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TDR Analysis of Electromagnetic Radiation from a Bend of

Micro-Strip Line

SUMMARY  Discontinuity such as a bend in a micro-strip line is known
as one of major radiation sources. The total radiation from the micro-strip
line is, however, being generally investigated because of the difficulties in
identifying the radiation from some specific location. In this paper, paying
attention to the feature of TDR (Time-Domain Reflectometry) measure-
ment, we made an attempt to extract the radiation only from the bend in a
micro-strip line. Such an approach is useful in understanding its radiation
mechanism. As a result, we found that the larger the bend angle is, the
larger the radiation power becomes. The radiation power achieved 3.5%
at maximum when the bending angle was 90° at the frequencies below
1 GHz. We also examined the validity of the TDR analysis in comparison
with network analyzer measurement. We obtained the radiation power ver-
sus frequency from the measured scattering parameters, which exhibited a
fair agreement with the TDR result.
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1. Introduction

Micro-strip lines are being widely used in printed circuit
boards for digital signal transmission. The discontinuity
such as a bend in a micro-strip line is regarded as one of
major unwanted radiation sources. This is based on a con-
sideration that a radiation can be attributed mainly to the
point where the traveling-wave current is discontinuous, and
such a consideration is often used to explain qualitatively the
radiation mechanism [1], [2]. However, it is generally not
easy to experimentally extract or identify the radiation from
a specific bend in a micro-strip line, and therefore a full-
wave analysis such as the method of moments or the finite
difference time domain method is being used in the investi-
gation [3]-[6]. In a full-wave analysis one has to make an
effort to exclude the influences from the feeding point and
the terminal where some discontinuities may exist. Other-
wise the calculated radiation would come from not only the
bend but also the other discontinuities. For example in [3],
Lee and Hayakawa concluded that the 90° bend is the best
with the least radiation loss, which is different from com-
mon understanding. In fact, however, their finding was not
based on the radiation only from a single bend. Their find-
ing was based on the total radiation including especially the
connection parts between the connectors and the line. Such
an approach is not effective in understanding the radiation
characteristics only from a single bend.

In this paper, using time-domain reflectometry (TDR)
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measurement, we make an attempt to derive the radiation
from a single bend in a micro-strip line. In a TDR wave-
form, it is easy to distinguish various reflections from time
delays. This enables us to remove unwanted influences at
the connection parts. An alternative is the use of thru-reflect-
line (TRL) calibration technique in a network analyzer as
described in [7]. Although it may provide a wider dynamic
range or higher measurement precision, the calibration pro-
cedure is a considerable burden. From TDR measurement,
we first describe a method to extract the reflected voltage
waveform at the bend in time domain, and then we introduce
a lossy admittance for expressing the radiation at the bend.
By incorporating it into the transmission line model of the
micro-strip line, we derive the voltage at the bend and then
the radiated power from the bend. Such an approach is use-
ful in understanding the radiation mechanism and radiation
characteristics from a single bend. Its validity is examined
by S-parameter measurement.

2. Measurement and Analysis

Figure 1 shows the basic principle of TDR. A step volt-
age with very fast rise time is input to the measuring ob-
ject, and the response, i.e. the reflected voltage waveform is
then recorded on an oscilloscope. From the reflected volt-
age waveform in time domain, we can identify and extract
the part at a bend in a micro-strip line, for example. More-
over, due to the use of the very fast rise time for the step
voltage, we can also derive wide-band frequency character-
istics from the reflected voltage waveform based on Fourier
transformation.

Figure 2 shows the structure of a micro-strip line with
a bend. We used a glass-epoxy printed circuit board of
150 x 75 x 1.6mm, and fabricated the micro-strip line
with a characteristic impedance of 50 Q on one side of it.
The micro-strip line was 150mm (I/; + /;) long, and was
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Fig.1  Principle of TDR.
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Fig.2  Structure of a micro-strip line with a bend.
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Fig.3  Measured reflected voltage waveform in TDR.

bended at the length of 100 mm (/;) with various angles
(6 =0°,30°,60°,90°). We connected the TDR to one side of
the micro-strip line via an SMA connector, and terminated
the other side of the line with a 50 Q (Z,) load also via an
SMA connector. To suppress the unwanted reflection at the
connection between the SMA connector and the micro-strip
line or the load, we soldered the SMA connector so that its
internal conductor was a direct extension to the micro-strip
line in the same direction. This yielded an irregular shape of
the printed circuit board when the bending angle 6 was 30°
or 60°. The incident from the TDR (Agilent, TDR Module
54754 A) was a 0.2V step voltage with a rise time of about
40 ps.

