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Abstract—A Ka-band Huygens antenna array with extremely high 

aperture efficiency and low sidelobe levels is reported for 5G millimeter-
wave wireless applications. The basic array element is an innovative 
Huygens sub-array consisting of two open rectangular waveguides that 
form an aperture consisting of a 1×2 set of orthogonal, tightly-coupled 
electric and magnetic elements separated by a virtual gap that are 
balanced, in-phase and radiate Huygens cardioid patterns. A larger 8×16 
element array is then realized with 64 of these 1×2 sub-arrays. With 
excitations of equal amplitude, the full broadside-radiating array achieves 
an aperture efficiency up to 97.5% in the operating bandwidth, which is 
very close to the 100% limit associated with an ideal uniform aperture 
distribution. Moreover, a highly-efficient and compact feed network with 
tapered-amplitude and in-phase excitations from the array center to its 
edges is designed to achieve sidelobe and backlobe levels less than –20 dB. 
The –10 dB impedance bandwidth covers 26.7 to 29.65 GHz and the peak 
realized aperture efficiency reaches 82%. A full-aluminum array 
prototype was fabricated with standard machining processes and tested. 
The measured performance characteristics agree well with their simulated 
values, confirming the efficacy of their designs. 

Index Terms—5G wireless systems, antenna arrays, aperture efficiency, 
complementary sources, Huygens antennas, Ka-band, sidelobe levels, 
millimeter-wave.  

I. INTRODUCTION 
Aperture efficiency (AE) is one of the critical antenna array 

characteristics that determines the maximum achievable directivity if 
the physical area of an array is given [1]. It characterizes how 
effectively the antenna array utilizes the input power. High aperture 
efficiency is especially important for arrays operating at higher 
frequency bands, e.g., the millimeter-wave band, because the 
associated path losses of electromagnetic waves in air significantly 
increase when the operating frequency increases [2]. Another critical 
array parameter is the sidelobe level in its radiation patterns. High 
sidelobes can increase the noise level in a receiver [3] as well as cause 
unwanted signal interference [4]. For instance, radar systems require 
all sidelobe levels to be less than -20 dB [5]. However, it is very 
challenging for an antenna array to achieve both high aperture 
efficiency and low sidelobe levels simultaneously, particularly with Ka 
band (26.5 to 40 GHz) millimeter-wave antenna arrays [6] – [8]. The 
losses associated with both their feed networks and radiating elements 
are commonly higher in comparison to their lower frequency 
counterparts.  

One design methodology to achieve low sidelobes relative to the 
main beam of an antenna array is to employ amplitude-tapered 
excitations of its radiating elements. Many antenna arrays with 
sidelobe levels below –20 dB have been developed. Typical examples 
are found in the reported works [9] – [18]. They were realized with a 
variety of configurations including microstrip patch arrays with 
tapered feed networks [9], [10]; series-fed patch arrays [11], [12]; 
complementary split-ring resonator (CSRR) loaded patch arrays [13]; 
slot arrays [14], [15]; leaky-wave arrays [16]; metasurface antenna 
arrays [17], and a TE0.5,0 mode waveguide-based Huygens array [18].  
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The highest peak realized aperture efficiency among these works is 
67% in [18]. Note that we adopt the realized aperture efficiency (RAE) 
figure-of-merit that was defined in [18] to make fair comparisons 
among all of the related references in this paper. The RAE takes into 
consideration all of the losses associated with the antenna array; and 
thus, it better characterizes how effectively an antenna not only utilizes 
its physical aperture, but also how well it radiates. 

