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1. Introduction 
The offset/displaced patch and layer-misalignment of the multilayer patch antenna have both positive 
and negative effects on antenna performance. The offset patch is a bandwidth broadening technique 
that deliberately displaces the parasitic (top) patch, off-centred in stacked patch antennas, in order to 
increase the impedance bandwidth [1]-[2]. Such a technique, however, has been found to be only 
appropriate for linearly polarised electromagnetically-coupled patch (LP-EMCP) antennas. Usually, 
the stacked patches of LP-EMCP printed on dielectric materials having a low dielectric constant of 
around 2 to 3, with or without an airgap used between the dielectric layers [1]-[3]. When the method 
and/or materials employed for the offset patch is inappropriate, broadband becomes the adjacent, 
narrow dual bands due to the separation of the two resonant frequencies [4]. The layer-misalignment, 
on the other hand, is an inevitable after-effect of the multilayer structure due to material and 
fabrication tolerances. The aperture coupled patch antenna, one of the multilayer antennas, suffers 
from high sensitivity to the degraded circularly polarised (CP) performance due to layer-
misalignments [5], especially when the antenna element is singly-fed. The authors have shown in [6], 
that a LP stacked patch antenna (LP-EMCP) with high-low-low dielectric constant materials 
combination [7]-[8] has robust characteristics against patch/layer displacements. Such an antenna has 
an interesting characteristic: as the displacement increases the resonant frequencies tend to merge 
resulting in bandwidth reduction, which is contrary to the conventional stacked patch antennas with 
low-low combination [6]. In this paper, we extend our investigation to a singly-fed CP-EMCP element. 
The effects of the offset patch or non-centred stacked patches on the antenna performance will be 
experimentally examined. It will be shown that such an EMCP structure has robust characteristics not 
just on the impedance bandwidth but also the CP bandwidth against the layer-displacements. 

2. Antenna Geometry and Experimental Method 
The CP-EMCP antenna element under examination is a singly-fed X-band design with its right-hand 
CP geometry as shown in Fig. 1. The antenna element is a modified Type-E element [8] with a desired 
centre frequency of 10 GHz. There are unequal-sized, stacked patches printed on high (6.15) and low 
(2.2) dielectric constants materials, separated by a middle layer - an air dielectric. This CP element 
was designed by transforming from its LP counterpart with perturbations added into the driven patch. 
The thickness of the air dielectric (d2) was increased to 3.3 mm in order to yield the low boresight 
axial ratio with no perturbation (q2=0.0) is included on the top-patch [9]. The displacement X–∆ map 
shown in Fig. 2 illustrates the linear displacement from 2, 4 to 6 mm in three principle directions of 
90°, 180° and 270°, and from 4 to 6 mm in the diagonal directions of 135° and 225° are made for the 
return loss (–S11 in dB) measurement. The ∆ represents the locations where the axial ratio (AR) 
measurements after layer displacement were studied. It can be seen that eight locations other than its 
normal (aligned) position are considered for the AR measurements. Small holes were precisely drilled 
into the top-layer to realise the linear displacement of the specified locations as shown in the map 
whilst the bottom-layer is stationary. 
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3. Experimental Results and Discussion 
Fig. 3 shows the measured return-loss versus frequency for the (a) 4-mm and (b) 6-mm linear 
displacements, respectively. It shows that the CP-EMCP antenna has robust impedance characteristics 
even better than its LP counterpart as reported in [6]. Table 1 shows the 10-dB impedance bandwidths 
(ZBW) are all above 10%, including the maximum displacement of 6 mm in all directions. The CP 
element has an important bandwidth of boresight axial-ratio which gauges the quality of the element 
and must be taken into account in evaluating the allowable displacement limits. Figs. 4(a) and 4(b) 
shows the axial ratio versus frequency for the linear displacement of 2 and 4 mm in 3 and 5 directions, 
respectively, whereas the corresponding 3-dB axial-ratio bandwidth (AxBW) is also summarised in the 
table. 

According to the measured 10-dB impedance bandwidth (ZBW) values listed in Table 1, a 10% 
criterion in ZBW of VSWR ≤ 2 is used, the CP-EMCP element has a larger limit than the LP-EMCP 
element. A conservative limit can be located as 6 mm in the entire x-y plane. When the linear 
displacement is 6 270°, the LP-EMCP has a ZBW of nearly 0% [6] but the CP-EMCP is maintained 
above 12%, and is only few percent smaller than that obtained from the other directions. This 
difference is attributed to the perturbation on the driven patch, which alters the fringing field line 
distribution along the patch. In other words, it is due to the two orthogonal modes on the singly-fed 
patch rather than a single TM01 mode as exhibited in the LP case. The displacement limit for the 
impedance bandwidth is higher than the LP element. However, it becomes smaller if axial-ratio 
bandwidth has to be taken into account. Based on the axial-ratio plots in Fig. 4, and using a value of 
5% for the 3-dB axial ratio bandwidths (AxBW) as the criterion, the displacement limit can be 
determined from the results listed in Table 1, and is concluded in Table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Summary of 10-dB Impedance Bandwidths and 3-dB Axial Ratio Bandwidths for 
Linear Displacements applied to CP-EMCP Element 

 
 

