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Abstract. In the paper, a simulation-based design proce-
dure for the implementation of a TEM (Crawford) cell is pre-
sented. The empirical approach uses computer simulations 
carried out in CST Microwave Studio to design the cell that 
operates in the frequency range from 100 kHz to 400 MHz. 
Following the developed procedure, the TEM cell was im-
plemented and tested experimentally. The TEM cell can be 
used for electromagnetic susceptibility (EMS) measure-
ments, where the device under test (DUT) is irradiated by 
the field in a wide range of frequencies. The DUT is tested 
to operate without the performance degradation under the 
influence of electromagnetic disturbances. In addition, the 
cell can be used for electromagnetic interference (EMI) 
measurements focused on interference emissions generated 
by the DUT. 
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1. Introduction 
For electromagnetic compatibility (EMC) testing, ane-

choic chambers can be used those are not affordable gener-
ally, and testing is expensive. As an alternative, TEM cells 
can be exploited for EMC pretesting or home tests. TEM 
cells can provide similar results as shown in the paper. 

Transversally electromagnetic (TEM) cells are con-
structed to excite a uniform and homogeneous TEM wave 
propagating inside the structure. Often, cells operate as 50 Ω 
customized systems [1], [2]. 

TEM cells are constructed from TEM transmission 
lines. There are several types of TEM transmission lines. 
E.g., a parallel plate waveguide consists of a signal plate and 
a ground plate that is not connected to a center conductor 
(septum). If septum is added, the transmission line (a con-
ventional TEM cell) shows better load matching. Due to the 
inserted septum, the height of the device under test (DUT) 

must be lower compared to the waveguide of the parallel 
plate, keeping the same overall geometry [1], [2]. 

As depicted in Fig. 1, the TEM cell can be seen as 
a rectangular coaxial line with a planar inner conductor and 
air filling. For a particular line, the signal conductor is led 
from the connector to the inner center conductor (septum). 
The outside conductors are connected to the ground. The in-
put and output sections are tapered to ensure constant char-
acteristic impedance along the TEM cell [3]. 

TEM cells are mainly used to measure electromagnetic 
emissions and electromagnetic immunity of electronic de-
vices. Thanks to their size, simple construction and low pur-
chase price, the TEM cell is a suitable alternative for meas-
urements in anechoic chambers [1], [2]. 

If side walls of the waveguide are removed, an open 
TEM cell is obtained. When selecting between open and 
closed cells, following consequences should be considered: 

• If emissions are measured, the effect of the background 
noise is suppressed by the closed TEM cell. 

• For immunity testing, a closed cell is safer for operator. 

• An open TEM cell is easier to be manufactured, and 
there is no need to make a hole for handling the DUT. 

• Electromagnetic interferences (EMI) are measured 
with a higher accuracy in a closed TEM cell. 
In an open literature, attention is mainly turned to: 

• Increasing the bandwidth of strip line cells [7]. Using 
the presented approach, a multi-objective optimization 
of cells can be applied on geometry, dimensions, and 
construction materials. 

• Analysis of higher-order modes excited in cells [8]. 
Exploiting fully parametric CST models, shape 
synthesis can be run to suppress higher-order modes. 
Hence, not only the modal analysis but also the modal 
synthesis can be performed. 

• Field calibrations in cells [9], since the calibration of 
the field probe directly influences the uncertainty of 
radiated immunity tests. A parametric numerical model 
can help us to properly design a field probe and the 
calibration procedure.
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Fig. 1.  The TEM cell. Left: top view. Right: inner view with a device under test. 

 

• Proper composition of tests within TEM cells. Using 
a reliable numerical model of a cell, virtual prototypes 
of broadband couplers [10] and other components used 
for cell measurements can be developed. 

In the open literature, exploitation of numerical models 
for the design of TEM cells is described in several papers. 
The articles investigate the methods for suppressing higher 
order modes in TEM cells [4], [14]. Numerical methods are 
used in the design phase to achieve the requested behavior 
of the TEM cell over a wide frequency range [15]. The ac-
curacy of the computational model is analyzed by comparing 
experimental dosimetry results with computed ones com-
prising five liquid samples undergoing an exposure inside 
the TEM cell in thermal regime [16]. Using a numerical 
method, the responses of a short dipole probe to a calculated 
non-uniform E field can be evaluated [17]. 

Nevertheless, papers on a numerical prototyping of 
TEM cells in CST Microwave Studio are quite rare and in-
comprehensive [11], [12]. Moreover, the published models 
have never been experimentally verified. Therefore, a com-
prehensive empirical modelling approach is presented in the 
paper, and its validity is experimentally verified. 