In this paper, we report the development of a Ka-band Huygens 
antenna arrays with 8×16 elements that simultaneously achieves both 
high realized aperture efficiency and low sidelobes. In comparison to 
the aforementioned arrays, the RAE achieved in this work is improved 
significantly. It is the first realized Ka-band low sidelobe array with all 
sidelobes and backlobes being less than –20 dB that achieves a peak 
RAE over 80%. Furthermore, it is the first reported large-scale antenna 
array that achieves an AE close to 100% (97.5%) under equal-
amplitude excitations. The basic radiating element of the entire array 
is an innovative 1×2 Huygens sub-array which consists of two 
rectangular open waveguides with only one waveguide-port excitation 
that form an aperture composed of a 1×2 set of orthogonal, tightly-
coupled electric and magnetic elements separated by a virtual gap 
which are balanced, in-phase and consequently radiate Huygens 
cardioid patterns. It is a simple structure and is machined as an all-
metal block. A larger 8×16 element array is then realized with 64 of 
these basic 1×2 sub-arrays. The entire aperture size is 80 mm × 80 mm 
(~7.5 λf × 7.5 λf  at f = 28 GHz). To achieve the low, less than –20 dB 
sidelobe levels, an efficient waveguide feed network with tapered-
amplitude and in-phase excitations from the center to the edges of the 
array is designed. The –10 dB impedance bandwidth covers 26.7 to 
29.65 GHz (10.47%) in the Ka-band. As designed, it is demonstrated 
that all of the sidelobe and backlobe levels are less than –20 dB within 
the bandwidth. It is an ideal candidate for 5G millimeter-wave (mm-
wave) wireless applications that require high AE and RAE values and 
very low sidelobe levels.  

II. FULL-METAL 1 × 2 HUYGENS SUB-ARRAY WITH RECTANGULAR 
WAVEGUIDE EXCITATIONS  

The configuration of the all-metal 1×2 Huygens sub-array is shown 
in Fig. 1. The entire structure is realized with a single metal block with 
internal cavities. Aluminum with its relative permittivity, permeability 
and conductivity being 1.0, 1.0, and 3.8 × 107 Siemens/m, respectively, 
is chosen for our all-metal design to facilitate its fabrication.  Fig. 1(a) 
shows a perspective view of the entire sub-array; Figs. 1(b) and 1(c) 
highlight its internal waveguide structures with, respectively, a 
perspective bottom view and a front view.  

The sub-array consists of two rectangular open waveguides (WG#1 
and WG#2), two pairs of tightly-coupled dipoles (Dipole#1 and 
Dipole#2), two current chokes, and a Y-shaped E-plane (yz-plane) 
waveguide power divider. The magnetic radiators are formed on the 
openings of the two waveguides, and the electric radiators are 
produced by the dipole arms that are the plates extended laterally from 
the waveguide openings. A virtual gap is realized between the two 
dipole arms, i.e., there is no physical gap in the aperture of the structure. 
This is facilitated by the design because the electrical length of the 
Huygens source is dominated by the depth of the waveguide cavities. 
The virtual gap design concept is very important because it facilitates 
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achieving the highest possible aperture efficiency, i.e., it allows the 
entire surface of the aperture to be utilized very effectively, as well as 
its single metal block construction.  Orthogonal and in-phase radiators 
are realized in this manner. Although the 1×2 sub-array appears to 
contain only two pairs of Huygens elements, the directivity it achieves 
is close to that of an equivalent four element 2×2 ideal Huygens dipole 
antenna array (HDAA) according to the analysis developed in [20].  

 The two current chokes below and parallel to the electric radiators 
have the same size as the dipole arms; they eliminate the currents 
flowing downward along the outside walls of the metal block. The two 
open waveguides are excited via the narrow slots on the bottom that 
are cascaded to the power divider formed by the Y-shaped metal 
waveguide block beneath them. The bottom of the entire sub-array is 
a (single) waveguide port. Three sets of matching blocks are placed 
inside the power divider. This configuration greatly eased the 
fabrication of the expanded large scale 8×16 element array. 

 

 
 

(a) All metal 1×2 sub-array and its effective Huygens elements 
 

 
                  (b) Internal structures        (c) Front view of internal structures  
 
Fig. 1. Configuration of the Huygens sub-array. (a) Perspective view of the 
entire full metal sub-array. (b) Perspective view of the internal structures inside 
the metal enclosure.  (c) Front view of the internal structures.  
 

