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Fig. 1.1 (a) Conventional FPC antenna geometry with thin PRS, excited by a 
magnetic dipole (slot) on a ground plane. (b)  Transverse equivalent network (TEN) 
modeling the plane wave response of the structure in (a) 3 

Fig. 1.2 Broadside radiated power on addition to the phase and attenuation 
constant of the transverse wavenumber inside the structure vs. frequency for the 
structure shown in Fig. 1.1. 5 

Fig. 2.1 (a) FPC antenna geometry using a thick PRS, excited by a slot on the ground 
plane. The slot is modeled as an equivalent x-directed magnetic dipole on a ground 
plane, and the thick PRS is modeled as a two-port network. (b) Transverse equivalent 
network (TEN) modeling the plane wave response of the structure in (a), as well as 
leaky-wave propagation on the structure. 10 

Fig. 2.2 Unit cell of a periodic PRS made from a dielectric layer of thickness t over 
a periodically patterned metallic sheet (copper) with holes of diameter d. The unit cell 
is periodic along x and y with period s. 17 

Fig. 2.3 Magnitude and phase of the reflection coefficient for the thick PRS shown 
in Fig. 2.2, looking up from the cavity, due to a normal incident wave (i.e., θ = 0˚). Note 
the growing phase over a frequency region, responsible for the wideband 
performance. 18 

Fig. 2.4 Plot showing how to choose the cavity height to achieve wideband 
operation. The height h is calculated vs. frequency using the resonance formula (2.3) 
with n = 0. Choosing h around 2.3 mm ensures that h nearly satisfies the ideal height 
requirement over as large of a band as possible. 19 

Fig. 2.5 Dispersion diagram for the normalized LW phase and attenuation 
constants for the wideband FPC antenna in Fig. 2.1, using the PRS shown in Fig. 2.2. 
Note the peculiar non-monotonic behavior around 61.4 GHz, nearly satisfying the 

relation ˆ ˆ   over a wide frequency band. 22 

Fig. 2.6 Magnitude and phase of the PRS reflection coefficient. Comparison 
between results obtained via full-wave numerical FEM (solid-line) and via the leaky-
wave based formulas from (2.14) and (2.15) (dashed-line). The PRS unit cell is shown 
in Fig. 2.2. 24 

Fig. 2.7 Conductance (blue-line) and susceptance (green-line) of the PRS 
admittance, for the PRS shown in Fig. 2.2. Comparison between results obtained via 
full-wave numerical FEM (solid-line) and the leaky-wave approximation formulas 
(2.23) and (2.24) (dashed-line). 27 
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Fig. 2.8 Modal dispersion diagram for a leaky-mode excited in a wideband FPC 
antenna. Comparison between the numerical solution calculated from (2.11)-(2.13) 
(solid-line), the approximate results (2.16)-(2.18) based on the PRS reflection 
coefficient (dashed-line), and approximate formulas (2.25)-(2.27) that are based on 
the PRS admittance (doted-line). The structure is the wideband FPC antenna shown 
in Fig. 2.1, with a PRS as shown in Fig. 2.2. 28 

Fig. 2.9 Comparison of the normalized radiation intensity ( ), 0 /U U  +=  ,  

radiated at broadside, estimated by the exact formula (2.4) from applying reciprocity 
(solid-line) and by the leaky-wave formula (2.31) (red dashed-line). The plot also 
shows the normalized leaky-wave phase and attenuation constants vs. frequency for 
the wideband FPC in Fig. 2.1. The FPC has infinite transverse extent and the unit cell 
of the PRS is shown in Fig. 2.2. 31 

Fig. 2.10 Comparison of the normalized radiation intensity radiated at broadside, 
calculated by the leaky-wave formula (2.31) for three different cavity heights. Note 
that the value h = 2.3 mm is the best, assuming that the dip at the center is not lower 
than −3 dB compared to the other maximum. 32 

Fig. 2.11 Wavenumber trajectory (solid-line) in the complex 0
ˆ ˆ/tk k j = −  plane 

for the LW in the wideband FPC antenna structure shown in Fig. 2.1 constructed from 
the PRS shown in Fig. 2.2. Solutions found based on formulas (2.11)-(2.13). This 
trajectory is compared with the conventional hyperbolic trajectory (dashed-line) for 
the mode in a narrowband FPC antenna structure. In both design the center frequency 
is around 61.4 GHz. The shaded area represents the −3 dB region of the power 
bandwidth for both cases. 33 

Fig. 2.12 Normalized angular radiation intensity (i.e., U/U(θ=0˚)) as a function of 
angle   for three different frequencies for the FPC an infinite extent and a unit cell 
shown in Fig. 2.2. The plot shows a comparison between the result provided by leaky-
wave formula (2.29) and the ones from full-wave simulation for the E and H planes. 
The approximate LW formula is accurate for small angles but it starts to deviate from 
full-wave results as the angle increases. 34 

Fig. 2.13 Analytical results vs. full-wave simulation for the normalized broadside 
power intensity of the wideband structure in Fig. 2.1. The magnitude of the reflection 
coefficient at the feed port is also shown. The analytical solution assumes that the 
antenna is of infinite extent. The full-wave simulations model the PRS made of 10  
10 unit cells for the structure shown in Fig. 2.2. 37 

Fig. 2.14 Realized broadside gain and peak gain vs. frequency from simulation, for 
the wideband structure in Fig. 2.1. The PRS is made from 10  10 unit cells of the 
structure shown in Fig. 2.2. 38 

file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530457
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530457
ZEqnNum675428
ZEqnNum561854
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530457
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530457
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530457
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530457
ZEqnNum793366
ZEqnNum144830
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530457
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530457
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530458
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530458
ZEqnNum482509
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530458
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530458
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530458
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530458
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530458
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530459
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530459
ZEqnNum732091
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530459
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530459
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530460
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530460
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530460
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530460
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530460
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530460
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530460
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530460
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530460
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530461
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530461
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530461
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530461
ZEqnNum826838
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530461
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530461
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530462
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530462
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530462
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530462
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530462
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530463
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530463
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530463


viii 
 

Fig. 2.15 Full-wave simulated realized gain in the E and H planes vs. angle θ for the 
proposed structure having 10  10 unit cells as shown in Fig. 2.2 at 57.2 GHz, 62.6 
GHz and 68.4 GHz. 39 

Fig. 3.1 (a) FPC antenna with a thick PRS composed of a multiple stack of metal-
dielectric layers. (b) Side view of the proposed antenna. (c) Transverse equivalent 
network (TEN) for the proposed antenna with the thick PRS represented as a two-
port network. 52 

Fig. 3.2 (a) Proposed unit cell surrounded by PEC and PMC periodic boundaries. 
(b) Unit cell of the proposed PRS composes of a thin metallic sheet with holes of 
diameter D mounted on the bottom face of an electrically thick dielectric substrate 
with thickness t. (c) Magnitude and phase of the reflection coefficient for the 
proposed thick PRS formed by an infinite 2-D periodic unit cell. The PRS reflection 
phase slope (dashed-line) matching the ideal phase line slop (dotted-line). 54 

Fig. 3.3 Normalized broadside radiation intensity ( ( ), 0 /U U  += ) calculated 

from leaky-wave based equation (3.1) (red dashed-line). In addition, a normalized 
leaky-wave phase and attenuation constants versus frequency calculated numerically 
using equation (3.2). 56 

Fig. 3.4 (a) Circular slot with two rectangular perturbation slots. (b) L-shaped 
feeding line. 57 

Fig. 3.5 Analytical (equation (3.1) assume antenna of infinite extent) vs. full-wave 
simulation (finite antenna with 8 × 8 unit cells) of the normalized broadside power 
intensity of the wideband structure in Fig. 3.1 (a). 59 

Fig. 3.6 Full-wave broadside gain versus frequency of the proposed finite 8 x 8 unit 
cells fed by CP excitation source in addition to the plot of the reflection coefficients 
calculated at the input excitation port. 59 

Fig. 3.7 Full-wave (a) AR and (b) broadside gain for an FPC Antenna with a cavity 
height of 7.05 mm, 7.15 mm and 7.25 mm. 60 

Fig. 3.8 Photos of fabricated antenna structure (a) L-shaped feeding line, (b) 
Circular slot (primary source) (c) PRS bottom view and (d) 3D View. 61 

Fig. 3.9 Gain and reflection coefficient versus frequency simulated versus 
measured results. 62 

Fig. 3.10 Simulation versus measured axial ratio (AR). 62 

Fig. 3.11 Simulated vs measured gain pattern for yz-plane at 20 GHz, 21.5 GHz and 
23 GHz for E-field at (a) ϕ = 0˚ and (b) ϕ = 90˚. 63 
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Fig. 3.12 Simulated vs measured gain pattern for xz-plane at 20 GHz, 21.5 GHz and 
23 GHz for E-field at (a) ϕ = 0˚ and (b) ϕ = 90˚. 64 

Fig. 4.1 (a) FPC antenna structure (side view) (b) PRS unit cell (c) 2 × 2 rectangular 
slot arrays on a ground plane. 69 

Fig. 4.2 FoM (Gain bandwidth product) calculated by varying the interelement 
distance between the dipoles along x (Dx/λc) and y (Dy/λc) directions at fc = 22 GHz. 71 

Fig. 4.3 SLL calculated by varying the interelement distance between the dipoles 
along x (Dx/λc) and y (Dy/λc) directions at fc = 22 GHz. 72 

Fig. 4.4 Coupling scattering parameters vs vs Dx/λc and Dy/λc for a 2 × 2 slot array 
at fc = 22 GHz (a) S12, (b) S13, and (c) S14 72 

Fig. 4.5 Broadside gain pattern comparison between 1 × 1 and 2 × 2 array exciting 
a finite air-filled cavity covered by an 8 × 8 thick PRS unit cells 73 

Fig. 5.1 (a) FPC antenna with a thick PRS composed of a multiple stack of metal-
dielectric layers. (b) Transverse equivalent network (TEN) for the structure in (a) 
with the thick PRS represented as a two-port network. 78 

Fig. 5.2 Unit cell of the periodic PRS formed by (a) a single layer and (b) a double 
layer, for wide band operations. 80 

Fig. 5.3 Normalized broadside (θ = 0˚) power intensity.  Comparison between 
formula (5.4) based on reflection coefficient and the leaky-wave formula (5.6). We 
also show the normalized leaky-wave parameters versus frequency. The two FPCs 
use (a) the single layer shown in Fig. 5.2(a) and (b) the double layer shown in Fig. 
5.2(b). 81 

Fig. 5.4 Angular radiation intensity as a function of angle θ at three frequencies for 
the FPC antennas having a PRS consisting of (a) the single layer shown in Fig. 5.2(a) 
and (b) the double layer shown in Fig. 5.2(b). 82 

Fig. 5.5 (a) FPC antenna formed by a thick PRS (multiple metal-dielectric layers). 
(b) Transverse equivalent network for the structure in (a). 83 

Fig. 5.6 Comparison between reflection coefficients obtained by full-wave 
simulation and by the approximate grid impedance in (5.7) for PRSs with unit-cells 
depicted on the right for (a) single layer (b) and double layer cases. 85 

Fig. 5.7 Comparison of normalized broadside radiated power calculated from  (5.9) 
using the reflection coefficient calculated from full-wave simulation (blue solid-line) 
vs. approximate grid impedance (red dashed-line). In addition, the normalized phase 
and attenuation constants vs. frequency are shown. (a) Single layer. (b) Double layer.
 86 
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Fig. 6.1 (a) Unit cell based on the “dogbone” metallic patch that supports the so 
called “magnetic resonance”. (b) HIS antenna formed by an ultra-thin grounded 
substrate covered by patterned parallel chains of strongly coupled dogbone unit-
cells. 92 

Fig. 6.2 Normalized E field magnitude versus number of (dogbone) unit cell 
element for a HIS made of chains with 20 unit cells in the x direction. The transverse 
x-polarized E field is sampled between the elements over the grounded substrate (i.e., 
at z = h). The HIS is assumed to have infinite extent in the y direction since periodic 
boundary conditions (PBCs) are used. Each chain is excited by a differential 
excitation, i.e., by two time-harmonic sources (lumped element ports) at the two 
edges of each chain (i.e., at the first and last elements of the array) with same 
magnitude and inverse phased.  Full-wave simulation results show an exponential 
decay over a few elements near the two array ends revealing the presence of leaky 
waves. Note that at frequencies below 24 GHz the decay is very strong indicating that 
the attenuation constant of the excited leaky waves is rather large. 93 

Fig. 6.3 The dispersion relation of the LW attenuation and propagation constants 
versus frequency extracted from the field shown in Fig. 6.2, based on the first 6 
samples along the x-direction. Note that below 24 GHz, the region of interest for the 
operation of the ultra-flat HIS antenna, the attenuation constant is significantly larger 
than the propagation constant. 94 

Fig. 6.4 Broadside gain versus frequency of 1D array of elements excited from both 
ends. As the number of elements increase, the gain gets higher around 24 GHz, but 
the gain-bandwidth reduced. 95 

Fig. 6.5 Broadside gain versus frequency of 2D array of elements excited from both 
ends. The dotted line represents the broadside gain of a conventional 2 × 1 patch 
array designed under the same substrate. 96 

Fig. 6.6 Broadside gain versus frequency using the differential excitation and an 
HIS antenna made of 6×4 dogbone unit cells. The chains of dogbones are all connected 
at the two edges, and fed differentially, i.e., by two lumped ports with same amplitude 
and inverse phased. 97 

Fig. 6.7 Far-field gain pattern for (a) E plane and (b) H plane at 22, 23, 24 and 24.8 
GHz for the structure shown in Fig. 6.6. 98 

Fig. 6.8 (a) Layout of the proposed HIS antenna with the feeding network. (b) 
Matching network (c) Hybrid power divider. (d) Part of a microstrip line. The 
optimized parameters of the antenna are: LA = WA = 43.5 mm, lm1 = 6.88 mm, lm2 = 
8.59 mm, lm3 = 22.28 mm, lm4 = 2.45 mm, wm1 = 0.67 mm, wm2 = 0.95 mm, lt = 5.84 mm, 
wt1 = 0.2 mm, wt2 = 0.67 mm, ls = 1.04 mm, ws = 0.95 mm, rp = 2.23 mm, wp = 0.2 mm 
and δ = 45˚. 99 
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Fig. 6.9 Fabricated antenna structure as shown in Fig. 8 with 50 Ω SMA connector 
attached to the input port. 100 

Fig. 6.10 (a) simulated and measured reflection coefficient. (b) simulated and 
measured broadside gain versus frequency. 101 

Fig. 6.11 Far-field gain pattern for (a) E and (b) H planes at the maximum gain for 
the structure shown in Fig. 6.10. 102 

Fig. 6.12 (a) Dogbone metallic patch unit-cell on top of a grounded dielectric 
substrate. (b) the HIS antenna designed with 6 × 6 unit-cells fed with four ports shunt 
to ground locating at the edges of the two shorting lines. 103 

Fig. 6.13 The broadside gain versus frequency of the proposed HIS antenna 
constructed from 6 × 6 dogbone-shaped unit-cells with three different feeding 
methods. In addition to a 2 × 2 rectangular microstrip patch antenna for a comparison 
purpose. 105 

Fig. 6.14 Far-field gain pattern for E-plane and H-plane at (a) 0.7, (b) 0.8 and (c) 
0.9 GHz for the three feeding methods. 106 

Fig. 6.15 (a) HIS antenna formed by 2D periodic unit-cells arranged as 12 linear 
arrays, each fed by a 12 phase- controlled excitation ports. (b) Unit cell based on the 
“dogbone” metallic patch on an ultrathin (wavelength/100) grounded substrate. 107 

Fig. 6.16 E-field magnitude versus number of elements (dogbone unit cells) for 20 
unit cells in the y-direction sampled at elements # 1-9. In the simulation we consider 
periodic boundary conditions (PBCs) in the x-direction and the excitation is applied 
to element #1. An exponential decay of the field is shown for the first few unit cells in 
the y-direction. 109 

Fig. 6.17 Simulated broadside gain versus frequency of the 12 × 6 dogbone-shaped 
array. All the linear arrays are excited with time-harmonic signals with same 
amplitude and same phase, Φ = 0˚ (i.e. broadside radiation). 111 

Fig. 6.18 E-plane and H-plane broadside gain patterns for the array of 12 
“supercells” at 24 GHz. Each supercell is made of a linear array of 6 “dogbones” as in 
Fig. 6.14. 111 

Fig. 6.19 Gain pattern versus observation angle in the H-plane for different steering 
phase shifts resulting in steering angles from -45˚ to 45˚ at 24 GHz. 112 

 
 
 
 
 

file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530497
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530497
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530498
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530498
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530499
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530499
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530500
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530500
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530500
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530501
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530501
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530501
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530501
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530502
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530502
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530503
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530503
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530503
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530504
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530504
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530504
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530504
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530504
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530505
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530505
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530505
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530506
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530506
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530506
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530507
file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530507


xii 
 

LIST OF TABLES 

 
                                                   Page 

TABLE 3.1  Design Parameters for The Structure in Fig. 3.4 57 

TABLE 6.1  Maximum broadside gain and gain-bandwidth product for the 2-D array of 
elements shown in Fig. 6.5.                 96 

TABLE 6.2  Phase Excitation Values Φ to Obtain the Radiation Patterns in Fig. 
6.18. 112 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

file:///C:/Users/Ahmad/Dropbox/01%20UCI%20Projects/20%20Dissertation/Dissertation_Ahmad_Almutawa_v3.docx%23_Toc18530540


xiii 
 

ACKNOWLEDGMENTS 
 

 
First and foremost, I would like to profoundly thank my Ph.D. advisor, Professor Filippo 
Capolino, for his guidance and support throughout my Ph.D. With his inspiration and 
dedication, he has consistently urged for diligence in work. His high standard in research and 
the quality of work he produced is always appreciated. Without his guidance and persistent 
help, this dissertation would not have been possible. I would also like to thank my committee 
members, Professor Ozdal Boyraz, and Professor Michael Green, for their valuable comments 
and support.   
 
In addition, I thank Professor David R. Jackson at the University of Houston who gave 
profound insights and helpful feedback in the concept of leaky-wave. I would like also to 
thank Dr. Sohini Sengupta and Professor David R. Jackson for the great collaboration on 
producing the first analytically and experimentally demonstration of 2-D periodic leaky-
wave antenna. I would also thank Dr. Alister Hosseini for his guidance and helpful comments 
for the analysis and design of wideband FPC antenna. 
 
I thank my colleagues who were involved in this research, Hamidreza Kazemi for the analysis 
of HIS antenna and wideband FPC antenna projects. In addition, I would like to thank Ahmed 
F. Abdelshafy, Mohamed A. K. Othman and Dmitry Oshmarin for experimental verification of 
DBE structures, also my lab mates Caner Guclu, Mohamed Nada, Mohammad Albooyeh, 
Muhannad Alshetaiwi, Tarek Mealy, Farshad Yazdi, Mohammad Kamandi, Mahsa 
Darvichzade, and Robert Marosi.  
 
I dedicate this work to my wife, my son Abdullah, my parents, my family, and friends whose 
love, motivation, and support gave me the strength to pursue my goals in life.  
 
I am grateful for the generous support from Kuwait Foundation for the Advancement of 
Sciences (KFAS) for attending conferences during my Ph.D. study. 
 
Also, I would like to take this opportunity to thank The Public Authority for Applied 
Education and Training (PAAET) in Kuwait for giving me a scholarship to have a Ph.D. degree 
in Electrical Engineering. 
 
