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Abstract—An analytic model is proposed to estimate the electromagnetic field transmission line
coupling for both radiated emission and immunity using TEM cell measurements. Further, a coupling
impedance is introduced to determine the domination between electric and magnetic fields of the field-
line coupling. Comparison of measurement and calculation results confirms the accuracy of the model.
The model and coupling impedance can be helpful for the suppression of radiated emission and the
enhancement of radiated immunity of transmission lines in electromagnetic compatibility design of
electronic systems.

1. INTRODUCTION

Radiated emission and radiated immunity are two essential parts of electromagnetic compatibility
(EMC) of electronic devices. Electronic devices commonly consist of one or more printed circuit boards
(PCBs). PCBs contain components and traces. Traces are one of the key paths to transfer radiated
electromagnetic interference (EMI) in to or out of electronic systems via electric and magnetic fields.
Therefore, characterizations of couplings between EM field and traces become critical for EMC design
and analysis.

In recent years, intensive efforts have been made on line-to-field and field-to-line couplings by using
a transverse electromagnetic (TEM) or gigahertz TEM (GTEM) cell [1-11]. The TEM/GTEM cell
measurement is specified by several international standards IEC 61967-2 [12] and IEC 62132-2 [13] for
radiated emission and immunity tests. Mutual capacitance and mutual inductance were introduced to
represent electric and magnetic field couplings of field-line coupling investigations [1-11] respectively.
These components were applied for estimating radiated emission and immunity predictions.

Analytic circuit models in [9] and [11] by the authors used the termination effect to obtain mutual
capacitance and inductance for frequency-domain radiated emission and time-domain radiated immunity
estimations, respectively. Based on the previous works, we propose a modified analytic circuit model
for both radiated emission and immunity predictions in frequency domain. Then, a coupling impedance
is introduced to describe the coupling feature of a TEM cell and a microstrip line. Measurement and
calculation results confirm the availability of the analytic model.

This paper is organized as follows. The analytic model is presented in Section 2. Measurement
setup and results are described and discussed in Section 3. Conclusions are drawn in Section 4.
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2. AN ANALYTIC MODEL OF FIELD-LINE COUPLING

Mutual capacitance Crgy and mutual inductance Mrpgym are adopted to represent the electric and
magnetic field couplings between a TEM cell and a microstrip line, as shown in Fig. 1. The TEM cell
approximates a 50-€) transmission line and the TEM mode inside propagates along the length direction
of the cell. Therefore, the microstrip line under test is placed parallel to the length direction of the
TEM cell in order to get both electric and magnetic field couplings at the same time.
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Figure 1. Mutual capacitance and mutual inductance for electric (a) and magnetic (b) field couplings
of a TEM cell and a microstrip line.

2.1. Line-to-Field Coupling Model

The analytic model of line-to-field coupling in [4] treated the inductions on the septum of a TEM cell
as individual current and voltage sources. The voltage Vars and current Iyg at the distance z from the
load along the microstrip line are functions of position z (z < [, [ is the length of the microstrip line),
and can be expressed in terms of the reflection coefficient T’y [14]:

V() = Via(e?® + Toe 7) (1)
IE(:) = 22 (&% — Toe %) )
0

where Vi, is the voltage amplitude of an EMI injected into the microstrip line; § = 27/, is the phase
constant; A is the wavelength propagating in the microstrip line; Ty = (Z1, — Zy)/(Z1 + Zp) is the
reflection coefficient, in which Z; and Zi, are the characteristic impedance and the load impedance of
the microstrip line, respectively.