The design is targeted for Ka-band applications and was optimized 
at 28 GHz band for 5G wireless systems. The detailed parameters of 
the sub-array are (dimensions in millimeters): lwg = 10.0, wwg = 1.4, hwg = 
3.0, ldivider = 8.0, wdivider = 1.4, hdivider = 2.8, t = 0.05, sarray = 5.0, dchoke = 2.0, 
ldipole = 1.8, wb1 = 0.5, hb1 = 0.7, hb1 = 0.6, wb2 = 1.0, hb3 = 1.2. 

A. Huygens operating principles and performance  
The electric and magnetic radiators formed by the entire top surface 

of the sub-array, its aperture, meet the conditions that realize the 
balanced condition of a Huygens source, i.e., these elements form two 
balanced pairs of orthogonal and in-phase E- and M-dipole radiators 
[19], [20]. The analogous complementary-source-based concept has 
been extensively studied in many magnetoelectric (ME) dipole antenna 
papers, e.g., [21], [22]. Fig. 2 and Fig. 3 present the electric-field 
magnitude distributions on the array’s top surfaces of the two dipole 
plates and the magnetic-field magnitude distributions inside its 
waveguides at 28 GHz for four times separated by a quarter of the 
period, T, at 28 GHz. It is clearly observed that the electric and 

magnetic fields are resonating in time alternately over each quarter 
period.  
 The closely coupled pair of open waveguides operate in their TE10 
mode. This aspect is fundamentally different from the SIW-based 
waveguides in [18] that operate in their TE0.5, 0 mode.  The electric field 
amplitudes across the waveguide opening are explicitly depicted in Fig. 
2(a), i.e., they are along the +x-direction at t = 3T/4 and along the -x-
direction at t = T/4. As indicated in Fig. 2(b), the distance from the 
excitation port to the opening is hwg. To guarantee the maximum 
magnetic fields occur with the requisite phase over their openings, the 
depth of these was initially set so that a quarter-wave propagation, i.e., 
kz × hwg = π /2, occurs, where the wave number along z for the TE10 
mode is [23]:  
 

𝑘𝑘𝑧𝑧 = �(𝜔𝜔/𝑐𝑐)2 − (𝜋𝜋/𝑙𝑙𝑤𝑤𝑤𝑤)2 = 2𝜋𝜋
λ0
�𝜀𝜀𝑟𝑟  − � λ0

2 𝑙𝑙𝑤𝑤𝑤𝑤
�
2
          (1) 

 
𝑐𝑐 = 1 �𝜀𝜀0𝜇𝜇0⁄  being the speed of light, λ0 the free-space wavelength, 
and the transverse wavenumbers 𝑘𝑘𝑥𝑥 = 𝜋𝜋 𝑤𝑤𝑤𝑤𝑤𝑤⁄  and 𝑘𝑘𝑦𝑦 = 𝜋𝜋 𝑙𝑙𝑤𝑤𝑤𝑤⁄ .  
 

 
                                 (a)                                                    (b)  

Fig. 2. Configuration of the top radiating elements of the sub-array without the 
power divider. (a) Perspective view. (b) Bottom view.  
 
