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ABSTRACT A high gain antenna array is designed and fabricated at 60 GHz. The array is via-less and
made on a single dielectric substrate. It can be easily integrated with millimeter wave transceivers. Very
good agreement between the measured and simulated results is achieved. The array has 22.5 dBi gain with
a maximum efficiency of 93% and a 3.2 % bandwidth.

INDEX TERMS High gain antenna array, millimeter-wave antenna array, low profile antenna, planar
antenna.

I. INTRODUCTION
Recently, there has been an increasing interest in high gain
antennas at millimeter-wave frequencies. A high gain antenna
is an essential component for anymillimeter-wave transceiver
system, where such high gain antenna plays a vital role in
compensating the high path loss encountered at such fre-
quencies [1], [2]. In the literature, various methods were
employed to design high gain antennas at millimeter-wave
frequencies [3]–[9]. In [8], an active microstrip antenna inte-
grated with a three-stage pseudomorphic high electronmobil-
ity transistor amplifier was designed. Such an active antenna
design is suitable for narrowband wireless local and per-
sonal area networks (WLAN/WPAN) applications. However,
it demands a considerable amount of power consumption,
which can constitute some limitations for mobile devices.
In [7], a high gain array was comprised of radiating slots
that are fed through a substrate integrated waveguide (SIW)
power divider network. Such a design is very robust in terms
of its radiation characteristics because of the SIW feed-
ing network, which is sufficiently shielded/packaged type
of feeding networks [10]. In [11], a 60 GHz antenna array
with a dual-resonant slot-patch antenna was designed using
LTCC technology. The shrinking effect of the LTCC sub-
strates makes it more challenging and expensive in terms
of its fabrication process. In [12], a monolithic polymer-
based high gain Dielectric Resonator Antenna (DRA) was
implemented efficiently. In [13] a wideband magneto electric
dipole antenna was designed, despite the high bandwidth
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feature of magneto-electric dipoles, they are still not known
for being low profile. In [14] and [15], printed dipole anten-
nas were designed at 30 GHz using printed circuit board
technology, the element radiation pattern is an end-fire, and
would still be limited to linear array configurations. In [16]
and [17], SIW fed 60 GHz antennas were implemented.
In [18], LTCC type of structure was implemented at 60 GHz,
the LTCC technology is well suited for a high level of integra-
tion, and can push down the size of the structure effectively.
However, it is still expensive, and more demanding in terms
of the fabrication process due to the shrinking effect. In [19],
a broadband 60 GHz slot antenna was designed. The band-
width of the antenna was optimized using a cavity underneath
the antenna. The EBG feeding provides reasonable efficiency
and good shielding mechanism. However, the antenna gain
was compromised in this work. In [20], 60 GHz on-chip
antenna using ‘‘IPD’’ integrated passive device process was
implemented. Such a process provides a high level of inte-
gration. On-chip designs are known for their low efficiencies
due to the silicon substrate, in this IPD process, the efficiency
was improved by using a glass substrate. In [21], a 60-GHz
end-fire fan-like antenna with a wide beam-width was imple-
mented, the wide beam-width reflects a relatively lower gain.
Another technique to implement high gain antennas is the
use of superstrates to increase the antenna gain. However,
superstrates usually make the antenna very obtrusive and
bulky [6], [22]–[34]. Most of these solutions require multiple
substrates and through-hole vias which increase the cost and
complexity of the antenna structure. In this paper, a low-cost
single substrate (via-less), high gain, and efficient antenna
array structure is proposed.
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The authors had previously designed an antenna element
that utilizes the microstrip line discontinuity radiation in a
constructive way to create an efficient high gain antenna [5].
The structure only used a single dielectric substrate that eases
the manufacturability and hence reduces the cost. Also, as the
element structure can be perceived as being comprised of
four magnetic current elements, the element can be employed
in a linear antenna array with a center to center separation
between the elements greater than a free space wavelength
with suppressed grating lobes [5]. Such feature of the antenna
element can significantly relax the design of the array feeding
network. In the previous work [5], a linear antenna array
fed by a parallel microstrip feeding network was imple-
mented at 60 GHz. However, the open microstrip line feed-
ing network suffered from significant radiation losses. Here,
we investigate the design of a 4x4 high gain antenna array
with an efficient feeding network. Where we show that the
element proposed in [5] is highly efficient and can be used in
several planar array configurations such as series and parallel
feeding networks and their combination in a way that even the
feeding network does not provide significant losses as one is
expecting at these frequencies.

The rest of the manuscript is organized as follows;
Section II studies several feeding networks configurations
and compares EBG packaged feeding networks with open/
unpackaged feeding networks, section III discusses the pro-
posed antenna array structure and experimental prototyp-
ing results, section IV concludes this work and discusses
potential future work.