According to the coupling mechanism of the TEM cell measurement, it can be assumed that the
measured voltage at the tapered end of the TEM cell is contributed to the couplings between the septum
and the small enough divided parts of the microstrip line. It means that the coupling can decrease to
zero at certain high frequencies due to the fluctuations of Vs(2z) and Ivs(z). The length [ of microstrip
lines we considered is much shorter than Ao (I less than A/10). Therefore, the contributions of the
whole line can be considered as a normalized Voltage and current as follows

= (3)

hj§ = —p——. (4)

Then, the induced voltage of the septum can be derived from equivalent circuits of a microstrip
line to electric and magnetic ﬁeld couplings for radiated emission in Fig. 2

1
Veeptum = = (V + Vi) = S (CreMmZTEMVAS £ MrEMINS) (5)

where w = 27 f is the angular frequency of the EMI in a form of continuous wave and Zrgy = 50 €2 the
characteristic impedance of the TEM cell.
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Figure 2. Equivalent circuits of a microstrip line to electric and magnetic field couplings for radiated
emission: (a) electric field coupling, (b) magnetic field coupling.

2.2. Field-to-Line Coupling Model

When an EMI signal is injected into a TEM cell, the alternating voltage and current of the EMI generate
electric field and magnetic field inside the TEM cell, respectively. The generated electric field induces a
common mode current along the microstrip line, whereas the magnetic field induces a differential mode
voltage along the line. The voltages induced by electric field coupling are in phase at both ends of a
line, while those induced by magnetic field coupling are out of phase. The inductions along the line by
electric and magnetic field-to-line couplings can be treated as voltage and current sources. These sources
depend on the alternating frequency of the EMI and can be expressed in terms of mutual capacitance
Ctem and mutual inductance Mgy as

Ve = wCEM Zout Viemt (6)

Vit = wMremIen (7)

where Veyr and Tgvp are the voltage and current of the EMI injected into the TEM cell, and Zgy; is

the detected terminal of the microstrip line. In most of actual EMC problems, the sensitive device is
matched to the transmission line. Thus, Z,; is equal to Zj.

Considering the termination effect from the load Z1,, the induced voltage of the microstrip line

according to equivalent circuits of electric and magnetic field to a microstrip line couplings for radiated
immunity in Fig. 3 is equal to

V() = 5 (V£ V) 0% +

5 (Vio
— 1 i ((e”ﬁZ—I—FOS Jﬁz)) + Vi (e]ﬁZ+F06 ]ﬁz) (8)
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Figure 3. Equivalent circuits of electric and magnetic field to a microstrip line couplings for radiated
immunity: (a) electric field coupling, (b) magnetic field coupling.
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Since the length of the line is much less than the wavelength of induced voltage and current waves,
the fluctuation of the induced voltage along the line can be normalized as

l
| v
VRI _Jo (9)

MS — .

]
/dz
0

Since 50-() systems are more common for electronic devices, the characteristic impedance Z; of
investigated microstrip lines are set to 50(). For EMC analysis, the maximum induction is more

2.3. Field-Line Coupling Model



68 Shi et al.

relevant. Combined with (5) and (9), electromagnetic field-microstrip transmission line coupling of
a TEM cell can be consolidated as

50

where Vinguced is the induced voltage at the output end of the line or the TEM cell; the coefficient Ky
and Ko are equal to

1 Vi
Vinduced = 3 <5OUJCTEMVEM1K1 + wMTEMﬂfQ) (10)

1 .
K| = 7/ |eJﬁZ+F06_JﬁZ\dz (11)
0
1 . .
Ky = 7/ |6]ﬁz —Foe_]ﬁz|dz. (12)
0
2.4. Coupling Impedance
Ctem and My can be derived from two extreme terminations: shorted (I'y = —1) and open (I'g = 1):
KS O —KO S
CTEM — 25;21 o 2 %1 S (13)
25w (K5KP — K9K?Y)
KO S —KS O
Mgy = 10021258 = K755 (14)

w (KFKY — K KY)

where S is the transfer coefficient equal to Vipguced/VeMI, and Sgl stands for open termination and
S5, for the shorted termination.
The characteristic impedance of a transmission line is specified in terms of its per-unit-length

capacitance C' and inductance L, Z, = \/L/C. Since the TEM cell is an approximate transmission line
structure, we define a coupling impedance to describe the coupling characteristic of the TEM cell and

the microstrip line
Zeonping = \| M. _ 5 KPS - Kisy (15)
coupling CTEM K285201 . K2O 5281

