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1. INTRODUCTION

Recent advances in passive imaging at millimeter wave frequen-

cies [1–3] have created a need for high-quality optical compo-

nents, such as lenses, designed specifically for these wavelength

bands. For most passive millimeter wave imaging applications,

it is of critical importance to collect as much incoming radiation

as possible because the signal strengths are commonly many

orders of magnitude smaller than intensities encountered at visi-

ble or infrared wavelengths. Even at optical wavelengths, how-

ever, it is desirable to maximize light collection. To accomplish

this condition, antireflective (AR) coatings are often applied to

the surface of passive components, such as lenses, to suppress

Fresnel reflections and, as a consequence, collect more energy

in the desired waveband. The most common method for imple-

menting broadband AR surfaces is to coat the surface with mul-

tiple layers of thin films. Various optimization algorithms are

used to determine exact values for the number of layers, dielec-

tric constants of the films, and their respective thicknesses such

that the coating produces the least amount of reflected energy

over the desired spectral band. In general, as the number of

layers in the coating increases, the AR behavior improves.

Unfortunately, implementing this same approach at millimeter

wavelengths can be challenging because finding materials with

the desired dielectric constants is difficult. An alternative

method, originally developed for designing AR surfaces in visi-

ble and infrared applications, uses a multilevel subwavelength

grating fabricated directly on the surface of a dielectric [4–7].

This technique was biologically inspired by the subwavelength

surface pattern on the cornea of the common moth and many

butterflies. In fact, the moth’s eye appears completely black

because of the AR properties of its subwavelength structure.

Consequently, the man-made AR surfaces of this type are often

called ‘‘moth-eye’’ surfaces. Similar to the conventional thin-

film AR coatings, the performance of moth-eye AR surfaces

improves as the number of levels increases. This is accom-

plished, however, at the expense of a more complicated fabrica-

tion process. In this article, we present a design algorithm, based

on this concept of subwavelength gratings, to construct AR coat-

ings at millimeter wave frequencies. An optimization algorithm,

based on a direct pattern search, integrated with a rigorous elec-

tromagnetic model (rigorous coupled wave algorithm (RCW))

was used to design AR surfaces at both Ka- and W-band. We

validated our design methodology by fabricating an AR surface

and characterizing it experimentally.

2. DESIGN METHODOLOGY

2.1. Problem Geometry
Figure 1 depicts the subwavelength grating structures that we

investigated to use as an AR surface. The gratings were multile-

vel (three levels shown in the figure) subwavelength structures

with rectangular cross sections. It was assumed that this surface

would be machined out of a nonabsorptive dielectric of permit-

tivity, er, and index of refraction, nr. The period of the gratings

along the x and y axes, denoted by Kx and Ky, respectively,

should be smaller than the material wavelength

ði:e: Kx <
k0

nincsinðhÞcosð/Þ ; Ky <
k0

nincsinðhÞsinð/ÞÞ to avoid any propa-

gating diffracted orders, other than the zeroth order. Addition-

ally, we assumed that the grating periods, Kx and Ky, were equal

Figure 1 Illustration of the subwavelength geometries used to con-

struct moth-eye-based AR surfaces
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and will be denoted simply by K for the rest of this article. A

square cross-sectional grating was motivated by our desire to

produce an isotropic AR surface. For other applications, how-

ever, it might be desirable to produce anisotropic behavior by

assigning different values to Kx and Ky. The cross-sectional

width and height of the nth grating level are denoted by wn and

hn, respectively. The goal is, thus, to determine the best values

for K, hn, and wn such that the grating surface reflects a mini-

mum amount of energy over the desired frequency band and

incident angles. In the examples presented in this article, the

incident field is restricted to TE polarized plane waves propagat-

ing at an angle hinc with respect to the z-axis (as illustrated in

Fig. 1). However, the algorithm could be applied, without modi-

fication, to problems involving plane waves of arbitrary incident

angles and polarizations.

2.2. Electromagnetic Modeling
Two approaches are generally reported in the literature for simu-

lating the electromagnetic properties of subwavelength gratings.

The first uses effective media theory [8] to provide closed-form

approximations for the effective dielectric constants as a func-

tion of the grating structure. Although attractive from a compu-

tational perspective, the approximate expressions are accurate

only for gratings whose period is much smaller than the wave-

length of illumination. As the grating period approaches the

wavelength, which is referred to as the resonance regime, the

assumptions on which these closed-form expressions are based

are no longer valid. For our designs, we assumed that grating

periods are only slightly smaller than the material wavelength

and, thus, could not accurately use the effective media theory.

