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Abstract —Two 28 GHz, planar, electrically small Huygens 

source antennas are presented that are broadside radiating and 
are based on multi-layer PCB technology. The designs seamlessly 
integrate electric Egyptian axe dipole (EAD) and magnetic 
capacitively loaded loop (CLL) near-field resonant parasitic 
(NFRP) elements with a coax-fed dipole radiator. Both linearly 
polarized (LP) and circularly polarized (CP) systems are 
demonstrated. The simulations of the LP system indicate that it is 
electrically small: ka = 0.961; has peak realized gains and 
front-to-back ratios (FTBRs) in the range from, respectively, 3.77 
to 4.54 dBi and 7.16 to 33.92 dB; and radiation efficiencies higher 
than 81.14% over its entire 2.14%, -10-dB fractional impedance 
bandwidth (FBW-10dB). A prototype was fabricated and tested; the 
measured and simulated results are in good agreement. The CP 
system exhibits similar properties: ka = 0.942; 1.41% FBW-10dB 
with a 0.47% 3-dB axial ratio (AR) fractional bandwidth; and 
peak realized gain, FTBR, and radiation efficiency values equal to 
2.03 dBi, 26.72 dB, and 73.4%, respectively. To confirm their 
efficacy for on-body applications, the specific absorption rate 
(SAR) values of both the LP and CP Huygens source antennas 
were evaluated and found to be very low. 

 
Index Terms—Broadside radiation, directivity, electrically 

small antennas, Huygens source antenna, near-field resonant 
parasitic element, planar antennas  
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I. INTRODUCTION 

or more than a half century, electrically small antennas 
(ESAs) have attracted much attention and have been 

extensively studied. As is well known, the overall size of an 
ESA, which is much smaller than its operational wavelengths, 
limits its directional performance. This includes characteristics 
such as its peak realized gain and front-to-back ratio (FTBR) 
[1]. Nevertheless, there have been many concerted efforts to 
improve an ESA’s directional properties. An efficient, high 
directivity ESA would be valuable for many engineering 
applications, including, for instance, long-distance wireless 
energy harvesting [2], point-to-point communications [3], 
radio-frequency identification devices (RFIDs) [4], and 
on/in-body sensor systems [5]. In fact, a 28 GHz band version 
would meet many of the anticipated near-term goals for 5G 
mobile systems and IoT (internet of things) devices and their 
intended smart home, smart city, and cloud computing service 
applications [6]-[11]. 
 Approaches to improve an ESA’s directivity have included, 
e.g., using electromagnetic band gap (EBG) structures [12] and 
slot-structured conductor discs [13]; introducing two or three 
similar radiators to realize quasi-Yagi configurations [14, 15]; 
and constructing Huygens sources [16]-[25]. In particular, the 
Huygens source ESAs have received widespread attention due 
to their exceptional directional radiation performance without 
requiring any relatively large ground planes [12], [13] or 
high-profile configurations [14], [15]. 
 According to antenna design principles, a Huygens source 
can be constructed with a combination of orthogonally-oriented 
electric and magnetic radiators that have the same excitation 
magnitude and phase center [16]-[19]. As a straightforward 
strategy, pairs of electrically small electric and magnetic 
dipoles with different excitation sources have been built to 
achieve Huygens source radiation [20]-[25]. However, as was 
reported in the practical designs [20], [21], the requirement of 
two input ports with quite different input impedances and with 
a certain degree of isolation between them, can inescapably 
lead to complicated designs and to a time consuming 
optimization process to align the excitation magnitudes and 
phase centers of the two dipoles. In contrast, there have been a 
variety of single-fed, planar magnetoelectric dipole antennas 
reported [22-24]. Unfortunately, their electrical sizes are not 
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small, i.e., they have ka = 2πa/λ0 > 1.0, where a is the radius of 
the smallest sphere that completely encloses the entire antenna 
system at its operational wavelength λ0. As an alternative, we 
have recently achieved several single-feed, electrically small, 
near-field resonant parasitic (NFRP) [26] Huygens source 
antennas, e.g., coplanar stripline (CPS)-fed, end-fire radiating 
[20]; low profile, broadside radiating [19], [25]; and broader 
bandwidth non-Foster [27] versions. While these UHF-band, 
single-feed Huygens source ESAs are simple in design, nearly 
completely impedance matched to their source generators, 
exhibit high directivity and FTBR values, and have high 
radiation efficiencies, their configurations were not tailored to 
high frequency fabrication approaches and design 
methodologies.  
 Because high directivity is a known desirable attribute for 
upcoming 5G mmWave systems, easily fabricated, low-cost, 
planar, single-feed, Huygens source ESAs would be very 
appealing for many conjectured 5G applications. Arrays 
generating higher gain steerable beams are desired. In the 
selection of the unit element to achieve a compact array for 
integration with a 5G mobile platform, an ESA with high 
directivity and high FTBR values would be an attractive 
candidate [28]. Moreover, in a variety of IoT application 
scenarios, such as 5G on-body sensors, there exists unavoidable 
close contact between the human body and the antenna. 
Consequently, an ESA with high broadside radiation 
performance, high FTBR values, and low SAR (specific 
absorption rate) values is very highly desired [29]. Finally, with 
the development of integrated packaging technologies, planar 
antennas, which could be easily fabricated using multi-layer 
PCB, LTCC, and MMIC technologies, have become 
increasingly indispensable for future 5G systems. 

