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Slot-Array Antennas Fed by Coplanar Waveguide
for Millimeter-Wave Radiation

Hiroaki Kobayashi and Yoshizumi Yasuoka

Abstract—Slot-array antennas with parasitic slots, slot-array
antennas fed by coplanar waveguide (CPW), and two-dimensional
slot-array antennas fed by CPW were fabricated on fused quartz
substrates, and the receiving properties of the antennas were
investigated at 94 GHz with the goal of increasing the power gain
of the slot antennas. It was found that the power gain of the slot
antenna could be increased by 11 dB over a single-slot antenna by
using a two-dimensional (8� 3) slot-array antenna fed by CPW.
It was confirmed that the improvement of the power gain was
caused by decreasing surface-wave power in the substrate and
by sharpening antenna patterns perpendicular to the substrate.

Index Terms—Array antenna, coplanar waveguide, millimeter
wave, slot antenna, submillimeter wave, thin-film antenna.

I. INTRODUCTION

T HE demand for millimeter- and submillimeter-wave sys-
tems consisting of planar antennas has recently increased

in communication systems, remote sensing, radio astronomy,
and plasma diagnostics. Some planar array antennas fed by a
waveguide structure for millimeter-wave radiation have been
reported [1]–[3]. However, the waveguide structure is too
complex to fabricate in the submillimeter-wave region. On
the other hand, a thin-film antenna placed on the dielectric
substrate is relatively easy to fabricate through recently de-
veloped microfabrication techniques. These techniques have
encouraged the fabrication of thin-film antennas, transmission
lines, and detectors on the coplanar substrate. Also, new
research has been done on thin-film devices for millimeter-
and submillimeter-wave radiation [4]–[6].

As thin-film antennas for millimeter- and submillimeter-
wave systems, the dipole [7], slot [8], [9], microstrip [10],
spiral [11], and log periodic [12] antennas have been studied.
In these antennas, the slot antenna had a simple structure and
directivity perpendicular to the substrate. These characteristics
make the slot antenna suitable for array antennas in the
millimeter- and submillimeter-wave regions. The authors
previously studied the single-slot antennas for millimeter-
and submillimeter-wave radiation [13], [14], and confirmed
that the single-slot antenna on the thick dielectric substrate
lost 72% of the radiated power due to the surface-wave
modes trapped in the substrate when fused quartz (dielectric
constant ) was used as the substrate [15]. The
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power lost to the surface-wave modes was decreased to
36% by using the four slot-array antenna with two parasitic
slots, and the power gain was improved by 5 dB over the
single-slot antenna at 94 and 700 GHz [16], [17]. However,
it is considered that the coupling efficiency between two
parasitic slots could still be improved, and that it would be
effective to couple the slots with coplanar waveguide (CPW)
in order to achieve the improvement of the power gain.

In this paper, slot-array antennas with parasitic slots, slot-
array antennas fed by CPW, and two-dimensional slot-array
antennas fed by CPW were fabricated on a fused quartz
substrate, and the antenna pattern and power gain of the three
types of antennas were compared and discussed at 94 GHz.

II. CONFIGURATION OF THE SLOT-ARRAY ANTENNAS

Fig. 1 shows the configuration of the proposed slot-array
antennas. Fig. 1(a) is the configuration of the slot-array an-
tenna with parasitic slots [18]. The antenna consists of the two
resonant slots fed by CPW and parasitic slots. The dimensions
of the slot antenna have been determined on the basis of
the experimental results obtained at the microwave frequency.
The length and width of the slots are 0.72 and 0.08,
respectively [13], where is the mean wavelength [19].
The separation of two slots is , as shown
in the Fig. 1(a), where is the dielectric wavelength. The
separation were theoretically determined as the one where
the surface-wave power (TM wave) in the substrate becomes
the smallest [18]. This has been confirmed by experiments
[16]. The antennas were fabricated on a fused quartz substrate

with thicknesses in odd multiples of a quarter
dielectric wavelength with a photolithographic
method [16]. According to the previous paper, the power gain
of the antenna fabricated on the dielectric substrate changes
periodically with the thickness of the substrate. The gain of the
antenna on the substrate with the thickness in odd multiples
of a quarter dielectric wavelength is higher by 6 dB than
the one with the thickness in even multiples [15]. A bismuth
microbolometer is used as the detector [20], and is placed at
the center of the CPW.

