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Abstract— Computational solvers are increasingly used to 

solve complex electromagnetic compatibility problems in 

research, product design and manufacturing. The reliability of 

these simulation tools must be demonstrated in order to give 

confidence in their results. Standards prescribe a range of 

techniques for the validation, verification and calibration of 

computational electromagnetics solvers including external 

references based on measurement or for cross-validation with 

other models. We have developed a modular test suite based on 

an enclosure to provide the EMC community with a complex 

external reference for model validation. We show how the test 

suite can be used to validate a range of electromagnetic solvers. 

The emphasis of the test suite is on features of interest for 

electromagnetic compatibility applications, such as apertures and 

coupling to cables. We have fabricated a hardware 

implementation of many of the test cases and measured them in 

an anechoic chamber over the frequency range to 1 – 6 GHz to 

provide a measurement reference for validation over this range. 

The test-suite has already been used extensively in two major 

aeronautical research programmes and is openly available for 

use and future development by the community. 

 
Index Terms— computational electromagnetics, validation, 

verification, benchmark problems 

I. INTRODUCTION 

o enable the use of computational electromagnetics 

(CEM) for both research and certification purposes it is 

necessary to prove the reliability of the computational  

modeling at producing realistic results. For this it is necessary 

to apply a systematic Validation, Verification and Calibration 

(VV&C) process to the development and deployment of   

CEM tools. A detailed explanation of the different aspects of 
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VV&C in the context of CEM and electromagnetic 

compatibility (EMC) is provided in [1]. In brief the three keys 

terms can be defined by [2], [3]: 

 Validation: “The process of determining the degree to which 
a model is an accurate representation of the real world from 

the perspective of the intended uses of the model”. 
 Verification: “The process of determining that a model 

implementation accurately represents the developer’s 
conceptual description of the model and the solution to the 

model”.  
 Calibration: “The process of adjusting numerical or physical 

modeling parameters in the computational model for the 

purpose of improving agreement with experimental data”. 
VV&C relies in part on the application of well defined 

canonical or benchmark reference problems [4]. Often these 

reference cases are based on exact analytical results for very 

simple geometries, though measurement references can also 

be used. Example reference models suitable for VV&C of 

CEM tools can be found in [4], [5]. Such reference cases can 

also be used for cross-validation between different CEM 

solvers, which is particularly salient to more complex 

reference problems for which analytic solutions are not 

available. Indeed, it is for the VV&C of complex structures 

that involve the interaction of many different sub-models 

within an overall simulation where there is a need for more 

systematic reference cases backed by reliable measurement. 

In this paper we describe a modular test-suite of 

intermediate complexity that has been used extensively within 

two major research projects for the validation of 

computational electromagnetics (CEM) codes, with an 

emphasis on electromagnetic compatibility (EMC) 

applications.  The test suite geometry is designed to cover a 

wide range of frequencies and operating modes, from quasi-

static to reverberant. It allows comparison of the different 

features and the capabilities of various solvers to describe 

these features, for example apertures, materials and wires. A 

hardware implementation of the test object has been fabricated 

along with all of the modular components to allow 

measurement validation data to be obtained. 

The test-suite is based on a hardware object that was 

originally constructed for validation of a hybrid finite-

difference time-domain/finite element (FDTD/FEM) solver for 

aerospace simulations [6], [7]. The geometry was used again 
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and extended as a numerical test-suite for the development of 

a computational simulation framework for certification of 

aircraft against High Intensity Radio-Frequency (HIRF) 

threats [8][9]. Further development work continues for 

application in high frequency shielding simulations [10].  

The rationale for the test suite was to construct a rigorously 

controlled and characterized generic object that incorporated 

features of interest to the EMC community, such as: 

1. Coupling through apertures and joints;  

2. Coupling to transmission lines; 

3. Low loss, high Q-factor enclosures; 

4. Absorption of radio-frequency energy by 

absorbing materials. 