For the higher frequency initial 5G roll-out, the nascent 28 
GHz band has attracted substantial interest. In this paper, 
linearly polarized (LP) and circular polarized (CP), 28 GHz 
band, single-feed, planar, Huygens source NFRP ESAs are 
reported. In Section II, a coaxially-fed, linearly polarized (LP), 
Huygens source NFRP ESA is introduced that was designed for 
fabrication with microwave multi-layer PCB manufacturing 
technologies. This LP Huygens source NFRP antenna was 
fabricated and tested. The measured results are in good 
agreement with their simulated values. They demonstrate that it 
is electrically small (ka = 0.966) and provides a 3.96 dBi peak 
realized gain and a 33.92 dB peak FTBR in the 28 GHz band 
with more than 81% radiation efficiency. Moreover, the SAR 
values of this antenna are studied numerically at different 
positions on the human body, demonstrating its very low SAR 
properties. Next in Section III, the LP design principles guide 
the modification of the NFRP elements to accomplish a 
coaxially-fed, CP Huygens source NFRP ESA. Its performance 
characteristics and SAR properties are also evaluated 
numerically. Both exceptional radiation performance 
characteristics and low SAR properties are demonstrated. 
Finally, some conclusions are drawn in Section IV. 
 All of the electromagnetic simulations were performed with 
the frequency domain ANSYS/ANSOFT High Frequency 

Structure Simulator (HFSS) [30] and were then confirmed with 
the time domain CST Microwave Simulator (MWS) tool set 
[31]. 

II. LP HUYGENS SOURCE ESA 
The geometry and the design parameters of the proposed LP 
Huygens source ESA are illustrated in Fig. 1. The multi-layered 
nature of the design is highlighted. The corresponding 
optimized design parameters are given in Table I.  
 
