
analytical method and CST. The proposed analytical technique

requires only 12 min and 370 megabytes of RAM using MAT-

LAB, while the CST simulations for the same structure require

about 8 h and 6 gigabytes of RAM when 45 cells/wavelength

with total of 4.6 M mesh-cells were used for the entire structure.

However, the analytical technique as presented in this work is

not capable of determining the input impedance. The directivity

enhancement in the broadside direction of the antenna array due

to the superstrate is predicted by CST and the analytical method

to be 3.4 and 1.7 dB [6], respectively. This difference is due to

the geometrical approximations taken into account in the analyt-

ical method to simplify the simulation procedure such as the in-

finite ground plane assumption. The measured reflection coeffi-

cient (S11) of the antenna with and without the superstrate is

depicted in Figure 5. It can be observed that the antenna in both

the cases radiates good and is matched with the 50 X line. A

slight change in the resonant frequency and the antenna band-

width is observed because of the change in the near field proper-

ties of the antenna when the superstrates is added.

4. CONCLUSION

An enhanced-gain experimental antenna array system is pro-

posed. The gain enhancement is achieved by covering the 2.18

GHz 4 � 1 corporate-fed microstrip patch array with a mag-

neto-dielectric metamaterial superstrate that has an effective re-

fractive index of 9.18. The directivity radiation patterns of 4 �
1 linear microstrip array covered with an artificial magneto-

dielectric superstrate are calculated by a fast and accurate ana-

lytical method. The method is based on the reciprocity theorem

and the transmission line modeling of the antenna-superstrate

structure. The radiation patterns results are validated with the

full-wave simulator CST and measurements, good agreement

was achieved. The proposed formulation requires only 2.5% of

the time acquired by full-wave analysis. The superstrate-based

directivity enhancement method can be used in commercial

antennas to combat some of the downsides of the existing sys-

tems such as gain decrease due to surface waves and dielectric

losses.
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ABSTRACT: In this article, a compact design and construction of a
wide slot antenna with band-notch characteristics of size 28 � 32 � 1.6
mm is proposed and developed for multifunctional communication

systems. Detailed simulations and experimental investigations are
performed to understand its behavior and to optimize for 2.4 GHz

WLAN and ultrawideband operations. An FR4 substrate with a thickness
of 1.6 mm and relative permittivity of 4.4 is used to design the antenna.
The antenna has a modified rectangular stub with coplanar waveguide

feed technique. The modified rectangular shaped stub excites similar
shaped slot in the ground plane, which improves the impedance

matching from 2.1 to 30 GHz for VSWR less than 2. In addition, notch
band characteristics in the 5.1–5.9 GHz band are achieved by making a
slot on the tuning stub. Numerical and experimental results are reported

to access the performance of the antenna in terms of impedance
matching and radiation characteristics. A good agreement is found
between the simulation and experimental results. VC 2012 Wiley

Periodicals, Inc. Microwave Opt Technol Lett 55:218–223, 2013; View

this article online at wileyonlinelibrary.com. DOI 10.1002/mop.27231

Key words: co-planar waveguide; new slot antenna; WLAN and

ultrawideband operation; modified rectangular stub and notch-band

1. INTRODUCTION

In 2002, the Federal Communications Commission of the United

State officially released the regulation for Ultrawideband (UWB)

technology [1]. UWB communication antennas require low

VSWR, linear phase, constant group delay and constant gain

over entire operating frequency band [2]. In addition to these

requirements, it is also required to use antennas of small size to

reduce the total size of the communication systems. Based on

the above requirements, many antenna configurations including

planar monopole and dipole antennas have been developed so

far. In these antennas, a variety of shapes and bandwidth

enhancement techniques has been studied. Several shapes such

as diamond [3], ring [4], bow-tie [5], elliptical [6], and square

shapes [7] have been proposed to satisfy UWB specifications.

Figure 5 The experimental reflection coefficient of the array with and

without the superstrate
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Slot antennas are currently under consideration for use in UWB

systems because they have attractive advantages such as low

profile, light weight, ease of fabrication and wide frequency

bandwidth. Printed slot antennas are able to radiate omnidirec-

tional radiation pattern with large bandwidth. This type of

antenna can be realized using microstrip line or CPW feeding

structures. For narrowband and wideband operations, the slot

antenna takes various configurations such as rectangle [8], circle

[9], triangle [10], and arc-shape [11], and so forth. In micro-

strip-fed slot antennas, etching is required on both sides of the

dielectric substrate. Therefore, it leads to misalignment error.