We used a second approach that uses a rigorous electromag-

netic model to determine the relationship between structural form

and response. Although computationally more difficult, this

approach is capable of generating accurate results for gratings of

any period size and shape. Several rigorous electromagnetic mod-

els can be used for this calculation. We chose the RCW algorithm

originally presented by Moharam and Gaylord [9, 10]. Our spe-

cific implementation, based on the method described by Noponen

and Turunen [11], was used to calculate the complex transmission

and reflection coefficients from multilevel two-dimensional sub-

wavelength gratings. For brevity, the mathematical details of the

RCW method are not described here. For a detailed description,

the reader can refer to Ref. [11].

2.3. Direct Design Algorithm using Effective Chebyshev
Quarter-Wavelength Transformers
In this section, we present a direct method of designing moth-

eye AR surfaces by mapping the ‘‘effective’’ properties of the

subwavelength structure to the dielectric properties of a multi-

layered dielectric stack. The first step was to use conventional

AR coating design algorithms to construct an interference filter

(Fig. 2). Although there are large number of good algorithms for

designing AR interference filters, we chose to implement the

equal ripple antireflective coating algorithm originally described

by Collin [12–15]. In Collin’s method, each layer of a multilay-

ered dielectric stack is designed to be of quarter-wavelength

phase thickness at the center frequency, f0, of the band of inter-

est (i.e., /(f0) ¼ 90�). Under these conditions, the reflectance

function, R(f), as a function of frequency, f, for a stack of M
layers can be written in the following polynomial form:

Rðf Þ ¼ 1� 1

c0cos2Mð/ðf ÞÞ þ c1cos2M�1ð/ðf ÞÞ þ � � � þ c2M
(1)

where the coefficients, ci, depend on the refractive indices, ni,
of each layer. By properly selecting the refractive indices, a re-

flectance function can be derived with desirable AR characteris-

tics. Because of their equal ripple character, the Chebyshev

polynomials are a particularly attractive choice. By fitting Eq.

(1) to the Chebyshev polynomials Collin’s derived equations for

the refractive indices gives the total number of layers, M, and

desired fractional bandwidth, Df/fo. Although Collin only

derived equations for up to four layers, Riblet presented a recur-

sive algorithm that could be used to determine ni for an arbitrary

number of layers [12]. The mathematical details of the Collin–

Riblet algorithm are described in numerous references and for

the sake of brevity are not presented here.

The next step was to construct a multilayered subwave-

length grating in which each layer had the same thickness and

‘‘effective’’ refractive indices as the multilayered design found

via Collin’s method. This is illustrated in Figure 2. To evalu-

ate the effective properties, we first studied a single-subwave-

length grating layer as shown in Figure 3. Using RCW theory,

the effective index of refraction was determined for this single

layer by calculating the zeroth-order reflection and transmis-

sion coefficients as a function of the grating’s geometry (i.e.,

K, h, and w). Once the zeroth-order reflection coefficients are

calculated, the effective index of refraction, denoted by neff,
can be determined by solving the transcendental equation as

given in Eq. (2).

rinput ¼ neff
nexit þ jneff tanð2pfc neffhÞ
� �
neff þ jnexit tanð2pfc neffh
� � (2)

where rinput is given by rinput ¼ nincident
1�ro
1þro

.

Figure 2 The direct design method assumed that a multileveled subwavelength structure (a) can be approximated by a multilayered dielectric stack (b)

with the computed ‘‘effective’’ electromagnetic properties of the grating
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Here, nexit and nincident denote the index of refraction of the

exit region and incident regions, respectively, and r0 denotes the

zeroth-order reflection coefficient of the grating calculated by

the RCW algorithm. These calculations were only conducted at

the center wavelength of the frequency band of interest. Figure

4 illustrates a typical effective index variation of the single layer

as a function of the grating’s fill factor, (w/K), and height, h.
We then assumed that when single-level gratings are stacked to

produce a multilevel structure, the effective properties of each

level could be approximated by the effective properties of the

single layer. The authors fully acknowledge that in a multilevel

grating, the effective properties will depend on the upper- and

lower-boundary conditions of each level in addition to being fre-

quency dependent. However, as illustrated latter by examples,

did this direct design method provide reasonably good results?