In Sec. 2, all relevant steps of the TEM cell design are 
described. As a result, the optimum parameters of a cell are 
obtained. In Sec. 3, numerical simulations of the TEM cell 
in CST Microwave Studio are presented. Thanks to the nu-
merical model, the TEM cell can be optimized. In Sec. 4, 
manufacturing details are provided. Section 5 presents 
measurement results and their comparison with simulations. 
Section 6 concludes the paper. 

2. TEM Cell Design 
The empirical approach to the TEM cell design is 

illustrated by the following example: 

• Operating frequencies in the range from 100 kHz to 
400 MHz are covered. 

• A homogeneous E-field with an intensity of up to 
250 V/m is excited. 

• The TEM cell is portable in shape and size. 

• The TEM cell can measure electromagnetic emissions 
and electromagnetic immunity. 

• The maximum DUT size is 0.2 m × 0.2 m × 0.1 m 
(x × y × hDUT). 

The maximum size of the area for placing the DUT is limited 
by the space, which can be calculated from the formulas: 

• x = 0.6 L, 
• y = 0.4 w. 

The DUT shall be located inside the TEM cell at a height of 

• hDUT = 0.3 h 

and shall be supported by a dielectric support (εr ≤ 1.4) as 
shown in Fig. 1 [3], [4]. 

To ensure correctness of measurements, a single TEM 
mode has to propagate along the transmission line. With in-
creasing frequency, relevant TE modes (TE01, TE10) start to 
propagate along the line [4]. The cut-off frequency of the 
TE01 mode can be calculated according to [4]: 
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In the above equations, the parameter w is the width and b is 
the overall height of the TEM cell. In the formula 

• b = 2h, 

the symbol h is the height between the signal strip and the 
top (bottom) strip. The parameter g can be calculated from: 

• g = 0.5 (w − s) 
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where s is the septum width. The structure of the closed 
TEM cell with all dimensions used is depicted in Fig. 1. 

Simulations in CST Microwave Studio showed that the 
first resonant mode TE01 has a short resonant peak, but the 
TEM cell can be used after the cut-off frequency of the TE10 
mode. The working frequency is recommended to differ sig-
nificantly from this resonant frequency [1], [5]. 

Some publications recommend to calculate the 
frequency of the first resonant mode from [3]: 

 
c,TE01 .

2
cf
w

=  (5) 

Here, c is the speed of light and w is the width of the TEM 
cell (see Fig. 1). 

If the frequency is above the resonance, the impedance 
matching of the TEM cell deteriorates. The right choice of 
w affects the overall behavior of the cell [3]. 

In the first step, the initial parameter w is recommended 
to be chosen from the cut-off formula (1). To obtain other 
parameters, the ratio formulas are used: 

• w/L = 1.00, 
• w/b = 1.00, 
• w/s = 1.50. 

The initial results will be further optimized. From [2] 

 
0

30 ,
2 ln sinh

Z
w g
b b

π
π

π

=
 −  
 

 (6) 

we can calculate the characteristic impedance of the TEM 
cell. If a 50 Ω impedance is to be reached, a matching con-
nected to the N-connector of the TEM cell must be used. The 
choice of parameters w (the width of the cell), g (the gap 
between the side wall and the inner conductor) and b (the 
height of the cell) affect the impedance matching of the TEM 
cell. The length of the non-tapered part of the TEM cell L 
influences the number of half waves inside [3], [1]. 

In this paper, (1) to (6) are used for the practical design 
of a cell. Considering initial dimensions, a numerical model 
of the cell is built in CST. This approach allows the designer 
to calibrate the numerical model according to the output of 
the measurements, perform sensitivity and tolerance anal-
yses and modify the design. 

To evaluate the initial design, the TEM cell with the 
dimensions shown in Tab. 1 was modelled in CST. 

3. Simulation of the TEM Cell 
First, simulations of the designed TEM cells were car-

ried out in the frequency range from 100 kHz to 400 MHz 
while the main effort was aimed to obtain the best constant 
transmission factor characteristics. For the optimization, we 
used the parametric sweep. 
 

parameter optimized initial 
L [m] 0.400 0.500 
w [m] 0.500 0.500 
s [m] 0.365 0.330 
b [m] 0.500 0.375 
g [m] 0.068 0.085 
x [m] 0.240 0.300 
y [m] 0.200 0.200 

hDUT [m] 0.075 0.062 

Tab. 1. Initial dimensions of the closed TEM calculated using 
an empirical approach. 

