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Abstract 

We propose a printed circuit board (PCB)-embedded antenna for millimeter-wave chip-to-chip communication. The antenna is 0.18 mm 
in height which is 1/20 wavelength at 80 GHz. In order to realize such a low profile, a zeroth-order resonator antenna with a periodic array 
of four unit cells is employed, and its geometry is optimized to cover an 8-GHz bandwidth from 76 to 84 GHz. With this, the antenna 
is capable of radiating in a direction parallel to the board length despite the short distance between the ground and the radiator. Simulation 
and measurement results show that the optimized design has low reflection coefficients and consistent radiation patterns throughout the target 
bandwidth. 
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Ⅰ. INTRODUCTION

The demand for multi-gigabit data transfer over a wireless 
link is expediting the advent of millimeter-wave applications 
(30 to 300 GHz) [1]. In virtue of a shorter wavelength com-
pared to the microwave frequency, a much broader band-
width can be obtained with physically smaller electronic com-
ponents, such as waveguides, cavities, and antennas. One pro-
mising application utilizing the millimeter-wave band is chip- 
to-chip communication [2]. A wireless link between elec-
tronic chips may reduce the portion of wired connections, for 
instance, bonding wires, ball grids, and printed circuit board 
(PCB) traces, resulting in better manufacturability and less 
dissipation loss in high data rate communication. 

In this letter, we report a novel PCB-embedded antenna 
for millimeter-wave chip-to-chip communication. The an-
tenna is designed to operate in the frequency band of 76 to 

84 GHz and to radiate horizontally to the PCB surface. It 
is extremely low profile as the height of the antenna is only 
0.18 mm, which is 0.05λ at 80 GHz. Such a close distance 
from the antenna radiator to the ground restricts the radia-
tion of electromagnetic energy vertically to the PCB surface. 
In order to avoid this undesirable effect, antennas are often 
lifted off the ground or have a fill cut on the ground to di-
rect the energy horizontally to the PCB surface [3]. There 
is no fill cut in our design; instead we utilize a special radia-
tion mode originating from the zeroth-order resonance (ZOR). 
The ZOR antenna is known to provide a monopole-like ra-
diation pattern despite its low profile [4, 5]. The drawback 
is the narrow bandwidth, which is typically 3% to 7%. In the 
proposed design, the feed and unit cells are properly arran-
ged to improve the bandwidth up to 10%. Furthermore, a 
unique butterfly-like radiation pattern is successfully genera-
ted throughout the target bandwidth. 
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Fig. 1. Geometry of the proposed antenna. (a) Top view, (b) side
view.

  

  
Ⅱ. ANTENNA DESIGN 

Fig. 1 depicts the top and side view of the proposed an-
tenna. As mentioned, the antenna height is restricted to h = 

0.18 mm, implying the antenna is embedded in the top three 
layers of a conventional 10-layer PCB. As in Fig. 1(a), a pe-
riodic array of four unit cells is employed as the ZOR radia-
tor to generate both the zeroth- and first-order modes in the 
target frequency band. Each unit cell consists of a rec-
tangular patch and via connecting to the ground. The anten-
na feed is composed of a coplanar waveguide and a fat stub. 
The latter plays a role as a matching circuit responsible for 
a smooth transition in the bandwidth of 76 to 84 GHz. The 
side view, Fig. 1(b), shows that the via lands stay in the de-
sign as they are not electrically small at 80 GHz, thus sig-
nificantly affecting the resonance frequency and bandwidth 
of the antenna. The diameter of the via land provided by the 
PCB manufacturer is 0.25 mm.  

Parametric studies based on a full-wave simulation tool 
(Ansys high-frequency structure simulator [HFSS]) show 
that the antenna resonance frequency and bandwidth can be 
tuned by the parameters cx, cy, fx, fy, w, and g (see Fig. 1). 
Among them, g, the gap between the stub and the first unit 
cell, is the most critical parameter for the bandwidth. Fig. 2 
shows the change in the simulated reflection coefficients (S11) 
by varying g. As observed, the bandwidth increases as g de-
creases from 0.1 to 0.06 mm at the expense of poor mat-
ching. With g = 0.08 mm, the S11 < 10 dB bandwidth sp-
ans from 75.4 to 84.2 GHz covering the target 8 GHz 
bandwidth.

