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ABSTRACT: We investigate the feasibility of coplanar striplines
(CPSs) in conjunction with infrared (IR) detectors. Because of unique
attenuation and dispersion issues, the analytical formulas for transmis-
sion-line parameters valid below a few hundred GHz are not applicable
at IR. Therefore, we perform numerical modeling to determine these
parameters (at 28.3 THz). A comparison of the modeling and the mea-
sured response is presented. © 2005 Wiley Periodicals, Inc. Microwave
Opt Technol Lett 47: 17–20, 2005; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.21068
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1. INTRODUCTION

A variety of infrared spectroscopic and imaging applications re-
quire fast photodetectors. Since the response time of a photode-
tector is proportional to its volume, it seems reasonable to reduce
the detector volume until the desired time constant is attained.
However, as the sensor gets smaller it loses its ability to collect
radiation, thus adversely affecting its responsivity. One way of
maintaining a reasonable responsivity while obtaining a fast re-
sponse is to integrate the sensor with an antenna. This integrated
detector architecture separates the radiation collection function
from the detection function. The antenna collects the radiation and
supplies an electrical signal at its terminals. This electric signal is
fed into, and processed by, the sensor. The sensor must be imped-
ance-matched to the antenna in order to ensure maximum energy
transfer. The design of infrared antennas requires us to take into
account effects that can be neglected at microwave frequencies.
Resonance features are altered because the propagation of the
current waves of THz-frequency antennas is affected by the large

high-frequency complex surface impedance of the metal. Fumeaux
et al. [1] have studied niobium (Nb) microbolometers coupled to
dipole antennas of several lengths in order to investigate the
resonances of infrared dipole antennas on a SiO2-on-Si substrate.

One of the applications of using transmission lines in conjunc-
tion with IR detectors is in fabrication of phased-array antennas.
Infrared focal-plane arrays that have been fabricated in the past
(Fig. 1) consisted of antenna elements incoherently connected in
series. With this interconnection, the current wave from individual
sensors adds up, but phase information across the array is not
preserved. Hence, this IR antenna would not work as a phased-
array antenna. The advantages of phased-array antennas are that
the reception beam narrows as the array becomes larger and the
reception beam can be steered by controlling the phase difference
between individual antennas.

This has motivated the study of interconnections suitable for
IR-frequency current waves that will add each antenna’s current
along with preservation of phase information. The resulting aggre-
gate current would then be sensed with a single sensor. The
frequency range above a few hundreds of GHz well exceed the
range of validity of the quasi-static approximations that are often
made in modeling the propagation of electrical signals on trans-
mission-line interconnects [2]. Also, the measurements of the
transmission-line propagation properties have been applied to
more fundamental studies such as the extraction of material pa-
rameters for high-temperature superconducting films in subtera-
hertz frequency regions [3].

Figure 2 shows the configuration of a coplanar stripline (CPS)
and the associated parameters: w is the strip width, s is the slot
width, and d is the thickness of the substrate having relative
permittivity �r.

The propagation factor of a transmission line, in general, is
given by

�� f � � �� f � � j�� f �,

where � and � are the attenuation and phase constants, respec-
tively. The former mainly arises from the radiation, conductor, and
dielectric losses, where the dielectric loss dominates when the
substrate is highly conductive. The latter term, which determines
the degree of dispersion a signal experiences, is affected primarily
by the geometry of the transmission line, its dimensions, and the
substrate permittivity.