Fig. 1(b) shows the configuration of the slot-array antenna
fed by CPW. The length of CPW between each pair of slots
was made to be 1 in order that all the slots would be
excited with an equal phase. The shape of winding CPW is
called the “meander line” in this paper. The other dimensions
and separations of the slots were identical with the antenna
shown in Fig. 1(a). The width of the conductorand the
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Fig. 1. Configuration of the proposed slot-array antennas. (a) Slot-array antenna with parasitic slots. (b) Slot-array antenna fed by CPW. (c) Two-dimensional
slot-array antenna fed by CPW.

spacing of the conductor of the CPW are 0.048 and 0.012
, respectively. The total width of CPW is determined

thinner than one-tenth of the antenna length in order to
maintain the resonant frequency [13].

Fig. 1(c) shows a two-dimensional slot-array antenna fed by
CPW. The -plane array is the same as shown in Fig. 1(b).
The separation between each pair of lines in the-plane was
determined to be 1.5 in order to decrease surface-wave
power (TE wave) in the substrate [18]. The length of CPW
between each pair of lines was 1.5 in order that all the
slots could be excited with an equal phase.

III. T HEORY

The analysis of an infinitesimal slot antenna carried out
by Rutledgeet al. [21] was extended to a one-wavelength
resonant slot antenna, so that the effects of substrate thickness
on the power gain of the single-slot antenna could be studied
theoretically and experimentally [15]. Also, the analysis of
the single-slot antenna was extended to more than two slot-
array antennas, and the receiving properties of slot-array
antennas with parasitic slots on the dielectric substrates were
studied theoretically and experimentally [18]. In this paper,
the analysis of the two-dimensional slot-array antennas fed
by CPW is introduced by supplementing the analysis of the
slot-array antennas with the transmission properties of CPW.

The theoretical -plane pattern and the -plane
pattern of the ( -plane -plane) slot-array

antenna on the dielectric substrate side can be calculated using
a transmission-line model given by the following equations
[18]:

(1)

(2)

(3)

is the directive gain of slot-array antenna in the
free space. is the ratio of radiating power of
slot-array antenna on the air side to the total power radiated
by the single-slot antenna in the free space. and

are the normalized -plane pattern and the -plane
pattern of slot-array antenna on the air side, respectively.

is the refractive angle and is the electrical thickness of
the substrate.

When each slot placed at the separation of,
in the -plane excites in equal phase, the-plane pattern
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is given as follows [22]:

(4)

where are power coefficient radiated from each
slot, and is a normalized coefficient. Also, when each slot
placed at the separation of , in the -plane
excites in equal phase, the-plane pattern is given
as follows [22]:

(5)

where is the power coefficient radiated from each slot #,
and is a normalized coefficient.

Hence, if the power coefficients and radiated from
each slot are derived, the antenna patterns in (4) and (5)
could be calculated. In Fig. 1(c), the transmitted power
is expressed by using the input power ,
the transmission efficiency of CPW per , and the rate of
the radiated power from the slot antenna. The power radiated
from each slot-array antennais given by the equation

(6)

The power coefficients and in (4) and (5) can be derived
from (6) in the - and -planes, respectively.

The directive gain of slot-array antenna in the free-
space can be calculated by using (4) and (5), and is
given as follows [23]:

(7)

where indicates the power gain of the single-slot antenna
in free space and dBi in the case of the dimension
shown in Fig. 1(a) [23].

In Fig. 1(c), shows the power radiated directly to the
air from slots, is the power radiated to the air through
the dielectric substrate, and is the power coupled to
the surface-wave mode in the substrate. Since the total power
radiated from the slots is constant and independent of, ,
and , and is equal to the total power radiated from the
single-slot antenna in the free space, then the following

is true:

(8)

is given by substituting (4) and (5) into [18, eq.
(A.5)]. On the other hand, is given by extending [18,
eq. (A.6)] to the two-dimensional array antenna. is
given by substituting and into (8). If the
rate is derived, the power gain could
be calculated from (1) and (2).

In this paper, the improvement of the power gain in (1)
and (2) is caused by decreasing surface-wave power
and by increasing the directive gain in (7). The antenna
patterns and power gains are obtained from the equations
described above.

IV. TRANSMISSION PROPERTIES

OF THE COPLANAR WAVEGUIDE

The transmission efficiency of CPW per , and the rate
of the radiated power from the slot antennaare predicted on
the basis of the experimental results obtained at the frequency
of 2.2 GHz. The CPW is fabricated on a glass–fiber–reinforced
plastic (FRP) substrate of 335 mm 335 mm
40 mm. The FRP substrate is used since the relative dielectric
constant is close to that of the fused quartz substrate which
will be used at the frequency of 94 GHz. The width of the
conductor and the spacing of the conductorof the CPW are
4 and 1 mm, respectively [see Fig. 1(b)]. In the experiments,
the was obtained by measuring the insertion loss using
the network analyzer at 2.2 GHz.