3. MEASUREMENT AND DISCUSSION

The couplings were measured by a vector network analyzer (VNA) Agilent N5224A (sketched in Fig. 4).
The TEM cell is FCC-TEM-JM1 and operates up to 1.2 GHz. Microstrip lines with the same width of
w = 1 mm were fabricated at the center of a square PCB (&, = 4.2) and ended by surface-mount SMA
connectors. Two lengths of microstrip lines were chosen, 10 mm and 20 mm. All lines were designed to
have a characteristic impedance of 50 2. One port of the VNA was connected to one end of the TEM
cell and the other was connected to one SMA connector of a microstrip line. The other end of the TEM
cell port was terminated with a 502 load. The other SMA of microstrip lines was with an optional
terminal load.
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Figure 4. Setup for field-line coupling experiments of a TEM cell.
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Measured and calculated S9; and Sis for matched lines are shown in Fig. 5. Measured results
confirm the reciprocity of line-to-field and field-to-line couplings and have great agreements with

calculated results for both lines. Then, coupling impedances Z.oupling of TEM cell and lines are plotted
in Fig. 6.
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Figure 5. Measured and calculated S2; and S12  Figure 6. The coupling impedance Z.gupling Of
of microstrip lines (I = 10mm and 20mm, w =  TEM cell and microstrip lines (I = 10mm and
1 mm) with matched termination (50€2). 20mm, w = 1 mm).

Figure 7 shows the calculations of microstrip lines with arbitrary loads. It can be seen that the upper
limitations of radiated emission and immunity of microstrip lines with arbitrary loads are determined
by shorted or open termination. There is a cross point between Ss; for shorted and open terminations:
650 MHz for the 10-mm line (see Fig. 7(a)) and 1 GHz for the 20-mm line (see Fig. 7(b)). From Fig. 6, it
can be found that Z.,upiing at the cross point for both lines are equal to 50 £2 and Z qupling decreases with
increasing frequency for both lines. The distance from the septum to the tested microstrip line inside the
TEM cell is certain. Therefore, the fields inside the TEM cell change from induction fields to radiation
fields with the operation frequency increasing. The near-zone induction fields for low frequencies are
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Figure 7. Calculations of microstrip lines with arbitrary loads: (a) [ = 10mm and w = 1mm, (b)
[ =20mm and w = 1 mm.
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quasi-static fields and the field-line coupling for these frequencies is mostly attributed to electric field
or magnetic field. Then, the coupling impedance is not quite proper to describe the coupling behavior,
as seen in Fig. 6 when the frequency is below 100 MHz.

Take the 10-mm line for example (Fig. 7(a)). When frequency is below the cross point, Sa; of lines
with shorted termination is the upper limitation which means that magnetic field coupling dominates the
coupling. On the contrary, when frequency is beyond the cross point, So; of lines with open termination
is the upper limitation which means that electric field coupling dominates the coupling. Thus, the
coupling impedance Z.oupling can be used to evaluate the domination of electric and magnetic fields in
the field-line coupling. Magnetic field coupling is predominant when Z.,pling is over 50 €2, while electric
field coupling is predominant when Zcoupling is below 50 Q. From Fig. 6, it can be found that the field
inside the TEM cell measurement is radiated near field and the magnetic field mainly dominates.

4. CONCLUSION

In this paper, we present an analytic model to compliant both field-to-line and line-to-field couplings
in a TEM cell. This model is available for line-length less than 30 mm (1/10 wavelength of 1GHz).
Since the characteristic impedance of a TEM cell is equal to 50, the coupling impedance over or below
502 can be used to determine the domination between electric field and magnetic field of the field-line
coupling. This approach can be extended to other radiated emission and immunity measurements. For
example, the coupling impedance equal to 377 €) is the demarcation of the domination between electric
and magnetic couplings for open-area test site or EMC anechoic chamber measurements.
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