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ABSTRACT 

This paper presents the design of a fully packaged 60 GHz wideband patch antenna incorporating an air cavity and a 
fused silica superstrate. Circular polarization (CP) is realized by introducing a diagonal slot at the center of the square 
patch. By optimizing the patch and the slot dimensions, a high efficiency (>90%) microstrip fed CP antenna with an 
impedance bandwidth of 24% and a 6 dB axial ratio bandwidth of 21.5% is designed. A coplanar waveguide (CPW) to 
microstrip transition with λ/4-open-ended stubs are then designed to match the antenna to the CPW packaging interface. 
The experimental results of the final packaged antenna agree reasonably with the simulation results, demonstrating an 
impedance bandwidth of more than 26% and a 6 dB axial ratio bandwidth of 22.7%. 
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1. Introduction 

Demands of modern communication and sensor systems 
for more bandwidth, higher resolution and compactness 
lead to operating frequency up to the millimeter wave 
(mmWave, f > 30 GHz) or even sub-mmWave regime. In 
particular, the 60 GHz ISM (the industrial, scientific and 
medical) band is available in many countries. For exam-
ple, in the US, the ISM band spans from 57 to 64 GHz 
with a worldwide overlap of 5 GHz of bandwidth for 
unlicensed use. As a result of the large bandwidth avail-
able, the 60 GHz band is very attractive for a number of 
applications, including wireless personal-area networks 
(WPAN) and local-area networks (WLAN). As the bat-
tery lifetime is a major bottleneck for many portable de-
vices, the 60 GHz band has a distinct benefit because the 
large bandwidth can be utilized to tradeoff bandwidth 
efficiency for low power consumption, while still main-
taining high data rate [1]. In addition, due to the atmos-
pheric absorption (mainly oxygen molecules) peak around 
60 GHz, communication link at this band is inherently 
secure and has less interference among users, which are 
ideal for indoor applications. However, at mmWave fre-
quencies, higher material losses, fabrication tolerances 
and packaging issues often hinder the performance of 
wireless front-ends. Therefore, as an important front-end 
component, mmWave antennas that are wideband, effi-
cient and packaged to be compatible with integrated cir-
cuits are highly desirable. Moreover, previous wireless 

channel propagation studies have shown that circular 
polarization can effectively suppress multi-path fading 
and inter-symbol interference (ISI) [2-4]. 

Various techniques to improve antenna performances 
such as bandwidth and efficiency have been reported in 
the literature. As shown in [5], cavity backing can isolate 
an antenna from its surroundings, suppress surface waves 
and increase antenna bandwidth. The detailed character-
istics of various cavity backed antennas are summarized 
in [6]. Another approach to improve the bandwidth and 
efficiency of the conventional patch antenna is to mini-
mize the substrate dielectric constant, as demonstrated in 
[7,8]. It is also known that the antenna gain can be con-
siderably increased by covering the antenna with a high 
permittivity superstrate [9,10]. The fundamental effects 
of the substrate-superstrate structure on printed-circuit 
antennas are explored in [11], demonstrating that the 
antenna radiation efficiency can be optimized to ap-
proximately 100% by selecting the proper materials and 
dimensions of the substrate and superstrate. 

All of the above mentioned techniques for improving 
the antenna performances can be applied in the mmWave 
antenna design. Several cavity backed wide-band anten-
nas have been demonstrated in the V-band in [12-16]. In 
addition, metamaterial/EBG (electromagnetic band gap) 
based antennas with increased antenna gain have been 
reported in [17-21]. A good review of various mmWave 
integrated circuit antennas can be found in [22]. Fur-
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thermore, several topologies of circularly polarized an-
tenna have been proposed for the 60 GHz wireless com-
munications [23-28]. 

