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ABSTRACT: A modified design approach for compact ultra-wideband microstrip filters

with cascaded/folded stepped-impedance resonators is described. The key feature of the pro-

posed method is to facilitate stronger coupling between stepped-impedance resonators and,

at the same time, eliminate the requirement of extremely small gaps in coupled-line sections,

as found in traditional designs. Simulations and measurements demonstrate that the filters

designed with this technique exhibit good reflection, insertion-loss, and group-delay per-

formance within the 3.1–10.6 GHz band. VC 2009 Wiley Periodicals, Inc. Int J RF and Microwave

CAE 20: 66–75, 2010.
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I. INTRODUCTION

Since the introduction of the unlicensed use of ultra-wide-

band technology in the 3.1–10.6 GHz range, the realiza-

tion of low-cost ultra-wideband wireless systems has been

considered a priority for both military and commercial

applications [1]. In this context, the characterization,

design, and fabrication of bandpass filters covering an

ultra-wideband frequency range have been the challenging

tasks (e.g., as shown in Refs. 2–5). To minimize distor-

tions of the ultra-wideband signal, it is essential to main-

tain filter linearity (amplitude and group delay) within the

passband and good selectivity and suppression in the

stopband.

Recent ultra-wideband filter designs tend to focus on

compactness for reasons of fabrication, cost, and integra-

tion with other systems [6–24]. Conventional configura-

tions of the stepped-impedance resonator (SIR) and tradi-

tional microstrip filter designs require very small gaps

between the coupled segments, hence resulting in high

manufacturing accuracy, and thus, higher expenses [9–17].

Although a single microstrip stepped-impedance reso-

nator, which is tightly coupled to the input/output lines, is

capable of producing an ultra-wideband filter covering the

3.1–10.6 GHz frequency range, its attenuation on both

sides of the passband is rather poor [6, 9]. On the other

hand, cascading multiple stepped-impedance resonators

features good performance in both passband and stopband

regions, but the designs require rather long, thus spacious

areas on printed-circuit boards [25, 26].

In the past few years, several planar filter configura-

tions have been reported for ultra-wideband applications.

However, issues such as reducing size and manufacturing

cost and simultaneously enhancing performance have not

necessarily been priorities in ultra-wideband filter

designs.

Therefore, the purpose of this work is to introduce a

modified design approach by using stepped-impedance

resonators, which facilitate stronger coupling between fil-

ter elements and input/output ports. Thus, the traditional

requirement of relatively small gaps in coupled-line sec-

tions is eliminated. In this context, a new and compact

stepped-impedance resonator composed of parallel high-

impedance and folded low-impedance segments, which

differs from the dual-band applications in [27, 28], is pre-

sented and utilized in the design of ultra-wideband filters

with and without source/load coupling. Measurements

and/or results obtained with commercially available field

solvers verify all designs.
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II. TRADITIONAL DESIGN

To highlight our design approach as outlined in Section

III, we begin with shortly describing the traditional design

of UWB microstrip filters.

Assume that we want to design an ultra-wideband filter

covering the frequency range from 3.1 GHz to 10.6 GHz.

The midband frequency is located at 6.85 GHz with a

fractional bandwidth of 110%. The design procedure is

based on a Chebyshev bandpass filter synthesis with 50 X
input/output impedances and at least 12 dB return loss

within the passband. Traditionally, this filter can be mod-

eled by an eleven-pole (N ¼ 11) shunt-stub prototype

where the stubs are separated by quarter-wavelength ad-

mittance inverters as shown at the top of Figure 1a. All

impedance values are in ohms, and C/L denotes the cen-

terline of the symmetric filter structure. The element val-

ues are extracted from Chebyshev low-pass filter coeffi-

cients [29, 30]. The duality of this filter using series open-

circuited stubs (Fig. 1a, center) is obtained through direct

synthesis in dual form. Kuroda’s identities (or capacitance

matrix transformation) provide the edge-coupled sections

separated by double equal-value unit elements (Fig. 1a,

bottom). This procedure simply transforms the model to a

quarter-wavelength coupled-section configuration [29, 30],

which effectively resembles the stepped-impedance pass-

band filter structure shown in Figure 1b. Its response,

based solely on impedance values and electrical line

lengths and excluding fringing fields, etc., is shown in

Figure 1c as Cascaded Transmission Line (CTL) theory

(dashed lines).

