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Abstract: The ever-increasing clock speeds on printed circuit board (PCB) have enhanced PCB traces to become efficient
radiators of electromagnetic energy. Conventionally, the radiated emissions (REs) of electrically short PCB traces are
estimated using expressions developed based on electric/magnetic dipole antenna. In this study, a novel method was
proposed to estimate RE from electrically long PCB traces. In this method, the differential-mode (DM) RE was
estimated using the transmission-line theory and dipole antenna model, whereas the common-mode (CM) RE was
computed by a combination of imbalance difference model and a dipole antenna. Conceptually, the electrically long
trace was chunked into multiple electrically short segments and the fields of each segment were superimposed to
obtain the net radiated fields. Additionally, closed-form expressions were derived to estimate the DM REs from
electrically long PCB traces based on dipole antenna model. On the other hand, CM RE was predicted by line
integration of CM current distribution which was approximated using imbalance difference model and asymmetrical
dipole antenna model. The effectiveness of the proposed method was verified using compact single-sided PCB by
comparing the computed results with the measured results taken in a semi-anechoic chamber, and a good agreement
with accuracy more than 90% was observed for upper bounds of the REs.

1 Introduction

The ever-increasing clock speed on printed circuit board (PCB) to
several gigahertz has enhanced PCB traces to become efficient
radiators of electromagnetic energy. Naturally, PCB traces can
generate both differential-mode (DM) and common-mode (CM)
radiated emissions (REs) which are produced due to DM and CM
currents, respectively. Although CM current is typically much less
than DM current, the CM RE value is much greater than that of
DM current [1–3]. Hence, properly designed PCBs can offer a
cost-effective approach to achieve electromagnetic compatibility
(EMC) compliance. Hence, the consideration of EMC during the
design phase is becoming critically important.

Although DM/CM RE have been estimated successfully using
expressions in [2], those expressions are not applicable for electrically
long traces where the trace length becomes comparable with the
wavelength since they are derived based on Hertzian dipole antenna
where the current is assumed to be uniform along the trace.
Additionally, the estimation of CM RE using that expression involves
the measurement of CM current using current probe which is a
tedious task due to the dependency of CM current on position and
frequency. Later, in other studies, the DM RE is estimated using
closed-form expression that is elaborated based on a transmission-line
model and modified Green’s function [4, 5]. However, it requires
intensive computation to compute all radiated fields in the entire sphere.

In this paper, an alternative approach is proposed for estimating
both DM and CM RE from PCB traces. First, DM RE is predicted
by dividing the electrically long trace into many electrically short
segments. Then, the RE from each short segment is computed
using the formulation described in [2] for DM RE. Although this
method provides accurate results, it is a time-consuming method
due to the massive calculation of RE for all segments. Therefore, a
closed-form expression is derived based on dipole antenna and
transmission-line theory for predicting the maximum DM RE from
PCB traces as shown in Section 2.

Secondly, a novel approach is presented for estimating CM RE
from PCB traces by a combination of imbalance difference model

and asymmetrical dipole antenna in Section 3. The imbalance
difference model explains how the DM signals can induce CM
signals on the nearby metallic structures [6]. Although imbalance
difference model has been demonstrated successfully in identifying
and quantifying CM voltage sources at the junctions where the
imbalance change occurs [7], it is never adopted before for
estimating CM RE from PCB traces but asymmetrical dipole
model has been adopted for estimating CM RE in several studies
before [8–11]. Such studies have investigated the CM RE not from
PCB traces but from the cables attached to a conductive enclosure.
In this paper, the imbalance difference model is used to locate and
quantify the CM voltage source on the PCB while the signal trace
and the ground plane in microstrip PCB are modelled as
asymmetrical dipole antenna. The CM current is approximated
using the identified CM voltage and the input impedance of the
asymmetric dipole. Then, the maximum CM RE can be predicted
once the CM current distribution on the dipole arms is known.