Fig. 2 shows relationship between the measured at
2.2 GHz and the number of meander lines. The symbol “”
shows the experimental results. The meander line is fabricated
on the basis of the given values in Fig. 1(b). The measured
of the straight CPW shows [ in Fig. 2]. It is
estimated from this value and [21] that the dielectric radiation
loss is dB , and metal and dielectric absorption losses
are dB . On the other hand, when , the measured

shows about . This value is slightly lower than
that of straight CPW, and independent of the number of the
meander line. It is believed that the small losses are caused
at corners of the meander line. It was confirmed from the
experiment that the transmission efficiency of the meander
line became almost the same as that of the straight CPW
when the right-angle corner was bent. These results indicate
that the meander lines have very small losses and are useful
for the slot-array antennas.

Fig. 3 shows the relationship between the normalized ra-
diation power from the th slot and the number of
slots. The experiment was carried out at 2.2 GHz. The power
radiated from each slot through the CPW was predicted by
measuring the difference between without slot and
with slot, as shown by the insertion figure in Fig. 3. The
experimental data are shown by the symbol “.” Each line
shows the theoretical values calculated by substituting ,

, into (6) at , respectively. The measured
data agree well with the theoretical value at . These
experimental data indicate that each slot radiates 50% of the
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Fig. 2. Relationship between the transmission efficiency� measured at
2.2 GHz and the number of meander lines.

Fig. 3. Relationship between the normalized radiation powera�Pin from
the nth slot and the number of slots at 2.2 GHz.

input power and the CPW transmits 50% of the remaining
power to the next slot.

It was concluded that the transmission efficiency of the
meander line and the rate of radiation power from the slot
antenna obtained from the microwave model experiments
are and , respectively. Therefore,
these values were utilized for the experiments in the 94-GHz
millimeter-wave region.

V. RECEIVING PROPERTIES OF THE

ARRAY ANTENNAS AT 94 GHz

Figs. 4–6 show the antenna patterns when the 94-GHz
millimeter-wave signal was irradiated to the antenna through
the substrates. Fig. 4 shows the antenna patterns of the single,
two-, four-, six-, and eight-slot-array antennas with parasitic
slots referred to [18]. In regard to the-plane on the left side
of the figure, the directivity became sharper as the number of
slots was increased up to six. However, the antenna pattern
did not become sharper with the increase of slots from six to

Fig. 4. Antenna patterns of the slot-array antenna with parasitic slots [see
Fig. 1(a)] measured from the dielectric side at 94 GHz.

Fig. 5. Antenna patterns of the slot-array antenna fed by CPW [see Fig. 1(b)]
measured from the dielectric side at 94 GHz.

Fig. 6. Antenna patterns of the two-dimensional slot-array antenna fed by
CPW [see Fig. 1(c)] measured from the dielectric side at 94 GHz.

eight. On the other hand, the antenna pattern did not change
at all in the -plane on the right side of the figure with an
increased number of slots.

Fig. 5 shows the antenna patterns of the single-, two-, four-,
six-, and eight-slot-array antennas fed by CPW. In regard to the

-plane, the directivity became sharper as the number of slots
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Fig. 7. Normalized power gain of the 4� 3 slot-array antenna fed by CPW
as a function of the frequency.

was increased up to eight, which agrees with the theoretical
pattern when the and the are assumed to be and
0.5, as shown in Figs. 2 and 3, respectively. On the other hand,
the antenna pattern did not change at all in the-plane on the
right side of the figure with an increased number of slots.

Fig. 6 shows the antenna patterns of the two-dimensional 4
3 and 8 3 ( -plane -plane) slot-array antennas fed

by CPW as well as the theoretical antenna patterns calculated
using and . The figure also shows the
theoretical patterns of the single-slot antenna. In the case of
the two-dimensional 4 3 and 8 3 slot-array antennas,
the directivities became sharper than that of the single-slot
antenna. These finding are different from what is shown in
Figs. 4 and 5. While the -plane pattern of 8 3 array became
sharper than the one of 4 3 array, the -plane pattern of 8

3 array became duller than the one of 43 array. These
results indicate that the directivity of the two-dimensional
array antenna strongly depends on the power radiated from
each slot, which are determined by theand the .