Experiments have been conducted in the past to study the
attenuation and dispersion characteristics of transmission lines
below 1 THz. Mittleman et al. have studied the propagation of
terahertz pulses (up to 1 THz) on metal wires and have found low
loss and negligible dispersion [4]. Grischkowsky et al. have ex-
perimentally demonstrated that the radiative losses are dominant at
frequencies over �200 GHz for coplanar transmission-line dimen-
sions of the order of few tens of microns [5]. Discrepancies
between the radiative attenuation derived based on quasi-static
approximation and that measured at frequencies ranging from 100
GHz to 1 THz is also found in the literature [2, 6]. In addition, theFigure 1 Series connection of individual IR-antenna-coupled detectors

Figure 2 Cross-sectional view of a coplanar stripline
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attenuation characteristics highly depend on the type of substrate,
for example, strong attenuation was observed for lossy semicon-
ductor substrates [7] while virtually no attenuation and much lower
dispersion was observed for CPS on low-permittivity substrates
(that is, when there is less permittivity mismatch between the
substrate and air) [8].

In order to study the characteristics and behavior of coplanar
striplines at IR, we perform modeling, fabrication, and testing of a
dipole resonating at 28.3 THz, connected to CPS of different
lengths. We have done the numerical modeling of CPS using
Ansoft HFSS, which is based on finite-element analysis. The
numerical results of the port current as a function of CPS length
are compared with the measured IR voltage response. This is the
first LWIR transmission-line response measurement.

2. NUMERICAL CHARACTERIZATION OF CPS

Figure 3(a) shows the HFSS model of a given CPS structure. We
model Au-CPS on 1.19-�m-thick SiO2 layer (quarter-wave thick
in SiO2 at 10.6-�m wavelength) on top of 380-�m-thick Si wafer.
One end of the CPS is connected to load impedance ZL, which
represents the antenna, while the other end is connected to the port.
We estimate the CPS parameters in two steps as follows: (i)
compute the input impedance at the port as a function of CPS
length L, keeping the strip width w and separation s constant, and
(ii) fit the impedance versus CPS length curve thus obtained to the
impedance-transformation equation, given by

Zin � Zo�ZLcosh��.L� � Zosinh��.L�

Zocosh��.L� � ZLsinh��.L��, (1)

where

� � � � j�,

� �
2�

	eff
,

	eff �
	o

neff
,

where Zo is the characteristic impedance of CPS, Zin is the input
impedance at port, 	0 is the freespace wavelength, and 	eff and neff

(neff � 1.7) are the effective wavelength and refractive index,
respectively, in the substrate (200-nm SiO2 on Si). Zo and � are
obtained by fitting the impedance-transformation equation to the

data obtained from HFSS by simultaneously varying these two
unknowns. Each unknown has a particular effect on the Zin versus
CPS length curve; for example, the value of Zo defines the peak of
the curve while � defines the damping. This procedure is repeated
for different CPS widths w, and characteristic impedance and
attenuation for each design is estimated. Figure 4 shows the curve
fitting and extracted parameters for CPS widths of 0.2 �m and 0.6
�m, separation of 0.4 �m, and ZL � 50�. We find that as we
increase the CPS width while keeping the separation constant, the
characteristic impedance decreases and the attenuation constant
increases, as shown in Figure 5.

Next, we replace the load impedance ZL by a dipole resonating
at 28.3 THz (	0 � 10.6 �m) in our model in order to calculate the
current at the port (response) as a function of CPS length L [Fig.
3(b)]. The calculated normalized response is shown in Figure 8
below.

4. FABRICATION OF DIPOLE ANTENNA CONNECTED TO
CPS

We fabricated a dipole antenna resonating at 28.3 THz, connected
to CPSs of different lengths ranging from 0 to 5.75 �m in steps of
0.25 �m [Fig. 3(b) and Fig. 6]. All the devices in this study were
patterned on 3-in., 380-�m-thick low-resistivity silicon substrates,
with 1.19 �m of SiO2 for thermal and electrical isolation. The
dipole arms are 0.6-�m wide and each arm length is 1.5 �m, with
a separation of 400 nm between the arms. The width of the CPSs
is 0.6 �m and the separation between them is 400 nm. A bolo-

Figure 3 (a) CPS model to estimate characteristic impedance and atten-
uation constant; (b) model for calculating current response

Figure 4 Curve-fitting of HFSS data to Eq. (1) for 
 � 0.2 �m and 0.6
�m

Figure 5 Zo and � as a function of 
 for s � 0.4 �m
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metric detector, 1.2 � 0.5 �m, was fabricated at the other end of the
CPSs and 20-nm-wide and approximately 25-�m-long bias lines
connect the CPSs to the bondpads for DC biasing of bolometer.

