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Abstract— In this paper, an equivalent dipole moment method
and full wave simulation are proposed to predict radiated spurious
emissions (RSE). The proposed method is utilized in design of a
practical electronic device. Based on near field patterns, the
radiation physics of 2.4GHz Wi-Fi transmitter harmonics in the
device is identified to be a magnetic dipole moment. Reduction of
loop size is proved to be an effective method to reduce RSE of 2.4
GHz. In addition, RSE of 5 GHz Wi-Fi transmitter is simulated
using a full wave solver and methods to reduce RSE are discussed.
Measured RSE results are also shown to validate proposed
prediction and mitigation methods.
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I. INTRODUCTION

With rapid growth of wireless connectivity integrated
circuits (ICs), more and more radio systems are integrated to a
single electronic device. In addition, as the data rate and clock
frequency of IC continue to increase, risk to failures observed
from electromagnetic compatibility (EMC) and radio frequency
interference (RFI) are high. In the past, researchers have
proposed both simulation-based and measurement-based
method in order to solve EMC and RFI problems. In [1]-[3],
simulation tools are used to understand radiating noise sources
and how near field and far field contribute to EMC and RFI
failures. In [4]-[7], near field scanning measurements are used
to build equivalent radiation models.

This paper describes an approach that uses simulation based
method and near field measurement method to predict and
mitigate radiated spurious emissions (RSE) problems. Radiated
spurious emissions are defined as the unwanted radiated
emission on frequency range which are outside regions of
intended operational frequency of any communication radio
system. Harmonic radiations of a transmitter line up are often
the strongest contributors to RSE. Harmonic signals are
generated by non-linear components, such as, mixer, power
amplifier, etc. which are radiated by metal structures within the
electronic device, such as heatsinks, cables or antennas.
Government bodies strictly regulate RSE level. For example,
in US, consumer electronic devices need to pass RSE test limits
before going to market according to FCC part 15.

There are a few methods to reduce RSE. In [8], researchers
use a quarter-wavelength open stub to reduce RSE on a test
board setup. Frequency-Selective Surface is used in [9] to
reduce RSE from a spiral inductor. Band-stop characteristic of

split ring resonators are used in [10] to suppress spurious
radiations of a patch antenna. Defective ground structures is
used in [11] to suppress spurious radiations of a microstrip
patch antenna.

In this paper, we first propose dipole moment method to
predict RSE for a practical design of electronic device, as
shown in Figure 1. By understanding the radiation physics, RSE
reduction methods are also discussed.
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Figure 1. RSE radiation possibilities in the device.

The paper is organized as below. Section Il discusses the
RSE prediction method based on equivalent dipole moment and
full wave simulation. Section 111 discusses the RSE prediction
and reduction for harmonics of 2.4GHz Wi-Fi. RSE simulation
and reduction for harmonics of 5GHz Wi-Fi are covered in
Section IV. Section V provides conclusion and future direction.

Il. RSE PREDICTION

In [12]-[14], an array of electric and magnetic dipole
moments can be equivalently chosen to fit the measured near
field data. The following linear relationship between the
measured H-field and the dipole moment sources can be
established.
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where K is the number of the measured points on the near field
scanning plane. N is the number for each type of dipole
moment. Hy and Hy are measured H fields at each of K measured
points. Each element in the T matrix denotes the contribution of




one type of the dipole moment to one component of the
magnetic field. T can be easily obtained once the locations of
the observations plane and the dipole moment source are known
[13]. (1) can also be simplified as
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where F is the measured H fields with the size of 2Kx1. T is the
transfer function with the size of 2Kx6N. Moreover, X is the
unknowns for all of the electric and magnetic dipole moments
with the size of 6Nx1. The least square method is applied here
to solve the inverse problem. The solution is
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As long as the noise source dipole moments can be
obtained correctly, the dipole moments can be imported into the
full 3D model of the device to estimate far field RSE. Equation
(3) serves a general method to obtain equivalent dipole
moments for any radiation source, while in many cases, only
one or a few dipole moments are needed to represent a noise
source, as shown in [5], [12] and [14].

