
characteristics was tested by using an Agilent 8722ES Vector

Network Analyzer at Iran Telecommunication Research Center,

as indicated in Figure 7. A very good agreement between the

simulated and measured results can be seen in Figure 7. The fig-

ure clearly shows that the constructed antenna exhibits two

notched bands of 3.25–4.25 GHz and 5.1–6 GHz, while main-

taining wideband performance from 2.5 to 11.9 GHz for VSWR

< 2, covering the entire UWB frequency band. Figure 8 shows

the measured maximum antenna gain from 3 to 11 GHz for the

proposed antenna with and without filter structures. The figure

indicates that the realized dual band-notched antenna has good

gain flatness except at the two notched bands. As shown in Fig-

ure 8, gain decreases drastically at the notched bands. Figure 9

shows the measured radiation pattern in frequencies 3, 7, 9, and

11 GHz, in x-z and y-z planes. From an overall view of these

radiation patterns, the proposed antenna behaves quite similarly

to the typical printed monopoles in the lower and middle fre-

quency bands. The H-plane patterns are almost omnidirectional

but more directive in the higher band.

4. CONCLUSIONS

A compact microstrip-fed printed monopole antenna with ultra-

wideband performance and dual band-notched characteristics has

been presented. The first band-stop characteristic is achieved by

using a pair of mirror inverted L-shaped slots on the top side in

the radiation patch, which exempt from interfaces with existing

WiMAX and C operating bands. Also, the second notched band

is achieved by using a pair of mirror inverted L-shaped slots on

the bottom side in the radiation patch, which exempt from inter-

faces with existing WLAN band. The measured results of a 12

mm � 14 mm antenna on an FR4 substrate that has 1.6-mm

thickness show a wide impedance bandwidth (131%) from 2.5

to 11.9 GHz, two notched bands centered at 3.7 and 5.5 GHz

and an omnidirectional radiation. This antenna with two control-

lable notched bands is suitable for ultrawideband systems with

proper dimensions and aforementioned characteristics.
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ABSTRACT: In the present research, a novel compact ultrawideband
(UWB) bandpass filter on coplanar waveguide (CPW) is examined and
implemented. Pairs of three stepped-impedance open stubs are

connected in shunt to a uniform high-impedance line to form a multiple-
mode resonator (MMR). The physical dimension of the stepped-

impedance stubs is regulated to allocate the first four resonant modes of
the MMR within UWB passband (3.1–10.6 GHz).Thus, through etching a
complementary split ring resonator on the CPW feed line, the narrow

notched band having admissible rejection level is made. Subsequent to
obtaining the optimization parameters from the electromagnetic full-

wave simulation, the intended filter is fabricated. The level of agreement
between the measured and the simulation results was excellent. The
advantages of the proposed filter include compaction (0.55 k), flat group
delay with maximum 0.17 ns variation in the passband, low insertion
loss, and good return loss as well as improved upper stopband. VC 2012

Wiley Periodicals, Inc. Microwave Opt Technol Lett 54:2056–2061,

2012; View this article online at wileyonlinelibrary.com. DOI 10.1002/

mop.26992

Key words: ultrawideband; bandpass filter; coplanar waveguide;

multiple-mode resonator; notched band

1. INTRODUCTION

There has been no scarcity of literature on the ultrawideband

(UWB) bandpass filter from the time the Federal Communica-

tion Commission allocated the frequency band 3.1–10.6 GHz for

indoor wireless communication in 2002 [1]. To ensure high-

quality signal transmission or reception, the UWB bandpass fil-

ter requires both the ultrawide passband and high selectivity to

reject signals from existing systems, for example, 1.6 GHz

Global Positioning systems and 2.4 GHz Bluetooth systems. To

date, numerous UWB filter design techniques have been sug-

gested. The multiple-mode resonator (MMR) techniques have

been frequently used to design high-performance UWB bandpass

filters. The idea of MMR having a stepped-impedance resonator
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(SIR) was first proposed in Ref. 2 and further explored in Refs.

3–6. In Ref. 2, the three initial resonant modes of the MMR

were used to design a bandpass filter which could be capable

of covering the overall UWB passband. A quadruple-mode

UWB bandpass filter having sharp out-of-band rejection has

also been reported as being produced [3]. Electromagnetic-

bandgap embedded MMR has also been used to fabricate a

UWB bandpass filters having more efficient out-of-band per-

formance and miniaturized size [4]. Recently, a compact quin-

tuple-mode stub-loaded MMR have been reported to have been

produced [5, 6]. In Ref. 5, through introducing two side stubs

to the conventional SIR, two additional modes have been

placed within UWB band. In Ref. 6, the attachments of an

open stepped-impedance stub at its central plane, short-

circuited stubs in pairs and open stubs in pairs to the low-im-

pedance microstrip line of the conventional MMR, the first five

resonance modes were roughly allocated within the UWB

band. Nevertheless, coplanar waveguide (CPW) filters have

received more attention due to their usually low cost and ease

of fabrication and integration with other circuit elements.