 
 
 
 
 
 
 
 
 
 
 



xiv 
 

CURRICULUM VITAE 

 
Ahmad T. Almutawa 

 
 

EDUCATION 
 
2019  Ph.D. in Electrical and Computer Engineering, University of California,   

Irvine, CA 
  
2011       M.S. in Electrical Engineering, University of South Florida, Tampa, FL 
 
2009       M.S. in Electrical Engineering, Kuwait University, Kuwait 
 
2006   B.S. in Electrical Engineering, Kuwait University, Kuwait 
 
 

EXPERIENCE 
 

2009 - Present Faculty Member, Electronics Engineering Department, The Public  
Authority for Applied Education and Training (PAAET), Kuwait   

 
2006 - 2009      Electrical Engineer Design, Kuwait National Petroleum Company  

(KNPC), Mina Al-Ahmadi Refinery, Kuwait 
 
 

FIELD OF STUDY 
 
Metamaterials, Leaky-wave antennas, Fabry–Pérot cavity antennas, Modal analyses, High 
impedance surfaces, Metasurfaces, Antenna theory and design, Antenna arrays. 
 
 

PUBLICATIONS 
Journals 

 
[1] A. T. Almutawa, A. Hosseini, D. R. Jackson, and F. Capolino, “Leaky-Wave Analysis of 

Wideband Planar Fabry–Pérot Cavity Antennas Formed by a Thick PRS,” IEEE 
Transactions on Antennas and Propagation, vol. 67, no. 8, pp. 5163–5175, Aug. 2019. 

[2] A. T. Almutawa and G. Mumcu, “Small artificial magnetic conductor backed log-
periodic microstrip patch antenna,” Antennas Propagation IET Microwaves, vol. 7, no. 
14, pp. 1137–1144, Nov. 2013. 

[3] A. T. Almutawa, H. Kazemi, and F. Capolino, “Extremely thin planar high impedance 
surface antenna at K band,” preparing for submission to IEEE 2019. 

[4] A. T. Almutawa, H. Kazemi, and F. Capolino, “K-band wideband circularly polarized 
Fabry−Pérot cavity antenna,” preparing for submission to IEEE 2019. 



xv 
 

[5] A. T. Almutawa, H. Kazemi, and F. Capolino, “Gain enhancement of wideband 
Fabry−Pérot cavity antenna using a sparse array,” preparing for submission 2019. 

[6] A. F. Almutairi, A. T. Almutawa, “Semi-circular Multiband pin-loaded patch antenna 
for Wi-Fi and Wi-MAX applications,” Journal of Engineering Research, in press, Dec. 
2013. 

[7] S. Sengupta, D. R. Jackson, A. T. Almutawa, H. Kazemi, F. Capolino, and S. A. Long, 
“Radiation properties of a 2-D periodic leaky-wave antenna,” IEEE Transactions on 
Antennas and Propagation, vol. 67, no. 6, pp. 3560–3573, Jun. 2019. 

[8] S. Sengupta, D. R. Jackson, A. T. Almutawa, H. Kazemi, F. Capolino, and S. A. Long, “A 
Cross-Shaped 2-D Periodic Leaky-Wave Antenna,” Accepted for publication in IEEE 
Transactions on Antennas and Propagation 2019. 

[9] A. F. Abdelshafy, M. A. K. Othman, D. Oshmarin, A. T. Almutawa, and F. Capolino, 
“Exceptional points of degeneracy in periodic coupled waveguides and the interplay 
of gain and radiation loss: theoretical and experimental demonstration,” IEEE 
Transactions on Antennas and Propagation, 2019, DOI 10.1109/TAP.2019.2922778. 

 
PUBLICATIONS 

Conferences 
 
[1] A. T. Almutawa, H. Kazemi, and F. Capolino, “Analyze and design of thin planar high 

impedance surface as an antenna,” in 2018 International Conference on 
Electromagnetics in Advanced Applications (ICEAA), 2018, pp. 623–624. 

[2] A. T. Almutawa, H. Kazemi, and F. Capolino, “Ultrathin planar HIS antenna with beam 
steering capability for K-band,” in 2019 13th European Conference on Antennas and 
Propagation (EuCAP), 2019. 

[3] A. T. Almutawa, H. Kazemi, F. Capolino, and D. R. Jackson, “Analysis of a Wideband 
Fabry-Pérot Cavity Antenna at 60 GHz using Grid Impedance Approximation,” in 2019 
IEEE International Symposium on Antennas and Propagation (APSURSI), 2019. 

[4] A. T. Almutawa, H. Kazemi, F. Capolino and D. R. Jackson, “Overview of Wideband 
Fabry-Pérot Cavity Antennas with Thick Partially Reflective Surface,” in 2019 
International Conference on Electromagnetics in Advanced Applications (ICEAA), 2019. 

[5] A. Hosseini, A. T. Almutawa, F. Capolino, and D. R. Jackson, “V-band wideband Fabry-
Pérot cavity antenna made of thick partially-reflective surface,” in 2016 IEEE 
International Symposium on Antennas and Propagation (APSURSI), 2016, pp. 349–350. 

[6] A. Hosseini, A. T. Almutawa, F. Capolino, and D. R. Jackson, “Wideband single-layer 
Fabry-Pérot cavity antenna with a radial variation of the cavity permittivity,” in 2017 
IEEE International Symposium on Antennas and Propagation USNC/URSI National 
Radio Science Meeting, 2017, pp. 2659–2660. 

[7] S. Sengupta, D. R. Jackson, A. T. Almutawa, H. Kazemi and F. Capolino, “A 2D Periodic 
Cross-Shaped Leaky-Wave Antenna,” in 2019 United States National Committee of 
URSI National Radio Science Meeting (USNC-URSI NRSM), 2019. 

[8] S. Sengupta, D. R. Jackson, S. A. Long, A. T. Almutawa, H. Kazemi and F. Capolino, “2D 
Periodic Leaky-Wave Antennas in the Microwave and Optical Regimes,” in 2019 IEEE 
International Symposium on Antennas and Propagation (APSURSI), 2019. 



xvi 
 

ABSTRACT OF THE DISSERTATION 

 
Analysis and Design of Wideband Planar 2-D Leaky-Wave Antennas 

 
By 

 
Ahmad T. Almutawa 

 
Doctor of Philosophy in Electrical and Computer Engineering 

 
 University of California, Irvine, 2019 

 
Professor Filippo Capolino, Chair 

 
 
 

Rapid development in wireless communication systems at microwave and millimeter-

wave frequencies increases the demand for more efficient wideband and high-gain 

electromagnetic radiator capable of supporting the high-speed data transfer and mitigate the 

free-space path loss. Fabry-Pérot cavity (FPC) antennas are a potential candidate as 

radiators since they exhibit useful radiation characteristics, such as high-directivity of 

broadside beam with high radiation efficiency from a low-profile structure, and feature 

simplicity of design and low-cost fabrication. This two-dimensional (2-D) class of leaky-wave 

antennas (LWAs) are conventionally constructed with a thin frequency selective surface 

(FSS) (metallic patches or holes in a metallic screen), forming a partially reflected surface 

(PRS), placed half of a wavelength from a ground plane and excited with a single source. 

This dissertation focuses on the modal and radiation analysis of FPC antennas formed by 

an electrically thick PRS (single or multiple metal-dielectric layers) optimized for wideband 

radiation. A novel set of formulas is analytically derived, which relates the leaky-wave 

parameters (phase and attenuation constants of the traverse complex wavenumber) to the 

PRS reflection coefficient and input admittance. Additionally, we derived a new leaky-wave 
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based power formula that is capable of describing the far-field behavior for any FPC antenna 

formed by an arbitrary thick PRS. The formulas are validated with different examples of 

wideband FPC antennas constructed using single-layer and multiple-layers of PRS 

structures. Moreover, we show how to efficiently radiate circularly polarized (CP) waves 

from a wideband FPC antenna excited by a single CP source. Furthermore, a study was 

carried out to further enhance the broadside gain with a sparse array implemented as a 

primary excitation source. 

Additionally, we have investigated the radiation performance of an extremely thin (100th 

of a wavelength) 2-D leaky-wave antenna constructed from a high impedance surface (HIS) 

directly excited to work as an antenna. Physical insight is provided by analyzing the radiation 

mechanism of this class of HIS antennas and prove that radiation is in part related to a TM-

like leaky-wave supported by the structure in the vicinity of its magnetic resonance. 

Wideband broadside radiation, in addition to a beam steering capability, was demonstrated. 

Finally, a HIS antenna with a differential feeding network was designed and fabricated for K-

band wireless systems. 
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CHAPTER 1 
 
INTRODUCTION 
 

 

Sec. 1.1 The Concept of Leaky-Wave 

This dissertation is based on a novel study of a planar wideband 2-D leaky wave antennas 

and the relation between the far-field radiation to the leaky-wave supported by the 

structure. Leaky-wave antennas are a class of traveling wave antenna (a single feed lunches 

one or more traveling waved guided along linearly along a 1D or radially in a 2D structure) 

[1]–[11]. The guided structure categorized based on the speed of the phase velocity of the 

guided modes with respect to the free space velocity. For example, the surface waves are a 

“slow-waves” where 0k   and leaky-waves are “fast-wave” where 0k  . Radiation 

properties of Leaky-wave antennas usually characterized by the transverse complex 

propagation wavenumber tt tk  = − , where t  and t  are the phase and attenuation 

content, respectively [10]–[11].  

The leaky-mode supporting by the structure gradually leaks energy while it is 

propagating away from the excitation source. The value of the attenuation content 

determines the length of the leaky-wave antenna structure where usually it is truncated 

when the field intensity decay to more than 90% as compared to the field at the source 

location. In 1-D leaky-wave antennas, the antenna radiates with a beam at an angle   with 

respect to the broadside as ( ) 0sin t k = with a scanning capability from forward to back 
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end-fire covers the angels 2 2  −   . Moreover, the 3 dB beamwidth can be calculated 

from the attenuation constant as 2 2  [10]. These leaky-wave parameters can be solved for 

using the transverse resonance method [12]. 

The concept Fabry-Pérot Cavity (FPC) antenna was first demonstrated by Trentiti [1] who 

derived the first formula by employ the ray-tracing method describes the behavior of the radiated 

power with respect to the reflection properties of the wave bouncing inside the cavity including 

the effect of the partially reflective surface (PRS). 

In this dissertation, we will focus on two types of 2-D planar leaky-wave antenna. The 

first one is a Fabry-Pérot Cavity antenna which has a structure of a grounded dielectric substrate 

with a partially reflective surface (PRS) mount on top with an electric or magnetic dipole as an 

excitation source. The second structure formed by an extremely-thin high impedance surface (HIS) 

excited around its magnetic resonance. Both structures support leaky-waves, and here we 

demonstrate the radiation properties from these antennas and the relation to the leaky-wave 

parameters ( t  and t ). 

  

Sec. 1.2 Modal Analysis of Leaky-Wave Antennas 

 Since the leaky-wave antenna structure assume to be homogenous in the transverse 

direction, the structure can be analyzed as an equivalent transmission line model with the 

fields described in the spectral domain as transverse electric (TE) and transverse magnetic 

(TM) modes [12]. In particularly, each thin periodic metallic patches or thin metallic sheet 

with periodic holes can be modeled as a shut susceptance in the transmission-line equivalent 

network (TEN). Moreover, the homogeneous medium such as open-air or a substrate with a 

dielectric constant r  is modeled as a transmission line with a length equivalent to the 
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substrate thickness and a characteristic impedance for TE and TM modes as 

( )TE
0 0 0zY k =  , ( )TE

1 0z rY k  =  and, TM
0 0 0zY k= , TM

1 0 r zY k =  respectively as 

shown in Fig. 1.1. the longitudinal wavenumber in the air region is 2 2
0 0z tk k k= −  and in the 

dielectric substrate is 2 2
1 0z r r tk k k = − , where kt is the transverse wavenumber of the 

plane wave interacting with the FPC [12] and 00 0k   =  is the free space wavenumber.  

 

 

  After characterizing the antenna structure as TEN, the transverse complex wavenumber of 

the dominant leaky-mode can be solved numerically using the transverse resonance 

equation as 

 ( ) ( ) ( )TE/TM TE/TM TE/TM
tot up down 0t t tY k Y k Y k= + = . (1.1) 

In general, the transverse resonance equation (1.1) can be applied to any periodic 

structure that is able to be represented as as a 1-D circuit network composed of lumped 

 
Fig. 1.1 (a) Conventional FPC antenna geometry with thin PRS, excited by a 
magnetic dipole (slot) on a ground plane. (b)  Transverse equivalent network 
(TEN) modeling the plane wave response of the structure in (a)  

Magnetic current (slot)

Thin PRS

ground

air

z z

h ≈ λ/2
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Ydown
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elements (shunt impedance) model the thin frequency selective surfaces (FSSs), a small 

section of transmission line model the homogeneous substrates and a 2 port network as 

general representation for any combination of metal-dialectic layers.  

The leaky-wave analysis for a single grounded dielectric substrate with a thin FSS 

mounted on top results a narrow broadside beam in the 2-D structure with a maximum 

power occurs at a point in frequency when the transverse phase and the attestation constant 

are equal ( t t = ) and it is corresponding to the substrate height ( 2h  ) [8]. Moreover, 

the beam stays at the broadside when t t   and it splits (of broadside direction) when 

t t   and follows the angle   and it can be calculated from the leaky-wave parameters as 

2 2ˆ ˆ  =  − , where the symbol hat indicated normalization with respect to the free space 

wavenumber 0k  as  0
ˆ k =  and 0ˆ k =  [8]. In addition, the broadside radiated power 

can also be calculated from the approximated formulas with respect to the leaky wave 

parameters shows in [8] as ( ) ( )2 2ˆ ˆ0 1P   =  + . Fig. 1.2 illustrates the behavior of the 

leaky-wave supporting by the structure and the corresponding power radiation behavior 

varying frequency. In chapter 2 in this dissertation, we will show the radiated power in 

addition to the leaky-wave parameters behaviors when the structure optimized for 

wideband radiation by implementing a thick PRS exhibit a non-Foster response (PRS 

reflection phase increases with frequency) at the desired operational frequencies. A 

significant enhancement in the power bandwidth has been calculating numerically and 

verified for a finite (truncated) antenna structure excited by a magnetic dipole (slot) located 

at the center of the ground plane.  
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Sec. 1.3 Organization of the Dissertation 

The dissertation is organized into chapters that involve the theory of leaky-wave in 

wideband Fabry-Pérot Cavity antennas and planar high impedance surface antennas. 

 

Chapter 2: In this chapter, we thoroughly investigated and derived a general set of formulas 

for a wideband FPC antenna having a PRS formed in general by a single or multiple metal-

dielectric layers. The formulas relate the reflection coefficient of a normal incident plane-

wave on the bottom surface of the PRS from the cavity side and PRS input admittance to the 

leaky-wave parameters (the transverse phase and attenuation constants). Moreover, we 

derived a new radiated power formula based on the leaky-wave parameters. From a simple 

wideband PRS made of 10 × 10 circular holes on a metallic screen attached to a thick 

dielectric layer, a full-wave simulation carried out to verify the accuracy of the proposed 

 
Fig. 1.2 Broadside radiated power on addition to the phase and attenuation 
constant of the transverse wavenumber inside the structure vs. frequency for 
the structure shown in Fig. 1.1.  

P



t
t

, tP k

t t =
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formulas. The proposed structure results in a 2.87 directivity-bandwidth figure of merit 

larger than the upper limit of FPC antennas formed by thin PRS. 

 

Chapter 3: Wideband circular polarized (CP) FPC antenna excited with a single source 

generated a CP wave inside the cavity is presented in this chapter. The antenna constructed 

from a wideband PRS having 8 × 8 unit cells on top of a grounded cavity fed by a slot centered 

in the middle of the ground plane. The antenna optimized for a wideband performance based 

on the leaky-wave method for wideband FPC antenna discussed in chapter 2. An L-shaped 

feeding line coupled to a circular slot with a two small rectangular slot optimized to provide 

a three adjacent resonance frequency results an axial ration (AR) less than a 3 dB cover 

almost the entire operational frequency band (3dB broadside gain-bandwidth). 

 

Chapter 4: In this chapter, a novel study of gain enhancement for a wideband FPC antenna 

excited by a sparse array. The idea in this chapter is to increase the wideband antenna 

broadside gain value that happens to be attenuated as a result of widening the gain-

bandwidth. We show by exciting the cavity with an array of 2 × 2 rectangular slots with an 

inter-element spacing optimized for best gain × gain-bandwidth figure of merit. Also, we 

show the performance of array spacing varying the broadside side lobe level (SLL) and the 

coupling between the adjacent feeding.  A full-wave simulation results in a gain-bandwidth 

of 2.7 times the one achieved by only a single feeding slot. 

 

Chapter 5: We propose in this chapter a novel technique to characterize the performance of 

the wideband FPC antenna formed by a stack of metal-dialectic layers. First, we show 
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numerically the performance of a single and double layer PRS optimized based on the leaky-

wave dispersion relation discussed in chapter 2. The result shows a PRS composes of two 

layers achieved almost double the gain-bandwidth compared to the case of a single layer 

PRS. On the other hand, a drop in the gain of about 2 dB results as PRS becomes less reflective 

where it can be improved using the sparse array techniques discussed in chapter 4. Second, 

we proposed a technique that relates the antenna geometrical parameters to the PRS 

reflection coefficient. We used an impedance approximation for the thin FSS made of thin 

metallic strips arranged in a 2-D fashion forming a grid. Numerical full-wave versus the 

approximated grid impedance-based formed are in a good agreement for the two proposed 

cases of a single and double layer PRSs. 

 

Chapter 6: An extremely thin 2-D planar high impedance surface excited to radiates as an 

antenna without dipole on top is presented in this chapter. Around the HIS magnetic 

resonance, the antenna radiated with a wide broadside gain-bandwidth as compared to a 

conventional 2-D array of rectangular patches. A simple feeding network composes of a 

single stub with a hybrid power divider implemented for impedance matching and at the 

same time provides the differential excitation to the structure. The structure fabricated and 

the measured gain pattern agreed with the simulation results. Furthermore, we proposed 

another practical mechanism to feed the structure using four excitation sources for the 

purpose of improving the antenna radiation performance. Moreover, we study the 

performance of the broadside gain for 1-D and 2-D array of dogbone patches, and we 

demonstrate the possibility of 2-D scanning the beam by gradually changing the input phases 
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of the excitation sources in addition to scan the beam based by varying the frequency as in 

the conventual 1-D leaky-wave antennas. 
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CHAPTER 2 
 
LEAKY-WAVE ANALYSIS OF WIDEBAND 
PLANAR FABRY-PÉROT CAVITY 
ANTENNAS FORMED BY A THICK PRS  
 

 

Sec. 2.1 Motivation 

 

The radiation properties of wideband Fabry–Pérot cavity (FPC) antennas have been 

investigated by studying the non-Foster behavior of the reflection coefficient phase of the 

thick partially reflective surface (PRS) forming the cavity. In order to better understand the 

performance of such cavities, we show for the first time that the wideband behavior can be 

explained via a unique dispersion characteristic of the dominant excited leaky-waves (LWs) 

inside such cavities. We derive new formulas that demonstrate the role of the LWs in forming 

wideband FPC antennas when the reflective phase of the PRS exhibits an increase with 

frequency within the band of operation. 

Planar leaky-wave antennas (LWAs) have been investigated in recent years due to their 

simple structure and low profile nature and their ability to easily produce directive radiation 

[1]–[7]. Fabry–Pérot Cavity (FPC) antennas formed by thin frequency-selective surfaces 

(FSSs) were studied in [8]–[16]; in such cavities, the thickness of the FSS forming the 

partially reflective surface (PRS) was much lower than the operational wavelength, and thus 

the FSS was modeled as a purely reactive shunt admittance. Later, in [17], the radiation 
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properties of FPCs formed by a thick PRS were formulated using a general two-port network 

to model a thick PRS, as shown in Fig. 2.1. Moreover, a leaky-wave analysis provided the 

researchers with a useful tool to study, model, and further optimize the radiation properties 

of such antennas [12], [13]. 

