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Ultra-Compact Band-Pass Filter at Low Frequency of Operation
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Abstract—An ultra-compact band-pass filter is presented in this paper. The filter is designed to
operate in the medical implants communication service (MICS) band ranging from 401MHz to 406MHz.
The filter is designed on a Rogers RT/duroid substrate with εr = 2.94 and tan δ = 0.0012. The
overall size of the proposed filter is only 30.6mm × 18.5mm (0.058λg × 0.035λg), making it suitable
for compact, portable devices. An equivalent circuit model is also proposed for the analysis of the
filter geometry. From the circuit model, it can be concluded that the filter exhibits the characteristics
of a dual-composite right left-handed (D-CRLH) transmission line. This is also confirmed from the
dispersion characteristics. The salient features of the proposed filter include ultra-compactness at low
operating frequency, harmonic suppression of 3.7 times of the passband frequency, fractional bandwidth
of 4.45%, and good roll-off rate of 297.6 dB/GHz in the lower stopband and 116.4 dB/GHz in the upper
stopband.

1. INTRODUCTION

Filters are widely used in communication systems to eliminate unwanted signals entering into systems.
A good filter is expected to exhibit a sharp roll-off to eliminate all spurious signals and harmonic
suppression with good stopband attenuation. Moreover, when the operating frequency is low, the size
of the filter is also very critical in order to build compact handheld devices.

Many interesting works have already been reported in literature, presenting compact filters with
harmonic suppression. In [1], a compact low pass filter with wide harmonic suppression is presented using
inter-digital capacitors. Moving on to band-pass filters, again there are a variety of designs available
in literature, presenting compact band-pass filters operating on a higher frequency band. In [2], a
multilayer band-pass filter operating in GHz band is presented with good harmonic suppression. This
has a relatively complicated multilayer geometry with a large size. In [3], a band-pass filter focusing on
second harmonics suppression with triangular corrugations is presented. In [4], slot stubs are introduced
to achieve harmonic suppression compromising on filter dimension. In [5], harmonic suppression is
achieved in band-pass filters using spur line. In [6], split ring resonators and defected ground structures
are used to achieve wide stopband. In [7, 8], fractal based geometries are used for developing band-pass
filters.

However, only limited works have been reported on filters with narrow passband, especially in low
frequency range. The major difficulty that can arise is to arrive at a compact geometry. Compactness in
filters can be achieved using various techniques. In [9], a capacitor loaded band-pass filter with narrow
passband in lower frequency range is presented with a design constraint of using discrete capacitors.
In [10], a complete planar geometry is proposed for a band-pass filter operating in the lower end of
ultra-high frequency (UHF) band. This has a relatively complicated geometry with larger size and
slightly higher insertion loss than the proposed filter in this paper. In [11], a parallel coupled microstrip
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hairpin based band-pass filter is presented with a large filter dimension. In [12], spiral capacitors with
vias are used to design a band-pass filter in MHz frequency band.

Applying the principles of metamaterials is one way to build compact microwave structures.
Composite right left handed (CRLH) and dual-composite right left handed (D-CRLH) transmission
lines are the commonly used approaches for transmission line implementation. In [13, 14], band-pass
filters based on CRLH transmission line are presented. Compared with a CRLH transmission line,
an ideal D-CRLH transmission line has the advantage of an infinitely long left handed band [15], and
the proposed work focuses on developing a compact band-pass filter using a D-CRLH transmission
line. In [16, 17], the concept of D-CRLH transmission line based band-pass filters with relatively wider
passbands are proposed. In [18], a D-CRLH transmission line based band-pass filter with multiple
notch bands is presented. This can also be used to develop band-pass filters with narrow passband.
In [19, 20], a D-CRLH unit cell and its application as a narrow band-pass filter are presented, but at a
relatively higher passband frequency than the proposed filter in this paper. In [21], a high frequency
D-CRLH transmission line using millimeter wave integrated circuit technology is presented. In [22],
a D-CRLH transmission line is realized using inductively connected split ring resonators. In [23, 24],
D-CRLH based resonators are proposed. In [25], a combined filtering and antenna geometry based on
D-CRLH transmission line is proposed.

