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� 
Abstract— The low-cost and compactness of transmit-array 

antennas (TAs) make them attractive for 5G backhaul links.  
However, the TA advantage is less obvious when considering the 
broadband operation requirement. Two main factors influence the 
bandwidth performance: i) the bandwidth of the unit cells; ii) the 
number of 360º phase wrapping zones in the aperture, which are 
designed for a specific frequency. Herein, we overcome these 
limitations by using all-dielectric unit cells (inherently broadband) 
and by developing a general method to quantify and manage the 
intricate relation between antenna gain, bandwidth and antenna 
height. Based on this framework we optimize, as an example, a TA 
design (focal distance, 푭 = ퟔퟑ 풎풎 and aperture diameter 푫 =
ퟖퟎ 풎풎) to comply with typical gain specification for 5G backhaul 
links (>30 dBi) in the WiGiG band (from 57 to 66 GHz). The feed 
is a dedicated compact horn (ퟖ × ퟓ × ퟐퟐ 풎풎ퟑ) that provides a 
proper illumination of the aperture.  Additive manufacturing is 
used to simplify the manufacturing process of the antenna. A very 
good agreement between simulations and experimental results is 
obtained, achieving good aperture efficiency for this type of 
antenna (42%), which rivals with existing solutions based on more 
expensive manufacturing techniques. 
 

Index Terms—5G backhaul link, WiGiG band, Transmit-
Array, V-band Horn antenna, Additive manufacturing 
 

I. INTRODUCTION 
HE massification of 5G will pivot on cost-effective 

technologies that can support the development of the 
Enhanced Mobile Broadband (eMBB) platform. In the context 
of pico and femto cells, that will constitute the landscape of 
future 5G mobile communications, extremely low-cost 
backhaul links between base stations and access points are 
required. Millimeter-waves (mmW) provide the necessary 
throughputs with extremely low deployment cost when 
compared with fiber optics-based backhaul solutions. In 
particular, the WiGiG band from 57 to 66 GHz, offers large 
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bandwidths over unlicensed spectrum and high frequency reuse 
capability, ideal in dense cell environments [1]. The electronics 
industry is responding to this current need of increasing the 
operating frequency by providing new chipset mmW antenna-
modules [2]-[4]. Phased-array configurations could be an 
alternative, but they lead to excessive feeding network losses 
and their cost scales with gain and frequency [5], [6] as well as 
DC consumption. Progress has been made on commercial 
integrated high gain antenna solutions for V-band [7], however, 
the cost of these antennas is still the main bottleneck. High 
fabrication precision is required to meet the tolerances, which 
impacts the antenna cost. Therefore, the antenna design should 
also aim for a simple fabrication process. The ongoing 
development of additive manufacturing can offer new 
possibilities for cost reduction. For example, dielectric lens-
based solutions can benefit from the low-cost of fused 
deposition modeling (FDM) technique, or injection molding in 
mass production. The drawback is that materials used in these 
technologies tend to be lossy, such as ABS-M30 (휀 =
2.48, tan 𝛿 = 0.009)).  

An intensive research effort is being carried out to achieve a 
solution that can deliver high gain (typically above 30 dBi [1]) 
in the entire WiGiG band [8], [9] with the lowest possible cost. 
In [8], the authors integrated a 3D printed elliptical chopped 
dielectric lens with a FR4 PCB antenna-source to favor gain 
enhancement at low-cost. However, the gain performance of 
this solution was limited by the radiation efficiency of the FR4 
primary feed antenna and by the dielectric losses of the lens 
material.  In [10], the authors showed that those losses could be 
reduced by using a transmit-array (TA) lens – sometimes 
designated as discrete dielectric lens (DDL). We showed that 
the antenna radiation efficiency increased from 60% to 83% 
when a PLA chopped elliptical lens was replaced by an 
equivalent PLA TA. Other 3D printed DDL designs can be 
found in the literature [11]-[17]. Achieving high gain is quite 
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straightforward, however, the challenge is to overcome the 
bandwidth limitation caused by the number of 360º phase jump 
zones that directly correlates with the F/D ratio. In [13] the 
bandwidth problem was solved by increasing the focal distance 
until lens zoning disappears. This leads to large focal lengths 
(𝐹/𝐷 = 2.8) which impacts on the antenna height. A clever 
scheme is proposed in [13] to reduce the focal distance by a 
factor of 3 using a polarization rotation reflection surface and 
polarization grid. However, these antennas become inherently 
single polarization and the additional complexity of the 
configuration impacts on the antenna-system and terminal cost.  

