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Abstract— This paper presents an evaluation of the phase shifting
excitation and load effects in a Transmission Line Exciting
Chamber. This chamber is suggested as an alternative for
immunity tests because of the restrictions related to canonical
chambers. Here, two methods are used to calculate the E-field: a
semi-analytic approach and a numerical one. The semi-analytic
method is based on the modal expansion while a software is used
for numerical simulations. The results regarding the E-field profile
and the related statistical indexes of merit are presented and used
to evaluate the chamber performances. Experiments were also
conducted in order to evaluate the chamber.

Index Terms— Reverberation chamber, random excitations and loads,
transmission lines.

I. INTRODUCTION

Canonical chambers - like Reverberation Chambers (RC) and TEM chambers - are generally used
for electromagnetic immunity testing despite their particular operational restrictions. RCs using
mechanical paddles or frequency stirring provide a statistical E-field uniformity in all the directions
inside the working volume [1], [2]. Nevertheless, the operation frequency of RCs is inversely
proportional to the chamber dimensions and it is a constraint for low frequency tests. The
international standards recommend the RC configuration for immunity tests over 80 MHz frequencies
(2], [3].

Among the first published works concerning RCs we can mention [4],[5], [6], and [7]. These
authors have proposed two different approaches in order to change the boundary conditions inside the
chamber: constant rotating paddles and step-by-step paddles. On the contrary, TEM chambers operate
in the low frequency range. Introducing a stripline inside the chamber, a deterministic E-field
uniformity is reached over a working area parallel to the plate, but not for all the polarizations in the
chamber volume. Some early works with TEM cells were proposed by [8]. The performances of the
TEM cells were extended in all polarizations using three orthogonal striplines [9].

An overview on the usual electromagnetic compatibility test methods is presented in [10], and
herein a comprehensive list of references on these methods can be founded.

Recently, an alternative concept called Transmission Line Exciting Chamber (TLEC) has been
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proposed, based on a phase shifting excitation of several transmission lines (TL). For the sake of
illustration, a structure constituted of three conductors with a phase shifting excitation has been
investigated in [11], [12].

Basically, a chamber excited by several TLs presents several TEM modes inside the closed metallic
cavity. The resulting standing waves depend on the position of the TLs, on the amplitude and phase of
the excitations, and on the loading at the end of the TLs. Those parameters are important in the search
for a suitable chamber working volume; they can be modified electronically, resulting in a random
standing wave profile. Based on this, the performances of the TLEC can be improved to satisfy the
pre-defined uniformity criteria within a wide frequency range, even at frequencies lower than 80
MHz. In this work, we present semi-analytical and numerical approaches as well as an experimental

setup for evaluating the performance of a TLEC.

II. SEMI-ANALYTIC APPROACH

A. Analytic expression for a TL

Consider the TL geometry given by Fig.1. When one analyzes the E-field of a single TEM mode,
the dependence on the longitudinal direction z can be decoupled from the dependence on the
transverse x and y directions. Indeed, the propagation, which exists for any frequency, can be

Z

. . ik . . . . .
described by a function ¢’ when an incident wave is considered; k, is the wave number in the

vacuum. The problem of the impact of possible reflections at the end of the TL will be addressed
further in subsection II.C.

External walls of the
Central conductor / chamber

INT

L

< >

Fig. 1. Geometry of a TL in the transverse plane
The E-field of a TEM mode in the transverse plane can be derived solving a boundary value
problem similar to the problem of microstrip line [13]. The technique is summarized in [14]; since the
structure is enclosed in a rectangular metal structure, the analytical expression is given using a modal

expansion [15]:
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where 77, is the vacuum wave impedance and J,, the harmonic coefficients related to the current

density on the central conductor. Assuming that the conductor is an infinitely thin wire along z axis,

2  (mx
J,. =1, ;sm Txo 4)
B. Several lines and Phase Shifting

When several TLs are ended with the same load, the E-field can still be written using the separation

one finds:

of variables in the transverse plane and in the longitudinal direction. The problem can then be treated
by superposition:

ETOT(x’y)ZZIiEiTEM (xry) (5)

b

where £ is the E-field due to the i™ TL for a current of amplitude unitary and I; represents the

applied excitation current. The phase shifting between the TLs has then an effect on the repartition of

the E-field in the transverse plane.

