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Abstract ─ TEM Cells can generate computable 

standard fields, which are often used in electromagnetic 

measurement systems. Their electromagnetic field 

uncertainty has a great influence on the evaluation of 

system measurement results. In this paper, a method 

and index for rigorous evaluation of the uniformity  

of electromagnetic field distribution in the test area  

are presented. The relationship between different 

measurement accuracies and the size limits of the  

test object is analyzed by HFSS. According to this 

relationship, the limit condition of the sample size is 

established when the E field measurement accuracy  

is 1dB. Among them, the height requirements are 

consistent with the traditional experience requirements, 

and the width requirements are more stringent. On  

this basis, the electric field distribution law of the 

symmetric extended TEM chamber is studied and 

analyzed. It shows that the field uniformity of the 

symmetric extended TEM room is basically unchanged 

when the test space is multiplied. 

 

Index Terms ─ Electric field, field uniformity, TEM 

Cells, uncertainty. 

 

I. INTRODUCTION 
TEM Cells consist of a rectangular outer conductor 

and a core between the top and bottom layers. As the 

name suggests, the standard TEM Cell is essentially a 

two-conductor transmission line that operates in TEM 

mode. In the case of additional excitation and matching 

loads, a computable standard field [1] can be constructed. 

In IEEE 1309-2013 [2], it is recommended to use TEM 

cells below 200 MHz as a common generation device 

for probe calibration systems. 

To ensure the validity of the measurement results, 

the TEM Cells are used in the electromagnetic 

measurement system. The main problems are the 

accurate calculation of the standard field and the  

uncertainty evaluation of the system measurement 

results. For the standard field calculation, it is mainly 

related to the measurement of the net power , the 

characteristic impedance real part  and the TEM cell 

half height d of the TEM Cells [3]. The uncertainty 

assessment of the system measurement results is mainly 

determined by the uncertainty of the standard field 

generated by the TEM Cells. When Crawford [1] 

proposed the design of TEM Cells in 1974, it made a 

preliminary assessment of its calibration uncertainty 

and proposed a method to correct the field disturbance 

of the electric field [4]. Lu’s [5] research suggests that 

field distortion is not easy to predict, so it is necessary 

to limit the size of the test object. However, the effect 

of position on the field in the original TEM Cells is not 

given.  

Most of the current research focuses on the 

uncertainty of the standard field generated by standard 

TEM cells, but there are few studies on the uncertainty 

of TEM cells after expanding the test space. Wilson and 

Ma proposed asymmetric TEM cells [6]. K. Malathi 

studied the extended characteristic impedance of 

asymmetric TEM cells [7]. Virginie proposed a three-

dimensional TEM cell [11]. Dai and Song et al. 

proposed TEM cells with dual and quadruple symmetric 

extensions [9,10]. Based on the standard TEM Cell 

field uniformity analysis, the field distribution and 

uniformity of symmetrically extended TEM cells are 

further studied in this paper. 
 

II. FIELD UNIFORMITY ANALYSIS OF 

STANDARD TEM CELLS 
According to IEEE STD 1309-2013 [2], the 

characteristic impedance of TEM Cells is calculated by 

the following formula: 

 , (1) 

where the b, g, w is given in the Fig. 1. 
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Fig. 1. Cross section of a basic TEM Cell. 

 

In general, the characteristic impedance is designed 

to be 50 ohms to match the impedance of the 

measurement system. The field strength in the TEM 

Cells is calculated according to the formula (2) where 

 is the input net power of the TEM cells: 

 . (2) 

For Model I proposed by Hill [11],  can 

be obtained from formula (1); substituting , 

d=1.5m into formula (2) can get E=4.8V/m. In fact, the 

electric field distribution in the TEM Cells is not 

completely uniform, and there will be obvious distortion 

on both sides of the core board. To this end, it is 

generally required that the width of EUT does not 

exceed a/2, and the height does not exceed d/3 (or b/6); 

for more accurate tests, the height does not even exceed 

d/5 [2]. This empirical requirement does not fully explain 

the degree of field uniformity. Therefore, in this paper, 

the mean ( ), standard deviation ( ), coefficient 

of variation ( ), dynamic range ( ), etc. of the E 

field in the test area are used to indicate the field 

uniformity. 

The mean of the E field can be used to describe the 

level of the built-in E field of the TEM Cells for a given 

input net power. To compare the performance difference 

between different TEM cells, this paper uses the mean 

of the field strength, when the input field power is 1W, 

 as a parameter. 