Quantitatively, this method would be acceptable from the design
point of view if the error between analytical modelling and the
measurement do not exceed 10% in the worst case. However, in
this paper, this method has provided results with accuracy about
90.07% in loaded circuit configuration as a practical case. For an
actual complex PCB that are populated with several traces, this
method can be used to estimate the total RE by computing the RE
for each trace, and then the net RE can be computed as the
superposition of all radiated fields from all traces. However, in this
research work, a single-sided PCB is employed to verify the
proposed method. The overall RE is calculated as the total sum of
DM and CM RE. The computed results of total REs are then
validated and compared with the total results of PCB RE which is
taken from the semi-anechoic chamber (SAC) and good
agreements are obtained between the two results. This paper is
structured as follows: Section 2 shows the estimation of DM RE
dipole antenna and the transmission-line theory. In Section 3, the
CM RE is estimated based on imbalance difference theory and
asymmetrical dipole antenna. Section 4 describes the PCB under
test for measurement of SAC. In Section 5, the obtained predicted
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results are presented, discussed, analysed, and verified by comparing
it with the results measured in SAC.

2 Prediction of DM REs from high-speed PCB
traces

The maximum DM electric field, ÊD

∣∣ ∣∣
max from two parallel signal

and the return traces on PCB is given as in [2]

ÊD

∣∣ ∣∣
max =

1.316× 10−14 ÎD
∣∣ ∣∣ f 2 l s

r
(1)

where ÎD
∣∣ ∣∣ denotes the DM current magnitude, f is the frequency, l is

the length of signal trace, s is the distance between signal trace and
return trace, and r is the distance to the observation point.

Although (1) provides good estimation for DM RE, it is not
applicable for electrically long traces since it is derived based on
Hertzian dipole antenna. As a solution, the long trace can be
divided into electrically short segments as shown in Section 2.1.

2.1 Prediction of DM-RE from PCB traces using trace
segmentation method

The computation of total DM RE of electrically long trace requires
dividing the trace into multiple electrically short segments, each
with a length of Δx according to the wavelength of the maximum
frequency of interest as shown in Fig. 1. Then, the DM RE from
each segment will be estimated using (1). Once the DM current is
known for each trace, the total radiated field can easily be
computed by superimposing the fields generated by both traces.
Therefore, it is necessary to compute the DM current for the
estimation of DM RE.

One method to calculate the DM current for electrically long
traces is by applying the transmission-line theory as in [12]

Î f , x
( ) = Vs f

( )
A+ B( )/ C + D( ) (2)

where

A = Z0 cos b l − x( )[ ] (3)

B = jZL f
( )

sin b l − x( )[ ] (4)

C = Z0[Zs f
( )+ ZL f

( )
] cos bl

( )
(5)

D = j[Z2
0 + Zs f

( )
ZL f
( )

] sin bl
( )

(6)

Vs(f) is the source of voltage exciting the line, Z0 is the characteristic
impedance of the line, β is the phase constant, l is the wavelength at
frequency f, v is the propagation velocity in the line, and ɛe is the
equivalent relative dielectric constant of the line. The line input

impedance, Zin( f ) can be written as in [13]

Zin f
( ) = Z0 E + F( )/ G + H( ) (7)

where

E = ZL f
( )

cos bl
( )

(8)

F = jZ0 f
( )

sin bl
( )

(9)

G = Z0 f
( )

cos bl
( )

(10)

H = jZL f
( )

sin bl
( )

(11)

2.2 Prediction of DM RE from PCB traces using long
dipole antenna

The basic technique of estimating the radiated fields of two parallel
traces is by summing up the radiated fields of each trace. This
method considers each trace as a dipole antenna and superimposes
the fields of each trace to compute the net radiated field which is
virtually identical to the calculation of the radiated fields of an
array of Hertzian dipole antennas [13].

The total radiated electric field is the sum of each radiated electric
field as shown in Fig. 2, and is given by [2]

Êu

∣∣ ∣∣ = M̂
Î1
r1
e−jb0r1 + Î2

r2
e−jb0r2

[ ]
(12)

where Î1, Î2 are the DM currents of antenna, M̂ is a function which
depends on the antenna type.

The function M̂ [2] for long dipole antenna is given as

M̂ = j60 F(u) (13)

where

F(u) = cos (p l/l0) cos u( )[ ]− cos ( p l/l0)

sin (u)
(14)

From Fig. 2

r1 = r − s cos (f) (15)

r2 = r + s cos (f) (16)

In this method, the distance between the device under test (DUT) and
the receiving antenna is about ten wavelengths at the maximum
frequency of interest (1 GHz) which is reasonably acceptable to
assume the radial distances r1 and r2 are parallel to each other
based on far-field, parallel-ray approximation. This assumption is a

