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CPW-Fed All-Metallic Vivaldi Antennas with Pattern Diversity
for Millimeter Wave 5G Access Points
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Abstract—A coplanar waveguide (CPW) fed uniplanar all-metallic antenna is proposed for mmWave
5G access points. The antenna has an impedance bandwidth from 26 to 30 GHz with a corresponding
end-fire gain of 8 dBi at 28 GHz. The effective radiating volume is 0.0031λ3

0 indicating a high gain
yield for minimal physical footprint. The radiation efficiency is 99.5%, and the losses are primarily due
to finite conductivity of copper. The pattern integrity is high across the band with cross-polarization
level below 30 dB, due to lack of electrically thick dielectric substrate. Industry standard low-cost
chemical etching technique is used for fabrication of the prototype. A compact, co-polarized stacked
beam switching module is also proposed for wide angular coverage with three-ports. This module houses
the proposed all-metallic antennas for beam switchability. A customized 3D-printed scaffolding using
polylactic acid (PLA) is designed to house the proposed antennas. The antenna module has a wide
angular coverage of ±50◦. Since the proposed antenna has high radiation efficiency with high gain for
minimal physical footprint, it could be a potential solution for mmWave 5G access points. Detailed
simulated and measured results are presented with technical justification.

1. INTRODUCTION

The humongous growth in bandwidth hungry applications on smartphone ecosystem has provoked
researchers to design future cellular networks at higher carrier frequencies. The 28 GHz band is one of
the most advertised candidates for future 5G networks [1]. This would mean that the hardware must be
built to cater for the 28 GHz carrier frequency on both the mobile devices and base stations or access
points [2].

The primary issue with designing antenna systems at such high frequencies is the free space path
loss which increases with the carrier frequency indicating that the path loss alone would be at least 20–
30 dB higher than its commercial 4G or WiFi counterpart. The testing campaign has also demonstrated
that the path loss due to common construction materials such as bricks, concrete, and glass windows is
of the order of 30–40 dB [1] which has provoked experts to opine that a heterogeneous network of indoor
and outdoor networks might be an apt solution for this problem. In other words, the base stations
would be pumping power with pencil beams to the respective mobile devices in the outdoor network,
and moderately high gain antennas would be used with access points in the indoor networks.

In both the cases, high gain antennas must be integrated on both the mobile device and access
point to mitigate the effect of high free space path loss at least in principle. The design of a multi-beam
antenna module for access points to be used in the context of indoor access points is the theme of
this paper. The antennas to be designed for access points must have high radiation efficiency, minimal
electrical footprint, high gain, and wide angular coverage. One of the most popular approaches to
achieve these objectives is to design a phased array, which leads to increased physical footprint and
complexity in beam control [3–9]. In addition to this, separate phase shifter controller networks have
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to be designed. The number of antennas and beams required would be decided by the user density in
the local geography.

A simpler solution would be to design a multi-beam antenna module with a simple high isolation
switch to control the beam. Phased arrays would also suffer from scanning loss close to 2 dB, when
the primary radiating beam is scanned at 30◦ with respect to the boresight radiating axis, as evident
in [3, 4, 6]. Conventional microstrip based printed circuit board (PCB) based antennas would encounter
dielectric loss due to finite dielectric loss tangent of the substrate [3]. It must also be observed that
the presence of dielectric would support surface wave modes and hence leading to spurious radiation
specifically from the dielectric. The dielectric based end-fire antennas designed with PCB manufacturing
would also suffer from high radiation due to cross-polarization levels as the radiating arms would be
designed in separate radiating planes [3, 6]. One of the strategies to achieve high radiation efficiency is to
design antennas without dielectric. Horn antennas with metal 3D-printing have been reported in [10, 11],
and this procedure requires precision 3D-printing with stringent requirements on the surface resolution
of the metal finish. Even though the all-metallic 3D-printed antennas are lighter in weight and exhibit
high radiation efficiency, it is non-planar and bulky to be integrated into commercial access points.
All-metallic antennas are commonly designed for low frequency radars as illustrated in [12, 13]. The
antennas typically designed for radars have aluminium fabricated using wire-EDM (Electrical discharge
machining) technology. The other method to reduce dielectric loss is to design waveguide feed such
as a printed ridge gap waveguide as illustrated in [14], and it requires precision manufacturing. The
design process is complicated as well. The cross-pol radiation level could be reduced by designing a
co-planar stripline (CPS) feed such as [15], but this antenna requires additional impedance transformer
when being fed by a balanced feed. Also, CPS feeding does not necessarily reduce dielectric loss since
the design is a typical PCB based design built upon a typical dielectric with non-zero dielectric loss
tangent.

