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1. INTRODUCTION

Multilayer techniques in fabrication of printed-circuit boards,

ceramic devices, as well as thin- and thick-film technologies

have enabled miniaturization and inexpensive mass production.

These techniques also offer possibilities for designing new struc-

tures for microwave circuits, which may have better perform-

ance than classical circuits.

One group of such circuits consists of microstrip directional

couplers with distributed coupling [1], which have gained signif-

icant interest in the literature for decades [2–17], even recently

[18–21]. In this article, we consider microstrip structures, which

are planar structures with a solid ground plane on the bottom

face, are open on the top, have one or several dielectric layers

whose permittivities may be different, and have strips, placed

parallel to the ground, in any layer. The ground plane serves as

the reference for all signals and also creates an electromagnetic

shield toward any other components or objects that may be

located underneath. We exclude from consideration other planar

transmission lines, such as striplines, coplanar waveguides, and

planar lines.

Microstrip structures have an inhomogeneous medium,

because the air is always above the substrate. Hence, the waves

that are guided by the microstrip structures are hybrid waves

(quasi-TEM waves). In the general case, the hybrid waves ex-

hibit dispersion at very high frequencies (intramodal dispersion).

The intramodal dispersion is augmented by losses in conductors

and dielectrics. Besides the intramodal dispersion, coupled

microstrip lines suffer from the intermodal dispersion. i.e., the

characteristic modes propagate at various velocities [22]. For

two classical symmetrical coupled microstrip lines, the even

mode (common mode) travels more slowly than the odd mode

(differential mode). Although the difference in velocities is on

the order of a few percent, the intermodal dispersion signifi-

cantly deteriorates the isolation of coupled-line directional cou-

plers, and, hence, deteriorates the directivity.

Various techniques have been implemented to reduce the

effect of the intermodal dispersion. For example, the odd mode

can be slowed-down by increasing the capacitive coupling

between the traces using small dents (interdigital capacitors)

along the lines. Alternatively, the effect of the different modal

velocities can be compensated by lumped capacitances located

at the ends of a directional coupler [16]. However, the compen-

sation at the ends of the coupler results only in a relatively nar-

rowband improvement of the directivity [23].

Instead of compensating the intermodal dispersion, several

techniques have been published for obtaining microstrip struc-

tures that inherently have equalized modal velocities. For exam-

ple, edge-coupled microstrip lines can be covered with a metal-

lic shield at a height that is equal to the substrate thickness [24]

or a dielectric overlay can be used [7]. Modal velocities can

also be equalized by introducing a slit in the ground plane [8]

or adding coupled strips on a vertical printed-circuit board [6].

In Ref. 5 several multilayer structures are described that have

equalized velocities for two symmetrical coupled microstrips.

However, the structures described in Ref. 5, 7, 8 are not suitable

for tight coupling, and the structure from Ref. 6 may be compli-

cated for manufacturing.

In Ref. 15 various multilayer structures with two and three

strips are described that equalize the capacitive and inductive

coupling and, consequently, equalize the modal velocities. The

equalization is achieved by selecting the geometry parameters,

as well as the relative permittivities of dielectric layers (i.e., an

inhomogeneous dielectric is used). A good isolation was

obtained in the experiments for hybrid couplers: about 30 dB in

an octave bandwidth. However, certain restrictions to the range

of dielectric permittivities apply in the designs. Furthermore, the

structures do not have symmetrical/antisymmetrical modes and

the ports are not symmetrically placed on the coupler. As the
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result, phase-compensating devices are required at the ports.

Similarly, in Ref. 18, a three-strip multilayer coupler is pre-

sented with equalized capacitive and inductive coupling, and

with compensated parasitic reactances between terminal lines

and coupled lines. The obtained directivity is about 30 dB, but

the coupler structure is also asymmetrical and phase compensat-

ing lines are required at the terminals.

Another problem with microstrip couplers occurs due to tech-

nological limitations. The separation between traces cannot be

made too small, which restricts the coupling if the lines are

located in a single layer (edge-coupled lines). The classical way

to increase the coupling is to interleave several strips, leading to

various versions of the Lange coupler [2]. These strips, however,

require interconnections (bridges) at several places. The classical

technique is to bond small wires, which can be considered as a

rudimentary multilayer technique. The modern approach is to

use the advantages of the multilayer processing and make the

bridges by traces printed on adjacent layers [9, 20]. The Lange

couplers enable production of hybrid couplers (3 dB couplers),

though, in some cases, more than four strips must be interleaved

[3, 17] or classical Lange couplers should be cascaded [4].