Figure 3 shows the reflected voltage waveform for the
micro-strip line with a bend of 0°,30°,60° and 90°, respec-
tively. Also shown in the figure is the reflected voltage for
an open terminal, which was actually the incidence to the
micro-strip line. Although we designed the micro-strip line
to have both a characteristic impedance and a load of 50 Q,
we still found some reflections at the connector locations
in Fig.3. Since the time delay for the shortest separation
of 50mm was around 550 ps in the micro-strip line, each
reflection waveform was extractable. The first voltage vari-
ation was due to the SMA connector on the input side, and
the third voltage variation was due to the SMA connector
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Fig.4  Enlargement of reflected voltage waveform in the SMA connector
on the input side to micro-strip line transition.
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Fig.5 Enlargement of reflected voltage waveform in the bend.

on the load side. They should be attributed to the difficulty
in making perfectly impedance matching between an SMA
connector and a micro-strip line. The second voltage vari-
ation, i.e., the part in the circle, was due to the reflection
at the bend. Figure 4 shows an enlargement of the extracted
volatge waveform reflected at the input SMA connector, and
Fig. 5 shows an enlargement of the reflected voltages for dif-
ferent bending angles. It was found that the influence of the
discontinuity on the reflected voltage increases obviously
for a larger bending angle. It should be noticed that the
second voltage variation in Fig.3 was not a pure reflected
voltage at the bend for the incident step voltage. In fact, the
incident step voltage was first reflected at the input SMA
connector. Its transmitting voltage reached the bend and
then was reflected again. The reflected voltage returned to
the input SMA connector, and its transmitting voltage was
recorded in the oscilloscope.

For a bend in a transmission line, it is known that a -
type LC circuit or a parallel capacitor can be used to model
the reflection observed in the TDR voltage waveform [8]—
[10]. However, it lacks a radiation loss so that it can not
be used to investigate the radiation characteristics. In order
to consider the radiation, we introduced a parallel admit-
tance Y,(jw) (=Gp(jw) + jBp(jw) where w is the angular
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Fig.6  Transmission line representation of a micro-strip line with a bend.

frequency) in place of a parallel capacitor. Similarly, for
a coaxial cable to micro-strip line transition with an SMA
connector, a T-type LC circuit is known as a good model
[11],[12]. In view of the not-so-high frequencies to be in-
vestigated (below 1 GHz), we simplified the model also as
a parallel admittance Y.(jw) (=G.(jw) + jB.(jw)). In such
a way, we derived an equivalent transmission line represen-
tation, as shown in Fig. 6, for the micro-strip line with the
bend, where V; in the figure is the frequency-domain repre-
sentation of the incident step voltage v;(¢) of the TDR with
respect to a 50 Q load.

At first, let us consider the first voltage variation ex-
tracted in Fig.4. We denoted it by v,.(f). The transmission
line representation in Fig. 6 was then simplified as Fig. 7(a)
because other influences apart from the input SMA con-
nector did not appear in the first voltage variation. From
Fig.7(a) in the frequency domain, we obtained the admit-
tance Y.(jw) as

V) - - 2Velie) 1 M
¢ Vi(jw) + Vie(jw) - Z,
—2 [ D pmjor gy 1
_0; %e‘j‘”’dt + LOZO %e_jwldt Zo

where V;(jw) and V,.(jw) are the frequency-domain repre-
sentation of v;(¢) and v,.(?), respectively, Z, is the character-
istic impedance of the micro-strip line, and I'. in Fig. 7(a)
is the reflection coefficient (=V,.(jw)/V;(jw)) at Y.(jw). It
should be noted that the employment of the differential cal-
culus for v;(¢) and v,.(¢) is because that v;(¢) has a direct volt-
age component and consequently its discrete Fourier trans-
formation does not converge to a finite value. Differentiating
v;(t) and v,.(f) with respect to time could exclude this prob-
lem.