A. LP Design 

As shown in Fig. 1, the LP Huygens source ESA is a 
four-layer PCB design. It is constructed step-by-step in a 
manner analogous to those realized in the UHF band [25]. The 
pieces of the magnetic and electric NFRP elements and the 
driven element were all printed on Rogers DuroidTM 5880 
substrates that had a 0.5 oz (0.017mm) copper cladding and 
whose relative dielectric constant εr = 2.2, relative permeability 
μr = 1.0, and loss tangent tan δ = 0.0009. These material 
properties are valid in the frequency range 8-40 GHz [32].  
 The transverse physical sizes of the substrate slabs are the 
same and quite small: L×W= 2.0 mm × 2.4 mm. A rectangular 
copper patch with the size L1×W1 lies on the upper side of 
substrate Layer_1. Two same-sized smaller rectangular copper 
patches (the total transverse size of these two patches and the 
gap, g1, between them is the same as the upper copper patch) 
are located on the lower side of Layer_2. With these small sizes, 
the antenna fabrication, assembly, and soldering processes are 
difficult. As a consequence, certain design strategies were 
taken into consideration. First, two pairs of copper pads were 
etched on the lower side of Layer_1 and two more were etched 
on the upper side of the Layer_2. This approach guaranteed 
alignment of the four vertical via holes through Layer_1 and 
Layer_2. The patches and these pads were attached using R1 = 
0.15 mm radius vias. Consequently, the pads maintained the 
desired electrical connectivity of the vias at the interface 
between the Layer_1 and Layer_2, even if these slabs incurred 
a small displacement during their assembly. Furthermore, the 
via-pad assembly provided additional mechanical support for 
Layer_1 and Layer_2. 
 The resulting patch-via structure acts as a magnetic NFRP 
element. It can be regarded as an extruded CLL structure 
analogous to the one used in the 3D magnetic EZ antennas [26] 
and the ones used in previous Huygens source ESAs [19], [25], 
[27]. The currents on this CLL element are resonantly driven 
into a loop mode by the x-directed currents on the dipole 
element. Thus, it produces a magnetic dipole oriented along the 
y-axis. The simulated 3D directivity pattern produced by this 
combination is shown in the subplot in Fig. 1(a). 
 The straight-segment “I” version of the curved EAD NFPR 
element used previously [18], [19], [25], [27], is placed 
between the patches on the top of Layer_2. The dipole element 
drives x-directed currents on it; and, hence, it produces an 
electric dipole oriented along the x-axis. The simulated 3D 
directivity pattern produced by this combination is shown in the 
subplot in Fig. 1(a). The vertical position of this electric NFRP 
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element is important; its placement allows the alignment of its 
phase center with that of the magnetic NFRP element [19]. 
Therefore, the thicknesses of Layer_1 (h1) and Layer_2 (h2) 
are not the same. They are adjusted to achieve this alignment. 
 Layer_3 is bare and acts as a spacer slab between the two 
NFRP elements and the driven element. Its thickness is 
adjusted to achieve the requisite level of coupling between the 
driven and NFRP elements. To ease the manual assembly, all of 
the substrates were adhered together using a silicone rubber 
adhesive. Clearly, the latter would not be present in a 
commercial PCB fabrication process. 
 In contrast to the single-layer driven dipole element used 
previously [18], [19], [25], [27], the coax-fed dipole is designed, 
as shown in Fig. 1(d), to lie on both interfaces of Layer_4. Two 
metallic strips and an annular pad are placed on the upper and 
lower sides of Layer_4, respectively. Two metallic via holes 
with radius R3 = 0.145 mm were drilled through the substrate. 
The longer strip (with the length W5) is connected to the 
annular pad through one via, and the shorter strip (with the 
length W6) is directly connected to the inner conductor of the 
50 ohm coaxial feed-line by a via through a same-sized hole in 
the substrate. Concomitantly, the annular copper pad is 
designed larger than the outer conductor size of the coaxial 
feed-line and is directly soldered to its outer conductor. It was 
found that this specially engineered annular pad provided 
superior connection/soldering room for the outer conductor of 
the feed-line than the noted one-layer printed dipole used in the 
previous UHF designs. 
 In order to accommodate the antenna’s physically small size, 
a KTG 047-50 type, semi-rigid, 50Ω coaxial cable, having a 
109 GHz cut-off frequency, from Shenzhen Kansai Industrial 
LTD, was selected to feed it. Its inner conductor diameter was 
only 0.29 mm. Thus, the final manual assembly required great 
care with all of these small dimensions. 
 
 
 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 

 
 

(d) 
 

Fig. 1 Geometry of the LP Huygens source ESA. (a) 3-D isometric view, (b) 
upper and lower surfaces of Layer_1, (c) upper and lower surfaces of  Layer_2, 
and (d) upper and lower surfaces of Layer_4. 