Besides providing strong coupling, the Lange couplers are

known to reduce the intermodal dispersion (but not completely

eliminate it) and, hence, provide a good directivity. However,

the Lange couplers do not take full advantage of multilayer

processing because the strips are located only in one layer and

they occupy a relatively large footprint area. In addition, the

Lange couplers do not possess symmetry.

Smaller footprint area and strong coupling are achievable if

two strips are printed on different layers, on top of each other

(broadside-coupled lines), e.g., Ref. 10, 11, 15, 19. The broad-

side-coupled lines can provide overcoupling (coupling stronger

than 3 dB), which is required for broadband hybrids. However,

due to the dielectric inhomogeneities, the intermodal dispersion

is pronounced, which deteriorates the coupler directivity. In

addition, the broadside-coupled lines do not support symmetrical

modes.

The need for having a symmetrical structure was the motive

in Ref. 14 to use a four-strip structure in two layers, where diag-

onally opposite strips are interconnected at the terminals of the

coupler. In the design, the authors selected equal gap widths in

both layers. However, unfortunately, the authors did not recog-

nize the full potential of this structure—that the modal velocities

can be equalized—and the isolation reported in Ref. 14 is only

about 16 dB. However, a good phase tracking between the ports

is shown.

To address all the deficiencies of the existing microstrip

structures, mentioned above, we start from a structure similar to

the one in Ref. 14 and design a family of symmetrical compact

multilayered transmission-line structures, which inherently have

equalized modal velocities and which can be used for production

of high-performance directional broadband couplers with tight

coupling and a small footprint.

The rest of the article is organized as follows. The novel

structure is presented in Section ‘‘A New Multilayer Microstrip

Structure with Equalized Modal Propagation Velocities’’. In

Section ‘‘High-Performance Hybrid Coupler’’, using the new

structure, an octave hybrid directional coupler is designed and

computed and measured scattering parameters are presented.

Finally, in Section ‘‘Conclusions,’’ possibilities and limitations

of the proposed structure are discussed.

2. A NEW MULTILAYER MICROSTRIP STRUCTURE WITH
EQUALIZED MODAL PROPAGATION VELOCITIES

To introduce our new multilayer microstrip structure with equal-

ized model propagation velocities, we first analyze the perform-

ance of the edge-coupled and broadside-coupled microstrip

lines.

First, we consider two symmetrical ‘‘edge-coupled’’ micro-

strip lines, shown in Figure 1. As a numerical example, let the

substrate thickness be h ¼ 1 mm, relative permittivity er ¼ 4.5,

strip width w ¼ 1.4 mm, gap (separation) width g ¼ 0.2 mm,

and metallization thickness t ¼ 36 lm. In this section, we

neglect conductor and dielectric losses.

Such coupled lines can be analyzed based on the theory of

modes [22]. We analyze this multiconductor system by a quasi-

static approach [24]. Two modes can propagate along this sym-

metrical structure: the even mode and the odd mode. The veloc-

ity of the odd mode (vo � 180 Mm/s) is higher than the velocity

of the even mode (ve � 160 Mm/s). This can be explained as

follows. For the odd mode, the strips are at the opposite poten-

tials. Hence, there is a strong electric field in the gap and its

vicinity, and a significant fraction the electric field energy is

located in the air. For the even mode, the conductors are at the

same potential, and the electric field in the gap and its vicinity

is practically negligible. Hence, the odd mode has relatively

more electric energy in the air than has the even mode, so that

the odd mode travels faster.

These coupled lines constitute a directional coupler, whose

coupling is 9.4 dB and the directivity is only about 11.3 dB. (In

all examples in this article, the nominal port impedance is 50

X.) For comparison, a four-strip Lange coupler on the same sub-

strate, with w ¼ 0.35 mm and g ¼ 0.2 mm, has a stronger cou-

pling (4.5 dB), and a better directivity (about 19 dB).

Then, we consider the ‘‘broadside-coupled’’ lines shown in

Figure 2. When the two strips are driven in counter-phase, there

exists a strong electric field in the space between the strips.