 

parameters 50 MHz 200 MHz 400 MHz 
initial 1.44 1.38 1.73 

optimized 1.33 1.12 1.52 

Tab. 2. Comparing the values of VSWR of the closed TEM 
cell for initial dimensions computed according to the 
empirical relations and for the optimized model. 

To determine the parameters of individual modes in 
CST, the port location had to be moved without tapering (the 
constant distance of the walls). 

During the optimization, the original size of the TEM 
cell [1], [7] was increased according to the size requirements 
for the DUT size. The dimensions were scaled up while 
keeping b = w constant. By increasing the width of the TEM 
cell w, the operation area was increased as well. The width 
of the input septum was determined according to [8], and the 
value was adjusted to achieve optimal results. 

The height of the TEM cell b was chosen according to 
DUT size requirements. The maximum height of the DUT 
inside the TEM cell was set to b/6. The number of half-
waves propagating in the cell depends on the length L. 
Extension of L does not worsen simulation results. 

According to ratios recommended to select initial di-
mensions of the closed cell, simulations were performed and 
initial ratios were modified by a sweep [1], [4]. 

The height b and the width w were set to b = w to 
maintain the square cross-section of the cell. From relations: 

• w/L = 1.25, 
• w/b = 1.00, 
• w/s = 1.37, 

we obtain the optimized dimensions of the cell (see Tab. 1). 
When a fine tuning was applied, dimensions related to the 
best possible desired properties were achieved. 

Table 2 shows the simulated voltage standing wave ra-
tio (VSWR) values for three different frequencies before and 
after the optimization. The frequencies in Tab. 2 were se-
lected for three areas with high VSWR values. 

The main parameters observed in the simulations 
follow: 
• Voltage standing wave ratio (VSWR) ≈ 1; 
• Reflection factor S11 [dB] < −10 dB; 
• Transmission factor S21 [dB] ≈ 0 dB; 
• Line impedance Z0 ≈ 50 Ω; 
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• Critical frequencies of modes; 
• Electric field distribution. 

The operating frequency ranged from 0.1 to 500 MHz. 
For the simulations, the frequency solver was used. This 
solver is optimal because the discretization grid contained 
more than 16 thousand tetrahedrons in the final design. 

To verify the correctness of simulation results, two dif-
ferent numerical models with the same dimensions given in 
the Tab. 1 were created (see Fig. 2). 

• The numerical model A was a vacuum model with 
a septum from the perfect electric conductor (PEC). 
The boundary conditions were set to electric (ET = 0) 
in all directions. The material was set to PEC in back-
ground properties. 

The connectors were made of PEC and PTFE, and the 
acceptable impedance matching of the whole structure 
was reached. 

• The numerical model B had electric boundaries 
(ET = 0) in all directions. In the background properties, 
the material was set to normal. The walls and septum 
were made of PEC. The thickness of the walls was set 
to zero, and the inner material was vacuum. The con-
nectors were identical to those in the model A. 

For the model B, we obtained the same simulation re-
sults as for the model A with identical parameter 
settings. 

The modifications were aimed to eliminate unexpected be-
havior of the materials that could affect the results. There-
fore, the TEM cell is modified to simplify the models and 
reduce potential inequalities. 

The critical frequencies of the modes were approached 
to the values calculated according to [5]. In addition, the 
characteristic impedance reached 50 Ω as close as possible. 

The TEM cell was manufactured according to the pa-
rameters of the final model from the simulations. The details 
are provided in Sec. 4. 

4. Manufacturing the TEM Cell 
Figure 3 shows differences between designed TEM 

cells manufactured from galvanized iron sheets and alumi-
num. Aluminum excels in relative ease of fabrication by 
welding individual parts and low weight. The disadvantage 
of the aluminum is its softness and potential oxidation of the 
material. Therefore, galvanized iron was used as the final 
material. Galvanized iron is not the subject to strong oxida-
tion and is more affordable. But rivets or other fasteners 
have to be used to connect parts. 

Copper is an ideal material for manufacturing the TEM 
cell. Copper is characterized by very good thermal and elec-
trical conductivity. Nevertheless, a very high purchase price 
was the reason why copper was not considered. 

 
Fig. 2.  Two different numerical models were created to verify 

the simulation results. Left: model A, right: model B. 

 
Fig. 3.  Designed TEM cells. Left: galvanized iron sheets. 

Right: aluminum sheets. 

For the manufacturing of septum, galvanized iron was 
used. According to simulations performed, no significant 
improvement was observed if septum was made of copper. 

