TABLE 1 Comparisons of the Antenna Size and Bandwidth

Bandwidth Comparison

Antenna Size Comparison

Published Literature LTE700/GSM850/GSM900 Bands (%)

DCS/PCS/UMTS/LTE2500 Bands (%)

(Proposed/Literature) (%)

[1] Kuo et al.
[2] Wang et al.
[3] Chi et al
[4] Wong et al
[5] Wong et al
[6] Song et al.
[7] Chiu et al.
Proposed

889~974 MHz (9.1)
800~960 MHz (18.1)
890~960 MHz (7.6)
785~985 MHz (22.6)
820~990 MHz (18.8)
800~1000 MHz (22.2)
880~960 MHz (8.7)
659~973 MHz (38.5)

1668~1897 MHz (12.8) 17.2
1670~2120 MHz (23.7) 18
1710~2250 MHz (27.3) 54.3
1630~2300 MHz (34.1) 94.2
1700~2200 MHz (25.6) 90.5
1300~2670 MHz (69) 38.8
1700~2700 MHz (45.5) 64.6
1689~2179 MHz (25.3) 100

2449~2779 MHz (12.6)

change vary significantly. To attain good impedance matching
about 698-960 MHz and 1710-2170 MHz, in this study the slot
gap is optimized to be G = 12 mm.

A parameter study has been performed to evaluate the
effects of the strip lengths on return loss. As shown in Figure
4(a), by increasing the length of the L; strip, the resonant fre-
quencies in the lower and upper bands decrease. However, the
medium bands do not change significantly. The L,—L, strips
perform similarly as the L; strip to enhance the bandwidths to-
gether with the L; strip. Figure 4(b) shows that the M, strip
works for the medium and upper bands but not the lower one.
By increasing the M, strip length, the resonant frequencies in
the upper bands reduce. Likewise, the M,—My strips function
with the M strip to improve the medium and upper bands. For
tuning only the upper bands, one may vary the H; strip as
shown in Figure 4(c). Likewise, the H2 strip radiate in the
upper bands too.

A spherical near-field antenna measurement anechoic cham-
ber (NSI) was used to measure antenna radiation properties.
Accurate antenna radiation efficiencies and 3D patterns from
500 MHz to 18 GHz can be obtained with this chamber. Figures
5(a)-5(c) exhibit the measured far-field radiation patterns in the
xy, yz, and xz planes defined in Figure 1(a) for three frequencies
at 800, 1900, and 2600 MHz, respectively. Fairly omnidirec-
tional patterns in those three frequencies are obtained. Also,
measured antenna average gains and radiation efficiencies are
plotted in Figure 6. For the LTE700 and GSM850/900 bands,
the antenna average gain varies from —2.41 to —0.56 dBi and
the radiation efficiency is large than 51%, as shown in Figure
6(a). Results in the other bands are given in Figure 6(b). The
antenna average gains and radiation efficiencies are from —2.86
to —0.74 dBi and 53-84% for the DCS/PCS/UMTS band and
LTE2500 band, respectively. Therefore, good antenna efficien-
cies are obtained for the LTE700/2500, and WWAN operations
with the compact antenna embedded in the ultra-thin laptop
computer. In Table 1, comparisons of the proposed antenna with
those reported in Refs. 1-7 on antenna dimensions and band-
widths are given. Our antenna is both compact and wideband
for suitably integration into the ultra-thin laptop computer.

