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Abstract ─ In this paper, the accuracy of an 
equivalent dipole model for representing 
electromagnetic emissions from printed circuit 
boards (PCB) is studied. The optimization of near-
field measurement parameters and required PCB 
parameters for building a numerical model are 
discussed and their impact on the accuracy of 
emission predictions is examined.   
  
Index Terms ─ Error analysis, near field scanning, 
numerical modelling, radiated fields. 
 

I. INTRODUCTION 
Predicting electromagnetic emissions from 

PCBs is an important topic in electromagnetic 
compatibility (EMC) studies and product designs. 
Simulation techniques based on equivalent models 
have many advantages compared to the full field 
simulations. The heavy task of modeling the 
complexity of PCBs and the huge computational 
costs to solve the model are alleviated. In addition, 
detailed information on circuit structure is not 
needed to model emissions from PCBs by 
equivalent sources. This ensures simplicity, 
confidentiality of designs and facilitates the task of 
design engineers. 

A method to represent radiated emissions from 
a PCB using an equivalent dipole model deduced 
from a magnetic near-field scan was described in 
[1]. Modeling techniques in both open and closed 
environments were considered. A PCB is modeled 
with a set of equivalent magnetic dipoles placed 
on the component surface. The ground plane is 
also explicitly included in the model based on 

certain approximations in order to simulate the 
emissions in the whole space. In closed 
environments, the method is extended to include 
dipoles, dielectric, and conducting plane (DDC 
model) to explicitly represent the physical 
presence of the PCB. Thus, the major interactions 
between the PCB and enclosure are taken into 
account. The equivalent dipoles are identified by 
fitting the measured tangential magnetic near 
fields to the fields generated by the dipoles. The 
modeling process can then be described as: 

 
1. Take a near field scan of the transverse 

magnetic fields emitted by the PCB. 
2. Through solving the inverse problem (see 

equation (4)) find the equivalent dipoles for 
the PCB. 

3. Model the PCB in the environments of interest 
(enclosures or free space) to predict its 
performance. 

 
Figure 1 shows the simple test board used 

where comparisons with full 3D simulations are 
required. The configuration used for the basic test 
board is given in Table 1 and typical results are 
shown in Fig. 2.  

For the near-field scanning based method, 
measurement parameters (scanning surface, 
sampling, distance, error analysis, etc.) have 
noticeable effects on the accuracy of associated 
modeling and simulation. Optimization of 
measurement parameters not only improves the 
efficiency of near-field scanning, but also reduces 
the modeling errors possibly introduced from 
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measurements. An early overview of 
determination of measurement parameters can be 
found in [2]. The sampling and scan-plane 
reduction techniques are developed from the 
electromagnetic propagation theory in [3] and [4], 
respectively. In [5, 6], extensive error analysis for 
near-field measurements is performed using 
measurement tests, simulation tests, and 
mathematical analysis. For the proposed method, it 
is essential to specifically optimize the parameters 
of the required planar near-field measurements 
based on the electromagnetic theory and 
measurement or simulation tests, as well as to 
have an error budget of the numerical modeling 
and associated measurements. 

 
Fig. 1. Geometry of the basic test board (top 
view).  
 

 

In this paper, the optimization of the near-field 
measurement parameters for the model is 
discussed. Finally, error and uncertainty in the 
numerical modeling and associated measurements 
are examined. With these studies, the objective is 
to develop the methodology of modeling 
electromagnetic emissions using equivalent 
dipoles deduced from near-field scanning as 
completely as possible, and to show how the 

technique described here meets the needs for 
predictive work in EMC studies. 

 
Fig. 2. Magnetic fields (mA/m) in the scanning 
plane at 1 GHz. Top row) simulation based on 
equivalent dipoles; bottom row) measurement. 
 

II. EFFECTS OF MEASUREMENT 
PARAMETERS 

For the near-field scanning based method, the 
measurement parameters have noticeable effects 
on the accuracy of modeling and simulation. 
Knowledge of these effects helps to determine the 
choice of measurement configuration. Scanning 
resolution, scanning plane area, and SNR are 
critical parameters in near-field sampling. To 
study this, a far-field simulation in the E plane for 
the basic test board is repeated using the 
equivalent dipole method with different 
measurement parameters, and the correlation 
coefficient between results obtained by the 
equivalent dipole simulation and the full field 
simulation is introduced as a measure of accuracy. 
The correlation coefficient is defined as:  ߛ = ∑ ሺாିாതሻሺாᇱିாᇱതതതሻಿసభට∑ ሺாିாതሻమಿసభ ∑ ሺாᇱିாᇱതതതሻమಿసభ ,                (1) 

where Ei  is the dipole equivalent result set, E’i  is 
the full field simulation result set,  ܧపഥ  and   ܧ′పതതതത are 
the averages of  Ei and E’i ,  respectively, and N is 
the number of samples. All full field simulations 
are performed with a method of moment (MoM) 
based solver Concept – II 9.4 [7, 8]. 