I1l. RSE RADIATION FOR 2.4GHZ WI-FI

The electronic device in this study supports 2.4 GHz /5 GHz
Wi-Fi in a single WLAN IC. Without a shield can on IC, as
shown in the simplified picture in Figure 1, RSE from this
device is attributed to 2 components: (1) harmonic power from
IC itself, which is then transmitted to device antenna and radiate
out; (2) WLAN IC noise couples to nearby heatsink or other
structures that radiates out. RSE from component (1) is
typically calculated by the conducted harmonic values in
conjunction with antenna gain at harmonic frequencies. In this
particular sample, it is observed that RSE data with shield can
meets RSE spec with 20 dB margin which leads to the
conclusion that component (1) radiation in this device can be
ignored. Part (2) is the dominant component, which originates
from the IC itself. Understanding the fundamental physics for
IC radiation is the key. Note that the term “IC radiation”
includes radiation from IC itself and its nearby traces.

Near field EM scanning was performed at 2f, of 2.437GHz,
which is 4.874GHz. H field patterns at 4.874GHz are shown in
Figure 2. According to [12], there are 6 types of dipole
moments, which are basic radiation sources. The electric dipole
moment consists of an infinitely small electric current segment,
denoted as P dipole moment. By duality, magnetic dipole
moment is an infinitely small magnetic current segment,
denoted as an M dipole moment. An infinitely small magnetic
current segment is actually an infinitely small electric current
loop. For a magnetic dipole moment, the direction is defined as
the perpendicular direction to the plane of the electric current
loop. For example, an My dipole moment denotes the magnetic
current going toward the y-direction, where the electric current
loop is in the xz plane. Based on orientations, there are six types
of basic dipole moments: Py, Py, Pz, My, My and M. For the basic
dipole moments, near and far fields can be calculated from the
analytical formulas given in [13]. Thus, near field patterns

above the noise source can be analytically calculated. The near
field patterns for all six dipole moments are shown in Figure 3.
Figure 3 can serve as a look up table to identify dipole moment
type based on near field scanned results.

The measured magnitude of Hy and Hy above the noise
source as shown in Figure 2 corresponds to fifth dipole
moment(dipole moment M,) in Figure 3. Hy shows a butterfly
shape. Hy shows three concentric circle shapes which has the
strongest one in center. When the entire board is scanned, the
near field radiation near the 1C output region is the dominant
part. Dipole moment My is the current loop in xz plane, the
normal direction of the current loop is facing y. As shown in
Figure 4, current at 4.874 GHz goes from the IC pin, hits the
low pass filter components and the majority of the current from
4.874 GHz will return through the shunt path in z direction, thus
forming a current loop in xz plane. In [14], researchers observed
similar magnetic dipole moment radiation from CPU and DDR
noise sources.

Figure 2. EM scanning of the IC radiation at 2f0 of 2.4 GHz Wi-Fi channel 6:
(a) |Hx|of 4.874GHz; (b)|Hy|of 4.874GHz
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Figure 3. Magnitude of H and E field components from 6 dipole moments
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Figure 4. Radiation source is a current loop in xz plane for 4.874GHz.
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The magnitude of magnetic dipole moment My= I*S. We can
assume that the current on the loop can be approximated as
constant. | is the constant current value at 4.874GHz from the
Wi-Fi chip based on the fact that the wavelength at 4.874GHz
in free space is 6.2cm and the length and width of the current
loop is smaller than 1/10 of the wavelength. | is the constant
current value at 4.874GHz from the Wi-Fi chip. S is the loop
area. S=L*h. L is the length from IC Wi-Fi pin (inside IC) to
the low pass filter. h is the height from first layer trace to second
layer ground.