Moreover, microstrip line is not compatible with monolithic

integrated circuits [12–14]. Because of the above limitations,

various printed slot antennas fed by a coplanar waveguide

(CPW) have been studied extensively. In Ref. 15, a CPW-fed

rectangular slot antenna with a U-shaped tuning stub is proposed

for wideband applications. It provides a wide bandwidth of

110% with gain variation from 1.9 to 5.1 dBi. Thus, it covers

the entire UWB range of frequencies. But, the antenna size is

too big, that is, 100 � 100 mm2. In Ref. 16, UWB circular

CPW-fed slot antenna has been proposed for the 3.1–10.6 GHz

band operation. The antenna is comprised of circular stub that

excites similar shaped slot. The same slot shape was excited by

a U-shaped tuning stub in Ref. 17. The above referred antennas

possess the lowest operating frequency at about 3 GHz, which

makes them not suitable for multifunctional communication sys-

tems such as 2.4 GHz WLAN (2.4–2.484 GHz) and UWB sys-

tems. A CPW fed slot antenna which can be used for 2.4 GHz

WLAN and UWB operations is not widely studied.

In this article, a wideband CPW fed slot antenna with 5 GHz

notch band for applications in 2.4 GHz WLAN and UWB sys-

tems is proposed. Using modified rectangular stub that excites

similar shaped slot in the ground plane, a broad impedance

bandwidth for 2.4 GHz WLAN and UWB is easily obtained.

For the band-notched operation covering (5.15–5.825 GHz)

WLAN band, a slot is embedded on the tuning stub. By adjust-

ing the length of the slot, the desired band-notched function is

realized. Experimental and simulated results of the constructed

prototype are presented.

2. ANTENNA STRUCTURE AND DESIGN

Figure 1 shows the geometry of the proposed slot antenna and a

Cartesian coordinate system. The substrate used for this design

is FR4 with relative permittivity of 4.4 and thickness of h ¼ 1.6

mm. Dimension of the ground plane is taken to be Lg � Wg

mm. The antenna is located in y–z plane and the normal direc-

tion is parallel to x-axis. As illustrated in the figure, a CPW

feed is used to excite the antenna. The CPW feed has a signal

strip of thickness ‘‘Wf’’ and a gap of distance ‘‘G’’ between the

signal strip and the coplanar ground plane. The characteristic

impedance of the CPW feed line is 50 X. By choosing a suitable

stub shape, slot shape and tuning their dimensions, the desired

operating bandwidth is obtained in our design. Therefore, a

modified rectangular stub is connected at the end of the CPW

feed line and a similar shaped slot with dimension W � L mm

is etched in the ground plane to achieve wide bandwidth for the

proposed antenna. The CPW feed with modified rectangular stub

strongly influences the performances of wide slot antenna.

Moreover, the size of the feed is tuned such that it can occupy

about one third of the slot size for optimum performance.

To implement notch band antenna design, a slot is embedded

on the tuning stub. The length of the slot is varied to obtain the

desired notch band function. Indeed, the slot introduced inside

the tuning stub destroys the surface current on the ground plane

so that the antenna makes nonresponsive at the notched fre-

quency band. The optimum value of the slot length is Lt ¼ 17.5

mm, which is found to be nearly equal to the quarter wavelength

at notch band center frequency, that is, 5.5 GHz. This is

obtained using the equation

k=4 ¼ c=4f
p
eeff

where,

eeff ¼ ðer þ 1Þ=2er

The distance between the ground plane and stub (S) is taken

to be 1.0 mm to couple more energy between the feed line and

the slot in the ground plane. Hence, the modified rectangular

tuning stub along with the slot is the basis of the proposed

antenna. The detailed dimensions of the proposed antenna are

given in Table 1.

A parametric study, which helps to investigate the effects of

the different parameters on the impedance bandwidth, was con-

ducted to optimize the antenna parameters. In the parametric

study, one parameter is varied keeping all other parameters

constant.