C. Load Shifting
The load at the end of the TLs introduces a reflection coefficient 7 that affects the longitudinal

repartition of the field:
E(x,y,2)= Eppp (x, y)x (e 707 + etk (6)
Concerning the stripline used in canonical TEM chambers, the c'lesign of the TL is such that there is
no reflection. Then the magnitude of the field is uniform in z direction. Using a TL with a thin wire,
there is a discontinuity at the end of the line and it is difficult to match the line with the suitable load;
then |77 #0 and a stationary wave is expected.
However, the maximum of the E-field can be moved by changing the phase of 7. Consider the
worst case || = 1. Suppose one can change the phase ¢ of I"=e¢’?; this can be achieved for example

with a phase shifter ended by a short circuit. Then the complete E-field is given by:
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E(x, Yy, Z) = ETOT (X, y))( (e—jkoz + €-i¢e+-fkr)2)
= 2E 57 (x,y)x cos(kaz + Q @972 %

The phase shifting @2 in the cosinus function shows that the maxima and minima of the E-field in
z direction move with ¢. When the phase varies linearly between 0 and 27, the time-average effect can

be calculated as follows:

2

E (%, 7,2) = J\E(x, ) 5-do=2|E,, (x.y) 8)

0

The average E-field is no more dependent on z direction. Thus, it is possible to homogenize the

field in z direction even if the TL is unmatched.

III. NUMERICAL APPROACH

Numerical evaluation was performed with the Finite Integration Technique by using the
commercial software CST-MWS ® [16]. The interest is that this approach is more realistic than the
semi-analytic one since it takes into account the connection of the TLs outside the chamber; those
details introduce discontinuities that can have an impact on the distribution of the E-field. A 3D TLEC
model is built considering PEC walls and PEC TLs. The loads are set using ports defined at the end of
the TLs while the phase shifting excitation is implemented in a post-processing treatment.

A procedure applying Matlab® Activex commands was performed in order to set up the calculation
parameters at CST-MWS® and to perform the indexes of merit calculation discussed in the following

section.

IV. INDEXES OF MERIT

The uniformity of the field is evaluated using the indexes of merit defined in [17]. Due to the phase
and load shifting, the E-field considered at any point of the chamber is the average field E,, . 4 in

time. Considering a spatial point k in the chamber, one finds for the x polarization of the average field:

EXNG.0,.....0,) HM
Ek = J. ‘ x 1 M d¢ d¢ . (9)
average _ X M+1 i

[OYZH_]MH (27[) i=I

with ‘ EX( )‘the module of E-field in the point k£ and x direction, ¢ the phase of 7, ¢ the phase of the

current J; in the ;" TL and M the number of TLs. Numerically, the integral is computed using a finite

number of phases.

Then the mean field E. and the standard deviation & in the spatial domain can be computed from

the average field given in (10):

N
7
E == )» E} >
x average _x
N ;

N
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with N the number of points inside the chamber where the field is evaluated.

(10)
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The normalized standard deviation in dB & in x direction is defined by:

EX -
6 = 2010g10(;0-*J : (11)

X

The index in y directions is calculated similarly.
In the same way, an index can be defined to take into account both components of the E-field in the

transverse plane:

_ 1 N k N k
E =—| S E + > E ’ (12)
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2 2
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Exy+axy .
axy:ZOloglo —F (14)
Xy

V. SIMULATION RESULTS

A TLEC with dimensions of 0.6mx0.6mx1.2m (see Fig.2) has been considered; the volume under
evaluation (WV) is a parallelepiped of dimensions 0.3mx0.3mx0.6m centered at the middle of the
chamber. Besides that, the area under evaluation (WA) is a square of dimensions 0.3m x 0.3m at the
center of WV. All the simulations were performed for a frequency of 80 MHz.