Electromagnetic band gap (EBG) structures could be incorporated with the feeding transmission
lines for mitigation of surface waves [16, 17], and these antennas also require precise manufacturing in
addition to complex assembly process. In order to increase the gain of traveling wave antennas such
as tapered slot antenna, the physical aperture could be elongated, or the radiating aperture could be
integrated with phase-correcting sub-wavelength metamaterial unit cells or electrically large dielectric
lens [18, 19]. The concept of metamaterial integration would definitely increase the gain of the antenna
at the cost of increased dielectric loss and a compromise in the cross-pol radiation. Conventional
stripline feeding could also be used for reducing radiation losses due to feeding, but the dielectric loss
would increase due to elongated feeding design. Also, the stripline based antennas need multilayer PCB
assembly [20]. Hence, an all-metallic tapered slot antenna with CPW feeding, fabricated by industry
standard low-cost chemical etching method, is investigated in this paper.

Pattern diversity architectures are necessary to achieve wide angular coverage. Access points need
compact design with beam switch ability as demonstrated in designs such as [21–26]. These designs
suffer from relatively low radiation efficiency and high cross-pol levels. Hence, a co-polarized stacked
design is investigated to achieve pattern diversity with wide angle coverage.

2. ANTENNA DESIGN

Microstrip feeding would incorporate a dielectric and hence leads to losses. The same problem is observed
with aperture coupling or proximity feed. In order to design a planar all-metallic antenna, CPW feeding
technique is the preferred choice. However, designing a CPW feed is challenging at millimeter wave
frequencies due to the inherent issues in realizing the dimensions necessary for matching the antenna
with the 50 Ω of the port. For instance, in order to realize a 50 Ω CPW feeding line the trace width
has to be 2 mm with a gap of 20 µm. These dimensions would be impossible to achieve with standard
chemical etching whose minimum resolution is only 50 µm. Hence, a feeding line of 78 Ω is designed
which has a trace width of 2mm and a gap of 0.2 mm. The arms of the planar traveling wave antenna
would be based on CPS (Coplanar Stripline) which has a high impedance of 168 Ω. In order to match
the characteristic impedance of 78 Ω of the CPW feed with 168 Ω of CPS lines of the radiator, a balun is
introduced in between these structures which doubles up as an impedance transformer. The proposed
CPW-fed planar all-metallic antenna is depicted in Fig. 1(a). The inset of Fig. 1(a) clearly indicates
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Figure 1. Proposed all-metallic planar antenna. (a) Schematic of the all-metallic antenna (units: mm).
(b) Photograph of the fabricated prototype.

the feeding structure of the antenna. The fabricated prototype is shown in Fig. 1(b). The CPW feed
is optimized for the 50 Ω port impedance of the end-launch connector. The connector type is 2.92 mm
southwest end-launch connector which works up to 40 GHz. The width of the primary trace of the CPW
feeding line is chosen to accommodate the grounding screws of the connector and to maintain feasible
transition to the radiating aperture. The width of the overall antenna at the feeding plane is designed
to incorporate the connector, and the feeding width otherwise could be smaller. A balun is designed
for impedance matching between the CPW feed line and radiating aperture. Tapering of the antenna is
optimized for a gain of 8 dBi in the end-fire. A copper sheet of 80 µm thickness is used for fabrication
using industry standard chemical etching. Thinner copper sheets would be fragile to handle during
chemical etching, and thicker Copper sheets would consume more time and chemicals for fabrication.
In addition, thicker sheets beyond 500 µm would be difficult to clamp with the end-launch connector.
A 3D-printed dielectric spacer of thickness 500 µm is used at the feed to prevent shorting of the trace
pin and the clamping plate of the end-launch connector. This concept is unique to the class of planar
all-metallic antennas.