Recently, a compact planar bandpass filter having a tapered

slot resonator and 30–50% fractional bandwidth at center fre-

quency of 6 GHz has been reported in Ref. 7. To our best

knowledge for the first time, two initial CPW bandpass filters

with the passband covering the entire UWB (3.1–10.6 GHz)

with the fractional bandwidth 110% were reported in Refs. 8

and 9. A multimode-resonator UWB bandpass filter with a

short-circuited was reported in Ref. 8. The filter is capable of

Figure 1 (a) Proposed UWB filter on CPW. (b) Equivalent transmission line network
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covering the UWB with low insertion loss; however, it has a

narrow stopband at the high frequency and very low gaps are

required to obtain the UWB frequency band. An open-ended

CPW multimode resonator having one low-impedance section

in the middle and two high-impedance sections on two sides

has also been reported in Ref. 9 where the fabrication of a

UWB bandpass filter is presented in detail. Nevertheless, the

filter suffers from the narrow stopband. Meanwhile, under other

sets of circumstances, to lessen interference from wireless

local-area network (WLAN) systems situated within the UWB

passband, it is necessary to consider the inclusion of steeply

notched frequency bands in the UWB bandpass filter. The liter-

ature also refers to numerous notched-band UWB bandpass fil-

ters [10, 11]. In Ref. 10, using the circuited metal line embed-

ded in a defected ground structure, the notched band is

produced. A complementary split ring resonator (CSRR) unit

can also be used to produce the required stop band [11].

This letter advocates the design and employment of a novel

compact quadrature-mode MMR UWB bandpass filter having

notched-band characteristic on CPW. The MMR is fabricated

through loading three pairs of stepped-impedance stubs in a uni-

form resonator: one central stepped-impedance stub and two

identical stepped-impedance stubs at symmetrical side locations.

This resonator possesses a larger degree of freedom to control

its resonant frequencies causing the convenient relocation of

Figure 2 Resonant-mode frequencies of the proposed MMR with var-

ied stub length L4 and stub position L2 with fixed W4 ¼ 2.1, W3 ¼ 1.1,

L3 ¼ 1.3, L1þL2 ¼ 8.05, L5 ¼ 2.35, L6 ¼ 2, W5 ¼ 0.7, W6 ¼ 0.4 (all in

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

available at wileyonlinelibrary.com]

Figure 3 Resonator characteristics of the proposed MMR with varied

stub length L6

Figure 4 Simulated S21 and S11 magnitude of the proposed UWB fil-

ter under varied coupled line length Lc. [Color figure can be viewed in

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

Figure 5 CPW feed line with notch band implementation. (a) Sche-

matic and (b) equivalent circuit

Figure 6 Circuit calculation and EM-simulation of the proposed

CSRR notched-band structure
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four resonant modes within the UWB passband. Through feed-

ing the MMR with CPW parallel-coupled feed line on the two

sides, a predicted compact UWB bandpass filter is fabricated

demonstrating optimal in-band performance and enhanced out-

of-band rejection. To produce the notched band at 5.5 GHz (5–6

GHz), two CSRRs having identical dimensions etched on input

and output surfaces of CPW feed lines. Accordingly, the equiva-

lent circuit model for the proposed notched band is obtained to

reveal the band notched characteristics. Finally, the measured

results are reported to show the performance of the proposed

filter.

2. ULTRAWIDEBAND FILTER DESIGN

Figures 1(a) and 1(b) show the schematic and equivalent trans-

mission line model of the proposed CPW UWB bandpass filter,

respectively. This is made up of three pairs of stepped-imped-

ance open stubs in shunt connected to a uniform high-impedance

resonator: one pair of stepped-impedance open stubs having

width and length of (W5, L5), (W6, L6) at the center and two

identical pairs of stepped-impedance open stubs having width

(W3, W4) and length of (L3, L4) at the symmetrical sides. The

quadruple-mode resonator is weakly coupled to 50 X CPW

input/output feeding lines through interdigital capacitive gaps on

the two sides to allow for observation of its MMR characteris-

tics. Figure 2 depicts the resonator characteristics of MMR at

various positions and lengths of two symmetrical stepped-impe-

dances, that is, L2 and L4 under the weak coupling case having

Lc ¼ 0.8 mm. The slot width g1 is fixed at 0.2 mm. It can be

observed that there are four resonant modes emerge in the range

of UWB band. As the length L4 varies from 0.8 to 3 mm, f3 and
f4 decrease significantly. This exerts a little effect on the two