Working Area Working Volume

G

0.6m

06m
Fig. 2. WV and WA definitions in the TLEC

A. Semi-analytical results

The semi-analytical approach has been applied in the transverse plane {x, y} since the variation of
E-field in z direction can be canceled using a suitable load shifting. The study concerns the influence
of the phase shifting when several TLs are considered.

Fig.3 gives the E-field computed inside the TLEC when two kinds of TLs are considered: a TL with

a thin wire conductor and a stripline with a plate conductor as it is used in canonical TEM chambers.
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Fig. 3. Distribution of the normalized E-field in the transverse plane inside the chamber (on the left) and inside the WA (on the right) in dB:
(a) TL with a thin wire conductor (b) stripline used in canonical TEM chambers

It appears that none of the TL induces a uniform field; however the variation of the E-field
magnitude inside the working area is greater in the case of the TL with a thin wire conductor (30 dB)
compared to the stripline (15 dB). This result should prove that the stripline is a better candidate.

However when one takes into account some practical considerations in the realization of the lines,
the TL with wire conductor remains an attractive solution. Then, to improve the E-field uniformity, a
solution consists in using several TLs. Fig.4 illustrates the situation where currents with I;=I,=1 and
I;=I4=-1 flow along the 4 TLs inside the TLEC; as one can see, it still remains minima and maxima of
the E-field.

Basically, it is possible to move the minima and maxima of the total E-field inside the working area
by changing the excitations [;, I, I3 and I, of the 4 TLs. For sake of illustration, two examples are

given Fig.5.

R S

L

Fig. 4. Distribution of the normalized E-field inside the chamber with 4TL excited by I;=I,=1 and I;=1,=-1

Brazilian Microwave and Optoelectronics Society-SBMO  received 17 Sept. 2010; for review 28 Sept. 2010; accepted 17 March 2011
Brazilian Society of Electromagnetism-SBMag © 2011 SBMO/SBMag ISSN 2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 10, No.l, June 2011 48

01 01

-4
02 F ‘ 02
5

a3 03

04 10 04
ke o

Rk i 08

L-

o o1 02 03 04 08 06 a 0.1

(a)

L=j I=-j I,=-1/4

02 03 04

(b)
Fig.5. Distribution of the normalized E-field inside the working area for different excitations: (a) I;=1,=1 I;=j I,=-1 (b) I;,=1

ns

06

A better uniformity of the E-field can then be achieved by introducing a random variation of the

excitations. The excitation shifting can be applied to the amplitude or to the phase of the different

currents. Fig.6 shows that the effect on the average E-field is the same whenever the phase or the

amplitude is supposed to be random. However, due to practical considerations, the phase shifting

technique should be retained here. The variation of the E-field magnitude inside the working area is

less important in the case of the 4 TLs with phase shifting (10 dB) compared to the stripline (15 dB)

studied previously (see Fig.4b).

R 0.1

| ™ i
-02 0.2
5
-03 s 0.3
-04 10 0.4
[ .~

5 I 05

02 03 04

a5

[1l=)

Fig. 6. Distribution of the mean normalized E-field inside the working area with an amplitude shifting (on the left) or a phase

shifting (on the right)

Results in terms of indexes of merit are reported in Table 1. It appears that the number of TLs is an

important parameter: the standard deviation decreases of 3 dB when 4 TLs are introduced instead of 2

TLs. Moreover, the phase shifting improves of 0.5 dB to 3 dB the performances of the chamber.