II. ARRAY FEEDING NETWORK STUD
At millimeter-wave frequencies, having a packaged guiding
structure is highly desirable to eliminate any possible radia-
tion losses that reduce the antenna efficiency and affect the
radiation characteristic of the antenna. Hence, it maintains
the radiation characteristics of the antenna only. Packaging,
or shielding, in other words, is usually done by surrounding
the feeding structure by a metal surface. For a planar feeding
network, this can be done by shielding the feeding network
from the top and bottom by metal sheets. Such a method is
good for suppressing the radiation from the feeding network.
However, such method is undesirable due to the excitation of
parallel plate waveguide modes within the shielded package,
which eventually constitute a significant source of losses in
the feeding structure. Ridge gap waveguide is an example of
a new technology that treats such a problem and prevents the
propagation of parallel plate waveguide modes [35]. Ridge
gap waveguide employs electromagnetic bandgap (EBG)
periodic structures, such as Sievenpiper mushroom cells [36],
to create the EBG.

Fig. 1-a shows the geometry and parameters of a unit cell
of the periodic structure. Fig. 1-b shows its corresponding
two-dimensional dispersion diagram covering the irreducible
Brillouin zone of the cell. The cell is designed to provide
the EBG centered at 60 GHz with a bandwidth of 26 GHz
(i.e., from 50 to 76 GHz). In [35], a printed ridge gap

FIGURE 1. (a) EBG mushroom cell dimensions. (b) Dispersion diagram of
the Sievenpiper mushroom cell.

waveguide (PRGW) with facilitated design properties is pro-
posed. In [37], a similar concept was implemented using
a classical ridge gap waveguide and was referred to as an
inverted microstrip line. The PRGW in [35], facilitates the
design procedure because the guideline lies in a separate layer
without a need of plated vias (different level from the textured
periodic surface). As such, curved lines can be designed eas-
ily once compared to the classical RGW, where the guideline
is located on the same surface of the mushroom patches and
must be grounded by conducting vias. A detailed discussion
of the pros of the structure is provided in [35].

Fig. 2-a shows a section of the printed ridge gap waveg-
uide Fig.2-b shows its corresponding dispersion diagram.
A Quasi-TEM mode is excited as expected within the
bandgap. A feature of the ridge gap structure is that the
guiding bandwidth is a little less than the cell bandgap [35].

Fig. 3 shows the complete structure of the PRGW antenna
array. The elements are arranged to provide boresight radi-
ation by differentially feeding each pair; such arrangement
reduces the cross-polarization level significantly. As shown
in Fig. 3. The left and right side of the array are combined
with the PRGW power combiner. Such a packaged solution
prevents radiation from this part (power combiner/divider)
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FIGURE 2. (a) Printed ridge-gap air microstrip line. (b) Printed ridge-gap
air microstrip line dispersion diagram.

and any interference with the radiating array. It should be
stated that the line widths of the power combiner/divider are
different from those of the open microstrip lines, but with the
same characteristic impedances.

The second feeding network is the same as the above,
but its power combiner is made entirely from the same con-
ventional microstrip line feeding the array. Therefore, all
the feeding network is an unpackaged open microstrip line
network. As the radiating elements portion is identical in
the two cases, and by guaranteeing that the two structures
have equally appropriate matching levels at the main feeding
point, the difference in the efficiency of the two structures
indicates the losses level of the feeding network. Since the
same type of material is used in both designs, it can be
inferred that conduction and dielectric losses are the same.
On the other hand, it is well known that packaged PRGW
feeding eliminates both surface-waves and radiation losses.
However, in open microstrip line technology, such losses
can’t be avoided. Therefore, studying the PRGW solution
is essential to have a reference point regarding the losses
attributed to radiation and surface-waves from the feeding
network of an open structure. Similar to the PRGW struc-
ture, the packaged structure is shown in Fig.4. In this case,
the feeding network is covered with a mushroom cell layer
acting as an AMC (Artificial Magnetic Conductor). The cell
size is redesigned with the dimensions shown to operate

FIGURE 3. Antenna array fed by PRGW power divider.

FIGURE 4. Antenna array fed by packaged microstrip line power divider.

within the required band. The signal propagates in the air
in the PRGW, but it propagates in the dielectric substrate in
the packaged solution. Therefore, a higher level of losses is
expected in the packaged case due to the dielectric losses.
Another difference in the packaged solution is that the signal
propagates in the same substrate. Hence, the change in the
width of the line is very negligible once compared with the

VOLUME 7, 2019 19035



Y. Al-Alem, A. A. Kishk: Highly Efficient Unpackaged 60 GHz Planar Antenna Array

TABLE 1. Line width for different characteristic impedances.