 

 

While being a good choice for highly directive antennas where simplicity is important 

[18], standard FPC antenna designs do suffer from a narrow pattern bandwidth [19], [20]. 

Based on previous investigations [21]–[34], a wider radiated power bandwidth can be 

achieved by nearly satisfying the cavity resonance condition for a wider band of frequencies 

by optimizing the reflection properties of the PRS. The optimized PRS exhibits a positive 

slope of the reflection phase when plotted versus frequency (i.e., a non-Foster type of 

                                         (a)                                                                               (b) 
 

 
Fig. 2.1 (a) FPC antenna geometry using a thick PRS, excited by a slot on the 
ground plane. The slot is modeled as an equivalent x-directed magnetic dipole 
on a ground plane, and the thick PRS is modeled as a two-port network. (b) 
Transverse equivalent network (TEN) modeling the plane wave response of 
the structure in (a), as well as leaky-wave propagation on the structure. 
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response) over the necessary frequency band, while the magnitude of the reflection 

coefficient typically exhibits a drop (discussed later). Both the magnitude and phase of the 

PRS reflection coefficient must be optimized to avoid the splitting of the wideband response 

into a narrow multiband response. In general, the optimized/engineered PRS can be 

modeled with a single or multilayer metal/dielectric structure, e.g., a single layer substrate 

with a periodic metallic layer on either side [35] or even both sides [26] and multilayer 

substrates with or without metallic layers [28], [29], [33]. 

The leaky-wave analyses in [12] and [13] (derived for thin PRS structures) are not valid 

for characterizing an FPC antenna with a thick PRS that has been optimized for higher 

bandwidth since the PRS admittance variation versus frequency was neglected due to the 

narrow pattern bandwidth assumption. In this paper, to address the aforementioned 

shortcoming, a simple and compact formula is derived to estimate the radiation intensity 

(defined here as the radiated far-field power density multiplied by 2r  [36], [37]) of such 

cavities based on the leaky-wave parameters of the dominant leaky waves. To verify the 

accuracy of the proposed formula, a new wideband FPC antenna is designed and 

investigated. A simple representation of such a wideband FPC antenna is shown generically 

in Fig. 2.1(a), formed by an infinite ground plane and a thick PRS separated with a dielectric-

filled cavity of height h. In this paper and for illustration purposes, we designed a simple 

thick PRS constructed from an infinite dielectric layer with a relative permittivity of 6.15 

backed with a thin metal surface having an infinite periodic set of circular holes. Aiming for 

a wideband operational bandwidth centered around 60 GHz, the PRS has been designed and 

optimized to maximize the broadside radiated power bandwidth from such an FPC antenna. 

The radiation intensity and realized gain for a finite-size structure using 10 × 10 unit cells 
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excited with a rectangular slot (see Fig. 2.1) show a good agreement compared with the 

analytical results for an infinite structure, as will be demonstrated. 

 

Sec. 2.2 Radiation Model for Wideband Planar FPC Antenna 

A planar FPC antenna formed by an electrically thick PRS is shown in Fig. 2.1. Here, it is 

assumed that the PRS, typically formed by a periodic structure, has an infinite transverse 

extent. In order to design a wideband FPC antenna, we consider a PRS that has a reflection 

coefficient (from the bottom side, see Fig. 2.1) denoted as 

                 PRS
PRS PRS

je  =  ,         (2.1) 

with a phase that typically increases with frequency in a given frequency range, similar to 

what is discussed in [21]–[34].  

The infinite horizontal (transverse) extent of the PRS allows the structure to be modeled 

using a transverse equivalent network (TEN) [38] as shown in Fig. 2.1(b). This is possible 

either when analyzing the antenna as a receiver, illuminated by a plane wave with transverse 

wavenumber kt, or when a dipole is exciting a radiating FPC antenna and the TEN is used to 

model the interaction of the planar structure with a plane wave corresponding to a spectral 

component of the plane-wave spectrum generated by the exciting dipole. Furthermore, the 

TEN is also useful when investigating the leaky-modes propagating radially inside the FPC 

with a complex wavenumber kt (where the radial propagation wavenumber is now a 

function of the angle of propagation on the structure).    

For calculating the far-field, reciprocity is used, which involves analyzing the FPC 

structure with an incident plane wave impinging on the structure, as explained in Appendix 

A. In this case, the transverse wavenumber kt is real for the plane waves inside the structure. 
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The characteristic wave admittances Y0 and Y1, for plane waves with either TEz or TMz 

polarization, are defined as ( )TE
0 0 0zY k = , ( )TE

1 1 0z rY k  =  and TM
0 0 0zY k= , 

TM
1 0 1r zY k = , respectively. Moreover, the vertical (longitudinal) wavenumbers in air 

and in the dielectric substrate region inside the FPC are 2 2
0 0z tk k k= −  and 

2 2
1 0z r r tk k k = − , respectively, where kt is the transverse wavenumber of the plane wave 

interacting with the FPC (Ch.2 of [38]) and 00 0k   =  is the free space wavenumber. 

We assume that the FPC antenna is fed by a slot on its ground plane, modeled as an 

equivalent x-direction elementary magnetic dipole (Iml). Using reciprocity and the TEN, as 

discussed in [2], the far-field radiation from such a magnetic dipole inside the FPC, at any 

angle θ (Fig. 2.1) is related to the field Hx on the ground plane when the structure is 

illuminated by an incoming plane wave from the same direction θ. In the receiving case, the 

longitudinal wavenumbers are real and depend on the angle θ as 00 coszk k =  and 

2
01 sinz r rk k  = −  [2], [12]. 

The assumption of cavity resonance gives a direct relation between the PRS reflection 

phase and frequency. The ideal reflection phase for such an FPC antenna is derived in [21] 

using a ray-tracing model as 

 ( ) ( )1PRS 2 2 1 , 0, 1, 2z h n nk  = + − =    . (2.2) 

FPC antennas formed by a thin PRS are usually narrowband because (2.2) is satisfied for a 

single frequency: the phase ϕPRS(ω) usually decreases with frequency, in accordance with 

Foster's theorem, while kz1 increases with frequency, making it possible to satisfy (2.2) only 
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at one frequency.  

As suggested in [21]–[34], a wideband operation is achieved by properly designing the 

PRS to have a reflection phase closely satisfying the resonance condition (2.2) over a 

wideband frequency region for a given cavity height. For a given PRS, the cavity height that 

guarantees a resonance is obtained from (2.2) as (assuming θ = 0˚) 

 ( ) ( )
0

PRS

1
2 1 , 0, 1, 2

2 r r

h n n
k

  
 

= − − =      .  (2.3) 

We stress that because of the frequency dependence of ϕPRS(ω), (2.3) is usually satisfied only 

for a single frequency in the case of a thin PRS. For a wideband FPC antenna, it is desired to 

satisfy (2.3) over the bandwidth of operation. This is facilitated by having a phase ϕPRS(ω) 

that does not follow the typical Foster-like frequency dependence (that has PRS 0    ), 

but instead experiences a phase increase within the bandwidth of operation. The non-foster 

phase response is possible since the structure radiates, and this acts as a loss mechanism for 

the cavity resonator.  

The radiation intensity formula for such an FPC antenna has been derived using the TEN 

model [17] and ray tracing models [1]. The PRS reflection/admittance remains unchanged 

in these formulas under the assumption of highly directive FPC antennas and small value of 

θ at broadside [1], [8]–[10], [12]. Referring to [17] and Fig. 2.1(b), the TEN model has upward 

and downward admittances, evaluated at the bottom of the PRS, for near-broadside traveling 

waves as ( )up 0
ˆˆY Y g jb= +   and  ( )down 0 1cotr zY j Y k h= −  respectively, where rr r  

and 0 00 01 /Y    = . The radiation intensity formula derived in [17], based on 

reciprocity, at directions near broadside for a magnetic dipole with a magnetic moment of 
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Iml on the ground plane is 

 ( )
2

1
1

2

ˆ
,

sin ( ) ˆ ˆcot( )z
r z

U g
U

k h k h b jg

 



+

=

− +

  (2.4) 

where + 2 3
0

22
02 r mU E I l = , ( )00 4E j  = −  and 2

01 sinz r rk k  = − . When using a 

ray-tracing model (as originally derived in [1]) the radiation intensity near broadside is 

derived in terms of the PRS reflection coefficient ГPRS (a derivation is provided in Appendix 

A) as 

 ( )
( )PRS 1

2

2
PRS

2
PRS

1
,

1 zj k hr

U
U

e
 

 


+

− −

− 
=

− 

.  (2.5) 

Although quite different in appearance, formulas (2.4) and (2.5) are algebraically equivalent 

and provide the same radiated power pattern for any PRS. This is proven in Appendix A.  

Another method relates the radiated power from such FPC antennas to the dominant 

leaky-wave(s) propagating radially inside the cavity structure with wavenumber kt =  - j. 

For a uniform PRS formed by one or more dielectric layers, there are a pair of leaky-modes, 

a TEz and a TMz leaky-mode, propagating radially inside the structure, each with a slightly 

different value of phase and attenuation constant  and . Maximum radiation intensity at 

broadside when    for each mode [12], [13]. 

For a periodic metallic PRS, there is often a single leaky-mode of interest that is not purely 

TMz or TEz, which has a complex wavenumber that is a function of the azimuth angle of 

propagation  on the structure (i.e., an anisotropic propagation). Assuming a magnetic dipole 

source-oriented in the x direction, the leaky-mode becomes TMz in the E plane (yz plane) and 
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TEz in the H plane (xz plane). For an FPC antenna optimized to radiate at broadside, the E 

plane and H plane wavenumbers of the leaky-mode are usually nearly identical [3], [39]. A 

radiated power formula based on the leaky-wave parameters   and  for a thick optimized 

PRS structure would give physical insight into wideband operation, analogous to what was 

done for thin PRS structures with narrowband operation, as presented in [12], [13]. This is 

the main goal of the present work.  

The theory shown in this chapter applies to general FPCs with arbitrary PRSs (e.g., single 

or multiple metal/dielectric layers [21]–[35]) that may have a frequency-dependent 

reflection coefficient. Practically, one of the simplest thick PRS structures that can provide a 

positive reflection phase slope (for increasing bandwidth) is realized from a thick dielectric 

substrate with a single thin FSS (e.g., 2-D periodic metal patches or holes) on the bottom 

surface of the substrate. This structure has been proposed in [35] to provide a dual-band FPC 

antenna, however tuning the PRS parameters leads to a wideband FPC antenna response 

over a single band.   

As an illustrative example, we consider the PRS made of a 2-D periodic FSS consisting of 

circular holes with diameter d in a metallic screen (copper) that is patterned on the bottom 

face of a dielectric layer, as shown in the PRS unit cell in Fig. 2.2. The unit cell of lateral size 

s (where s < λ0 to avoid radiation from higher-order Floquet harmonics) is made of a 

dielectric layer with thickness t and relative permittivity r = 6.15, where the cavity is taken 

as air. 
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Using the finite element method (FEM) with periodic boundary conditions implemented 

in Ansys HFSS, the simulated magnitude and phase of the reflection coefficient due to a 

normally incident plane wave impinging on the PRS (θ = 0˚) from below is shown in Fig. 2.3, 

where the PRS unit cell in Fig. 2.2 has dimensions d = 1.35 mm, t = 1.27 mm and s = 1.55 mm 

≈ 0.3λ0, where λ0 is the operating free-space wavelength. The PRS unit cell parameters are 

optimized to have a maximum −3 dB broadside power bandwidth, as will be shown in Section 

IV.  

For highly directive FPC antennas and for a small range of θ near broadside, the TE/TM 

characteristic impedances and PRS admittances converge to their quasi TEM values at 

normal incidence [12], [17]. Hence, the numerical results used to validate our derived 

formulas throughout this chapter are calculated assuming a PRS admittance and reflection 

coefficient that is obtained for broadside incidence where θ = 0˚. A numerical confirmation 

of this is given later (Fig. 2.12). 

 
Fig. 2.2 Unit cell of a periodic PRS made from a dielectric layer of thickness t 
over a periodically patterned metallic sheet (copper) with holes of diameter 
d. The unit cell is periodic along x and y with period s.  
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The reflection phase in Fig. 2.3 gradually increases with frequency in the region around 

61.4 GHz, which is the desired frequency trend to achieve wideband operation in that 

frequency region. The study in [40] shows that the non-Foster behavior can be locally 

realized over a frequency region by using a negative group delay (i.e., a positive slope of the 

reflection phase) using a lossy resonant circuit. The non-Foster response in our structure 

occurs because the structure is “lossy” due to radiation (there is an air-filled half-space above 

the PRS and an associated semi-infinite transmission line in the TEN model of Fig. 2.1(b)). 

Although not immediately obvious, the reflection coefficient, when plotted on a Smith chart, 

reveals the behavior that is typical of an underdamped resonator (the trajectory with 

increasing frequency makes a clockwise loop that stays in the left side of the chart, with the 

center of the loop rotated slightly above the negative real axis). This explains why the 

magnitude of the reflection coefficient dips in the same region where the phase is increasing.  

The plot in Fig. 2.4 shows the required FPC height h versus frequency, obtained from (2.3) 

 
Fig. 2.3 Magnitude and phase of the reflection coefficient for the thick PRS 
shown in Fig. 2.2, looking up from the cavity, due to a normal incident wave 
(i.e., θ = 0˚). Note the growing phase over a frequency region, responsible for 
the wideband performance.  
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with a reflection phase calculated at θ = 0˚, which ensures the ideal resonance condition at 

any  frequency of operation. The frequency dependent reflection coefficient in (2) is 

calculated via FEM. Since a fixed height has to be chosen, one can observe that the ideal 

height in the region around 61.4 GHz is more or less constant with respect to frequency, 

similar to what has been shown in [23]. (This frequency is also at the center of the non-Foster 

region shown in Fig. 2.3(a)). This means that height choices around 2.3 mm may lead to a 

wideband operation. Indeed, we will show that the optimum cavity height that gives a wide 

−3 dB radiation intensity bandwidth is around that value. 

 

 

Sec. 2.3 Leaky-Waves in Wideband FPC Antennas 

The radially-propagating leaky-mode in the xy plane, with wavenumber kt =  - j, can be 

related directly to the FPC antenna geometrical parameters as well as to the far-field 

radiation behavior [3]–[5], [12], [13], [41], [42]. As the antenna operational bandwidth (the 

 
Fig. 2.4 Plot showing how to choose the cavity height to achieve wideband 
operation. The height h is calculated vs. frequency using the resonance 
formula (2.3) with n = 0. Choosing h around 2.3 mm ensures that h nearly 
satisfies the ideal height requirement over as large of a band as possible. 
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−3 dB radiated broadside power intensity bandwidth) increases significantly for an 

optimized thick PRS, the formulas derived in [12], [13] for a FPC antenna using an electrically 

thin PRS (modeled as a shunt reactance in the TEN model that has a constant susceptance 

value vs. frequency) are not valid anymore. Aiming for a radiated power formula based on 

leaky-wave parameters, new more general formulas that relate the thick PRS admittance 

parameters (g and b in (2.4)) and/or PRS reflection coefficient parameters (|PRS| and PRS 

in (2.5)) to the leaky-wave parameters ( and ) are sought.          

The leaky-wave wavenumbers in the z direction in the region above the PRS and inside 

the cavity, are given by [38] 

 2
0 0 0

ˆ ˆˆ ˆ 1z z z tk j k = − = −   (2.6) 

 2
1 1 1

ˆ ˆˆ ˆz z z r r tk j k   = − = −   (2.7) 

where  

 

0 0 0

ˆ ˆ ˆt
t

k
k j j

k k k

 
  = − = −   (2.8) 

is a normalized transverse complex wavenumber of the leaky-mode that propagates radially 

(in the xy plane), and the hat symbol indicates normalization with respect to the free space 

wavenumber k0. Since here we focus on directive radiation in the broadside region, both 

ˆ 1   and ˆ 1   [12], [43], and then (2.6) and (2.7) can be approximated as 

 

2 2

0

0

ˆˆ 2ˆ
2

ˆˆ ˆ

z

z

 


 

− +

−

  (2.9) 
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− +

−

  (2.10)  

where 1 r rn  = . 

The relation between the complex propagation wavenumber ˆ ˆ ˆtk j = −  and the frequency 

can be found by solving the transverse resonance equation at the point z h=  in the TEN 

model (shown in Fig. 2.1) for the dominant leaky-mode as 

 ( ) ( ) ( )TE/TM TE/TM TE/TM
tot up down 0t t tY k Y k Y k= + =   (2.11) 

where 

 ( ) PRS
up 1

PRS

1

1
tY k Y

−
=

+
  (2.12) 

 ( )
1

1

2

down 1 2

1

1

z

z

j k h

t j k h

e
Y k Y

e

−

−

+
=

−
.  (2.13) 

The numerically evaluated leaky-wave wavenumber in either principal plane (E or H 

plane) is determined by solving the transverse resonance equation (2.11) with h = 2.3 mm 

(as discussed in Section II). The normalized values of  and  shown in Fig. 2.5 are 

approximately constant and equal to each other with a small variation in the band from 56 

to 67 GHz. This gives an indication of the band for which the antenna radiates with maximum 

power at broadside based on the condition ˆ ˆ  , reported in [3]–[5], [12] for the case of 

narrowband LWAs. 
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In general, TMz and TEz leaky-modes, corresponding to leaky-wave propagation in the E 

plane and H plane directions, respectively, have different wavenumber dispersions with 

frequency, since the TMz and TEz wave impedances are different for any 0tk  , as also shown 

in [3], [13], [17], [18], [34], [43]. However, here we focus on beams pointing at broadside, 

and for directive FPC antennas, the transverse wavenumbers of the contributing spatial 

spectrum to the broadside radiation pattern are such that 0tk k  when the antenna is very 

directive. This means that the PRS admittance and reflection coefficient in (2.12) can be 

calculated via FEM for kt = 0, i.e., under the quasi-TEM normal incidence assumption [12], 

[17]. This is a customary approximation in analyzing directive FPC antennas radiating at 

broadside, that has been used also in [4], [8], [13], [17], [21], [43]. This is consistent also with 

the leaky-wave parameters evaluated next, for which 2ˆ 1   and 2ˆ 1  . 

 
Fig. 2.5 Dispersion diagram for the normalized LW phase and attenuation 
constants for the wideband FPC antenna in Fig. 2.1, using the PRS shown in 
Fig. 2.2. Note the peculiar non-monotonic behavior around 61.4 GHz, nearly 

satisfying the relation ˆ ˆ   over a wide frequency band. 
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The “quasi-oscillatory” dispersion behavior observed in Fig. 2.5 has been previously 

reported in [44]–[46] for the condition of  >>  (radiated off broadside at angle θ > 0) and 

in [34], [47] for broadside radiation (where  ≈ ), where a broader power bandwidth has 

been demonstrated numerically. 

An analytical approximation of the far-field behavior based on the leaky-mode can also 

be derived using (2.5), which requires knowledge of the PRS reflection coefficient. The 

reflection coefficient can be obtained in terms of the leaky-wave parameters from (2.11) 

together with (2.12) and (2.13). Imposing that the imaginary part of kz1 to be positive for the 

improper leaky-wave, we obtain the results 

 1 0ˆ2
PRS

z k h
e

−
 =   (2.14) 

 ( )PRS 1 0
ˆ2 2 1 , 0, 1, 2z k h n n  = + − =    .  (2.15) 

Note that the normalized vertical phase and attenuation constants needed in (2.14) and 

(2.15) are related to the normalized phase and attenuation constants for the leaky-mode via 

(2.9) and (2.10). 