Most often, however, the grating designs generated by this direct

method provided excellent initial conditions for the iterative

optimization algorithm described in the next section.

2.4. Iterative Design Algorithm using Pattern
Search Optimization
To refine the solution of the direct design method, we imple-

mented an iterative optimization algorithm as shown in Figure

5. Here, the RCW method is used to calculate the full-wave so-

lution for the reflected energy of any specific grating structure

as a function of frequency and angle of incidence. An optimiza-

tion algorithm is then used to refine the grating geometry such

that an objective function is minimized. The objective function

we chose to minimize was simply the sum of squared reflection

coefficients, r, at a discrete number of frequencies within the

band of interest, fi, and a discrete number of angles of incidence,

hj, as given in Eq. (3).

F ¼ min
XM
j¼1

XN
i¼1

jrðfi; hjÞj2
" #

(3)

A number of iterative optimization algorithms could be used

to refine the Chebyshev quarter-wavelength transformer based

designs discussed in the above section. These include traditional

derivative-based algorithms, genetic algorithms or direct pattern

search algorithms. An advantage of both genetic and pattern

search algorithms is that they do not require derivatives, and

they work well on nondifferentiable, stochastic, and discontinu-

ous objective functions. Both simple genetic algorithms and

Figure 4 Example illustrating how the effective index of refraction of

a binary grating (shown in Fig. 3) varies as a function of the fill factor

(w/K) and normalized height (h/k0) of the grating. The substrate for this

example had a index of refraction n ¼ 4

Figure 3 A single binary grating, as shown above, was used to com-

pute the effective material properties of each layer within the multilev-

eled subwavelength structure (shown in Fig. 2a)

Figure 5 Illustration of the iterative algorithm used to improve the

results from the direct design method

Figure 6 A two-level subwavelength grating designed as an AR sur-

face in the Ka-band (27–40 GHz) at normal incidence. The substrate

was assumed to have a dielectric constant of er ¼ 16. Shown above are

the geometric parameters designed using both the direct method and the

iterative refinement
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direct pattern search algorithms were implemented and tested

for the application of interest here. Although both methods pro-

duced comparable results, the pattern search algorithm was often

computationally less expensive. Similar to genetic algorithms, a

pattern search can be effective in finding a global minimum

because of the nature of its search. However, the authors fully

admit that a comprehensive comparison of the methods was not

conducted.

Pattern search works by searching, or polling, a set of points

called a mesh, which expands or shrinks depending on whether

any point within the mesh has a lower objective function value

than the current point. The mesh size can be expanded or con-

tracted about the current point by adjusting a scaling parameter.

If the algorithm finds a point within the mesh whose objective

function is less than the current point then that is called as a

successful poll. After a successful poll, the algorithm moves the

current point to the new location and then multiplies the current

mesh by a scaling factor greater than one (i.e., expands the

mesh). If, however, the poll is unsuccessful then the current

point is retained and the algorithm multiplies the current mesh

by a scaling factor less than one (i.e., contracts the mesh). The

search can be stopped after a minimum pattern size is reached,

a maximum number of iterations are exceeded, or the minimum

distance between the current points at two consecutive iterations

is achieved. We used a constrained pattern search algorithm sup-

plied in the Genetic Algorithm and Direct Search toolbox of the

commercial software package MATLABTM by the Mathworks.

In the next section, we present several examples of AR surfaces

designed using both the direct and iterative design methods.

3. DESIGN EXAMPLES

3.1. Example 1: Ka-Band (27–40 GHz) Normal Incidence
In this first example, an AR surface was designed to reflect a

minimum amount of energy within the Ka-band (27–40 GHz) at

normal incidence. We assumed that the substrate in which the

AR surface would be formed had a dielectric constant of er ¼
16 and was infinitely thick (i.e., half-space). We also used only

a two-level grating as depicted in Figure 6. The grating period,

K, was fixed at 1.25 mm but the grating heights, (h1 and h2),

Figure 7 Simulated results, using the RCW method, for the AR moth-

eye surface are shown in Figure 6. As a baseline for comparison also

presented is the reflected intensity coefficient when no AR surface is

added. The dark area represents the frequency band in which the optimi-

zation was conducted

Figure 8 Moth-eye AR surfaces placed on both sides of a finite thick-

ness dielectric slab of RexoliteTM (er ¼ 2.53). Each surface is a single

level (i.e., binary grating) designed as AR in the W-band (90–100 GHz)