Three holes were created in the structure to handle the 
DUT. The top hole is adapted to insert an isotropic field 
probe that can be used for the verification of measurements. 

A handle is attached to each door for better handling. 
A star nut is used to close the door to the panel. In this way, 
the door is sufficiently tightened to the panel and no gap is 
created. A special conductive mesh is inserted to the door to 
ensure conductive connection between individual mechanic 
parts. The stability of the construction is ensured by four 
antivibration rubber feet on the underside of the TEM cell. 

As already indicated, the galvanized 1.5 mm thick iron 
sheet was chosen to manufacture the TEM cell. The individ-
ual parts were fixed with galvanized rivets. The lockable 
door was made of 10 mm thick aluminum with a slit in the 
groove where conductive elastomer was inserted. 

Between two N-connectors (female), a 2 mm thick 
bulkhead was soldered. The septum was supported by die-
lectric supports (εr ≤ 1.4) to hold the septum at a specified 
height b/2. There is a notch in the septum for the center pin 
of the N-connector, which provides a significantly better im-
pedance matching (see Fig. 4). 

A waveguide feedthrough was created for the optical 
fibres that pass through. The optical fibre was fed into the 
TEM cell to measure the E-field, control the DUT with the 
opto-CAN and control the light output on the DUT. 

A photograph of the manufactured TEM cell is shown 
in Fig. 5 and Fig. 8. The DUT was powered by a laboratory 
power supply coupled to the TEM cell by two 100 nF capac-
itors. These capacitors were inserted into the panel and were 
operated as a low-pass filter. 

In the following section, measurement results of the 
manufactured cell are compared with simulations. 
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Fig. 4.  Dielectric support holding septum at a specified height 

b/2, the notch in the septum for the center pin of the N-
connector and slit in the groove where a conductive 
elastomer was inserted. 

 
Fig. 5.  Photograph of the measured TEM cell. 

5. Measurement of the TEM Cell 
In Fig. 6, the simulated VSWR characteristics (blue 

line) and the measured ones (black line) are compared. In 
experiments, Rohde & Schwarz ZND vector network ana-
lyzer (VNA) was used. The VNA was connected to one of 
two ports, and 50 Ω matching loads (10 W) were connected 
to other ports. 

The agreement between the characteristics is reasona-
ble. Differences in levels were caused by simplifications in 
simulation models (zero wall thickness, PEC for the conduc-
tive part, the material inside the cell is vacuum, etc.). In order 
to shift simulations towards measurements, a more realistic 
model of the TEM cell has to be developed: 

• Instead of the PEC wall, more realistic models have to 
be considered; 

• Instead of wave ports, more realistic models of 
connectors have to be taken into account; 

• Instead of idealized wall joints, more precise models 
have to be used. 

The CPU-time demands of such a realistic model will be 
very high and cannot be used for the optimization of the cell. 

 
Fig. 6.  Frequency response of the VSWR measurement (black) 

and the simulated one (blue). 

 
Fig. 7.  Specific points above the septum for measurements. 

 
Fig. 8.  Photographs of TEM cell with the DUT inserted. 

Inside the TEM cell, the E-field was measured at spe-
cific points above the septum (hDUT). The points were 
marked by numbers 1 to 7 (see Fig. 7). First, measurements 
were performed without the inserted DUT. The isotropic 
probe for the point no. 3 was in the distance 150 mm from 
the center (the point no. 1). The distance between the points 
no. 3 and no. 5 was 150 mm as well. 

Due to the symmetry of the structure, the field at oppo-
site points is the same. For the points (−3 : 1 : 3) measured 
at 65 mm above the septum, the E-field was 36.68 V/m (the 
amplifier output power was 0.5 W) at 250 MHz. 

The final version of the fabricated TEM cell with 
filtration capacitors and the inserted DUT is shown in Fig. 8. 

The DUT is powered by a laboratory power supply. 
The supply is connected to the DUT inside the TEM cell via 
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two pass-through capacitors with a capacitance of 100 nF 
with a maximum current of 16 A (type: FN7513-16-M4). 
These capacitors are recessed in the panel and behave as 
low-pass capacitors. For frequencies 10 to 200 kHz, the 
attenuation is up to 10 dB. 

5.1 Electromagnetic Susceptibility 
The observed E-field is orthogonal to DUT walls in 

a specific region inside the TEM cell only (a homogeneous 
field). Simulations show how the field homogeneity changes 
when parameters are scaled. A block of vacuum at 0.062 m 
above the septum corresponds to a DUT maximum size 
(0.30 m × 0.30 m × 0.10 m). The highest electric field inten-
sity is located at the edges of the septum where the intensity 
reaches 153 V/m (amplifier output power 0.5 W). 