Fig. 2.6 shows a comparison of results for the magnitude and phase of the PRS reflection 

coefficient for the PRS unit cell shown in Fig. 2.2, comparing results from a full-wave 

simulation with those predicted by (2.14) and (2.15) once the leaky-wave constants  and  

are numerically determined. The results are seen to be in good agreement. 
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From (2.14) and (2.15), an approximate relation between the leaky-wave parameters for 

the wideband FPC antenna can be calculated in terms of the PRS reflection coefficient as 

 
R1

0

P Sln
ˆ

ˆ2

n

k h




− 
  (2.16) 

 ( )( )2
PRS

21

0

ˆ ln
2

n

k h
  +  −    (2.17) 

where  

 ( )PRS 1 02 1 2 , 0, 1, 2n n k h n  = − − − =    .  (2.18) 

Here   represents the total phase change of the wave in the cavity, composed of the phase 

variations during reflections from the ground (perfect electric conductor (PEC)) and PRS, 

and the phase change along the path length (a round trip bounce through the cavity as shown 

 
Fig. 2.6 Magnitude and phase of the PRS reflection coefficient. Comparison 
between results obtained via full-wave numerical FEM (solid-line) and via the 
leaky-wave based formulas from (2.14) and (2.15) (dashed-line). The PRS unit 
cell is shown in Fig. 2.2. 
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in Fig. 2.1). In addition, the input admittance looking up (Yup) is related to the PRS reflection 

coefficient as 

 ( )TE/TM TE/TM TE/TM PRS
up 0 1

PRS

1ˆˆ
1

Y Y g jb Y
−

= + =
+

.  (2.19) 

Note that (2.16) predicts that the product of the normalized phase and attenuation 

constants is approximately a constant over a narrowband of frequency if the frequency range 

is small enough so that the magnitude of the PRS reflection coefficient and the electrical 

cavity height are approximately constant over this frequency range. This is consistent with 

the result for narrowband FPC antennas predicted in [9]. Note that the analysis in [12] for 

narrowband FPC antennas shows that  

 
2
1

1ˆˆ tan
2

effn  ,  (2.20) 

where tan eff is the effective loss tangent of the cavity that was introduced to model radiation 

loss, with the PRS replaced by a PEC plane so that an ideal parallel-plate waveguide filled 

with a lossy material is obtained. A calculation given in  Appendix B shows that (2.20) is 

consistent with (2.16) for narrowband FPC antennas. However, the result in (2.16) holds 

even for wideband FPC antennas, while (2.20) does not. 

Assuming the variation of the transmission line admittances in (2.19) with respect to 

frequency are negligible compared with the variation of the PRS reflection coefficient around 

the antenna resonance frequency, the admittances are approximated as being independent 

of the frequency with a fixed ratio as TE/TM TE/TM
1 0 rY Y  . Using formulas (2.14) and (2.15) 

in (2.19), the normalized admittance looking up into the PRS is then 
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( ) ( )
( ) ( )

1 0 1 0
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1 0 1 0

ˆˆsinh 2 sin 2
ˆˆ ˆ

ˆ ˆcos 2 cosh 2

z z

r

z z

k h j k h
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k h k h

 


 

−
= + =

−
.  (2.21) 

In the limit of small wavenumber constants ( ̂  and ̂ ), from (2.10) we have 1
ˆ 1z   and 

1ˆ 1z . Hence, in the limit of small arguments of the trigonometric functions in (2.21), the 

resulting PRS admittance is then approximated as  
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Using (2.10) and (2.22), the normalized admittance reduces to   
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Equations (2.23) and (2.24) tell us how the PRS is related to the wavenumber of the leaky-

mode; this is the inverse of (2.16) and (2.17), which tells us how the wavenumber of the 

leaky-mode is related to the PRS. There is a good agreement between the full-wave 

simulation and the approximate conductance and susceptance of the PRS given by (2.23) and 

(2.24), as seen in Fig. 2.7. 
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In addition, another approximate relation between the leaky-wave wavenumber 

constants and the PRS can be derived, casting the results for the phase and attenuation 

constants in terms of the PRS conductance and susceptance (derivation omitted). The result 

is 

 ( )( )( )2 2
1 0

1 ˆ ˆˆˆ ˆ
ˆ

r
r

K g b n k bh
g

   


+ ++ −   (2.25) 
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where 

 ( ) ( ) ( )( )
222 2 2

1 0 1 0
ˆ ˆˆ ˆ rg bK g n k b nh k h  

 
− − +


= +


+ . (2.27) 

 
Fig. 2.7 Conductance (blue-line) and susceptance (green-line) of the PRS 
admittance, for the PRS shown in Fig. 2.2. Comparison between results 
obtained via full-wave numerical FEM (solid-line) and the leaky-wave 
approximation formulas (2.23) and (2.24) (dashed-line).  
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Fig. 2.8 shows the leaky-wave parameters comparison (a) the numerical solution from 

(2.11), (b) the approximate result that comes from the PRS reflection coefficient in (2.16)-

(2.18), and (c) the result that comes from the PRS admittance in (2.25)-(2.27). The 

agreement between all three approaches is seen to be good, with the approximate result 

from (2.16)-(2.18) being a bit more accurate than the approximate result from (2.25)-(2.27)

. 

 

Sec. 2.4 Radiation Pattern of Wideband FPC Antennas as a Function of Leaky-

Wave Parameters 

Considering wideband FPC antennas formed by a thick PRS, the leaky-mode propagating 

radially in the xy plane can be related directly to the geometrical parameters (as derived in 

Section III). Power formula (2.4) has been derived for a lossless PRS and the assumption that 

the angle  is small (radiation near broadside), which is appropriate for highly directive 

 
Fig. 2.8 Modal dispersion diagram for a leaky-mode excited in a wideband FPC 
antenna. Comparison between the numerical solution calculated from (2.11)-
(2.13) (solid-line), the approximate results (2.16)-(2.18) based on the PRS 
reflection coefficient (dashed-line), and approximate formulas (2.25)-(2.27) 
that are based on the PRS admittance (doted-line). The structure is the 
wideband FPC antenna shown in Fig. 2.1, with a PRS as shown in Fig. 2.2.  
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antennas. Using Taylor approximations for the trigonometric functions with an argument 

around  , namely ( ) ( )1 1sin z zk h k h − −  and ( ) ( )1 1cot 1z zk h k h − , the power formula 

can be further approximated as 
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2
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U g
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b hgk h k






 

+
 
 
 


− −+ −


.  (2.28) 

In addition, the longitudinal wavenumber inside the cavity is approximated as 

( ) ( )( )0 1 1
2

1 sin 2zk k n n− . Using formulas (2.23) and (2.24) in (2.28) then reduces (2.28), 

after some algebraic manipulation, to 
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.  (2.29) 

This formula is valid for any FPC antenna with an arbitrary thick PRS (e.g., formed by 

single or multi-layer metal/dielectric structures) where the normalized leaky-wave 

constants ( ̂  and ̂ ) are much less than unity, resulting in a highly directive antenna. 

Although the normalized phase and attenuation constants appear independently in (2.29), 

they are related by (2.16), and hence (2.29) only applies for an FPC leaky-wave antenna 

structure. However, it can be shown that the far-field power pattern for an arbitrary bi-

directional 1-D LWA has the form 
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 + − +
 

  (2.30) 

where A() is an excitation coefficient that is proportional to the amplitude of the leaky-
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mode. Comparing (2.29) and (2.30), it is seen that at any given fixed frequency, for which 

the normalized wavenumbers are fixed, the shapes of the two patterns are identical, as 

expected. 

Assuming a small broadside beamwidth, formula (2.29) predicts angular beam splitting 

when ̂  become larger than  ̂ , as shown in [12]. From (2.29), the beam maximum is at 

broadside (θ = 0˚) when ˆ ˆ   and at an angle of ( )21 2ˆ ˆsin  −= −  when ˆ ˆ  . At 

broadside, where θ = 0˚, (2.29) reduces to 
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.  (2.31) 

Fig. 2.9 shows a good match between the normalized broadside radiation intensity vs. 

frequency, from the exact formula (2.4) based on reciprocity and from the leaky-wave 

approximate formula (2.31). The good agreement in Fig. 2.9 demonstrates that the far-field 

pattern is determined by the leaky-wave parameters ̂  and ̂  over the entire operating 

bandwidth. It is seen that the frequency range where the phase and attenuation constants 

are almost equal to each other covers most of the −3 dB power bandwidth region (between 

about 54 and 70 GHz). However, both the phase and attenuation constants show an 

oscillating behavior within the bandwidth because of the broadband nature of the FPC 

antenna, as opposed to narrowband FPC antennas where the phase and attenuation 

constants are monotonic and equal only at the optimum frequency of maximum broadside 

radiation [2]. This result verifies the correlation between the radiated power pattern and the 

wavenumber of the leaky-mode for the wideband FPC antenna structure. 
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Referring to Fig. 2.4, the resonant FPC height versus frequency appears to have a quasi-

oscillating behavior around h = 2.3 mm in a wideband frequency region, indicating that h = 

2.3 mm is the best choice. This is further demonstrated in Fig. 2.10 that shows a parametric 

analysis on the broadside radiated power intensity (2.31) versus frequency for different 

cavity heights. This figure shows how the cavity height has to be chosen properly to ensure 

the largest broadside power bandwidth. 

The optimum choice of the cavity height (see Figs. 2.4 and 2.10) will give the maximum 

−3 dB power bandwidth centered around 61.4 GHz. From Fig. 2.9, the −3 dB radiation 

intensity bandwidth is approximately 15.8 GHz, which is much larger than that of the 

narrowband cases in [9], [12], [17]. Formula (2.31) holds for FPCs with any type of thick PRS 

formed from single or multiple layers of metal and/or dielectric. 

 
Fig. 2.9 Comparison of the normalized radiation intensity ( ), 0 /U U  +=  ,  

radiated at broadside, estimated by the exact formula (2.4) from applying 
reciprocity (solid-line) and by the leaky-wave formula (2.31) (red dashed-
line). The plot also shows the normalized leaky-wave phase and attenuation 
constants vs. frequency for the wideband FPC in Fig. 2.1. The FPC has infinite 
transverse extent and the unit cell of the PRS is shown in Fig. 2.2. 
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The results in Fig. 2.11 show the trajectories (varying frequency) of the normalized 

modal wavenumber in the complex 0
ˆ ˆ/tk k j = −  plane, of leaky-mode propagating in the 

wideband FPC antenna formed by the thick PRS and the leaky mode in a narrowband FPC 

antenna formed by a thin PRS (using a thin metallic sheet with periodic circular holes as used 

in the thick PRS shown in Fig. 2.2). The design of the narrowband FPC operates at the same 

central frequency and has the same cavity properties and height as in the thick PRS case, 

except with a smaller unit cell size s = 1.42 mm and a circular hole diameter d = 1.22 mm, 

which results in a higher directivity of Dmax ≈ 19.3 dB and a broadside power bandwidth of 

2.86%. Nevertheless, this comparison is used to show the dramatic difference in the 

dispersion behavior.  

 
Fig. 2.10 Comparison of the normalized radiation intensity radiated at 
broadside, calculated by the leaky-wave formula (2.31) for three different 
cavity heights. Note that the value h = 2.3 mm is the best, assuming that the dip 
at the center is not lower than −3 dB compared to the other maximum. 
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Both the wideband and narrowband antennas radiate around the central frequency of 

61.4 GHz. By varying frequency, the complex wavenumber describing the leaky-mode in the 

wideband FPC antenna makes a loop trajectory causing  =   to occur at three different 

frequencies (where the blue solid curve crosses the red dashed line for the thick PRS seen in 

Fig. 2.11). For a narrowband FPC antenna with a thin PRS, the normalized wavenumber 

obeys an approximate (hyperbolic) relationship (green dashed curve in Fig. 2.11) where ˆ̂  

= constant, as originally shown in [3], [12]. In comparison, the wavenumber trajectory for a 

 

Fig. 2.11 Wavenumber trajectory (solid-line) in the complex 0
ˆ ˆ/tk k j = −  

plane for the LW in the wideband FPC antenna structure shown in Fig. 2.1 
constructed from the PRS shown in Fig. 2.2. Solutions found based on formulas 
(2.11)-(2.13). This trajectory is compared with the conventional hyperbolic 
trajectory (dashed-line) for the mode in a narrowband FPC antenna structure. 
In both design the center frequency is around 61.4 GHz. The shaded area 
represents the −3 dB region of the power bandwidth for both cases.  

61.4GHz

57GHz     

     

 / k0

 α
  
  
 

69.95GHz

61.4GHz

54.25GHz

60.5GHz

       

         

Thin PRS



34 
 

thick PRS exhibits a more complicated behavior around the PRS resonance frequency, 

resulting in a wide frequency range of ̂  and ̂  that are close to each other, as also shown 

in Fig. 2.9. 

Fig. 2.12 shows the angular radiation intensity pattern from (2.29) along with the 

simulated far-field pattern in the E plane (i.e. yz plane, ϕ = 90˚) and H plane (i.e. xz plane, ϕ 

= 0˚) of the structure vs. frequency, with results shown at 61.55 GHz (the center of the −3 dB 

band) as well as at the upper ( )3dB 69.95GHzf f += =  and lower ( )3dB 54.25GHzf f −= =  −3 

dB bandwidth limits. The patterns from (2.29) are obtained under the assumption of 

constant PRS reflection/admittance parameters calculated for θ = 0˚ and under the 

assumption of a quasi-TEM characteristic impedance (i.e. the TE and TM characteristic 

impedances in the TEN are approximated with that of a TEM wave at normal incidence).  

 

 
Fig. 2.12 Normalized angular radiation intensity (i.e., U/U(θ=0˚)) as a function 
of angle   for three different frequencies for the FPC an infinite extent and a 
unit cell shown in Fig. 2.2. The plot shows a comparison between the result 
provided by leaky-wave formula (2.29) and the ones from full-wave 
simulation for the E and H planes. The approximate LW formula is accurate for 
small angles but it starts to deviate from full-wave results as the angle 
increases. 
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The full-wave E- and H- plane patterns are numerically calculated using periodic 

boundary conditions implemented in a full-wave simulation for a single unit-cell (Fig. 2.2) 

on top of an air cavity of height h = 2.3 mm. With a plane wave impinging on the structure 

from above, the magnetic field is been calculated at the magnetic dipole source location on 

the ground plane for a TEz and TMz polarized wave separately, varying the angle of incidence 

of the plane wave. (Using TMz incidence models correctly the E plane pattern, while using 

TEz incidence models correctly the H plane pattern, accounting for the angle variation of the 

line impedances in the TEN.) A close agreement is observed between the analytical (i.e. 

predicted from (2.29)) and the infinite full-wave simulated for both E and H planes, 

especially within the −3 dB beamwidth region. Note that the frequency for which the 

normalized phase and attenuation constants are equal (61.55 GHz) is not the frequency of 

the narrowest beam. This is consistent with the results from [12], which show that for thin 

PRS structures the narrowest beam occurs when the frequency is lowered slightly from the 

 =  condition. 

 

Sec. 2.5 Results for a Practical, Finite Size, Wideband FPC Antenna  

We investigate the performance of a wideband FPC antenna formed with a thick PRS and 

finite transverse dimensions (10  10 unit cells).  The FPC has an air-filled cavity with a 

height of 2.3 mm (as discussed in Section II). The PRS unit cell is square, the one proposed in 

Section II, Fig. 2.2, with dimensions of 15.5 mm  15.5 mm, over a ground plane. Simulations 

are carried out using the FEM implemented in Ansys HFSS. The PRS substrate is chosen to 

be Rogers RT/duroid 6006 having a relative permittivity of εr = 6.15 and a loss tangent of 

tanδ = 0.0019 with a dielectric thickness of t = 1.27 mm and a copper cladding thickness of 
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18 μm. The antenna is fed by a rectangular wave-port (i.e., a 2.25 mm  0.5 mm slot in the 

middle of the ground plane) where the electric field is polarized along the y axis. The 

truncated antenna dimensions are chosen so that the radiation efficiency is more than 90% 

over the entire −3 dB power bandwidth. The difference of the field intensity from the center 

(i.e. the source location) to the edge of the structure (and normalized to the field intensity at 

the center) is calculated as ( )1 exp 2 L− −  [48], where α is the leaky-wave attenuation 

constant in the transverse plane and L is the length from the feeding location to the edge of 

the FPC structure. In our case (where L = 7.75 mm), the normalized field-intensity difference 

at the upper and lower limits of the −3 dB power bandwidth is 93.63% and 99.95% 

respectively.  

The simulated broadside radiation power intensity of the finite-extent FPC structure vs. 

frequency is presented in Fig. 2.13, along with the analytical result using (2.31) that pertains 

to an FPC structure with infinite extent. We also plot the magnitude of the reflection 

coefficient associated with the waveguide feed port, whose impedance is calculated as 

2P/|I|2 where P is the complex power passing through the port and I is the current flowing 

into the structure [49]. Despite the small shift in frequency due to the truncated structure 

and/or material and simulation inaccuracy, an overall agreement is seen between the 

analytical and simulated results over the desired −3 dB radiated power bandwidth.  

The maximum directivity obtained from the full-wave simulation of the proposed finite-

size FPC antenna at broadside is 27.79 (i.e., 14.44 dBi). The −3 dB broadside power 

bandwidth (PBW) calculated from the results in Fig. 2.13 is PBW = 15.7 GHz (25.6%). Based 

on these results, a figure of merit (FoM) defined by the product of maximum directivity and 

the −3 dB broadside power bandwidth is FoM = (27.79) × (0.256) = 7.11. The maximum 
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bound for the FoM for a narrowband FPC antenna with a very thin planar PRS is given by 

2.48/r  [4], [13] (The bound for the FoM for narrowband FPC antennas was introduced in 

[13], where there was typo, corrected in [4]). Therefore, for this particular wideband FPC 

antenna the FoM exceeds the thin PRS bound by a factor of 2.87. 

 

In addition, the broadside realized gain input4 /G U P=  vs. frequency obtained from 

simulation is presented in Fig. 2.14. The broadside gain is calculated using (0 )U  , whereas 

the maximum gain is calculated with the maximum value of ( )U   (see Fig. 2.12). This shows 

a maximum gain of 13.6 dB (gain of 22.9) and a −3 dB gain bandwidth of 16.8 GHz (27.4%). 

The simulated radiation efficiency (defined as the ratio of the radiated power in all direction 

over the accepted power) is larger than 94% over the −3 dB broadside gain bandwidth, while 

the aperture efficiency varies between 10% to 20% in the same band. This low aperture 

 
Fig. 2.13 Analytical results vs. full-wave simulation for the normalized 
broadside power intensity of the wideband structure in Fig. 2.1. The 
magnitude of the reflection coefficient at the feed port is also shown. The 
analytical solution assumes that the antenna is of infinite extent. The full-wave 
simulations model the PRS made of 10  10 unit cells for the structure shown 
in Fig. 2.2. 
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efficiency is related to a high leakage (attenuation) constant α (causing the aperture field 

over the PRS to be concentrated above the feeding location, as has been demonstrated in 

[50]). The aperture field decays exponentially away from the center toward the edges 

because of the attenuation constant. Further studies related to the aperture efficiency and 

truncation effects are reported in [51], [52]. The study in [52] demonstrated a high gain 

antenna with a wideband radiation from a small  FPC-based antenna, wherein this case the 

radiated power comes also from the edges in addition to the a leaky-wave contribution 

analogous to the one in this chapter. 

 

The simulated radiation patterns at the two frequency peaks of 57.2 GHz and 68.4 GHz in 

Fig. 2.14, along with that at the center of the band at 62.6 GHz, are shown in Fig. 2.15, for 

both the E and H planes. We observe from this truncated structure similar beam patterns 

near broadside through the bandwidth region in the E and H planes. The gain has dropped 

at the center frequency by about 2 dB compared with the other two frequencies. This is 

 
Fig. 2.14 Realized broadside gain and peak gain vs. frequency from simulation, 
for the wideband structure in Fig. 2.1. The PRS is made from 10  10 unit cells 
of the structure shown in Fig. 2.2. 
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consistent with the result shown in Figs. 2.9 and 2.13, and Fig. 2.10 for the h = 2.3 mm case. 

