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Abstract -In this paper a printed dipole antenna and three 
slot antennas are designed to operate at 10 GHz for use in radar 
systems. A parametric study of each antenna and comparison 
between their radiation properties including return loss, 
bandwidth, directivity, efficiency and radiation patterns for 6- 
element linear array are introduced. Microstrip slot antennas 
show wider bandwidth, less coupling and smaller antenna sue 
compared with the traditional printed dipole. 

I. INTRODUCTION 

In present-day radar systems, the need for antennas of 
small size and high efficiency has generated much attention 
in the study of compact microstrip antennas. These antennas 
exhibit low profile and lightweight properties as well as low 
cross polarization radiation in some designs. However, 
microstrip antennas inherently have narrow bandwidths (BW) 
and in general are half-wavelength structures operating at the 
fundamental resonant mode TMoI or TMID [l]. The coplanar 
patch antennas (CPAs) introduced in [2] and [3] have 3.4% 
and 8.8% BW. Researchers have made efforts to overcome 
the problem of narrow BW and various configurations have 
been presented to extend the BW. Adding a short on the 
upper slot of the CPA and varying its length achieved 30 to 
40% BW [4] at higher frequencies for radar applications. 

In this paper, printed dipole, coplanar patch-slot (CPA), 
slot dipole and bow-tie slot antennas have been designed for 
radar applications with emphasis on size reduction, and 
.improved BW, coupling and efficiency. Characteristics of 
arrays of 6 elements of these antennas are compared with the 
printed dipole design, and their S-parameters and radiation 
properties are introduced. The related analysis is performed 
using the commercial computer software package, 
Momentum of Agilent Technologies, Advanced Design 
System (ADS), which is based on the method of moment 
(MOM) technique for layered media. Momentum solves 
mixed potential integral equations (MPIE) using full wave 
Green's functions. Validation is performed by comparing 
sample ADS results with simulations based on the finite 
difference time domain (FDTD) technique. 

11. ANTENNA ANALYSIS 

A. Printed Dipole Antenna 

The geometly of printed dipole and its parameters are 
shown in Fig. 1 where Wrepresents the dipole width, L,is the 
feed line length, fl is the dipole height, 12 is the feed line 

width and G is the gap width. In addition to these parameters, 
h is the height of the substrate, and gr is thc dielectric 
constant. 

The retum loss of the printed dipole based on ADS 
Momentum is confirmed by comparing the numerical results 
from a FDTD simulation. This comparison reveals good 
agreement, as shown in Fig. 2. The presented printed dipole 
has (K t l ,  22, G, /,and h)  = (12.4, 0.5, 0.3, 0.4, 0.3 and 1.57 
mm) and (gr = 2.2). 

The parametric study starts with the feed line depth L/. By 
increasing Lfi it is noticed that the resonant frequency 
decreases, then increases back towards the original frequency 
at certain length. It is known that the input impedance for a 
transmission line is given by 

Z, + jZ ,  tan p/ 
Z, + jZ ,  tan p/ ' 

zi, = z, 

At I = .2g/2, Z, = ZL, and from that numerical experiment 
.2g of this antenna can be defined, and then the effective 
permittivity, can be calculated from 

The Ag of this printed dipole is 23 mm and E , ~  is about 
1.7, which is 77 % of &,. LineCalc, a program within the ADS 
software package, calculates creJof the two strip feed line to 
be 1.78 which shows that the printed dipole antenna structure 
decreases the feed line grCfi 

W 

Fig. I .  Printed dipole antenna parameters 
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Fig. 2. ADS Momentum and FDTD results for the printed dipole 
antenna. 

Additional parametric study for this antenna shows that 
increasing W, h and E, reduces the resonant frequency, and 
that tl and the feed line parameters control the return loss 
level. Further study shows that the dominant factor in the 
design of printed dipoles is W, which traditionally assumed to 
he 4 /2. This antenna has more than 12 % BW and 90 % 
efficiency. 

8. Slot Dipole Antenna 

The slot dipole geometry and its parameters are shown in 
Fig. 3 where W represents the dipole width, SI is the slot 
height, L,, is the length of the coplanar waveguide (CPW) 
feed line, and S2 and G are the width and gap width of the 
CPW. In addition to these parameters, h is the height of the 
substrate, and E, is the dielectric constant. 

The slot dipole presented in this paper has for the 
following parameters, (W, SI, L,,, S2, G and h), the values 
(19.3, 1.5, 1.5, 0.25, 1, and 1.57 mm) and E~ =2.2. Figure 4 
shows a comparison between ADS Momentum and FDTD 
results for the presented slot dipole. This comparison reveals 
good agreement and confirms our design procedure using 
Momentum. 

r W 

wc: , - - , -  I 

Fig. 3. Slot dipole antenna geometry and parameters. 
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Fig. 4. ADS Momentum and FDTD results for the slot dipole 
antenna. 