These features were designed in a modular fashion, 

allowing for the validation of single elements (for example an 

aperture model) or a combination of elements. It was also an 

objective to construct a hardware implementation of the test 

object that was suitable for accurate measurements up to 

6 GHz. The final outcome was a test object consisting of a 

metallic box with a number of tests ports and an 

interchangeable panel that could contain apertures and joints 

and a selection of internal components such as wires and 

absorbers.  It also includes a number of elements which act as 

transmission lines with varying levels of complexity (single 

straight wire, curved wire and a multiple conductor, straight 

transmission line). 

The test suite is described in detail in Section II. The 

measurements used to characterize the probe antennas and a 

selection of the test cases are presented in Section III. In 

Section IV summary results of simulations of a small subset of 

the tests-cases in the frequency range 1-6 GHz using a range 

of solvers of different solver types are presented and compared 

using Feature Selective Validation (FSV), taking measurement 

data as a reference. We conclude in Section V. 

II. TEST-OBJECT DESCRIPTION 

A. The Enclosure 

The test object is based on a physical brass box of (internal) 

dimensions 600 mm  500 mm  300 mm with a removable 

“front” face. The thickness of the walls is 1 mm to ensure that 

all energy penetration is due to the apertures. The physical 

geometry of the box is shown in Fig. 1. The front face can be 

left open or covered with a plate with different characteristics. 

The open face has a 30 mm wide flange around the edge with 

holes spaced at 26 mm (sides) and 28 mm (top and bottom) for 

fixing the interchangeable covering plates using 60 stainless 

steel captive bolts that protrude outwards.  The box has three 

N-type connectors on the top, labeled A, B and C in the figure. 

Probe antennas or wire structures can be connected to these 

three ports. Additionally, absorbing material or other 

structures can be placed in the volume of the enclosure. A 

photograph of the enclosure is shown in Fig. 2. 

The lowest cavity mode resonance in the empty enclosure, 

with the front face closed, is at 390 MHz. At 1 GHz there is a 

total of 44 propagating modes and by 2 GHz this rises to 

around 300. The mode density at 2 GHz is 0.48 MHz
-1

 rising 

to 3.2 MHz
-1

 at 6 GHz. As a reverberation chamber the lowest 

usable frequency of the enclosure is approximately 

1.5 GHz [11]. The frequency range therefore includes the 

physically interesting intermediate frequency range in which 

full-wave solvers begin to require prohibitive computational 

resources when applied to large objects such as complete 

aircraft and asymptotic solvers are still of limited validity. 

B. Monopole probes 

Monopole probes can be attached to ports A, B or C. The 

physical probes are constructed using 50  N-Type bulkhead 

connectors and 3 mm diameter brass rod. The overall length of 

the monopoles from the internal side of the wall to the tip is 

22 mm. 

 
Fig. 1.  Physical dimensions (in millimeters) of the test-object. enclosure. 

 

 

Fig. 2.  Photograph of the physical test-object enclosure. 
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C. Wires and looms 

A straight wire made from 3.5 mm diameter brass rod can 

be soldered to the ends of two probe antennas attached to ports 

A and B, thus forming a uniform transmission line of height 

22 mm and length 335 mm. In addition, a curved wire has 

been fabricated, as shown in Fig. 3.  This can also be soldered 

to the probes in the same ports. A more complex but well 

defined loom consisting of six 1 mm diameter wires arranged 

in a hexagonal cross-section has also been defined in the full 

test-suite [16]. 

D. Apertures, grills and joints 

The enclosure can be used with an open face or a 

completely closed face. The physical implementation of the 

test-object with a fully closed face has been measured to have 

an isolation factor between the inside and outside of more than 

90 dB up to 6 GHz. It is ultimately limited by the clamping 

pressure of the machine screws used to hold it in place and the 

surface finish of the brass plates. Care must be taken to ensure 

that the clamping pressure is consistent, particularly when the 

apertures in the face are not significantly larger than the 

spacing between the screws. Above 6 GHz the separation of 

the fasteners is less than half a wavelength and the isolation 

degrades. 