 

The patterns in the E and H planes in Fig. 2.15 are narrower than the ones calculated for 

the FPC with infinite extent, shown in Fig. 2.12. This could possibly be due to reflections from 

the edges of the truncated structure, which may perhaps serve to narrow the main beam. For 

the same reason, the E plane patterns in Fig. 2.15 are narrower than the H plane patterns, 

whereas for the infinite structure they are essentially equal (see the TE and TM patterns in 

Fig. 2.12). Furthermore, in this rather small FPC of finite extent, some radiation may also 

come from the edges. 

 

Sec. 2.6 Conclusion 

New formulas for wideband FPC antennas have been presented, based on representing 

the radiation performance of the FPC antenna in terms of leaky-waves excited in the FPC. 

These new formulas for wideband FPC antennas significantly extend previous works that 

 
Fig. 2.15 Full-wave simulated realized gain in the E and H planes vs. angle θ for 
the proposed structure having 10  10 unit cells as shown in Fig. 2.2 at 57.2 
GHz, 62.6 GHz and 68.4 GHz. 
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were focused only on narrowband FPC antennas with a planar and electrically thin PRS. The 

new derived leaky-wave based power formula is applicable to the description of any FPC 

made of an electrically thick PRS formed from a combination of multi-conductor and/or 

multi-dielectric layers. A Good agreement was observed in all studied cases between the 

results based on the new analytic formulas and the results from full-wave simulations. 

A full-wave simulation of a practical, finite-size (i.e., truncated) FPC antenna structure 

was also performed, in order to show that the derived formulas predict the radiation features 

of practical FPC antennas even for moderate gains. The FPC antenna with a truncated ground 

plane and PRS has a directivity of about 14.4 dBi and a radiation intensity bandwidth of about 

25.6%. The directivity-bandwidth figure of merit is 2.87 times larger than the best 

obtainable with planar and thin PRS structures. The leaky-wave analysis shown here is even 

more accurate for high directivity FPC Antennas where the leaky-waves have a small 

attenuation constant. 

This chapter also demonstrates how the knowledge of the leaky-mode wavenumber is 

sufficient to predict the wideband behavior of a radiating FPC antenna (previous papers 

were focusing on the same predictions for narrowband FPC antennas). Indeed, the 

knowledge of the leaky-mode wavenumber for the FPC antenna, which is obtained by 

simulating only one periodic cell of the PRS over the ground plane, is a useful tool for 

optimizing the bandwidth of wideband FPC antennas formed by a thick PRS. Importantly, all 

the formulas derived in this chapter for wideband FPC antennas using electrically thick PRSs 

recover the formulas derived in the previous papers based on narrowband FPC antennas 

with thin PRSs. 
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Appendix A Broadside Radiated Radiation Intensity Formula for An FPC Antenna 

Excited with a Magnetic Dipole   

The broadside radiation intensity from an FPC antenna excited by a magnetic dipole 

moment (Iml, where Im is the magnetic current and l is its length) on the ground plane shown 

in Fig. 2.1(a) is calculated here. From reciprocity [53], the far-field electric field Ey at (or near) 

broadside from an FPC antenna excited by a magnetic dipole in the x direction at z = 0 is 

related to the magnetic field Hx at the source location due to a testing electric dipole moment 

(Iel) in the y direction at a large distance z = r = R + H, where z = H is the top of the (thick) PRS 

(the PRS has thickness t = H−h). In particular,  

 ( ) ( ) ( ) ( )0y xe mE z R H I l H z I l= +  = − =  ,   (2.32) 

where Ey represents the y-component of the electric field in the far-field zone (z = R + H) at a 

height R above the PRS due to the FPC antenna, and Hx is the x-component of the magnetic 

field at the magnetic dipole source location (z = 0), above the grand plane, due to the testing 

electric dipole in the far-field. We first calculate the incident magnetic field at z = H due to 

the testing electric dipole at a location z = r. The testing dipole launches a spherical wave that 

is locally a plane wave at top of the PRS (z = H) and given by 

 
0

0ˆ ( )
jk R

e

e
E I l

R

− 
=   

 
E y ,  (2.33) 

where E0 = −jωμ0 /(4π) and because of the far-field, R ≈ r. Then, the incident radiation 

intensity at the top of the PRS is calculated as [36], [37] 
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We model the thick PRS as a two-port network where port 1 is the connection between 

the transmission line and the top of the PRS and port 2 is the connection between the bottom 

of the PRS and the shorted transmission line as shown in Fig. 2.1(b). The power transmitted 

through the PRS is given by 

 
2trans inc

21U U S= .  (2.35) 

From reciprocity and conservation of energy for a lossless PRS, we have S21 = S12 and |S12|2 = 

1 − |S22|2 respectively, and in our case S22 = ГPRS. Formula (2.35) is then written as 

 ( )2trans inc
PRS1U U= −  .  (2.36) 

The magnetic field transmitted through the PRS by the incident plane wave from the testing 

dipole is 

 
trans

trans
trans
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2 j
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H e
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=   (2.37) 

where the phase term trans accounts for the phase change of the wave going through the PRS. 

The transmitted magnetic field then bounces back and forth inside the cavity. Noting that the 

reflection coefficient for the magnetic field at the ground plane is +1, and the reflection 

coefficient for the magnetic field from the PRS is −PRS, the total magnetic field at the ground 

plane (where the magnetic dipole is) is represented (after summing a geometric series) as 

 ( ) 1

1

trans
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x x j k h

H H e
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−

 
=   +  

,  (2.38) 

 where 2
01 sinz r rk k  = − . Combining formulas (2.35) to (2.38) results in 
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Then, applying the reciprocity relation (2.32) into (2.39), the far-field electric field is given 

as 
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.  (2.40) 

The radiation intensity near broadside generated by a magnetic dipole using the results from 

(2.34) and (2.40) is then given by 
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This is formula (2.5) shown in Section II. To show the equivalence with formula (2.4) , we 

use 

 
( )
( )PRS

1

1

g jb

g jb

− +
 =

+ +
.  (2.42) 

where the conductance and susceptance looking up into the PRS from below, normalized to 

Y1 (the intrinsic admittance of the substrate region), are 

 11 ,g g Y b b Y= = .   (2.43) 

After some algebra, we have from (2.41) that 
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We next use ( ) ( )12
1 1cos 2 sin 2zj k h

z ze k h k h =   along with ( ) 2 2cos 2 cos sinx x x= −  

( )sin 2 2sin cosx x x= , with x = kz1h. After some algebra, we arrive at 
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which is equivalent to formula (2.4). 

 

Appendix B Equivalency of Thin and Thick PRS Formulas    

In this appendix, the equivalence of (2.16) and (2.20) is established for a narrowband 

FPC antenna operating over a narrow frequency range near the cavity resonance for 

broadside radiation.  

A TEN model is considered as shown in Fig. 2.1(b), in which the admittance looking up into 

the PRS (given in (2.19)) is modeled as a shunt conductance g in parallel with a shunt 

susceptance b. We wish to then establish for this model that  

 
( )

PRS 2
1 eff

1

0

ln 1
tan

2 2

n
n

k h


− 
= .  (2.46) 

 We assume a voltage on the transmission line inside the cavity that is taken as sin(k1z) 

for simplicity, where the wavenumber on the transmission line that models the cavity in the 

TEN is given by 1 0     k LC= , where L and C are the inductance and capacitance per unit 
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length for the transmission line, and 0 is the frequency of operation, i.e., the resonance 

frequency of the structure. Following ([54] eq. (2.37)), the power dissipated in this lossless 

transmission line by the load (g + jb) is then given by 

 ( )
2 2

diss 0 PRS1

1
1

2
P V Y+= −    (2.47) 

where 1 /Y C L= . Next, we assume that the same transmission line has short circuits at both 

ends, corresponding to an ideal parallel-plate cavity region, and imagine the cavity has an 

effective loss tangent. The power dissipated in this lossy transmission line terminated by 

short circuits at both ends ([54] eq. (2.94)) is given as   

 ( )( ) ( )

2

2 2

diss 0

0

0 0 0 eff
0

2sinh tan .
2

V
P GhZ V Gh V C h

Z
 

+

+ += =   (2.48) 

Equating (2.47) and (2.48) shows that    

 ( ) ( )
2

PRS 0 ef1 f1 2 tanY C h −  .  (2.49) 

From Taylor approximation we have 

 ( )2
PRS PRS P

2
RS

1 1
ln ln 1

2 2
 =  − −  .  (2.50) 

Inserting (2.50) into (2.49) and using 1 /Y C L= , the resulting formula is identical to the 

one in (2.46), after some simple algebra.  
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This chapter is reproduced based on the material in [A. T. Almutawa, A. Hosseini, D. R. 

Jackson, and F. Capolino, “Leaky-Wave Analysis of Wideband Planar Fabry–Pérot Cavity 

Antennas Formed by a Thick PRS,” IEEE Transactions on Antennas and Propagation, vol. 67, 

no. 8, pp. 5163–5175, Aug. 2019.], © 2019 IEEE. 
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CHAPTER 3 
 
WIDEBAND CIRCULARLY POLARIZED 
FABRY−PÉROT CAVITY ANTENNA  
 
 

Sec. 3.1 Motivation 

A Planar wideband, circularly polarized (CP) Fabry-Pérot cavity (FPC) antenna with a 

wideband CP primary magnetic excitation source is presented in this chapter. The antenna 

is constructed from a finite size partially reflective surface (PRS) that exhibits a non-Foster 

response which results in wide gain bandwidth. An L-shaped microstrip line coupled to a 

circular aperture located at the ground of an air-filled cavity is used to excite the cavity with 

a CP wave. Simulation and experimental results of the proposed FPC antenna indicate that 

such an antenna radiates a CP wave where high antenna gain is achieved over an 

unprecedented wide relative impedance bandwidth of 52.44% around 22 GHz. The antenna 

radiates with a maximum gain of 11.5 dBic and -3 dB gain bandwidth of 21.2% with an axial 

ratio (AR) bandwidth of 18.35%. 

Wideband Fabry−Pérot cavity (FPC) antennas received huge interest recently due to 

their simple, light-weight, and low profile structure as well as it provides a highly-efficient 

broadside narrow beam radiation over a wide gain bandwidth [1]–[9]. This 2-D class of 

leaky-wave antennas (LWAs) can serve as the potential candidate to be implemented in the 

new emerging broadband wireless communication technology where a high throughput data 

transfer is required. In general, the antenna structure formed by a grounded dialectic 
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substrate with a partially reflective surface (PRS) mounted on top forming a cavity. The FPCs 

usually are excited by an electric source (patch) inside the cavity or by a magnetic source 

(slot) located on the ground plane [1], [10], [11] The operational frequency of these type of 

antennas mainly dictated by the FPC height (i.e., half-wavelength) and the PRS reflection 

phase.  

The conventional FPC antennas formed by an electrically thin PRS exhibits a narrow-

radiated gain bandwidth at the broadside [1]–[5]. This narrow band behavior is owing to 

FPC resonance condition being satisfied only at a single frequency. More recently, radiation 

properties from such FPC antenna formed by an electrically thick PRS, single or multiple 

stacks of thin metallic and/or dielectric layers, were studied which show an increase in the 

gain bandwidth of such antennas [2], [9]. In such a design, the PRSs parameters are 

optimized to exhibits locally a non-Foster response (a positive slope of the reflection phase 

versus frequency) when a plane wave is imping at the bottom face of the PRS. With a proper 

choice of the cavity height, the antenna gain bandwidth is increased dramatically compared 

to FPCs forming by thin PRSs. Furthermore, transverse equivalate network (TEN) method 

can be adapted to analyze the antenna structure with the thick PRS where it is modeled as a 

two-port network in the TEN as shown in Fig. 3.1.  

Recent advance in the wireless technology demands the wireless communication system 

to be immune from the multipath interference in addition to the polarization mismatch 

between the transmitter and the receiver’s antennas. These issues can be alleviated by 

implementing antennas that radiate circularly polarized (CP) waves and at the same time 

provide highly-directive beam throughout a significantly wide frequency band. Two 

standard techniques which are used to generate CP wave is by implementing  (i) a primary 
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CP source, i.e. circular waves bouncing inside the cavity [12]–[17], and (ii) a linear polarized 

(LP) primary source typically aligned along slant 45˚ and the PRS supports the conversion to 

CP [18]–[21]. 

 

In this chapter, we design a wideband CP antenna as the primary source of excitation to 

excite a wideband FPC antenna with a thick PRS operates at K-band where the wideband 

gain centered around 22 GHz. The PRS comprised of a thin metallic screen with circular holes 

 
Fig. 3.1 (a) FPC antenna with a thick PRS composed of a multiple stack of 
metal-dielectric layers. (b) Side view of the proposed antenna. (c) Transverse 
equivalent network (TEN) for the proposed antenna with the thick PRS 
represented as a two-port network. 
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mounted on the bottom face of a thick dielectric substrate similar to the structure shown in 

[9]. Full-wave simulation results of an infinite (infinite extent PRS along x and y), as well as 

a finite-size (truncated PRS with the CP primary source), are shown where the results show 

a good agreement between the infinite and finite structures. The proposed structure shows 

a 3 dB axial ratio (AR) bandwidth of 18.35% (19.8 – 23.8 GHz), a maximum gain of 11.5 dBic 

and a gain-bandwidth of 21.2% (19.4 – 24 GHz). Furthermore, the antenna exhibits an 

impedance bandwidth of 52.44% (16.6 – 28.4 GHz) which covers the entire -3 dB gain 

bandwidth. Moreover, the measurement results show a good agreement with the simulation. 

 

Sec. 3.2 Thick PRS Design and Radiated Power Analysis  

The PRS is the main component in any FPC antenna that shapes the far-field angular and 

frequency power pattern [1]–[9]. Therefore, controlling the reflection and/or the input 

impedance response by varying the thick PRS geometrical parameters can lead to a broader 

gain pattern varying frequency. To design a wideband FPC antenna, we designed a PRS 

comprised of a thin metallic (copper) sheet with a 2-D infinite periodic (along x and y) 

circular holes with a diameter D etched at the bottom of a dielectric substrate of height t. The 

PRS unit cell is simulated using Ansys HFSS with a parodic boundary condition when a plane 

wave impinging on the bottom face of the PRS, as shown in Fig. 3.2(a) and the PRS unit cell 

geometry shown in Fig. 3.2(b). The PRS geometrical parameters are optimized to satisfy the 

FPC resonance condition at a wide frequency band by following the design steps discussed 

in [9]. 
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The optimized PRS exhibits locally a reflection coefficient denoted as PRS
PRS PRS

je  =   

where the reflection phase increases with frequency (i.e., a non-Foster response) as shown 

in Fig. 3.2(c). Indeed, the magnitude of the PRS reflection coefficient also affects the 

wideband radiated power. Thus, both the magnitude and the phase of the PRS reflection 

coefficient must be optimized to prevent the split of the wide power bandwidth into two 

narrow bands. The broadside power intensity initially derived analytically using the ray 

method in terms of the PRS reflection coefficients [1] or with respect to the PRS input 

admittance [6]. Recently, hand, an in-depth analysis of the leaky wave propagating radially 

 
Fig. 3.2 (a) Proposed unit cell surrounded by PEC and PMC periodic 
boundaries. (b) Unit cell of the proposed PRS composes of a thin metallic sheet 
with holes of diameter D mounted on the bottom face of an electrically thick 
dielectric substrate with thickness t. (c) Magnitude and phase of the reflection 
coefficient for the proposed thick PRS formed by an infinite 2-D periodic unit 
cell. The PRS reflection phase slope (dashed-line) matching the ideal phase 
line slop (dotted-line). 
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inside the FPC (with a complex wavenumber tk j = − ) formed by thick PRS shows a direct 

relation between the leaky wave phase (β) and attenuation (α) constants to the radiated 

power in [9] as  

 ( )
( )

1
2

2 2 2 2 21 0

ˆˆ4
,

ˆ ˆˆ ˆ4 sinr

n U
U

k h


 

     

+
 
 
 
 − +
 

+

,  (3.1) 

where 
2+ 2 3

0 1
2

02 mrU E I l = , ( )00 4E j  = − , 1
2

01 1 sinz r rk k  = − , 1 11 r rr  

and the hat symbol indicates normalization with respect to the free space wavenumber 0k . 

The normalized phase ̂  and attenuation ̂  constants can be solved numerically using the 

transverse resonance equation calculated at z = h (see Fig. 3.1(c)) as 

 ( ) ( )up down 0t tY k Y k+ = ,  (3.2) 

where ( )0up
ˆˆY Y g jb= + , ( )0 1down cotr zY j Y k h= −  and 2

1 1 1
ˆ

z r r tk k = − . Note that, the 

TE/TM characteristic impedances and the PRS admittances converted to their quasi TEM 

values at a normal incident wave. This assumption is valid for a small range of angle θ near 

broadside. 

These leaky-wave values are more convenient to use as the key elements to optimized 

the PRS in order to have a wideband power bandwidth where the maximum power occurs 

in the proximity of β ≈ α. Targeting a wideband FPC antenna centered around 22  GHz, the 

optimized PRS unit cell (see fig. 3.2(b)) has dimensions D = 2.8 mm, t = 0.635 mm and S = 5 

mm ≈ 0.37 λ0, where λ0 is the operating free-space wavenumber at 22 GHz. In addition, the 

cavity height can be obtained from equation (2) in [9] where it has been chosen to be h = 

7.15 mm in which it guarantees the widest power bandwidth. 
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Fig. 3.3 shows the power intensity calculated from leaky wave-based equation (3.1). The 

leaky wave phase and attenuation constants calculated numerically using the transverse 

resonance equation and approximately using equation (2) are reported in Fig. (3.3). This 

figure shows a -3 dB power bandwidth of 4.22 GHz (19.57%) and the simulated maximum 

directivity of 11.8 dBi (15.16). The figure of Merit (FoM) defined as the maximum directivity 

multiply by power bandwidth (15.16) × (0.1957) = 2.96. Although the antenna experiences 

small back radiation in which lower the broadside gain, the FoM is larger than the upper limit 

of the FPC antenna formed by thin PRS. Moreover, the radiation efficiency is more than 93% 

the ratio between the LW phase and the attenuation constant 3.4 within the -3 dB power 

bandwidth. 

 

 

 
Fig. 3.3 Normalized broadside radiation intensity ( ( ), 0 /U U  += ) calculated 

from leaky-wave based equation (3.1) (red dashed-line). In addition, a 
normalized leaky-wave phase and attenuation constants versus frequency 
calculated numerically using equation (3.2). 
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Sec. 3.3 Wideband Circular Polarized Excitation 

In this chapter, we have implemented a wideband CP antenna as a primary excitation 

(slot on a cavity ground plane) fed by an L-shaped microstrip line placed at the bottom face 

of a dielectric substrate with a thickness hg as shown in Fig. 3.1(a). Fig. 3.4 shows the 

geometries of the circular slot with two small rectangular perturbation slots used to widen 

the AR bandwidth as reported in [22], due to the three resonance frequencies supported by 

three different modes. The AR bandwidth of such a slot is optimized varying the slot 

geometrical parameters in order to have an AR close to unity around 22 GHz. Then the 

optimized slot is used as the primary source of excitation for the FPC and is located at the 

center of the FPC antenna ground plane, as illustrated in Fig. 3.1(a). 

 

 

 
Fig. 3.4 (a) Circular slot with two rectangular perturbation slots. (b) L-shaped 
feeding line. 