Hence, a lot of electric energy is located in this space. However,

the structure does not have a proper plane of symmetry, so that

Figure 1 Edge-coupled microstrip lines

Figure 2 Broadside-coupled lines
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the two characteristic modes do not even resemble an even

mode or an odd mode. For each mode, the conductor potentials

have the same sign, whereas the currents are oppositely directed.

The potential of one strip is several times larger than the poten-

tial of the other strip. One strip serves almost like a part of the

ground conductor for the other strip. As an example, for h1 ¼
0.5 mm, h2 ¼ 0.5 mm, er ¼ 4.5, w1 ¼ 1.5 mm, and w2 ¼ 0.58

mm, a directional coupler is obtained whose coupling is 6.6 dB

and the directivity is 21 dB. Obviously, the directivity is better

than for the edge-coupled microstrips. The velocity of the modes

are v1 � 165 Mm/s and v2 � 140 Mm/s. The performance of

this coupler can be improved in the vicinity of the central fre-

quency by placing lumped capacitances between the terminals

and the ground, as in Ref. 16.

To obtain inherently equalized model propagation velocities,

we propose to combine the structures shown in Figures 1 and 2.

The cross section of the novel coupler, proposed in this article,

is shown in Figure 3. The structure consists of four strips: two

are printed on the top metallization layer, and two on the inter-

mediate metallization layer. The diagonally located strips are

mutually interconnected. A ground plane is located at the bot-

tom metallization layer. The relative permittivities of the two

layers (er1 and er2) can be arbitrary and the substrate can have

more layers than shown. However, in all examples in this arti-

cle, we take two layers with er1 ¼ er2 ¼ er.
In a simplified view, each pair of strips in Figure 3 is

coupled in two ways. The first way is similar to the edge cou-

pling between a microstrip pair shown in Figure 1. This mecha-

nism results in a faster propagation of the odd mode. The sec-

ond way of coupling is similar to the broadside coupling

between the two strips shown in Figure 2 and it results in a

faster propagation of the even mode. By balancing the two cou-

pling mechanisms, the velocities of modal propagation can be

equalized. In reality, the equalization of the propagation coeffi-

cients is not perfect because the attenuation coefficients of the

two modes are different.

If we assume that the interconnections in Figure 3 are ideal,

i.e., they introduce no parasitic reactances, and that they are dis-

tributed densely all along the multiconductor structure, each pair

of mutually interconnected strips can be rigorously treated as a

single ‘‘logical’’ conductor. The resulting structure is symmetri-

cal, which is usually a desirable feature for directional couplers,

and it supports two modes: the even mode and the odd mode.

The coupling between the two ‘‘logical’’ conductors is a combi-

nation of the edge coupling between the two strips on the top

face of the substrate, the edge coupling between the two strips

buried in the dielectric, and the broadside coupling between the

pairs of vertically aligned strips. The equalization of the modal

velocities is obtained in a wide frequency range, up to very high

frequencies where the intramodal dispersion becomes significant.

Directional couplers can be designed based on the proposed

structure, using an optimization of the cross-sectional dimen-

sions. In addition to equalizing the modal velocities, the optimi-

zation should yield a proper characteristic impedance matrix of

the multiconductor structure, which is necessary to design a

well-matched directional coupler with a given coupling. For

example, a coupling of 6.1 dB at the central frequency is

achieved for h1 ¼ 0.5 mm, h2 ¼ 0.5 mm, er ¼ 4.5, w1 ¼ 0.24

mm, w2 ¼ 0.17 mm, s1 ¼ 0.70 mm, s2 ¼ 0.48 mm, and t ¼ 36

lm. The modal velocities are equal within the numerical error,

i.e., ve ¼ vo ¼ 156 Mm/s. The isolation, theoretically, attains in-

finity, whereas numerical simulations using program [24] show

an isolation of about 80 dB.

Besides providing an excellent equalization, the multiconduc-

tor structure shown in Figure 3 enables obtaining a strong cou-

pling between the two ‘‘logical’’ conductors. Achievable cou-

pling levels depend on the printing resolution and on the ratio

h1/h2. To obtain a coupling stronger than about 5 dB, the ratio

h1/h2 should be smaller than 1, i.e., the upper dielectric layer

should be thinner than the lower layer. As an example, for er ¼
4.5, h1 ¼ 0.4 mm, and h2 ¼ 1.6 mm, Table 1 gives the opti-

mized dimensions versus the required coupling (C) at the central

frequency. The printing resolution is assumed to be 0.01 mm

and the conductor thickness is t ¼ 36 lm. The narrowest gap

and strip are taken to be 0.2 mm. It is also assumed that w1 ¼
w2. The results are obtained using the optimization in program

[25]. The optimization function is multimodal. Hence, there

exists a multitude of solutions for the given criteria. For exam-

ple, for the coupling of 3 dB, an alternative optimal solution

is w1 ¼ 0.27 mm, w2 ¼ 0.58 mm, g1 ¼ 0.45 mm, and g2 ¼
0.56 mm.