Further possibilities for the covering plate include aperture 

and joints structures. Fig. 4 shows the physical 

implementation of a perforated plate consisting of an array of 

3 mm diameter circular holes arranged on a 21-by-21 square 

grid with a pitch of 10 mm. The plate thickness is 0.3 mm and 

the hole array is centered on the panel face. Regarded as an 

infinite array the shielding effectiveness of the array exhibits a 

20 dB/decade increase with frequency until approximately 

7 GHz where the electrical size of the holes and the spacing is 

approximately one tenth of a wavelength. 

An approximate theoretical prediction for the normal plane-

wave incidence SE of a infinite plate uniformly perforated 

with circular holes of radius 𝑎 and pitch  is given by 𝑆𝐸 (dB) = 20 log10 3c0Δ216𝜋𝑎3− 20 log10 𝑓(MHz) − 32 𝑡2𝑎 − 120 
(1)  

where t is the plate thickness [12] and c0 is the speed of light 

in free space. This prediction is based on Bethe’s small 
apertures polarizability theory and neglects the mutual 

coupling between the apertures. The last term is added 

phenomenologically to account for the attenuation due to the 

cut-off waveguide effect of the sample thickness. For the 

above plate dimensions the contribution of the finite thickness 

term is 3.2 dB. 

The physical implementation of the perforated plate was 

measured in an ASTM4935 coaxial cell [13] and nested 

reverberation chambers (NRCs) [14] and the results are shown 

in Fig. 5 compared to the theoretical model. The measurement 

using the nested reverberation chambers exhibits a statistical 

variation of about 4 dB due to the limited number of 

independent samples (32) taken in the  measurement. A 

parametric fit to the measurement data gives 𝑆𝐸(dB) = 116.7 − 20 log10 𝑓 (MHz) , (2)  

which is within 1 dB of the above model. A two-sided surface 

impedance boundary condition (SIBC) corresponding to a 

shunt inductance of 42 pH provides a good model of the 

perforated plate over the frequency range 1 MHz to 6 

GHz [15]. Other similar perforated plates have also been 

defined for use with the test object including anisotropic cases 

with rectangular slots at various angles with respect to the 

plate axes [16]. 

Front panels with larger apertures have also been defined 

and constructed. Fig. 6 shows a generic panel with two large 

apertures. The square aperture has a side length of 180 mm 

and the circular aperture a diameter of 100 mm. The physical 

implementation uses a 0.3 mm thick brass plate. These large 

apertures are useful for reducing the quality factor of the 

enclosure and increasing the energy coupled into the enclosure 

if dynamic range is an issue. 

 

5 6 m m  5 6 m m  

5 6 m m  
7 5 m m  

3 .6 m m    

B o x  W a ll  

 

Fig. 3.  Geometry of the curved wire that can be attached between port-A and

port-B. 

200mm 

200mm 

Fig. 4.  Physical implementation of the perforated plate front panel consisting

of an array of circular holes arranged in a square grid. 

Fig. 5.  Plane wave shielding effectiveness of an infinite perforated plate 

with the same characteristics as the front plate. 
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E. Internal absorbers 

The enclosure is a high quality factor environment. Even 

with the front face left completely open there exist “end-to-

end” modes with Q-factors in the low thousands over the 

frequency range 1 to 6 GHz. It is therefore often necessary or 

useful to damp the resonant behavior by introducing an 

absorber into the enclosure. The absorbing object itself can 

also be used to validate material models in computational 

tools. 