To fabricate this filter in microstrip technology, we

specify a substrate; for instance RT6006, er ¼ 6.15, sub-

strate thickness ¼ 635 lm, conductor thickness ¼ 17 lm.

The next step is to translate the impedance parameters

and line lengths from Figure 1b to actual circuit dimen-

sions. This is accomplished by using standard references

with closed-form expressions for a variety of quantities.

The reader is referred to Ref. 31, which contain all

expressions used in this work.

Because of the strong coupling coefficients k1 ¼ 0.65

and k2 ¼ 0.58 for the first/last and middle coupling sec-

tions, respectively, between quarter-wavelength high-im-

pedance segments (as obtained from the prototype Che-

byshev synthesis), very small gaps of 10 lm and 40 lm
between the coupled lines are required to cover the

entire band. One half of the circuit layout (including

dimensions in mm), is shown in the inset of Figure 1c.

Such narrow gaps between coupled lines are prohibitive

when low-cost, mass-producible manufacturing is

envisaged.

Moreover, the full-wave simulations in Figure 1c show

a 3 dB bandwidth from 3.15 GHz to 10.15 GHz, which is

8% smaller than the bandwidth computed from CTL

theory. In addition, the two full-wave simulations reveal a

resonance peak at around 13 GHz which is not produced

by the simple CTL theory. This peak is related to the

fourth harmonic response of the implemented stepped-im-

pedance resonators as will be discussed in the next

section.

Figure 1 Traditional UWB microstrip filter design procedure;

design steps (a), impedance parameters (b), comparison of filter

performances using transmission-line theory and two full-wave

solvers (c). Note that only one half of the symmetric filter struc-

tures are shown; all impedances are in ohms, all dimensions in

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

which is available at www.interscience.wiley.com.]
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III. MODIFIED DESIGN

Besides the reduction in bandwidth, which can be com-

pensated for by targeting for a slightly wider band, the

main concerns with the traditional design are the narrow

gaps between lines and the higher-order resonances of the

stepped-impedance resonators. We will address the last

item first and will alleviate the gap-width requirement by

introducing a different stepped-impedance resonator. How-

ever, we will come back to the possibility of so-called

interdigital coupling at the end of this section.

It is obvious from the full-wave results in Figure 1c

that higher-order resonances of the stepped-impedance res-

onator influence the UWB filter performance. Therefore,

we start with analyzing the resonances of a stepped-im-

pedance resonator.

A. Design Guidelines
Figure 2a shows a schematic view of the stepped-imped-

ance resonators used for our practical designs. They

include a structure with folded low-impedance (Z1) and

parallel high-impedance segments (Z2). The main task in

using a stepped-impedance resonator is to control the har-

monic resonance frequencies in terms of the impedance

ratio (RZ ¼ Z2/Z1) as well as the electrical lengths, 2h1
and h2, of the low- and high-impedance segments, respec-

tively. This is usually done by solving two transcendental

equations for the alternating odd- and even-mode (quasi-

TEM) resonances (e.g., as shown in Ref. 8). Figure 1b

shows the ratio of the higher-order resonance frequencies

to that of the fundamental mode versus the ratio U ¼ h1/
(h1þh2) of electrical lengths (c.f., Fig. 2a) and impedance

ratio RZ as parameter.

In the synthesis of an ultra-wideband filter, the funda-

mental resonance and a proper number of harmonic

resonances must be allocated within the passband. For

instance, an ultra-wideband filter utilizing triple-mode

stepped-impedance resonators is designed such that the

center frequency of the filter is selected to be the first har-

monic frequency. This is the arithmetic mean of the fun-

damental and second harmonic resonances, i.e.,

f2 ¼
ffiffiffiffiffiffiffi

f1f3
p

, which are properly defined close to the edges

of the passband. To cover a specific bandwidth, a number

of stepped-impedance resonators should be cascaded

and the input/output connected by quarter-wavelength

coupled-line sections at the center frequency (h2). Note

that such sections act as inverters and can increase the

order of the ultra-wideband filter by two (e.g., as shown

in Ref. 6). The basic concept in the modified UWB filter

design is to match the resonant frequencies of the

stepped-impedance resonators with the reflection zeros

generated from a Chebyshev polynomial [29, 30].