 
 

Table I: Configuration of near-field 
measurement with the test board 
frequency (GHz) 1 
scanning plane height 
(mm) 

11.5 above 
the PCB 

scanning plane size (mm) 120 × 75 

scanning resolution (mm) 2.5 
sampling points 49 × 31 

50mm 

20mm 
80m

m

40
m

m
 

2m
m

1 V source 

50Ω load 

x 

y 

E plane 

H plane 
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A. Scanning resolution 
According to the information theory, the 

scanning resolution is a key factor in acquiring 
sufficient near-field information. In the examples 
above, a 2.5 mm resolution is used for both PCBs. 
This is based on the sampling criterion 
recommended by Joy and Paris [3] which estimates 
the maximum spacing between sampling points 
(Δs) allowed to obtain sufficient information for 
planar near-field scanning as:  

 Δݏ = ఒଶඥଵାሺఒ ௗ⁄ ሻమ ,                       (2) 

where λ is the wavelength and d is the separation 
distance between the EUT and the probe. The 
maximum spacing allowed for the test boards 
considered according to (2) is 5.7 mm and 6.0 mm, 
respectively. So the choice of 2.5 mm is reasonable. 
To validate this criterion, the far field prediction of 
the test board is repeated with the same set of near-
field data but of different resolutions, and the 
correlation coefficient with full field simulation is 
shown in Fig. 3. The results from near-field data of 
2.5 and 5 mm resolution make very little difference 
and are close to the direct simulation result, as they 
are within the range of maximum space allowed. 
But the data with a 10 mm resolution and above has 
obvious inaccuracies as indicated by the lower 
correlation. This confirms the criterion for the 
choice of sampling points that any space sampling 
less than the maximum spacing allowed in (2) is 
sufficient. 
 

 
Fig. 3. Effects of scanning resolution. 
 
 
 

B. Scanning plane area 
Another important topic with regard to near-

field sampling is the size of scanning plane. 
Unlike the modal expansion method, the method 
presented here does not assume the field outside 
the scanning area to be zero. The equivalent 
sources are established by fitting to the measured 
near-field data. Therefore if any significant field 
area is not covered in the near-field scanning 
plane, some information will be lost and the 
equivalent sources established from it would have 
a noticeable error. It is well known that magnetic 
near-field maps from a PCB are dominated by the 
fields vertically above the board and gradually 
become weaker as the sampling point extends 
outward to the perimeter of the PCB [9, 10]. This 
implies that the scanning area must at least cover 
the area of the PCB, and could possibly extend 
beyond it. Ideally, the scanning plane should 
extend until the field on the edges of the plane 
reaches the minimum measurable level (noise 
floor) of the equipment. But in practice it is not 
necessary to scan so widely in order to collect 
sufficient near-field information. Based on our 
studies, a near-field plane where the maximum 
field on the edges is approximately 20 dB lower 
than the overall maximum field is required. Figure 
4 shows the effects of scanning the area size on the 
far field prediction for the test board. It is found 
that insufficient scanning information (when there 
is 5 and 10 dB maximum – edge difference) 
results in significant inaccuracies, but the far field 
is correctly predicted when the scanning plane 
reaches a large enough size (19 and 28 dB 
maximum – edge difference).  

 
Fig. 4. Effects of scanning area. Sx, Sy: length of 
the scanning plane in x and y direction, 
respectively. Lx, Ly: length of the PCB in x and y 
direction, respectively. 
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Actually, the plane area required to satisfy this 

criterion is not very large. In the case above, a 19 
dB maximum – edge difference corresponds to a 
plane which is 1.5 times of the PCB dimension 
(100 × 75 mm). This result also implies that when 
a scanning plane is large enough, further 
increasing its size does not significantly improve 
the accuracy of the equivalent source method. 

 

C. Substrate permittivity 
Knowledge of the permittivity of the PCB 

substrate is needed when constructing the 
complete DDC model for simulations in closed 
environments. The most accurate way is to 
measure it experimentally, but not every EMC lab 
has the required equipment. Normally, PCB 
manufacturers provide general information on the 
substrate. In practice, the actual value may differ 
due to manufacturing uncertainties, constructional 
details, etc. It is therefore necessary to establish 
how accurate the value of permittivity should be 
for inclusion in the model. As a quantitative study, 
the vertical electric field along two orthogonal 
lines within an enclosure at a non-resonant 
frequency (1 GHz) is predicted with equivalent 
models built with different values of permittivity, 
and the correlation coefficients with results 
obtained from full field simulation are shown in 
Fig. 5. The typical value of the substrate 
permittivity is 4.6 (FR4). The predicted field is in 
an acceptable range provided that the permittivity 
value used for modeling is within 20% of the 
actual value. This implies that an accurate enough 
model can be built for most EMC studies as long 
as the general type of the dielectric substrate is 
known. 