The substrates were spin-coated with a bilayer of copolymer
(PMMA-MAA) and PMMA. A 350-nm layer of copolymer was
obtained by spin-coating at 2000 rpm for 60 sec and baking on a
hotplate at 180°C for 10 min. A second layer, 200-nm-thick
PMMA, was spun onto the substrate at 3000 rpm for 1 min and
baked afterwards for 10 min on a 180°C hotplate.

The antenna, bolometer, bond-pads, and bias lines were pat-
terned using a Leica EBPG5000 electron-beam lithography sys-
tem. The antennas, bias lines, and bondpads were written at a dose
of 600 �C/cm2 and with a beam current of 15 nA. The bolometers
were written with an e-beam current of 5 nA at a dose of 700
�C/cm2. After exposure, the devices were developed for 1 min in
a 3:1 solution of IPA:MIBK, rinsed with IPA, and blow-dried with
a nitrogen gun.

The antennas were made out of 100 nm of e-beam-evaporated
gold (Au) over a 7-nm adhesion-layer of chromium (Cr) and
lift-off was done using methylene chloride. The bolometers were
made of 120 nm of RF-sputtered nickel (Ni), and the lift-off
process was done using methylene chloride also.

5. EXPERIMENTAL METHOD AND RESULTS

We measured the voltage response of these devices (that is, the
voltage at the bolometer versus CPS length). Other modeled pa-
rameters such as characteristic impedance and attenuation constant
cannot be measured directly in the laboratory. Based on the infor-
mation from the measured response, we can relate the character-

istic impedance and input impedance, as well as the response plots
obtained from modeling, because the voltage response depends on
the impedance transformation at the sensor, which in turn is related
to the characteristic impedance of CPS. Thus, our response mea-
surement can be related to the modeled characteristic impedance
and attenuation constant and their validity can be confirmed.

The device measurement was carried out using the test setup
shown in Figure 7. The CO2 laser beam at 10.6-�m emission was
focused by an F/8 optical train. The polarization was linear and
was rotated by means of a half-wave plate (HWP). The bolometer
under test was biased at 100 mV and placed at the focus of the
laser beam. The position of the device was adjusted for best
response 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� preamplification. For each
device, the response V� to radiation polarized along the dipole arm
was measured at normal incidence.

Figure 8 shows a comparison between the normalized modeled
port current and the measured bolometer voltage response as a
function of CPS length. Both these quantities are comparable,
since the current couples thermally in the bolometer and the
changes in the resistance of the sensor material produces measur-
able changes in an external bias voltage. The modeled and mea-
sured quantities are in good agreement.

6. CONCLUSION

The CPS interconnection for an antenna at IR frequencies has been
studied. The characteristic impedance and attenuation constant
were computed for different CPS designs using HFSS. We found
an increase in attenuation and a decrease in characteristic imped-
ance as we increase the CPS width. The sensor response (current
at the port) was computed as a function of CPS length in order to
relate it to the transmission-line parameters. The modeled device
response was compared to the measured response with good agree-
ment. Figure 8 depicts the transmission-line behavior of CPS at
LWIR frequencies in the vicinity of 30 THz.
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ABSTRACT: In this paper, a novel genetic algorithm (GA)-based AMC
structure, which is made up of a high-impedance frequency-selective
surface, is introduced. The aperture-coupled microstrip antenna using
this structure has 10-dB less back radiation and 3–4-dB more gain than
a conventional one. This structure has important reference value for
antenna manufacturing. A practical antenna is fabricated, and the mea-
sured results basically agree well with the simulated ones. © 2005
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1. INTRODUCTION