The other parameters of the stepped-impedance resona-

tors can be determined by using the graph in Figure 2b.

The value of the electrical length and impedance ratios

are selected such that other higher-order modes, which are

not utilized in the passband of an ultra-wideband filter,

are located as far as possible from the upper edge of the

passband. For instance, the points labeled A1, B1, C1, and

D1 in Figure 2b show the locations of different electrical

length ratios in terms of various impedance ratios for a

specific passband filter design. If the first harmonic ratio

placed within the passband is 1.7 for U ¼ 0.5 and RZ ¼
1.56 (B1), then points B2, B3, and B4 represent the loca-

tions of the next harmonic frequencies.

Using the first two higher resonances (f2 and f3) in

addition to the fundamental mode (f1), the locations of

points B3 and B4 for the fourth and fifth harmonic fre-

quency ratios should have maximum distance from points

B1 and B2 to create a wide upper stopband. The larger this

band gap, the broader is the upper-band suppression

region and the fewer are the effects of those higher-order

modes on the main passband performance.

Let us now come back to the example in Section II.

According to Figure 1b, the impedance of the first/last

coupled segments is calculated as Zh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

Z0eZ0o
p ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

154:2 X 33:33 X
p ¼ 71:69 X. Therefore, the impedance

ratio of the high- to low-impedance segments is RZ ¼ Zh/Zl
¼ 71.69/45.77 ¼ 1.56. The electrical length ratio is selected

as U ¼ 0.5 (vertical line in Fig. 2b). Similarly, the imped-

ance ratio of the middle coupled segments is

RZ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

154:29 X 41:46 X
p

=43:86 X ¼ 1:82.
From the graph shown in Figure 2b, the fourth har-

monic ratio for the first/last coupled stepped-impedance

resonators is f4/f1 ¼ 3.5, which is equal to the fourth har-

monic resonance frequency at 13.65 GHz. The fourth har-

monic for the middle stepped-impedance resonator is

Figure 2 Stepped-impedance resonators used in this work (a),

and harmonic ratios of the stepped-impedance resonators in terms

of electrical length and impedance ratios (b). [Color figure can be

viewed in the online issue, which is available at www.

interscience.wiley.com.]
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similarly calculated as 13.1 GHz. Because of all open-end

effects in the full-wave field solvers, the electrical length

ratio turns out slightly smaller than 0.5, resulting in a shift

of the fourth harmonic resonance from 13.1 GHz to 13.5

GHz (refer Fig. 1c). From the graph in Figure 2b, the fifth

harmonic response occurs at 17.16 GHz (f5/f1 ¼ 4.4 for

the middle stepped-impedance resonator when RZ ¼ 1.82

and U ¼ 0.5). This additional resonance peak is indicated

by the increase in slopes at the right-hand limit of Figure

1c. The transmission zero at 13.7 GHz in Figure 1c is due

to the first harmonic response of open-ended coupling seg-

ments, which are selected as a quarter-wavelength at mid-

band frequency (f0 ¼ 6.85 GHz).

The design can now be modified to create stronger

coupling (or larger gap width for given coupling) by intro-

ducing two parallel open-ended high-impedance segments

at the sides of the first/last stepped-impedance resonators

(c.f., Fig. 2a, right). This means that the coupling coeffi-

cients remain as before, but the high- and low-impedance

segments are scaled. This will change the input/output im-

pedance and introduces a scaled filter synthesis. Therefore,

a proper even/odd impedance characteristic is selected for

the high-impedance segment, which is connected and

matched to the input/output 50 X transmission lines.

To find the scale factor over the impedances of trans-

mission lines, we adhere to the following approach.

a. Define the coupling coefficients of coupling seg-

ments in terms of even/odd impedance characteristics.

Since we introduce three asymmetrically coupled trans-

mission lines for each coupling segment (sometimes also

referred to as interdigital coupling topology), the coupling

coefficient definition is more complicated [31] than that of

two symmetrically coupled transmission lines.

b. The impedance of the input/output coupling segment

is selected as 50 X to match theconnected transmission

lines. Thus Z ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Zin-eZin-o
p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Zout-eZout-o
p ¼ 50 X.

c. The impedance of the parallel high-impedance seg-

ments on the sides of the first/last stepped-impedance res-

onators is selected to have a maximum value of 100 X,
which prevents line segments from being too narrow.

