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Abstract—A low-profile broadband metamaterial-mushroom 

antenna array is proposed for high-gain 60-GHz band applica-
tions. The antenna array consists of a single-layer mushroom ra-
diating structure and a simplified single-layer substrate inte-
grated waveguide (SIW) feeding network. The antenna array is 
fabricated in low-temperature co-fired ceramic (LTCC). One new 
transmission-line based model is presented to estimate the reso-
nant frequencies of operating TM10 and antiphase TM20 modes. 
With the metamaterial-mushroom structure, closely-placed an-
tenna elements realize less mutual couplings, higher aperture il-
lumination efficiency compared to the conventional patch anten-
nas. Experimental results show that an 8 × 8 mushroom antenna 
array with the feeding transition achieves an impedance band-
width of 56.365.7 GHz with a boresight gain greater than 21.2 
dBi and up to 24.2 dBi at 62.3 GHz. The proposed antenna array 
features the merits of high gain, broadband, compact size, and low 
cross-polarization levels. 

 
Index Terms—Antenna array, mushroom antenna, low profile, 

wideband, metamaterial, 60-GHz radio, surface wave, mutual 
coupling, low temperature co-fired ceramic (LTCC), substrate 
integrated waveguide (SIW). 

 

I. INTRODUCTION 

HE unlicensed 60-GHz band has been received increasing 
attention worldwide due to its potentials in indoor 

short-range wireless communications supporting uncom-
pressed high-definition streaming and/or outdoor point-to-point 
systems to extend the fiber networks between buildings [1], [2]. 
Because of varying regulations in different countries/regions, 
the available frequency range is from 57 to 66 GHz. Besides the 
requirement of a broad operating bandwidth, the antennas with 
high gain are also needed to compensate for high path loss from 
a link-budget point of view. At such high operating frequencies, 
the high-gain design becomes challenging due to losses prob-
ably caused by dielectric, conductors and surface waves of not 
only radiators but also feeding networks, particularly in planar 
antenna designs [3][5]. 
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Low temperature co-fired ceramic (LTCC) multilayer tech-
nology stands out in the millimeter wave (mmW) antenna de-
sign because of its attractive features of low fabrication toler-
ance, flexible metallization, convenient perpendicular inter-
connection, and easy implementation of blind, buried, through 
vias, and air cavity compared to conventional printed circuits 
board (PCB) process. In addition, the ceramic used in LTCC 
process usually possesses low ohmic losses at 60 GHz bands. A 
lot of LTCC antennas and arrays at 60-GHz band have been 
developed [4][8]. The works have shown that the thick LTCC 
substrate with high permittivity causes severe surface waves so 
that the antennas suffer from reduced efficiency and deterio-
rated radiation patterns at 60 GHz bands. A number of tech-
niques have been reported to suppress the surface wave as well 
as the mutual coupling in an antenna/array, such as adding 
metal-topped via-fences [4][6], lowering effective substrate 
dielectric constant with embedded air cavity [7], utilizing open 
air cavities around the radiating edges of a patch antenna [8], 
and so on at a price of the manufacture complexity and fabri-
cation cost due to the specific processing. 

Mushroom structures have long been utilized to realize 
high-impedance surfaces for the surface waves suppression and 
low-profile antennas design, and composite right/left-handed 
(CRLH)  structures for implementing miniaturized nega-
tive/zeroth-order resonant antennas featuring very narrow op-
erating bandwidth [9][12]. In this paper, a broadband 8 × 8 
metamaterial-mushroom antenna array fabricated in LTCC is 
proposed at 60-GHz bands to ease the most critical design issue 
of high gain. The configuration of the proposed antenna ele-
ment design originally stems from the microstrip-line fed 
metamaterial-based mushroom antenna operating at 5-GHz 
bands fabricated in a conventional printed circuit board (PCB) 
[13]. Compared to the design at 5-GHz bands, the surface wave 
loss becomes much more challenging at 60-GHz bands due to 
the higher permittivity and electrically thicker ceramic. Instead 
of the microstrip-line feed, the substrate integrated waveguide 
(SIW) feeding network can suppress the antenna backlobe 
levels significantly and reduce the ohmic loss caused by die-
lectric for a large-scale array design [14], [15]. Because of the 
suppression of surface waves, the metamaterial-mushroom 
antennas on the thin LTCC substrate exhibit much less mutual 
couplings in both the E- and H-planes in comparison with the 
conventional microstrip patch antennas. The antenna array is 
designed and optimized using CST Microwave Studio which is 
based on the finite integration method [16]. The measurement 
is carried out to experimentally validate the design. 

