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ABSTRACT: We report the complete characterization of microstrip
lines at an infrared frequency of 28.3 THz (10.6-�m wavelength)
through modeling, fabrication, and measurement. The transmission-line
parameters of interest can not be directly measured at infrared frequen-
cies—the only measurable quantity is the voltage response of the anten-
na-coupled bolometric sensor. We validate the computational approach
for transmission-line parameters by verifying the computed and mea-
sured response of the antenna connected to microstrip lines of different
lengths. This also allows us to extend these calculations to explore vari-
ous configurations and identify design trends. © 2008 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 50: 1232–1237, 2008; Published on-
line in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/
mop.23344
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1. INTRODUCTION

Metallic wire transmission lines have been extensively studied at
radio frequencies (RF) [1–3] and millimeter wave frequencies
[4–6]. At optical frequencies, dielectric waveguides are common-
place [7, 8] but metallic transmission lines have not been reported.
In the course of development of phased-array antennas in the
infrared (IR) band, we have selected metallic transmission lines as
a baseline design due to the convenience of planar fabrication and
potential for direct integration of the corporate feed structure with
the antennas. In order to make proper use of these transmission
lines in the design process, their characteristics must be computed
and validated. To perform this investigation, we connect a single
dipole antenna to a bolometer sensor [9, 10] through the transmis-
sion line. The bolometer is a temperature-dependent resistor, and
its response is proportional to the power absorbed in it. At IR
frequencies, this response represents the only experimentally mea-
surable quantity. The desired transmission-line parameters must be
developed in terms of this response, to allow for validation.

The design of transmission lines at IR frequencies requires
taking into account material effects that can be neglected at RF. In
the IR, the materials tend to be lousier and the propagation of
THz-frequency current waves is affected by the large complex
permittivity of the metal [11]. The propagation mode is hybrid, the
signal distortion is high, and the attenuation is expected to be
significantly influenced by radiative losses at these frequencies
[12–14]. Thus, transmission lines at IR have unique attenuation
and dispersion issues. Thus, the usual analytic formulas for com-
puting transmission-line parameters that use quasi-static assump-
tions (valid below few hundred GHz), are not applicable in the IR.
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Figure 10 Photograph of the manufactured antenna
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For this reason, numerical modeling is necessary for character-
ization of transmission lines at IR frequencies. Using Ansoft
HFSS, a full-wave finite-element method (FEM) electromagnetic
solver, we compute the impedance at a defined port, based on the
reflected and transmitted fields at the port. The transmission-line
parameters of interest are obtained by curve-fitting this computed
impedance to the impedance transformation equation as explained
in section 2. We use measured IR-material parameters for the
metals and dielectrics, obtained from IR variable-angle spectro-
scopic ellipsometry.

We characterize the transmission-lines using the following
procedure [15]: (1) extract the transmission-line parameters: Z0, �,
and neff through numerical modeling; (2) compute the response of
the antenna connected to the sensor through the transmission line
as a function of line length; (3) fabricate the same antenna con-
nected to transmission line of several lengths and measure the
sensor response as a function of transmission-line length; and 4)
compare the measured and modeled response. The response de-
pends on the transformation of antenna impedance along the
transmission-line length according to the transmission-line param-
eters of the specific line. Hence, verifying the computed response
by comparison with the measured one validates the extracted
transmission-line parameters. Although this procedure is similar to
the one used for coplanar striplines in Ref. 15, in this work the
responses are more accurately measured using F/1 optics.

2. NUMERICAL MODELING

Various methods of transmission line analysis may be broadly
divided into three groups: (1) quasi-static methods, (2) dispersion
models, and (3) full-wave analysis. Our approach is to use the
full-wave FEM electromagnetic solver Ansoft HFSS to analyze the
transmission lines. The complex material parameters used in HFSS
are those actually measured at the IR frequency of interest using
ellipsometry. Lumped port is used for excitation. Radiation bound-
ary conditions are used for the outermost boundary of the model,
essentially expanding the boundary infinitely far away from the
structure by absorbing the outgoing wave. The load impedance

used in the models for characterizing transmission lines was as-
signed from a lumped RLC boundary condition. The parametric
sweep option in HFSS was the most convenient method for char-
acterizing different transmission-line designs.