4. CONCLUSIONS

A compact slot inverted-F antenna for the LTE and WWAN
operations has been carefully presented and analyzed. This
antenna is flexible in tuning bandwidths and capable of perform-
ing good omnidirectional coverage and high radiation efficien-
cies throughout all the operating bands. Also, compared with
previous designs, the proposed antenna with an even more com-
pact size is suitable to be integrated within the u laptop com-
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puter as an internal antenna for the LTE700, GSMS850/900,
DCS/PCS/UMTS, and LTE2500 applications.
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ABSTRACT: In this article, the radiated emissions mechanism and the
variation of radiated emissions level have been analyzed and
investigated, respectively, according to the ratio of the horizontal to
vertical traces in a bent signal line when a bent signal line on a printed
circuit board (PCB) with two attached cables is used. Though many
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papers concerning two cables attached to a PCB have appeared, it is
seen that the two cables can be modeled as a dipole antenna. In
addition, it is conjectured from two- port S-parameters that the ratio
between the horizontal and vertical traces in a bent signal line leads to
the variation in magnitude of common-mode voltage induced as a noise
source of the dipole antenna. As the signal line in parallel with the
attached cable becomes longer, the radiated emissions level due to the
current-driven mechanism becomes more dominant while the
contribution from the voltage-driven mechanism remains unchanged
regardless of the ratio between two signal lines. Based on the analysis
of measured and simulated S-parameters, we propose an alternate and
relatively simple estimation method replacing the 3-m measuring method
to measure the radiated emissions level and investigate the accuracy of
our analysis using commercially available software CST MWS 2006B.
© 2011 Wiley Periodicals, Inc. Microwave Opt Technol Lett 53:1832—
1837, 2011; View this article online at wileyonlinelibrary.com.
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1. INTRODUCTION

Recently, the complexity of digital systems has increased with
the improvement of system clock frequency and the miniaturiza-
tion of various electronic devices. These phenomena generate
the unintentional possibility for electromagnetic interference
(EMI) and electromagnetic emissions between the components,
devices, and printed circuit board (PCB) transmission lines. The
most important component in radiated emissions from a PCB is
widely known as the common-mode current. Although the
amount of common-mode current is relatively small compared
with that of the differential-mode, it cannot be neglected
because of the significant effect it has on the portion of total
radiated emissions due to the same direction of current flowing
down the signal line and ground plane [1]. Furthermore, it can-
not be easily and perfectly removed from the radiation
mechanism.

In addition, the inductance induced on the ground plane
caused by the common-mode current leads to a voltage drop
which is a noise source and cannot provide a stabilized ground
voltage. As an example of the maximum radiation due to a com-
mon-mode current, we can model electromagnetic radiation
from a PCB substrate with attached cables as an equivalent
monopole or dipole antenna resulting in the maximum radiation
according to the resonant frequency of cable length [2].

In general, the radiation mechanisms resulting from a single
trace (transmission line) with attached cables can be categorized
into two parts [3]. First, the current-driven mechanism, which
induces ground inductance depending on the ground width (W)

(2]

and the dielectric thickness (h) due to the magnetic field depend-
ent on the time-varying input current, can be modeled by a sig-
nal trace terminated with a short circuit [1]. It is well known
that the magnitude of the voltage drop formed on the ground
plane is proportional to those of the mutual inductance and the
time-variant current, and furthermore works as noise source.
Second, the effectively induced voltage drop due to the voltage-
driven emissions using equivalent an open circuit is proportional
to the self-capacitance of the signal trace and driving voltage
and is inversely proportional to the self-capacitance determined
from the ground size [2].

In this article, the radiated emissions from various bent sig-
nal traces according to the ratios of vertical and horizontal line
lengths are investigated through a two port circuit implementa-
tion and analysis described in Section 2.2 when the cables are
attached to the main boards. The effects of horizontal line length
relative to vertical line length on the emissions level of the pre-
viously categorized mechanisms can be estimated and predicted
by evaluating the inductance on the ground and the self-capaci-
tance of signal trace. In addition, the relevant S-parameters of
an equivalent EMI noise antenna based on modeling the two
port network at the signal excitation port and the connector con-
nection port have been investigated, verified, and analyzed
through the simulated results based on 3-m radiated emission
level measurements.

2. CONFIGURATION AND RADIATION MECHANISM FOR EMI
ANALYSIS

Consider the bent signal trace located on the center of a PCB
substrate connected with two attached cables as shown in
Figure 1. The amount of the common-mode voltage according
to the ratios between horizontal and vertical components of the
bent signal trace is evaluated by using the substrate informa-
tion of relative permittivity 2.2 and dielectric thickness (h) 1.5
mm. The width (a) corresponding to the characteristic imped-
ance and the selected ground width for the analysis are 2.9
and 100 mm, respectively. A bent signal trace used for experi-
ment is composed of two traces with horizontal (/) and verti-
cal (ly) maintaining the sum of /y and /v equal to 50 mm,
respectively.