(Note that this value can be changed depending on the

substrate and fabrication technique used). Thus, we have

Zh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

ZheZho
p ¼ 100 X. Due to two parallel high-imped-

ance segments on the sides of the first and last stepped-

impedance resonators, the final high-impedance character-

istic will be 50 X.
From the above conditions, we have four equations

and four variables including Zin-o, Zin-e (Zout-o, Zout-e), Zho,
and Zhe. These odd/even impedance characteristics can be

approximately calculated by optimization techniques in

Matlab. The design parameters in terms of dimensions of

asymmetric coupling segments are then calculated from

closed-form expressions (e.g., as shown in Ref. 31), for

given substrate parameters.

d. The scale factor is defined by the ratio of the first/

last high impedance segment value of the Chebyshev syn-

thesis to that calculated from previous steps. Referring to

the result of the filter in Figure 9, which will be compared

to the design in Figure 1, the scale factor is obtained as

1.5. This scale factor is used to scale all impedance values

of the stepped-impedance resonators.

e. The odd/even high impedance of the center stepped-

impedance resonator is also calculated by achieving the

proper coupling coefficient from the Chebyshev synthesis

on the proposed coupling segment topology (c.f., Fig. 3)

and the scale factor calculated from the previous step.

Since scaling is applied to all impedances of the stepped

impedance resonators, the harmonic ratios remain

unchanged.

B. Coupling Between Stepped-Impedance Resonators
To extend the filter bandwidth, multiple cascaded resona-

tors are used. Figure 3 shows symmetric (Figs. 3a and 3b)

and asymmetric (Figs. 3c and 3d) coupling scenarios

between step-impedance resonators. These configurations

appear to be able to generate stronger coupling and,

therefore, seem to represent alternative coupling segment

compared to the parallel-coupled lines in the inset of

Figure 1c.

On closer inspection, though, this is not necessarily the

case. Although the scheme in Figure 3a achieves strong

coupling with reasonably wide gaps (slots) between the

lines, the configurations in Figures 3b and 3c achieve the

same coupling only if the center gap D is large enough to

separate the two individual couplings of the upper and

lower pair. This in turn results in narrower gaps (which

are still larger than required from the Chebyshev filter

synthesis in the inset of Fig. 1c), and thus, slightly

increases accuracy requirements. An example is shown in

Figure 4 where the first/last coupling section is according

Figure 3 Coupling configurations between cascaded resonators;

symmetric coupling segments (a,b), asymmetric coupling seg-

ments (c,d). [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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to Figure 3a and the two center ones according to Figure

3c. (Note that only one half of the filter is shown in the

inset of Fig. 4b). As shown in Figure 4a, the minimum

gap between coupled lines in 60 lm as opposed to 40 lm
in the Chebyshev synthesis.

For direct comparison, Figure 5 shows the same filter

with Figure 3d as center coupling sections (Fig. 5a),

which represent so-called interdigital high-impedance cou-

pling segments. Indeed, the achievable couplings with

these sections are strong and, therefore, the required cou-

pling coefficients are easily implemented. However, since

the two parallel coupling sections (two arms each in Figs.

3b and 3c) are no longer separated in Figure 3d, they cou-

ple to each other, and thus, produce two attenuation poles

(transmission zeros) symmetrically located on either side

of the center frequency. They are shown at 6.6 GHz and

7.4 GHz in Figure 5b.

Therefore, the proposed coupling scheme in Figure 3d

might be a suitable solution in triple-band filter applica-

tions. Within the scope of this work on UWB filters, how-

ever, we will employ the coupling scheme of Figure 3a

and standard coupled transmission lines.

IV. RESULTS

This section presents examples of compact ultra-wideband

microstrip filters using the design guidelines outlined in

Section III(A). All prototypes are fabricated on RT6006

substrate with thickness of 635 lm and conductor layers

of 35 lm. The relative permittivity of the substrate is

taken as 6.15 for all designs. The final designs have been

computed with Ansoft DesignerVR , verified by IE3DVR ,

then prototyped and measured.

An UWB filter to cover the entire 3.1–10.6 GHz band

is designed using three cascaded stepped-impedance reso-

nators in a folded configuration. Figure 6a depicts the fil-

ter layout with minimum gap widths of 25 lm. Simulated

and measured filter performances are shown in Figure 6b.