TABLE L. STANDARD DEVIATIONS FOR SEMI-ANALYTICAL APPROACH
Chamber Configuration Standard Deviation (dB)
Number s A A A
of TL Phase shifting O, o, O,,
1 e 5.7 6.0 5.9
2 No 6.5 3.3 5.3
2 Yes Random 52 4.3 4.8
4 No 6.4 2.0 5.0
4 Yes Random 3.3 3.3 3.4
TEM
Chamber 5.1 3.1 4.6

B. Numerical results

Table II presents the indexes of merit calculated using CST MWS ® software when the TLs are
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terminated by a 50 Q load (the characteristic impedance of the TLs is 250 €, measured with a
Vectorial Network Analyser at 100MHz frequency). As one can see, the results in the WA are close to
the ones given in Table I: for example the difference is about 0.5 dB in the case of 4 TLs with random
phase shifting. However, there is a difference with the results when the WV is considered: this is due
to the standing wave that appears because the TLs are unmatched. However, the difference never
exceeds 1 dB because the dimension of the WV in z direction (0.6 m) is not large compared to the

wavelength (3.75 m at 80 MHz).

TABLE IL STANDARD DEVIATIONS FOR NUMERICAL APPROACH (LOAD 50Q2)
Chamber Configuration Standard Deviation (dB)

Number Phase Working A A A
o o

of TL shifting region O, Y oY

1 WA 6.1 6.1 6.1

WV 73 7.3 73

WA 7.7 3.6 4.9

2 No WV 78 38 5.1

2 Yes WA 5.9 4.0 4.8

Random WV 6.0 4.2 5.0

WA 6.5 2.7 3.8

4 No WV 66 29 4.0

4 Yes WA 3.9 3.9 3.9

Random WV 4.0 4.1 4.1

The performances in the WV can be improved by a load shifting. The effect of changing the load is
presented in Fig.7. It appears that the maximum of E-field moves between a load of -j500 Q and

+j500 Q. Considering that the characteristic impedance of the TLs is 250 Q, one finds that the

-j0.93 +j0.93,

reflection coefficient /is respectively e and e ; going back to equation (7), one expects that the
minimum of E-field moves of 0.93+ ky = 0.55 m between both loads. This result is illustrated by the
simulations reported in Fig.8 (remind that the dimension of the chamber in z direction is 1.2 m, that is

to say approximately 2x0.55 m).

(a) ()

Fig. 7. Distribution of the E-field modulus inside the chamber for differents loads at 0.3m plane (a) -j500 Q load (b) +j500 Q
load

Table III presents the indexes of merit calculated when the load shifting is applied to the TLs. As
one can see, the performances of the TLEC are sligthly improved compared to the results obtained

without the load shifting. Moreover, the results between WA and WV are very close: for example the
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difference is 0.1 to 0.2 dB in the case of a single TL.

TABLE IIL STANDARD DEVIATIONS FOR NUMERICAL APPROACH (LOAD SHIFTING)

Chamber Configuration Standard Deviation

(dB)
shifting
1 Yes, random gé g; gg 2(2)
2 Yes, random :;V,é g; 1(2) 22
4 Yes, random xé gg 347‘ 23

VI. EXPERIMENTAL PROCEDURE AND RESULTS
In order to evaluate the chamber performance, an experimental setup has also been carried out.

Basically, the results related to the field profile, and the related effects of the phase and the load-
shifting have been obtained.

Fig. 8 presents the chamber prototype, which was built with galvanized steel ASTM 1020. It is
composed of two asymmetric cooper transmission lines ended by N type connectors. The transmission
lines are positioned at x1=0.10m, y1=0.45m and x2=0.50m, y=0.50m, they were built in asymmetric
positions to avoid deep nulls in E-field when the terminals are excited in 180 degrees shift (as

proposed by [11]). This configuration was chosen in order to improve the chamber performance.