In this work, we present a design procedure for dielectric TAs 
antennas (or DDL) that optimize the compromise between 𝐹/𝐷  
ratio, gain and bandwidth. We use our guidelines to show that 
an all-dielectric TA antenna can be a viable affordable option 
to meet the specifications for broadband backhaul connections 
at V-band. The unit cell design procedure of TAs provides a 
fresh perspective into the classical topic of Fresnel Zone Plate 
Lens [14]. Applying the same approach used in [23] to evaluate 
the scanning performance of a metal-based multilayered TA, 
we demonstrate that it is possible to achieve a closed-form 
expression that accurately captures the relation between gain, 
bandwidth and focal distance. The simplicity of this method 
contrasts with the complexity of the GO/PO integral 
formulation used in [15] for FZPL. Furthermore, it provides a 
direct relation between gain and bandwidth that is not captured 
by the usual approach of imposing a maximum phase error 
criteria [16]. 

A compact 3D-printed metal-coated polymer corrugated 
horn antenna is also specially designed to provide proper 
illumination of the lens. Metal 3D printed corrugated horns 
exhibit good performances at W band or even up to 300 GHz 
[18]-[20], but the metal coating of 3D-printed polymer parts is 
a more affordable technique [20]. As the frequency increases, 
this process becomes more changeling due to the increase of 
sensitivity to the surface roughness and coating conductivity, 
but thanks to the current evolution of this technology [21], it is 
now a cost-effective alternative for V-band.  

This demonstrates that the whole antenna production can be 
based on additive manufacturing, leading to a compact (𝐹/𝐷 =
0.8) antenna system at the V-band with high gain (>30 dBi) and 
good aperture efficiency (42%).  

In section II, the design guidelines for a DDL are provided 
based on a GO/PO analysis. In section III, we implement these 
guidelines to design an antenna (feed and lens) compliant with 
the gain specifications for WiGiG 5G backhaul links. Finally, 
section IV addresses the measured results. 

II. DIELECTRIC TRANSMIT-ARRAY 
In a TA each portion of the aperture acts as a spatial phase 
shifter – the unit cell – that adds to the incoming phase 휙 , a 
prescribed phase delay 휙 , such that 휙 = 휙 + 휙 . 
The unit cells are designed as if the rays passing through the 
lens are perpendicular to its surface, which can be a reasonable 
approximation for low lens thicknesses and low incidence 
angles (Fig. 1). In this work, the unit cell is a parallelepiped with 

height ℎ , composed of a dielectric (ABS-M30) with height 
ℎ, and air (occupying the remaining volume). The control of the 
unit cell phase shift is obtained by varying the dielectric height 
ℎ, where 휀  is the real part of the dielectric permittivity and 𝑘  
is the free-space wavenumber. Considering a minimum height 
different from zero avoids having a lens composed by separated 
annular regions. Herein, we consider ℎ = 1 𝑚𝑚, which is 
enough for the lens structural integrity. On the other hand, the 
height ℎ  is fixed to provide the usual 360º phase span in TA 
design for a given wavelength 휆 . The aperture is designed to 
produce boresight collimation by distributing the unit cells 
according to the profile 
 

ℎ(𝑟) = ℎ +
𝐹 − ∆𝑙 + 𝑚휆

√휀 − 1
, 𝑅 < 𝑟 < 𝑅  

 
(1) 

Where ℎ  is the central height of the lens (𝑟 = 0),   ∆𝑙 =
𝑟 + 𝐹 − 𝐹 (see Fig. 1) and 𝑚 defines the zone of the lens 

up to a total of K zones.  The radial positions of the transitions 
between zones are defined by the condition ℎ(𝑅 ) = ℎ . We 
considered the typical half wavelength unit cell size,  𝑤 =
2.5 𝑚𝑚 @ 60 𝐺𝐻𝑧  resulting in the stepwise lens profile 
given in Fig. 1. The radial symmetry of this problem allows 
assembling the lens using concentric annuli with fixed 
widths 𝑤, as represented in the inset of Fig. 1. The diffraction 
effects are then reduced when compared with a fully pixelized 
version of the lens.  