Lcpw behaves like L/ in the printed dipole, and .2, and ~,*f 

are calculated by the same procedure. The calculated 4 of the 
slot dipole is found to be 23.5 mm and 1.63 (74% of 
.$, respectively. The ~ , g  of the CPW feed line based on 
LineCalc calculations is 1.576, which shows that the slot 
dipole antenna structure increases the feed line E,@, 

By observing the influence of various parameters on the 
antenna performance, it is found that increasing W, SI, h and 
E, decreases the resonant frequency, and SI and the feed line 
parameters control the return loss level. Further study shows 
that the total slot length, calculated at the centerline of the 
slot, is ahout LE and W is ahout 0.82 4. This antenna can 
provide more that 21 % BW and 80 %efficiency. 

C. Coplanar Patch-Slot Antenna 

The CPA antenna consists of a rectangular patch 
surrounded by a non-uniform width slot. Antenna geometry 
and parameters are shown in Fig. 5,  where W represents the 
patch width, L is the patch length, SI, S2 and S3 are the 
widths of the upper, left-right, and lower slots, respectively, 
S4, Si, and Lcpw are the gap width, feed line width and the 
length of the CPW, h is the height of the substrate and is 
the dielectric constant. Figure 6 shows a comparison between 
ADS and FDTD results for the presented CPA that has (K L. 
SI , S2, S3. 5’4, S5, L,, and h)  = (12.4, 2, 0.5,0.25,0.5,0.25, 
0.75, 1.5and1.57mm)and~,=2.2.  

In this antenna, Lcpw behaves like L/ in the printed dipole 
antenna design, and ,IK and &fare calculated, using the same 
procedure used for the dipole, to be 23.5mm and 1.54 (70 % 
E~), respectively. LineCalc calculation of Emfof the CPW feed 
line is 1.58, which shows that the CPA antenna decreases the 
feed line 
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By observing the influence of various parameters on the 
antenna performance it is found that increasing W, L, h, E,, SI 
and S2 and decreasing S3 reduce the resonant frequency. The 
CPW feed line parameters control the retum loss level. 
Although the effect of all these parameters is clear o n h ,  it is 
not clear which one parameter can primarily increase the BW 
of the antenna. In CPA design, the dominant factors are W, L 
and the total slot length (Ltotal), calculated at the centerline 
of the slot, where 

Ltotal= 2(w+L+Lcpw+s2+s3)+sI-s4-s5. (3) 

By studying the given design at various center frequencies, 
it is clear that W is about 0.5& and the Ltoral is about 1.5& 
At the same time L is about O . l &  In general Ltotal controls 
the resonant frequency while patch dimensions and slot 
widths control the level of return loss and the resulting BW. 
This antenna can give more that 17 % BW and 80 % 
efficiency. 

D. Bow-Tie Slot Antenna 

The geometry of the bow-tie slot antenna and its 
parameters are shown in Fig. 7 where W, represents the 
width, L,, is the feed line length, L,, L2, L,, L4 and W, define 
the bow shape, and SI and S, define the feed line parameters. 
In addition to these parameters, h is the height of the 
substrate, and E, is the dielectric constant. The presented bow- 
tie design has the parameters ( WI,  W,, L,, L2, L3, L4, L,,, s,, 
SI, and h)  being set equal to (22.9, 8.7, 3.5, 20.75, 19.45, 
7.35, 18.5, 0.25, 3, and 1.57 nun) and &,=2.2. Figure 8 shows 
a comparison between ADS Momentum and FDTD results 
for the presented bow-tie slot antenna. Although a stair case 
geometry is used in FDTD to define the bow-tie geometry, 
and only one cell is used in the feed line slot due to memory 
restrictions, the comparison reveals acceptable agreement, 
which confirms our design procedure using Momentum. 

W, 

Fig. 5 .  Coplanar patch antenna geometly and parameters. Fig. 7. Bow-tie slot antenna geometly and parameters. 
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Fig. 6. Comparison between the ADS Momenhlm and FDTD Fig. 8. Comparison between the ADS Mamentnm and FDTD 
results for the presented CPA. results for the presented Bow-tie slot antenna. 
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It is found that Lcpw behaves similar to L,as in the printed 
dipole, and 4, and zrefare calculated to he 22.5 mm and 1.78 
(80 % E,), respectively, using the same procedure. LineCalc 
calculates &,efof the bow-tie slot feed line to be 1.51, which 
shows that the bow-tie clearly increases the feed line 

By observing the influence of various parameters on the 
antenna performance, it is found that resonant frequency 
decreases when increasing h, E,, W, L2 and L4, and, when 
decreasing W2, L I ,  L3 and SI ,  and increasing SI ,  L1 and L3, 
increases the BW, and the feed line dimensions control the 
r e m  loss level at the center frequency. By studying the 
given design at various center frequencies, it is clear that W is 
about .2, and the L4 is about 0.3Ar This antenna yields more 
that 40 % BW and 80 %efficiency. 