 

(a)

Rs

(b)

Ground

ls

ws

wf

lt
lm

la

lb

wb

wa

wm

ks

TABLE 3.1  
Design Parameters for The Structure in Fig. 3.4 

Para. Value (mm) Para. Value (mm) Para. Value (mm) 

Rs 3.7 la 3.8 lm 0.8 
ls 1.4 wa 1 wm 0.4 

ws 0.2 lb 4.2 lt 1.5 
wf 1 wb 1.5 ks 1.6 
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Sec. 3.4 Full-Wave Simulation for a Finite Size, Wideband CP FPC Antenna   

We have designed a finite FPC antenna with thick PRS using 8 × 8 unit cells on top of an 

air-filled cavity of height h = 6.9 mm with overall antenna dimensions of 40 mm × 40 mm as 

shown in Fig. 3.1(a). The truncated structure dimensions are chosen so that 90% radiation 

efficiency is achieved over the entire –3 dB power bandwidth. On the other hand, the 

difference between the field intensity from the center of the truncated structure to the edges 

can be calculated as ( )1 exp 2 L− −  [23], where   is the leaky-wave attenuation constant in 

the transverse plane and L is the length from the feeding location to the edge of the antenna. 

The field intensity ratios at the upper and lower limit of the -3 dB power bandwidth 

calculated for L = 20 mm are (91.08% for ˆ 0.1 = ) and (99.94% for ˆ 0.36 = ) respectively. 

The full-wave simulation and optimization are carried out using FEM implemented in 

Ansys HFSS. We have chosen Roger RO4350B with a relative permittivity εr = 3.66 and a loss 

tangent of tan δ = 0.0037 with a dielectric thickness of hg = 0.76 mm as the ground substrate. 

In addition, the PRS substrate chosen to be Rogers RT/duroid 6010.2LM having a relative 

permittivity εr = 10.2 and a loss tangent of tan δ = 0.0023 with a dielectric thickness of t = 

0.64 mm where both of the substrates have a copper cladding thickness of 18 μm. 

A comparison between the analytic power intensity formulas (1), calculated based on the 

reflection coefficients of the infinite PRS, and the power radiated from the finite structure 

are reported in Fig. 3.5. A small shift in the frequency is observed, however, an overall 

agreement is achieved. The broadside gain versus frequency is shown in Fig. 3.6 with a 

maximum gain of 11.5 dBic and a -3 dB gain bandwidth of 4.6 GHz (21.2%). Furthermore, as 

it is clear from the magnitude of the reflection coefficient at the feed point, shown in Fig. 3.6, 

the antenna is matched to a 50-ohm port impedance throughout the frequencies from 16.6 
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GHz to 28.4 GHz which covers the entire -3 dB power bandwidth. The simulated radiation 

efficiency (defined as the radiated power in all directions over the accepted power) is above 

90% over the entire -3 dB broadside gain bandwidth. 

 

 

 
Fig. 3.5 Analytical (equation (3.1) assume antenna of infinite extent) vs. full-
wave simulation (finite antenna with 8 × 8 unit cells) of the normalized 
broadside power intensity of the wideband structure in Fig. 3.1 (a). 
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Fig. 3.6 Full-wave broadside gain versus frequency of the proposed finite 8 x 8 
unit cells fed by CP excitation source in addition to the plot of the reflection 
coefficients calculated at the input excitation port. 
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The optimized parameters of the circular slot and the L-shaped feeding line excite the 

PFC antenna to radiate a CP wave while maintaining the AR below the 3 dB throughout the 

frequency band from 19.8 GHz to 23.8 GHz (18.35%). Fig. 3.7 shows a full-wave simulation 

result of the AR and gain in the broadside direction for three cavity heights versus frequency. 

By varying the cavity height, the AR values stay within the acceptable range around the 

maximum radiated power bandwidth. It is noteworthy that the proposed antenna 

experiences back radiation due to the nature of the chosen primary excitation source where 

it can be improved by implementing other types of feeding to prevent the back radiation. 

 

 
Fig. 3.7 Full-wave (a) AR and (b) broadside gain for an FPC Antenna with a 
cavity height of 7.05 mm, 7.15 mm and 7.25 mm. 
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Sec. 3.5 Measurement Results 

Fig. 3.8 shows the fabricated antenna structure and the overall simulated and measured 

gain comparison reported in Fig. 3.9 shows a good agreement in addition to the reflection 

coefficient. The AR has been calculated (see fig. 3.10) from the measured broadside gain 

along x and y direction where a wideband AR is achieved around the antenna operational 

frequency band. A gain pattern of the simulated and measured antenna at 20 GHz, 21.5 GHz 

and 23 GHz for yz and xz planes shown in Figs. 3.11 and 3.12 respectively. A good agreement 

is shown in the pattern along yz plane compared with xz plane where an additional sidelobe 

and wider been main beam have been observed. The degraded in the measurement accuracy 

can be owed to the fabrication accuracy, measurement setup and the close proximity of the 

SMA commenters to the cavity in the xz plane. 

 

 
Fig. 3.8 Photos of fabricated antenna structure (a) L-shaped feeding line, (b) 
Circular slot (primary source) (c) PRS bottom view and (d) 3D View. 

PRS 

(a) (b)

(c)

3D View

(d)
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Fig. 3.9 Gain and reflection coefficient versus frequency simulated versus 
measured results. 
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Fig. 3.10 Simulation versus measured axial ratio (AR). 
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Fig. 3.11 Simulated vs measured gain pattern for yz-plane at 20 GHz, 21.5 

GHz and 23 GHz for E-field at (a) ϕ = 0˚ and (b) ϕ = 90˚.    
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Sec. 3.6 Conclusion 

We implemented a wideband CP excitation source to an optimized FPC antenna formed 

by a thick PRS. The truncated structure possesses a wide -3 dB gain bandwidth of (21.2%) 

and an axial bandwidth of (18.35%) with a maximum broadside gain of 11.5 dBic. The 

proposed wideband CP antenna gives the potential to be used in a satellite application in 

addition to a multipath interference environment. 

 

 
Fig. 3.12 Simulated vs measured gain pattern for xz-plane at 20 GHz, 21.5 

GHz and 23 GHz for E-field at (a) ϕ = 0˚ and (b) ϕ = 90˚.    
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CHAPTER 4 
 
GAIN ENHANCEMENT OF WIDEBAND 
FABRY−PÉROT CAVITY ANTENNA 
USING SPARSE ARRAY  
 
 

Sec. 4.1 Motivation 

A wideband planar Fabry−Pérot Cavity (FPC) antenna with a sparse array excitation is 

studied in this chapter. Having a 2-D array of an elementary excitation sources results in a 

significant broadside gain enhancement as compared to the conventional single element 

excitation. The antenna constructed from a grounded air-filled cavity with a thick partially 

reflective surface (PRS) mounted on top optimized for a wideband performance. The 

proposed antenna fed by 2 × 2 array of magnetic dipoles (slots at the ground plane) as a 

primary excitation source.  By varying the interspacing between the array of feeding dipoles, 

a broadside gain pattern, side lobe level (SLL) and the coupling between the input sources 

have been reported and discussed. A maximum gain of 18.1 dB and gain bandwidth of 36.4% 

is achieved from the study of the highest achievable performance calculated based on gain-

bandwidth product. A finite structure formed by 8 × 8 thick RPS unit cells with a microstrip 

line feeding network coupled to a rectangular array of slots is designed and fabricated. The 

measurement shows a good agreement with the simulated results. 

Fabry−Pérot cavity (FPC) antennas with a single feed source can provide a high-efficient 

and narrow broadside beam pattern from a simple planar, low-cost, and light-weight metal-
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dielectric structures [1]–[6]. A partially reflective surface (PRS) on top of a grounded 

dielectric substrate is the key element of shaping the far-field angler and frequency radiation 

patterns. Conventionally, the PRS formed by a 2-D periodic extent of thin metallic patches or 

holes in a thin metallic sheet and a high dielectric, single or multiple quarter wavelength 

slabs. Despite the high gain radiation, the antenna suffers from a narrow gain-bandwidth.      

Recent studies show that analytical, and experimentally a wider gain-bandwidth is 

possible by employing a PRS that exhibits a non-Foster resonance at the operational 

frequencies [7]–[9]. A positive reflection phase slop results from a uniform plane wave 

imping the PRS from the cavity side is responsible for satisfying the cavity resonance 

condition at a band of frequency. Generally, the PRS is electrically thick and can be formed 

by a single or multiple metal/dielectric layers [9]. 

It is worth noting that widen the antenna gain-bandwidth resulting in a drop in the 

broadside gain value. The drop is owing to low cavity efficiency where the PRS reflection 

magnitude is low compared to the one obtained from the narrow band FPC antenna. High-

power leakage is observed close to the assigned source location in the middle of the finite 

size (truncated) structure. 

To overcome the shortcoming above, we implemented a sparse array as a primary 

exciting cavity source. Previous investigation on a sparse array feeding an FPC antenna 

covered by a PRS formed by a quarter wavelength dielectric layer [10] or with periodic 

patches or hole in a thin metallic screen [11], [12] results a significant gain enhancement. 

Utilizing the space inside the cavity with a 2-D array of excitation elements happen to 

redistribute the input field inside the cavity (i.e., increase the aperture efficiency) and results 

in an overall broadside gain enhancement. We study the far-field gain performance in terms 
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of maximum gain value, gain-bandwidth and side-lobe level for a 2 × 2 feeding arrays, as 

shown in Fig. 4.1. The result wideband, a high-gain antenna can be adapted to be used in the 

new wireless communication system which required a high data rate for a Millimeter-wave 

(mmWave) antenna application. 

 
 

Sec. 4.2 Finite Size Wideband FPC Antenna Design 

FPC antennas are commonly excited by a single electric dipole (patch) inside the cavity 

or by a magnetic dipole (slot) located on the ground plane. Analytically, the far-field 

properties can be calculated with respect to the antenna geometrical parameters in addition 

 
Fig. 4.1 (a) FPC antenna structure (side view) (b) PRS unit cell (c) 2 × 2 
rectangular slot arrays on a ground plane. 
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to the PRS reflection/impedance parameters in addition to the leaky wave parameters for 

thin [2], [4] or more generally thick PRS [9]. 

The location where the FPC antenna structure can be truncated depends on the amount 

of the field decays from the source location outgoing in the transverse (along x and y 

directions) directions. The field attenuated factor E(L)/E0 = exp(-αL), where E0 is the 

magnitude of the field at the source location, α is the transverse leaky-wave attenuation 

constant and L is the length from the source to the edge of the structure. Aiming for -20 dB 

edge illumination throughout the -3 dB gain-bandwidth, the structure can be truncated 

without affecting the field at a distance L ≈ 20 mm calculated based on the smallest value of 

α (≈ 0.12k0) calculated from the transverse resonance formula [9]. For that, the PRS is this 

case will have an 8 × 8 unit cells on top of the air-filled cavity. 

 

Sec. 4.3 Array Excitation of Wideband FPC Antenna 

We proposed a 2 × 2 array of rectangular slots as a primary excitation to the FPC each of 

length ls = 6.8 mm and width ws = 2.1 mm. Each slot fed by rectangular waveguide having a 

dimension of length lwg = 10.67 mm and a width of wwg = 4.32 mm. A wave ports attached at 

the other end of the waveguides having equal magnitude and phase. The array centered at 

the middle of the truncated ground plane of the proposed structure with a PRS of 8 × 8 unit 

cells as shown in Fig. 4.1. 

Aiming to achieve the best performance from such configuration, we analyzed the 

broadside gain by varying the distance between the input four ports along x and y directions. 

For a fair comparison, a Figure of Merit (FoM) defined as the product of the maximum 

broadside gain (in linear scale) by the 3 dB gain bandwidth (%) introduced for a comparison 
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purpose. The result FoM shown in Fig. 4.2 varying the port spacing along x and y (normalized 

to the center wavelength at fc = 22 GHz). The highest FoM is observed around Dx/λc ≈ 1.4 and 

Dy/λc approximately in the range from 0.8 to 1.6. 

 

On the other hand, increasing the distance between the excitation array will result in a 

high slide lobe and hence, the sidelobe level will be reduced, as shown in Fig. 4.3. 

Fig. 4.4 shows the scattering parameters between port 1 and the other three ports varying 

the distance along x and y. As the spacing increases, the coupling between the ports gets 

reduced. It is noteworthy that all the input ports provide an acceptable impedance matching 

throughout the entire 3 dB gain bandwidth. 

Based on the previous analysis, we choose Dx/λc = 1.4 and Dy/λc = 1.1 which gives the 

highest FoM. A comparison between the broadside gain pattern versus frequency for the 1 × 

1 and 2 × 2 array configuration is shown in Fig. 4.5. A single source 1 × 1 array gives a 

maximum gain of 12.75 dB and gain-bandwidth of 45.4% (FoM = 8.57). In the case of sparse 

 
Fig. 4.2 FoM (Gain bandwidth product) calculated by varying the interelement 
distance between the dipoles along x (Dx/λc) and y (Dy/λc) directions at fc = 22 
GHz.  

D
y/
λ c

Dx/λc

F
o

M



72 
 

 

 

array of 2 × 2, a maximum gain of 18.1 dB and gain bandwidth of 36.4% (FoM = 23.37) which 

is about 2.7 times higher than the case with a single excitation (1 slot). 

 

 
Fig. 4.3 SLL calculated by varying the interelement distance between the 
dipoles along x (Dx/λc) and y (Dy/λc) directions at fc = 22 GHz. 
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Fig. 4.4 Coupling scattering parameters vs vs Dx/λc and Dy/λc for a 2 × 2 slot 
array at fc = 22 GHz (a) S12, (b) S13, and (c) S14 
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Sec. 4.4 Conclusion 

We proposed a wideband FPC antenna exited with an array of 2 × 2 elementary magnetic 

dipoles result in a higher gain-bandwidth product of more than 2.7 times the single 

excitation 1 × 1 array. The proposed high-gain wideband planer antenna gives the potential 

to be used in the new emerging wireless communication where a higher data-rate operating 

at the mmWave bands. 
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CHAPTER 5 
 
ANALYSIS OF WIDEBAND 
FABRY−PÉROT CAVITY ANTENNA 
WITH THICK PRS FORMED BY A STACK 
OF METAL-DIELECTRIC LAYERS 
 
 

Sec. 5.1 Motivation 

Wideband planar Fabry-Pérot cavity (FPC) antennas formed by an electrically thick 

partially reflective surface (PRS) composed of multiple metal/dielectric layers are 

investigated. These multiple metal and dielectric layers have been optimized to satisfy the 

FPC resonance condition at multiple frequencies, and hence, a larger antenna gain-

bandwidth is achieved. A more general and direct relation between the thick-PRS’s reflection 

coefficient and the radially propagating leaky-wave inside the cavity structure is reported. 

In addition, a leaky-wave based power intensity formula is studied and verified numerically 

using PRSs formed by stacks of metal-dielectric layers. 

Additional analysis has been carried out in this chapter where the periodic metallic 

screen impedance is approximated based on its geometrical parameters and implemented 

as a shunt admittance in the transverse equivalent network (TEN). Two wideband FPC 

antennas with a single and double dielectric layer with metallic grids patterned at the bottom 

are designed and verified with a full-wave simulation result, with the double layer PRS 

leading to a wider band than the single-layer one. In addition, the dispersion relation of the 



76 
 

leaky-waves shows a quasi-oscillatory behavior versus frequency around the maximum 

radiated power bands. 

The conventional Fabry-Pérot cavity (FPC) antenna has been studied for many years as 

a potential alternative (in terms of gain) to arrays and reflector antennas due to its design 

simplicity, low cost and the ability to provide a highly efficient narrow beam radiation [1]–

[5]. Generally, the structure consists of a thin frequency selective surface (FSS) usually made 

of periodic metallic patches or holes in a metallic sheet placed on top of a cavity made of a 

half wavelength thick grounded dielectric substrate. A single electric dipole located in the 

middle of the cavity or a magnetic dipole (slot) on the ground plane is usually used to excite 

the cavity. Despite having high gain, this antenna usually suffers from a narrow radiated 

power bandwidth where the fundamental limit of the power bandwidth product has been 

shown in [5], [6]. 

To mitigate this issue, an electrically thick partially reflective surface (PRS) composed of 

one or more metal-dielectric layers is studied here to achieve a wide power bandwidth. This 

can be done by satisfying the cavity resonance condition for a wide band of frequency [7]–

[10]. This is not the only way to get wideband operation in FPC antennas. An alternative 

strategy involves using a sparse array to feed a low-gain FPC [11]. In this case, the gain of the 

FPC cavity antenna itself is low, but a broadside gain enhancement is achieved by using an 

array of elements inside the cavity that are spaced away from each other. Another method 

to enhance the power bandwidth is by using a single dielectric PRS having a permittivity 

gradually changing in the transverse plane from the center toward the edges [12]. 

Furthermore, a radial variation of the permittivity inside the FPC has been proposed to 

increase the power bandwidth [13].  
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In this chapter, we will focus on the strategy of using FPC antennas formed by thick PRSs, 

i.e. with properly engineered multiple metal-dielectric layers. A transverse equivalent 

network (TEN) is implemented to model the FPC antenna, where the electrically thick PRS is 

represented as a two-port network in the TEN. This approach provides an efficient means of 

analysis that has been verified numerically and experimentally, and it provides a convenient 

tool to design and optimize FPC antennas for microwave and millimeter-wave applications 

where a wide bandwidth is required.  

In addition, we will show a general set of formulas relating to the leaky-wave parameters 

(phase and attenuation constants) to the PRS reflection coefficient to be used in the design. 

Also, we show a leaky-wave based power formula that is capable of describing the far-field 

behavior for any FPC antenna formed by an arbitrary thick PRS. 

 

Sec. 5.2 Leaky-Waves in Wideband FPC Antennas 

An approximate relation between the PRS reflection coefficient PRS
PRS PRS

je  =   and 

the normalized transverse complex propagating wave number 0
ˆ ˆ ˆ/t tk k k j = = −  is derived 

in [10], where 00 0k   =  is the free space wavenumber. By solving the transverse 

resonance condition  at point z = h (see Fig. 5.1(b)) for the leaky-wave wavenumber and 

under the condition of ˆ 1   and ˆ 1   one has  
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where 

 ( )PRS 1 02 1 2 , 0, 1, 2n n k h n  = − − − =    .  (5.3) 

 

 
 

The refractive index n1 is defined as r r   where εr and μr are the relative permittivity and 

permeability of the material filling the FPC with height h as shown in Fig. 5.1(a). The 

optimum value of the cavity height h is chosen in such a way to approximately satisfy the 

cavity resonance condition described in [10] throughout the entire band of operation. Note 

that the product of the phase and attenuation constant in (5.1) is directly related to the PRS 

reflection coefficient. In the case of narrowband FPC antennas, the product is approximated 

a constant whereas in the wideband case, it varies with the frequency. 

 
Fig. 5.1 (a) FPC antenna with a thick PRS composed of a multiple stack of 
metal-dielectric layers. (b) Transverse equivalent network (TEN) for the 
structure in (a) with the thick PRS represented as a two-port network. 
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Sec. 5.3 Radiation in Wideband FPC Antennas 

The FPC antenna is fed by an elementary magnetic dipole (moment Iml) located on the 

ground plane. The radiated-power intensity formula for single or multiple metal-dielectric 

layers as shown in Fig. 5.1(a) (originally derived for a thin PRS in [1]) is expressed in terms 

of the PRS reflection coefficient as 

 ( )
( )PRS 1

2
PRS

2
PRS

2

1
,

1 zj k hr

U
U

e
 

 


+

− −

 
 − 

=  
 − 
 

.  (5.4) 

Here + 2 3
0

22
02 r mU E I l = , ( )00 4E j  = − , rr r    and 2

01 sinz r rk k  = − . 