Figure 2(a) illustrates the E-fields in the XY -plane for the proposed all-metallic antenna at 28 and
30 GHz. The transmission line mode and travelling wave modes are distinctly visible in the illustration.
The balun acts as an impedance transformer from CPW to CPS (coplanar stripline). The variation
of the input reflection coefficient with respect to the radius of the balun is shown in Fig. 2(b), and
the parametric analysis clearly indicates that the radius of the balun is a key parameter to control the
impedance matching. When the circular slot is 0.5 mm, the CPW feed is poorly matched with the
CPS antenna. On the other hand, the antenna is detuned to 29 GHz when the slot radius is 1.5 mm.
Hence, the optimal radius is 1 mm. The input reflection coefficient of the proposed element is depicted
in Fig. 2(c). The simulated 10 dB impedance bandwidth is from 26–30 GHz translating to 14.3%, but
the measured impedance bandwidth is 27.2–31 GHz translating to 13%. The effects of electrically
large connector is not accounted for in full-wave simulations in Ansys HFSS. The discrepancy between
simulation and measured results is due to the lack of soldering at the transition of the antenna with the
connector. It must also be noted that the spacer included in the measurements to avoid shorting of the
trace pin and the grounding plate of the end-launch connector has created deviation from the simulated
curve. It is well known that the characteristic impedance of the end-launch connector is close to 50 Ω
up to and including 40 GHz. The deviation might also be due to the bending stress encountered at the
transition between the trace pin of the connector and the antenna, due to multiple mating cycles of
the connector. The E-plane (XY plane) radiation patterns are shown in Fig. 3(a) for 28 and 30 GHz,
and the beamwidth is 36◦ ± 0.5◦, indicating high pattern integrity across the band. The H-plane (Y Z
plane) patterns are illustrated in Fig. 3(b). The front to back ratio is more than 10 dB in spite of the
electrically small ground.

The cross-polarization level is less than 30 dB across the band, in the E-plane as the radiator is
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Figure 2. (a) E-fields at 28 and 30 GHz. (b) Parametric analysis of the antenna. (c) Input reflection
coefficients of the proposed all-metallic antenna.

coplanar with minimal radiation in the orthogonal polarization. The forward gain is close to 8 dBi at
28 GHz indicating high gain yield for minimal physical footprint. The gain variation is within 1 dB
across the band as observed in Fig. 4. The measurement is done using the gain transfer method. The
discrepancy between the simulated and measured results is primarily due to the alignment error during
measurement. Customized stands with laser aligners would improve the measurement results. The
dielectric based antenna for the same physical dimensions would yield a gain of close to 7.5 dBi. It must
also be noted that the dielectric based antenna has a limitation on the power handling capability due to
the inherent dielectric breakdown. On the other hand, all-metallic design has a relatively higher power
handling capability proving to be a useful design feature for access points. The typical power handling
requirement for indoor access points would be in the range of +30 dBm to +50 dBm. A comparison
of simulated radiation efficiency of the proposed all-metallic antenna and conventional PCB antenna
based on a Nelco NY9220 substrate of 500 µm thickness and dielectric loss tangent of 0.0009 is depicted
in Fig. 5. The proposed antenna has a radiation efficiency of 99.5%, and the only loss encountered in
the proposed antenna is the finite conductivity of copper. The other alternate strategy for radiation
efficiency enhancement is to use electrically thinner substrate, which increases the cost of manufacturing.

In order to achieve beam switching for wide angular coverage, a compact co-polarized stacked
multi-beam module is proposed. Conventional phased arrays designed for beam scanning suffers
from scanning loss, hence degrading the beam integrity during scanning [3]. A co-polarized stacking
beam switching module is proposed as observed in Fig. 6(a), and the fabricated prototype is shown
in Fig. 6(b). The distance between the antenna elements is maintained at 10 mm to accommodate
the end-launch connector. In addition to this, if the antenna elements are mounted closer then the
central element’s pattern will be distorted due to waveguiding effect of the top and bottom metallic
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antennas. A customized 3D-printed scaffolding was designed using polylactic acid (PLA) material, with
a dielectric constant of 2.75 and a loss tangent of 0.015. The scaffolding does not influence the radiation
characteristics of the mounted antennas. Additional scaffoldings were designed for holding the bulky
connector, and the radiating beams were measured one port at a time. The orientation of the individual
antennas is to maintain a reasonable angular coverage. The angular coverage of the beam switching
module is ±50◦ as seen in Fig. 7(a). The simulated mutual coupling is less than 25 dB across the band
and ports as seen in Fig. 7(b), primarily due to low cross-polarization levels of individual radiators
and its associated angular orientation. It is assumed that a high isolation SP3T switch will switch the
antennas depending on the users required in that specific angular zone.