 
The outgoing electric field from the TA in a plane of constant 
phase (green dashed lines in Fig. 1) can be approximated by 
Gaussian amplitude distribution with standard deviation 휎 

�⃗� (𝑟) ≈ 𝑒 𝑒 �⃗� . (2) 
 

where Φ  varies with wavelength as a stepwise function  

Φ = −2휋𝑚 ,   𝑅 < 𝑟 < 𝑅 . (3)  

With 𝑚 = {0,1, . . , 𝐾}. The standard deviation 휎 is related to the 
taper level, 휏 ,  𝐸 (𝑟 = 𝐷 2⁄ ) = 10 / . The typical taper 
value is 휏 = 10  dB which ensures a good compromise 
between losses due to the spillover and sub-illumination of the 
aperture. As the position of the 360º phase transitions depends 
on the operating frequency, phase errors build-up as the number 
of lens zones increases. Considering the Gaussian 

Fig. 1.  Working principle of a dielectric transmit-array for beam collimation. 
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approximation , the integration of the fields of the aperture can 
be done analytically using GO/PO analysis. The directivity for 
the boresight direction can then be calculated explicitly 

 𝐷𝑚𝑎𝑥 =  𝐷𝑖𝑟0

∑ 𝑒−𝑗
2휋𝑚휆0

휆 𝑒
−

𝑅𝑚
2

2휎2−𝑒
−

𝑅𝑚+1
2

2휎2𝐾
𝑚=0

1−𝑒
−

𝐷2

4휎2

2

 . (4) 

 

(3) 

Where   

𝐷 = 𝑠𝑇𝐴
4휋휎

휆

2

tanh
𝐷
4휎

2

 (5) 
 

(4) 

 

is the directivity of a circular aperture with constant phase (휆 
=휆 ) and Gaussian illumination, as in Eq.8 of [23]. 𝑅  is 
defined by ℎ (𝑅 ) = ℎ  with 𝑚 = {0,1, . . , 𝐾} and since the 
last zone can be truncated, 𝑅 = 𝐷 2⁄ .  We introduce the 
parameter 𝑠  as the TA scaling factor that accounts for other 
effects that were not considered in this GO/PO analysis, such as 
unit cell reflection and insertion losses, aperture illumination 
spillover and phase errors caused by refraction and diffraction 
(which are more significant near the lens 360º phase 
transitions). Looking at a wide variety of different types of TAs, 
𝑠  is typically below 50% [23]. Therefore, we considered  
𝑠 = 3 dB for the design process. As shown in [10], the 
radiation efficiency of these dielectric TAs is high, allowing to 
approximate the antenna gain by its directivity. The aperture 
dimension and the focal distance can then be defined from a 
given gain and bandwidth criteria according to (4) and (5).   

III. DESIGN OF A TRANSMIT-ARRAY LENS FOR WIGIG BAND 
An antenna for 5G backhaul wireless links needs to deliver high 
gain, typically above 30 dBi [1]. WiGiG band usually refers to 
the [57-66] GHz band according to 802.11.ad standard, but 
recently an extended WiGiG band was defined (802.11.ay) 
covering [57-70] GHz (see inset of Fig. 2)  