 
 

TABLE I. OPTIMIZED LP HUYGENS SOURCE ESA PARAMETERS (IN MM) 
 

h1=0.254 h2=0.508 h3=0.254 h4=0.127 
L=2 L1=1.6 L2=0.9 L3=1.18 

L4=0.127 L5=0.48 W=2.4 W1=1.4 
W2=0.7 W3=0.20 W4=2 W5=0.85 
W6=0.5 g1=0.18 g2=0.22 g3=0.1 
R1=0.15 R2=0.3 R3=0.145 R4=0.845 
R5=0.47 NULL 

 
B. Simulated and Measured LP Results 

The components of the LP antenna in Fig. 1 were fabricated 
and assembled. Three prototypes were tested: each had the 
same antenna, but different coax-cable lengths to compensate 
for any source current leakage during the measurements. 
Photos of these fabricated prototypes are given in Figs. 2(a); a 
top zoom-in on the radiating element is given in Fig. 2(b). The 
antenna performance characteristics were simulated and 
obtained experimentally. The reflection coefficient was 
measured using an Agilent E8361A PNA vector network 
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analyzer (VNA) having a potential measurement scale 
0.01–67.0 GHz.  

 

 
(a)                                                  (b) 

 

 
 

(c) 
 

 
 

(d) 
 

Fig. 2 Fabricated LP Huygens source ESA. (a) 3-D isometric view of the three 
prototypes attached to different lengths of the semi-rigid coaxial cable, (b) top 
zoom-in view of one prototype under a MG10085-1A 100X reading 
microscope, and (c) antenna under test (AUT) measurement setup diagram, and 
(d) AUT radiation pattern measurement setup. 

 
The measured |S11| values together with the corresponding 

HFSS and CST simulated values are plotted in Fig. 3 (a). The 
CST and HFSS simulated |S11| values agree very well. The 
measured (simulated) -10dB impedance bandwidth is 350 MHz, 
from 27.74 to 28.09 GHz (600 MHz, from 27.66 to 28.26 GHz). 
Some minor, but distinct differences between the simulated and 
measured results were observed. Simulations have shown that 
the magnetic NFRP element makes stronger contributions at 
lower frequency points while the electric NFRP element makes 
stronger contributions at higher frequency points relative to the 
HFSS predicted system resonance frequency point, 27.835 
GHz, at which |S11|min ~ -20 dB. Moreover, the simulations 

clearly demonstrate a very good overlap of these resonance 
effects at that point. This contributes to the large simulated 
(measured) total -10-dB impedance bandwidth, 600 MHz    
(350 MHz), corresponding to a -10-dB fractional impedance 
bandwidth: FBW-10dB = 2.2% (FBW-10dB = 1.3%). 

 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 3 The HFSS (solid line) and CST (dash line) simulated, and the measured 
(dash dot line) performance characteristics of the LP Huygens source ESA. (a) 
|S11| values versus frequency, and (b) peak realized gain and and FTBR values 
versus frequency. 
 
On the other hand, the measured prototype antenna results 
show that the overlap did not completely occur as predicted. 
They indicate that the magnetic and electric NFRP elements 
have distinct resonance frequency centers, respectively, at 
27.86 and 28.05 GHz. Because these centers had more 
separation than expected, the overall system had a narrower 
impedance bandwidth ~ 350 MHz. These differences between 
the simulated antenna models and the measured prototype are 
mainly a consequence of the tolerances associated with the 
fabrication of its components and assembly processes. While 
some are a result of inevitable minor errors associated with the 
latter and the measurement process itself, one major factor was 
the fact that the prototype ESA was assembled by adhering 
together the four substrates with the silicone rubber adhesive. 
While the rubber layers were expected to be quite thin, they 
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caused a 0.09 mm increase in the height of the system, which 
was not considered in the original simulations. Subsequent 
studies have confirmed that the height increase caused by the 
adhesive did negatively impact the outcomes as noted. 

Because this adhesive issue was itself uncertain at the time 
of assembly, it was not possible to anticipate the final height in 
the design simulations and compensate for the presence of the 
adhesive. Despite the resulting decrease in the predicted 
bandwidth, the measured operational frequency range still 
covers a good portion of the local multipoint distribution 
system (LMDS) band [33] and overlaps nicely with the 
bandwidth defined for the Samsung 5G prototype mmWave 
antennas (520 MHz signal bandwidth centered on the 27.925 
GHz carrier frequency) [34]. Furthermore, these results 
confirm that the Huygens source antenna is electrically small. 
Its measured (simulated) overall electrical size at the lowest 
frequency in its operational band gives ka = 0.966 (0.961). 
 

