Performance comparison of Ka-band patch antenna on simple, micromachined and micromachined EBG substrates
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Recent interest in antenna design on high permittivity substrates has been spurred by various applications like electronic scanned phased arrays, high precision Global positioning system (GPS), Bluetooth, mobile telephony, wearable antennas and broadband microwave wireless. Microstrip antennas fabricated on a substrate with high dielectric constant are preferred for easy integration with Monolithic microwave integrated circuit (MMIC) Radio frequency (RF) front-end circuitry. However use of high dielectric constant substrate leads to poor efficiency and narrow bandwidth. To integrate the patch into circuit designs on high index substrates, without losing the advantage of low index materials two technologies are in use namely micromachining and Electromagnetic Band Gap (EBG).  In this paper both micromachining and EBGs have been used on the same substrate and the radiation patterns have been used to demonstrate the superiority of such a design. Our design whereby both micromachined element and EBGs are used in the same substrate show considerable improved performance as interpreted from the field patterns as well as other antenna radiation parameters.

Corresponding author. Email: krs@iitg.ernet.in

Keywords: Patch antenna radiation patterns, Electromagnetic band gap (EBG), micromachining

1. Introduction
Compact circuits are typically achieved in high index materials, which is in direct contrast to low-index substrates imposed by antenna performance requirements Microstrip antennas show significant performance degradation due to pronounced excitation of surface waves in high index materials. As a result antenna has lower efficiency, reduced bandwidth, degraded radiation patterns and undesired coupling between various radiating elements. The coupling is a serious issue in the case of antenna array fabricated over the same substrate. For a good radiator most of the energy should be radiated into the space, called space waves. But in case of any microstrip antenna not all the energy is directly radiated into space. Some of the fields get coupled into the substrate and propagate through total internal reflection. The edges of the substrate finally diffract these fields where it adds to the patch radiation.  Figure 1(a) shows a radiator above some substrate and the surface wave that is propagating due to total internal reflection. Figure 1 (b) shows the reflected and refracted rays. Medium 2 is air with relative permittivity 1 and medium 1 has permittivity
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Other than the coupling increased surface waves also lead to distortion in the pattern. Ideal rectangular patches have two radiating slots separated by the length of the antenna. This results in a broadside pattern which is quite smooth. However with surface waves lot of radiation starts to come from the edges of the antenna which distorts the pattern. The principal plane pattern also exhibits loss of smoothness. The distortion in the broadside pattern leads to decreased directivity and because the waves propagate through dielectric substrate it adds up to the dielectric loss thus reducing the antenna gain. Another problem with surface waves is that cross polarization increases. Of the methods that are used in reducing the surface wave excitation, micromachining (Papapolymerou et al. 1998) and the use of EBG substrates are popular. 

Micromachining involves the selective etching of substrates below the patch so as to decrease the effective dielectric constant of the cavity. The amount of substrate that can be etched depends on the mechanical stability of the structure.  As the dielectric constant is reduced, the surface wave excitation also decreases; bandwidth enhancement is one of the main advantages of micromachining (Yook and Katehi 2001). The other method is to use EBG crystals. EBG crystals prevent electromagnetic wave propagation in a frequency band (Yablonovitch 1987). This frequency band depends on the lattice constant and the structure used for EBGs realization. The bandgap in EBGs arises because of the periodic dielectric properties. In these materials the dielectric constant varies periodically with distance. The difference in relative permittivity between two layers is called the dielectric contrast. The higher the dielectric contrast more is the extent of the bandgap. The application of EBGs is in precision GPS, phased arrays for removing scan blindness (Jesus et al. 2004), wearable antennas and antennas designed for compact circuits (Broas et al. 2004), (Salonen et al. 2001). In our case EBGs have been constructed by cylindrical air holes in Gallium Arsenide (GaAs) substrate. The EBGs lattice has been taken as triangular because triangular lattice gives a complete bandgap for all polarizations (Joannopoulos et al. 1947). Though both these techniques have shown improved performance the principal by whom they bring about surface wave reduction is quite different. In micromachined patch antenna surface wave states are not easily excited because of the reduced permittivity. EBGs on the other hand do not stop the excitation of surface modes it stops them from propagating in the substrate. We have used both these methods on the same substrate and obtained better performances. Antenna performance can be estimated from the broadside electric field patterns and we will be using the broadside pattern comparison to determine the relative performances.