One volt with constant maximum magnitude at every fre-
quency is inserted at one port, whereas a 50-Q resistor is con-
nected as a termination at the opposite side. In addition, each
length of attached cables is fixed to be 500 mm as an equiva-
lence of extended ground. For this analysis, the discontinuity of
the right-angle bend of the single trace has been mitered to min-
imize the radiation losses and reflection losses.

W= 100 mm

Figure 1 A bent signal trace centered on a PCB substrate with two attached cables [4]
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Figure 2 Current- and voltage-driven mechanisms for the PCB structure having a bent microstrip line: (a) current-driven mechanism and (b) voltage-

driven mechanism [3]

TABLE 1 The Computed Values of Common-Mode Ground Inductance According to the Ratios of Vertical and Horizontal Traces

Iy = 0 (mm) Iy = 10 (mm) Iy = 20 (mm) Iy = 30 (mm) Iy = 40 (mm) Iy = 50 (mm)
LCM, H 0 0.075 0.15 0.225 0.3 0.375
LCM, V 0.375 0.3 0.225 0.15 0.075 0

L =W =100 mm, Iy + Iy = 50 mm, unit: nH.

2.1. Radiation Mechanism from a Bent Signal Line with 2.1.1. Application of the Current-Driven Mechanism. In gen-
Attached Cables eral, it is well known that the differential-mode currents on ver-
Figure 2 describes the two radiation mechanisms from the signal tical and horizontal traces induce ground inductances LCM,H
trace terminated with the characteristic impedance on the PCB and LCM,V, respectively, denoted by horizontal and vertical
substrate shown in Figure 1. inductances in Figure 2(a). It is observed that the current-driven

TR Signal trace Load
nner connector e
. Via -+
Soldered with ground plane
" Coavxial cables —
Port 1 Port 2
(a) (b)

Figure 3 A setup for measuring S-parameters for radiated emissions from the PCB with attached cables: (a) cross-section view of the equivalent model
and (b) experimental setup. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 4 Comparison of simulated return loss characteristics of the EMI dipole antenna attached to the PCB board (a) with that of half wavelength
dipole antenna and (b) with the measured data. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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Figure 5 Simulated and measured results (S,;) for noise generation according to the ratios between horizontal and vertical traces. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]

mechanism can be modeled as an equivalent short-circuit and
the amount of ground inductance due to the current-driven
mechanism is approximated as a function of ground width (W)
and dielectric thickness (h) [1]. From Table 1 showing the
inductances according to the ratios of horizontal and vertical
signal lengths, it is found that the per- length-inductance of each
signal trace is 0.075 nH.

Furthermore, it is also claimed that the horizontal (vertical)
component of ground inductances increases as the horizontal
(vertical) signal trace becomes longer. Hence, the generated
inductances on the ground plane induce the voltage drop and
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determine the magnitude of the EMI noise source. Especially,
the voltage drop between contact points A and B in the pro-
posed structure of Figure 2(a) is mainly dependent on the in-
ductance LCM,H induced by the horizontal signal trace. It is
also assumed through this article that the increase of ground in-
ductance due to edge effects can be neglected [3].

2.1.2. Application of the Voltage-Driven Mechanism. The
equivalent circuits of the voltage-driven mechanism for a bent
transmission line and attached cables can be represented as
shown in Figure 2(b) using open circuits. It is generally known
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that the radiated emissions level due to the voltage-driven mech-
anism is determined from the magnitude of the self-capacitance
and its magnitude depends on the ground size (W), dielectric
thickness (h), signal width (a), and per-unit-length self-capaci-
tance [2, 5].

In the case of a bent transmission line with attached cables
as proposed in this article, the total self-capacitance can be esti-
mated from the summation of two self-capacitances (due to ver-
tical trace (Ct,V) and horizontal trace (Ct,H) in parallel). Using
the given data in this article, we can obtain a total self-capaci-
tance equal to 3.44 [10~'* F] derived by 0.0688x (I + Iy).
The voltage drop caused by the voltage-driven mechanism is
proportional to the amount of the self-capacitance. In other
words, the magnitude of voltage drop due to the voltage-driven
mechanism is determined from the total signal length irrespec-
tive of the ratios of vertical and horizontal signal traces. Hence,
it is conjectured that there are no change in the radiated emis-
sions level and the S-parameter values due to the voltage-driven
mechanism because of the constant total length.

