
242 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 68, NO. 1, JANUARY 2020

Mechanism and Elimination of Scan Blindness
in a T-Printed Dipole Array
Hanni Koo and Sangwook Nam , Senior Member, IEEE

Abstract— In this article, the scan blindness in a T-printed
dipole is analyzed, and an elimination strategy is proposed. First,
the main cause of scan blindness is analyzed. The scan char-
acteristics are obtained using an active element pattern (AEP)
with an infinite rectangular lattice arrangement. Based on the
propagation of a guided wave along the antenna row and the
electric-field (E-field) distribution observed during simulations,
an equivalent circuit model for a unit cell of the T-printed
dipole is obtained. A quasi-transverse electromagnetic (TEM)
guided wave is predicted using the dispersion relation curve
obtained from the equivalent circuit, and it is proven that the
calculated curve is in good agreement with the eigen mode
simulations and measured trajectory of the scan blind angle,
for different frequencies. Next, slits and stubs are introduced as
parasitic structures to eliminate the scan blindness and improve
the antenna scan range. To confirm the effects of these parasitic
elements, a linear array simulation is performed, which confirms
the suppression of a quasi-TEM guided wave. Analysis of the
active reflection coefficient and dispersion diagram indicates that
the scan characteristics have been improved by the addition of
parasitics. Four types of array prototypes are fabricated and their
measurements validate the scan blindness prediction and confirm
the proposed mechanism of scan blindness and its improvements.

Index Terms— Phased array, quasi-transverse electromag-
netic (TEM) guided wave, scan blindness, T-printed dipole.

I. INTRODUCTION

SCAN blindness is a critical issue in phased array anten-
nas. If an infinite phased array structure is capable of

supporting a guided wave, then under certain Floquet exci-
tations, the amplitude of the guided mode field infinitely
increases, resulting in infinitely large input impedance. Thus,
the array ceases to radiate. This phenomenon is known as
scan blindness and the corresponding angle at which this
occurs is called the blind angle [1]. Comprehensive studies
have been conducted on the scan blindness in planar printed
antennas such as dipoles or rectangular microstrip patches,
based on the coupling from Floquet modes to surface-wave
modes [2]–[5]. However, scan blindness is caused by not only
surface waves but also various other factors. In 1991, infinite
arrays of printed dipoles on finite-height dielectric sheet were
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analyzed using Green’s function moment method approach
and mode matching and its scan blindnesses were observed
in the E-plane [6]. In 1994, the E-plane scan results were
presented for infinite arrays of microstrip-fed dipoles printed
on protruding dielectric substrates [7]. In 1996, a model of
parallel-plate modes was proposed to predict the existence
and location of the E-plane scan blindness in a tapered-slot
single-polarized array, which is associated with a guided wave
on a corrugated surface [8]. In 2008, the scan blindness in
single polarized tapered-slot elements in triangular grids was
explained to have occurred because of the presence of leaky
waves in the structure [9].

Various methods have been proposed to reduce the scan
blindness in phased arrays, depending on the antenna element
geometry [10]–[16]. The electromagnetic bandgap (EBG)
structure is an effective method to eliminate scan blind-
ness by suppressing the surface waves generated in printed
phased arrays, and many related methods have been pro-
posed [10]–[14]. Studies have been conducted to eliminate the
scan blindness in Vivaldi arrays [15], [16]. In 2014, triangular
parasitic notches were proposed to reduce the magnitude
of leaky modes for E-plane scanning and shift the cavity
resonances of stripline-fed tapered-slot antennas to higher
frequencies [15]. In 2018, a sliced notch antenna (SNA) array
was proposed, which offered better suppression of the classical
Vivaldi E-plane scan blindness [16].

In this article, the mechanism of scan blindness in a
T-printed dipole array is described, and an effective scan
blindness elimination strategy is proposed. A T-printed dipole
with integrated balun has been proposed for wireless com-
munication at microwave frequencies [17]–[24], because it
has many advantages such as lightweight, low cost, ease
of fabrication, and suitability for integration with microwave
integrated circuit modules. The T-printed dipole structure can
support a wave that propagates along the E-plane, which
resembles the quasi-transverse electromagnetic (TEM) mode
of a rectangular mushroom structure proposed in [25]. Fur-
thermore, this quasi-TEM analysis has been used to quickly
and accurately calculate the dispersion curves [26].