A. TA design 
We set a 31 dBi directivity 𝐷 , to give a 1 dB margin to 
accommodate the bandwidth limitation of the TA in the 
specified gain criteria. The aperture dimension follows from : 
𝐷 (𝐷) = 31 (dBi) → 𝐷 ≈ 80 (mm). The maximum number of 
phase transitions is determined by the 𝐹/𝐷 ratio, where 𝐹 is the 
focal distance. For this aperture size, we use equation  to 
estimate the minimum focal distance that complies with the 30-
dBi minimum gain criteria of the WiGiG band. By setting  ℎ =
ℎ  the radius of the first lens zone (𝑚 = 0), which has no 
bandwidth limitation, is maximum. Neglecting second order 
effects, this condition maximizes the lens bandwidth as well. 
Later, full-wave simulations are employed to tune this 
parameter, further optimizing the gain and lens bandwidth. In 
this case, the phase transition occurs at 𝑅 =

𝑚 휆 + 2𝐹휆 𝑚. In Fig. 2 we plot  for several F/D ratios and 
select the minimum value that complies with the gain criteria 
for the extended WiGiG band, corresponding to 𝐹/𝐷 = 0.8.  
Fig. 2 captures the interplay between the dependence of 𝐷  
with frequency and the gain degradation due to the phase error 

caused by the zoning process. For 𝐹/𝐷 > 2 no zoning occurs 
(𝐾 = 0) thus 𝐷 = 𝐷 . 

 
B. Feed performance 
According to the designed DDL lens, a focal ratio 𝐹/𝐷 =0.8 
and 휏 =10 dB taper level implies a 13 dBi feed directivity 
[23]. A dedicated compact corrugated horn antenna was 
designed and fabricated (8 × 5 × 22 𝑚𝑚). It is wideband and 
has a stable radiation pattern in the WiGiG band (57-66 GHz). 
The performance of this design is shown in Fig. 3. A 13 dBi co-
pol gain was achieved in the entire WiGiG band from 56 to 67 
GHz, with high radiation efficiency (>85%), low cross 
polarization (>27 dB), and good polarization purity (>27 dBi). 
Measured and simulated gains agree very well.  

 

IV. ANTENNA MEASUREMENTS 
The measurement campaign for the radiation patterns was 
conducted in our in-house measurement system: a spherical 
measurement range capable of performing amplitude-only 
acquisitions up to 140 GHz at fixed distances of 20 cm, 40 cm 
and 60 cm (Fig. 4 a).  Considering the main diagonal of the lens, 
the far-field (FF) distance at 66 GHz is 6.13 m. Thus, it is 
necessary to resort to near-field to far-field (NF-FF) 
transformation techniques to obtain the radiation pattern. The 
employed phaseless NF-FF algorithm is based on the phaseless 
Sources Reconstruction Method (pSRM) [24]. The pSRM is an 
iterative phaseless technique which relies on the spatial 
variability of the NF with distance and, therefore, it requires 
amplitude information from two or more NF acquisition 
surfaces. The main advantage of iterative techniques is that they 
do not require any modification of the measurement setup with 

