is facing the Y-direction. For any
other rotation angleϕ, the probe will be rotated to measure |Hϕ|.
The measured reduction in |Hϕ| is defined by subtracting |Hϕ|
at any rotation angle ϕ from the original |Hy|.

In Fig. 10, RFI reduction from the measurement is compared
with the theoretical value calculated from (4) for any rotation
angleϕ. Good agreement seen between the measurement and the
theory validates the proposed methodology. When the rotation
angle is 27°, the maximum RFI reduction is achieved to be
38.75 dB. Simulations are also done to validate the proposed
rotation methodology. In the simulation model, as shown in
Fig. 11, the actual noise source ICs and traces are replaced by
a single magnetic dipole moment, which is actually a current
loop in the simulation. The construction of the current loop is
the same as the article presented in [22]. All the other PCBs
and victim antennas are kept the same. In the simulation, the
RFI between the original case and the ϕ = 27° rotation case
is compared. The simulation results are shown in Fig. 12. The
simulated RFI reduction between the original case and the ϕ
= 27° rotation case is 38 dB, which agrees very well with the
measured and theoretical RFI reduction.

IV. RFI REDUCTION FOR TWO ANTENNAS

In the previous sections, a theoretical way to improve RFI
without impacting the signal integrity and adding cost to the

Fig. 12. RFI reduction in the simulation between ϕ= 90° (original case) and
ϕ = 27° (best rotation angle).

Fig. 13. RFI reduction diagram for two antennas. (a) Both antennas are
symmetrical over the y-axis. (b) Both antennas are symmetrical over the dipole
moment source point.

product is introduced. Simulations and measurements show
that rotating the magnetic dipole moment, which is the noise
source, to ϕ = 27° can significantly reduce RFI for one of the
selected Wi-Fi antennas on this device (the right-side antenna).
However, in an actual device, RFI on the two antennas (for
MIMO functionality) needs to be improved together. Two special
cases are studied for the two-antenna system.

The first special case is that the two antennas are symmetrical
around the y-axis. The second special case is that the two
antennas are symmetrical to the source point of the magnetic
dipole moment. Let us assume that the near field is a general
case, i.e., elliptically polarized. Then, for the y-symmetry case
in Fig. 13(a), the best angles for the RFI reduction are achieved
at different angles, as denoted by the two different shorter axes of
the two ellipses. In other words, there is no best angle to achieve
the maximum RFI reduction for both antennas. In contrast, for
the point-symmetry case in Fig. 13(b), the best angles for the
RFI reduction on both antennas are achieved along the same
line, as denoted by the shorter axes of the same ellipse. For
the first special case in Fig. 13(a), where two antennas are
symmetrical around the y-axis, the theoretical RFI reduction
can be calculated by taking the simulated magnitude and phase
of Hx and Hy of both antennas into (4). The theoretical RFI
reductions for both antennas are shown in Fig. 14(a). The best
angle to achieve the maximum RFI reduction for the right-side
antenna and the left-side antenna is ϕ = 27° and ϕ = 153°,
respectively. In this y-symmetry case, there is no best angle to
achieve the maximum RFI reduction for both antennas. On the
contrary, for the point-symmetry case in Fig. 13(b), there is a
best angle ϕ = 27° to achieve the maximum RFI reductions for
both antennas, as shown in Fig. 14(b).
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Fig. 14. Theoretical RFI reduction at any rotation angle ϕ for two antennas.
(a) Both antennas are symmetrical over the Y-axis. (b) Both antennas are
symmetrical over the dipole moment source point.

Fig. 15. Original design and the modified design (ϕ = 27°).