60-GHz Thin Broadband High-Gain LTCC 
Metamaterial-Mushroom Antenna Array 
Wei Liu, Member, IEEE, Zhi Ning Chen, Fellow, IEEE, Xianming Qing, Member, IEEE 

T



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

2

 

II. ANTENNA ELEMENT AND SUBARRAY 

A. Antenna Element 

The proposed metamaterial-mushroom antenna element 
consists of a seven-layer LTCC substrate of Ferro A6-M (εr = 
5.9 ± 0.2, tanδ = 0.002 at 60 GHz) as shown in Fig. 1. Each 
co-fired substrate and metal layer is 0.095 mm and 0.017 mm 
thick, respectively. The conductor used in the metallization is 
Au with the conductivity of 4.56 × 107 S/m. The mushroom unit 
cell comprises a square patch on the top of LTCC substrate and 
a thin via connecting the center of the patch and a ground plane 
through the substrate layers Sub1-2. The 4 × 4 mushroom cells 
in Sub1-2 form one radiating element. The longitudinal feeding 
slot is cut onto the broadwall (on the metal layer M2) of the 
SIW in Sub3-7. The detailed geometries of the mushroom 
structure and the SIW longitudinal slot feed are illustrated in 
Figs. 1(c) and (d), respectively. 

The operating mechanism of the aperture coupled mushroom 
antenna was investigated in previous work [13]. The empirical 
formulae were given to estimate the resonant frequencies of 
TM10 and antiphase TM20 mode based on the dispersion rela-
tion of the mushroom unit cell. Here, we propose a new simu-
lation model to predict the individual resonant frequencies di-
rectly. Fig. 2(a) shows the transmission-line model to extract 

the resonant frequency of the TM10 mode of the mushroom 
antenna element. The two opposite edges of the 4 × 4 mush-
room cells are connected to the microstrip line with the same 
width Wp = 4 × p − g. Waveguide ports are set at the two ends in 
the CST simulator. The reference planes are placed at ΔL away 
from the opposite edges of the mushroom structure by consid-
ering the effect of the fringing field. The extended length ΔL is 
the same as that in Ref. [13] and reproduced as following: 
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This can be integrated into the CST Microwave Studio software 
to get the phase shift between the reference Planes A and B 
directly. The resonance at the TM10 mode is located at the 
frequency where the phase shift equals −π. Similarly, the sim-
ulation model for estimating the resonant frequency of the 
antiphase TM20 mode is presented in Fig. 2(b), where the 2 × 4 
mushroom cells are considered instead. The antiphase TM20 
mode occurs at the frequency where the phase shift becomes −π 
in this simulation model. 

Fig. 3 shows that the mushroom antenna element with the 
dimensions listed in Table I has the extracted TM10 and 
antiphase TM20 mode resonant frequencies of 58.0 GHz and 
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Fig. 4.  Simulated |S11| and boresight gain of the antenna element. 
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Fig. 3.  Simulated phase shift between Planes A and B. 

TABLE I 
DIMENSIONS OF THE ANTENNA ELEMENT (UNIT: MM) 

p 0.9 g 0.12 Dm 0.2 

Dv 0.1 Sv 0.25 WSIW 1.64 

Ls 1.3 Ws 0.15 x0 0.63 

s 0.75 Wp 3.48 hmr 0.19 

hSIW 0.475     

       
        (a)                                              (b) 

Fig. 2.  Transmission-line models for estimating the resonance frequencies of
operating modes of the mushroom element: (a) TM10 mode, and (b) antiphase
TM20 mode. 