 
(a) 
 

 
(b) 

 
 

(c) 
 

Fig. 4 The HFSS (solid line) and CST (dash line) simulated, and the measured 
(dash dot line) 2-D realized gain patterns of the LP Huygens source ESA. (a) At 
the lower operational frequency bound (27.66 GHz in simulation and 27.74 
GHz in measurement, (b) at the center frequency (27.835 GHz in simulation 
and 27.9 GHz in measurement), and (c) at the higher operational frequency 
bound (28.26 GHz in simulation and 28.1 GHz in measurement). 

The far-field radiation patterns were measured in a compact 
range chamber measurement system. The measurement setup 
diagram and the corresponding measurement environment are 
shown in Figs. 2(c) and 2(d). When arriving at the reflector, the 
linearly polarized expanding wave from the source (a calibrated 
horn antenna) is transformed into a plane wave and delivered to 
the antenna under test (AUT). Thus the AUT is measured as a 
receiving antenna. Due to limitations of the measurement 
system, only the angular range within ± 75° of the co-polarized 
radiation patterns was measured.  

The HFSS (CST) predicted peak realized gain and FTBR 
results are shown in Fig. 3(b) for three frequencies within the 
-10-dB impedance bandwidth. The peak realized gain is in the 
range from 3.77 to 4.54dBi (3.24 to 4.12 dBi). The maximum 
value is located at 27.88 GHz (27.9 GHz). The FTBR and 
radiation efficiency (RE) values are in the range from 7.16 to 
33.92 dB (from7.83 to 27.7 dB) and from 81.14 to 89.76% 
(from 81.41 to 89.69 %), respectively. The measured peak 
realized gain is 3.96 dBi at 28 GHz. In general, the difference in 
the simulated and measured peak realized gain values are 
deemed small and acceptable, e.g., during the entire -10-dB 
impedance bandwidth, the difference between them is no more 
than 0.7dB. 
 The measured co-polarized realized gain patterns normalized 
to their peak values 2.81, 2.92, and 3.28 dBi, respectively, at the 
indicated frequency points 27.74, 27.9 and 28.1 GHz, together 
with the corresponding HFSS and CST results, are given in Fig. 
4. The measured realized gain patterns are stable across the 
operating bandwidth while the main-beam direction in the 
E-plane is slightly tilted. These differences are ascribed to three 
factors. First, a relatively long coaxial feed-line from the VNA 
was used in the measurements while a short one (with length 
0.5 mm) was included in the simulations to model the actual 
transition between the dipole strips and the coax feed line. 
According to our simulations and confirmed by the fabricated 
samples, when the length of the feedline is longer than 50 mm, 
unbalanced surface currents appear on the metallic outer wall. 
These decrease the peak realized gain value ~ 0.74 dB, and 
make the radiation pattern tilt away from the end-fire direction 
in the E- (ZOX) plane while having little effect on the radiation 
pattern in the H- (ZOY) plane. Second, as was indicated 
previously, the incomplete overlap of the electric and magnetic 
NFRP element resonances caused by the fabrication and 
assembly issues also contributes to the differences between the 
simulated and measured realized gain values and radiation 
patterns observed in Fig. 4.  
 
C. Simulated LP SAR Results 

For health and safety purposes, the USA’s Federal 
Communication Commission (FCC) has specified a 1.6 W/kg 
limit of the SAR averaged over any 1.0 g of tissue in the shape 
of a cube (1-g average SAR) below 6 GHz [35, 36]. However, 
the permissible SAR levels at mmWave frequencies have not 
yet been officially released, even though the mmWave cellular 
system has become a hot research topic in recent years [37]. In 
our studies, we used a Voxel Gustav human body in CST MWS 
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to evaluate the SAR values produced by the LP Huygens source 
ESA [38]. 

 
 
Fig. 5 Simulated 1g-averaged SAR values of the LP Huygens source ESA 
mounted on the head and the arm of the Voxel Gustav human body in CST 
MWS at several frequencies within its operational bandwidth. 
 