In this paper, we present the detailed design of a 60 
GHz left-hand circular polarized antenna [27] that has a 
good overall performance by combining various tech-
niques reported in [5-16,29-31]. This patch antenna in-
corporates a diagonal slot at the center and features a 
superstrate and an air cavity backing to achieve desired 
performances including wide bandwidth, high efficiency 
and low axial ratio. The metal frame underneath the an-
tenna layer serves as the cavity backing, useful for an-
tenna bandwidth enhancement, as well as mechanical 
support for the antenna, making the antenna much more 
stable than using a supporting pin (only feasible at low 
frequencies) [7]. The microstrip-fed patch antenna is 
packaged with a flip-chip CPW interface that is fully 
compatible to semiconductor integrated circuits (ICs). In 
[29-31], linear polarized folded dipole antennas for 60 
GHz applications using this superstrate/substrate topol-
ogy and packaging scheme have been demonstrated. In 
this work, by optimizing the slot length of the patch an-
tenna, a 6 dB axial ratio bandwidth of 22.7% is achieved, 
which is much greater than the 1.1% axial ratio band-
width in [32]. Moreover, this antenna achieves a wide 
bandwidth of more than 26%. 

A prototype antenna is fabricated and characterized 
using a probe-based measurement setup as described in 
[29]. The demonstrated patch has a dimension of 1050 
m × 1050 m, while the final packaged antenna includ-
ing feed lines has a dimension of 4849 m × 5555 m. 
Beyond the initial report in [27], the detailed design pro-
cedure of the circularly polarized antenna, including the 
design of the microstrip-fed patch antenna and the com-
parison of the performances of the antenna with different 
feeding interfaces, is described in this paper. The meas-
ured antenna efficiency is also obtained, demonstrating 
greater than 75% efficiency over the entire measured 
frequency range. In addition, the measured co-polarized 
and cross-polarized radiation patterns of the antenna are 
presented and compared with simulation predictions. 
Discussions on the measurement uncertainties that may 
explain the simulation/measurement discrepancies are 
included. 

This paper is organized as the following. Section 2 in-
troduces the antenna structures including its packaging. 
Section 3 describes the detailed antenna design proce-
dures. The simulated (by finite-element electromagnetic 
solver HFSS) and measured antenna properties are com-
pared in Section 4. 

2. Antenna Structure/Packaging 

Since packaging at mmWave frequency is challenging 

and critical to system performance [30], mmWave an-
tenna designs should incorporate the packaging aspects 
as early as possible. The geometry of the entire antenna 
structure including its packaging is shown in Figure 1(a), 
which consists of a top fused silica substrate (superstrate), 
a bottom air cavity made of copper and dielectric sealant 
encapsulant with a dielectric constant of 4 (ENC4) for 
further integration with flip-chipped ICs [30]. Similar 
package structures have been applied previously for 
folded dipole antennas and more detailed package design 
information can be found in [30,31]. The applied cavity 
size is optimized according to the antenna impedance 
bandwidth. The superstrate thickness T = 300 µm is a 
compromise since thinner fused silica samples would be 
difficult to manufacture and a thicker superstrate leads to 
reduced efficiency due to more energy staying in the di-
electric layer as surface waves. All of the metallization (2 
m thick gold) of the patch antenna and its feed lines is 
on the lower side of the fused silica substrate, which has 
negligible loss tangent at 60 GHz and a relatively low 
dielectric constant of 3.8. To minimize the surface wave 
effects that can affect the radiation in the antenna plane, a 
gold ring is placed on the upper side of the fused silica. 
The fused silica substrate is mounted on top of an air 
cavity with copper walls, as shown in Figure 1(b). The 
cavity has an internal size of 3890 m × 3849 m and an 
external size of 4890 m × 4849 m. The cavity height 
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Figure 1. (a) The side view of the entire antenna structure; 
(b) The copper cavity. 
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is 500 m, being the trade-off between the package size 
and the antenna bandwidth. The detailed parameters of 
the antenna structure and packaging are listed in Table 
1. 

The antenna structure shown in Figure 1 has several 
advantages. First, a patch antenna at the lower side of the 
fused silica can be thought as having an air substrate with 
a dielectric constant of 1 and a superstrate with a dielec-
tric constant of 3.8. These will lead to significant band-
width and efficiency improvements compared with a 
normal one substrate patch antenna. In [31], a broadband 
dipole antenna for 60 GHz applications using a similar 
cavity and superstrate was reported. Second, this pack-
aging scheme is fully compatible with flip-chip mounted 
monolithic integrated circuits such as an entire SiGe 
transceiver [30]. A schematic of the antenna flip-chip 
integrated with an IC chipset is shown in Figure 2. 