Scan blindness is observed using an active element pat-
tern (AEP) and active reflection coefficient [1], [27]. From the
electric field (E-field) distribution at the scan blind angle in the
E-plane, an equivalent circuit model for a unit cell is proposed
and the equation for the dispersion relations is derived using
the transmission line (TL) theory [26], [28], which has been
successfully used to calculate the dispersion relations for 2-D
periodic structures [29], [30]. The dispersion diagram is also
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Fig. 1. Geometry of an element. (a) Basic T-printed dipole. (b) T-printed
dipole with slits and stubs.

used to verify the existence of the guided mode in the T-printed
dipole, which is a proper method to find resonant frequencies
in periodic structures.

We propose the T-printed dipole model to eliminate the
guided wave effect and compare it to the conventional model.
In 2015, a radio frequency choke (RFC) using modified stubs
was developed to improve the isolation characteristics of
multiple input multiple output (MIMO) antennas [31]. In 2017,
Ta et al. [23] and Ta and Park [24] proposed inserting a
microstrip stub between two printed angled-dipole antennas to
improve the scanning angle range, bandwidth, radiation effi-
ciency, and mutual coupling. However, the specific mechanism
by which the stub could reduce the mutual coupling and widen
the scan range is not explained. In this article, the role of
slits and stubs is discussed in terms of the scan blindness and
suppression of the guided wave. These parasitic elements are
applied to the T-printed dipole to effectively eliminate scan
blindness.

The remainder of this article is organized as follows.
In Section II, the T-printed dipole element structure and
requirements are introduced. Section III presents an analysis
of the scan blindness effect in an infinite array. Based on this
analysis, an equivalent circuit model is explained. Section IV
shows that the proposed model supports guided-wave suppres-
sion along the printed dipole array in the E-plane. The disper-
sion diagram is used to validate the proposed idea. Section V
presents the simulation model and the fabrications of four
types of T-printed dipole antennas, with their measurement
results. The conclusions are presented in Section VI.

II. SINGLE-ELEMENT DESIGN

A T-printed dipole element has low profile, lightweight, low
cost, and compact size and is widely used for building phased
arrays [21], [22]. Fig. 1 shows the configurations of a basic
T-printed dipole element and the proposed one. These models
are modified from the original model proposed in [23]. The
substrate used in the proposed design is RT/Duroid Rogers

TABLE I

DESIGN PARAMETERS OF T-PRINTED DIPOLE ELEMENT

5880 with a relative permittivity of 2.2 and dielectric loss
tangent of 0.009. The thickness of the dielectric and copper
are 0.254 and 0.017 mm, respectively. The feedline consists
of a microstrip and the balun, which are printed on the
front of the substrate. The dipole and the ground are at the
back of the substrate. Impedance matching is achieved by
adjusting the folded line and the gap of the slot (Ws). The
design values for the geometric parameters of the structure are
described in Table I. In order to improve the E-plane scanning
characteristics of the printed dipole array, stubs and slits are
added between the two printed dipole antennas in the proposed
design, as illustrated in Fig. 1(b). The length of the stub is
determined in accordance with Alhalabi and Rebeiz [22]. Slits
are added at both sides of the feedline to the T-printed dipole
element to complement the stubs. The role of the parasitic
elements is described in detail in Section IV.