 
 

Fig. 6 Simulated peak 1g-averaged SAR values of the LP Huygens source ESA 
mounted on the head and the arm of the Voxel Gustav human body in CST 
MWS as a function of the frequencies within its operational bandwidth. 
 

In order to simulate the SAR associated with the LP 
Huygens source ESA, it was placed on the skin of the head and 
arm of the Voxel Gustav human body in CST MWS. As a 
benchmark, the input power of the ESA was set to 1.0 W to 
evaluate its SAR performance. The simulated results for 
different antenna placements on the body at several frequencies 
within its operational bandwidth are shown in Figs. 5 and 6. 
During the CST simulations, it was observed that the presence 
of the body has little effect on the antenna performance. The 
1g-averaged SAR values distributions are shown in Fig. 5 for 
head and arm positions at 27.66, 27.96, and 28.26 GHz. It is 
worth noting that the skin tissue is not smooth in the model; it is 
more like a stack of skin tissue blocks trying to reproduce the 
body shape. It makes the simulated 1g-averaged SAR values 
distributions in Fig. 5 not be gradual and smooth looking. 
Nevertheless, one observes that the SAR distributions in the 
head and arm both have their strongest values around the ESA 
and gradually become much weaker away from it. Furthermore, 
the peak 1g-averaged SAR values at a larger series of 
frequencies, from 27.66 to 28.26 GHz with steps of 0.1 GHz, 
are presented in Fig. 6. As the results in Figs. 5 and 6 indicate, 

the averaged SAR values are decreasing as the frequency 
increases. Furthermore, the peak average SAR values on the 
head and on the arm for all of the frequencies tested are below 
the maximum value: 0.0543 W/kg, which is substantially lower 
than 0.15 W/kg at 28GHz reported by Samsung Electronics 
[34]. 
 

III. CP   HUYGENS SOURCE ESA 
Based on the design principles learned through the 
development of the LP Huygens source ESA, a single-feed, 
broadside radiating, CP Huygens source ESA was engineered. 
All three components, both the NFRP elements and the driven 
element, had to be tailored to produce fields polarized in two 
orthogonal directions to achieve the desired CP performance. 
Further nuances had to be introduced to achieve a system 
well-matched to the source. 

A. CP Design 

The geometry of the CP Huygens source antenna is shown in 
Fig. 7. The final optimized parameters are given in Table II. 
The design also consists of four stacked pieces of the Rogers 
Duroid TM 5880 substrate. However, they are all now circular in 
shape with the same radius R6 =1.5 mm, but with different 
thicknesses. The circular shape facilitates a smaller ka value of 
the final design. 

Similar to the elemental arrangement in Fig. 1, the magnetic 
and electric NFRP elements are placed in the near field of the 
driven element, above its printed strips. Their phase centers are 
also adjusted to be aligned with each other. Again, this is the 
reason that the heights of the different layers (h1, h2, h3, and h4) 
in Figs. 1 and 7 are unequal. In order to achieve the CP 
operation, the configurations of the electric and magnetic 
NFRP elements and the driven element are quite different from, 
while nevertheless being very closely related to, their LP 
counterpart. The electric NFRP element now consists of two 
“I” elements oriented orthogonal to each other in the same 
plane (hence, it mimics a Jerusalem cross frequency selective 
surface unit element). Both lie on the lower surface of Layer_1, 
as is shown in Fig. 7(b). This basic structure, excited by a 
driven dipole element, has been used previously to produce two 
orthogonal resonances for CP operation [39]. Similarly, as 
shown in Fig. 7(c), the magnetic NFRP element now consists of 
four symmetrically placed, same-sized square patches on the 
lower surface of Layer_2. As illustrated in Fig. 7(a), they are 
connected to the square patch on the upper side of Layer_1 by 
four vertical metallic vias. Simply, this configuration is 
equivalent to two CLLs in an orthogonal arrangement. Such a 
system has been used previously to launch CP fields with the 
help of a driven element [40].  