Table 1 illustrates the advantages of the proposed element compared to previously reported designs.
Here, effective radiating volume is primarily the ratio of the physical volume of the antenna excluding
the feed portion to the cube of the operating wavelength in free space. This metric gives an insight into
actual electrical size of the radiating portion of the antenna. The proposed design yields a uniplanar
antenna with simplified feeding technique and high radiation efficiency. Even though the effective

(a)

(b)

Figure 3. Radiation patterns of the all-metallic antenna (a) E-plane, (b) H-plane.
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radiating volume of [3] is low, the gain yield for single element is lower. The insertion loss is minimal
in [4] due to SIW feeding at the cost of increased physical footprint. Various PCB based antennas
have either high cross-pol or higher physical footprint than the proposed element [5–13]. The printed
ridge gap waveguide feeding in [14] also has minimal loss in the dielectric, but the multilayer structure
increases fabrication cost and the time to design the antenna. The coplanar strip line feed presented
in [15] requires additional baluns or impedance transformers from active circuits for feeding the antenna.
Even high frequency designs have higher effective radiating volume than the proposed antenna [18–23].

Table 1. Comparison against reported articles.

References F G ERV Feed Type Material Beam Switching

[3] 28 5.5 0.0062 MS1 PCB RT Duroid 5880 ±45◦

[4] 28 9 0.138 SIW2 All-metallic RT Duroid 5880 ±35◦

[5] 2.5 6.1 0.116 CX3 PCB FR4 -NA-

[6] 28 6 0.006 MS1 Multilayer PCB Taconic RF-35 ±45◦

[7] 60 20 68.64 MS1 PCB + dielectric lens Rogers RO4003 ±30◦

[8] 28 12 0.027 CX3 PCB RT Duroid 5880 -NA-

[9] 28 5 0.005 CX3 Multilayer PCB ISOLA IS300MD -NA-

[14] 30 7.5 0.114 PRG4 PCB RO3003 -NA-

[15] 24 10 0.018 CPS5 PCB RT Duroid 5880 -NA-

[18] 10 14 0.04 MS1 PCB F4B -NA-

[19] 64 11 0.08 MS1 PCB Ferro A6S -NA-

[21] 16 8.5 0.14 MS1 PCB FR4 0◦, 180◦, ±90◦

[22] 5.8 4 0.016 CX3 PCB FR4 0◦, 180◦, 90◦

[23] 28 11 0.05 MS1 PCB Neltec NY9220 ±30◦

Proposed 28 7.6 0.0031 CPW All-metallic Copper ±50◦

*F = Centre frequency (GHz), G = Gain (dBi), ERV = Effective Radiating volume (λ3
0)

1Microstrip, 2Substrate Integrated Waveguide, 3Coaxial feed 4Printed Ridge gap, 5Coplanar Stripline

Figure 4. Forward gain of the proposed antenna. Figure 5. Radiation efficiency of proposed
antenna.
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Figure 6. Beam switching module. (a) Schematics of the module (units: mm). (b) Photograph of the
fabricated module (isometric view).

(a) (b)

Figure 7. (a) Radiation pattern of the module at 28 GHz. (b) Mutual coupling of the stacked module.

3. CONCLUSION

A CPW-fed all-metallic antenna operating in the 28 GHz band with an impedance bandwidth of 14.3% is
proposed. The proposed antenna has a forward end-fire gain of 7.6 dBi for an effective radiating volume
of 0.0031λ3

0. A co-polarized stacked beam switching module has also been proposed. The proposed
antenna and the beam switching module could be a useful candidate for future millimeter wave 5G
access points.
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