To a certain extent, the proposed structure resembles a Lange

coupler because it has four strips, two and two being mutually

interconnected. However, in a classical Lange coupler, all strips

are in the same layer and edge-coupled, whereas in the proposed

structure, the strips are in different layers and have a combined

coupling. Compared with a Lange coupler, the proposed struc-

ture allows for a stronger coupling and also for a much better

equalization of the modal velocities. In addition, the proposed

structure is almost perfectly symmetrical, unlike the Lange

coupler.

3. HIGH-PERFORMANCE HYBRID COUPLER

To verify the proposed concept, we design a directional coupler

based on the structure shown in Figure 3, for the octave band-

width from 0.165 GHz to 0.335 GHz, on an inexpensive sub-

strate (FR-4) and using classical printing technology. In the

computer simulations presented in this section, we take into

account losses in the conductors and in the dielectric [26, 27].

As we require a strong coupling, first we have to appropri-

ately select the ratio h1/h2. Thereafter, we have to optimize the

Figure 3 Proposed multiconductor transmission-line structure with

equalized modal velocities

TABLE 1 Design Data for Various Coupling Levels

C (dB) w1 ¼ w2 (mm) g1 (mm) g2 (mm)

5 0.33 3.50 4.20

4.5 0.35 2.30 2.94

4 0.38 1.39 2.04

3.5 0.41 0.77 1.40

3 0.42 0.41 0.93

2.5 0.40 0.20 0.52

Strip widths and separations are shown in Figure 3. Other data are given
in the text.
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strip widths and gaps to obtain the required coupling and maxi-

mize the isolation. The length of the coupled structure is deter-

mined by the central frequency of the coupler. As a broadband

performance is required, the coupler should be overcoupled at

the central frequency.

In practice, the interconnections shown in Figure 3 can be

located only at a few places along the line. The most suitable

locations are the beginning and the end of the coupled structure

(Fig. 4), because at these ends, the terminals of the coupler have

to be produced anyway. Consequently, we select to have the

interconnections only at the two ends of the coupler. Due to the

specific geometry, the interconnections are not perfectly sym-

metrical. However, for the particular substrate, frequency range,

and technology, this imperfection is practically negligible.

Strictly speaking, having interconnections only at two places,

invalidates the assumption of having only two ‘‘logical’’ con-

ductors. In a rigorous analysis, the coupler must be treated as a

multiconductor transmission line [22, 24, 25].

The multiconductor structure shown in Figure 4 supports

four quasi-TEM modes. More precisely, it supports a total of

eight waves: the incident and the reflected wave for each of the

four modes. The four modes possess symmetry and antisymme-

try with respect to the vertical plane, because the structure is

symmetrical. However, their propagation velocities range from

about 140 Mm/s to 180 Mm/s for the concrete dimensions of

the structure described later in this section. Due to the presence

of the four modes, and not only two, the reasoning from Section

‘‘A New Multilayer Microstrip Structure with Equalized Modal

Propagation Velocities’’ should be questioned.

Here, we note that at the central frequency of the coupler,

the length of the coupled structure is quarter-wavelength. Even

for a broadband coupler (e.g., an octave coupler), this length is

safely below half-wavelength in the whole operating band.

Under these conditions, we show that the analyzed structure can

be approximately treated as if each pair of interconnected con-

ductors represents one ‘‘logical’’ conductor, as assumed in Sec-

tion ‘‘A New Multilayer Microstrip Structure with Equalized

Modal Propagation Velocities.’’. The verification is carried out

by simulations which show that the model involving two modes

and the model involving four modes yield very similar scattering

parameters in the whole frequency band of operation of the

directional coupler considered (Fig. 5). The differences are pri-

marily seen in the scattering parameters that have very low mag-

nitudes. For example, the discrepancies between the two models

are about 2 dB at the �40 dB level in the middle of the pass-

band. Hence, the reasoning from Section ‘‘A New Multilayer

Microstrip Structure with Equalized Modal Propagation Veloc-

ities’’ can be applied with sufficient reliability to the whole

operating band of the coupler.