Fig. 1 Prediction of DM-RE from PCB traces using trace segmentation method

a Single-sided PCB with two parallel traces in short-circuit mode
b Equivalent circuit for two parallel traces
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reasonable approximation to avoid the complexity of computational
process where the denominators can be assumed as the same variable
r = r1 = r2. This assumption is avoided when the signal phase
changes as the distance changes. Therefore, the terms e−jβ0r1,
e−jβ0r2 are substituted differently. In other words, this assumption
can be applied only on the terms related to physical distance and
must be avoided in electrical distance dependent calculations.
Substituting (15) and (16) into (12) then inserting r1 = r and r2 = r
in the denominators gives

Êu

∣∣ ∣∣ = A Î1e
jb0S cos (f) + Î2e

−jb0S cos (f)[ ]
(17)

where A = (M̂/r) e−jb0r.
The result in (17) can be presented in a special form for the case of

DM currents Î1 = ID I1 = ID, and I2 =−ID. The radiated fields can be
determined, under the assumption of sinusoidal current distributions
since the digital signal can be decomposed into a series of sinusoidal
signals (harmonics) by treating each trace as a long dipole and
substitute (12) into (17). Moreover, we substitute ∅ = 0 (so that
the fields are in the same plane as the wires). Consequently, the
maximum RE expression can be derived as follows:

ÊD

∣∣ ∣∣
max = A Î1 e

jb0S cos (f) − Î2 e
−jb0S cos (f)[ ]

(18)

= 120

r
ÎD
∣∣ ∣∣ sin (b0S) e

−jb0r F u( ) (19)

= −120

r
ÎD
∣∣ ∣∣ b0S e

−jb0r F(u) (20)

for b0S ≪ 1

By substituting, β0 = 2π f/v0 = 2.1 × 10−8 f, the magnitude of (20) can
be given as

ÊD

∣∣ ∣∣
max = 2.52× 10−6 ÎD

∣∣ ∣∣ f S

r
F(u) (21)

For measurement in 3 m SAC (r = 3), (21) becomes

ÊD

∣∣ ∣∣
max = 8.4× 10−7 ÎD

∣∣ ∣∣ f S F u( ) (22)

where

F(u) = cos cos u(p l/l0)
[ ]− cos ( p l/l0)

sin u
(23)

As a special case, the maximum DM RE from trace with maximum
length of one wavelength is obtained at θ = 90°, thus

ÊD

∣∣ ∣∣
max = 2.52× 10−6 ÎD

∣∣ ∣∣ f S

r
[1− cos ( p l/l0)] (24)

Equation (24) was employed to estimate the possible maximum DM
RE of electrically long PCB traces. It is observed that (22) is similar

to (1), which is used for electrically short segments. However, this
approach is valid as the operating frequency does not exceed the
maximum frequency within the quasi-transverse electromagnetic
(TEM) frequency range which is given as in [12]

f [GHz] ≃ 21.3

w[mm]+ 2t[mm]
( ) 			

1r
√ + 1

(25)

where t is the dielectric thickness, ɛr is the relative dielectric
permittivity, and w is the trace width.

3 Prediction of CM REs from high-speed PCB
traces

The maximum CM RE from PCB traces can be estimated using a
simple expression which has been derived in [2] based on the
electric dipole as

ÊD

∣∣ ∣∣
max =

1.257× 10−6 ÎC
∣∣ ∣∣ f l

r
(26)

where ÎC
∣∣ ∣∣ denotes the CM current. Even though (26) estimates the

CM REs reasonably, it is only applicable to electrically short traces
in which the currents are assumed constant. Therefore, the maximum
CM RE for electrically long traces can be estimated using a dipole
model. The same steps from (12) to (17) can be applied with
replacing Î1 = ÎC and Î2 = ÎC, then the maximum CM RE is
written as

ÊC

∣∣ ∣∣
max =

120 ÎC
∣∣ ∣∣
r

1− cos
pl

l0

( )[ ]
(27)

For r = 3 m, (27) becomes

ÊC

∣∣ ∣∣
max = 40 ÎC

∣∣ ∣∣ 1− cos
pl

l0

( )[ ]
(28)

Although these closed-form expressions estimate the CM RE
accurately, it provides inaccurate results for traces which are
longer than one wavelength. Thus, a novel method is proposed
based on the imbalance difference theory and asymmetrical dipole
antenna as in Section 3.1.