In addition, using reciprocity and the TEN shown in Fig. 5.1(b), where the multiple layers 

forming the thick PRS  are modeled as a two-port network, the radiated-power intensity can 

be derived in terms of the PRS input admittance ( )up 0
ˆˆY Y g jb= +  as shown in [14]. This leads 

to 
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1
1

2
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sin ( ) ˆ ˆcot( )z
r z
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k h k h b jg

 



+

=

− +

  (5.5) 

where Y0 is the free space characteristic wave admittance. Formulas (5.4) and (5.5) are 

algebraically equivalent and the derivation of their relations is reported in [10]. Our recent 

investigation on the role of leaky-wave excitation in the FPC led to a simple and compact 

power formula based on the normalized leaky-wave parameters ̂  and ̂  of the dominant 

mode [10]. The leaky-wave power-based formula is derived by using (5.1)-(5.3) in (5.4), 

leading to 
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This formula is valid for any FPC antenna formed by an arbitrary metallic and/or dielectric 

multilayer shown in Fig. 5.1(a).  

 

Sec. 5.4 Numerical Results for Wideband FPC Antennas  

To validate the approximate formulas reported in this chapter, two PRSs formed by a 

single and a double metal-dielectric layer are investigated. The metal layers are assumed to 

be thin and made by copper with circular holes as shown in Fig. 5.2. The geometrical 

dimensions are optimized to achieve wide radiated-power bandwidth. 

 

 
Fig. 5.2 Unit cell of the periodic PRS formed by (a) a single layer and (b) a 
double layer, for wide band operations. 
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A comparison between the radiation intensity U (ω, θ)/U+ formula (5.4) based on the 

numerically calculated reflection coefficient and the leaky-wave formula (5.6) at θ = 0˚ is 

shown in Fig. 5.3 for the two proposed PRSs with a cavity height of 2.3 mm. The reflection 

coefficient has been calculated using the periodic finite element method implemented in 

Ansys HFSS. The leaky-wave propagation and attenuation parameters are determined by 

solving the transverse resonance equation for a complex wavenumber tk  as shown in [10], 

and they are also shown in the figure. The FPC with a single layer PRS has a −3 dB power-

bandwidth of 15.9 GHz whereas the FPC with a double layer PRS has a bandwidth of 26.8 

GHz, with a 2 dB drop in the power compared to the single-layer one. This large bandwidth 

is remarkable, and the reduction in gain could be compensated for by implementing a sparse 

array as a feed inside the cavity [11]. 

 

 
Fig. 5.3 Normalized broadside (θ = 0˚) power intensity.  Comparison between 
formula (5.4) based on reflection coefficient and the leaky-wave formula (5.6)
. We also show the normalized leaky-wave parameters versus frequency. The 
two FPCs use (a) the single layer shown in Fig. 5.2(a) and (b) the double layer 
shown in Fig. 5.2(b). 
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The results are shown in Fig. 5.4 illustrates the angular radiation intensity calculated 

from (5.6) for the FPCs with single and double layer PRSs, at the upper, lower and center of 

the −3 dB bandwidth limits. The maximum radiated power occurs in the frequency range 

where ˆ ˆ   and shows a quasi-oscillatory behavior in the band in interest. The radiated 

beam pattern has a maximum at broadside (θ = 0˚) when ˆ ˆ  , and points at an angle of 

( )21 2ˆ ˆsin  −= −  when ˆ ˆ  . 

 

 

Sec. 5.5 Thick PRS and Grid Impedance Approximation  

In this section, the FPC antennas with large transverse dimensions are analyzed with the 

TEN. Usually, the PRS impedance and reflection coefficient is calculated from a unit-cell with 

periodic boundary conditions using full-wave simulations. However, in addition to that, here 

we also use an approximate grid impedance equation derived in [15] to calculate the 

 
Fig. 5.4 Angular radiation intensity as a function of angle θ at three frequencies 
for the FPC antennas having a PRS consisting of (a) the single layer shown in 
Fig. 5.2(a) and (b) the double layer shown in Fig. 5.2(b).  
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reflection coefficient of the PRS. To validate this approach, we design two FPC antennas 

formed by thick PRSs; in the first case, the PRS is comprised of a single substrate with a 

periodic metallic grid printed on the bottom face, while the second PRS consists of two such 

structures cascaded together, as shown in Fig. 5.5(a). The transverse equivalent network of 

such a structure is shown in Fig. 5.5(b). 

 

Thin periodic metallic grids in the FPC antenna are modeled by shunt admittances in the 

TEN. In the case of thick PRSs, where the radiated-power bandwidth is wide, the shunt 

admittances are a function of frequency and they are approximated using the grid impedance 

derived for the periodic conducting grid shown in Fig. 5.5(a) [15] as  

 

Fig. 5.5 (a) FPC antenna formed by a thick PRS (multiple metal-dielectric 
layers). (b) Transverse equivalent network for the structure in (a). 
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where Zeff  = Z0 / (εn,eff)1/2,  keff = k0 (εn,eff)1/2, n = 1, 2, …, N. εn,eff  is the effective permittivity of 

the nth grid host medium, dn is the square unit-cell side length, and wn is the metallic strip 

width of the nth grid. Under the assumption of highly directive FPC antennas, the 

characteristic wave impedances are approximated with θ = 0. Therefore, the PRS reflection 

coefficient is defined as ГPRS = (Yc – Yup,1) / (Yc + Yup,1) where Yup,n, shown in Fig. 5.5(b), is given 

by the recursive equation 
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where Ygn is the approximated grid admittance of the nth metallic grid calculated using (5.7), 

kzn ln is the electrical length of the nth layer and the admittance Yup,N+1 = Y0. Fig. 5.6 shows the 

comparison of the PRSs reflection coefficients based on Yup,1 calculated using equation (5.8) 

versus full-wave simulation results for the two designed FPC antennas. It is seen that the 

results show a good agreement. Each layer of metal/dielectric in the PRS is responsible for 

one phase inversion in the reflection phase curve versus frequency. Every phase inversion 

represents an internal resonance inside the PRS. By properly designing the layers we can 

shift these resonances close to each other and increase the gain-bandwidth of the FPC 

antennas as will be shown in Section 5.6. 
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Sec. 5.6 Broadside Radiation and Leaky-wave Analysis of Wideband FPC Antennas  

The complex wavenumber of the dominant leaky-waves propagating radially inside the 

antenna cavity is calculated from the transverse resonance equation Yup,1 + Ydown = 0. Here 

Ydown = -jYc cot(kzch), where kzc = (k02μrεr – kt2)1/2, kt = β – jα is the complex transverse 

wavenumber inside the air cavity of height h shown in Fig. 5.5. An approximate far-field 

power radiating from such an antenna is calculated based on the PRS reflection coefficient 

[1] as 
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e
 

 
− −

− 


− 

,  (5.9) 

 
Fig. 5.6 Comparison between reflection coefficients obtained by full-wave 
simulation and by the approximate grid impedance in (5.7) for PRSs with unit-
cells depicted on the right for (a) single layer (b) and double layer cases. 
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where kzc = (k02μrεr – sin2θ)1/2 and ГPRS represent the PRS reflection coefficients shown in Fig. 

5.6. A comparison between the normalized radiated powers calculated from (5.9) is shown 

in Fig. 5.7, calculated using the PRS reflection coefficients from full-wave simulation and 

from (5.8). The normalized phase and attenuation constants for the leaky modes are also 

shown in Fig. 5.7. In analogy with an FPC antenna analysis with a thin PRS where the antenna 

radiates its maximum power at broadside when β ≈ α  [2], here an oscillatory behavior has 

been observed, covering a much wider 3dB power bandwidth than for an FPC with a thin 

PRS, for the same directivity. 

 

 
Fig. 5.7 Comparison of normalized broadside radiated power calculated from  
(5.9) using the reflection coefficient calculated from full-wave simulation 
(blue solid-line) vs. approximate grid impedance (red dashed-line). In 
addition, the normalized phase and attenuation constants vs. frequency are 
shown. (a) Single layer. (b) Double layer. 
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Sec. 5.7 Conclusion  

FPC antennas with a PRS formed by a multilayer stack of thin periodically patterned 

metallic sheets separated by dielectric layers can show a wide power bandwidth. We have 

explained how the leaky-wave excitation inside the FPC provides an explanation of the 

wideband radiation operation. Numerical results for thick PRSs show that as the number of 

the PRS layers increases, a wider power bandwidth is achievable and the leaky wave inside 

the FPC exhibits an oscillatory behavior when plotted versus frequency, with the number of 

oscillations depending on the number of layers. In addition, we demonstrated a simple 

analysis of wideband FPC antenna with single or double metal/dielectric layers using a grid 

impedance approximation where an increase of the gain-bandwidth of the FPC antenna with 

a double layer PRS is observed compared to that of a single layer PRS.  

 

This chapter is reproduced based on the material in [A. T. Almutawa, H. Kazemi, F. 

Capolino, and D. R. Jackson, “Analysis of a Wideband Fabry-Pérot Cavity Antenna at 60 GHz 

using Grid Impedance Approximation,” in 2019 IEEE International Symposium on Antennas 

and Propagation (APSURSI), 2019], © 2019 IEEE and in [A. T. Almutawa, H. Kazemi, F. 

Capolino and D. R. Jackson, “Overview of Wideband Fabry-Pérot Cavity Antennas with Thick 

Partially Reflective Surface,” in 2019 International Conference on Electromagnetics in 

Advanced Applications (ICEAA), 2019], © 2019 IEEE. 
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CHAPTER 6 
 
EXTREMELY THIN PLANAR HIGH 
IMPEDANCE SURFACE ANTENNA 
 
 

Sec. 6.1 Motivation 

We demonstrate the operation of an ultra-thin planar metasurface antenna formed by a 

single metal-dielectric slab that radiates with a relatively wide gain-bandwidth product. It is 

composed of a 2D periodic dogbone-like patterned metals over an ultra-thin grounded 

dielectric substrate with an overall height of a hundredth of a wavelength. The antenna 

operation is based on the excitation of leaky-wave working below the optimal condition, i.e., 

in the region where the attenuation constant is larger than the propagation constant. In this 

region also the so-called ‘space wave” contributes to the radiation pattern. This radiation 

mechanism leads to a large gain-bandwidth product. Since this High impedance surface (HIS) 

operation is based on using resonant dogbone elements over a ground plane, this antenna 

works near the so-called “magnetic resonance” of the HIS. The strong coupling between 

dogbone elements allows reducing the size of each dogbone and the capability to support a 

leaky-wave along each chain of dogbones. We investigate the far-field performance of an 

ultra-flat HIS antenna composes of 6 × 4 unit cells where a -3dB broadside gain bandwidth 

of 13.57% and a maximum gain of 9 dBi is achieved. In addition, a microstrip feeding network 

designed and optimized to obtain impedance matching around the maximum gain. The 
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proposed antenna is fabricated, and the measurement results are reported and compared 

with full-wave simulation one. 

High impedance surfaces (HISs) have been extensively investigated because of their 

unique reflection properties around their resonance frequencies. One of the conventional 

implementations of this type of metasurface is as the antenna ground plane for 

miniaturization, impedance bandwidth enhancement and far-field radiation improvement of 

a dipole or patch the surface is properly designed to exhibit a zero-phase reflection around 

its magnetic resonance [1]–[6]. Previous investigations on HIS excited by a localized source 

can support a TM improper leaky wave on a structure comprised of periodic metallic strip 

grating [7]–[10], periodically capacitively-loaded microstrips lines [11] or any arbitrary 

metallization patches of a 2D unit cells form HISs [12]. 

For that, these HISs can be employed as an antenna without dipole on top where they 

investigated different excitation to the truncated structure using single or multiple ports 

[13]–[17]. In addition, a beam scanning scheme based on this structure has been proposed 

by assigning gradually incremental input phases of the excitation feeding linear array [18]. 

Despite the very thin antenna height in [17], [18], the antenna shows a better broadside 

radiation property (i.e., higher gain-bandwidth product) has been achieved compared to a 

conventual 2D array of patches designed using the same substrates size and material. The 

radiation from such periodically patterned patches on top of a grounded dielectric layer 

mainly contributes to the total field distribution on the top surface “aperture”. 

Asymptotically, as shown in [9], the aperture field is due to a leaky-wave supported by the 

structure in addition to a space-wave. 
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In this chapter, we analyze the role of the aperture field in the far-field parameters of a 

finite 1D and 2D arrangement of the proposed unit cells were excited using a differential 

excitation port. Further, we designed and optimized a hybrid power divider in addition to a 

single balanced stub with a tapered line for impedance matching. The proposed HIS 

structure parameters are optimized to exhibits a magnetic resonance around 24 GHz. The 

structure designed and optimized to radiates as an antenna which operates at K band with a 

maximum gain at 24 GHz. 

 

Sec. 6.2 (Modal) Leaky-Wave Analysis 

The geometrical parameters of the proposed unit cell shown in Fig. 6.1(a) were optimized 

using periodic boundary condition implemented in Ansys HFSS to obtain a zero-phase 

reflection (magnetic resonance) around 24 GHz when a normal incident plane wave is 

impinging on the top surface. The metallic dogbone-shape patches (see Fig .1(a)) have 

dimensions of A = B = 2.5 mm, A1 = 0.31 mm, A2 = 1.82 mm, B1 = 1.25 mm and B2 = 0.24 mm. 

The substrate has a height of h = 0.127 mm with the relative permittivity εr = 2.2 and a copper 

metallic layers of thickness 9 μm and conductivity of 5.8×107 S/m. Previous modal analysis 

on a similar 2D structure [13]–[18] shows that by exciting the improper TM leaky wave, this 

structure operates as a 2D leaky-wave antenna around its magnetic resonance. In [13], they 

observed a constant current phase on the metallic patches along the x-direction in which it 

corresponds to a wideband broadside gain in the proximity of the magnetic resonance. 
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In this chapter, the structure is fed at both ends of a finite number of dogbone metallic 

patches by two-time harmonic oscillating sources that are placed between the metal patch 

and the ground as shown in Fig. 6.2. A phase difference of 180˚ is assumed between the two 

excitation sources which result a constant phase distribution of electric current throughout 

the array. Figure 2 represents the x-component of the normalized electric field calculated in 

the middle of the gap between the consecutive metallic patches at the height z = h. 

Exponential decay of the E field on the first few elements in the dogbone chain illustrates the 

leaky behavior of this structure for a number of frequencies. The periodic nature of the 

structure simplifies the field distribution along with the periodically arranged patches as 

 0( ) x xj nd ndE x nd E e e − −= =   (6.1) 

where E0 is the amplitude of the field sample between the first and the second dogbones, n 

is the unit cell number and d is the unit-cell lateral size along x-direction (in our case defined 

as A). The phase (βx) and the attenuation (αx) constants of the dominant improper leaky-

mode are extracted through curve fitting of Eq. (1) of the E field points on the first 6 dogbones 

 
Fig. 6.1 (a) Unit cell based on the “dogbone” metallic patch that supports the 
so called “magnetic resonance”. (b) HIS antenna formed by an ultra-thin 
grounded substrate covered by patterned parallel chains of strongly coupled 
dogbone unit-cells. 
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for different frequencies. The derived normalized phase and attenuation constants are 

shown in Fig. 6.3 which they lie within the fast-wave region (i.e., βx > k0).  

 

Modal analysis on a similar periodic structure is shown in [19], [20] demonstrates that the 

HIS magnetic resonance occurs in the proximity of β = α. One should note that in the 2D leaky 

 
Fig. 6.2 Normalized E field magnitude versus number of (dogbone) unit cell 
element for a HIS made of chains with 20 unit cells in the x direction. The 
transverse x-polarized E field is sampled between the elements over the 
grounded substrate (i.e., at z = h). The HIS is assumed to have infinite extent in 
the y direction since periodic boundary conditions (PBCs) are used. Each chain 
is excited by a differential excitation, i.e., by two time-harmonic sources 
(lumped element ports) at the two edges of each chain (i.e., at the first and last 
elements of the array) with same magnitude and inverse phased.  Full-wave 
simulation results show an exponential decay over a few elements near the 
two array ends revealing the presence of leaky waves. Note that at frequencies 
below 24 GHz the decay is very strong indicating that the attenuation constant 
of the excited leaky waves is rather large. 
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wave antennas [21]–[23], maximum broadside radiation happens to be in the proximity of β 

≈ α. In such case, the HIS structure operates as a leaky-wave antenna that radiates at 

broadside when β = α and at a θ = sin-1 (β/k0) when β > α. 

 

Sec. 6.3 HIS Antenna Design and Analysis 

The proposed 2D structure with the perspective view shown in Fig. 6.1, can be 

considered as a periodic array of dogbone chains along y direction. The periodicity nature of 

the dogbone-shape metallic patches in such a structure experience highly capacitive 

coupling in x direction and very week coupling along the y-direction. For that, the structure 

can be analyzed as a 1D chain of dogbones separated with the spacing equal to the unit cell 

size along the y-direction. The simulation in this chapter are conducted using FEM 

implemented in Ansys HFSS software. 

 
Fig. 6.3 The dispersion relation of the LW attenuation and propagation 
constants versus frequency extracted from the field shown in Fig. 6.2, based 
on the first 6 samples along the x-direction. Note that below 24 GHz, the region 
of interest for the operation of the ultra-flat HIS antenna, the attenuation 
constant is significantly larger than the propagation constant. 
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A. 1D array (chain) of dogbones along the x-direction 

The simulated broadside gain versus frequency varying number of elements in the 

dogbones chain is shown in Fig. 6.4 where the chain is fed differentially with an extended 

ground plane of 2 mm beyond the unit cell dimensions along x and y direction. Each 

increment in the number of elements results in higher gain around 24 GHz while the -3dB 

gain-bandwidth reduces. These results are consistent with the leaky wave field decay, shown 

in Fig. 6.2 where a 30 dB drop of the electric field magnitude calculated after the 6th element 

in the desired frequency band from calculated from both ends of the array. 

 

B. 2D array of dogbones along x and y directions 

The 2D infinite extent of dogbones unit cells constructed from an array of 1D chains with 

a spacing B along x direction, forming the HIS is shown in Fig. 6.1(b). In order to achieve high 

broadside gain with a narrow beamwidth along y-direction (H plane) and in analogy with 

the phased array antennas, a finite number of dogbone chains constructed and are fed 

 
Fig. 6.4 Broadside gain versus frequency of 1D array of elements excited from 
both ends. As the number of elements increase, the gain gets higher around 24 
GHz, but the gain-bandwidth reduced. 
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differentially with same magnitude and phase. The antenna gains versus frequency for a 

structure of 6 dogbones in each chain along y-direction and a finite number of chains (4 to 6 

dogbone chains) along x-direction are shown in Fig. 6.5.  The maximum broadside gain with 

the corresponding frequency, -3 dB gain bandwidth and -3 dB gain-bandwidth products for 

a multiple number of chains are reported in Table I. In addition, a 2 × 1 array of rectangular 

patches occupied the same footprint area is reported in Fig. 6.5 and Table I. The results show 

a better gain-bandwidth product is obtained from 6 × 4 dogbones compared with an array 

of patches. 

 

TABLE 6.1  
Maximum broadside gain and gain-bandwidth product for the 2-D array of elements shown 

in Fig. 6.5. 

Number of elements 
Max. Gain 

(dBi) 
Freq. at max. 
Gain (GHz) 

-3dB Gain-
BW (%) 

-3 dB Gain-
BW product 

6 × 2 Dogbones 6.30 23.82 11.66 0.50 

6 × 4 Dogbones 9.01 23.76 13.57 1.10 

6 × 6 Dogbones 10.67 23.74 15.10 1.76 

2 × 1 Rec. patches  10.21 23.70 9.32 0.98 

 
Fig. 6.5 Broadside gain versus frequency of 2D array of elements excited from 
both ends. The dotted line represents the broadside gain of a conventional 2 × 
1 patch array designed under the same substrate. 
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Sec. 6.4 HIS Antenna Feeding Network design 

Based on the results reported in section III, we analyze the performance of 6 × 4 dogbone 

unit cells (see Fig. 6.6(a)) as an HIS Antenna. Due to the small distance between the dogbones 

in a chain (i.e., in the y-direction), the outer dogbones in the parallel chains are connected 

with a line of width A1. We implemented a differential input source (two excitation time-

harmonic sources having equal magnitude and phases with opposite sign) connected to the 

middle point of the connecting line as depicted in Fig. 6.6 [17]. 