2.1. Effect of Stub Parameters
A wide slot is used in the ground plane of the antenna so that a

high level of electromagnetic coupling can be achieved between

the feed line and the slot. The coupling property and hence the

operating bandwidth depends upon the feed shape. Therefore,

the size of the CPW tuning stub can be adjusted to improve the

impedance matching for the proposed antenna. Good impedance

matching is achieved by tuning the length (Ls) and width (Ws)

of the modified rectangular stub. This is evident from the simu-

lated VSWR curves of the CPW fed slot antenna for various

values of stub length (Ls) and stub width (Ws) as in Figures 2(a)

and 2(b). From the figures, it is seen that the resonant frequency
Figure 1 Geometry of the proposed antenna. [Color figure can be

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

TABLE 1 Optimal Design Parameters of the Antenna

Parameters Lg Wg L W Lf Wf G S Ls Ws Lt

Optimum

values (mm)

28 32 9.0 26 15 2.8 0.5 1.0 6.2 9.0 17.5
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shows a slight shift because of the change in the size of the tun-

ing stub. As such, for different values of ‘‘Ls’’ and ‘‘’Ws,’’ the

resonant curves have similar shape but, variation trend.

The optimum value is found to be Ls ¼ 6.2 mm and Ws ¼ 9

mm (Fig. 2) because, it provides the widest impedance band-

width from 2.1 to 30 GHz for VSWR less than to 2, which is

consistent for 2.4 GHz WLAN and UWB operations. Indeed,

the wide bandwidths are due to the resonances introduced by

the combination of the modified rectangular stub and the similar

shaped slot. When proper dimensions (Ls and Ws) are selected,

the resonant modes are shifted close to the antenna’s fundamen-

tal resonant mode, resulting in high impedance bandwidth for

2.4 GHz WLAN and UWB systems.

2.3. Effect of Slot in the Stub
The influence of slot embedded on the tuning stub is also inves-

tigated for notch band function. Figure 3 shows the simulated

VSWR of the proposed antenna with different length ‘‘Lt’’ of

the slot (its width is kept at 0.4 mm).

From the figure, it is observed that the length of the slot line

in the stub determines the frequency range of the notched band.

As ‘‘Lt’’ increases, the center frequency of the notched band

shifts toward the lower frequency. With the increasing of ‘‘Lt’’

from 17 to 18 mm, the center frequency shifts from 5.62 to 5.38

GHz. Thus, when ‘‘Lt’’ is 17.5 mm, the notch band is from 5.1

to 5.9 GHz centered at 5.5 GHz. From this, it is concluded that

the rejected band can be easily obtained by tuning the length of

the slot introduced inside the stub, that is, when the length of

the slot is equal to quarter wavelength of the notch band center

frequency, the notch band is from 5.1 to 5.9 GHz. This means

that the slot cut made on the stub prohibits the current flow at

the notch frequency, giving maximum attenuation at the notch

band center frequency. This phenomenon is similar to the

behavior of a quarter wave open circuited stub. Finally, the

antenna covers a wide bandwidth from 2.1 to 30 GHz with 5

GHz notch band.

3. SIMULATION AND EXPERIMENTAL RESULTS

3.1. VSWR versus Frequency
The designed antenna is modeled and simulated using momen-

tum software package of the Advanced Design System and CST

Figure 2 VSWR values of the antenna in terms of (a) Ls and (b) Ws.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 3 VSWR values of the proposed antenna in terms of slot

length ‘‘Lt.’’ [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

Figure 4 Comparison of simulated and measured VSWR results of

the antenna. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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microwave studio. Based on the optimized dimensions, the pro-

posed antenna was fabricated as shown in Figure 2 and VSWR

versus frequency of the antenna was measured with a

HP8722ES Vector network analyzer. Figure 4 shows the meas-

ured VSWR of the CPW fed slot antenna as well as simulation

results. Result of the antenna without slot in the stub is also

given for comparison. Simulation and measurement results show

that the proposed antenna performs well over the wide band of

frequencies ranging from 2.1 to 30 GHz for VSWR less than 2,

which covers the 2.4 GHz WLAN and UWB bands with notch-

band from 5.1 to 5.9 GHz. Moreover, the simulated and meas-

ured results are fairly consistent with each other throughout the

operating frequencies. Hence, basic agreements are achieved

between the simulated and the measured results. The discrepan-

cies between them may be caused by the result of the cable

leakage current on the coaxial cable that is used to feed the

antenna prototype in the measurements, the fabrication error and

soldering effects of SMA connector. Figure 5 shows the reso-

nance and impedance matching over the operating frequency,

that is, it confirms the impedance matching performance

between 2.1 and 30 GHz with notch band function (5.1–5.9

GHz). The impedance curve spirals out of the VSWR ¼ 2 circle

between 5.1 and 5.9 GHz, showing high input impedance at

notch frequency, which is produced by the slot cut on the tuning

stub. The curve inside the VSWR circle indicates the optimum

impedance bandwidth for the operating frequency from 2.1 to

30 GHz.

3.2. Radiation Patterns and Gain
The radiation patterns and gain measurements are performed

inside the anechoic chamber of Antenna Laboratory. The radia-

tion characteristics of the antenna were experimentally investi-

gated across the impedance bandwidth from 2.1 to 30 GHz.