In this work, the concept of D-CRLH transmission line is used to realize an ultra-compact band-pass
filter with a low operating frequency band. The proposed filter is designed to operate in the Medical
Implants Communication Service (MICS) band ranging from 401MHz to 406MHz which allows to
have a close monitoring of patient parameters remotely. MICS band is highly narrow at low operating
frequency, thereby making filter design more complex. The proposed filter employs a meander line
inductor and interdigital capacitors to achieve compactness at the low frequency of operation. The size
of the filter is only 30.6mm× 18.5mm (0.058λg × 0.035λg). The key merits of the filter include simple
geometry, completely planar design, ultra-compact size, narrow passband with a fractional bandwidth
of 4.45%, good roll-off rate of 297.6 dB/GHz in the lower stopband and 116.4 dB/GHz in the upper
stopband, and a harmonic suppression up to 3.7 times of the passband frequency. The equivalent
lumped circuit model of the filter is also proposed. The dispersion diagram of the filter is obtained from
S-parameters. The D-CRLH transmission line characteristics of the filter are hence confirmed.

2. DESIGN EVOLUTION OF THE FILTER

The filter is designed on a Rogers RT/duroid substrate with εr = 2.94 and tan δ = 0.0012. The geometry
consists of an asymmetric co-planar feed with perturbed ground on one side. Interdigital capacitors are
embedded in the transmission line, and a meandered line inductor is connected between feed line and
the co-planar ground plane as shown in Fig. 1. A conductor backing is provided in the bottom plane.

Figure 1. Geometry of the proposed band-pass filter. L = 30.6mm, W = 18.5mm, lm = 24.6mm,
wf1 = 4mm, wf2 = 5.32mm, lf1 = 4.5mm, lf2 = 2mm, wm = 0.5mm, gm = 0.7mm, hm = 8.825mm,
wg = 2.5mm, gi = 0.25mm, li = 4.95mm, ti = 0.25mm, gf = 0.52mm.
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The dimensions are optimized for the required band of operation. The overall size of the proposed filter
is only 30.6mm× 18.5mm (0.058λg × 0.035λg), making it suitable for compact, portable devices.

The evolution of the proposed filter geometry is shown in Fig. 2. The filter is derived from a
coplanar waveguide (CPW) transmission line with an asymmetric ground on one side and conductor
backing on the bottom as shown in Fig. 2(a). The ground plane is then perturbed to incorporate the
meander line inductor, thereby resulting in a compact structure. This is shown in Figs. 2(b) and 2(c).
Interdigital capacitors are then embedded in the transmission line as shown in Fig. 2(d). The meander
line inductor and interdigital capacitors are optimized to get a transmission peak in the required MICS
band. The transmission characteristics of the structure during evolution process are shown in Fig. 3.

(a) (b)

(c)     (d)

Figure 2. Evolution of the proposed filter. (a) CPW transmission line with an asymmetric ground on
one side. (b) CPW transmission line with an asymmetric perturbed ground on one side. (c) Meander line
connected between transmission line and ground. (d) Interdigital fingers embedded in the transmission
line.

Figure 3. Transmission characteristics during the evolution of the proposed filter.
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Figure 4. Lumped circuit model of the proposed filter. The filter geometry is also shown for reference.

3. LUMPED CIRCUIT MODEL OF THE FILTER

The lumped circuit model of the proposed filter is shown in Fig. 4. L1, L2, L4, L5 and C2, C3, C8,
C9 represent the inductance and capacitance of the transmission line section lf1 and lf2 [26, 27]. C1

and C10 represent the parallel plate capacitance formed by the feed lf and the bottom conductor. C4

and C7 represent the capacitance of the interdigital fingers embedded in the transmission line, which
is calculated using (1) where li is the length of the finger in µm, n the number of fingers, and εr the
relative permittivity of the substrate [28].

C4 (pF ) = C7(pF ) = 3.937×10−5li (εr + 1) [0.11 (n− 3) + 0.252] (1)

L3 represents the inductance of the meander line section, computed using (2), where hm is the effective
width of the meander line, wm the width of the meander line, and tm the thickness of the copper [29].
The dimensions are measured in cm.