FIGURE 5. Realized gain and reflection coefficient for the proposed cases.

conventional open MSL case. Table 1 shows the line widths
at 60 GHz for the proposed cases.

As shown in the array structure, two elements are fed in
parallel, and the other combined two elements are fed in
series. The length of the series feed is 1.5λg. This length
maintains 180◦ phase shift between the feed points. The 180◦

phase shift at the feed is required to counter the effect of
physically flipping the element 180◦. Also, the 1.5λg feed
maintains one free-space wavelength between the elements.
It is clear that the radiating element possesses a high directive
nature that allows relaxing the distance between the radiating
elements and thus relaxing the feeding network design as
well as suppress the grating lobe level. Details about the
element characteristics can be found in [5]. It is worth men-
tioning that series fed always poses bandwidth restriction
in terms of the radiation pattern stability, as the phase shift
between elements vary with frequency and hence steer the
main beam [22], [38], [39]. However, within a narrowband
such effect can be ignored, which is in line with the proposed
case.

Fig. 5 shows the matching bandwidth, and the corre-
sponding realized gain for the three cases, a boresight gain
of 20.5 dBi is achieved for the PRGW solution, and the
corresponding 10 dB return loss matching bandwidth is
almost 3.66% (i.e., 2.2 GHz). The narrow bandwidth is
attributed to the high-quality factor and correspondingly nar-
row bandwidth of the radiating element [5]. The conventional
unpackaged microstrip line power divider feeding network
is lower in terms of its realized gain level once compared
with the PRGW solution; this is expected and attributed to
the radiation and surface-wave losses from the open MSL
power divider. The packaged solution realized gain level lies

in-between the open and the PRGW cases. The packaged
solution suffers from additional dielectric losses due to the
propagation in the dielectric medium and not air as in the
PRGW case. It is important to notice that at the higher
frequencies in the band above 60 GHz, the PRGW has a
lower level of matching, which deteriorates the realized gain
level. Therefore, the comparison is fairly drawn only at the
center frequency (60 GHz) where all the cases have sufficient
matching level.

FIGURE 6. Antenna array with aggregated open microstrip line feeding
network, (the distance from the center of the array to the end-lunch
connector is the same for all cases. The feed line is only cropped in this
figure).

PRGW as many packaged solutions necessitates the use of
plated vias, those plated vias require a special process to be
realized and consume considerable fabrication time. There-
fore, the low cost and simplicity features of the open structure
solution are obviously spotted once compared with PRGW
or other packaged solutions (where it only needs a single
substrate layer with no vias). This feature makes it even more
desirable for integration purposes. This consequently raises
the question, can open microstrip line technology be used
with minimal compromise on efficiency and performance?
In this work, the power divider is eliminated by aggregating
all the elements of the configuration shown in Fig.6. The typi-
cal procedure to design a feeding network for a 2D-array is by
using power dividers and quarter wavelength transformers to
match the parallel combination of the antenna elements to the
desired system impedance. This procedure usually results in
transmission lines with different characteristic impedances.
Due to the limited space between the antenna array ele-
ments, the wide microstrip lines cannot be accommodated,
especially in the aggregated configuration shown in Fig. 6.
As an example, in Fig. 6 the width of the line that can
fit between two radiating elements is constrained by the
separation distance between them, such distance is fixed by
the array design to reduce the grating lobes. Moreover, very
wide microstrip lines can have significant radiation effects.
Therefore, the feeding network design procedure proposed
in Fig. 6 can provide the required matching impedance by
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using any arbitrary characteristic impedance. As the proce-
dure is illustrated in Fig. 6, and by the use of simple transmis-
sion line theory, the input impedance at point ‘‘A’’ will always
be equal to ZL as long all the lines (i.e., l1, l2, and l3) are
multiple of an odd integer of the guided quarter wavelength.

From Fig. 6, it is important to note that flipping the radi-
ating elements along the y-axis does not require 180-degree
phase shift feed to maintain boresight radiation; this is due to
the fact that the currents can still run through the open stubs
in the same direction as shown in Fig. 6. Also, the elevated
distance feature provided by the elements in the E-plane
(i.e., along the x-axis) [5], eases off the layout of the feeding
lines between the radiating elements.

FIGURE 7. Electric field heat map for the aggregated open microstrip line
fed antenna array at 60 GHz.

Fig. 7 shows the electric field heat map, a strong interac-
tion between the feed lines and the antenna array elements
due to their proximity is observed. Such strong interaction
implies that the proper feeding structure of the array should
be designed and tuned simultaneously with the presence of
the antennas.