Both the standard deviation and the coefficient of 

variation can describe the dispersion of the electric field 

values in the test area. The smaller they are, the more 

concentrated the electric field value distribution is in 

the mean: 

 . (3) 

Formula (3) shows that  is the result of 

normalization of  relative to , which is more 

general. 

 and  illustrate the statistical properties  

of the built-in E field of TEM Cells, and the dynamic 

range shows the maximum differences in the distribution 

of E field values: 

 . (4) 

Model I was simulated by HFSS in Driven Modal 

to study the field uniformity of the test area. Based on 

the requirements of traditional experience, the original 

test area is divided into three areas according to the 

height. The height of these areas is about d/3, and the 

test area at each height is further divided into three 

according to the width. There are 9 test areas for a/6, 

d/3, and a/2, as shown in Fig. 2 and Table 1. These  

test areas are on the cross section of the middle section 

of the TEM Cells along the direction of the signal 

propagation, and the cross section is parallel to the XZ 

plane. On each test area, the height (Z axis) is divided 

into 15-line segments, and 16 test points are evenly 

arranged for each line segment, for a total of 240 test 

points. From the E field simulation results of 240 points, 

the mean ( ), coefficient of variation ( ) and 

dynamic range ( ) of each test area are calculated, 

as shown in the Figs. 3-5. 
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Fig. 2. Test areas divided in Model I. 
 

Table 1: 9 test areas in the Model I 

Test 

Area 

Width 

(m) 

Lower 

Limit (m) 

Upper 

Limit (m) 

Height 

(m) 

No. 1  0.03  0.42 

No. 2    0.42 

No. 3    0.42 

No. 4  0.03  0.42 

No. 5    0.42 

No. 6    0.42 

No. 7  0.03  0.42 

No. 8    0.42 

No. 9    0.42 

 

 
 

Fig. 3. Mean value of E field. 
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Fig. 4. Coefficient of variation of E field. 
 

 
 

Fig. 5. Dynamic range of E field. 
 

Figures 3-5 show three extreme points with 

frequencies of 39.01MHz, 58.36MHz, and 61.62MHz, 

which are consistent with the resonant frequencies 

calculated in the Eigen Mode of Table 1, corresponding 

to the TE011, TE012, and TE101 modes, respectively. 

In the TEM Cells of the Model I, since the propagation 

mode is the TEM mode, the frequency band lower than 

39.01 MHz can be used. In the TEM mode, the average 

E field strength in the bottom region of the TEM cells  

is about 5 V/m, which is equivalent to the calculation 

result of the formula (2). What’s more, analysis of Figs. 

3-5 can lead to the following conclusions: 

1) The magnitude of the field strength is related to 

the position of the test area. The closer the E field 

is to the bottom, the smaller the E field is. The 

closer it is to the septum which is no more than 2 

times the bottom field strength, the bigger the E 

field is.  

2) The change in the coefficient of variation indicates 

that the smaller the width of the test area, the 

more uniform the electric field distribution. 

Although the electric field distribution in the 

bottom test area is relatively more uniform, the 

effect of the position is not significant. The 

coefficient of variation for all regions is less than 

0.1, indicating that the electric field distribution in 

TEM Cells is generally uniform.  

3) The dynamic range presents a similar law to the 

coefficient of variation. When the test area height 

is d/3, the maximum difference of the electric 

field value is less than 2dB when the width is only 

a/6, which indicates that for the precision test such 

as E field probe calibration, the conventional upper 

limit of a/2 is too loose. 
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Fig. 6. Test areas divided in Model I. 
 

Table 2: 9 test areas in the Model I 

Test 

Area 

Width 

(m) 

Lower 

Limit (m) 

Upper 

Limit (m) 

Height 

(m) 

No. 11  0.03  0.14 

No. 12    0.14 

No. 13  0.03  0.28 

No. 14    0.28 

No. 15  0.03  0.42 

No. 16    0.42 

 

Further, the influence of the height and position  

of the test area on the uniformity of the field was 

analyzed. According to the above conclusion (1), two 

regions with a height of d/3 and a width of a/6 close to 

the core plate and the bottom are selected, and the two 

regions are divided into three test regions by the height 

of the region. The height of each test area is d/9, 2d/9, 

d/3, as shown in Fig. 6 and Table 2. On each test area, 

the height (Z axis) is divided into 15-line segments,  

and 16 test points are evenly arranged for each line 

segment, for a total of 240 test points. From the E field 

simulation results of 240 points, the mean ( ), 

coefficient of variation ( ) and dynamic range ( ) 

of each test area are calculated, as shown in Figs. 7-9. 
 

 
 

Fig. 7. Mean value of E field. 
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Fig. 8. Coefficient of variation of E field. 
 

 
 

Fig. 9. Dynamic range of E field. 

 

Figure 7 and Fig. 3 show the same law: the 

magnitude of the field strength is related to the position 

of the test area. The closer to the bottom, the E field is 

smaller. The closer to the septum which is no more than 

the bottom field strength, the E field is bigger. Figure 8 

shows that the smaller the height of the test area, the 

smaller the coefficient of variation, and the coefficient 

of variation is not significantly affected by the position. 