In addition to these straightforward combinations of LP 
designs, a rectangular cross slot is etched in the square patch on 
the upper side of Layer_1. This arrangement is highlighted in 
Fig. 7(b). The crossed slot was determined to have two 
functions: (1) it regulates the current pathway on the patch 
surface to improve the purity of the resulting CP radiation, and 
(2) it helps to adjust the capacitive coupling strength between 
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the magnetic NFRP element and the driven element. Hence, it 
intimately helps enhance the level of impedance matching.  
 

 
 

(a) 

 
 

(b) 

 
 

(c) 

 
(d) 
 

Fig.7  Geometry of the CP Huygens source ESA. (a) 3-D isometric view;          
(b) upper and lower surface of Layer_1; (c) upper and lower surface of  Layer_2; 
and (d) upper and lower surface of Layer_4. 
 

Finally, as shown in Fig. 7(d), the driven element is 
modified significantly. Although one rectangular strip is still 
directly connected to the outer wall of the 50Ω coaxial line on 

the bottom surface of Layer_4, the segment connected to its 
center conductor (it has the same diameter, 2.29 mm, as the LP 
version) on the top of Layer_4 has been modified to include a 
ring structure that facilitates the proper phase excitement of the 
two pairs of two orthogonal NFRP elements. Its rectangular 
piece is notably longer than and orthogonal to the one on the 
lower surface. It remains directly connected to the center 
conductor. The additional arc-shaped strip modification shifts 
the frequency at which the minimum AR value occurs to 
overlap with that of the minimum |S11| value. Its optimized total 
length was determined to be equivalent to θ = 100°.  
 

TABLE II. OPTIMIZED CP HUYGENS SOURCE ESA PARAMETERS (IN MM) 
 

h1=0.127 h2=0.508 h3=0.254 h4=0.127 
L7=1.48 L8=1 L9=0.16 L10=0.16 
L11=0.88 L12=0.7 L13=0.18 W7=1.48 
W8=0.13 W9=2.25 W10=1.14 W11=0.88 

W12=0.18 W13=0.7 g4=0.09 g5=0.09 
R6=1.5 R7=0.2 R8=0.6 R9=0.46 

R10=0.2 R11=0.15 R12=0.5 R13=0.6 
θ =100 ° NULL 

 

B. Simulated CP Results  

The simulated performance characteristics of the optimized CP 
Huygens source ESA were again obtained with both HFSS and 
CST. As shown in Fig. 8, the HFSS (CST) simulated -10-dB 
impedance bandwidth is 400 MHz, from 27.93 to 28.33 GHz 
(370 MHz, from 27.97 to 28.34 GHz) yielding FBW-10dB  
~1.43% (~1.31%). The predicted 3-dB axial ratio (AR) 
bandwidth is 130 MHz, from 28.04 to 28.17 GHz (120 MHz, 
from 28.07 to 28.19 GHz). The AR minimum value 1.18 dB 
(1.86 dB) occurs at 28.105 GHz (28.14 GHz). The overall 
electrical size of the HFSS (CST) model at the lowest 
frequency bound of the AR bandwidth is ka = 0.942 (0.943).  

Within the 3-dB AR bandwidth, the FTBR values are higher 
than 20 dB (15dB) and their maximum value is 26.72 dB (17.9 
dB) and is located at 28.11 GHz (28.14 GHz). The peak 
realized gain varies from 1.80 to 2.03 dBi (from 2.34 to 2.82 
dBi). The RE values are contained in the range from 69.6 to 
73.4% (from 71.5 to 74.5%). In comparison to the CP, 
helical-ring, Huygens source antenna reported in [41], with its 
complicated 3-D configuration and larger electrical size: ka = 
1.13, the optimized CP Huygens source antenna reported here 
has a simpler, easier-to-fabricate multi-layer configuration and 
a much smaller electrical size. 