The dependence of the E-field on the probe height is 
plotted in Fig. 9 for the points indicated in Fig. 7. 

Figure 10 shows the frequency dependence of the  
E-field for different probe positions. The different measure-
ment positions are distinguished by color and numerically 
marked by 1, 3, 5, and 6. These positions are located at the 
extreme limits of the maximum allowable DUT size (see 
Fig. 7). The constant power of the amplifier (40 W) was set 
and the E-field was measured at a frequency of 100 kHz de-
pending on the position of the probe inside the TEM cell 
(220 V/m to 245 V/m). With increasing frequency, the  
E-field difference between probe positions 1 and 5 increases 
significantly. At 250 MHz, the E-field difference is up to 
120 V/m. 

In order to test the electromagnetic susceptibility in the 
chamber, an E-field 200 V/m at 200 MHz is required. 

In professional chambers with a TEM cell, biconical 
antennas are used and the following amplifiers are exploited: 

• A biconical antenna amplifier with an output power of 
191 W (a logarithmic-periodic antenna) 

• TEM cell-amplifier with output power 40 W (Fig. 11). 

 
Fig. 9.  E-field between points (–3 : 1 : 3) for different heights 

of the probe (data from simulations). 

 
Fig. 10.  E-field dependence on frequency for different positions. 

 
Fig. 11.  Side view of the E-field distribution, f = 250 MHz. 

5.2 Electromagnetic Interference 
When interference levels in the TEM cell (Fig. 13) and 

a professional chamber (Fig. 12) are compared, differences 
are observed. The professional chamber meets the limits of 
Class 5, and even more stringent limits given by automotive 
standards. The TEM cell reaches the limits of Class 3. To 
meet Class 3 requirements, the average background noise 
needs to be within 26 dB(µV) for the LW band. 

The interferences in a professional chamber appear at 
the same frequencies as the interferences from the TEM cell. 

The interference frequencies detected in the TEM cell 
measurements were correlated with the measurements in 
a professional chamber. If a suitable procedure is created to 
recalculate interference levels between the cell and the 
chamber, accurate values can be obtained from the cell. 

 
Fig. 12.  Interference measurements in a professional chamber 

(30 MHz–200 MHz), AVG curve. 
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Fig. 13.  Interference measurements with an active DUT in a TEM cell (30 MHz–250 MHz), AVG and PK curves. 

 
If the interference level is measured in the TEM cell, 

this interference will appear in the results from the profes-
sional chamber as well (if the test plan is followed). 

6. Conclusion 
The TEM cell model was simulated in CST Microwave 

Studio. The operating frequency in the range from 0.1 MHz 
to 400 MHz allows measurements of devices up to the size 
of 0.24 m × 0.20 m × 0.06 m (theoretically) and create 
an electric field with an intensity of up to 250 V/m.  

After the detailed analysis, the E-field in the TEM cell 
design was tested and recalculated for the DUT with size 
0.30 m × 0.30 m × 0.10 m (x × y × hDUT). 

Only a single TEM mode has to be excited to make the 
correct measurements inside the TEM cell. If the frequency 
exceeds the cut-off frequency of the TEM mode, the relevant 
TE modes are excited, and a gradual deformation of the field 
inside the TEM cell starts to appear. 

Using the parametric sweep, the model was fine-tuned 
to obtain the best S-parameters and the 50 Ω matching. The 
dimensions obtained from the simulations were used to 
fabricate a TEM cell from 1.5 mm thick galvanized sheet 
metal, and three closable holes created to handle the DUT. 

Differences in final S-parameters of the fabricated 
TEM cell are caused by real materials and fabrication inac-
curacies, but a correlation with the simulations model is ap-
parent. Hence, CST is helpful to design the model, and re-
sults can be considered sufficiently accurate. 

A TEM cell with a size of 0.80 m × 0.50 m × 0.50 m 
can be used to measure EMI and EMS. For a constant ho-
mogeneous distribution of the E-field in the cell (minimal 
deviation and best results), a DUT with a maximum size of 
0.20 m × 0.20 m × 0.05 m is optimal to be used. Still appli-
cable, it’s for maximum DUT size 0.30 × 0.30 × 0.10 m3. 

The TEM cell is a good tool for developing electronic 
devices in a critical frequency range for measuring electro-
magnetic immunity and emissions. 
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