     
  (a)                                             (b) 

       
  (c)                                            (d) 

Fig. 1.  Geometry and dimensions of the proposed SIW fed mushroom antenna
element on LTCC: (a) side view, (b) top view, (c) mushroom structure, and (d)
SIW single longitudinal slot feed. 
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64.0 GHz, respectively. The optimized parameters of the 
feeding structure are tabulated in Table I as well. Fig. 4 shows 
the simulated reflection coefficient and gain of the antenna 
element. The bandwidth for |S11|  −10 dB is over 57.064.4 
GHz. Within the impedance bandwidth, the gain is greater than 
8.0 dBi. Using the SIW slot feed, the simulated backlobe levels 
have been suppressed to less than −23 dB in both E- and 
H-planes across the operating bandwidth. 

B. Comparison with Conventional Patch Antenna 

As shown in Fig. 5, an SIW longitudinal slot fed patch an-
tenna is introduced for the comparison with the proposed 
mushroom antenna. The dimensions of the feeding SIW and the 
substrate area are the same as the mushroom antenna element 
design. The radiating rectangular patch is put on the top layer. 
An additional metallic via is positioned in the SIW for reflec-
tion cancellation. For the SIW fed patch antenna with two-layer 
LTCC substrate the same as the mushroom antenna design, the 
simulated −10 dB impedance bandwidth is over 59.261.8 GHz 
as shown in Fig. 5 along with the optimized antenna parame-
ters. In order to achieve the same operating bandwidth as the 
mushroom antenna element, the patch antenna needs a 
four-layer LTCC substrate. Fig. 5 shows that the optimized 
SIW fed four-layer patch antenna achieves an impedance 
bandwidth of 57.064.7 GHz. The maximum gain of the two 
and four-layer patch antenna is 5.6 and 4.8 dBi, respectively. 

 
Fig. 6 shows that the mushroom/patch antenna elements are 

positioned collinearly along the E- and H-planes with an 
edge-to-edge separation of ge and gh, fed by Ports 1 and 2, re-
spectively.  For the proposed mushroom antenna and the patch 
antenna, TM surface waves are launched along the E-plane, 
whereas TE surface waves propagate along the H-plane [17], 
[18]. The dominant surface wave is the TM0 mode with a zero 
cutoff frequency, whereas the cutoff frequencies of TM1 and 
the lowest order TE1 surface waves in the grounded two and 
four layers are much higher than the operating frequencies at 
60-GHz bands. 

Fig. 7(a) plots the mutual couplings of the E-plane arrayed 
mushroom and patch antenna elements with the same 
edge-to-edge separation of 0.72 mm. It is reasonable that the 
two-layer patch antenna elements exhibit less mutual coupling 
than the four-layer patch antenna elements, while  the two-layer 
mushroom antennas enjoy the significantly suppressed  E-plane 
interelement mutual coupling  of −33 dB, 20 dB lower than that 
of the two-layer patch antennas around 60 GHz. 

Fig. 7(b) shows the mutual coupling of the H-plane coupled 
mushroom and patch antenna elements with the same 
edge-to-edge separation of 0.72 mm. As the surface waves are 
not excited around the 60-GHz band along the H-plane in the 
grounded two and four-layer substrate, the fringing field cou-
pling dominates in the H-plane coupled elements [19]. Due to 
the smaller patch size, the H-plane mutual coupling of the 
four-layer patch antennas is less than that of the two-layer patch 
antennas across the common operating band. Again, the 
two-layer mushroom antenna elements exhibit 10 dB lower 
H-plane mutual coupling even with a much larger radiating 
aperture than that of the two-layer patch antennas around 60 
GHz. Therefore, the metamaterial mushroom antenna 
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Fig. 7.  Mutual couplings of the antenna elements arrayed: (a) in the E-plane
with ge = 0.72 mm, and (b) in the H-plane with gh = 0.72 mm. 