at normal incidence. Shown above are the geometric parameters

designed using both the direct method and the iterative refinement

Figure 9 Simulated results, using the RCW method, for the AR moth-eye surface are shown in Figure 8. As a baseline for comparison also presented

is the reflected intensity coefficient when no AR surface is added. The dark area represents the frequency band in which the optimization was conducted
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and widths, (w1 and w2), were assumed variable. The geometri-

cal design results using both direct and iterative methods are

shown in Figure 6. It is interesting to note that the direct method

does a reasonable good job predicting the final iterative design.

In fact, the iteratively refined design did not change any of the

initial -design parameters by more than 10%. The intensity

reflection coefficient, R ¼ |r|2, in dB from these structures is

presented in Figure 7. As a baseline for comparison also pre-

sented in Figure 7 is the reflection when no AR surface is

added. Clearly, both the direct and iterative AR surfaces signifi-

cantly reduce the reflected energy over the entire frequency

band of interest (27–40 GHz). It is also clear that the iterative

refinement indeed reduce the reflected energy relative to the ini-

tial direct design method. In fact, within the band of interest, R
never exceeded �30 dB using the iterative approach. This is an

impressive result considering the relatively high-fractional band-

width (37%) of this example.

3.2. Example 2: W-Band (90–100 GHz) Normal Incidence
In this second example, a moth-eye-based AR surface was

designed for a finite thick planar dielectric slab within the W-

band (90–100 GHz). As the previous example, this was also done

assuming the normal incidence. The material was assumed to be

a finite thick (6.25 mm) slab of RexoliteTM (dielectric constant er
¼ 2.53) with identical moth-eye AR surfaces machined on both

the top and bottom surfaces (Fig. 8). The purpose of machining

AR gratings on both sides of the substrate was to try to eliminate

all Fresnel reflections (i.e., 100% transmission through the sub-

strate). As the fractional bandwidth is relatively small (10/95)

only a single level (i.e., binary grating) on each side of the dielec-

tric slab was needed. The grating period, K, was fixed at 1.5 mm,

and the thickness of the slab, h2, was fixed at 6.25 mm. The

height, h1, and width, w1, of the top and bottom subwavelength

surface were assumed variable. The geometrical design results

using both direct and iterative methods are shown in Figure 8. As

in the previous example, the direct method did an excellent job at

finding a good initial guess for the iterative algorithm. The inten-

sity reflection coefficient, R ¼ |r|2, in dB is presented in Figure 9.

In this case, the result from the iterative algorithm was signifi-

cantly better than both the no-AR surface case and the direct

method. As the previous example within the band of interest R
never exceeded �30 dB using the iterative approach.

3.3. Example 3: W-Band (90–100 GHz) at Wide Incident Angles
In this last example, a moth-eye-based AR surface was designed

to have a low reflectivity over both frequency and angle of

Figure 10 A three-level moth-eye surface designed to be AR in the

W-band (90–100 GHz) at incident angles ranging from 0o to 80o. The

substrate is RexoliteTM (er ¼ 2.53). Shown above are the geometric

parameters designed using both the direct method and the iterative

refinement

Figure 11 Simulated results for the AR surface are shown in Figure

10. Shown is the percentage of reflected energy as a function of incident

angle. For this plot, the frequency was fixed at 95 GHz (i.e., center of

the band of interest). As a baseline for comparison also presented is the

reflected intensity coefficient when no AR surface is added

TABLE 1 Calculated Reflectance for Example 3, dB for
Various Incident Angles

0
�

20
�

40
�

60
�

80
�

No-AR surfance �12.8 �12.2 �10.2 �6.6 �2.3

Direct design method �43.7 �46.0 �40.8 �19.2 �5.7

Iterative design method �35.3 �43.7 �27.1 �33.9 �31.2

Figure 12 Experimentally measured surface parameters and those cal-

culated via the iterative design algorithm
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incidence. The incident field, as shown in Figure 10, is assumed

to be a TE polarized plane wave in which the angle of inci-

dence, hinc, as defined in Figure 10, is varied between 0� and

80�. We assumed that the substrate in which the AR surface

would be formed is made of RexoliteTM(dielectric constant er ¼
2.53) and was infinitely thick (i.e., half-space). We used a three-

level grating for this example. Increasing the number of levels

provided the iterative optimization algorithm and the additional

degrees of freedom necessary to simultaneously optimize over

both frequency and incident angle. The grating period, K, was
again fixed at 1.5 mm but the grating heights, (h1, h2, and h3),
and widths, (w1, w2, and w3), were assumed variable. As in