L3(nH) = 2l

[
ln

(
hm

wm + tm

)
+ 0.22

(
wm + tm

hm

)
+ 1.19

]
(2)

C5 and C6 represent the capacitance contributed by the meander line structure, which is modeled
using (3) and (4), where a = wm/2 which is half the width of the meander line [30, 31], and the
dimensions are measured in mm.

C5(pF ) =

{
12.0674hm

log
(
2hm
a

)
− 0.7245

}
(3)

C6(pF ) = 2 (hm)

[
0.89075[

log
(
2hm
a

)]0.8006 − 0.861
− 0.02541

]
(4)

4. DISPERSION CHARACTERISTICS OF THE FILTER

The circuit models of CRLH and D-CRLH transmission lines are shown in Fig. 5. The dispersion
characteristics of these transmission lines are shown in Fig. 6. It is evident from the dispersion
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(a) (b)

Figure 5. Lumped circuit model. (a) CRLH transmission line. (b) D-CRLH transmission line.

(a) (b)

Figure 6. Dispersion characteristics of the lumped circuit model. (a) CRLH transmission line. (b)
D-CRLH transmission line.

characteristics that a CRLH transmission line has a left handed region followed by the right handed
region. This is evident from the slope of the curve marked in red line. Initially the curve has a negative
slope, and later slope is positive. In the case of a D-CRLH transmission line, a positive sloped right
handed region is followed by an infinitely large negatively sloped left handed region [15, 32–34].

The propagation constant γ and S-parameters are related using (5) and can be used for getting
the dispersion characteristics [35] of the proposed filter.

eγp =

(
1− S2

11 + S2
21

2S21
+K

)
(5)

where K =

√
(1+S2

11−S2
21)

2−(2S11)
2

2S21
.

5. FABRICATION, RESULTS AND DISCUSSION

The proposed filter is fabricated using conventional photolithography techniques. Photographs of the
fabricated filter are shown in Fig. 7.

The return loss and transmission characteristics of the proposed filter from simulation,
measurement, and lumped circuit model are shown in Fig. 8. The results are in good agreement
with each other. The simulated insertion loss is −1.27 dB in the passband centered at 404MHz, and the
stopband attenuation is better than −16 dB. The measured insertion loss is −1.46 dB in the passband,
and the stopband attenuation is better than −16 dB. The filter exhibits a good harmonic suppression
of 3.7 times of the passband frequency.

The lumped circuit model in Fig. 4 is similar to that of the circuit model of an ideal D-CRLH
transmission line shown in Fig. 5. From this similarity, it is expected that the proposed filter behaves like
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(a) (b) 

Figure 7. Photograph of the fabricated filter. (a) Top plane. (b) Bottom plane.

(a) (b)

Figure 8. Return loss and transmission characteristics of the proposed filter from simulation,
experiment and lumped circuit model. (a) Wider frequency sweep. (b) Shorter frequency sweep.

Figure 9. Dispersion characteristics of the proposed filter from simulation, experiment and lumped
circuit model.

a D-CRLH transmission line. This can be confirmed from the dispersion characteristics of the proposed
filter obtained using (5). The dispersion characteristics of the filter from simulation, experiment, and
lumped circuit model are shown in Fig. 9, which again are in good agreement with each other. It is
concluded that the dispersion characteristics exhibits a right handed region followed by a left handed
region similar to that of a D-CRLH transmission line. The slight deviation in the characteristics of
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lumped circuit model can be due to the modelling with ideal inductors and capacitors. Additionally,
parasitic capacitance and inductance that can arise in electromagnetic simulation and experiment are
not accounted in lumped circuit model. Instead, each element in the filter geometry is considered
separately.

6. CONCLUSION

An ultra-compact band-pass filter with narrow passband is proposed. The filter is highly compact
making it suitable for low frequency medical service band. An equivalent circuit model for the filter is
proposed and analysed. It is found that the filter exhibits the property of a D-CRLH transmission line
and is verified using a dispersion diagram. The salient features of the filter include simple geometry,
completely planar design, ultra-compact size, narrow passband with a fractional bandwidth of 4.45%
in the MICS band, good roll-off rate of 297.6 dB/GHz in the lower stopband and 116.4 dB/GHz in the
upper stopband, and a harmonic suppression up to 3.7 times of the passband frequency.
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