  
(a) 

  
(b) 

Fig. 6.  Geometry of the E/H-plane coupled antenna elements: (a) mushroom
antennas, and (b) patch antennas. 
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Fig. 5.  Geometry and |S11| of the SIW longitudinal slot fed microstrip patch
antennas. (2-layer patch antenna: Lr = 1.2, Wr = 0.7, Ls = 0.68, Ws = 0.2, x0 =
0.55, xp = 0.4, s = 0.8, Dp = 0.1; 4-layer patch antenna: Lr = 1.2, Wr = 0.5, Ls =
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demonstrates its superiority over the conventional patch an-
tenna in terms of gain, bandwidth, and mutual coupling. 

C. Two-Element Subarray 

In order to reduce the number of T-junctions used in the 
feeding network of the antenna array, a two-element subarray is 
designed using double longitudinal feeding slots in an SIW 
section as shown in Fig. 8. The longitudinal slots are able to 
provide in-phase radiation by positioning the SIW longitudinal 
slots with either the same offsets and integer times of guided 
wavelength distance or the opposite offsets and odd times of 
half guided wavelength distance. 

The dimensions of the mushroom structure (p, g, Dm, and hmr) 
and the SIW (Dv, Sv, WSIW, and hSIW) remain the same as those 
of the antenna element. The detailed optimized parameters of 
the feeding slots are tabulated in Table II. The distance between 
the two longitudinal slots (sp) is 3.9 mm, which is three times of 
the half guided wavelength in the SIW at the center frequency 
of 61 GHz. The two slots are positioned at the opposite sides 
with respect to the center line of the SIW with the same offset 
of 0.4 mm. The radiating mushroom elements are aligned to the 
feeding slots in the center, respectively. 

The simulated |S11| and boresight gain of the subarray are 
shown in Fig. 9. The simulated −10 dB impedance bandwidth 

reaches 9.6 GHz (55.565.1 GHz). The boresight gain is higher 
than 9.5 dBi within the bandwidth with the peak boresight gain 
of 11.8 dBi at 61 GHz. 

The mutual coupling characteristics of the E- and H-plane 
coupled subarrays are presented. As shown in Fig. 10(a), the 
E-plane coupled subarrays are positioned along the x-axis di-
rection with a center-to-center spacing, se, which is the E-plane 
interelement separation as well. The H-plane coupled subarrays 
are arrayed along the y-axis direction with an interelement 
spacing, sh, as illustrated in Fig. 10(b). The mutual couplings of 
the E-plane coupled subarrays are plotted in Fig. 11(a). The 
E-plane mutual coupling slightly affects the |S11|. The maxi-
mum E-plane coupling over the bandwidth of 5068 GHz is 
−26.6 dB with the spacing se of 4.2 mm. Fig. 11(b) depicts the 
mutual couplings of the H-coupled subarrays with the spacing 
sh varying from 3.8 to 4.2 mm. The |S11| is slightly affected by 
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Fig. 11.  Mutual couplings of the subarrays arrayed in: (a) E-plane, and (b)
H-plane. 

 
(a) 

 
(b) 

Fig. 10.  Geometry of the two-element subarrays configured to study the mutual
coupling in (a) E-plane, and (b) H-plane. 
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Fig. 9.  Simulated |S11| and boresight gain of the two-element subarray. 
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Fig. 8.  Geometry and dimensions of the two-element subarray in LTCC: (a) top
view and (b) SIW double longitudinal slots feed. 

TABLE II 
DIMENSIONS OF THE TWO-ELEMENT SUBARRAY (UNIT: MM) 

Ls 1.2 Ws 0.15 x0 0.4 

s 0.7 sp 3.9   
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the H-plane mutual couplings. With the spacing sh of 4.2 mm, 
the H-plane mutual couplings have been suppressed to below 
−22.5 dB over the bandwidth of 5070 GHz. 

III. 8 × 8 ANTENNA ARRAY DESIGN 

The two-element subarrays are employed in the antenna ar-
ray including the design of the power divider and the transition 
between the SIW and the 50-Ω End Launch Connector (ELC). 
The side view of the 8 × 8 mushroom antenna array in LTCC is 
shown in Fig. 12(a). The antenna array with the feeding net-
work is on the left side of Plane C in Fig. 12(a). The transition 
between SIW and the End Launch Connector is designed for 
measurement on the right side of Plane C as shown in the side 
view. 