2.2. Two-Port Circuit Implementation and Analysis

Figure 3 describes the simplified measurement setup for S-pa-
rameters of the equivalent EMI noise dipole antenna. Using the
simplified equivalent measurement setup consisting of Port 1
and Port 2 where the inner and outer conductors of Port 1 are
connected with the signal line and ground, respectively, as a
source and Port 2 is modeled as an EMI antenna noise source
caused by the PCB signal line. The magnitude (S,;) of the EMI
noise source is investigated according to the load conditions
describing radiation mechanisms.

2.2.1. EMI Radiation from the Dipole Antenna. To theoreti-
cally investigate the resonant frequencies caused by the PCB
board with attached cables, the return loss characteristics of the
half wavelength dipole without the PCB and modeled EMI
dipole antenna with the PCB board have been suggested for
comparison with the measured data in Figure 4. From the simu-
lated data in Figure 4(a), it is seen that dipole antenna composed
of each physical length of 500 mm generates a fundamental res-
onance at the frequency corresponding to the electrical length 1/
2 and the resonances occur at 142, 433, and 725 MHz, respec-
tively. On the other hand, EMI dipole antenna with PCB board
generates additional resonances near the frequencies of 218
MHz due to the asymmetrical effect in antenna geometry. This
means that the EMI components inevitably existing inside PCB
can be effectively and easily radiated into the free space at the
neighborhood of the resonance frequencies. In addition, it is
conjectured from Figure 4(b) that the simulated and measured
results show good agreement.

2.2.2. EMI Phenomenon Due to Attached Cables. From the
measurement setup for the S-parameters shown in Figure 3, the
variation and trend of EMI-radiated emissions generated from
the PCB attached with two cables are evaluated and predicted as
a function of load condition. Furthermore, the resonant frequen-
cies of the EMI noise dipole antenna according to the cable
lengths are estimated through the return loss (S,,) at Port 2. It is
found that the characteristics of return loss remain unchanged
irrespective of load condition. Figure 5(a) describes the varia-
tions of S, related with the current-driven mechanism modeled
by a short circuit at the load. As a result, it is seen that the cou-
pling effects caused by the current-driven mechanism become
smaller as the horizontal length of the signal line decreases. In
addition, Figure 5(b) delineates the variations of S,; related with
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Figure 6 The estimated variations of radiated emissions level according
to the ratios between horizontal and vertical traces. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com]

voltage-driven mechanism governing the open circuit as a load
condition. It is also observed from Figure 5(b) that the shape of
the return loss does not change irrespective of the ratios of hori-
zontal and vertical signal lengths. Likewise, the results shown in
Figure 5(c) demonstrate that when the signal line is matched at
50 Q, the transmission effects at the frequencies, 140, 420, and
700 MHz governed by the current-driven mechanism become
considerably smaller, implying that the magnitude of the EMI
antenna noise source decreases, as the horizontal component (/i)
of signal line decreases. However, the variation of S,; at the fre-
quencies, 220, 470, and 740 MHz controlled by the voltage-
driven mechanism is relatively weak, indicating that the EMI
antenna noise source is constant.

3. CIRCUIT IMPLEMENTATION AND PERFORMANCE
EVALUATION

Above, it is verified that the amount of noise generated by the
equivalent EMI-modeled dipole antenna according to the relative
ratios between horizontal and vertical signal traces is mainly de-
pendent on the increase of the horizontal component through the
measured and simulated S,; described in Section 2. As compari-
son data, Figure 6 depicts the simulated radiated emissions level
using the 3-m measurement method from a few megahertz to
800 MHz. It is conjectured from Figure 6 that as the horizontal
component increases from 10 to 40 mm, the current-driven
mechanism is more dominant and leads to the important role in
the resonant frequencies of odd number, while the radiated
emissions mainly governed by the voltage-driven mechanism
result in the resonant frequencies of even number and do not
change. The variation in S,; at 138, 422, 708 MHz governed by
the current-driven mechanism as shown in Figure 5(a) is within
9 to 13 dB. As expected, the variation range is almost equal to
the variation of the radiation level simulated at the same fre-
quencies in Figure 6.