Displacement Z
mf [GHz] 10-dB ZBW A

mf [GHz] 3-dB AxBW 

0 0° 10.1 23.8% 9.6 8.0% 

2 90° 10.1 24.8% 9.6 9.0% 

2 180° 10.1 24.2% 9.6 8.6% 

2 270° 10.1 24.0% 9.6 8.7% 

4 90° 10.1 24.0% 9.6 5.3% 

4 135° 10.0 23.5% 9.6 6.0% 

4 180° 10.1 23.2% 9.5 6.4% 

4 225° 10.1 21.7% 9.5 3.8% 

4 270° 9.8 17.8% 9.5 2.7% 

6 90° 9.6 13.1%   

6 135° 9.6 15.2%   

6 180° 9.7 13.5%   

6 225° 9.8 14.2%   

6 270° 9.7 12.2%   
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4. Conclusions 
In this paper, an experimental study on the performance of a singly-fed CP stacked patch antenna 
against patch/layer displacement is presented. The antenna element is designed for RHCP operations 
in X-band with a high-low-low (6.15-1.0-2.2) dielectric constant materials combination. The 
experimental results show that the CP element has very robust impedance and axial ratio 
characteristics against the layer-displacements. For a 10% impedance bandwidth criterion, this 
element can withstand a 6-mm linear displacement in the entire x-y plane. However, when one 
considers the criterion of 5% axial-ratio bandwidth, the displacement limit would be reduced to 3 and 
4 mm in the lower and upper x-y plane, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Acknowledgements 
The authors would like to thank the CSIRO ICT centre for allowing access to their anechoic chamber 
and help with conducting the various measurements. Thanks also to the Rogers® Corporation for the 
supply of dielectric material used in this study. 
 

References 
[1] P. S. Bhatnagar, J. P. Daniel, K. Mahdjoubi and C. Terret, “Displaced multilayer triangular 
elements widen antenna bandwidth” Electron. Lett., vol. 24, pp. 962-964, Jul 1988. 
[2] K. M. Luk, K. F. Tong and T. M. Au, “Offset dual-patch microstrip antenna”, Electron. Lett., vol. 
29, pp. 1635-1636, Sep 1993. 
[3] R. Q. Lee and K. F. Lee, “Experimental Study of the Two-Layer Electromagnetically Coupled 
Rectangular Patch Antenna”, IEEE Trans. Antennas and Propagat., vol. 38, pp. 1298-1302, 1990. 
[4] E. Rajo-lglesias, D. Segovia-Vargas, J. L. Vazquez-Roy, V. Gonzalez-Posadas and C. Martin-
Pascual, “Bandwidth enhancement in noncentered stacked patches”, Microwave and Optical 
Technology Letters, vol. 31, no. 1, pp. 53-56, Oct 2001. 
[5] D. M. Pozar and S. M. Duffy, “A dual-band circularly polarised aperture-coupled stacked 
microstrip antenna for global positioning satellite” IEEE Trans. Antennas and Propagat., vol. 45, pp. 
1618-1625, Nov, 1997. 
[6] K. L. Chung and A. S. Mohan, “The effect of offset patch on the broadband characteristics of an 
electromagnetically coupled patch antenna”, Microwave and Optical Technology Letters, vol. 38, no. 
5, pp. 345-348, Sep 2003. 
[7] P. S. Hall, C. Wood and C. Garrett, “Wide bandwidth microstrip antennas for circuit integration”, 
Electron Lett., vol. 15, pp. 458-460, Jul 1979. 
[8] K. L. Chung and A. S. Mohan, “A systematic design method to obtain broadband characteristics 
for singly-fed electromagnetically coupled patch antennas for circular polarisation”, IEEE Trans. on 
Antennas and Propag., vol. 51, no. 12, pp. 3239-3248, Dec 2003. 
[9] K. L. Chung and A. S. Mohan, “A circularly polarised stacked electromagnetically coupled patch 
antenna”, accepted by IEEE Trans. on Antennas and Propag., to appear in June Issue, 2004. 

Table 2  Linear Displacement Limits for the CP-EMCP Element 
based on a 3-dB AxBW Criterion of 5% 

 
Upper x-y plane (0° ≤ φ ≤ 180°) 4 mm (0.133λo) 

Lower x-y plane (180° < φ < 360°) 3 mm (0.1λo) 
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Figure 3  The measured return loss for the (a) 4-mm, (b) 6-mm displacements in 5 directions (90°, 135°, 180°, 
225° and 270°), and compared to the normal alignment (0, 0°). 

8.5 9 9.5 10 10.5 11 11.5

0

5

10

15

20

25

30

35

40

Frequency  [GHz]

R
et

ur
n 

Lo
ss

  [
dB

]

4, 90°
4, 180°
4, 135°
4, 225°
4, 270°
0, 0°

(a) 

8.5 9 9.5 10 10.5 11 11.5

0

5

10

15

20

25

30

35

40

45

Frequency  [GHz]

R
et

ur
n 

Lo
ss

  [
dB

]

6, 90°
6, 180°
6, 135°
6, 225°
6, 270°
0, 0°

(b) 

Figure 4  The measured axial ratio vs. frequency for (a) 2-mm displacement in 3 directions (90°, 180° and 
270°); (b) 4-mm displacement in 5 directions (90°, 135°, 180°, 225° and 270°). 
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Figure 2  The loci of displacement for the top-
patch in the Left Half Plane. 
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Figure 1  X-band CP stacked patch antenna with hi-
lo-lo (6.15-1.0-2.2) dielectric layer combination. 

P1 = 6.0 mm, q1 = 1.60 mm 
P2 = 9.40 mm, q2 = 0.0, 
d2 = 3.30 mm (0.11λo) 
wf = 1.0 mm (50 ohm line) 
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