Second, for the extracted voltage variation at the bend
in Fig. 5, we denoted it by v,,(¢). Figure 7(b) shows a trans-
mission line representation for this case. Ignoring the loss
and time delay of the micro-strip line, we have the voltage
Vipo(jw) reflected from Y, (jw) as

Visoljw) = Ty(1 + To)Vi(jw) @)
- 27,Yy(jw) Vi)
T T QA2 Y ()2 + ZYGw)

where I, is the reflection coefficients at Y,(jw). Vipo(jw)
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Fig.7  (a) Circuit representation for the first voltage variation in the input
SMA connector to micro-strip line transition. (b) Transmission line repre-
sentation for the voltage variation in the bend. (c¢) Circuit representation for
the observed voltage from the bend in the TDR.

acted actually as an incident voltage to Y.(jw). Its transmis-
sion line representation is shown in Fig. 7(c), where V,;,(jw)
is the frequency-domain representation of the observed volt-
age in the oscilloscope. Referring to Fig. 7(c), we have

N P 2O 7
Vin(jw) = [1 + Vi(jw) | Zy +2/Yp(jw)
Viljw). ®)

Solving the above equation, we have

2 Vrh(]w)

Vip(jo) + [1 + Vie(jw)/ Vi(j)]* Vi(jw)

1

"z €]

Yy(jw) = -

In deriving Y,.(jw) and Y,(jw) from the TDR-extracted
voltage waveforms, we employed the FFT algorithm for
Fourier transformation. For both v,.(f) and v,,(¢), we mea-
sured them with a sampling interval of 1.953ps. We ex-
tracted them with a rectangular gate having a time width of
400 ps at their corresponding locations. We shifted the ex-
tracted waveforms of the reflected voltages along the time
axis to have the same starting time as the incident voltage
v;(¢) in order to remove the influence of time delay, and then
extended the total measuring time by adding data with a
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value equal to the initial voltage (nearly 0.2 V). This pro-
cess yielded a total data number of 8192 for each waveform
in the time domain and a resolution of 62.5 MHz in the fre-
quency domain.

After obtaining Y.(jw) and Y,(jw), we calculated the
voltages V. (jw), V,(jw) and V,,(jw) using a transmission
line theory for the equivalent representation in Fig. 6. Let-
ting by Z;(jw) and Z,(jw) be the input impedances looking
toward the righ-hand side as shown in Fig. 6, we derived the
radiated power from the bend as follows:

Py(w) = |[Vy(jw)*Re[Ys(jw)]

. Z1(jw)Za(jw) 2
[Zo + Z1 () [Z2(jw) cos(Bly) + jZ, sin(Bl1)]
X |Vi(jw)*Rel Vs (jw)] Q)

where £ is the phase constant and was determined from the
physical dimensions of the micro-strip line and the elec-
tric properties of the dielectric layer [13]. For the input
impedances of Z; (jw) and Z,(jw), we have

2|7, + jtan(Bly)

L) = 20X Yy iz + oY ey )
and
LH(jw) = Zy

1+ j(1 +Z,Y,) tan(8l) -

X
(1 + Z,Y. + Z,Yy) + j(1 + Z,Y, + Z2Y.Y,) tan(Bh)

where Y, and Y}, indicate Y.(jw) and Y;,(jw), respectively,
for simplicity.