In other words, by using the S-parameter measurement setup
modeled and depicted in Section 2, we can indirectly estimate
and predict the resonant frequency of maximum radiated emis-
sions and the variation amount of radiated emissions according
to the ratios between horizontal and vertical components com-
prising a bent signal trace.

4. CONCLUSIONS

In this article, as a simple and practical method for measuring
the variation of radiated emissions of signal traces, S-parameters
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measurement according to the ratios of the horizontal compo-
nent relative to the vertical trace has been investigated by con-
sidering the common-mode radiated emissions from a PCB sub-
strate with a bent signal trace and attached cables. In addition,
in order to analyze the radiation mechanism, it is shown that the
PCB substrate connected with attached cables could operate as
an EMI dipole antenna by simulating and measuring the reso-
nant frequency. As a result, in the case where the total signal
length is kept constant, it is ensured from the results that as the
horizontal signal line in parallel with attached cables becomes
longer, the radiated emissions level due to the current-driven
mechanism increases while there is no variation in the radiated
emissions level due to the voltage-driven mechanism. In particu-
lar, as an advantage of this method, it is guaranteed that the
conventional 3-m measuring method to estimate the radiated
emissions can be replaced by an implementation of a simple
two-port network and measuring the trend of variation in radi-
ated emissions and resonant frequencies.
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ABSTRACT: In this letter, a novel microstrip line-fed printed
monopole antenna for ultra-wideband (UWB) short-range wireless
communications is proposed. The proposed antenna consists of a
trapezoidal-shaped patch with two elliptical-shaped cuts from its edge
forming a bell-shaped cut. Experimental results shows that the designed
antenna operates over impedance bandwidth 3.2—11.4 GHz for return
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loss S;; < —10 dB, which almost covering the UWB frequency
bandwidth. Moreover, the antenna has a good omnidirectional radiation
patterns in the H-plane with good gain flatness over the frequency range
of interest. The antenna transmission characteristics at different
receiving angles are also measured. By embedding a simple narrow
U-shaped slot in the radiating microstrip patch, a notch in the frequency
band of 5.0-6.0 GHz is obtained. The proposed antenna is considered a
good candidate for UWB short-range wireless communication systems
avoiding the interference of the existing wireless systems. © 2011 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 53:1837-1841, 2011; View
this article online at wileyonlinelibrary.com. DOI 10.1002/mop.26113

Key words: ultra-wideband; printed monopole antennas; trapezoidal
antennas, compact antennas, band-notched antennas

1. INTRODUCTION

Because of rapid development in ultra-wideband (UWB) systems
in recent years, antennas with absolute frequency bandwidth of
up to 7.5 GHz (or fractional bandwidth of up to 110%) operat-
ing from 3.1-10.6 GHz frequency spectrum become demanding
in practical applications for short-range wireless communica-
tions. Many antenna parameters can affect the design procedure
such as antenna bandwidth, radiation pattern, size, and manufac-
turing technology. Several UWB antennas have been introduced
such as slot antenna [1], Vivaldi antenna [2], biconical antenna
[3], log-periodic antenna, spiral antenna [4], and printed monop-
ole antenna [5, 6]. Because of their simple design and omnidir-
ectional radiation pattern, printed monopole antennas are consid-
ered one of the most popular antennas in UWB systems.

In recent years, a noticeable interest in antenna design for
UWB technology with a single band-notch function in the 5.0—
6.0 GHz frequency band has been increased. This is to avoid
interferences with the other existing wireless local network
(WLAN) systems working in the same UWB frequency band,
that is, 5.15 and 5.825 GHz for IEEE 802.11a or HIPERLAN/2.
Several techniques have been used to achieve a single band
notch within this frequency band. One technique is achieved by

Figure 1 Geometry of the proposed UWB antenna design: top and
side view. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]
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