Example #2, the frequency range of interest is the W-band

between 90 and 100 GHz. Also, as in the previous examples,

the direct method was used to provide an initial structure for the

iterative design algorithm. The direct design was conducted only

at normal incidence. Considering these restrictions, it is not sur-

prising that the final design parameters (Fig. 10), calculated via

the iterative approach, did significantly deviate from the initial

design calculated using the direct method. The percent reflected

energy as a function of incident angle is shown in Figure 11.

In this Figure, the frequency was fixed at the center of the

spectral band (i.e., 95 GHz). Clearly, the iterative optimization

algorithm was successful in reducing the amount of reflected

energy at all incident angles between 0� and 80�. In fact, the

amount of reflected energy never exceeds 1% at any angle. The

performance of the direct method, while quite good near normal

incidence, quickly deteriorates as the angle of incidence exceeds

60�. It is interesting to note that near normal incidence the direct

design method actually outperforms the iteratively optimized

design. However, as the incident angle increases, the optimized

design begins to perform better, and it is significantly better as

the angle exceeds 60�. As there are certainly some physical lim-

its in the AR behavior of a moth-eye surface, the optimization

algorithm must be selecting a structure that trades off poorer

performance at normal incidence for a better response at the

higher incident angles. Table 1 provides more quantitative

results of the data presented in Figure 11.

4. EXPERIMENTAL VALIDATION

To validate the performance of our algorithm, we fabricated the

design presented in Example #2 and measured the transmissivity

and reflectivity within the W-band (75–110 GHz). The moth-eye

AR surface, shown in Figure 8, was fabricated from an 1800 �
1800 � 0.500 plate of RexoliteTM using a three-axis computerized

numerical control (CNC) router. The router was instrumented

with a 0.5-mm milling bit and provides �0.01 mm position ac-

curacy. The CNC router was initially used to thin and smooth

the surface of the RexoliteTM plate to �0.300 (7.75 mm). The

Figure 13 Photograph of the moth-eye AR surface fabricated in RexoliteTM

Figure 14 Experimental method used to measure the properties of our

samples in both reflection and transmission
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router then machined the binary grating, as presented in Figure

8, on both the top and bottom surfaces of the plate. After fabri-

cation, the various feature sizes of the element were measured

using an optical microscope. Measurements were taken at a

number of locations throughout the sample and then averaged to

determine the final values. The experimentally measured surface

parameters and those calculated via the iterative design algo-

rithm are given in Figure 12. An image of the fabricated Rexoli-

teTM surface is shown in Figure 13. As a comparison, we also

thinned and smoothed a second RexoliteTM plate to a thickness

of 7.4 mm. This second plate, however, had no AR surface

machined into it and served as a reference.

To measure the properties of the samples in both transmis-

sion and reflection, we used the simple arrangement as shown in

Figure 14. At the heart of this setup is an Agilent 8363B vector

network analyzer with external heads that extends the frequency

range to 110 GHz. On the transmit side, a collimating lens was

used to form a quasi-plane wave of TE polarization on the sur-

face of the sample. On the receive side, a standard gain horn

was used to detect the transmitted energy. The sample was

placed on a rotary stage that allowed us to investigate different

incident angles. Frequency averaging and time-domain gating

were used to remove extraneous reflections.

Experimental results are presented in Figure 15. Here, the

measured reflected intensity coefficient at normal incidence is

plotted as a function of frequency for both the AR machined

sample and the reference sample. Also presented in the figure

are the simulated results, using the RCW method, for both sam-

ples. For the simulated results, the experimentally measured fea-

ture sizes were used. The experimental results confirm the AR

behavior of the sample over the entire 75–110 GHz band. In

fact, this was a surprisingly good result considering that the

optimization was only conducted within the 90–100 GHz fre-

quency range. The maximum intensity reflection coefficient, R,
measured in the 90–100 GHz range was �32 dB. As a compari-

son, the simulation predicts a maximum value of �30 dB. There

is also very good agreement between the measured and simu-

lated results for the non-AR machined sample.