3.1 Imbalance difference model for estimating CM RE

Watanabe et al. [6] have proven that an electrical imbalance of a
PCB circuit does not necessarily result in CM RE. Instead, CM
voltage source can be identified at the point where the changes of
imbalance occur. Briefly, the computational process involves
replacing DM sources with corresponding CM sources at the
junctions where imbalance changes. The imbalance difference
factor, h can be defined as the ration between the CM current on
the signal trace and the total CM current. For microstrip PCB
structure, it can be given in a form of stray capacitance for the
trace (Ctrace) and ground plane Cboard as in [6]

h = ICM-signal

ICM-total
= Ctrace

Ctrace + Cboard
(29)

The stray capacitance of the trace and ground plane can be
computed either using closed-form expressions [14] or by using an
electromagnetic simulation such as quasi-three-dimensional extractor.
Once the stray capacitances are known, the CM voltage at the point
where the imbalance changes can be expressed as in [6]

VCM x( ) = Dh VDM x( ) = h2 − h1
( )

VDM x( ) (30)

Fig. 2 Calculation of the far-fields of two parallel long wire currents
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where h2 is the imbalance factor for PCB trace, h1 = 0 because there
is no trace after the junction between the DM source and the signal
trace. Therefore, (30) can be re-written as

VCM 0( ) = h2VDM 0( ) = Ctrace

Ctrace + Cboard
VDM 0( ) (31)

3.2 Estimation of CM current distribution using
asymmetrical dipole antenna

The properties of asymmetrical dipole antenna have been widely
described in many published works. The current distribution of the
asymmetrical long dipole antenna is not constant but changes with
positions. However, the CM current distribution on the
asymmetrical dipole has been estimated in many works as in [15,
16]. In this paper, the CM current distribution is estimated
according to Schelkunoff and Friis approach as in [17].

Referring to Fig. 3, the asymmetrical antenna can be virtually
decomposed into two symmetrical dipole antennas. Therefore,
each branch can be analysed independently since the geometrical
dimensions and CM voltage/current are different. According to [8,
17], the CM current distribution on the two arms of the dipole
antenna can be computed as

I1 x( ) = 4pV1

c1h
× sin b l1 − x| |( )+M1 l1, x

( )
/c1

cos bl1 + A1 l1
( )

/c1

,

0 , x , l1

(32)

I2 x( ) = 4pV2

c2h
× sin b l2 − x| |( )+M2 l2, x

( )
/c2

cos bl2 + A2 l2
( )

/c2

,

− l2 , x , 0

(33)

where c1 = 2 ln(2l1/a), c2 = 2 ln(2l2/b), η is the impedance of the free
space which is equal to 377 Ω, l1 and l2 are the half-lengths of the
asymmetrical antenna which are equivalent to the trace length and
the board length, respectively, and the functions of M(l, x) and
A(l ) are given in [15]. The cylindrical arms of asymmetrical dipole
have radii of a and b which are equal to one quarter of the signal
trace width (w1) and the board width (w2), respectively. The CM
voltage can be estimated by applying the voltage divider rule for
the input impedance of each part as

V1 = V
Z1

Z1 + Z2
, V2 = V

Z2
Z1 + Z2

(34)

where the input impedances Z1 and Z2 are computed as

Z1 =
V1

I1 x = 0( ) , Z2 =
V2

I2 x = 0( ) (35)

3.3 Estimation of maximum CM RE using dipole antenna
model

Since the CM current is computed using (32) and (33), the CM RE
can be estimated using the equivalent asymmetrical dipole antenna.
As mentioned before, the long dipole is divided into many short
segments. The CM RE from this segment is given as in [13]

dEu =
hbI(x)e−jbr1

4pr1
sin u1 dx (36)

where r1, θ1 are the radial distance and angle at position x. As shown
in Fig. 4a, they can be given as

r1 =
																							
(r2 + x2 − 2rx cos u)

√
, sin u1 =

r sin u

r1
(37)

The CM RE from the dipole antenna is then estimated using line
integration of the CM current along the dipole arms as in [13]

Eu =
hb

4p
sin u

×
∫l1
0

I1(x) e
−jbr1

r12
dx+

∫0
−l2

I2(x) e
−jbr1

r12
dx

{ }
(38)