The simplest absorbing element is a cubic piece of radio 

absorbing material (RAM) with a side length of 110 mm. The 

physical implementation was constructed from a number of 

layers of commercially available Eccosorb LS22 Series RAM 

sheet. The material is characterized by the manufacturer from 

500 MHz to 18 GHz using the real and imaginary parts of the 

complex relative permittivity [17]. These material parameters 

have been fitted to a third order Debye relaxation model, 𝜀r(𝑠) = 𝜀∞ + ∑ ∆𝜀𝑖1 + 𝑠𝜏𝑖3𝑖=1  , (3)  

using a vector fitting algorithm [18]. Here we require that 𝜀∞ ≥ 1 for stability for the model. The parameters of the 

Debye model are given in Table I, where in this case we have 

enforced 𝜀∞ = 1. The Debye model and manufacturers data 

are compared in Fig. 7. 

The fit is accurate within the expected experimental 

uncertainty in the manufacturer’s measurement data and 
production tolerances over the frequency range 1 to 6 GHz. 

Better fits can be obtained by allowing 𝜀∞ to vary or by 

including an ionic conductivity term, −𝜎i 𝑗𝜔𝜀0⁄ , in the model, 

however, such models are not widely supported in 

computational solvers. 

F. Source parameters and observables 

Two types of excitation have been defined for the test 

configurations: port excitation and external plane wave 

illumination. For port excitation a matched source is used to 

inject power into port-A, which is connected to either a probe 

or wire. Such excitations are useful for detailed and accurate 

analysis of the behavior of the internal fields and surfaces 

currents.  

For EMC immunity assessment external illumination is of 

interest and so two plane wave sources are defined. Firstly a 

unit plane wave source consisting of a single monochromatic, 

linearly polarized plane wave of amplitude 1 V/m illuminating 

the front face of the box as shown in Fig. 8. Both vertical (z-

direction) and horizontal (y-direction) polarizations of the 

electric field are considered. A multiple plane wave source 

was also defined to take into account several plane waves 

illuminating the enclosure in order to validate the computation 

of short-circuited electromagnetic fields on apertures by 

asymptotic codes or full-wave codes for simulation scenarios 

of numerical coupling between external and internal solvers. 

Three types of observable are defined for the test-cases: 

 

Fig. 6.  Generic front plate with two large apertures. All dimensions are in 

millimeters. 

 

80 

100 100 

60 

60 

60 

180 

Front view 

Fig. 7.  Complex permittivity of LS22 absorber, comparing the 

manufacturer’s data with a third order Debye model.  

 

Fig. 8.  Orientation of the unit plane wave excitation with vertical 

polarization (lower left) depicted on a computational mesh of the enclosure 

with an open face (CONCEPT-II mesh [20]). 

TABLE I 
DEBYE PARAMETERS OF LS22 RAM DETERMINED FROM A VECTOR FIT TO 

THE MANUFACTURER’S COMPLEX PERMITTIVITY DATA (∞=1). 

Parameter i = 1 i = 2 i = 3 

i (-) 3.31 4.43 25.1 

i (ps) 13.0 116 443 
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1. Power in a 50  load connected to a port. 

2. Power density inside the cavity. 

3. Electric field strength at the centers of apertures. 

In this paper we only consider the first of these; the power 

received in a load connected to one of the probes, Prec. For 

internal port sources the observables are usually presented as 

scattering parameters between the ports while for external 

illumination the received power is typically normalized to the 

incident power density at the front face of the enclosure, Sinc, 

to give a reception aperture 𝐴rec = Prec 𝑆inc⁄  . (4)  

III. MEASUREMENT OF HARDWARE CONFIGURATIONS 

A. Probe characterization 

The hardware monopole probes have been calibrated by 

determining their free-space antenna factor (AF). This also 

allows the electric field strength from a simulation to be 

compared directly to the measurement data without the use of 

a wire model for the probe. This calibration was carried out 

using one-antenna and two-antenna methods [19], supported 

by MoM simulations and a circuit model. The results are 

shown in Fig. 9. 