It is well known that a hypothetical perfectly magnetic conductor
may be very useful in a large variety of microwave applications;
for instance, a magnetic ground plane can improve the perfor-
mance of dipole antennas by creating their equiverse image cur-
rents. In recent years, photonic bandgap structures have been
widely investigated for their behavior as artificial magnetic con-
ductors (AMCs) at the corresponding stopband frequency [1]. The
specific AMC designs reported in [2] utilized a high-impedance
frequency-selective surface (HZ-FSS) geometry consisting of a
single substrate layer between the FSS screen and the PEC ground
plane. This configuration is desirable for its low manufacturing
cost and easy integration in microwave devices.

Genetic algorithms (GAs) are a special class of global optimi-
zation schemes that consistently exhibit robust performance and
therefore enjoy a wide range of applications in the design of
electromagnetic systems. In this paper, we apply a specific GA
formulation to the problem of designing AMCs in conjunction
with an electromagnetic solver based on the method of moments

(MoM). An example shows that the use of such a surface, in lieu
of the conventional PEC ground plane, leads to an improvement in
the directivities of an aperture-coupled microstrip antenna.

2. FORMULATION

Firstly, we consider the formulation of scattering from an FSS in
the spectral domain. An MoM-based computer code has been
employed to perform the electromagnetic simulations of the FSS.
The numerical analysis follows the well-established procedure of
solving the electric-field integral equation (EFIE) for the current
distribution on perfectly conducting patches, derived by enforcing
Floquet’s periodicity condition in an elementary cell [3]. Consider
a screen lying in the x–y plane, with cell periodicities dx and dy

along the x and y directions, respectively. Then we can cast the
EFIE in the following form:

��Ex
inc�x, y�

�Ey
inc�x, y�� �

1

j
�0
�

m,n���

m,n�	� �k0
2 � �m

2 ��m�n

��m�n k0
2 � �n

2� � G�̃ ��m, �n�

� �J̃x��m, �n�
J̃y��m,�n�

�ej��mx	�ny�. (1)

Eq. 1 must be solved for the unknown current distributions Jxand
Jy, which are expressed in terms of a set of subdomain basis
functions known as ‘rooftops’ that are particularly suited for
handling arbitrarily shaped patches [3]. Next, a matrix equation is
derived by applying the Galerkin procedure and is solved for the
current distribution. The FSS response is then computed from the
knowledge of this distribution.

The AMC in this paper consists of a single substrate layer
between the FSS screen and the PEC ground plane. To conve-
niently analyze it using a GA, we resort to using the scattering-
matrix technique [4]. The generalized scattering matrices of the
individual FSS screens can be derived using the MoM. These
matrices can be subsequently used to generate a composite scat-
tering matrix for the entire system using the following relation-
ships:

S11
C � S11

�1� � S12
�1�RS11

�2�S21
�1�,

S12
C � S12

�1�RS12
�2�,

S21
C � S21

�2�TS21
�1�,

S22
C � S22

�2� � S21
�2�TS22

�1�S12
�2�, (2)

where R � [I � S11
(2)S22

(1)]�1, T � [I � S22
(1)S11

(2)]�1, and the
superscripts are associated with the two subcomposites. For PEC,
[S11

(2)] � [S22
(2)] � �I, [S12

(2)] � [S21
(2)] � [0]. GA [5] is employed

to synthesize an optimal, PEC-backed, FSS element whose reflec-
tion coefficient is close to unity in magnitude and 0° in phase. The
FSS cells, which will be printed on the substrate with �r � 10.2
and h � 4 mm, have the fixed dimensions: dx � dy � 4.8 mm.

The only optimization parameter is a discretised mask of the
printed element in the basic periodic cell, which is subdivided into
elementary pixels coded as 1s or 0s, depending on whether or not
they are covered by a printed metal. The fitness function has been
chosen in the following form:

F � � � Ffreq � �1 � �� � Finc, (3)

where 0 
 � 
 1,
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