In fact, the maximum CM RE corresponding to each frequency is
obtained at certain angle, θmax which can be computed using
iterative calculation for all the values of θ at the range from 0° to
180°. However, a special case can be obtained when the trace and
its return paths are identical. If the signal trace and the return trace
are identical and electrically balanced (stray capacitances are
equal,Ctrace = Cboard), the value of imbalance difference factor h2 is
0.5. This means the CM current is equally distributed between the
signal trace and return trace as shown in Fig. 4b. It can be
modelled clearly as a symmetrical dipole. Therefore, a single-sided
PCB with two identical signals and return traces has been used as
a compact DUT to avoid the complexity of PCB structure as
illustrated in Section 4. Such dipole as illustrated in Fig. 4b is
represented by inductance, Lt which is equally distributed on the
two arms. In addition, a parasitic capacitance Ct is created between

Fig. 3 Estimation of CM current distribution using asymmetrical dipole antenna

a Simple microstrip PCB structure
b Equivalent CM model based on asymmetrical dipole antenna
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the two arms. In reality, these arms are the two parallel traces on the
PCB under test

Lt =
m0ld
3p

ln
2ld
a

( )
− 11

6

[ ]
(39)

Ct =
1e10ld p

D
(40)

where total dipole length ld = 2Larm, a is the radius of trace, μ0 and ɛ0
are free space permeability and permittivity, respectively, and finally

D = ln
2ld
a

( )
(41)

The radiation resistance Rrd( f ) is frequency-dependent [11] and

demarcated as

Rrd f
( ) = 80p2 ld

l

( )
, Larm ≤ l/4

73 V, Larm . l/4

⎧⎨
⎩ (42)

The phasor CM current, Îc(f ) can be subsequently expressed as in
[12]

ÎC(f ) =
V̂CM

Rrd(f )+ j vLt − (1/vCt)
( ) (43)

The calculation of CM current depends primarily on the CM voltage
which can be identified and quantified based on the imbalance
difference concept. With known CM current, the CM radiation can
be computed. Ultimately, DM and CM radiated fields are
superimposed to give the total PCB REs.

Fig. 4 Estimation of maximum CM RE using dipole antenna model

a Equivalent asymmetrical dipole model for CM RE
b Equivalent symmetrical dipole of CM circuit

Fig. 5 Description of PCB under test in SAC for measurement set-up

a Schematic layout
b Cross-sectional dimensions of PCB under test
c Top view
d Bottom view of DUT
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4 Description of PCB under test in SAC for
measurement set-up

Names in order to verify the proposed method for estimating the RE
from PCB traces, a simple single-sided PCB was constructed as
shown schematically in Fig. 5a. This 5 cm × 20.7 cm PCB was
fabricated such that the signal trace of 1 mm wide and 15 cm long
was positioned at an offset of 12 mm from the centre of the board.
The return trace was on the same side, as the signal trace, as
shown in Fig. 5b. Both traces were etched on a 1.6 mm thick FR4
dielectric material. The signal trace was driven by a 66 MHz
trapezoidal signal which has an amplitude of 5 V, 50% duty ratio,
and 6 ns rise/fall time. A battery power supply consists of 9 V
battery and 7805 regulator provides 5 V dc to the 66 MHz
oscillator. The output pin of the oscillator was connected to the
near-end of the signal trace as shown in Figs. 5c and d. The load
was configured into three distinct conditions: short, open, and 100
Ω resistance. It is important to note that the PCB under test was
designed to be as compact as possible to avoid the extra RE that
may be emitted from the oscillator or any other related dc
connections. To ensure that the RE is produced only from the
signal traces, a metallic box with 30 cm × 30 cm × 12 cm was used
to shield the power supply part including the regulator, oscillator,
and their related connection traces as shown in Figs. 6a and b.

The PCB REs were measured in SAC facility at Universiti Tun
Hussein Onn Malaysia (UTHM) that is regularly used for EMC
qualification testing. The DUT was placed on a 0.8 m tall wooden
table above the ground plane in SAC and rotated 360° to detect
the maximum RE. A log-periodic antenna was employed to
measure the RE in the frequency range from 30 MHz to 1 GHz as
shown in Fig. 6c. The distance between the PCB under test and
the receiving antenna was about 3 m while the electromagnetic
interference receiver was located outside the chamber to record the
maximum RE as the table rotates 360°.

Although in this paper a single-sided PCB was employed as DUT,
this method still can be used to estimate RE from the multilayer used
but with more complexity of modelling and calculation using the
general proposed model in Sections 2 and 3. For actual PCB, this
method can also be used for all the traces and then compute the
total RE due to all traces.