2. Antenna design 
In communications services there has been a significant demand for high speed data services for voice and multimedia, particularly for accessing internet and fixed mobile services. As a result broadband microwave wireless access has emerged. Technically these applications look for frequency allocation with higher operational frequencies around 30, 40 and 60 GHz for point to point, point-to-multipoint and high density fixed services respectively. Furthermore technology in the submillimeter wave region in the electromagnetic spectrum is experiencing an explosive growth. This growth is fuelled by the need of faster signal processing and communications. The applications for which these antennas are intended are microwave wireless broadband, scientific exploration and high precision GPS (global positioning system). 

Keeping the above application in mind we have designed all the antennas for Ka band. The resonant frequency is chosen as 29 GHz.  First two microstrip antennas were designed namely rectangular patch antenna and micromachined patch. A third design is then made where EBGs with triangular lattice in the substrate is used with the micromachined element.

2.1 Design of rectangular patch antenna

Figure 5 shows the construction of patch antenna on gallium arsenide substrate used for simulation. The resonating frequency is 28 GHz.  The dimensions of the patch are calculated from the below given set of formulae (Garg et al. 2001). The width of the patch is given by
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The length of the patch is calculated using

                                                   
[image: image3.wmf]0

2

2

v

LL

f

e

+D=

reff

                                           (2)

where 
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 accounts for the fringing fields and is calculated using

                                                  
[image: image7.wmf](0.3)(0.264)

0.412

(0.258)(0.8)

W

L

h

W

h

h

e

e

++

D

=

-+

eff

eff

                                       (4)

The width and length of the antenna were calculated to be 1.969mm and 1.34 mm respectively. The impedance matching is done with the help of inset. The thickness of the microstrip calculated from [9] so as to give a characteristic impedance of 50 ohms at 29 GHz. The thickness of the feed line is thus 0.1978mm. In order to compare the performance of the various antennas the substrate dimensions for all the four designs was taken as constant. The gallium arsenide substrate dimension is 16mm on either side (~1.6λ).  The initial set of simulations was carried so as to design an antenna which resonates at 29 GHz. All these designs use gallium arsenide substrate with thickness of 0.35mm.  Note that Gallium Arsenide has a relative permittivity of 12.8. The simulations were carried with the perfect metallic boundary condition applied to the patch and its feed line. The ground was taken as finite conductivity copper.

2.2 Design of Micromachined Patch Antenna

The third design consists of selective etching of substrate below the patch. This is referred as micromachining. The micromachined element is made to extend beyond the patch by two times the height of the substrate so as to cover the fringing fields. The height of the micromachined element is taken as 0.25mm with a gap of 0.5mm above and below. Figure 7 shows the construction. Due to the presence of air below the patch   the dielectric constant has changed, so before using equations (1), (2), (3) and (4) the value of the dielectric constant has to be modified.

The modification done is based on the method of equivalent capacitance. If A is the cross-sectional area then,
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In our design, there is also a 0.05mm of substrate between the micromachined element and ground this also has to be taken into the calculation of the equivalent capacitance. Length and width of the antenna is then calculated using (1), (2), (3) and (4) comes out as 3.3mm and 5.19mm respectively. The matching with the microstrip feed line designed for a characteristic impedance of 50 ohms is done with the help of quarter wave transformer. Such an approach is taken because inset matching in case of patch with micromachining is not exact since the feed microstrip line is partly above the GaAs substrate (not micromachined) as well as micromachined GaAs element. The input impedance of the microstrip antenna is given by 
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From (6) the antenna impedance is 190 ohms.  This has to be matched to a 50 ohm impedance microstrip feed line. Thus the quaterwave line impedance has to be 98 ohms. 