The 3 dB fractional bandwidth is 104%. The upper stop-

band extends from 10 GHz to 15 GHz with better than 20

dB measured suppression. The insertion loss is less than 2

dB. The substrate size is 28 mm � 15 mm.

Agreement between measurements and simulations is

generally good, thus verifying the design procedure. How-

ever, a slight downward frequency shift is observed in the

measurements (and in those of the following examples).

This is attributed to a slightly higher substrate permittivity

Figure 4 Computed performances of an UWB filter with three

stepped-impedance resonators (SIRs) using coupling sections

according to Figures 3a and 3c; detailed layout (dimensions in

mm) of the coupling sections for the center SIR (a), filter per-

formance using two different full-wave solvers (b). [Color figure

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

interscience.wiley.com.]

Figure 5 Computed performances of the ultra-wideband filter

in Figure 4, but using the coupling schemes of Figures 3a and

3d; detailed layout (dimensions in mm) of the coupling sections

for the center SIR (a), filter performance using two different full-

wave solvers (b). [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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and metal-etching tolerances. (The reader is referred to

[32] for a discussion on tolerances). The appearance of

the transmission minima in the upper stopband is due to

the inter-coupling between the harmonic and fundamental

quasi-TEM resonances. Note that due to the complexity of

the stepped-impedance resonator for triple-mode reso-

nance operation, a direct coupling-matrix-type model (typ-

ically used for narrowband filters) has very limited valid-

ity in UWB applications because of the frequency

dependency of coupling elements and coefficients.

Figure 6c shows the measured and computed group

delay performance of the filter, which is extracted from

the transmission phase computations and measurements in

the passband as s ¼ �qu21/qx. In or close to the stop-

band(s), the output signal is diminished due to high

attenuation and the existence of attenuation poles. There-

fore, in stopband frequency ranges very close to the pass-

band, we use the phase properties of lossless symmetrical

two-port devices and extract the group delay from the

phase of the reflection coefficient S11: u11 ¼ u21 6 p/2.
The group delay is meaningless at stopband frequencies

far away from the passband and, therefore, Figure 6c (and

following group delay plots) focus mainly on the ultra-

wide passband. The results in Figure 6c demonstrate that

the group delay variation in the passband is less than 0.4

ns and that good agreement between experimental and nu-

merical results is obtained.

In some applications, sharper transitions from the pass-

band to the stopbands are required. The implementation of

source/load coupling supports such an approach by allo-

cating attenuation poles on both sides of the passband.

The locations of the attenuation poles are defined in terms

of the sign and the strength of the source/load coupling.

The layout and performance of the ultra-wideband fil-

ter of Figure 6, but with added source/load coupling, is

depicted in Figure 7. A source/load coupling is maintained

through phase difference computation between transmis-

sion signals of the input of the first stepped-impedance

resonator (SIR) and the output of the last SIR at center

frequency. This phase difference should be 180�, which
determines the distance of transmission lines from the

input and output of the first and last SIRs, respectively

(c.f., Fig. 7a). The substrate size is 32 mm � 23 mm. Six

attenuation poles at 1.4 GHz, 3 GHz, 10.2 GHz, 12 GHz,

14 GHz, and 16 GHz are generated through the positive

source/load coupling (Fig. 7b). Except for the frequency

shift mentioned earlier, these poles are well represented in

the measurements, and overall agreement is good. How-

ever, as a direct result of source/load coupling, the overall

stopband attenuation level in Figure 7b is lower than that

of Figure 6b.

The filter performance demonstrates that not necessar-

ily all of the theoretical maximum number of transmission

zeros (according to traditional filter theory) can be inde-

pendently placed. This is due to the fact that the coupling

between resonances in individual stepped-impedance reso-

nators does not follow the traditional coupling scheme,

which assumes constant coupling between resonators.

Figure 7c reports the numerical and experimental

group delay results. Compared to Figure 6c, the variation

is increased to 0.6 ns.

Figure 8 shows the layout and performance of a five-

pole UWB microstrip filter using a single triple-mode

stepped-impedance resonator with folded low-impedance

and parallel high-impedance segments (c.f., Fig. 2a, right).