5 Results and discussion

5.1 Prediction of PCB DM and CM currents

In this paper, a MATLAB R2010a software was employed to
perform all calculations of DM and CM RE. The DM and CM
currents were estimated according to the foregoing techniques.
Three operating modes (short circuit, open circuit, and 100 Ω load)
were examined, analysed, and compared. The corresponding
results are presented in Fig. 7. For all the operating modes, DM
current was found to be much greater than CM current. Such
observation is unsurprising as we know that DM current is a
functional current in the circuit, whereas CM current exists due to
the imbalance of PCB structure.

For short-circuit configuration (Fig. 7a), the DM current declined
abruptly but the CM current decreased gradually with frequency. In
case of open-circuit configuration (Fig. 7b), the DM current was still
higher than the CM current as a result of the capacitance between
two parallel traces. This open-circuit DM current was, nonetheless,
lower than short-circuit DM current. As for 100 Ω load
configuration (Fig. 7c), the DM current dropped rapidly, whereas
the CM current diminished slowly as the frequency increased. The
DM current for this configuration was comparable with that of a
short circuit but was higher than the open-circuit DM current.
Notably, DM current was reduced to 0 dB in short-circuit
configuration but not for the other two.

Fig. 6 Regulator, oscillator, and their related connection traces

a DUT placement in the shielding box
b DUT within shielding box in SAC
c DUT measurement set-up in SAC
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5.2 Prediction of PCB CM and DM radiations

In theory, electrically long traces can be divided into identical
electrically short segments. By observing this principle, DM RE
for each segment was predicted from (1). The total radiation was
then computed by superimposing the electric fields of all segments.

Although the predicted DM current was much larger than the
predicted CM current as depicted in Fig. 7, the predicted CM
radiation was, conversely, far higher than predicted DM
radiation as demonstrated in Figs. 8 and 9. This is due to the
cancellation effect between transmitting DM current and
returning DM current.

Fig. 7 Prediction of PCB DM and CM currents

a DM current versus CM current for short circuit
b DM current versus CM current for open circuit
c DM current versus CM current for 100 Ω load

Fig. 8 Prediction of PCB CM and DM radiations

a DM radiations
b CM radiations both for short-circuit configuration, by the proposed method versus conventional method
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For this paper, two approaches have been employed to predict the
DM and CM REs: the proposed method which applied (1) and (2) to
all electrically short segments, and the conventional method that
used (1) and (2) without segmentation and yields inaccurate results
(the applications of (1) and (2) are presumably restricted to
electrically short traces). Additionally, the analytical closed-form
expressions were also derived to formulate the proposed method
and then compared it with other methods. The results acquired
from these methods were compared and validated against the
measured results, as portrayed in Fig. 10.

Once again, three operating modes were considered: short circuit,
open circuit, and 100 Ω load. By applying the proposed method for
short-circuit configuration (Fig. 8), the DM radiation was about 20
dB and shifted slightly up to 60 dB at a certain frequency, then
dropped slightly to 10 dB at another frequency (almost 480 MHz).
This is possibly due to the standing wave current at that particular
point. On the other hand, the DM radiation estimated using
conventional method escalated exponentially, implying that an
overestimated DM radiation for higher frequencies at which the
traces become electrically long. As predicted, the CM radiation
based on the proposed method was a bit higher than the DM
radiation and it ranged between 20 and 60 dB. As for conventional
method using (2), its CM radiation increased rapidly about 60 dB,
soared above 100 dB at 480 MHz frequency, and continued with
100 dB at other higher frequencies.

In case of open-circuit configuration (Figs. 9a and b), the DM
radiation for both proposed and conventional methods rose
gradually from 25 to 80 dB. More precisely, the two methods
exhibited similar behaviour up to 200 MHz (third harmonic of 66
MHz trapezoidal signal), the point at which trace length about
one-tenth the wavelength. Visibly, the conventional method
overestimated the DM radiation beyond 200 MHz owing to the
limitation of (1) and (2), as discussed earlier, whereas the CM

radiation estimated by the proposed method maintained above 60
dB across the frequency range, the CM radiations derived from
conventional method soared from 20 to 80 dB, and then continued
with 80 dB for the higher frequencies.