 The electric and magnetic field distributions and the associated 
equivalent currents in the waveguides and on the dipole plates are 
illustrated in Fig. 3 at quarter-period time intervals at 28 GHz. The 
currents on the dipole plates are along the –x-direction when t = 0 as 
indicated in the corresponding top sub-plot. The magnetic fields on the 
interior walls of the metallic waveguide shown in Fig. 3 arise from the 
electric currents along the z-direction, i.e., 𝐽𝐽𝑠𝑠�𝑥𝑥 = ±𝑤𝑤𝑤𝑤𝑤𝑤 2⁄ � =
∓𝑥𝑥� × 𝐻𝐻𝑦𝑦𝑦𝑦� = ∓𝐻𝐻𝑦𝑦 𝑧̂𝑧, but they are 90º behind the electric field ones. 
Thus, they correspond to the current arrows indicated in the t = 3T/ 4 
lower sub-plot. Similarly, because the electric field is orthogonal to the 
long edges of the waveguide openings, the equivalent magnetic 
currents  𝐾𝐾��⃗ 𝑠𝑠 = − 𝑧̂𝑧  ×  𝐸𝐸𝑤𝑤𝑤𝑤,𝑜𝑜𝑜𝑜 𝑥𝑥� at t = 0 are along the -y-direction as 
depicted in the corresponding bottom sub-plot. Consequently, these 
effective electric and magnetic currents are orthogonal to each other 
and their cross product 𝐽𝐽𝑠𝑠 × 𝐾𝐾��⃗ 𝑠𝑠 is along the +z-direction, i.e., 
−𝑥𝑥� × −𝑦𝑦� = 𝑧̂𝑧 . Moreover, with the 90° phase difference of these 
current elements, the fields they radiate are in-phase [1]. These are the 
necessary conditions to ensure the radiated fields have Huygens 
cardioid patterns. The actual balance of the amplitudes of the E- and 
M-radiators are adjusted by changing the waveguide width as will be 
demonstrated in the next subsection. Note that the field distributions in 
Fig. 3 also confirm the formation of the virtual gap between the two 
dipoles.  
    Fig. 4 (a) shows the simulated results of the |S11|, directivity and 
realized gain values of the sub-array as functions of the source 
frequency. The minimum |S11| value is at 28 GHz. The –10 dB 
impedance bandwidth covers 25.8 to 30 GHz, a 15% fractional 
bandwidth. Very high directivity and realized gain values are observed. 
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The latter are stable within the bandwidth. In particular, the directivity 
and realized gain values at 28 GHz are 10.46 dBi and 10.32 dBi, 
respectively. The 0.14 dB drop in the realized gain is due to the metal 
losses and small impedance mismatch. Fig. 4 (b) shows the normalized 
radiation patterns at 28 GHz. The front-to-back-ratio is large, 17 dB, 
without a ground plane being present. These results further confirm 
that the sub-array operates according to the Huygens principles. 

 

  
 
Fig. 3. Electric-field magnitude distributions on the top surfaces of the Huygens 
sub-array and magnetic-field magnitude distributions inside the rectangular 
open waveguide in a period of time, T, at 28 GHz.   
 

 
                                  (a)                                                            (b) 
 
Fig. 4. Simulated results of the 1×2 Huygens sub-array. (a) |S11|, directivity and 
realized gain values as functions of the source frequency when the area of the 
sub-array aperture is 10 mm × 10 mm (λf=30GHz × λf=30GHz). (b) Normalized 
radiation patterns of the sub-array at 28 GHz.   
 

It was noted in [24] that the definition of AE for an antenna array is 
only applicable for large scale arrays, not an array with only a few 
elements. Nevertheless, we use the AE and RAE definitions to 
calculate their values for the 1×2 sub-array. It is found that AE=100% 
and RAE=97% at 28 GHz. These values anticipate the very high 
aperture efficiency that will be demonstrated for the large scale 8×16 
element array developed in the next section which is formed with 64 
of these 1×2 sub-arrays.  

B. Key design considerations to achieve the highest aperture 
efficiency 
 Proper designs of the open waveguides operating in their TE10 
modes and of their extended dipole plates are essential for achieving 
the maximum directivity and realized gain. The initial value lwg of our 
sub-array was set equal to 10.7 mm (1 λ at 28 GHz). Then, according 
to (1) and the desired propagation distance, kz × hwg = π /2, is obtained 
with hwg = 3.09 mm for our targeted 28 GHz. The final numerically 
optimized values lwg and hwg were 10.0 mm and 3.0 mm, respectively.  