 
Fig. 2.  PO/GO directivity 𝐷  variation with frequency, Eq. , for different 
focal distances considering 𝐷 = 80 𝑚𝑚 WdB=10 dB and 𝑠 = 3 dB 
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Fig. 3.  Radiation patterns of the manufactured horn antenna . 
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respect to a regular FF acquisition. However, there is a risk of 
stagnation of the algorithm due to the use of iterative solvers for 
nonlinear systems of equations. This risk becomes higher when 
the variability of the field within the NF acquisition surfaces is 
low, as might be the case with lens antennas, yielding less 
accurate FF results. The field amplitude is acquired at two 
spherical surfaces with radii of 40 cm and 60 cm. The sampling 
rate is λ/4 at the highest frequency of the band, 66 GHz, as 
required to perform phaseless NF-FF transformations [25]. Due 
to mechanical restrictions of the setup, the acquisition surfaces 
are truncated to a ϕ and θ angular range of [-25º, 25º], yielding 
a valid margin of the FF data of [-14º, 14º] in both axes [25].  In 
Fig. 5 the FF amplitude and phase of the copolar component of 
the field, computed from the NF phaseless acquisitions is 
compared with full-wave simulation for the E-plane of the 
copolar component. The agreement between measurements and 
simulations is good within the valid margin area, shaded in 
grey. The main sources of the retrieval error are related to the 
truncation of the acquisition planes and the accuracy of the 
phase retrieval method and, to a lesser extent, mechanical 
deviations of the robotic arms and random errors of the RF 
instrumentation. Finally, the antenna gain was computed by 
means of the well-known intercomparison method [26] with a 
standard gain horn. The method is adapted for NF acquisitions 
in order to compensate the variation introduced by the NF-FF 
transformation to the radiation pattern and thus, the gain is 
given by 𝐺 , =  𝐺 , + 𝐷 , − 𝐷 , ,  where 
𝐺 ,  is the measured gain in NF, 27.16 dBi at 60 GHz. 
𝐷 ,  and 𝐷 ,  are directivities from FF and NF 
respectively, computed from pattern integration of the extracted 
FF pattern by means of the pSRM and the truncated NF 
amplitude-only acquisitions respectively. The obtained values 
at 60 GHz are 34.67 and 29.95 dBi, yielding a FF gain value of 
31.9 dBi.  The final FF gain values for the rest of the studied 
frequencies are gathered in Fig. 6 and compared with the results 
obtained from full-wave simulations and the PO/GO analysis. 
Based on previous measuring experiences, we estimate that the 
uncertainty of measured gain is ±1.2 dB (corresponding to the 
error bars in Fig. 6), which is in line with the expected accuracy 
of these types of algorithms [24][25]. According to full-wave 
simulations this antenna provides a radiation efficiency of 91% 
with a beam efficiency of 52% at 60 GHz. As intended the gain 
is higher than the required 30 dBi within the complete operating 
band. It is also worth mentioning that the TA does not affect the 
return loss of the horn. The 𝑆  of the complete antenna 
(Horn+Lens) is always below -15 dB in the entire band of 
operation. In TABLE 1 the developed TA is compared with 
other recent designs. Different types of lenses are considered: 
full dielectric TA manufacture with FDM 3D-printing (3D 
FDM TA); a TA of stacked metallic layers embedded in a 
dielectric host medium (Metallic TA); and a Fresnel Zone Plate 
Lens (FZPL). We conclude that the proposed solution provides 
a good balance between 𝐹/𝐷, gain (𝐺 ) and 1 dB bandwidth 
(1 dB BW) with simple design and manufacturing processes.   
 

 
Fig. 4.  (a) NF acquisition setup; NF acquired data (b) and corresponding phase 
using pSRM (b), along main cuts for 60 GHz at 40 cm.  

 

 
Fig. 6. – Gain comparison with PO/GO analysis for a square aperture (𝑠 =
2.3 𝑑𝐵 in (5)), full-wave simulations and NN-FF calculation.    
 

TABLE 1. 
COMPARISON WITH PREVIOUS RELATED WORKS 

Antenna 풇ퟎ(푮푯풛) 푫(흀ퟎ)  푭/푫 푮푭푭 
(풅푩풊) 

휼풂풃 
(%) 

1dB BW 
(%) 

This work 60.0 16.0 0.78 31.9 48 15 
3D FDM 
TA [27] 60.0 9.50 0.42 23.0 18 16 

3D FDM 
TA [13] 60.0 40.0 2.50 37.5 36 43 

Metallic 
TA [9] 61.5 20.5 0.70 32.5 43 15 

FZPL [28] 60.0 30.0 0.88 36.0 45 6 

V. CONCLUSIONS 

The paper introduces GENERAL design rules for controlling the 
operation bandwidth of TA antennas, to overcome the 
limitation of aperture phase-wrapping associated limitations. In 
known designs, the F/D ratio is defined using heuristic 
assumptions. Herein, a closed form expression is presented to 
find the optimal F/D ratio of the antenna according to gain and 
bandwidth criteria. A horn antenna for the V-band was also 
designed for this specific application. The antenna design 
privileges a simple, low-cost fabrication process based on the 
most affordable 3D printing techniques, making it a cost-
effective alternative to existing solutions for mm-wave high-
gain antennas. The presented antenna example is intended for 
for 5G backhaul communication links at WiGiG band. 

  
Fig. 5. Normalized radiation pattern (E-plane) at 60 GHz.  
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