3. EBG assisted Micromachined patch

In order to have a complete bandgap for all polarizations we choose the triangular lattice EBGs. The EBGs in incorporated in the substrate and designed to have a stopband centred at 30 GHz. The EBGs are put all around the patch. The values of r/a and a/λ are taken from standard bandgap diagrams (Gonzalo et al. 1999). The electromagnetic variation theorem ensures that with modification of permittivity the same results can be applied for Gallium Arsenide at 30 GHz. The dimensions of the antenna remain unchanged because EBGs if not put very close to the patch will not interfere with the resonance of the patch. The triangular lattice EBGs are constructed by etching cylindrical holes in the substrate. The substrate height being 0.35 mm the air cylinders are 0.31 mm in height, with 0.2 mm substrate left above and below. The scattering parameters are shown in figure 10 below, note the increased transmission loss at 30 GHz. It is in excellent agreement with reported results (Agi et al. 2002).

4. Antenna performance comparison

Before we go into radiation pattern comparisons it is important to understand the effect substrate dimensions have on radiation patterns. It is evident from figure 6 that as the substrate dimensions increase more fringing is observed in the back lobes. So in order to compare between radiation patterns of various antennas we must have same substrate dimensions. We have taken substrate dimension of 16mm by 16mm for all the designs roughly 1.5 times the free space wavelength. Note that IE3D version 10.2, Zeland Corp., Freemont, CA, USA has been used for carrying out all the simulation works. Let us again look at the effect of substrate dimensions in the antenna performance comparison. If substrate dimensions are chosen to be too small then there will be no performance enhancement visible as shown in figure 7. For all our simulation works, we have taken the substrate dimensions as 16mm by 16mm. 

Linearity of the antenna is also an important consideration especially in applications where the orientation of the antenna is expected to be random. The cross-polarization and co-polarization levels are important parameters and the variation of the co-polarization to the cross-polarization  indicate the pattern bandwidth. The co-polarization and cross-polarization levels are calculated from Ludwig’s 3X and Ludwig’s 3Y components and depicted in figure 8. The ratio is slightly better for micromachined patch. At resonance micromachined patch has a co-pol to cross-pol ratio 0.2 dB higher than EBG micromachined patch.

Figure 9(a) shows the return loss for a simple patch. The resonance is at 28.4 GHz and figure 9(b) shows the E-plane and H-plane electric field intensities in dB. Notice that the H-plane is far broader than the E-plane which is the usual case for microstrip antennas.

Figure 10 shows the return loss for patch antenna on micromachined and micromachined EBG substrate and we can observe that there are some improvements in the bandwidth for the second case. A detailed comparison on antenna fundamental parameters like bandwidth, peak gain, etc will be done in the later part of this section.
We have to take into account the variation of gain and directivity over the operation bandwidth which is depicted in figure 11 (a) and (b) respectively. We can infer that micromachined patch has much better gain and directivity over the operational bandwidth from the simple patch, micromachined EBG antenna has even better gain and directivity than that of the micromachined patch antenna.
With the introduction of EBG the performance of the micromachined patch becomes far superior. All the three fundamental antenna parameters i.e. Gain, Directivity and Efficiency show improvement. The comparative results at resonating frequency are shown in Table 1. Both Micromachined and EBG Micromachined patch exhibit resonance at 28.25 GHz. The resonance of the simple rectangular patch was at 28.4 GHz. Thus the resonance frequency change is 150 MHz or  

0.05% percent of central frequency, this can be neglected as percentage bandwidth of micromachined patch is 5.66%, more than 100 times the resonance drift. The 10 dB bandwidth of the three configurations have been included in Table 1.
The performance improvement between the three antenna configurations can also be interpreted from the principal plane radiation pattern comparisons for absolute values of electric field intensities as shown in figure 12. With the introduction of the micromachined element below the patch the H plane pattern gets constricted. As compared to the simple rectangular patch the principal plane radiation patterns for micromachined patch have smaller beamwidth this explains the increased directivity and gain. But compared to micromachined patch the EBG micromachined patch shows increase in the beam width as well as directivity and gain. The only possible way for this to occur would be the reduction in the dielectric losses. Reduction in dielectric losses should reflect in increased efficiency. This can be verified from figure 13. 