Although the height of the test area has an influence on 

the coefficient of variation, the coefficient of variation 

in the six cases of Fig. 8 are all less than 0.05. Further, 

in combination with Fig. 4, it can be found that the 

coefficient of variation is approximated by the law of 

the width and height of the test area. The dynamic 

range of Fig. 9 shows a similarity to the coefficient of 

variation. When the height of the test area does not 

exceed d/3, the maximum difference of the E field 

value is 1.5 dB. When the height of the test area does 

not exceed 2d/9, the maximum difference of the E field 

value is 1 dB.  

From this we can conclude that when the amplitude 

measurement accuracy within the TEM Cells is required 

to be better than 1 dB, the width of the test area cannot 

exceed a/6 and the height cannot exceed d/5. This result 

is stricter than the provisions of the existing standards. 

III. ELECTRIC FIELD DISTRIBUTION 

LAW IN DUAL CELLS 
In Fig. 10, the bottom walls/plates of two identical 

TEM Cells are bonded together first and removed then. 

When the cells of the symmetric TEM cells are 

differentially excited and the same power  is input, 

the voltage difference between the internal spacers 

becomes twice that of the ordinary TEM cells, but the 

distance between the spacers becomes 2d, so the 

internal field strength can still be calculated by formula 

(2). 

 
Bottom walls

Side wall TEM Cell with expanded space

 
 
Fig. 10. A symmetric Extended TEM Cells. 

 

Taking symmetric binary TEM cells as an example, 

let the input signal of one of the ports be: 

 . (5) 

Then the ideal signal for the other port (differential 

port) input should be: 

 . (6) 

If the phase of  is not ideal, it can be expressed 

as: 

 . (7) 

If the magnitude of  is not ideal, it can be 

expressed as: 

 . (8) 

The paper using HFSS analyzes the effect of the 

phase  within  and the amplitude error does not 

exceed  on the electric field in the TEM Cells. 

The simulation model is shown in Fig. 11, where 

,  and test areas  and  

are  and  doubled in height, respectively. 
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Fig. 11. Symmetric extended TEM Cells. 
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The simulation frequency is set at 25MHz, and the 

internal electric field of the TEM Cells is the TEM 

mode. The reference port in the differential input port 

has an input power of  and a phase of . According 

to the range of amplitude and phase accuracy of the 

general signal source, the input power range of the other 

input port is , and the phase is . 

The simulation results are shown in Figs. 12-17. 

Figures 12-17 show that after the TEM cells are 

symmetrically expanded into dual chambers, the bottom 

can be multiplied by the test area, and the ability to 

generate electric fields and field uniformity is consistent 

with a single TEM Cell. When the phase error of the 

input differential signal does not exceed  and the 

amplitude error does not exceed , the disturbance 

to the electric field can be neglected. 
 

 
 

Fig. 12. E field strength vs. Asymmetric input power. 
 

 
 

Fig. 13. Coefficient of variation vs. Asymmetric input 

power. 
 

 
 

Fig. 14. Dynamic range vs. Asymmetric input power. 

 
 

Fig. 15. E field strength vs. Asymmetric input phase. 

 

 
 

Fig. 16. Coefficient of variation vs. Asymmetric input 

phase. 

 

 
 

Fig. 17. Dynamic range vs. Asymmetric input phase. 

 

IV. CONCLUSION 
Based on the field-average value, this paper further 

proposes the method of describing the field uniformity 

in standard TEM cells by parameters such as standard 

deviation ( ), coefficient of variation ( ), dynamic 

range ( ) etc. Based on these indicators, the 

relationship between different measurement accuracy 

requirements and the size of the test object was 

determined, and a method for rigorously assessing the 

uniformity of electromagnetic field distribution in the 

test area was given. In the traditional experience 

requirements, when the electric field measurement 

accuracy requirement is 1dB, the width of the test 
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object cannot exceed a/6, and the height cannot exceed 

d/5. 

In this paper, the electric field distribution of 

symmetrically extended TEM cells is further studied. 

Studies have shown that after the TEM cells are 

multiplied into double chambers with test areas, their 

ability to generate electric fields and field uniformity 

are consistent with standard TEM cells. Based on the 

accuracy range of the existing signal source, it is found 

that when the input differential signal phase error does 

not exceed  and the amplitude error does not exceed 

, the influence of the input signal error on the 

electric field generated in the TEM cells can be ignored. 

Based on the research content of this paper, the law 

of electric field distribution and uniformity after 

loading the test object in symmetric extended TEM 

cells will be studied, and the factors affecting the 

uncertainty of symmetric extended TEM cells will be 

further analyzed. 
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