Figure 6 shows the measured radiation patterns at 2.4, 15,

and 26 GHz in the two principal planes, namely the x–z and x–y
planes. It can be seen that the radiation patterns in x–y plane are

nearly omnidirectional for the three frequencies and the patterns

in x–z plane are of figure eight patterns. Radiation patterns are

acceptable over the whole 2.4 GHz WLAN/UWB bandwidth.

Figure 5 Simulated input impedance on Smith chart. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 6 Radiation patterns at (a) 2.4 GHz, (b) 15 GHz, and (c) 26 GHz. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 7 Peak gain of the proposed antenna. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]
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Also, it is observed that radiation patterns at other frequencies

out of the notched frequency band are about stable, suggesting

the usefulness of the antenna in the entire band.

The gain versus frequency of the proposed antenna is also

found to be suitable for the 2.4 GHz WLAN and UWB applica-

tions. Figure 7 shows the measured gain versus frequency of the

proposed antenna. Gain of the antenna without slot on the stub

is also included for comparison. For the antenna without slots,

the peak gain is relatively constant over the band from 2.1 to 30

GHz. But, for the proposed antenna, antenna gain decreases

drastically at the frequency of 5.5 GHz due to the frequency

notched function and the peak gain is nearly constant outside

the notched band from 2.1 to 30 GHz. Thus, the antenna exhib-

its a stable gain across the operation band. These factors demon-

strate the band notched function of the proposed antenna.

3.3. Current Distributions
The surface current distribution has been studied using ADS

simulation tool. The current distribution of the proposed antenna

is obtained by accounting the optimal design parameter values.

Figure 8 shows the simulated current distributions at frequencies

2.4 and 5.5 GHz. At frequency 2.4 GHz, the maximum current

flow occurs and the antenna radiates signal [Fig. 8(a)]. But, at

the notch band centre frequency 5.5 GHz, current is concen-

trated around the edge of the slot on the modified rectangular

stub while there is almost no current at the feeding point. The

electric currents concentrate around the slot structure in corre-

spondence with the center frequency of the unwanted band and

it prohibits the current flow at that frequency, giving maximum

attenuation. The current distributed around the slot on the stub

results in band stop effect. Thus, it shows the effect of the slot

on the antenna performance at the notched frequency [Fig. 8(b)].

4. CONCLUSION

A compact design and construction of a wide slot antenna fed

by a CPW has been developed for multifunctional communica-

tion systems. Detailed simulations and experimental investiga-

tions were performed to understand the behavior of the proposed

slot antenna for 2.4 GHz WLAN and ultrawideband systems.

The antenna has a modified rectangular stub with CPW feed

technique, which improves the impedance matching for 2.4 GHz

WLAN and UWB operations. Band notch function was also

explored. Prototype of the proposed antenna has been fabricated

and measurement was done. The antenna has VSWR value less

than 2 between 2.1 and 30 GHz. The performance analysis such

as the radiation patterns, antenna gain and current distribution

was discussed. It shows better performance over the required

bandwidth for use in multifunctional communication systems.
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ABSTRACT: The problem of miniaturization of coupled-line
directional couplers designed as a connection of tightly-coupled and

uncoupled sections has been comprehensively investigated for the first
time. It has been proven that in such couplers the stronger coupling is

available in the structure, the greater miniaturization is achieved. A
novel approach allowing for theoretical analysis of such couplers has
been proposed. Moreover, a special case has been considered, in which

couplers are designed with the use of a single section of uncoupled lines
placed in the middle of a tightly-coupled section. The proposed

approach has been utilized for derivation of theoretical limits describing
the maximum achievable minimization of the overall electrical length of
couplers designed as a connection of coupled and uncoupled lines. The

theoretical analyses have been confirmed by the measurements of two
different directional couplers designed with the use of the proposed
approach. VC 2012 Wiley Periodicals, Inc. Microwave Opt Technol Lett

55:223–230, 2013; View this article online at wileyonlinelibrary.com.