However, due to the limitation of the layout space on this
board, it was difficult to rotate the dipole moment to ϕ = 27°
while keeping the dipole location the same and also keeping
two-antenna points symmetrical over the dipole moment source.
So, the ideal case in Fig. 14(b) was not feasible in the real board
design. In the final modified layout, the locations of the noise
source were moved up 3 mm, in order to accommodate the
placement of the other components. Because of the movement
of 3 mm, for the right-side antenna, the phase difference of
reverse Hx and Hy at the new location is 153°, which is worse
than the almost linearly polarized case in the original location
(originally, the phase difference of reverse Hx and Hy is 181°).
It is expected that the RFI reduction in this new location will not
be as good as 38 dB for the original location (181° as the phase
difference). Fig. 15 shows the comparisons between the original
board and the final modification board. Based on the simulated

Fig. 16. Theoretical RFI reduction at any rotation angleϕ for the two antennas
on the modified board.

Fig. 17. Measured RFI reduction for the right-side antenna between the
original design and the modified design (ϕ = 27°). RFI reduction for the
right-side antenna is 8 dB at 2.437 GHz.

TABLE I
PREDICTED AND MEASURED RFI REDUCTIONS FOR TWO ANTENNAS ON THE

MODIFIED BOARD WITH ϕ = 27°

reverse-field distribution of two antennas, the theoretical RFI
reduction for any rotation angle ϕ is shown in Fig. 16. When
the rotation angle ϕ is 27°, the theoretical RFI reduction for the
left- and right-side antennas is 6.5 and 9 dB. It is a compromise
to achieve good RFI reductions on both antennas and also take
care of other component placements.

The device with the new placement has been fabricated and
measured. The measured RFI for the right-side antenna between
the modified design and the original design is shown in Fig. 17.
The measured RFI reduction for the left-side antenna is 4 dB and
for the right-side antenna is 8 dB at 2.437 GHz (channel 6 of
2.4 GHz Wi-Fi). The RFI reductions for both antennas agree well
with the theoretical RFI reduction. The error is within 2.5 dB,
as listed in Table I.

Fig. 18(a) shows the real picture of the modified board, as
illustrated in Fig 15, which is simply called the “SR27” board
due to the rotation angle ϕ = 27°. On the “SR27” board, good
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Fig. 18. (a) Real picture of the modified board, as illustrated in Fig 15, which
is simply called the “SR27” board. (b) Real picture of the modified board for
the rotation angle as 45°, which is simply called the “SR45” board.

Fig. 19. Workflow for the RFI mitigation using the proposed method.

RFI reductions are achieved for both antennas. To add another
data point in this research, another modified board with the
rotation angle as 45° (simply called the “SR45” board) was also
manufactured. The real picture of the “SR45” board is shown in
Fig. 18(b). For the “SR45” board, the measured RFI reduction
for the left-side antenna is 1 dB and for the right-side antenna is
4 dB at 2.437 GHz. By comparison, the theoretical RFI reduction
on the “SR45” board for the left-side antenna is 3 dB and for the
right-side antenna is 7.5 dB at 2.437 GHz. The error between
the measurement and theory is within 3.5 dB.

Overall, the modified “SR27” board provides more RFI re-
ductions than the “SR45” board. The theory can agree with
measurements. The proposed RFI reduction methodology is
validated successfully. The workflow of using the proposed
method to achieve RFI mitigation is shown in Fig. 19. It is also
worthwhile to mention that this article mainly focuses on the
rotation of the radiation source but not on the antennas due to the
shape of the product. For other products, the antennas can also
be rotated and repositioned to minimize RFI, as shown in [23].

V. SUMMARY

In this article, the RFI reduction for a real consumer elec-
tronic device is studied. Considering the layout limitation of
the product, the proposed RFI mitigation involves rotating the
CPU and DDR chip by a certain angle without compromising
signal integrity. In addition to retaining signal integrity, the
proposed method does not require a shield can to meet RFI
specification for achieving the desired Wi-Fi performance. New
boards with the suggested changes were manufactured, and the
measured results showed the RFI reduction up to 8 dB compared
with the original board. The measured RFI reduction has good
agreement with the theoretical RFI reduction. The proposed
method enables a new dimension to the RFI mitigation with
cost-saving opportunities.
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