For the two-antenna method a reference ridged-waveguide 

horn antenna was used to measure the AF of each probe over a 

ground plane in the frequency range 1-8.5 GHz, the lower 

limit been determined by the working range of the horn. This 

showed that the two probes were almost identical in terms of 

their AFs (less than 0.2 dB difference); therefore only one of 

these measurement results is shown in Fig. 9. This 

measurement configuration is however subject to uncertainty 

due to diffraction effects when trying to launch a uniform 

plane-wave above the ground plane. A one-antenna method 

was therefore also applied over the band 200 MHz-8.6 GHz, 

measuring the transmission between the two probes placed a 

known distance apart over an extended ground plane located 

in an anechoic environment. The fields in this configuration 

are subject to less uncertainty; the corresponding AF in Fig. 9 

is typically a few decibels higher than the horn measurement. 

The figure also shows the results of a method-of-moment 

(MoM) simulation of a probe above an infinite ideal ground-

plane [20] and a simple circuit model of the monopole [21]. 

The MoM simulation used a thin-wire model of the monopole, 

which will introduce an error due to the relatively large 

diameter of the monopoles. The simple circuit model stops at 

2 GHz as this model is only valid to just beyond the first 

resonance of the monopoles. These results indicated the 

typical uncertainty that may be encountered when comparing 

measurement and simulation made under different 

assumptions and approximations. 

To determine the phase delay between the reference plane 

of the probe connector and the base of the monopole the probe 

was shorted to the ground plane using metal foil and the 

complex reflection coefficient was measured relative to the 

reference plane. Calibration of this phase delay is important 

when comparing the measurement results to simulation data at 

high frequencies.  

B. Anechoic chamber measurements 

Most of the measurements on hardware configurations took 

place in an anechoic chamber over a frequency range of 1 to 6 

GHz using a vector network analyzer (VNA) with cable 

effects and phase delay of antennas calibrated out. Fig. 10 is a 

photograph of the enclosure with the front panel with two 

large apertures in place being tested in an anechoic room. The 

enclosure was illuminated by a horn antenna located near the 

camera position to generate a plane wave source condition. 

The power received at port-A is being monitored by the blue 

test cable while the other port is terminated. To calibrate the 

incident power density the enclosure was removed and another 

co-polar horn placed with its phase center at the location of the 

front face. 

 

Fig. 10.  Test-case with generic front plate on-test in an anechoic chamber. 

Fig. 9.  Antenna factor of the probe antennas comparing measurement 

results, MoM simulation and a circuit model. 
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IV. SELECTED RESULTS 

In this section we report simulation results from a number 

of the test-cases implemented using a range of solvers. The 

implementations were made directly from the written test-case 

specification, so for example, no CAD or meshes were shared 

between the different implementations. The results therefore 

intentionally reflect the variability associated with 

interpretation of the specification and detailed choice of 

modeling technique applied. We have used FSV [4] and 

Integrated Error Logarithmic Frequency (IELF) [22] 

algorithms to compare the results from the different solvers 

using the measurement data as a reference. The rationale is to 

demonstrate the variability in the results that can be expected 

from the implementation of a complex test-case for which 

analytic results are not available and choices concerning the 

representation of different features in the specification in a 

particular solver have to be made. We do not directly compare 

solvers (which are anonymized) with respect to their accuracy 

or capability, though some observations about different types 

of solver are made. 

A. Test-case 1 

The configuration of test case 1 consists of the enclosure 

with an open face and two terminated probe antennas on ports 

A and B. The enclosure is illuminated by a plane wave and the 

power received at port A is observed. The results for two 

frequency-domain and one time-domain solver are shown in 

the top and bottom parts of Fig. 11 respectively. Table II 

shows the FSV amplitude difference measure (ADM) and 

feature difference measure (FDM) for each pair of results. The 

FSV global difference measure (GDM) and IELF values are 

shown in Table III. 

Even for this simplest test-case in the test-suite the FSV 

qualitative GDM is no better than ‘fair’. IELF and the FSV 
GDM give consistent rankings of the data comparisons. There 

is no strong indication that the measurement data proves a 

worse reference than the solvers as a base for cross-

comparisons. Overall the results seem reasonable for “one-

shot” simulations with no iterative refinement of the models. 