modes of f1 and f2. As the stub location L2 changes from

Figure 7 Simulated S21 magnitude of the designed notch band with varying L10. Associated parameters: L7 ¼ 2.6, L8 ¼ 3.85, L9 ¼ 1.2, L11 ¼ 0.5, g2
¼ 0.2, g3 ¼ 0.2 (all in millimeters). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 8 Photograph of the fabricated UWB filter. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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0.1 to 0.9 mm, all the resonant modes move slightly toward

the lower frequency. The width ratio of the two side

stepped-impedance stubs could be used to adjust the resonant

mode positions as an additional degree of freedom. Figure 3

depicts that as the length L6 of center stepped-impedance

open stub in pair varies from 0.1 to 2 mm, the odd resonant

modes (f1, f3) stay stationary while the even resonant mode

(f4) tends to monotonically move downwards and could be

located in the desired UWB passband. Although the even

mode (f2) normally shifts slowly downwards, it can be val-

idly theorized that the central location of the resonator corre-

sponds to a perfect electrical wall for odd modes. Conse-

quently, the stepped-impedance open stub in pairs at the

center could be ignored. Nevertheless, it is indicative of a

perfect magnetic wall for all the even resonant modes [6].

The adjusting parameters exert little effect on the resonant

mode f2, because it is of uniform high-impedance resonator.

Finally, Figure 4 shows the simulated S21 and S11 magni-

tudes for the proposed CPW UWB bandpass filter under var-

ied coupled line lengths Lc, that is, Lc ¼ 0.8 mm for weak

coupling case and Lc ¼ 6.5 mm for optimum case. As dis-

cussed earlier in this article, in the case of weak coupling,

the first four resonant frequencies located in UWB passband

and the fifth mode suppressed below 10 dB. The bandwidth

is specified by the input/output coupling coefficient. To

achieve the required UWB bandwidth, Lc is set to be about

a quarter wavelength at the center frequency of 6.85 GHz.

As Lc rises to 6.5 mm, the S21-magnitude in the UWB pass-

band goes up close to ideal 0-dB line. Nevertheless, three

embedded stepped-impedance open stubs can produce the

band gap frequency range; consequently enhanced upper

stopband covering 12–25 GHz is achieved with insertion loss

exceeding 15 dB.

3. NOTCHED-BAND IMPLEMENTATION

Figures 5(a) and 5(b) show the schematic and equivalent circuit

of proposed CSRR introducing a narrow notched band in the

UWB passband. On the input and output CPW fed line, a

CSRR is etched [11]. The notched band takes place as L7 þ L8
þ L9 þ L10 þ L11 � g2 is about half guided wavelength at cen-

ter frequency of any desired notched band. Figure 6(b) shows

that the proposed CSRR is equivalent to a parallel resonator

and varying the length of CSRR can control the inductance L.
In addition, the bandwidth of the notch band due to effective

coupling capacitor C1 can be controlled through changing the

length L10 and gap g2. The notch band frequency caused by the

CSRR is

fr ¼ 1

2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LðC1 þ C2Þ

p :

Figure 6 shows that the level of agreement between EM

simulation and equivalent circuit model is high. Figure 7

depicts the simulated S21-magnitude at varied L10 lengths. It

is noteworthy that an increase L10 would decrease the notched

frequency.

4. EXPERIMENTAL RESULTS

On the basis of the above study on the characteristics of the pro-

posed UWB filter and to validate the simulation results, the

UWB filter was made on the RT4003 substrate with relative per-

mittivity of 3.38 and thickness of h ¼ 0.508 mm as depicted

in Figure 8. The measurements were conducted using Aglien

network analyzer HP8722ES. The optimized dimensions are

W1 ¼ 0.5, L1 ¼ 7, L2 ¼ 1.05, W3 ¼ 1.1, L3 ¼ 1.3, W4 ¼ 2.1, L4
¼ 1.2, W5 ¼ 0.7, L5 ¼ 2.35, w6 ¼ 0.4, L6 ¼ 2, L7 ¼ 2.6, L8 ¼
3.85, L9 ¼ 1.2, L10 ¼ 2.6, L11 ¼ 0.5, g1 ¼ 0.35, g2 ¼ 0.2, g3 ¼
0.2, gc ¼ 0.1, Lc ¼ 6.5 (all in millimeters).