5. Conclusion

Antenna design in high permittivity substrates suffers from the problem of enhanced surface wave excitation which leads to decreased directivity and increased losses. In order to improve antenna performance two methods are used micromachining and EBG. In this paper we have demonstrated that using both micromachining and EBGs on the same substrate leads to far better performance than can be achieved by either of them. We have compared the radiation pattern in the broadside directions of Micromachined patch, EBG Micromachined patch and simple patch. The results demonstrate that the broadside radiation intensities for Micromachined antenna is more than simple rectangular patch and the EBG Micromachined patch shows higher radiation intensities than Micromachined patch. Thus EBG assisted Micromachined patch shows a considerable improvement in performance.
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Table 1. Antenna performance comparison
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Figure 1. Surface wave propagation in a substrate housing the radiator

Figure 2. Top view of a patch antenna with impedance matching done with the help of inset

Figure 3. Micromachined patch, etching of the substrate covers the fringing fields

Figure 4. EBG assisted Micromachined patch the feed line shown is a quarter wavelength transformer 
Figure5. Return loss and transmission loss with EBGs put in the substrate

Figure 6. E-plane radiation in dB pattern for substrate dimensions a) substrate dimension of 2 λ b) substrate dimension of 4 λ

Figure 7. Principal E-plane pattern comparison between micromachined patch and EBG assisted micromachined patch antennas for a substrate dimension of 7 mm by 7 mm.

Figure 8. Co-polarization to Cross-polarization in dB for Micromachined patch and EBG assisted Micromachined patch

Figure 9. Simple rectangular patch   a) Return loss   b) E-plane and H-plane radiation pattern in dB at 28.4 GHz
Figure 10. Return Loss in dB micromachined patch and EBG assisted micromachined patch.

Figure 11. Antenna performance comparison between Micromachined and EBG micromachined patches a) Gain in Watt/Steradian versus frequency b) Directivity in Watt/Steradian versus frequency.
Figure 12. Comparison of absolute electric field intensities for Simple, Micromachined and EBG Micromachined patches a) E-plane b) H-plane.
Figure 13. Efficiency versus frequency for Micromachined patch and EBG assisted Micromachined patch
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Figure 5. {DIPTO DEY, S. S. KARTHIKEYAN and RAKHESH SINGH KSHETRIMAYUM}
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Figure 6. {DIPTO DEY, S. S. KARTHIKEYAN and RAKHESH SINGH KSHETRIMAYUM}
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Figure 7. {DIPTO DEY, S. S. KARTHIKEYAN and RAKHESH SINGH KSHETRIMAYUM}
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Figure 8. {DIPTO DEY, S. S. KARTHIKEYAN and RAKHESH SINGH KSHETRIMAYUM}
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Figure 9. {DIPTO DEY, S. S. KARTHIKEYAN and RAKHESH SINGH KSHETRIMAYUM}
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Figure 10. {DIPTO DEY, S. S. KARTHIKEYAN and RAKHESH SINGH KSHETRIMAYUM}
[image: image24.jpg]EBG micromachined
==-== micromachined

38

32

24

22

L I L
o 0 o ) = el

(gp) sso uniay

I
=)
LS

351

-40
20

Frequency (GHz)




Figure 11. {DIPTO DEY, S. S. KARTHIKEYAN and RAKHESH SINGH KSHETRIMAYUM}
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Figure 12. {DIPTO DEY, S. S. KARTHIKEYAN and RAKHESH SINGH KSHETRIMAYUM}
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Figure 13. {DIPTO DEY, S. S. KARTHIKEYAN and RAKHESH SINGH KSHETRIMAYUM}
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