As the dominant radiation source is a single dipole moment
My from the measured H field in Figure 2, the calculation
process to obtain equivalent dipole moment M, can be
significantly simplified. By putting the equivalent dipole
moment into the full model, RSE can be simulated with far field
E field probes placed 3 meter away. In Figure 5(a), current loop
in xz plane is used to replace the equivalent radiation source
dipole moment My. Dipole moment My is the only radiation
source in this model. There is no source excitation on the PCB
as it’s replaced by dipole moment My. The simulated far field
RSE is 49.1 dBuV/m at 4.874 GHz. The measured RSE is 55.3
dBuV/m at 4.874 GHz. The observed delta is 6.2dB. The delta
between the simulation and the measurement may be
contributed by the following components. Firstly, the distance
from the equivalent dipole moment My to the PCB ground plane
below and the distance from the equivalent dipole moment My
to the heatsink above are important factors and sensitive to
accurate measurement in order to determine RSE. The
simulated distances can be slightly different compared to actual
measurements. Secondly, the equations in (1) and (2) assume
that the dipole moment is above an infinite solid ground plane,
however, actual PCB has finite size and it’s not a solid ground
plane. Lastly, the H field probe calibration can also introduce
errors in H field measurements and also z direction variation.
Overall, the dipole moment and full wave solver can be used to
predict RSE within a certain error bound. In addition, it can help
derive ways to Jreduce RSE.

(a)
Figure 5. (a) Dipole moment M, to replace the actual radiation source on the
PCB, current loop in xz plane to replace the equivalent radiation source dipole
moment M, ; (b) far field probes at 3 meter distance.

To reduce RSE, the magnitude of dipole moment My need to
be reduced. A layout change to shorten the loop area S is done
to reduce RSE. With new layout, S is reduced to roughly one
third of original. In theory, 9.5 dB magnitude reduction of
dipole moment My will lead to RSE reduction of similar value.
The measured RSE reduces by 7 dB, which is roughly within
theoretical expectation.

Full wave simulation of the whole device is performed to
capture far field RSE reduction in simulation. Figure 6 shows
that simulated RSE from the updated layout change improves

by ~6 dB. Therefore, RSE reduction from simulation,
theoretical and emplrlcal data  converges as expected.
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Figure 6. Simulated RSE improvement for 2f0 of 2.4GHz Wi-Fi. Relative
RSE reduction is around 6dB.

IV, RSE RADIATION FOR 5 GHZ WI-FI

For 2f, of 5GHz Wi-Fi, near field scanning is done across
the board. Similar to the near field measurement of 2.4GHz
harmonics, high pass filters were placed right after the H field
probe to pass 2f; and reject the high power fundamental fo. The
near field radiation for H field of 10.36GHz is shown in Figure
7. The radiation physics is not dipole moment My. Based on
locations of hot spots, the dominant radiation is identified as the
exposed power supply traces on the first Iayer of the PCB.
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Figure 7. EM scanning of the IC radiation at 2f0 of 5 GHz Wi-Fi channel 36:
(@) |Hy| of 10.36GHz; (b) |Hy| of 10.36GHz

A few methods are applied in the simulation to reduce the
power trace radiation by changing components on the board.
The simulated RSE reduction is shown in Figure 8.
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Figure 8. Relative RSE reduction for 2f0 of 5GHz Wi-Fi.

In order to validate the applied RSE reduction method in
simulation, measurements were also performed and the



measured RSE reduction observed was 13 dB which also
supports the simulation data.

V. CONCLUSION

In this paper, we propose methods to predict radiated
spurious emission using equivalent dipole moments and full
wave simulations. We applied this method to predict and
mitigate RSE in a real electronic device. This device supports
2.4 GHz and 5 GHz Wi-Fi. For the 2.4 GHz Wi-Fi path, second
harmonic radiation physics is dominated by a magnetic dipole
moment. Thus reducing the loop size is used to mitigate RSE.
On 5 GHz Wi-Fi path, second harmonic radiation physics is
dominated by power trace radiation. Simulation is used to
identify possible RSE reduction methods. Measured RSE results
are also shown to validate proposed prediction and mitigation
methods. The future work includes: deep understanding of the
physics for power trace radiation; accurate modeling for
radiation sources with complex near field patterns.
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