2.1. Parameter Extraction
Our procedure for extracting transmission-line parameters is based
on parametric analysis of the transmission line as a function of its
length. From full-wave field solutions, we compute the impedance
at a defined port which is based on the reflected and transmitted
fields at the port. This approach does not involve the use of
analytical equations for computing transmission-line parameters,
and hence, is a valid approach at IR. Our calculations are per-
formed at 28.3 THz (10.6 �m), and yield the transmission-line
parameters of characteristic impedance (Zo), attenuation constant
(�) and effective index of refraction (neff). Our model for extract-
ing transmission-line parameters [(Fig. 1 (a)] consists of the trans-
mission line connected to load impedance ZL, (which represents
the antenna), at one end, while the other end is connected to the
port excitation (which represents the bolometer in the fabricated
device). We extract the parameters in two steps as follows: (1)
compute the input impedance at the port as a function of trans-
mission-line length L and (2) fit the impedance versus transmis-
sion-line length curve thus obtained to the impedance transforma-
tion of Eq. (1):

Zin � Zo�ZL cosh��L� � Zo sinh��L�

Zo cosh��L� � ZL sinh��L�� (1)

� � � � j� (2)

� �
2�

�eff
(3)

�eff �
�o

neff
(4)

Figure 1 HFSS models for parameter extraction and response calcula-
tion

Figure 2 Curve-fitting of HFSS data to Eq. (1) for MS design consisting
of w � 0.4 �m and h � 0.2 �m
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where, Zo is the characteristic impedance of the transmission line,
Zin is the input impedance at port end, � is the phase constant, �0

is free space wavelength, �eff and neff are the effective wavelength
and refractive index, respectively, in the substrate. The parameters
Zo, neff, and � are found by fitting the impedance-transformation
equation to the data obtained from HFSS by simultaneously vary-
ing these three unknowns. Each unknown has a particular effect on
the Zin versus transmission-line-length curve; e.g., the value of Zo

defines the peak of the curve, neff defines the spacing between
peaks, while � defines the damping. We validated this computa-
tional approach for MS structures at 10 GHz using previously
published transmission-line data from Refs. 16 and 17.

In our models, the MS substrate is a 200-nm-thick benzocy-
clobutene (BCB, also called cyclotene) layer backed by 200-nm-
thick Au ground plane and a Si wafer as the underlying support.
Figure 2 shows the impedance curve-fitting for MS design con-
sisting of h � 0.2 and w � 0.4 and ZL � 100 �. The extracted
transmission-line parameters obtained from curve-fit are: Zo � 64
�, � � 0.085 Np/�m and neff � 1.71.

2.2. Response Calculation
In the models for parameter extraction, we connected one end of
the transmission line to the lumped load (ZL), and the other to the
port. For the response calculation, we replaced the lumped load by
a dipole resonant at 28.3 THz (�0 � 10.6 �m), as shown in Figure
1(b), and calculated the square of current at the port (response) as
a function of MS length. This quantity is proportional to the I2R
power dissipated in the bolometer (where I is the current and R is
the resistance of bolometer), and hence is directly comparable with
the voltage response of the bolometer in the fabricated device. The
computed normalized current-squared response is shown in
Figure 6.

3. DEVICE FABRICATION

We fabricated dipole antennas connected to MS lines of lengths
ranging from 0 to 11 �m in steps of 1 �m, on 200-nm-thick BCB
backed by a finite ground plane (100 �m � 100 �m size). They
were patterned using a Leica EBPG 5000� electron-beam lithog-
raphy system. These devices were fabricated on high resistivity Si
wafers (resistivity: 4000–5000 � cm). As shown in Figure 3, the
dipole antenna had two arms, each 1.4 �m in length and 0.6 �m
in width, separated by a gap of 0.4 �m, hence making the total
antenna length to be 3.2 �m. The dipole antenna was located
above and in the center of the finite ground plane. The MS was
located on the side of one of the dipole arms, towards the center of
the dipole. The first layer in fabrication was the finite ground
plane, a bondpad connecting the ground plane (bondpad 2 of Fig.

3) and alignment marks (not shown in the figure). These were all
made of 200-nm-thick Au. The next step was to spin on the
cyclotene [18] on this substrate. After coating the wafer with
adhesion promoter (AP3000), BCB was spun at 3000 rpm and hard
baked for 5 min on a hotplate at 250°C in nitrogen environment.
We obtained the 200-nm-thick film of BCB by diluting 6022–38
series BCB in mesitylene solution with BCB to mesitylene ratio of
10:20.