Fig. 12(b) shows the top view of the 8 × 4 mushroom 
subarrays in Sub1 and Sub2. The metalized areas are shaded 

and the white areas are the exposed substrate. The 32 subarrays 
are finally positioned with an interelement spacing of 4.2 mm 
(0.84λ0 at 60 GHz) horizontally and 3.9 mm (0.78λ0 at 60 GHz) 
vertically. 

Fig. 12(c) depicts the top view of the 32-way power divider 
in Sub37 comprising two H-plane bends and 31 T-junctions. 
Compared with the symmetric parallel 64-way power divider 
required for the 8 × 8 array without the subarray configuration, 
32 T-junctions have been removed with the accompany of only 
two additional H-plane bends for less transmission loss. The 
detailed dimensions of the T-junction and H-plane bend are 
illustrated in Figs. 13(a) and (b), respectively. The H-plane 
bend achieves the |S11| less than −20 dB across 5366 GHz, 
whereas the −20-dB reflection bandwidth of the T-junction is 
realized over 5070 GHz in simulation. 

The input of the power divider, Plane C, is connected to the 
SIW-ELC transition. The transition consists of a 50-Ω 
microstrip line with the tapered section in each end, a sur-
rounding via fence, and grounded vias in the interface. The 
surrounding via fence is configured to suppress the server sur-
face waves in the thick high-permittivity substrate. The screw 
holes with a diameter of 2 mm are drilled for the installment of 
the ELC. The geometry with optimized dimensions of the 
transition is illustrated in Fig. 13(c). The diameter and pitch of 
the vias used in the feeding network and the transition part are 

50 55 60 65 70
-40

-30

-20

-10

0

 |S
11

|

 |S
21

|

S-
P

ar
am

et
er

s 
(d

B
)

Frequency (GHz)  
Fig. 14.  Simulated S-parameters of the transition. 

    
     (a)                                (b) 

 
(c) 

Fig. 13.  Geometry and dimensions of (a) T-junction, (b) H-plane bend, and (c)
feeding transition to the End Launch Connector (Unit: mm). 

 
(a) 

 
(b) 

 
(c) 

Fig. 12.  Geometry of the antenna array in LTCC: (a) side view, (b) top view of
the mushroom array (M1 and Sub12), and (c) top view of the feeding network
with a transition to the End Launch Connector (M2 and Sub37). 
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0.1 and 0.25 mm, respectively. Fig. 14 shows the simulated 
S-parameters of the transition. Port 1 and Port 2 stand for the 
ELC and the SIW port in Plane C. Over the bandwidth of 5564 
GHz, the proposed transition achieves the return loss of less 
than 20 dB and the insertion loss below 1 dB.  

The other parameters of the array are kept the same as the 
two-element subarray design. As shown in Fig. 12, due to the 
symmetrical parallel feeding network, the slightly twisted pat-
terns of the single two-element subarray are compensated in the 
extended antenna array with 8 × 8 elements. 

IV. EXPERIMENTAL RESULTS 

The proposed 8 × 8 mushroom antenna array with the feed-
ing transition was fabricated using the LTCC process. The ar-
ray prototype connected to the ELC is shown in Fig. 15(a). The 
overall size of the array prototype is 35.4 × 43.8 × 0.7 mm 
(radiation aperture of 35.4 × 33.6 mm). The antenna was 
measured in an anechoic chamber using a self-built mmW an-
tenna measurement system at Institute for Infocomm Research, 
Singapore, as shown in Fig. 15(b). 

The measured and simulated |S11| of the antenna array with 
the transition are compared in Fig. 16. The simulated and 
measured impedance bandwidths for the reflection coefficient 
lower than −10 dB are 55.0665.28 and 56.267 GHz, respec-
tively. The slight upward shift of the operating frequencies in 
the measurement is mainly due to the fabrication tolerance and 
material properties. 