The width of the waveguide opening, wwg, is critical to achieve the 
maximum directivity and, thus, the highest aperture efficiency because 
it not only determines the radiation resistance of the sub-array, but it 
also controls the balance between the amplitudes of the electric and 

magnetic radiators. Because of its all-metal realization, the value of 
wwg is flexible. This design freedom is basically absent in PCB-based 
arrays such as those reported in [18]. When the total size of the square 
aperture (lwg × lwg) of the entire sub-array is fixed, the opening width, 
wwg, determines how much area the electric dipoles and magnetic 
openings will occupy, respectively, and thus, controls the amplitudes 
of E- and M-radiators. Fig. 5(a) shows the radiation resistance values 
of Port#1 and Port#2 as functions of the source frequency when the 
width of the waveguide opening is 0.4, 1.4, and 2.4 mm, respectively. 
The length of the waveguide that is also the side length of the square 
array aperture, lwg, is fixed at 10 mm. It is clearly seen that the radiation 
resistance is very small if the width of the opening is too narrow (0.4 
mm) and increases dramatically by enlarging it.  
 

 
                                 (a)                                                           (b)  
Fig. 5. Effects of the width of the open waveguide, when wwg, is 0.4 mm, 1.4 
mm and 2.4 mm, respectively. (a) Radiation resistance values as functions of 
the source frequency. (b) Directivity patterns at 28 GHz.  
 

Impedance matching becomes much easier if the opening is wide, 
but the optimal value is also determined by the highest achievable RAE. 
Fig. 5(b) presents the directivity values of the sub-array for the same 
sets of opening width variations from 0.4 to 2.4 mm. Port#1 and Port#2 
are excited with in-phase and equal amplitude sources. The directivity 
value reaches the maximum when the width, waperture, is 1.4 mm 
because more balanced fields are radiated by the equivalent electric 
and magnetic current elements in comparison to the other two 
structures, i.e., the best Huygens performance was attained.  These 
results also confirm that our Huygens array, which includes both 
electric and magnetic radiators, is more directive than arrays of the 
same size formed with only single types of radiating elements, e.g., as 
dipole or slot arrays. Moreover, the aperture area is very efficiently 
utilized for broadside co-polarized radiation. 100% of the aperture area 
contributes to the broadside radiation if the thickness of the waveguide 
wall is neglected, e.g., wt = 0. 

III. HIGH APERTURE EFFICIENCY 8×16 ELEMENT HUYGENS ARRAY 
WITH IDEAL EXCITATIONS  

To validate the high RAE performance of our design, a large scale 
8×16 element array with ideal excitations that is based on the 
developed 1×2 sub-arrays as its basic elements is developed. They 
facilitate a careful evaluation of the AE performance of the final 
optimized design. It is demonstrated that outstanding AE values, close 
to 90%, are realized with tapered amplitudes and in-phase excitations. 
The desired low sidelobe levels, i.e., the target of less than –20 dB 
values, are achieved. Moreover, AE values nearly reaching 100% are 
realized when the array is under uniform excitations. To the best of our 
knowledge, these AE values are the highest among the large-scale 
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arrays reported to date.  

The commonly employed tapered-amplitude, in-phase excitations 
are adopted to achieve the desired low sidelobe levels. The optimized 
weighting coefficients for each port to achieve sidelobe levels less than 
–20 dB are adopted. From the center axes of the array to its edges, the 
coefficients for each port are relatively 1.0, 0.75, 0.45, and 0.3, 
respectively. Fig. 6 shows the array’s simulated normalized radiation 
patterns in both vertical principal planes, φ = 0° and φ = 90°, at 27, 28 
and 29 GHz. It is immediately observed that within the frequency 
range from 27 to 29 GHz, all sidelobe levels are less than –20 dB as 
desired.  

 

 
                                 (a)                                                            (b)  
Fig. 6. Normalized radiation patterns of the 8×16 element Huygens array at 27, 
28 and 29 GHz in the two vertical principal planes: (a) φ = 0°, and (b) φ = 90°. 
 