The wafers were then coated with bi-layer e-beam sensitive
resists: PMGI SF7 [19] and ZEP520A-7 [20], to pattern windows
using e-beam lithography, for etching BCB to form bolometer and
to etch open the bondpad 2 connected to ground plane. The
bolometer was exposed using 15-nA beam current and the bond-
pad was exposed using 25-nA beam current with 120 �C/cm2 dose
for both. The two step development process consisted of first
developing the exposed ZEP for 90 s in xylene (ZEP RD) and
rinsing with IPA and then developing the PMGI for 20 s in tetra
methyl ammonium hydroxide (TMAH) and rinsing with DI water.
The samples were then put in the Plasma Therm reactive ion
etching system to etch open the windows in the BCB [21]. The
following process parameters were used: 50 mT chamber pressure,
10 sccm O2, 5 sccm CF4, 100 W RF power, and 280 V dc bias,
giving an etch rate of 150 nm/min. The resist was removed using
methylene chloride and EBR PG.

Next, the bolometer was patterned once again, for metalliza-
tion, using the e-beam and development parameters mentioned

Figure 3 Top view of the MS device fabricated

Figure 4 Fabricated dipole antenna connected to MS
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above. It was metallized using e-beam evaporated 10–200-nm-
thick Ti-Au. In the next step, the dipole antennas, microstrip lines,
lead lines and the bondpads (bondpad 1) were fabricated on top of
BCB. The antennas, MS and lead lines were patterned with 15-nA
beam current and 120 �C/cm2 dose and the bondpad was patterned
with 25-nA beam current and 120 �C/cm2 dose. They were de-
veloped in xylene and TMAH for 90 and 20 s, respectively and
then metallized with e-beam evaporated Ti-Au (10–150 nm). A
fabricated device is shown in Figure 4.

4. EXPERIMENTAL RESULTS

We measured the voltage response of the bolometer as a function
of transmission line length. Other modeled parameters such as
characteristic impedance, attenuation constant, and effective index
cannot be measured directly. The only directly measurable quan-
tity is the voltage response of the bolometer. So we compute,
measure, and compare the response of the bolometer connected to
the dipole antenna by these transmission lines as a function of
transmission-line length. The measured response is proportional to
the power dissipated in the bolometer and we compare this quan-
tity with the current squared at the bolometer (port) computed from
our model. This current depends on the impedance at bolometer
(port) location which in turn is the impedance of the dipole antenna
transformed along the line length based on transmission-line pa-
rameters and hence directly related to the computed Zo, neff, and �
of that particular design. Thus, our response measurement can be

related to the modeled transmission-line parameters and their
validity can be confirmed.

The characterization of the devices was carried out using test
setup shown in Figure 5. The measurements were performed with
the CO2-laser beam at 10.6 �m focused by an F/1 optical train
producing the laser spot diameter of about 30 �m. The polarization
was linear and was rotated by means of a half-wave plate to test the
polarization sensitivity and to confirm the orientation of the dipole.
The bolometer under test was biased at 100 mV and placed at the
focus of the laser beam using motorized stages with submicron
accuracy. The laser beam was modulated with a chopper at a
frequency of 2.5 kHz and the modulated signal produced by the
bolometer was read with a lock-in amplifier after a 1000� pream-
plification. When compared with the response measurements of
Ref. 15, which used F/8 optics, this method was more accurate,
where, for each device we obtained an antenna response map with
a scan step size of 1 �m. As a result a 2D map of the response of
antenna was obtained which represents the convolution between
the detector’s spatial response and the laser beam shape [22]. The
2D maps were recorded for each device to accurately obtain the
response due to antenna and to distinguish between the bondpad
response and antenna response.

Figure 6 show the measured normalized antenna response
overlaid to normalized modeled response for MS and they are in
good agreement indicating the validation of our modeled transmis-
sion-line parameters.

Figure 5 Test setup for response measurement

Figure 6 Comparison of measured and computed response for MS

TABLE 1
Optical Constants Measured from IR-VASE, at a Wavelength
of 10.6 �m

Material Thickness, h (nm) N k

Au 150 12.6 65.28
PECVD SiO2 150 2.3496 0.12307

200 2.0535 0.41285
300 2.2824 0.293

BCB 200 1.547 0.0054
260 1.542 0.0066
330 1.528 0.022

ZrO2 60 1.5795 0.02531
80 1.530 0.0334

470 1.4245 0.1058
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5. PARAMETER EXTRACTION FOR DIFFERENT MS
DESIGNS

After validating the characterization approach for MS, we ran a
number of models with different MS substrates and studied the
trends in the IR-transmission-line design variables. The MS struc-
ture was studied on (1) PECVD SiO2, (2) ZrO2, and (3) BCB. The
models use actual material parameters measured at a wavelength
of 10.6 �m using IR ellipsometry. The metal used is Au. The
measured real and imaginary parts of refractive index, n and k, of
each material are shown in Table 1. Knowing n and k, the permit-
tivity and the conductivity are calculated, which are then used to
assign a material in HFSS.