DOI 10.1002/mop.27233

Key words: coupled lines; broadband directional couplers; tightly

coupled lines; ideal coupled-line sections; miniaturized directional
couplers

1. INTRODUCTION

Coupled-line directional couplers are well-known networks often

used in contemporary microwave engineering. This is due to the

fact that they offer broader bandwidth than branch-line couplers.

One prominent issue of coupled-line directional coupler is how

to miniaturize it, important especially at lower frequency ranges.

Although coupled-line directional couplers require smaller occu-

pied area than branch-line couplers, the problem of coupled-line

couplers’ miniaturization is still of interest. One of the possible

approaches for directional couplers’ miniaturization is to use a

lumped-element technique. Initially, such a technique has been

used for miniaturization of couplers composed of sections of

transmission lines [1–5]. Subsequently, the possibility of

coupled-line directional couplers’ miniaturization has been

approached with the lumped-element technique. Exemplary

designs of such networks can be found in [6] and [7]. In both

cases, however, a single-section equivalent circuit has been

assumed which result in poor performance of the couplers. Other

examples of coupled-line couplers designed with the use of a

lumped-element technique can be found in [8] and [9], in which

two-subsection equivalent circuits have been assumed. In [10],

we have shown the analysis of coupled-line couplers designed

using a quasi-lumped-element technique. As it has been shown

the couplers’ performance strongly depends on the number of

subsections. The lower number of subsections is chosen, the

worse return losses and isolation are achieved, and also the band-

width of the designed coupler is reduced [10]. In the presented

examples a three-section equivalent circuits have been chosen to

achieve good couplers’ performance. On the other hand, it is

known that a single-section coupled-line directional coupler can

be designed as a connection of coupled-line sections having dif-

ferent electrical lengths and coupling coefficients. As it has been

shown in [11] such a solution provides greater design flexibility.

Moreover, when the center subsection is substituted by two

uncoupled transmission lines, the overall coupler length can be

reduced at the expense of slight bandwidth reduction [12].

In this letter, we present a comprehensive analysis of direc-

tional couplers designed as a connection of tightly-coupled and

uncoupled sections that focuses on the maximum achievable

miniaturization of such couplers. The proposed method of analy-

sis of such networks is based upon the assumption that the short

tightly-coupled section has to realize the overall mutual capaci-

tance and inductance that is needed for achieving the nominal

coupling of the designed coupler. With this assumption the elec-

trical length of the tightly-coupled section can be found, and

further, the electrical length of uncoupled lines can be calculated

assuming that the uncoupled lines have to realize the missing

self-capacitance and self-inductance of the initial coupler. It is

shown that such an approach is appropriate when tightly-coupled

and uncoupled sections are equally distributed along the coupler,

i.e., assuming infinite number of subsections. Moreover, in this

case, the performance of the coupler is identical to the conven-

tional one—i.e., single 90�-long coupled-line section—featuring

the same bandwidth, ideal impedance match, and isolation. Sub-

sequently, a special case is considered, in which two uncoupled

lines are placed in the middle of a tightly-coupled section. In

this case, the effect of bandwidth reduction occurs, as it was

shown in [12], and for such a case more accurate method of

analysis is proposed in this letter. It has to be underlined, that

although the accurate method of analysis of the network com-

posed of uncoupled lines placed in the middle of a coupled-line

section is shown in [12], the approach proposed in this letter

allows for deriving analytical expressions on the required elec-

trical lengths of both tightly-coupled and uncoupled sections.

Subsequently, the proposed approach has been utilized for the

purpose of investigating the miniaturization limits of such net-

works. The limits have been derived for both considered cases.

The theoretical analysis has been confirmed by the measure-

ments of two manufactured couplers designed with the use of

the proposed method.

2. THEORETICAL ANALYSIS—GENERAL CASE

Figure 1 presents a single-section coupled-line directional cou-

pler described by the characteristic impedance Z0, nominal cou-

pling knom, electrical length Hnom ¼ 90�, and its equivalent cir-

cuit composed of n identical sections. Each section consists of

two tightly-coupled lines described by the characteristic imped-

ance Z0, coupling kmax, and electrical length Hcpl/2n, between

which, two uncoupled lines are inserted (described by the char-

acteristic impedance Z0 and electrical length Htrl/n). It is

obvious from Figure 1 that the overall length of tightly-coupled

sections is equal Hcpl, whereas the overall length of uncoupled

lines is equal Htrl. At first, let us notice that the mutual capaci-

tance and mutual inductance per unit length of two uncoupled
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