The optimized antenna design is carried out with cx = 1.5, 
cy = 0.47, fx = 1.2, fy = 0.8, w = 0.21, and g = 0.08 mm. 
Based on these values, a prototype is fabricated on the top 
three layers of a 10-layer FR4 PCB with a dielectric con-
stant of εr = 4.6 and a loss tangent of tanδ = 0.019. The 
coplanar feed of the fabricated antenna is probed with a 
ground-signal-ground (GSG) probe, and then the S11 is col-
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Fig. 2. Simulated and measured S11 of the antenna (inset is the 
fabricated antenna).
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Fig. 3. Butterfly-like radiation patterns of the antenna. (a) 3D 
pattern at 80 GHz, (b) yz-cut at 76 GHz, (c) yz-cut at 
80 GHz, and (d) yz-cut at 84 GHz.

  

  
lected using a network analyzer. Fig. 2 shows the measured 
S11 on top of the simulation data. They are in good agree-
ment except that the resonance frequency of the measured 
data is about 2 GHz higher than that of the simulation. This 
may be due to the discrepancy in the FR4 dielectric con-
stant. A further study shows that the difference significantly 
decreases by assigning εr = 4.4 instead of 4.6 in the si-
mulation. 

Fig. 3(a) depicts the simulated three-dimensional (3D) ra-
diation pattern of the optimized design at 80 GHz. A "bu-
tterfly-like" radiation pattern is observed. This unique pat-
tern originates from the combination of two different radia-
tion modes: the zeroth- and first-order modes. They exhibit 
a monopole-like and patch-like radiation pattern, respecti-
vely. Their combination makes a null not only in the z-di-
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Fig. 4. Simulated and measured S21.

  

  
rection but also in the x-direction, resulting in the butter-
fly-like radiation pattern. Successive 2D plots in Fig. 3(b)
(d) refer to the yz-cut of the radiation pattern at 76, 80, and 
84 GHz, respectively. As can be seen, the butterfly-like pat-
tern remains throughout the bandwidth in that the proposed 
antenna not only provides a consistent matching condition 
but also a radiation pattern. Note that the butterfly-like radi-
ation pattern is somewhat deformed at 84 GHz, implying 
the first-order mode starts to become dominant over the ze- 
roth-order mode. Although a maximum gain of 6.5 dBi oc-
curs at θ = 60° (30° off from the PCB surface), an average 
of 2.6 dBi gain is provided in the direction of θ = 90° 
(horizontal to the PCB surface). Note that the realized gain, 
including the mismatch, is around 1.7 to 2.7 dBi in the 
range of 76 to 84 GHz. The radiation efficiency is around 
68% to 72%.

Having verified that the proposed antenna successfully de-
livers the radiated energy alongside the PCB surface, we pro-
ceed to measure the transmission coefficient (S21) between 
two antennas. Fig. 4 shows the fabricated test configuration 
together with the simulation and measurement results of S21. 
The two antennas face each other with an edge-to-edge dis-
tance of 10 mm. Based on a link budget analysis, S21 > 40 
dB guarantees reliable chip-to-chip communication over a 
10-mm range. As observed in the figure, the simulated S21 
ranges from 36.6 to 32.9 dB at 76 to 84 GHz, satisfying 
the above requirement. The measured data exhibit a similar 
trend as the simulation but with a much higher S21 value, 
from 25.3 to 20.8 dB. The reason for this 10-dB differ-

ence is that the GSG probe mount behind the antenna feed 
acts as a reflector, therefore, the backward radiation adds up 
to the forward radiation.

Ⅲ. CONCLUSIONS 

A millimeter-wave PCB-embedded antenna is presented 
for use in chip-to-chip communication. A metamaterial-in-
spired ZOR antenna design technique is employed to avoid 
radiation vertically to the ground while keeping the antenna 
at an extremely low profile. Simulation and measurement re-
sults demonstrated that more than 10% of the bandwidth 
can be covered by optimizing the microstrip stub feeding 
section. It further provides a distinctive butterfly-like radia-
tion pattern suitable for wireless communication along the 
PCB surface.

This study was (partially) supported by Seoul National 
University of Science and Technology.
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