Similarly, we also derived the radiated power from the
two SMA connectors as follows:

Pei(w) = [V (jo)PRe[ Yo (jw)] (8)
Por(w) = [V (jw)Rel Y (jw)l. ©)

The total radiated power from the micro-strip line was
then obtained from

Pr(w) = Pp(w) + Pei(w) + Por(w). (10)

3. Result and Discussion

Figure 8 shows the admittance Y. (jw) for the SMA connec-
tor to micro-strip line transition in the frequency range up
to 1 GHz, and Fig. 9 shows Y, (jw) for the bend. They were
derived based on the TDR measurement as described above.
As a result, we found that the susceptance component of
Y.(jw) was inductive, while the susceptance components of
Y, (jw) were capacitive for all bending angles. The capaci-
ties were about 0.03, 0.06 and 0.21 pF for 30°, 60° and 90°
bends, respectively, by fitting them with 27 fC (f: frequency,
C: capacitance). This was identical to the finding obtained in
[10]. On the other hand, the conductance of the admittance
Y, (jw) exhibited an increasing feature with the frequencies
and bending angles.
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Fig.8 Equivalent admittance derived from TDR versus frequency for the
SMA connector to micro-strip line transition.
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Fig.9  Equivalent admittance derived from TDR versus frequency for the
bends. (a) Conductance component, (b) susceptance component.

Figure 10 shows the radiated power at the bends cal-
culated from Eq. (5), which was normalized to the incident
power P; = |V;]>/50. As can be seen, the larger the bending
angle is, the larger the radiated power becomes. The radi-
ated power achieved 3.5% at maximum when the bending
angle was 90° at the frequencies below 1 GHz. The finding
showed that a small bend is better from the point of view of
radiation suppression, and suggested that the conclusion in
[3], i.e., a 90° bend with a least radiation does not hold when
considering the radiation only from a single bend.

To verify the validity of the TDR analysis, we em-
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Fig.11  Comparison of the total radiated power between TDR analysis
and S-parameter measurement for a micro-strip line without a bend.

ployed a network analyzer and measured the S-parameters.
We connected the two ports of the network analyzer to the
two sides of the micro-strip line, and obtained the reflection
coefficient S';; and the transmission coefficient S,;. Under
the assumption that the loss of micro-strip line itself is in-
significant in the investigated frequency band, we derived
the radiated power, normalized to the incident power P;(w),
from

P (w)
Pi(w)

Figure 11 shows the relative radiated power P,(w)
versus frequency between the TDR analysis and the S-
parameter measurement for a straight line (without a bend),
and Fig. 12 shows that for bending angles of 30° and 90°.
The radiated power in Fig. 11 was calculated only from the
two discontinuities at the SMA connectors. It exhibited
a fair agreement with the S-parameter-measured one, al-
though the measured result was somewhat larger at lower
frequencies. Comparing the TDR-derived total radiated
power with S-parameter-measured one for a bend in Fig. 12,
we found an acceptable agreement between them. The de-
viation at lower frequencies should still be attributed to the
SMA connector to micro-strip line transitions, and the de-
viation around 1 GHz may be due to the ignored loss of the
micro-strip line itself. In total, the agreement between the

=1-1SuP -1 (11)
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Fig.12  Comparison of the total radiated power between TDR analysis
and S-parameter measurement for a micro-strip line with a bend.

TDR-derived and S-parameter-measured results in the both
cases without and with a bend supported the validity of our
approach.

4. Conclusion

Although a bend in a micro-strip line is known as one of
major radiation sources, its radiation characteristics are still
not well understood because of the difficulty in extracting
the radiation only from the bend in experiment. Paying at-
tention to the feature of TDR measurement, in this study
we have attempted to extract the radiation only from the
bend. We first extracted the reflected voltage waveform at
the bend in time domain via TDR measurement, and then
we introduced a lossy admittance for expressing the radia-
tion at the bend. By incorporating it into the transmission
line model of the micro-strip line, we have derived the radi-
ated power from the bend. As a result, we have found that
the larger the bending angle is, the larger the radiated power
becomes. The radiated power achieved 3.5% at maximum
when the bending angle was 90° at the frequencies below
1 GHz. To confirm the validity of the TDR analysis by S-
parameter measurement, we have compared the total radi-
ated power versus frequency between the TDR analysis and
the S-parameter measurement. As a result, we have found a
fair agreement between them, which supports the validity of
this approach.

The future subject is to extend the method to multi-
bends and higher frequencies.
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