3. Detailed Antenna Design 

For the initial design, a microstrip-fed square patch an-
tenna with a diagonal slot is applied to achieve left-hand 
circular polarization [32,33], as shown in Figure 3. The 
patch size is first selected to obtain a resonant frequency 
around 61 GHz and the microstrip line width is tuned to 
match the antenna impedance. The slot length mainly 
controls the circular polarization performance. It is ob-
served that the frequency at which the axial ratio is 
minimum increases when the slot length C increases (10 
GHz when C = L/2, 51 GHz when C = L/1.1 and 75 GHz 
when C = L/0.9), with the fixed patch size of 1400 µm 
and the slot width d kept at C/10 [34]. In addition, it is 
found that the slot length C also influences the antenna 
 
Table 1. Configuration of the antenna structure and pack-
aging. 

 Size (m2) Thickness (m)

Fused silica (εr = 3.8, tanδ = 0) 4849 × 5555 300 

ENC4 (εr = 4, tanδ = 0.02) 4849 × 665 600 

Air (εr = 1, tanδ = 0.0) 3849 × 3890 500 

Top ring (gold) (width = 500 m) 4849 × 4890 2 
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Figure 2. Schematic view of the antenna packaged with an 
integrated chipset. 

resonance frequency: the resonance frequency decreases 
when the slot length increases (with the fixed patch size 
and the slot width kept at C/10). Figure 4 compares the 
simulated antenna reflection coefficients (S11 in dB) for 
different slot lengths with the square patch size L = 1400 
µm. The antenna resonance frequency shifts from 62 
GHz to 57 GHz when the slot length C increases from 
L/2 to L/0.9. The final dimensions of the patch antenna 
are optimized to make both the resonant frequency and 
the frequency with the minimum axial ratio at 61 GHz. 
The finalized design parameters are listed in Table 2. 

The simulated reflection coefficients (S11 in dB) and 
axial ratio of the optimized antenna are plotted in Figure 
5. It can be seen that S11 is less than –10 dB from 59 GHz 
to 75 GHz, with a bandwidth of about 24%. The axial 
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Figure 3. The microstrip-fed square patch antenna with a 
diagonal slot. 
 

 

-30

-20

-10

0

55 60 65 70 75

C=L/0.9
C=L/1.1
C=L/2
C=L/2.72

Frequency (GHz)

S
1

1
 (

d
B

)
S 1

1 
(d

B
) 

 

Figure 4. Simulated reflection coefficients (S11 in dB) of the 
square patch antenna (L = 1400 µm) with different slot 
lengths C (slot width d = C/10). 
 
Table 2. The dimension of the finalized patch antenna de-
sign. 

Antenna length L = 1050 µm 

Antenna width L = 1050 µm 

Slot length  C = 1141 µm 

Slot width d = 114 µm 

Microstrip line width W0 = 400 µm 

Microstrip impedance Z0 = 102  
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Figure 5. Simulated microstrip-fed square patch antenna 
performance: (a) Reflection coefficients (S11 in dB); (b) Ax-
ial ratio. 
 
ratio is less than 6 dB from 58 GHz to 72 GHz, with a 
bandwidth of 21.5%. Comparing with conventional patch 
antennas, the bandwidth of the optimized antenna is 
much greater due to the utilization of the air cavity and 
the fused silica superstrate. The simulated antenna effi-
ciency is higher than 90% for the entire frequency range 
from 50 to 75 GHz. 

A CPW to microstrip transition is then designed to 
satisfy the CPW interface of the antenna packaging and 
enable convenient measurements using a CPW probe. 
The transition section is composed of a tapered micro-
strip line and a CPW line (labeled CPW4) with two ap-
proximately λ/4 open-stubs to achieve the desired ground-
ing at the transition [35] around the center frequency of 
61 GHz, as shown in Figure 6(a) with straight open 
stubs and Figure 6(b) with bent open stubs. The CPW4 
section is designed to have the same impedance (102 Ω) 
as the microstrip. Two additional CPW lines (labeled 
CPW3 and CPW2) are used to transform the 102 Ω CPW 
line (CPW4) to the input 50 Ω CPW line (labeled 
CPW1). 