The discrepancies between the two models, however, become

significant in the vicinity of the resonant frequencies (i.e., out-

side the operating band), when the coupler’s length approaches

an integer multiple of half-wavelength. At these frequencies, a

pair of mutually interconnected strips behaves as resonator, short

circuited at both ends. If for some practical reason these

resonances are to be pushed towards higher frequencies, addi-

tional interconnections must be made at several locations along

the coupled lines. Note that a similar reasoning regarding the

number of modes and resonances also applies to the Lange

couplers.

The substrate selected for the prototype is FR-4, whose rela-

tive permittivity is er ¼ 4.5 and the loss tangent is tan d ¼
0.025 [27]. The strips are printed on the upper substrate (dou-

ble-sided printing). The lower substrate carries the ground plane

on the bottom face and it is void of copper on the upper face.

The two substrates are joined by epoxy glue. The interconnect-

ing vias are made on the upper substrate, resulting in blind vias.

The conductor is copper and its thickness is t ¼ 36 lm. To

achieve a tight coupling required for a hybrid coupler, we take a

thicker lower substrate (h2 ¼ 1.61 mm, which includes the glue

Figure 4 (a) PCB with SMA connectors. Black: top layer. Grey:

intermediate layer. White: ground plane (bottom layer). (b) Zoom-in of

the interconnections. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]

Figure 5 Scattering parameters of a hybrid coupler obtained by simu-

lations [24] when the structure is considered to support 2 modes (2M)

and 4 modes (4M). The left ordinate is for reflection (s11) and isolation

(s41). The right ordinate is for transmission (s21) and coupling (s31). The

numbering of ports is shown in Figure 4a

2264 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 54, No. 10, October 2012 DOI 10.1002/mop



thickness) than the upper substrate (h1 ¼ 0.5 mm). The optimal

dimensions of the coupler cross-section are w1 ¼ w2 ¼ 0.46

mm, g1 ¼ 0.26 mm, and g2 ¼ 0.50 mm. The length of the

coupled lines is 160 mm.

At the ends of the coupler, interconnections are made and

four SMA connectors are mounted, as sketched in Figure 4. In

the first cut of the design, the parasitic effects of the intercon-

nections and connectors were not included. The rationale is that

the zones that contain the interconnections and connectors are

quasistatic, so that simple compensation of the discontinuities

could be designed afterward. Figure 6 shows the scattering pa-

rameters of the coupler computed by modeling only the multi-

conductor transmission line, along with the measured scattering

parameters of the prototype without compensating capacitors. In

the measurements, performed using the network analyzer Agi-

lent E5062A, the reference planes were positioned at the flanges

of the SMA connectors.

The experiment showed that the discontinuities are predomi-

nantly inductive, so that capacitive compensations to ground, at

the connectors, sufficed. As the interconnecting region is very

small in terms of the wavelength, the capacitors simultaneously

compensate all the inductances caused by the vias, the narrow

and wider printed interconnection traces, and the transitions to

the SMA connectors, which is the same strategy as in Ref. 18.

Note that the width of a 50 X microstrip line (4 mm) is larger

than the width of any printed trace in Figure 4.

The required compensations were determined in two ways.

The first way was to measure the scattering parameters of the

uncompensated coupler and then design the compensations in

program [25]. Thus, the best coupler directivity and the return

loss were obtained for the compensating capacitances of 1.12

pF.

The second way of designing the compensating capacitances

was to remove the coupled lines and directly interconnect two

SMA connectors, as shown in Figure 7. Before the SMD com-

pensating capacitors were mounted, the measured reflection

coefficient at a port was �21.3 dB at 0.25 GHz, corresponding

to an excess inductance of 5.5 nH. Thereafter, two identical

SMA capacitors (1.2 pF each) were soldered as shown in Figure

7. The resulting reflection coefficient improved to �43 dB,

which was considered to be sufficient for our purposes.

Figure 8 shows the measured scattering parameters of the

prototype with compensating capacitors, along with the parame-

ters computed by program [25]. Note that the declared reflection

of the matched loads (used as calibration standards and also

used to terminate the unused ports in measurements) is �46 dB.