 

The plot of antenna gain performance in Fig. 6.6 shows a maximum broadside gain of 

9.17 dBi at 23.73 GHz with an 11.81% gain bandwidth. Comparing with the case reported in 

Table I for 6 × 4 unit cells feed each chain separately, it experiences a 1.76% decrease in the 

gain bandwidth with nearly the same maximum gain value. The antenna gain pattern for the 

E and H planes at four consecutive frequencies 22, 23, 24 and 24.8 GHz are shown in Fig. 6.7 

 
Fig. 6.6 Broadside gain versus frequency using the differential excitation and 
an HIS antenna made of 6×4 dogbone unit cells. The chains of dogbones are all 
connected at the two edges, and fed differentially, i.e., by two lumped ports 
with same amplitude and inverse phased. 
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where E plane pattern exhibit a wider beamwidth around the maximum gain in which it is 

consistent with the 2D LWA study in [21]. In addition, the sharp drop in the broadside gain 

corresponds to the beam splitting in the E plane where the antenna radiates with two high 

gain beams off broadside along x-direction as shown in Fig. 6.7. 

 

A. 180-Degree Hybrid Power Divider   

We designed a ring hybrid (rat-trace) to divide the input power evenly with a 180˚ phase 

difference between the output ports, as shown in Fig. 6.8(c) [24]. The ring has a radius of rp 

= 2.23 mm and traces width of wp = 0.2 mm with a half wavelength distance between the two 

output ports as shown in Fig. 6.8. The simulated transmission coefficients for the input 

towards the two output ports are -3.3 dB with a nearly constant 180˚ phase difference 

between the output ports in the frequency range from 20 GHz to 26 GHz. 

 
Fig. 6.7 Far-field gain pattern for (a) E plane and (b) H plane at 22, 23, 24 and 
24.8 GHz for the structure shown in Fig. 6.6. 
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B. Matching Network  

Since the antenna exhibits a wideband gain bandwidth (-3 dB gain-bandwidth of 

13.57%), the wideband matching network can be adapted to cover the entire -3 dB gain 

bandwidth. In this chapter for simplicity, we designed and optimized a single balanced shunt 

stub with a length of ls = 1.04 mm and a width of ws = 0.95 mm in addition to a tapered 

microstrip line. We achieved an input impedance matching around the maximum broadside 

gain from 23.5 to 24 GHz (see Fig. 6.9(b)). 

 

Sec. 6.5 HIS Antenna Simulation and Measurement Results 

The geometrical layout of the proposed HIS antenna with the feeding network is shown 

in Fig. 6.8(a) with the lateral dimensions of LA = WA = 43.5 mm.  The structure simulated and 

fabricated (see Fig. 6.9) using Rogers 5880 substrate with a dielectric thickness of 0.127 mm, 

 
Fig. 6.8 (a) Layout of the proposed HIS antenna with the feeding network. (b) 
Matching network (c) Hybrid power divider. (d) Part of a microstrip line. The 
optimized parameters of the antenna are: LA = WA = 43.5 mm, lm1 = 6.88 mm, 
lm2 = 8.59 mm, lm3 = 22.28 mm, lm4 = 2.45 mm, wm1 = 0.67 mm, wm2 = 0.95 mm, 
lt = 5.84 mm, wt1 = 0.2 mm, wt2 = 0.67 mm, ls = 1.04 mm, ws = 0.95 mm, rp = 2.23 
mm, wp = 0.2 mm and δ = 45˚. 
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the relative permittivity of εr = 2.2, a loss tangent of tan δ = 0.0009 and a copper cladding 

thickness of 9 μm. 

 

The HIS antenna measurement setup composes of an open-end waveguide as a 

transmitter mounted on a 1-meter rotary arm. The fabricated HIS antenna placed at the 

center of rotation as a receiver. A comparison between the simulated and the measured gain 

versus frequency reported in Fig. 6.10(a) with the measured antenna gain is been calculated 

as 

 10 21 2120log /HIS SGH
HIS SGHG G S S Loss= + + .  (6.2) 

GSGH is the gain of a calibrated standard gain horn having a nominal gain of 10 dBi used in the 

measurement setup in place of the HIS antenna, S21HIS and S21SGH stand for the transmission 

coefficients of the proposed HIS antenna and the standard gain horn as a receiver antenna 

respectively. The term Loss accounts for all the losses in the port reflection for both 

transmitter and receiver antennas. 

 
Fig. 6.9 Fabricated antenna structure as shown in Fig. 6.8 with 50 Ω SMA 

connector attached to the input port. 
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A comparison between the simulated and measured gain shown in Fig. 6.10(a) where the 

measured gain is shifted up in the frequency with almost the same gain values and gain-

bandwidth. This reduction in the gain owing to the loss in the feeding network, material loss 

and from the inaccuracy in the fabrication. Fig. 6.10(b) shows the reflection coefficient where 

the measurement shows better matching compared to the full-wave simulated results. The 

measured radiation patterns in the E and H planes are given in Fig. 6.11(a) and 6.11(b) along 

with the full-wave simulated results. A good consistency is observed between the simulated 

and measured pattern especially around the main lobe at broadside. 

 
Fig. 6.10 (a) simulated and measured reflection coefficient. (b) simulated and 
measured broadside gain versus frequency. 
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Sec. 6.6 Other Proposed Feeding Mechanism for the HIS Antenna 

In this section, the HIS antenna has been designed and optimized on a thin substrate with 

a thickness of 1/100 of the wavelength at the operating frequency, 900MHz. The proposed 

antenna is constructed from a 6 × 6 unit-cells where the performance is being analyzed and 

compared with an array of 2 × 2 rectangular patches designed to operate at the same 

frequency band. Despite the very thin substrate, the antenna radiates with a broadside gain 

of 13 dBi and a gain-bandwidth of 23.14 %. 

In the present case, the unit element of the HIS layer is a dogbone shaped conductor. We 

provide a physical insight into the radiation mechanism of this class of HIS antennas (without 

a dipole on top) and show that radiation is in part related to a TM-like leaky-wave supported 

by the HIS in the vicinity of its magnetic resonance, with attenuation constant that is not 

small, in contrast to standard high-gain leaky-wave antennas. The advantage is that despite 

having an extremely subwavelength thickness (even a 100th of a wavelength) the bandwidth 

 
Fig. 6.11 Far-field gain pattern for (a) E and (b) H planes at the maximum gain 
for the structure shown in Fig. 6.10. 
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of such HIS antenna is not extremely small as it happens in other kinds of antennas that are 

extremely thin or small [25]. 

A. Antenna Design  

We designed and optimized a 2D infinite periodic dogbone-shaped metallic patch on top 

of a grounded substrate using periodic boundary conditions to achieve a zero-phase 

reflection at 1 GHz. Fig 1(a) shows the optimized unit-cell with dimensions A = B = 60.2 mm, 

A1 = 7.5 mm, A2 = 58.7 mm, B1 = 30.1 mm and B2 = 6 mm. The substrate has relative 

permittivity of εr = 2.2 and thickness of h = 3 mm. We construct a 2D array from the proposed 

unit-cell shown in Fig. 6.12(b) with 6 × 6 dogbone unit-cells. Also, we increase the substrate 

size beyond the patterned sheet of dogbones by 40 mm for radiation enhancement. The total 

size of the antenna is L = W = 441.2 mm. 

 

 
Fig. 6.12 (a) Dogbone metallic patch unit-cell on top of a grounded dielectric 
substrate. (b) the HIS antenna designed with 6 × 6 unit-cells fed with four ports 
shunt to ground locating at the edges of the two shorting lines. 
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An earlier study of such structure in [13]-[15] showed the possible methods to feed the 

structure where most of them are not easy to realize or provide a non-symmetric current 

distribution which results in a tilt of the radiation beam pattern. In [13], a twin line was used 

to short the central row of dogbones and a good radiation performance was shown, but the 

thickness was larger than the one considered here. Along the same lines as the initial 

investigation in [13], we consider a much thinner HIS antenna and we propose a new method 

of feeding the structure where a metal strip of width A1 is used to connect the two edges row 

of dogbones array as shown in Fig. 6.12(b). This will improve the radiated gain by imposing 

the current to evenly distribute throughout the dogbones. Four ports are assigned, one at the 

end of each shorted line (from the dogbone metal patch to the ground) as shown in Fig. 

6.12(b) to excite the structure. Three different cases were studied where the magnitude and 

the phase of each port are adjusted to achieve a maximum radiated gain and a wider gain-

bandwidth. The three different cases are summarized as: 

•  (a) All ports are fed with the same amplitude, port 1 and 3 with 0˚ input phase and 

ports 2 and 4 with 180˚ input phase. 

• (b) Only ports 1 and 2 are fed, with the same amplitude, where one has 0˚ input phase 

and the other one has 180˚ input phase. Where ports 3 and 4 are terminated with a 

50 ohms impedance. 

• (c) Only ports 1 and 4 are fed, with the same amplitude, where one has 0˚ input phase 

and the other one has 180˚ input phase. Where ports 2 and 3 are terminated with a 

50 ohms impedance. 
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The 180˚ input phase excitation difference at both ends of the array is used to achieve a 

current distribution on the dogbones array with phase more or less constant over a wide 

band of frequency. 

B. Simulation Results  

The full-wave simulation of the structure shown in Fig. 6.12(b) is done using the finite 

element method (implement in Ansys HFSS). The broadside realized gain of the three 

different cases for the 6 × 6 dogbone array is shown in Fig. 6.13. the gain of a 2 × 2 rectangular 

patch array is added for a comparison purpose where it is realized using the same substrate 

(i.e. same lateral size and height) and operates around the same frequency. 

 

Fig. 6.13 shows the broadside gain versus frequency of the proposed HIS antenna and the 

2 × 2 arrays of rectangular patches. A Figure of Merit (FoM) is defined as gain × gain-

bandwidth used to show the performance of the antenna shown in Fig. 6.13. The calculated 

 
Fig. 6.13 The broadside gain versus frequency of the proposed HIS antenna 
constructed from 6 × 6 dogbone-shaped unit-cells with three different feeding 
methods. In addition to a 2 × 2 rectangular microstrip patch antenna for a 
comparison purpose. 
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FoM for case (a) is 4.61, case (b) and (c) are 1.73 and for the array of rectangular patches is 

1.96. This result indicated the feeding method in case (a) has the highest FoM and provides 

more than twice gain-bandwidth product compared with an array of rectangular patches. 

The gain radiation pattern for both E- and H-planes for cases (a), (b) and (c) at three different 

frequencies are shown in Fig. 6.14. 

 

 

 
Fig. 6.14 Far-field gain pattern for E-plane and H-plane at (a) 0.7, (b) 0.8 and 
(c) 0.9 GHz for the three feeding methods. 
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Sec. 6.7 HIS Antenna with Beam Steering Capability 

In this section, we present a wideband, ultrathin, planar high impedance surface (HIS) 

antenna with a beamforming capability that operates at K-band. The HIS antenna is based on 

a single grounded substrate with a 2D periodic array of dogbone-shaped metallic patches 

patterned on the top of an ultrathin grounded slab. The structure is designed to operate at 

24 GHz with beam steering capability. The structure is fed by a phase-controlled excitation 

network which adds the ability to steer the beam. The proposed antenna (Fig. 6.15) is made 

of 12 × 6 unit-cells on a very thin substrate (the overall antenna height is around a 100th of 

the free space wavelength). Simulation results show a maximum broadside gain of 12 dBi 

and, despite the ultrathin thickness, a 3dB bandwidth of 1.83 GHz with a 2 dBi gain difference 

in steering the beam from 0 to 45 degrees. 

 

 
Fig. 6.15 (a) HIS antenna formed by 2D periodic unit-cells arranged as 12 
linear arrays, each fed by a 12 phase- controlled excitation ports. (b) Unit cell 
based on the “dogbone” metallic patch on an ultrathin (wavelength/100) 
grounded substrate. 
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Despite the generality of this concept, a proposed 2D periodic structure of the HIS-

antenna is based on dogbone-shaped metallic patches as shown in Fig. 6.15. Compared to the 

previous study in [7] where the substrate has a thickness around (λ0/25), the proposed HIS 

in this chapter designed on top of an ultrathin (λ0/100) grounded dielectric substrate and it 

shows a scheme for beam scanning capability. The dogbone-shaped pattern shows a strong 

capacitive coupling among contiguous metallic dipoles in the y-direction while a negligible 

coupling exists in the x-direction. Upon that view, the structure can be seen as an array of 1D 

periodically loaded microstrip lines [26], where the excitation of a single line from one end 

produces a near broadside beam in analogy to a 1D leaky-wave antenna made from 

composite right/left-handed (CLRH) metamaterials [27]. We implement phase-controlled 

excitation ports at the end of each loaded-line to achieve a continuous beam steering in the 

H-plane. 

A. HIS Antenna Design  

The proposed HIS antenna is based on a 2D periodic unit-cell where the dimensions are 

optimized to have a magnetic resonance at 24 GHz. In this work, the optimized unit-cell is 

shown in Fig 1(b) with a substrate height of h = 0.127 mm and a relative permittivity of εr = 

2.2, where the dogbone patches have dimension of A = B = 2.5 mm, A1 = 0.31 mm, A2 = 2.44 

mm, B1 = 1.25 mm and B2 = 0.24 mm. The metallic layers are made from copper with a 

thickness of 17.5 μm and a conductivity of 5.8×107 S/m. Based on the leaky-wave analysis 

conducted for a similar structure in [13], the magnitude of the electric field decays 

exponentially along each 1D linear dogbone array as shown in Fig. 6.16. The E-field decays 

in the y-direction for the first 9 dogbone unit cells. This decay of the field along the dogbones 

is contributed to the leaking radiated power and the field is negligible after a few dogbones 
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hence in this design we limit our structure by 6 unit-cells in the y-direction. Note that this 

antenna is necessarily a standard leaky-wave antenna since the leaky wave attenuation 

constant may not be necessarily very small [13], and the radiation would come from the 

leaky wave excited in the dogbone as well from the so-called “space wave” excited by the 

feed point (the edge of the array in this case). Indeed in a periodic structure, like in the 

current antenna array, the field on the “aperture” is asymptotically represented as Etot = Eleaky 

mode + Espace wave where the last term is space wave radiation as discussed in [9]. However, in 

the present design, the leaky wave propagation and attenuation constants are β/k0 = α/k0 = 

0.1 around 24 GHz, hence rather small and typical of leaky wave antennas, so radiation at 24 

GHz is dominated by the leaky wave contribution. 

 

 
Fig. 6.16 E-field magnitude versus number of elements (dogbone unit cells) for 
20 unit cells in the y-direction sampled at elements # 1-9. In the simulation we 
consider periodic boundary conditions (PBCs) in the x-direction and the 
excitation is applied to element #1. An exponential decay of the field is shown 
for the first few unit cells in the y-direction. 
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Aiming for a narrow steerable beam pattern in the H-plane, we implement 12 arrayed 

supercells (each supercell is a linear array of dogbones in the y-direction) in the x-direction.  

Considering a small extension in substrate size, beyond the whole array of patterned patches, 

the overall antenna length and width are L = 31.25 mm and W = 19.23 mm, respectively. 

Next, we choose a phase-controlled feeding scheme for the excitation ports at one end of the 

loaded linear arrays and keep the other end (on the other side of each linear array) open as 

shown in Fig. 6.15(a). By sweeping the value of the phase difference between adjacent 

excitation elements (defined as Φ = ϕn+1 – ϕn), the far-field radiated beam is steered over the 

θ angular range in the x-z plane (θ = 0˚ represents broadside radiation).  

B. Simulation Results  

A simulated broadside gain versus frequency of the proposed finite structure is provided 

in Fig. 6.17, using the finite element method (implemented in HFSS). A maximum broadside 

gain of 12 dBi is observed at 24 GHz with a 3dB gain bandwidth of 7.63%, which is quite high 

considering the extremely thin substrate. Indeed, the substrate thickness is h = /98 where 

 is the free space wavelength at 24 GHz. Fig. 6.18 shows the radiation pattern of the HIS 

antenna where each linear array is excited with the same phase and amplitude, from one end 

as shown in Fig. 6.15. A wider beam is observed in the E-plane than in the H-plane. The 

directivity in the E-plane is contributed by the leaky wave excited in each linear array. Note 

that the main beam of the antenna experiences a tilting in the E-plane toward the negative 

y-direction due to the fact that the feeding network is mounted only at one side of the loaded 

line. 
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With this particular design of 12 supercells and phase-controlled excitations, the main 

beam can be steered of ±45 degrees with a maximum gain drop of 2 dBi as shown in Fig. 6.19. 

The broadside radiation pattern in this antenna is achieved when Φ = 0˚, while the 

progressive phase shifts for other directions are shown in Table I. The spacing between the 

 
Fig. 6.17 Simulated broadside gain versus frequency of the 12 × 6 dogbone-
shaped array. All the linear arrays are excited with time-harmonic signals with 
same amplitude and same phase, Φ = 0˚ (i.e. broadside radiation). 
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Fig. 6.18 E-plane and H-plane broadside gain patterns for the array of 12 
“supercells” at 24 GHz. Each supercell is made of a linear array of 6 “dogbones” 
as in Fig. 6.15. 
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supercells, is equivalent to the lateral size of the unit-cell in the x-direction, B = λ/5, shown 

in Fig. 6.15. This is much smaller than the array element spacing used in conventional 

antenna array design where such spacing is in the order of half a wavelength. 

TABLE 6.2  
Phase Excitation Values Φ to Obtain the Radiation Patterns in Fig. 6.19. 

Direction (θ) -45˚ -30˚ -15˚ 0˚ 15˚ 30˚ 45˚ 

Phase (Φ) 56˚ 38˚ 20˚ 0˚ -20˚ -38˚ -56˚ 

 

 

Sec. 6.8 Conclusion 

An extremely thin HIS Antenna has been studied and evaluated through full-wave 

simulations and measurements. The exponential decay of the E field on the structure from 

the source location reveals the presence of a leaky mode inside the structure. Full-wave 

simulation of an exciting structure composes of 1D and 2D array of dogbones revels a 

wideband broadside gain-bandwidth despite having a very thin (λ/100) substrate height. 

 
Fig. 6.19 Gain pattern versus observation angle in the H-plane for different 
steering phase shifts resulting in steering angles from -45˚ to 45˚ at 24 GHz. 

Angle θ (Degree)

G
ai

n
(d

B
i)

           
-   -   -   



113 
 

The full-wave simulation along with the measurement results of the gain bandwidth and 

patterns in both E and H planes are obtained where they show a good agreement.  

In addition, we study another possible feeding mechanism to the HIS antennas operating 

around 900 MHz. This antenna can be implemented as an RFID tag or in some other mobile 

communication systems operates at a lower frequency. Further, we show a possibility of 

steering the main beam of broadside direction. Considering the fact that the antenna 

thickness is extremely subwavelength, we achieved wideband operation, high gain 

performance, and tunable beaming direction. Such antenna has the potential to be 

implemented in radar systems or any other application that requires an ultrathin antenna 

with beam steering capability. 

 

Parts of this chapter are reproduced based on the material in [A. T. Almutawa, H. Kazemi, 

and F. Capolino, “Analyze and design of thin planar high impedance surface as an antenna,” 

in 2018 International Conference on Electromagnetics in Advanced Applications (ICEAA), 

2018, pp. 623–624], © 2018 IEEE and in [A. T. Almutawa, H. Kazemi, and F. Capolino, 

“Ultrathin planar HIS antenna with beam steering capability for K-band,” in 2019 13th 
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