To evaluate the impact of the CPW packaging, the 
HFSS simulated performances of the antennas with direct 
microstrip feeding, the CPW feeding with the straight 
open-stubs and the bent open-stubs are compared in 
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L1
CPW1 CPW4 CPW2 CPW

 
(a) 

CPW4 L3

L2 Patch antenna
Taper 

CPW3CPW1 CPW2 CPW4 

 
(b) 

Figure 6. The top view of the antenna layer including (a) 
The CPW feed with straight open-stubs; (b) The CPW feed 
with bent open-stubs. 
 
Figure 7. The simulated antenna efficiencies are greater 
than 90% for all the cases. The reflection coefficients and 
axial ratios of the three cases are similar at frequencies 
around 61 GHz (58 GHz - 64 GHz), as expected. With 
the CPW feeding sections, the antenna has a wider 
bandwidth and a narrower axial ratio bandwidth com-
pared to those of the direct microstrip feeding. The S11 of 
the antennas with the CPW feedings are less than 10 dB 
from 50 GHz to 70 GHz with a bandwidth of 33%, which 
are larger than the 17% bandwidth of the antenna with 
the microstrip feeding. The 6 dB axial ratio bandwidths 
of the antennas with the microstrip feeding, the CPW 
feeding with straight open-stubs and bent open-stubs are 
18.7%, 9%, and 9.9%, respectively. In combination, the 
bandwidth with both S11 less than –10 dB and axial ratio 
less than 6 dB drops from 17% to 9% and 9.9% when the 
CPW feeding sections are added to match the CPW in-
terface, which is still sufficient for the applications at 60 
GHz. In addition, the axial ratios of the antenna with bent 
open-stubs are around 1 dB lower than the case with 
straight open-stubs at frequencies around 61 GHz. 
Therefore, to reduce the impact of the λ/4 open-stubs on 
the radiation characteristics (especially the axial ratio) of 
the antenna, the bent λ/4 open-stubs are used for the final 
design. The final dimensions of the feeding sections are 
listed in Table 3, where L is the transmission line length, 
W is the transmission line width, g is the CPW gap, W1 

and W2 are the widths of the two ends of the tapered mi-
rostrip. The widths of the two CPW grounds are 150 um 
each. 
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Figure 7. Comparison of antennas with different feedings (a) 
the axial ratio (b) the reflection coefficient (S11 in dB). 
 
Table 3. The geometry of the CPW to microstrip transition. 

CPW1 L = 665 µm, W = 128 µm, g = 31 µm 

CPW2 L = 500 µm, W = 124 µm, g = 33 µm 

CPW3 L = 631 µm, W = 56 µm, g = 67 µm 

CPW4 L = 800 µm, W = 50 µm, g = 70 µm 

λ/4 open-stub L1 = 700 µm, L2 = 500 µm, L3 = 350 µm 

Taper L = 340 µm, W1 = 50 µm, W2 = 400 µm 

Microstrip L = 100 µm, W = 400 µm 

4. Comparison of Measurement and 
Simulation 

To validate the performances of the designed 60 GHz 
left-hand circular polarized antenna, a prototype is fabri-
cated by a thin-film resolution metal patterning process. 
The detailed fabrication procedure can be found in 
[30,31]. Figure 8 shows a photo of the fabricated and 
packaged antenna. Note that the antenna layer on the 
bottom side of the fused silica can be clearly seen be-
cause of the transparency of the fused silica superstrate. 

The antenna performances including return loss, axial 
ratio, gain and radiation pattern are characterized from 50 
GHz to 65 GHz using a CPW probe based measurement 
setup in an anechoic chamber, as it is described in detail 
in [29]. To measure the axial ratio of the fabricated an-
tenna, both a straight and a twisted waveguide adapter 
are used to feed the receiving standard gain horn. The 
challenge of the axial ratio measurement at 60 GHz is 
that it is very sensitive to the phases of the two polariza-
tions. For example, when the straight waveguide adapter 
is replaced by the twisted one or vice versa, small mis-
alignment would lead to the inaccuracy of the measured 
axial ratio. 