The aggregated proposed design in Fig. 6 is modular,
where the dotted configuration can be reused and the array
can be expanded and doubled easily. Very narrow lines can
fit between the radiating elements easily as the matching
procedure is independent of the characteristic impedance of
the lines. Moreover, the proposed aggregated configuration
can reduce the area of the whole array by almost half, where
the area needed to accommodate the power dividers has been
eliminated by embedding it between the elements. Hence,
providing a more compact design. Fig. 8 shows the match-
ing bandwidth of the array and the corresponding realized
gain. As can be noticed, a 0.25 dBi gain enhancement is
achieved over the open microstrip line power divider case.
Such enhancement would be more significant with a larger
array. The use of narrow lines reduces the bandwidth from
3.66% to 3.2%.

Fig. 9 shows the electric field heat map in the E-plane
for the proposed structures, as can be observed the packaged
cases have neat and stable radiation in the boresight direction.

FIGURE 8. Realized gain and reflection coefficient for both open and
aggregated fed microstrip line fed antenna arrays.

FIGURE 9. Electric field heat map in the E-plane for the proposed array
structures.

FIGURE 10. Proposed antenna array structure with aggregated microstrip
feeding network.

The open MSL case suffers from the undesired power divider
radiation; such radiation affects the radiation characteristics
of the antenna array and the total gain and efficiency. The
aggregated case resolves such issue, and have almost the same
neat radiation characteristic as in the packaged case.

III. PROPOSED ANTENNA ARRAY
The study provided in the last section inspired the design of a
high gain array that suits narrowband applications at 60 GHz.
Even though the proposed aggregated feeding solution per-
formance cannot fully match the PRGW solution, it still pro-
vides a low cost, efficient, and compact solution withminimal
compromise on performance. Fig. 10 shows a photo of the
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FIGURE 11. (a) Realized gain and reflection coefficient of the proposed
antenna array. (b) Realized gain and reflection coefficient of the proposed
antenna array (simulated values include substrate permittivity tolerance
value).

realized expanded version of the proposed array in Fig. 6,
where the array area has been doubled. Interestingly, the array
looks from the top as a network of microstrip lines, and at
the same time, they are acting in total as a radiating antenna.
Fig.11-a shows the realized gain and the total reflection coef-
ficient of the array. A realized gain of 22.5 dBi is achieved.
The 10 dB return loss matching bandwidth is 1.9 GHz
(i.e., 3.2 % of relative bandwidth). A 1.7 % shift in the
measured resonance frequency over the simulated resonance
frequency is observed. This is attributed to the tolerance
effects in the fabrication process, the copper roughness, and
the fragile substrate small thickness. The sensitivity of the
structure to such tolerance errors is noticeable at such high
frequencies. To highlight that, when a different value of the
dielectric constant of the substrate is varied by just 3.6% to
be of the value of 2.28 instead of 2.2, the frequency shift
disappears as shown in Fig. 11-b.

Fig. 12 shows the radiation pattern in the E- and H-plane.
Low side-lobe and cross-polarization levels are obtained. The
third side-lobe is a suppressed grating lobe.

Fig. 13 shows the calculated efficiency of the structure,
excellent efficiency of 93% is achieved within the matching
bandwidth.

FIGURE 12. Radiation patterns of the proposed antenna array with
aggregated microstrip feeding network, E-plane {top}, and
H-plane {bottom}.

FIGURE 13. Radiation efficiency of the proposed antenna array.

Table 2 compares the proposed antenna array with others
in the literature. As can be seen, the gain of the proposed
antenna array is higher than any 4 × 4 antenna array, and this
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TABLE 2. Comparison with other works.

is the main merit of the proposed antenna in this work. As by
the feed of only 4 × 4 elements, the gain of the antenna can
be improved dramatically (since each element can be viewed
as a sub-array of four magnetic current elements), and can
compete with a higher number of elements arrays. This can
be easily deduced by the fact that doubling the antenna array
size would result in an ideally 3-dB increase in the gain. The
bandwidth of the proposed antenna is limited to 3.2 % which
is suitable for many millimeter wave applications. The phys-
ical dimension of the array is 28.95mm × 19.3mm, which
is equivalent to 5.79λo × 3.86λo, the calculated aperture
efficiency is 76.3 %.

IV. CONCLUSION AND FUTURE WORK
A high gain antenna array has been designed and fabricated
at 60 GHz. The array has been made on a single dielectric
substrate with no vias, which contributed to its low cost. The
array has achieved 22.5 dBi gain with a maximum efficiency
of 93%, and 3.2 % bandwidth. The antenna structure is a suit-
able candidate to be integrated easily within any narrowband
millimeter-wave transceiver system. A potential futuer works
suggest the study of new techniques and methods to lower
the quality factor and enhance the bandwidth of the proposed
antenna array structure.
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