Taking into account the intrinsic reflections of the SMA connec-

tors, one should be aware that the measured results below about

�40 dB are not reliable. Hence, the quality of agreement

between the simulated and measured results can be described as

very good.

Further computer simulations of the prototype were carried

out using programs IE3D [28] and WIPL-D [29]. IE3D assumes

infinite dielectric layers with finite dielectric thickness. WIPL-D

takes into the account all discontinuities in a fully 3D electro-

magnetic model. Both models include very detailed meshing of

the interconnection area.

Figure 9 presents the simulation results along with the meas-

ured data, all of them with compensating capacitances. The

compensating capacitances are 1.3 pF in the IE3D model, and

0.96 pF in the WIPL-D model. The capacitances differ because

the port models in the two programs are different. A very good

agreement is obtained between the three sets of results, thus

confirming the proposed concept.

4. CONCLUSIONS

A novel multilayer, symmetrical, printed directional coupler is

proposed, which consists of four interconnected strips located

above a ground plane. The coupler inherently exhibits low dis-

persion in a wide frequency range, which is convenient for man-

ufacturing directional couplers with tight coupling and high iso-

lation (and, hence, with high directivity). The production

requires multilayer technology, including manufacturing of blind

Figure 6 Scattering parameters of a hybrid coupler obtained by simu-

lations [25] and measurements without compensating capacitances. The

left ordinate is for reflection (s11) and isolation (s41). The right ordinate

is for transmission (s21) and coupling (s31). The numbering of ports is

shown in Figure 4a

Figure 7 PCB without coupled lines: zoom-in of the interconnections

and compensating capacitors. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com]

Figure 8 Scattering parameters of a hybrid coupler obtained by simu-

lations [25] and measurements with compensating capacitances. The left

ordinate is for reflection (s11) and isolation (s41). The right ordinate is

for transmission (s21) and coupling (s31). The numbering of ports is

shown in Figure 4a
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vias. Hence, the proposed structure is convenient for LTCC,

MMIC, and thin-film productions.

To illustrate the performance of the proposed hybrid direc-

tional coupler, we have designed a hybrid coupler for the octave

bandwidth from 0.165 GHz to 0.335 GHz, on an inexpensive

substrate (FR-4). Very good agreement was obtained between

2D and 3D numerical simulations and measured data. The

results demonstrate very good performance: mean coupling of

3.2 dB, return loss better than 30 dB, and isolation better than

32 dB. The directivity of the coupler is excellent: it is better

than about 30 dB in practically the whole frequency range, and

it is better than 40 dB around the central frequency.

The prototype produced on a relatively lossy substrate (FR-

4) demonstrates that the performance of the coupler is not sig-

nificantly degraded by the losses.

The proposed coupler can yield excellent directivity and tight

coupling (2–10 dB). However, different layer thicknesses may

be required to achieve this goal.

If the length of the coupled structure does not exceed,

approximately, 40% of the wavelength, it is sufficient to have

interconnections only at the terminals. If operation at higher fre-

quencies is required, the interconnections may need to be also

placed at several locations along the coupler.

The coupler ports can be in various orders, depending on how the

port interconnections are made (on the top layer or on the bottom

layer). This feature enables easy swapping of the ports, according to

layout needs governed by neighboring microwave circuits.

The proposed directional coupler is inherently a 90�-coupler.
For the designed and fabricated hybrid coupler, the measured

deviation from the 90� phase shift is less than 2� in the whole

operating band.

The coupler is compact. For the same substrate as described

in Section ‘‘High-Performance Hybrid Coupler,’’ the overall

length is slightly longer than for a broadside-coupled hybrid (for

4%) and slightly shorter than for a Lange coupler with four

strips (for 10%). The width of the metallization footprint is

about 20% narrower than for the broadside-coupled hybrid and

almost two times narrower than for the Lange coupler.
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ABSTRACT: In this article, a novel method for designing a new slot
antenna with dual band-notch characteristic for ultra-wideband

applications has been presented. By inserting a coupled inverted
T-shaped ring strip on the other side of the substrate, a dual band-notch

function generated, also additional resonance is excited and hence much
wider impedance bandwidth can be produced, especially at the higher
band. The measured results reveal that the presented dual band-notch

slot antenna offers a wide bandwidth with two notched bands, covering
all the 5.2/5.8-GHz wireless local area network, 3.5/5.5-GHz WiMAX,

and 4-GHz C bands. The designed antenna has a small size of 20 � 20
mm2. Good return loss and radiation pattern characteristics are
obtained in the frequency band of interest. VC 2012 Wiley Periodicals,