Figure 9 plots the simulated and measured S11 of the 
fully packaged antenna (reference point at the beginning 
of the CPW line). The measured result indicates a 10 dB 
bandwidth greater than 26% (limited by the experimental 
frequency range), agreeing well with the simulation re-
sult. The measured axial ratio is plotted in Figure 10,  
 

 

Figure 8. A photo showing the top view of the fabricated 
and packaged 60 GHz left-hand circular polarized patch 
antenna.  
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Figure 9. The simulated and measured reflection coeffi-
cients (S11 in dB) of the fully packaged antenna. 
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the y-z plane (not shown) also has similar shape and 
range but is distorted a bit due to the interference of the 
antenna feeds in the measurement. Our simulation shows 
that the antenna efficiency is greater than 90% within the 
simulated frequency range, as the dashed curve plotted in 
Figure 11(b). The measured antenna efficiency ηmea is 
then estimated as: *mea sim mea simG G   (with the as-
sumption that the measured and simulated directivities 
are consistent), where sim  is the simulated antenna 
efficiency, sim  and mea  are the simulated and mea- 
sured antenna gains, respectively. It can be seen from 
Figure 11(b) that the measured efficiency (solid curve) 
varies from 75% to 92% from 57 to 64 GHz. 

G G

50 55 60 65 70
0

5

10

15

20

25

Frequency (GHz)

A
xi

al
 r

at
io

 (
d

B
)

 

 

Simulation
Measurement

 

Finally, reasonable agreements between the simulated 
and measured radiation patterns in both the x-z and y-z 
planes are observed, as shown in Figure 12. The meas-
ured patterns away from the broadside in the x-z plane 
show some discrepancy, probably due to measurement 
uncertainties. The measured co-polarized and cross-polari- 
zed radiation patterns at 61 GHz are compared in Figure 
13. One thing to notice is that the broadside gains in the 
y-z and x-z planes are different by about 1.4 dB. This 
discrepancy is also believed to be caused by experimen-
tal uncertainties. 

Figure 10. The simulated and measured axial ratio of the 
fully packaged antenna. 
 
together with the simulated result. The simulated 6 dB 
axial ratio bandwidth is 9.9%, with a minimum value of 
2.7 dB at 61 GHz. The measured minimum axial ratio 
(3.0 dB) also occurs around 61 GHz and the 6 dB axial 
ratio bandwidth is 22.7%. The measurement and simula-
tion results agree well above 60 GHz but the measured 
values are significantly smaller at the lower frequencies. 
The discrepancy between the simulated and measured 
axial ratios is likely due to the measurement uncertainties 
discussed previously. 

5. Conclusion 

A fully packaged left-hand circularly polarized antenna 
for 60 GHz wireless communications is demonstrated. 
Wide bandwidth and high efficiency are achieved by 
utilizing an air cavity and a fused-silica superstrate. The 
antenna packaging with a CPW interface is compatible to 
semiconductor integrated circuits. The measured antenna 
properties including return loss, axial ratio, gain and ra-
diation patterns agree reasonably well with the simula-
tion results. The demonstrated antenna achieved an im-
pedance bandwidth greater 26%, a 6 dB axial ratio 

The radiation characteristics of the antenna are meas-
ured in both x-z and y-z planes (see Figure 8). The simu-
lated and measured antenna gains (x-z plane) as a func-
tion of frequency are shown in Figure 11(a). They match 
reasonably well with each other near the center fre-
quency (at 61 GHz, the measured and simulated gains are 
6.4 dB and 7.3 dB, respectively). The measured gain in 
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Figure 11. The simulated and measured antenna gain (a) and antenna efficiency (b) of the fully packaged antenna. 
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(a)                                              (b) 

Figure 12. The simulated and measured radiation patterns of the fully packaged antenna at 61 GHz in: (a) y-z plane; (b) x-z 
plane.  
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Figure 13. The measured co-polarized and cross-polarized radiation patterns of the fully packaged antenna at 61 GHz in: (a) 
y-z plane; (b) x-z plane. 
 
bandwidth of 22.7% and efficiency above 75% for the 
entire frequency range. 
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