Figure 9 shows that there is a good level of agreement

between simulation and measurement results. The 2-dB pass-

band covers the 2.8–10.7 GHz range having a 118% fractional

bandwidth. It can be observed that, within the UWB passband,

the maximum insertion loss and minimum return loss is

achieved at 1.38 and 16 dB, respectively, whereas, as compared

to 1.3 and 20 dB in simulation. The upper stopband in measure-

ment is extended up to 25 GHz. The notched band is achieved

at center frequency 5.4 GHz with a rejection level of 19.68 dB.

The measured center frequency of notched band slightly shifts

down from the simulated results. Figure 9(b) depicts a compari-

son of measured and simulated group delay. The maximum vari-

ation of 0.17 ns in the UWB passband is noticeable. The MMR

occupies the overall length of 19 mm about 0.55 k in the center

frequency 6.85 GHz. The proposed CPW filter is of compact

Figure 9 Comparison between the simulated and the measured

results: (a) S21j j; S11j j in dB and (b) group delay. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]
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size and very good signal transfer linearity and improved upper

stopband.

5. CONCLUSION

In this article, a compact UWB having band-notched charac-

teristics, to reduce interference from WLAN system and

improved upper stopband performance, is designed on CPW

using stepped-impedance stub-loaded MMR. The MMR is

made through attachment of three pair of stepped-impedance

stubs in shunt to a uniform high-impedance line. Through

adjusting the parameters of stepped-impedance stubs, the first

four resonant frequencies of this MMR can be positioned

within the UWB passband. The notched-band characteristics

emerge as the CSRR is etched on the input and output CPW

line. The measured and the simulated results are reported to

show an optimal level of agreement. The proposed filter

shows desirable performance characteristics including good

linearity, low insertion loss, and good return loss in the

UWB passband and wide upper stopband in the 12–25 GHz

range. Moreover, it is of a compact size as compared with

previous CPW UWB filter.
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ABSTRACT: This article describes the design and implementation of a
monolithic 60-GHz millimeter-wave planar CMOS slot antenna. A finite
element method-based three-dimensional full-wave electromagnetic

solver, high-frequency structure simulator, is used to simulate and
optimize the performance of the antenna. The feeding network adopts

the coplanar waveguide (CPW) structure, so the on-chip antenna can be
flip-chip bonded to a CPW RO4003 conversion board for complete
radiation-pattern measurement. Nearly, omnidirectional operation is

achieved by providing four major current paths in the shape of a cross
for radiation. The measured input voltage standing wave ratio of the on-
chip slot antenna is smaller than 2 for frequencies 54.6–68.3 GHz. The

measured maximum power gain is �0.74 dB at 60 GHz, one of the
highest power gains ever reported for a CMOS antenna at 60 GHz. The

chip area is only 1 � 0.8 mm2, i.e., 0.8 mm2. VC 2012 Wiley Periodicals,

Inc. Microwave Opt Technol Lett 54:2061–2065, 2012; View this article

online at wileyonlinelibrary.com. DOI 10.1002/mop.27012

Key words: CMOS; slot antenna; coplanar waveguide; power gain; VSWR

1. INTRODUCTION

Recently, ultrawideband technology has aroused a lot of aca-

demic and industrial interests. In USA, Canada, and Japan, there

is 7-GHz wide unlicensed band around 60 GHz for wireless per-

sonal area network (WPAN) system applications [1]. A 60-GHz

WPAN system can provide short-range (<10 m) and high-speed

(>2 Gb/s) multimedia data access to nearby consumer applian-

ces and computer terminals. In addition, for frequencies 56–64

GHz, there is a large signal attenuation of about 10–15 dB

caused by oxygen resonance. Consequently, the 60-GHz band is

of special interest to short-range communications [2].

In the past, III–V semiconductor technologies were adopted in

most of the applications for frequencies around 60 GHz and above.

Recently, thanks to the rapid development of CMOS/BiCMOS proc-

esses, it has become possible to use them to implement 60 GHz

WPAN system and even 77 GHz radar system [3]. Recently, several

60-GHz-band CMOS antennas have been reported [4–6]. However,

the reported maximum power gain of �14 to �19 dB is not satis-

factory. In this work, a 60-GHz-band planar CMOS slot antenna

with excellent maximum power gain (�0.74 dB at 60 GHz) is

reported. The feeding network adopts the coplanar waveguide

(CPW) structure, so the on-chip antenna can be flip-chip bonded to

a CPW RO4003 conversion board for complete radiation-pattern

measurement. Nearly, omnidirectional operation is achieved by pro-

viding four major current paths in the shape of a cross for radiation.

2. SLOT ANTENNA DESIGN

Figures 1(a) and 1(b) show the complete schematic and main

structure schematic, respectively, of the designed 60-GHz-band
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