Fig. 7 shows the normalized power gain of the 43 slot-
array antenna fed by CPW as a function of the frequency. In
the figure, the symbol “ ” is the power gain of the antenna
when the millimeter-wave signal was irradiated on the antenna
directly from the air side, and the symbol “” represents
the power gain when the signal was irradiated to the antenna
through the substrates. Here, both gain are normalized to 0 dB
at 94 GHz, although the measured values of gain shown by the
symbol “ ” are higher by 6 dB than the ones shown by the
symbol “ ” at 94 GHz, as shown in Fig. 8. For the irradiated
signal from the air side, the antenna has a center frequency at
94 GHz as theoretically predicted and has a 3-dB bandwidth
of about 25%. This value is comparable to the theoretical
bandwidth of the single-slot antenna [19]. For the signal
irradiated through the substrate, the gain strongly depends
on the substrate thickness [15]. Besides, the thickness of the
substrate used in the experiment is 2.25(odd multiples of
the ) at 94 GHz, and is 2.0 (even multiples of the )
at 84 GHz and 2.5 (even multiples of the ) at 104 GHz,
respectively. In Fig. 7, the product of the substrate-thickness

Fig. 8. Relationship between the power gain measured from the dielectric
side at 94 GHz and the number of slots.

dependence (converted into frequency) of the power gain and
the frequency dependence of the power gain obtained by the
antenna (shown by the dotted curve in the figure) is shown by
the solid curve for comparison.

Fig. 8 shows the relationship between the power gain and
the number of slots in the three kinds of antennas, as shown
in Fig. 1, when the 94-GHz signal was irradiated through the
substrate. The symbols “ ,” “ ,” and “ ” represent the
measured power gain of the antennas, while each curved line
represents the theoretical power gain obtained from (1) and (2).
In the calculation of the power gain, theand the are as-
sumed to be and 0.5, respectively, from Figs. 2 and 3.

The power gain of the slot-array antennas with parasitic slots
increased with the increase of the number of slots up to six
slots [18]. However, since the surface wave (TM wave) from
the resonant slot fed by CPW spreads out in the substrate [21],
the surface wave reached the arrayed parasitic slots rapidly
decreases with the increase of the distance between the reso-
nant slot and parasitic ones. The increase of the power gain
with the increase of the number of slots then becomes quickly
insignificant. This properties is predicted from the antenna
patterns, as shown in Fig. 4.

In the case of the slot-array antennas fed by CPW, the
surface wave from the resonant slot reaches the arrayed slots
through the CPW. Then, the power gain still increases with
the increased number of the slots from six to eight, which is
different from the case of the array antenna without CPW.
However, the increase of the gain becomes less steep at slot
eight due to the decrease of the surface wave reached. This
property agrees with the antenna pattern shown in Fig. 5.

In the case of the two-dimensional slot-array antenna fed
by CPW, the coupling of the surface wave (TE wave) and the
arrayed slots improves the-plane antenna pattern, as shown
in Fig. 6, and the power gain becomes higher than the two
other antennas. The 8 3 slot-array antenna improved a power
gain by 11 dB over the single-slot antenna at 94 GHz and has
the power gain of 13 dBi for 94-GHz irradiation. However,
the experimental data for 8 3 array antenna showed only a
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slight increase over the 4 3 array antenna. This means that
the 8 3 array is not significantly more effective than the 4

3 array as long as the transmission efficiency is ,
and that additional improvement of the CPW is necessary to
raise the transmission efficiency.

In Fig. 8, the data of the power gain when the signal was
irradiated from the air side are also shown by small symbols
and narrow lines. The figure shows that the gains when the
signal was irradiated from the air side are smaller by 6 dB than
those when the signal was irradiated through the substrate.

VI. CONCLUSIONS

The receiving properties of the slot-array antenna with
parasitic slots, slot-array antenna fed by CPW, and two-
dimensional slot-array antenna fed by CPW were compared
and discussed at 94 GHz, both theoretically and experimen-
tally. From these studies, we can conclude the following.

1) The power gain of the slot-array antenna with parasitic
slots increased with the increase of the number of
slots up to six slots. This improvement was caused
by decreasing the surface-wave power in the substrate.
However, the raise in the power gain with the increase of
the number of slots from six to eight was insignificant.

2) In the case of the slot-array antenna fed by CPW,
the power gain still increased with the increase of the
number of slots from six to eight. This improvement was
caused by sharpening the directivity perpendicular to the
substrate. However, the -plane pattern was almost the
same compared to the slot-array antenna without CPW.

3) In the case of the two-dimensional slot-array antenna fed
by CPW, the power gain was higher than the two other
antennas. This improvement was caused by sharpening
the directivity in the -plane.

From these results, the fabricated 83 slot-array antenna
had an improved power gain of 11 dB over the single-slot
antenna at 94 GHz and a power gain of 13 dBi was obtained
when the signal wave was irradiated from the dielectric side.

In the future, by improving the transmission efficiency of
CPW, the power gain could be further increased.
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