 
                                  (a)                                                          (b)  

Fig. 7. Directivity and gain values of the 8×16 element Huygens array as 
functions of the source frequency. (a) Tapered excitations. (b) Uniform 
excitations.  
 

Moreover, high AE values are also realized. The directivity and gain 
values as functions of the source frequency are shown in Fig. 7 (a). The 
90% and 80% AE curves are highlighted. The directivity and gain 
values at 28 GHz are 27.92 dBi and 27.9 dBi, respectively. The 
corresponding AE value is 88.3% and the radiation efficiency is 99%. 
Notably, it is the highest reported aperture efficiency for a large scale 
array whose sidelobe levels are all less than -20 dB. Furthermore, as 
seen in Fig. 7(b) in which the 100% and 90% AE curves are 
highlighted, close to 100% AE is achieved if the array elements are 
excited uniformly (i.e., equal amplitude and phase). Specifically, the 
directivity and gain values at 28 GHz are 28.35 dBi and 28.33 dBi, 
respectively. The corresponding AE value is 97.5%, and the radiation 
efficiency is 99%. 
    To the best of our knowledge, the achieved AE values, i.e., higher 
than 95%, are the highest among previously reported large-scale arrays. 
As concluded in [23], the maximum aperture efficiency, 100%, can 
only be achieved if an absolutely uniform distribution is realized over 
the entire aperture. Our Huygens array has almost reached this 
maximum AE limit. 

The electric and magnetic field distributions on the aperture of the 
array are shown in Fig. 8 at quarter-periods in time. The tapering of 
the field magnitudes from its center to its edges is clearly observed.  

 

 
Fig. 8. Electric-field magnitude distributions on the top surfaces (front view) of 
the 8 × 16 Huygens array with low sidelobes, and magnetic-field magnitude 
distributions inside the open waveguides (perspective view to see into the 
waveguides) at quarter periods in time for the period, T, at 28 GHz.   

 
 
Fig. 9. Detailed descriptions of the feed networks with tapered outputs to realize 
the weighted excitations required for the low sidelobe 8 × 16 Huygens array.  

IV. UNEQUAL-OUTPUT WAVEGUIDE FEED NETWORK DESIGN 
The design of the unequal-output waveguide feed network that 

achieves the tapered weighting coefficients was another major step in 
realizing the 8 × 16 Huygens array as an all-metal structure. The three-
stage1-to-64 waveguide feed network shown in Fig. 9 was designed. 
Each layer and the assembled network on the array are displayed. It 
consists of three types of power dividers that are shown in Fig. 10. Fig. 
10(a) depicts the H-plane power divider with its E-plane outputs. The 
cross section of the power divider is aligned with the H-field and the 
surface of the output port is aligned with the E-field. Fig. 10(b) depicts 
the H-plane power divider with the H-plane outputs. The surface of the 
output port is aligned with the H-field. Fig. 10(c) presents the E-plane 
power divider with the E-plane outputs. The cross section of the power 
divider is aligned with the E-field and the surface of the output port is 
also aligned with the E-field.  

The bottom stage#1 is a 1-to-16 feed network that consists of three 
1:1 (–3 dB : –3 dB) power ratio, four 0.428 : 1 (–5.2 dB : –1.55 dB) 
power ratio H-plane power dividers with E-plane outputs, and eight 
0.428:1 (–5.2 dB : –1.55 dB) power ratio H-plane power dividers with 
H-plane outputs. The 16 H-plane outputs of stage#1 connect to stage#2. 
The latter is formed by the eight 0.75 : 1 (-3.67 dB : -2.43 dB) power 
ratio and eight 0.3 : 0.45 (-4 dB : -2.22 dB) power ratio H-plane power 
dividers with H-plane outputs. The 32 H-plane ports further connect to 
sixteen 0.75:1 (–3.67 dB : –2.43 dB) power ratio and sixteen 0.3:0.45 
(–4 dB : –2.22 dB) power ratio E-plane power dividers with E-plane 
outputs in stage#3. The final 64 E-plane ports connect to the input ports 
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of the 64 1×2 sub-arrays that constitute the 8×16 element Huygens 
array.  