Inc. Microwave Opt Technol Lett 54:2267–2270, 2012; View this article

online at wileyonlinelibrary.com. DOI 10.1002/mop.27057

Key words: microstrip slot antenna; inverted T-shaped ring conductor

backed plane; ultra-wideband communication systems

1. INTRODUCTION

Ultrawideband (UWB) systems and applications developed rap-

idly in recent years. It’s plenty of advantages, such as simple

structure, small size, and low cost due to have received

increased attention especially microstrip antenna are extremely

attractive to be used in emerging UWB applications, and grow-

ing research activity is being focused on them. Consequently, a

number of planar microstrip antenna with different geometries

have been experimentally characterized [1–4].

The frequency range for UWB systems between 3.1 and 10.6

GHz will cause interference to the existing wireless communica-

tion systems, such as, the wireless local area network (WLAN)

for IEEE 802.11a operating in 5.15–5.35 GHz and 5.725–5.825

GHz bands, WiMAX (3.3–3.6 GHz and C-band (3.7–4.2 GHz),

so the UWB antenna with a single and dual-bandstop perform-

ance is required [5, 6].

A simple method for designing a novel and compact micro-

strip-fed slot antenna with multiresonance performance and

dual-band-notch characteristics for UWB applications has been

presented. In the proposed structure, by adding an inverted

T-shaped ring conductor-backed plane, dual band-notch charac-

teristic is obtained, also additional resonance is excited and the

bandwidth is improved that achieves a fractional bandwidth with

multiresonance performance of more than 135% (3.1–5.83

GHz). Simulated and measured results are presented to validate

the usefulness of the proposed antenna structure for UWB

applications.

2. ANTENNA DESIGN

The presented small square slot antenna fed by a 50-X micro-

strip line is shown in Figure 1, which is printed on an FR4 sub-

strate of thickness 0.8 mm, permittivity 4.4, and loss tangent

0.018. The basic slot antenna structure consists of a square radi-

ating stub, a feed line, and a ground plane. The square patch has

a width W. The patch is connected to a feed line of width Wf

and length Lf. On the other side of the substrate, a conducting

ground plane with a rectangular slot and a coupled inverted T-

shaped ring strip is placed. The proposed antenna is connected

to a 50-X SMA connector for signal transmission.

On the basis of the electromagnetic coupling theory, the con-

ductor-backed plane perturbs the resonant response and also acts

as a parasitic half-wave resonant structure electrically coupled to

the square radiating stub [5]. In addition, the conductor-backed

plane is playing an important role in the broadband characteris-

tics of this antenna, because it can adjust the electromagnetic

coupling effects between the patch and the ground plane, and

improves its impedance bandwidth without any cost of size or

expense. This phenomenon occurs because, with the use of a

conductor-backed plane structure, additional coupling is intro-

duced between the bottom edge of the square patch and the

ground plane [6].

The optimized values of proposed antenna design parameters

are as follows: Wsub ¼ 20 mm, Lsub ¼ 20 mm, hsub ¼ 0.8 mm,

Wf ¼ 1.5 mm, Lf ¼ 3.5 mm, W ¼ 10 mm, Wt ¼ 14 mm, Lt ¼
8.75 mm, Wt1 ¼ 6.75 mm, Lt1 ¼ 0.5 mm, Wt2 ¼ 0.2 mm, Lt2 ¼
0.5 mm, Wt3 ¼ 0.15 mm, Lt3 ¼ 8.6 mm, Wd ¼ 2 mm, Ld ¼
1.75 mm, WP3 ¼ 3 mm, LP3 ¼ mm, and Lgnd ¼ 3.5 mm.

3. RESULTS AND DISCUSSION

The proposed microstrip-fed slot antenna with various design

parameters were constructed, and the numerical and experimen-

tal results of the input impedance and radiation characteristics

are presented and discussed. The Ansoft simulation software

high-frequency structure simulator (HFSS) [7] is used to opti-

mize the design and agreement between the simulation and mea-

surement is obtained.

Figure 1 Geometry of proposed square slot antenna with an inverted

T-shaped ring conductor backed plane, (a) bottom view, (b) side view.

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

wileyonlinelibrary.com]
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