B. Test-case 2  

Introducing the cube of LS22 RAM into the centre of the 

lower surface of the enclosure and the curved wire (as shown 

in Fig.3) between ports A and B gives test case 2. The 

reception aperture, defined in (4), measured at port-A for this 

test-case is shown in Fig. 12 for two frequency-domain and 

three time-domain solvers. The FSV and IELF metrics are 

given in Table IV and Table V. 

For this more complex test case the FSV GDM is generally 

“poor” or “very poor” with the dominant contribution coming 
from the ADM. The rankings provided by IELF and FSV 

GDM are broadly consistent but not identical, particularly 

with regard to the datasets with poorer metrics. Here there is 

some evidence that the measurement data provides a reference 

with the lowest overall metrics across all the datasets. 

The measurement uncertainty itself is estimated to be no 

more than about 1 dB for most of the test-cases and we expect 

that the leading cause of the deviations is the “modeling error” 
introduced by the simplifications of the real physical geometry 

made in the simulations. The test-case is dependent on many 

Fig. 11.  Reception aperture for test case 1 from 1-3 GHz comparing 

frequency-domain codes (top) and time–domain codes (bottom) to 
measurement. 

TABLE II 

FSV ADM (ABOVE DIAGONAL) AND FDM (BELOW DIAGONAL) FOR TEST 

CASE 1. FIGURES IN BOLD CORRESPOND TO QUANTITATIVE FSV VALUES LESS 

THEN UNITY. 

 Measurement FD1 FD3 TD2 

Measurement - 0.38 0.33 0.82 

FD1 0.56 - 0.20 0.53 

FD3 0.38 0.32 - 0.49 

TD2 0.62 0.45 0.46 - 

TABLE III 

FSV GDM (ABOVE DIAGONAL) AND IELF METRIC (BELOW DIAGONAL) FOR 

TEST CASE 1. FIGURES IN BOLD CORRESPOND TO QUANTITATIVE FSV VALUES 

LESS THEN UNITY. 

 Measurement FD1 FD3 TD2 

Measurement - 0.75 0.56 1.10 
FD1 0.72 - 0.42 0.75 

FD3 0.56 0.21 - 0.74 

TD2 0.73 0.50 0.34 - 
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aspects of the numerical modeling of the real system including 

dispersive material properties the treatment of thick wires. The 

larger spread in the FSV and IELF metrics reflects this 

increased complexity and highlights the need for iterative 

calibration of simulation tools against more realistic test-cases 

with multiple features.  

Our purpose here was to introduce and demonstrate the test-

suite; in a real-world situation further calibration of the models 

would be necessary if the measurement reference is assumed 

to be authoritative. The first step in a calibration process 

would be to identify dominant “modeling errors”, for example 

by a sensitivity analysis of the models, and then to refine the 

simulations accordingly until the deviation between model and 

measurements is comparable to the measurement uncertainty. 

V. CONCLUSIONS 

An extensive modular test-suite for use in VV&C of CEM 

solvers for EMC applications has been developed. The test 

cases, while still relatively simple compared to real systems, 

are of a greater complexity than many of the generic canonical 

references currently available allowing interactions between 

different modeling aspects to be evaluated using a well-

defined set of geometries. Hardware implementations of many 

of the possible test configurations have been constructed and 

measured to provide a database of reference data.  

The test configurations have been widely used for cross 

validation between different types of solvers within a number 

of large research programmes. We have demonstrated the use 

of the test-suite by presenting summary results for a range of 

solvers applied to small sub-set of test-cases using the 

measurement data as a reference. FSV and IELF comparisons 

of the results highlight the difficulties inherent in the VV&C 

process for systems of even modest complexity and the 

importance of calibration to attaining reliable results.   

The measurement data-sets, CAD files for some of the 

geometries and extensions to the test case are freely available 

for use [16]. 
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