 

 
Fig. 5. Effects of modeled permittivity value. 

 
III. ERROR AND UNCERTAINTY 

 
A. Measurement errors 

The errors due to the measurement system are 
recognized as the major error source of near-field 
techniques. Generally, there are three categories of 
error source, related to the probe δp, receiver δr, 
and test conditions δt. The probe related errors 
include positioning error, antenna factor error, and 
multiple reflection error. The 3D positioner in our 
scanning system has a mechanical precision of 10 
μm in x, y, and z direction which is much smaller 
than the RF wavelength, so the probe positioning 
error can be considered negligible. The antenna 
factor error depends on the probe’s polarization 
properties relative to those of the EUT. This error 
is examined by two methods: a) experiments 
where the ratio of the primary and cross-polar 
components of a known field coupled to the probe 
is measured [11], and b) simulations where a 
probe of typical dimensions and structure subject 
to an incident arbitrary but known field is modeled 
to find out its polarization properties. The two 
studies give similar results that a typical probe 
parameter error with our setup at RF frequencies is 
approximately δp1 ≤ 0.15 dB. The errors due to 
multiple reflections between the scanned PCB and 
probe are examined from simulations. An infinite 
ground plane and a loop probe of typical 
dimensions are modeled to represent the possibly 
largest reflections. Based on the simulation, a 
typical upper bound of multiple reflections error at 
RF frequencies is approximately δp2 ≤ 0.1 dB. 

Errors related to the receiver (arising from 
dynamic range, nonlinearity, mismatch, systematic 
random errors, etc.) and test conditions have been 
extensively studied by other authors [5, 6]. Based 
on their studies and the performance of our 
equipment (HP E8362B [12]), the two categories 
of errors have upper bounds   δr ≤ 0.25   dB   and 
δt ≤ 0.1 dB. If the errors are assumed to be 
independent, according to the central limit 
theorem the total error budget in near-field 
scanning for PCBs with our measurement system 
can be estimated as  
ߜ  = ට∑ ଶߜ ≤ 0.35 dB.    (3) 
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B. Numerical accuracy 
The effects of measurement errors on the 

calculated dipoles through the numerical 
computation are examined here. The moments of 
the equivalent dipoles are numerically determined 
from the inverse problem of a linear equation 
system ߦ. ഥ݁ఏഥܯ = ഥ݁థഥܪ ,                        (4) 

 
where ξ is the coefficient matrix, ܯഥ  and ̅ߠ  are 
vectors of the amplitude and phase of equivalent 
dipoles, and ܪഥ  and ߶ത  are vectors of the amplitude 
and phase of measured magnetic fields. ξ  has 
exact values but  ܪഥ݁థഥ    contains inevitable errors   Δܪതതതത  and Δ߶തതതത   , leading to errors in the resulting 
dipole moments. The linear equation system 
becomes: ߦ. ൫ܯഥ݁ఏഥ + Δܯഥ൯ = ሺܪഥ + ΔHതതതതሻ݁൫థഥ ାథതതതതത൯ ഥ݁థതതതതതܪൣ  = + Δܪതതതത݁థതതതതത൧݁థഥ  .            (5) 

The right-hand side can be Taylor expanded with 
only terms of first and second order retained. 

.ߦ  ൫ܯഥ݁ఏഥ + Δܯഥ൯ = ഥ݁݅߶ഥܪ + ൫Δܪതതതത + ഥΔ߶തതതതܪ݅ + iΔܪതതതതΔ߶തതതത − ഥΔ߶ଶതതതതതതܪ 2⁄ ൯݁థഥ  .   (6) 

From (4) and (6), we can obtain Δܯതതതതത = .ଵିߦ ൫Δܪതതതത + ഥΔ߶തതതതܪ݅ + iΔܪതതതതΔ߶തതതത തതതΔ߶ଶതതതതതതܪ                                   − 2⁄ ൯݁థഥ ,                      (7) 
 ‖Δܯതതതതത‖ = .‖ଵିߦ‖ ฮ൫Δܪതതതത + ഥΔ߶തതതതܪ݅ + iΔܪതതതതΔ߶തതതത തതതΔ߶ଶതതതതതതܪ                                   − 2⁄ ൯݁థഥ ฮ.                    (8) 
 