The MS structure has essentially two design variables: the
metal strip width w and substrate thickness h. The metal strip width
w for each substrate was varied between 0.2 and 1 �m in steps of
0.2 �m. Figures 7–9 show extracted parameters for MS lines as a
function of h and w. We find that as w increases, the characteristic
impedance decreases for all values of h, giving lowest values for
the smallest h. The effective index of refraction is higher for

thicker substrates and increases as a function of w. The attenuation
constant is higher for thicker substrates and also increases with w.

In addition, we computed and compared the attenuation for MS
and CPS configurations. Our simulation results show that for a
given substrate material, the MS configuration has lower attenua-
tion when compared with the CPS configuration. Figure 10 shows
the attenuation plot for the MS and the CPS configurations on
200-nm BCB substrate as a function of strip width w.

6. CONCLUSION

A modeling procedure, fabrication process, and measurement re-
sults for MS transmission lines at LWIR were reported. Microstrip
lines were characterized at a wavelength of 10.6 �m in the IR. We
used a finite-element approach to compute characteristic imped-
ance, attenuation constant, and effective index of refraction for
these lines. The response of an antenna-coupled bolometer mea-
sured as a function of transmission-line length was found to agree
closely with the response computed with transmission-line param-
eters extracted from the models, when measured values of IR-
material properties were used. Design trends in terms of geometry

Figure 7 Z0 for MS on PECVD SiO2, ZrO2 and BCB as a function of w
and h

Figure 8 � for MS on PECVD SiO2, ZrO2 and BCB as a function of w
and h

Figure 9 neff for MS on PECVD SiO2, ZrO2, and BCB as a function of
w and h

Figure 10 Attenuation for MS and CPS on 200-nm-thick BCB as a
function of w
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and materials were presented. The MS configuration was found to
have lower attenuation than its CPS counterpart.
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ABSTRACT: In this article, a novel compact dual-band bandpass filter
(BPF) using asymmetric stepped impedance resonators (SIRs) has been
presented for the first time. The feature of the proposed asymmetric SIR
is only one step discontinuity, which is different from the conventional
SIR with two step discontinuities. The frequency response of the dual-
band at 2.4/5.2 GHz can be achieved by determining the impedance ra-
tio (K) and physical length ratio (�) of the asymmetric SIR. The cou-
pling coefficient between the coupled asymmetric SIRs is calculated by
using full-wave simulator IE3D. A dual band BPF is designed, fabri-
cated, and measured. The measured results are in good agreement with
the full-wave simulation results. Additionally, the BPF has a smaller
circuit size in comparison of previous works. © 2008 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 50: 1237–1240, 2008; Published on-
line in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/
mop.23339

Key words: dual band; bandpass filter; asymmetric stepped impedance
resonator; coupling coefficient

1. INTRODUCTION

In recent year, there is a growing interesting for the wireless
communication applications operating in multiband, especially in
the new developed wireless local area network (WLAN) standards
such as IEEE 802.11b/g (2.4 GHz) and IEEE 802.11a (5.2–5.8
GHz) specifications. In such mobile dual-band communication
systems, planar microstrip dual-band bandpass filter (BPF) is al-
ways a key component of a RF receiver. Conventional stepped
impedance resonator (SIR) consists of two step discontinuities, a
central section of high (low) impedance and two sections of low
(high) impedance in the end of the central section [1-11]. By
shifting the higher order frequency of the SIRs to the desired
second passband, dual-band BPFs have been implemented [2-8].
However, the dimensions of previous works are still large because
the SIRs are arranged by the direct-coupling or cross-coupling
structure, and the second passband of the above dual-band filters
are still have higher insertion loss with about 3 dB or more than 3
dB because of the use of two step discontinuities [5-8].

In this article, a novel compact dual-band BPF using asymmet-
ric SIRs with one step discontinuity for WLANs is proposed. By
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