As for 100 Ω load configuration (Figs. 9c and d ), the DM
radiation by the proposed method remained above 40 dB and
reached its peaks at 60 dB. Its distribution was similar to that of
short-circuit configuration, except that it did not show a sharp
decline at the same frequency. Notably, the CM radiation
predicted by conventional model for all three operating modes
manifested the same pattern, attributed to the modelling based on
Hertzian antenna, in which the DM current is assumed to be
uniform along the trace. By contrast, the CM radiation from the
proposed method was modelled in accordance with non-uniform
DM current distribution.

5.3 Prediction and measurement of total PCB REs

The predicted PCB REs were verified by comparing the
measurement results as revealed in Fig. 10. The measured radiated
electric fields did not exceed the prediction of upper bounds of the
frequency range, which implied that the proposed prediction
models are reliable for estimating REs from PCB traces. Moreover,
they show better agreement with real measurement than predefined
models computed from (1) and (2) without segmentation. To be
specific, PCB REs for all three configurations were first predicted,
and then validated by the measurements performed in the SAC. A
good agreement between the prediction and measurement was
consistently found except for higher frequencies. Such
imperfection is ascribed to the fact that prediction models were
developed based on (1) and (2) that are designated for electrically
short traces associated with low-frequency range.

Fig. 9 DM and CM radiations

a DM radiations for open-circuit configuration
b CM radiations for open-circuit configuration
c DM radiations for 100 Ω configuration
d CM radiations for 100 Ω configuration by the proposed method versus conventional method
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Commonly, this method can be used for predicting maximum RE
from PCB traces. However, two conditions must be fulfilled in
order to apply this method with accurate results. The first condition
is to ensure the operating current frequency is in the quasi-TEM
frequency range as illustrated in Sections 2 and 3, whereas the
second condition is related to the spherical angle (θ) that achieves
the maximum RE. For traces longer than one wavelength, the angle
(θ) must be scanned from 0° to 180°; therefore, the RE is computed
at all angles. Then, the maximum RE can be estimated accurately.
However, in this paper, the results demonstrated were limited to 2
GHz. This is because at 2 GHz, the trace length becomes one
wavelength. For frequencies >2 GHz, the results are not accurate
because the trace length becomes longer than one wavelength. This
is attributed to the substitution of θmax = 90

° which is valid for
traces shorter than one wavelength. To extend this paper
demonstration, a further and time-consuming computation process is
required for the entire sphere to determine the maximum RE.

The accuracy and errors of the proposed method was discussed
using many factors such as mean, mean absolute error (MAE),
root mean square error (RMSE), and mean absolute percentage
error (MAPE) as shown in Table 1. The measurement and
modelling provide almost the same mean where the difference was
about 1.5 dB. However, the error was 9.93% between
measurement and modelling results. Generally, the proposed
method estimates the maximum RE from PCB traces with
accuracy 90.07% and this is a very good level of confidence. On
the other hand, the uncertainties of measurement and modelling
were 5.25 and 6.29 dB, respectively, which were acceptable from
the measurement point of view. The uncertainty of measurement

in SAC was due to many parameters such as receiver, frequency,
antenna, table, and site imperfections.

Practically, the real PCB is populated with multiple traces.
However, the RE can be computed using this method by
calculating the maximum RE for all traces. Then, the REs from all
t traces are superimposed to estimate the maximum total of RE.

6 Conclusion

This paper demonstrated the prediction of DM and CM REs from the
high-speed PCB traces based on transmission-line theory and dipole
antenna model methods. Additionally, the closed-form expressions
were also derived to predict the DM and CM RE of electrically
long PCB traces. The theoretical results presented in this paper
clearly showed that our equations improved the limitations of the
formulations for electrically short PCB traces. The reliability of
these prediction models was confirmed by comparing the predicted
results with the measured results. Although favourable agreement

Fig. 10 Predicted and measured total PCB REs for

a Short circuit
b Open circuit
c 100 Ω load

Table 1 Accuracy and errors of the proposed model

Factors

Method Mean,
dB

MAE RMSE MAPE Standard
deviation

Measurement 55.51 — — — 5.25
analytical
modelling

57.07 6.29 9.93% 8.77 5.28
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was generally perceived in the results, it can be said that these
prediction models are, however, less accurate at 2 GHz and above.
Certainly, improvements can be made to enhance the development
of software tools that can efficiently characterise, quantify, and
predict PCB REs.
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