From (4), we can also obtain 
.‖ߦ‖  ฮܯഥ݁ఏഥฮ ≥ ฮܪഥ݁థഥ ฮ.                        (9)        
 
Therefore, the upper bound of relative error in the 
equivalent dipoles due to measurement errors can 
be expressed by combining (8) and (9) as 
 ฮΔܯതതതതതฮฮܯതതതeiθഥฮ ≤  .ሻߦሺ݀݊ܿ

ฯ൬Δܪതതതതത+݅ܪഥ Δ߶തതതതത+iΔܪതതതതതΔ߶തതതതത− ܪതതതΔ߶2തതതതതത 2ൗ ൰݁݅߶ഥ ฯቛܪഥ eiϕഥ ቛ,          (10) 

where ܿ݀݊ሺߦሻ = .‖ଵିߦ‖  is the condition ‖ߦ‖
number of the matrix ξ [13].   Δܪതതതത and ݅ܪΔ߶തതതതതത in the 
right hand side represent the dominant error terms 
in measured magnitude and phase, respectively. 
Due to the fact that the condition number of a 
matrix is always ≥1, the small errors in 
measurement may be magnified in the resulted 
equivalent dipole array. Mathematically this 
situation is called an ill-conditioned equation 
system. In order to keep a high numerical 
accuracy, numerical methods such as the L-curve 
method and singular valued decomposition [14] 
have to be applied to solve the equations. 
 
C. Uncertainty tests 

Efficient computational techniques are 
expected to avoid the measurement errors being 
magnified in the resulted equivalent dipole array. 
But it is still worth examining to what extent the 
measurement errors (with a typical upper bound 
0.35 dB) would affect the accuracy of the model. 
To study this, the far field of the basic test board is 
predicted with near-field data with different levels 
of normally distributed noise as well as a reference 
with no intentionally added noise. As the noise is 
randomly generated, the results may differ from 
one time to another. Figure 6 shows an example 
illustrating the general idea. A standard deviation 
0.35 dB of the measured near field leads to an 
uncertainty ±1 dB in the far field prediction. As a 
comparison, a greater error of a standard deviation 
1 dB leads to a larger uncertainty (±2 dB). 
Particularly, most uncertainties occur in places 
where the field intensity is relatively weak. 
Measurement errors are magnified from near-field 
data to the predicted far fields. 

Equation (10) links the possibly largest overall 
errors to a number of factors. Our tests suggest 
that experimental errors are of the order of 0.35 dB 
and that overall errors are of the order of 1 dB. 
This confirms the magnification of errors as 
indicated by (9) which in our case is a factor of the 
order of 0.7 dB (×1.2). This factor will vary 
depending on the choice of sampling points, the 
technique for numerically solving the equation 
system, etc. as indicated by the various terms in 
(9). The discussion following (9), gives some 
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guidance as to the impact of various solution 
techniques to the problem accuracy. Results 
published for predicted fields in enclosures [1] 
show similar accuracy although errors in the 
definition of the enclosure will also contribute to 
the error budget. 

 

 
Fig. 6. Far-field patterns calculated from data with 
different levels of noise. 

 
IV. CONCLUSION 

Verification and validation studies of the 
equivalent dipole model for predicting 
electromagnetic emission from PCBs are 
presented. Case studies with two test boards show 
the validity of the model in both free space and 
enclosed environments. The optimization of near-
field measurement parameters and their impact on 
prediction accuracy are demonstrated. It has been 
shown that the inclusion of basic structural details 
of ground plane and substrate in addition to the 
equivalent dipoles permit fairly accurate 
prediction of emitted fields to be made not only in 
free space but also in enclosures that have 
interactions with the PCBs inside. 

Generally, the method has better performance 
in free space than in enclosed environments. This 
may be attributed to the greater degree of 
approximations made to the model in enclosed 
environments. The real current distribution of the 
PCB is also assumed to be the same in free space 
and enclosed environments. This may be true in 
most but not all cases. In a highly populated 
enclosure (several PCBs in close proximity), 
stronger interactions may be present and the model 
may display a lower accuracy. Nevertheless, we 
have demonstrated that the proposed techniques 
have the potential to characterize emissions from 
complex structures in realistic environments 
reducing computational effort significantly and 

making it possible to perform complete system 
EMC studies. 

Future work will look at more complex 
multilayered and double sided PCBs where board 
resonance effects are more noticeable [15]. 
Evaluation of the application of these 
measurement uncertainties to other field solvers 
will also be investigated [16].  
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