The simulated and measured co-polarization radiation pat-
terns of the antenna array (including the transition and ELC) in 
the E- and H-planes are illustrated in Figs. 17 and 18, respec-
tively. Due to the symmetrical array configuration, all the main 
beams are pointed at the boresight direction without any beam 
squinting across the bandwidth. The simulated sidelobe 

levels (SLLs) in the E- and H-planes are less than −13.2, −14.4, 
−13.1 dB and −11.7, −12.1, −12.3 dB at 57, 60, 64 GHz, re-
spectively. The measured main beams align fairly well with the 
simulation. The measured SLLs in the E-plane and H-plane are 
less than −13.4, −13.6, −14.4 dB and −12.4, −11.0, −13.8 dB at 
57, 60, 64 GHz, respectively. The measured backlobe levels are 
all suppressed to less than −34 dB at the three frequencies as 
shown in Figs. 17 and 18. 

The measured cross-polarization levels in the E- and 
H-planes are lower than −34.0, −24.1, −21.2 dB and −20.6, 
−21.9, −17.2 dB at 57, 60, 64 GHz, respectively. The simula-
tion shows that the cross-polarization levels are worsened when 
the transition part and the ELC are introduced. The proposed 
array itself with an input port at Plane C exhibits much lower 
simulated cross-polarization levels of less than −48.6, −48.4, 
−39.9 dB in the E-plane and −43.1, −37.3, −32.7 dB in the 
H-plane at 57, 60, 64 GHz, respectively. 

Fig. 19 compares the simulated boresight gain and directivity 
of the antenna array with/without the transition. Without the 
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Fig. 17.  Measured and simulated E-plane co-polarization radiation patterns
with the transition at (a) 57 GHz, (b) 60 GHz, and (c) 64 GHz. 

50 55 60 65 70
-30

-20

-10

0
 Meas.
 Simu.

|S
11

| (
dB

)

Frequency (GHz)  
Fig. 16.  Measured and simulated |S11| of the antenna array with the transition.
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Fig. 15.  Photograph of (a) the antenna array, and (b) measurement setup. 
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transition, the simulated gain is higher than 22.8 dBi over 
55.565.0 GHz with the peak gain of 24.9 dBi at 62 GHz. With 
the presence of the transition for measurement, the gain is 
higher than 21.5 dBi over 55.565.0 GHz, and the maximum 
simulated gain becomes 24.1 dBi at 61 GHz. The measured 
boresight gain of the antenna array with the transition is given 
in Fig. 19 as well showing a maximum gain of 24.2 dBi at 62.3 
GHz and  the 3-dB gain bandwidth of 56.365.7 GHz.  

Fig. 20 shows that the simulated antenna efficiency of the 
antenna array itself without the transition is higher than 41% 
over 55.565.0 GHz with the maximum efficiency of 55.1% at 
60.5 GHz. After considering the aperture of the mushroom ar-
ray as 35.4 × 33.6 mm, the maximum simulated aperture effi-
ciency of the antenna array itself is 49.4% at 61 GHz. With the 
transition, the maximum simulated aperture efficiency at 61 
GHz is reduced to 42.0%, while the measured peak aperture 
efficiency is 40.6% at 62.2 GHz. The simulated illumination 
efficiency of the antenna array itself without the transition is 
also shown in Fig. 20. The high aperture illumination efficiency 

of 90.6% at 61.5 GHz demonstrates an excellent uniform ap-
erture field distribution of the proposed mushroom antenna 
array. 

V. CONCLUSION 

An SIW-fed 8 × 8 low-profile broadband metamaterial 
mushroom antenna array in LTCC has been proposed for 
60-GHz high-gain applications. With the configuration of the 
SIW double-slot fed two-element subarray, the single-layer 
feeding network has been simplified for low insertion loss. The 
mutual coupling characteristics of the metamaterial-mushroom 
antennas have been investigated in comparison with the con-
ventional microstrip patch antennas. The experimental results 
have demonstrated a promising perspective of the proposed 
thin planar mushroom antenna array at mmW bands. 
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