Input and output ports of the stepped-impedance resonator

are folded to permit source/load-coupling implementation.

The substrate size of the prototype is only 17 mm � 20

mm with dimensions given in Figure 8a. The minimum

gap width is 0.1 mm. The symmetrical source/load cou-

pling is positive and generates two attenuation poles on

each side of the passband at 1.8 GHz, 2.4 GHz, 8.8 GHz,

and 9.6 GHz (Fig. 8b). As seen in the previous example,

source/load coupling lowers the attenuation level in the

Figure 6 Layout, measured and computed performances of a

folded ultra-wideband microstrip filter with three cascaded

stepped-impedance resonators and standard coupled transmission

lines; dimensions of filter half in millimeters (a), transmission

and reflection coefficients in dB (b), group delay (c). [Color fig-

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

www.interscience.wiley.com.]
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stopband (Fig. 8b) and increases group delay variations

(Fig. 8c).

To demonstrate that the modified design approach of

Section III(A) leads to wider gap widths and more com-

pact filter components, we finally return to the design pre-

sented in Section II. In comparison with Figure 1c, three

cascaded triple-mode stepped-impedance resonators with

folded low-impedance and parallel high-impedance seg-

ments are used to design an eleven-pole UWB microstrip

filter on a substrate size of 45 mm � 8 mm. (Note that

the size of the substrate in the inset of Fig. 1c is narrower

but longer: 63 mm � 4 mm.)

A comparison between both filter structures in Figures

1c and 9a reveals that much larger gaps are achieved (40

lm and 85 lm in Fig. 9a compared to 10 lm and 40 lm,

respectively, in Fig. 1c) by using our alternative design

approach. Figure 9b shows the numerical and experimen-

tal performances. From the graph in Figure 2b, the fourth

harmonic responses of the two different stepped-imped-

ance resonators occur at 13.5 GHz and 14 GHz which are

seen in Figure 9b at around 14 GHz. Because of asym-

metric coupling configurations, the transmission zero at

13.7 GHz in Figure 1c moves down to 12 GHz in Figure

9b to create a sharper passband-to-stopband transition.

The performance in Figure 9b demonstrates that the filter

covers a bandwidth between 3 GHz and 10.7 GHz. (Note

that the two wider dips in the S11 performance resemble

two reflection zeros each; but the theoretical fine-tuning

of the filter was terminated once a return loss of 10 dB

had been achieved.) Good agreement between the

Figure 7 Filter structure, measured and computed performances

of the folded ultra-wideband filter in Figure 6, but with added

source/load coupling; added dimensions (compared to Fig. 6a) in

millimeters (a), transmission and reflection coefficients in dB (b),

group delay (c). [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

Figure 8 Measured and computed performances of a five-pole

ultra-wideband filter with a single triple-mode stepped-impedance

resonator with folded low-impedance and parallel high-impedance

segments and added source/load coupling; dimensions of one fil-

ter half in millimeters (a), transmission and reflection coefficients

in dB (b), group delay (c). [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]
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numerical and experimental results is observed. Espe-

cially, the steep slope between 11 GHz and 12 GHz is

reproduced by the measurements. However, the peak in

the S21 performance at 14 GHz is not. This is attributed to

slightly stronger coupling (slightly narrower gap in the

prototype) between the cascaded stepped-impedance reso-

nators. Note that the bandwidth is also slightly increased

due to this effect. Figure 9c depicts the group delay per-

formance of both simulation and experiment. The meas-

ured group delay variation is roughly 0.7 ns within the

band of interest.

V. CONCLUSIONS

The modified design approach for ultra-wideband micro-

strip filters, in combination with a compact stepped-im-

pedance resonator composed of parallel high-impedance

and folded low-impedance segments, eliminates the

extremely narrow coupling gaps known from traditional

designs. It is shown that for a comparable filter, the small-

est coupling gaps can be four times larger than in tradi-

tional designs. Therefore, the resulting filters are more

amenable to low-cost fabrication techniques despite being

reasonably small due to the type of stepped-impedance

resonator used. The reported numerical and experimental

results demonstrate the feasibility of the design process.

To improve filter selectivity, source/load coupling can be

added to create attenuation poles left and right of the

passband. However, this measure has proven to be a dis-

advantage when low group-delay variations and high stop-

band levels are envisaged.
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