111. RESULTS AND ANALYSIS 

Three microstrip slot antennas, the slot dipole, CPA and 
bow-tie slot antenna, and printed dipole are designed to 
operate at 10 GHz. A comparison between these antennas is 
performed for a 6-element array module that combines the 
transceiver system of the radar. For the 6-elemnt array 
module, the distance between elements is chosen to yield a - 
24 dB S21 (coupling between two neighboring elements), and 
this distance is 20.8 mm for the printed dipole, 4 mm for the 
slot dipole, 8.5 mm for the CPA and 4 mm for the how-tie 
slot antenna, which reflects that the slot dipole and the how- 
tie have the lower coupling and the printed dipole has the 
highest coupling for the same distance between elements. 
Table 1 lists the BW, directivity (D), efficiency (11) and size 
reduction for the 6-element array of the slot antennas 
compared with that of the printed dipole. The directivity is 
almost around 11 dB, and the efficiency is 91.39 % for the 
printed dipole, 83.25 % for the CPA, 82.49 % for the slot 
dipole and 81.78 %for  the bow-tie. The slot antennas achieve 
size reduction ranging from 12 % for the bow-tie, 24 % for 
the slot dipole and 28 % for the CPA. The size reduction is 
calculated by comparing the total length of the 6-element 
array with that of the printed dipole array. The total length is 
calculated as [6xWa+Sxds], where W, is the width of the 
antennas, which equals to W for all antennas except the CPA, 
it is W+2x S2, and ds is the separation distance between the 
antennas. Table 2 shows the stability characteristic of each 
antenna, as a single element, by showing D, G and 11 at 
selective frequencies covering the entire operating band. In 
general, all the antennas show good stability in characteristics 
over the entire band. The return loss and coupling between 
elements for all designs are shown in Fig. 11. The bow-tie 
has 40 % BW, the slot dipole 21.5 %, and the CPA 17 %, and 
the bow-tie has the lowest coupling levels between the first 
element and the other five elements; then the slot dipole and 
the CPA have the next lowest couplings. 

Freq. (GHZ) 

9.40 
9.80 
10.2 
10.6 

The radiation pattern in x-y plane is shown in Fig. 12 for 
the slot antennas, while there is no radiation in the x-y plane 
by the printed dipoles. The CO-polar and cross-polar radiation 
patterns in x-z a n d p z  planes are shown in Fig. 13. As shown 
in x-z plane, the cross-polarization is less than 4 0  dB in the 
printed and slot dipole, -34 dE3 in the CPA, and -27 dB in the 
bow-tie where Ee is the co-polar component in the printed 
dipole and E+ is the co-polar in the slot dipoles. As shown in 
the y-z plane, the cross-polar level is less than -30 dB in all 
antennas where E+ is the CO-polar component in the printed 
dipoles and EB is the co-polar in the slot antennas. Figure 14 
shows the 3-dimension radiation pattern for all antennas. It is 
clear that the side lobe levels are higher in the printed dipole 
relative to those patterns of the slot antennas. 

Table 1. Radiation properties for 6-element array. 

Table 2. Properties of the 4 antennas (single element) at selected 
frequencies covering the entire band. 

D (dB) G (dB) %n 
3.05 2.03 79.07 
3.12 1.99 77.09 
3.19 1.96 75.34 
3.27 1.92 73.28 

81.10 
79.80 
78.89 

3.85 2.78 78.16 
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Fig. 1 1 .  Rehlm loss and coupling between elements of h-element array module for printed dipole, slot dipole, CPA and 
bow-tie slot antenna with distance between elements equals to 20.8, 3, 8.5, and 4 mm, respectively. (a) SII, (b) 
S2l , (c)S31 (d)S41,(e)S51 and(f)S61. 
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Fig. 12. Radiation pattern in x-y plane. 
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Fig. 14. Total 3D radiation panem. 

IV. CONCLUSIONS 

In this paper a printed dipole antenna and three microstrip 
slot antennas operating at IO GHz in the X-band (8-12 GHz), 
are presented. Parametric studies for each antenna showing 
the effect of each geometric parameter and antennas' 
dimensions in terms of h8 are presented. Slot antennas 
achieve better BW that reaches 40% over the entire band. In 
addition to smaller and less than -24 dB coupling between 
elements is obtained for the 6-element arrays. The efficiency 
of the slot antennas is near 80% but less than printed dipole. 
The cross-polarization level is less than -27 dB in the x-z 
plane and 4 0  dB in the y-z plane. All antennas show good 
radiation pattern stability over the entire band of operation. 
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(b) y-z plane 

Fig. 13. Radiation panem in x-z and y-z planes 
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