The 2D realized gain patterns of the CP Huygens source ESA 
in both the zx and yz planes at 28.105 GHz are shown in Fig. 9. 
Clearly, the much larger co-pol results are in very good 
agreement. Moreover, both simulators predict quite low 
cross-pol levels. It also is obvious that both the HFSS and CST 
simulated results exhibit excellent broadside radiation patterns 
in both planes. At the operational center frequency, 28.105 
GHz, the predicted broadside realized gain is 1.94 dBi         
(2.43 dBi) with a CP polarization purity higher than 20 dB (15 
dB). The half-power beamwidth coverage is 180°, from -81° to 
99° (167°, from -77° to 90°) in the zx-plane and 173°, from -93° 
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to 80° (158°, from -84° to 74°) in the yz -plane, respectively. 
The reason the design operates in a left-handed (LH) CP state is 
due to the arrangement of the arc-shaped strip, i.e., it has a 
clockwise rotation. Simulation results show that a right-handed 
(RH) CP Huygens source ESA is achieved simply by changing 
the rotation of the arc-shaped strip to be anti-clockwise.  
 

 
(a) 

 

 
 

(b) 
 

Fig. 8 The HFSS (solid line) and CST (dashed line) simulated performance 
characteristics of the CP Huygens source ESA. (a) |S11| and AR values, and (b) 
peak realized gain and FTBR values versus the source frequency. The HFSS 
simulated 3dB AR bandwidth range is shaded in yellow. 

 

 
 

Fig. 9 The HFSS (solid line) and CST (dashed line) simulated 2D realized gain 
patterns of the optimized CP Huygens source ESA at its operational center 
frequency, 28.105 GHz, in the (a) zx and (b) yz planes. 

 
 

C. Simulated CP SAR Results  

Using CST MWS simulation parameters identical to those 
used for the evaluation of the SAR levels of the LP Huygens 

source ESA, the SAR values of the CP Huygens source ESA 
were obtained. These included the placements of the ESA and 
the mesh resolution size. The 1g-averaged SAR values of the 
CP Huygens source ESA were simulated. The results are shown 
in Figs. 10 and 11. Similar to the SAR distributions in Fig. 5, 
the 1g-averaged SAR distributions shown in Fig. 10 at a lower, 
middle, and upper frequency of its 3-dB AR band also witness 
uneven edges because of the discontinuity of the Voxel Gustav 
human body skin tissues. The peak 1g-averaged SAR values 
are shown in Fig. 11 as a function of the source frequencies 
within its 3dB AR operating bandwidth. Compared with the 
results in Fig. 6, the peak average SAR values within the 3dB 
AR operating bandwidth of the CP antenna are slightly higher 
than those of its LP counterpart. Nonetheless, its peak average 
SAR value is 0.0812, which is also much lower than the 0.15 
W/kg specification [34]. Analogous to the LP version, the 
presence of the body has little effect on the simulated antenna 
axial ratio behavior. 

 

 
 

Fig. 10 Simulated 1g-averaged SAR values of the CP Huygens source ESA 
mounted on the head and the arm of the Voxel Gustav human body in CST 
MWS at several frequencies within its operational 3-dB AR bandwidth. 
 

 
 
Fig. 11 Simulated peak 1g-averaged SAR values of the CP Huygens source 
ESA mounted on the head and the chest of the Voxel Gustav human body in 
CST MWS a function of the frequencies within its 3-dB AR operational 
bandwidth. 

IV. CONCLUSION 
Both LP and CP planar, multi-layer, broadside radiating, 

Huygens source ESAs based on multi-layer PCB technology 
operating in the mmWave 28 GHz band were demonstrated. 
Both designs consisted of an electric EAD NFRP element, a 
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magnetic CLL NFRP element, and a driven dipole element. It 
was established that by optimally engineering their sizes and 
shapes and arranging their relative positions, which was shown 
to be equivalent to adjusting the capacitively coupled current 
magnitudes on the NFRP elements and their phase centers, 
efficient Huygens source ESAs that radiate in their broadside 
direction were achieved. The simulated performance 
characteristics were obtained with two simulation 
environments, HFSS and CST MWS, and were shown to be in 
good agreement. The simulated SAR values were calculated 
with CST MWS; they were demonstrated to be much lower 
than current FCC limits defined for antennas operating in 
standard lower frequency bands. Benefitting from their 
advantages, including their easy-to-fabricate planar 
configurations, electrically small sizes, very good broadside 
radiating performance characteristics, and very low SAR values, 
these Huygens source ESAs should be very good candidates for 
mobile systems and wearable IoT devices operating in the 
near-future 28 GHz band, 5G systems. 
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