 
                            (a)                                                     (b)                                    

 
                                                           (c) 
 
Fig. 10. Three types of waveguide power dividers are used to build the entire 
feed network. (a) H-plane power divider with E-plane outputs. (b) H-plane 
power divider with H-plane outputs. (c) E-plane power divider with E-plane 
outputs.   
 

The detailed parameters of these power dividers are (in millimeters):  
(a) H-plane power dividers with E-plane outputs. Parameters for the 

1:1 or –3 dB : –3 dB power ratio are: lport = 6.5, loffset1 = 3.5, loffset2 = 
3.5, lwindow  = 2.5, wwindow  = 0.2, ldivider  = 3.1, wdivider  = 1.0, ddivider  =0, 
lstub  = 0, wstub  = 0. Parameters for the 0.428 : 1 or –5.2 dB : –1.55 
dB power ratio are: lport = 6.5, loffset1 = 3.83, loffset2 = 3.17, lwindow  = 
2.5, wwindow  = 0.2, ldivider  = 3.1, wdivider  = 1.0, ddivider  = 0.55, lstub  = 
3.3, wstub  = 0.4.  

(b)  H-plane power dividers with H-plane outputs. Parameters for the 
1 : 0.75 or -2.43 dB : -3.67 dB power ratio are: lport_in = 6.5, lport_out 
= 8.0, dport_out = 18.0,   doffset = 5.87, dstub1 = 1.875, dstub2 = 1.475, 
lwindow  = 1.5, wwindow  = 0.25, ldivider  = 2.8, wdivider  = 1.1, ddivider  = 0.25, 
lstub  = 1.2, wstub  = 1.0. Parameters for the 0.45 : 0.3 or -2.22 dB : -4 
dB power ratio are: lport_in = 6.5, lport_out = 8.0, dport_out = 18.0,   doffset 
= 5.87, dstub1 = 1.875, dstub2 = 1.175, lwindow  = 1.5, wwindow  = 0.35, 
ldivider  = 2.8, wdivider  = 1.1, ddivider  = 0.25, lstub  = 1.2, wstub  = 1.0.  

(c) E-plane power dividers with E-plane outputs. Parameters for the 1 : 
0.75 or -2.43 dB : -3.67 dB power ratio are lport_in = 2.6, lport_out = 1.4, 
loffset = 4.48, lcorner1 = 1.0, lcorner2 = 2.7, hcorner1 = 1.0, hcorner2 = 0.6, 
ldivider  = 0.8, wdivider  = 0.6, ddivider  = 0.6. Parameters for the 0.45 : 0.3 
or -2.22 dB : -4 dB power ratio are lport_in = 2.6, lport_out = 1.4, loffset = 
4.48, lcorner1 = 1.0, lcorner2 = 3.0, hcorner1 = 1.0, hcorner2 = 0.6, ldivider  = 
0.8, wdivider  = 0.6, ddivider  = 0.8. 

V. MEASUREMENT RESULTS  
The entire 8×16 array was fabricated with standard machining 

processes. They were accomplished by dividing the prototype’s design 
into five separate aluminum plates, as shown in Fig. 11, which were 
machined separately and then joined together with screws.  The total 
aperture size of the array is 80 mm × 80 mm (7.48 λc × 7.48 λc) and its 
height is 20 mm (1.87 λc). Photos of the assembled prototype array are 
shown in Fig. 12. The array is excited by a standard WR34 waveguide 
with the port connection on its bottom. Because it has much lower 
losses than PCB-based structures such as those in [18] do, its all-metal 
design is more suitable for higher frequency operations, e.g., for Ka-
band mm-wave applications. Moreover, it is physically more robust 
and suitable for applications in harsh environments, e.g., in space. 
 