5. CONCLUSIONS

In this article, we presented an iterative design algorithm for

constructing moth-eye AR surfaces at millimeter wavelengths.

Our design method integrated a pattern search optimization

algorithm with a rigorous electromagnetic solver to design mul-

tilevel subwavelength gratings that create AR behavior over

large frequency bandwidths and angles of incidence. Three nu-

merical examples were presented that illustrated the usefulness

of this approach in both the Ka- and W-bands. One of the

design examples was experimentally fabricated and character-

ized for validation. We are currently investigating the use of al-

ternative subwavelength shapes (e.g., circular holes) to create

AR surfaces that might be easier to fabricate.
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ABSTRACT: A novel compact microstrip low-pass filter (LPF) with

ultra-wide stopband, low insertion loss, and sharp cutoff is introduced
in this letter. The LPF is composed of a stepped-impedance hairpin
resonator, a square split-ring resonator, defected ground structure

(DGS), and a pair of coupled DGSs with compensated microstrip lines.
Measured results show that the 10-dB stopband is up to 19.62 GHz,

passband loss is below 0.5 dB, and the selectivity of the filter is more
than 180 dB/GHz, but its occupied area is only 20 � 35 mm2. It can be
widely used for higher harmonics suppression for wideband microwave

applications. VC 2010 Wiley Periodicals, Inc. Microwave Opt Technol

Lett 52: 568–570, 2010; Published online in Wiley InterScience

(www.interscience.wiley.com). DOI 10.1002/mop.24976

Key words: low-pass filter; stepped-impedance hairpin resonator
(SIHR); square split-ring resonator defected ground structure (SSRR
DGS); coupled DGSs

1. INTRODUCTION

Compact and high-performance low-pass filter is highly

demanded in many communication systems to suppress harmon-

ics and spurious signals. The conventional stepped-impedance

and stubs low-pass filters (LPFs) only provide Butterworth and

Chebyshev characteristics with a gradual cutoff frequency

response [1]. To obtain a sharp cutoff, these structures require

more sections. Unfortunately, increasing the number of sections

also increases the size of the filter and insertion loss. Recently,

some periodic structures such as photonic-bandgap and defected

ground structure (DGS) are applied to design LPFs [2, 3]. How-

ever, a similar performance as those of the conventional ones was

found. To reduce the filter area and improve the cutoff character-

istics, some special DGS cells combined with stepped-impedance

hairpin resonator (SIHR) or stubs were adopted, which were typi-

cally represented by split-ring resonator DGS and asymmetric

DGS [4–7], but their application areas are also limited because of

their insufficient suppression in high-frequency range.

In this letter, a compact microstrip LPF with ultra-wide stop-

band, low insertion loss, and sharp cutoff is presented. The orig-

inal LPF is based on the SIHR with an interdigital gap. To pro-

duce an ultra-wide stopband and sharp cutoff with a compact

size, additional attenuation poles are properly allocated and real-

ized by adding square split-ring resonator DGS (SSRR DGS)

and coupled DGSs with compensated microstrip lines into the

original LPF structure. Moreover, the designed filter exhibits

low insertion loss. The proposed LPF is compact and easy to

fabricate. Finally, the validity of this design technique is verified

by measurements.

2. LOW-PASS FILTER DESIGN

The LPF is proposed, and its layout is shown in Figure 1. The

filter consists of a SIHR, a SSRR DGS cell, and a pair of

coupled DGSs with compensated microstrip lines. The LPF pro-

totype is based on the SIHR [8]. The SSRR DGS is added into

SIHR to improve the cutoff characteristics and lower the inser-

tion loss of filter [7], whereas the coupled DGSs with compen-

sated microstrip lines are designed to make additional attenua-

tion poles and produce an ultra-wide stopband, which can be

used to suppression higher harmonics [9, 10].

In Figure 1, the SIHR is described by a stepped-impedance

transmission line and coupled lines. The equivalent capacitance

of the coupled lines is determined by the interdigital gap g. A
pair of coupled DGSs with compensated microstrip lines is

Figure 1 Layout of the proposed LPF
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