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ABSTRACT: This paper presents the design of a wideband 16 � 4
element array of a microstrip-proximity-fed rectangular-slot antenna for
marine radar systems operating in the X-band. A wideband corporate-
feed network is designed to feed the proposed array. The new design
has a small size, a wide bandwidth of 52%, and good radiation charac-
teristics in the entire operating band. © 2005 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 46: 36–40, 2005; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
20894
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INTRODUCTION

Printed microstrip antennas are widely used in radar applications.
They exhibit a low profile, small size, light weight, low cost, high
efficiency, and ease of fabrication and installation. Furthermore,
they are readily adaptable to hybrid and monolithic microwave
integrated circuits (MMIC) fabrication techniques at RF and mi-
crowave frequencies [1]. However, these antennas are inherently
narrowband. Many researchers have investigated techniques to

improve the impedance bandwidth of this class of antennas [2–12].
One purpose of the design of wideband antenna elements is to
arrange them into an array configuration in order to form a wide-
band array system. However, the elements in the array are fed by

Figure 1 Geometry and parameters of the proposed backed microstrip-
fed rectangular-slot antenna. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 2 Prototypes of the proposed 16 � 4 array of rectangular-slot
antennas. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

Figure 3 Feed network for the rectangular-slot array: (a) part 1 is the
feed network for the 4 � 4 element subarray and (b) part 2 is the feed
network for four 4 � 4 element subarrays

36 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 46, No. 1, July 5 2005



a feed network. Therefore, a wideband feed network is required for
matching the wideband element and providing wideband array
systems. One of the feed-network types is the corporate-feed
network, which has been proven to provide wide bandwidth with
low return loss and very good transmission [13].

In this paper, a 16 � 4 element array of a microstrip-proximity-
fed rectangular-slot antenna is designed to support the new wide-
band-antenna elements suitable for marine radar systems. The
numerical simulation and analysis for this class of antenna ele-
ments and feed network are performed using the Momentum
software package Advanced Design System (ADS) by Agilent
Technologies, which is based on the method of moments (MoM).
The measurements of the return loss and the radiation patterns are
conducted in order to verify the design performance.

GEOMETRIES OF THE RADIATING ELEMENT

The geometry and parameters of the proposed antenna are shown
in Figure 1. The antenna is printed on a Rogers TMM 3 substrate
with a dielectric constant of 3.27, a conductor loss (tan �) of 0.002,
and a height of 30 mil (0.762 mm). The slot antenna consists of a
rectangular slot printed on the top substrate layer, and microstrip-

fed bow-tie on the bottom layer that feeds the slot. There is no via
connection between the top and bottom layers. The width of the
feed line is Wf, and is connected to a bow-tie through a stub of
width W1 and length L1 from the feed line to the edge of the slot
and then from L2 to the bow-tie. The bow-tie width is W2, and its
outer and inner heights are L3 and L4, respectively. The slot width
and height are W3 and L4, respectively. A backed ground plane is
placed at distance 7.5 mm from the array bottom layer, which is
�0/4 at 10 GHz. The designed antenna has Wf, W1, W2, W3, L1,
L2, L3, L4, and L5, � 1.8, 0.4, 5.3, 12, 0.3, 0.3, 3, 2.65, and
8 mm, respectively.

Figure 4 Dimensions in mm of the feed network for two vertical
elements in the 4 � 4 element subarray

Figure 5 Dimensions in mm of the feed network for two horizontal
elements in the 4 � 4 element subarray

Figure 6 Dimensions in mm of the feed network for two 4 � 4 element
subarrays in part 2

Figure 7 Dimensions in mm of the feed network for two two 4 � 4
element subarrays in part 2

Figure 8 Computer return loss and transmission for the feed network
shown in Fig. 5. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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TWO-DIMENSIONAL ARRAY CONFIGURATION

The top and bottom views of a prototype of the proposed rectan-
gular slot array are shown in Figure 2. For a wideband array, a
corporate feed provides the array elements with equal amplitudes
and phases, independently of the frequency [13]. In the mean time,
a proper design of this feed network can achieve wide impedance
bandwidth. The structure and dimensions in mm of the proposed
feed network for the rectangular slot array are illustrated in detail
in Figures 3–7. The feed network consists of two parts. The first
part feeds a 4 � 4 element subarray, and the second part feeds four
of these subarrays.

The return loss and transmission coefficients are shown in
Figures 8–11 for the separate parts of the corporate-feed network
shown in Figures 4–7, respectively. Generally, the return-loss
level is less than �20 dB, and the transmission equals �3 dB in
the entire X-band. Figure 12 shows the return loss for 1 � 2, 2 �

Figure 12 Computer return loss of the 1 � 2, 2 � 2, 2 � 4, and 4 � 4
element arrays. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 13 Measured return loss for the rectangular slot array

Figure 9 Computer return loss and transmission for the feed network
shown in Fig. 6. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 10 Computer return loss and transmission for the feed network
shown in Fig. 7. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 11 Computer return loss and transmission for the feed network
shown in Fig. 8. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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2, 4 � 2, and 4 � 4 rectangular slot arrays with feed networks,
where the bandwidth spans from 30% to 40% in the X-band.