 
 
Fig. 11. Layered view of the fabricated prototype which was realized with five 
separate machined aluminum plates joined with screws. 
 

 
                          (a)                                                              (b) 
Fig. 12. Assembled prototype. (a) Front view. (b) Bottom view with the WR34 
waveguide to SMA adapter mounted.  
 

 
                                   (a)                                                  (b) 
Fig. 13. Measured and simulated performance characteristics as functions of the 
source frequency. (a) |S11|. (b) Realized gain and directivity. 
 

The simulated and measured |S11| values as functions of the source 
frequency are shown in Fig. 13(a). They agree reasonably well. The 
simulated (measured) –10-dB impedance bandwidth is 10.5% (10.0%), 
covering 26.7 to 29.65 GHz (26.55 to 29.35 GHz). The simulated 
realized gain and directivity values and the measured realized gain 
values are shown in Fig. 13(b) as functions of the source frequency. 
The simulated and measured realized gain values also agree reasonably 
well; the peak values being 28.03 dBi (simulated) and 27.84 dBi 
(measured). The simulated and measured peak RAE values are 82% 
and 81.4%, respectively. Note that the wall thickness between adjacent 
waveguides became 0.8 mm in the prototype to ensure the fabrication 
accuracy. The RAE would have been larger if the thickness of those 
walls had been smaller, which could be facilitated, for instance, by 
using more advanced fabrication processes. 

The simulated and measured normalized realized gain patterns in the 
two principle vertical planes (ϕ = 0° and ϕ = 90°)  at 28 GHz are shown 
in Fig. 14. The simulated and measured results again agree reasonably 
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well. All of the measured sidelobe and broadside cross-polarization 
levels are less than –20 dB and –30 dB, respectively. Note that 
simulated cross-polarization levels are below the scale used for these 
figures. All sidelobe levels are less than -20 dB across the entire 
frequency band. 

 
 

 
Fig. 14. Measured and simulated normalized realized gain patterns in the two 
principal vertical planes at 28 GHz.  

TABLE I:  
PERFORMANCE COMPARISONS OF TYPICAL EXAMPLES OF HIGH GAIN 

ANTENNA ARRAYS WITH LOW SIDELOBE LEVELS 
*(): Simulated result  

VI. CONCLUSION 
 A Huygens antenna array with exceptionally high RAE values and 

low sidelobe levels was reported. To the best of our knowledge and as 
justified with the comparison Table I of the developed array and 
recently reported low-sidelobe arrays, it is the first reported array with 
low sidelobes (less than –20 dB) that achieves a measured peak RAE 
value higher than 81%. Notably, it is also the first array that has 
achieved an AE value close to 100% under uniform excitation. 
Because of its high RAE values, low sidelobe levels, and reasonable 
bandwidth, the developed Huygens array is an ideal candidate for 5G 
mm-wave wireless applications requiring high efficiencies and low 
sidelobe levels. 
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Simulated co-pol Measured co-pol 

φ = 0° φ = 90°

   

X-pol X-pol

Ref. No. of 
Elements  

FBW 
% 

Max SLL Level and 
Peak Realized Gain  

       (dB)              (dBi) 

Peak 
RAE % 

[9] 1 × 8 2.86 -19.7 10.6 ~0.18 
[10] 6 × 6 6.4 -20.4 18.3 30.8 
[11] 3 × 3 1.7 -28.0 12.8 48.0 
[12] 1 × 10 ~1 -25.3  14.5 ~29.6 
[13] 2 × 6 1.8 -23.0 16.1 34.4 
[14] 8 × 8 16 -18.0  24.0 30.2 
[15] 16 × 16 13.8 -25.0  29.5 ~58.0 
[17] 4 × 4 35.5 -15.6 17.4 ~30.2 
[18] 4 × 4 5.7 -20.6 17.5 67.0 
This 

Work 8 × 16 10.0 
(10.5) 

-20.0 
(-20.0)  

27.8 
(28.0)  

81.4 
(82.0) 
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