Fig. 8. Internal view of the TLEC prototype

A. Load shifting test
Experimental load shifting are obtained using a Pulsar® controllable phase-shifter with a short-

circuited termination, a 50 € termination and an open termination, considering various frequency

ranges. An illustration where one phase-shifter is used with a 50 Q load is shown at Fig. 9.
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[ =

Standard load 50 Q

Electronic
control

4 TLEC
~ Out connector

Phase shifter
Fig. 9. Experimental setup - detail of phase-shifter as TLEC load.

The load shifting has been experimented using a phase-shifter and an open termination for the
frequency range of 100MHz-190MHz. Fig. 10 shows the impedance seen at the input of the TL; note
that the measured reflection coefficient is not exactly the reflection coefficient / discussed in section
I.C. However, it appears that the impedance changes when different voltage values are applied to the
phase-shifter control terminal. Since the phase shifter can be electronically controlled, a random load
shifting can thus be obtained in order to generate a better uniformity of the E-field in the TLEC.

Fig. 11 shows that the S-parameters measured at the input of the TLs are in agreement with those
simulated with CST-MWS ®. Note that there is a resonance at 125 MHz due the apparition of a cavity
mode ; the peak value that is not exactly the same between simulation and measurement because of

the losses that are not taken into account in the modeling.

Fig. 10. Smith chart for TLEC with load phase-shifter and open termination (rangel00MHz - 190 MHz). Measurements have
been performed by using a Vectorial Network Analyzer Rohde & Schwartz, model ZVRE.
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S11 simulated
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S(dB)

0 50 100 200 250
Frequency(MHz)

Fig. 11. TLEC Measured and Simulated S11 and S22 for 50€2 load.

B. E-field measurements
Measurements of the E-field have been made at chamber center (0.3 m; 0.3 m; 0.6 m), by using an

isotropic probe Holaday model HI422, positioned by a PVC tube, as shown at Fig. 12.

Fig. 12. Photo of the LEC showing the details of the isotropic field probe.

The results with a 50 Q load are reported in Fig. 13 for a frequency range of 10MHz - 200MHz,
because our interest range is around 125MHz (first resonance frequency). The simulations that are
shown in the same figure have been made using the numerical model described in Section V.
Experimental and simulated results are in agreement; note the maximum of E-field appears for the

frequency of 125 MHz that coincides with the apparition of the cavity mode as shown in Fig. 11.
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Fig. 13. Comparison between experimental and simulated field at P(0.3m, 0.3m, 0.6m), for the 50 Ohm load.
The same experiment has been carried out with an open load, see Fig. 14. One can observe that the
results between measurement and simulation are not exactly in agreement. This is due to the presence
of the connectors at the end of the TL (see Fig. 9) that is not taken into account in the numerical

modeling. Indeed, connectors introduce a short transmission line that can change the impedance seen

by the open load.
0 - .
| — Ex-sim
Ey — Sim
10k > Ex-Measured ||
Ey-Measured

'

[

o)
T

E-field (dB V/m)

N
o)
T

R0 I I I I
0 50 100 150 200 250

Frequency (MHz)

Fig. 14. Comparison between experimental and simulated E-field at P(0.3m, 0.3m, 0.6m), for the open load.
Additionally, in order to find the E-field profile inside the chamber, we have made E-field
measurements at four points along a line parallel to the wires for the same height (z=0.3m), but it
resulted in a poor resolution. On the contrary, the E-field variation with frequency in each point is in
good agreement with the simulations. Remember that the isotropic antenna dimensions are large

compared with the chamber dimensions and this kind of measurement was not considered as the best
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one in literature in order to characterize devices in the high frequency range. This is why we have
only reported S parameters measurements which are better suited to these applications as reported in

section A.

CONCLUSION

Semi-analytic, numerical simulation and experimental results have been provided in order to make
full relationship between theory and real measurements for the TLEC characterization; all these
results are in good agreement when considering the limitations of each method.

Then, when a TLEC is well designed and operated, it can reach and overcome the uniformity

standards stated to canonical chambers.
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