RESULTS OF THE 2D ARRAY

The measured return loss for the 16 � 4 rectangular slot array is
presented in Figure 13. The array operates from 7.95 to 13.62
GHz, with an impedance bandwidth of 52%. The radiation patterns
are measured for the rectangular slot array at 8, 9, 10, 11, and 12
GHz to cover the entire X band, and are shown in Figure 14. The
cross polarization level is less than �18 dB in the E-plane, and
�15 dB in the H-plane, and the front to back ratio exceeds 25 dB.

The 3-dB beamwidth spans from 6° to 8.4° in the E-plane, and
spans from 19° to 32° in the H-plane, as shown in Figure 15.

Comparing this array with a conventional patch-array design, it
is found that the rectangular-slot array has a much wider band-
width and is characterized by good pattern stability in the entire
band with a low cross-polarization level and high front-to-back
ratio. The only negative phenomena for this array are the high
side-lobe levels, which are mainly due to the uniform excitation of
all the antenna elements.

CONCLUSION

This paper has presented a new array design for use in marine
radar systems. The element used in the new array is a microstrip-
proximity-fed rectangular-slot antenna. The proximity feed sim-
plifies the design and lowers the cost because it avoids using vias
to feed the antenna element. A wideband corporate-feed network
with a very low return loss and a very good transmission has been

Figure 14 Measured radiation patterns for the patch array at 8, 9, 10, 11,
and 12 GHz. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 15 Measured 3-dB beamwidth for the rectangular slot array in
the (a) E-plane and (b) H-plane
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designed to feed this array. The slot array provides 52.4% band-
width, with stable radiation patterns, low cross-polarization level
(�18 dB), narrow beamwidth that reaches 6°, and high front-to-
back ratio (25 dB). The only drawback for the new array is the
relatively high side-lobe level, which reaches �10 dB. Future
research will investigate the use of Dolph–Tschebyscheff distribu-
tion to minimize the sidelobe level and improve the overall array
performance.
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ABSTRACT: The tunability of an inductor using an additional conduc-
tor segments with optical switching is presented. When the additional
conductor is in the horizontal plane of the spiral inductor, a two-turn
spiral-inductor tunability of 30% can be obtained. The tunability is re-
duced when the number of turns of the spiral is increased. The tunabil-
ity can be further improved over the horizontal position by choosing an
additional conductor segment structure above the spiral inductor (that
is, in the vertical plane). The tunability of the inductor can be improved

by 54% as compared to the horizontal tuning for a high number of turns
of the spiral inductor (N � 6). This analysis was carried out using the
TSMC 0.18-�m 1P6M process. © 2005 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 46: 40–43, 2005; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
20895

Key words: geometric mean distance (GMD); vertical tunability; hori-
zontal tunability; mutual inductance

1. INTRODUCTION

The optical control of microwave devices by direct injection of
light has several attractions. First, the optical control is immune to
electromagnetic disturbances and is also free from circuit parasit-
ics which may limit the speed of the device. Optical switching has
unique advantages such as low insertion loss, extremely fast
switching response, near-perfect isolation between controlling and
controlled devices, and the possibility of monolithic integration.
When a semiconducting material is illuminated with an optical
beam having photon energy greater than the bandgap of the semi-
conducting material, photo carriers are created, resulting in a thin
layer of plasma near the surface of the material. The photo carriers
modify the conductivity as well as the dielectric constant of the
plasma-induced semiconducting material. An optically excited mi-
crostrip gap [2–4] can be used as an optical switch for obtaining
tunability in the inductor. The inductance of the spiral inductor can
be calculated by using Maxwell’s equations as well as field solv-
ers. Extensive research is being done in the area of wireless
front-end circuits for the construction of passive components such
as inductors. Greenhouse developed an algorithm for computing
the inductance of planar rectangular spirals [5]. The Greenhouse
method states that the overall inductance of a spiral can be ob-
tained by computing the self-inductances of individual segments
and positive and negative mutual inductance between all possible
wire segment pairs. For instance, an N-turn spiral has 4N self-
inductance terms, 2N(N � 1) positive mutual-inductance terms,
and 2N negative mutual-inductance terms. Although many empir-
ical formulas for the estimation of spiral inductors exist in the
literature, the Greenhouse method provides a good approximation
for finding the inductance. Further accuracy can be obtained by
using data-filling techniques [6].

The metal-to-oxide capacitance is modeled as Cox, the output-
port-to-input-port capacitance is modeled as Cs (and also called
the feedthrough capacitor), the silicon substrate is modeled as Csi

and Rsi, and Csub and Gsub are the capacitance and conductance per
unit area for the silicon substrate, respectively. For the calculation,
the parameters Csub and Gsub are taken from [7].

This paper is organized as follows: section 2 describes the
calculation of the mutual inductance, the method of inductor
tunability, and extraction of the quality factor, and section 3
describes the results and conclusions.

2. MUTUAL-INDUCTANCE CALCULATION

Different formulas and data-fitting techniques are available for the
estimation of the inductance of the spiral inductor [5, 6]. The
Greenhouse method provides the best estimate of the inductors’
inductance. The series inductance can be calculated from the
extended Grovers formulas. The dc self-inductance of each seg-
ment of the spiral-inductor turns can be calculated by using Eq.
(1), whereas to obtain the mutual-inductance terms we need to
calculate mutual-inductance parameter from Eq. (3) and, using Eq.
(2), calculate the mutual inductance terms for all segments.

Lself � 2l�ln� 2l

(w � t)� � 0.5 �
(w � t)

3l �, (1)
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