III. SCAN BLINDNESS ANALYSIS

A. Active Element Pattern in Infinite Array

The AEP is a good indicator for predicting the scan blind-
ness of a phased array [1], [27]. The patterns used in our
work are obtained using an electromagnetic simulator, CST
Microwave Studio. A rectangular lattice is selected, with an
element spacing “a” of 0.5λ0 (where λ0 is the free space
wavelength) in the E-plane and H-plane, to avoid a grating
lobe. The AEP in an infinite array for a basic T-printed dipole
is obtained in the E-plane and H-plane as shown in Fig. 2(a).
The pattern in the E-plane shows scan blindness at ±36◦ and
sharply decays near the blind angle, which is quite different
from the behavior of the H-plane pattern. Fig. 2(b) illustrates
the AEP in an infinite array with slits and stubs. The scan
blindness in the E-plane is eliminated, and the pattern in the
H-plane shows little change when compared to Fig. 2(a).

B. E-Field Distribution in Infinite Array

The E-field distribution in the infinite array is obtained by
Floquet excitation. Fig. 3(a) shows the E-field distribution in
the infinite array when Floquet excitation is performed such
that the incident angle is the blind angle. Fig. 3(b) illustrates
the E-field distribution when the elements are excited with
uniform amplitudes without phase progression to steer the
bore sight angle. The amplitude of the E-field in Fig. 3(a)
is considerably higher than that in Fig. 3(b). The E-field
in Fig. 3(a) is strongly coupled between two dipole arms and
it is different from the fields at the other angles. When scan
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Fig. 2. AEP in an infinite array (comparison of the E-plane and H-plane).
(a) Basic T-printed dipole. (b) T-printed dipole with slits and stubs.

blindness occurs, only the z-direction component of the E-field
is present, and the wave propagates in the x-direction. Thus,
the dipole arms and ground plane operate as a TL. These
guiding fields are described as the quasi-TEM mode.

C. Dispersion Diagram

To understand the relationship between the scan blindness
and the dispersion properties of a unit cell of the basic
T-printed dipole element, two types of simulations were car-
ried out. The first simulated a trajectory of the scan blindness
for an AEP in an infinite array, according to the frequency
change. The AEP is expressed in terms of the active reflection
coefficient, also known as the Floquet reflection coefficient
(�FL) if no grating lobe exists for the infinite array under
Floquet excitation [29]. Thus, the active element gain G AE P

could be expressed as

G AE P = 4π Aunitcell

λ2
0

cos θ × [1 − |�F L |] (1)

Fig. 3. E-field distribution between two dipoles in infinite array when Floquet
excitation is performed so that the incident angle is (a) blind angle (36◦) and
(b) boresight angle (0◦).

where Aunitcell is a unit cell area. The scan blind angle can be
verified from the singularity point traces of the active reflection
coefficient in the infinite array, by sweeping the frequencies.
Under such a condition, the amplitude of the guided wave
increases, resulting in a very large input impedance and
very poor matching. Thus, the active reflection coefficient
converges to one, causing scan blindness [1]. The second is
an eigen mode simulation to determine the resonances and
dispersion properties of the unit cell. For the eigen mode
analysis, the periodic boundary conditions (PBCs) are applied
in both the x- and y-directions with a unit cell size “a”
(4.285 mm). Only the phase shift along the x-direction is
considered because of the E-plane scanning. The trajectories
of the scan blindness and dispersion properties are in good
agreement, as shown in Fig. 4. The relationship between a
propagation constant of the unit cell (βunit) and a scan angle
(θscan) can be expressed as

βunit = k0 sin θscan. (2)

In the dispersion diagram obtained from the eigen mode
simulation, when the scan angle is 36◦, the resonant frequency
is 35 GHz, which corresponded to the scan blindness shown
in Fig. 2. These results support the hypothesis that the prop-
agation constant of a TEM guided mode coincides with that
of a radiation mode, then two modes lead to a resonance and
subsequent scan blindness.
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Fig. 4. Simulated dispersion diagrams of eigen mode, trajectory of scan
blindness, and calculated dispersion relations obtained from (12).

Fig. 5. E-field distribution of coupling between linear infinite dipole arrays
placed 10 unit cells apart at 35 GHz for basic T-printed dipole array.

D. Guided Quasi-TEM mode

To support the guiding of the quasi-TEM mode,
Fig. 5 shows the E-field simulation of the coupling between
linear infinite dipole arrays placed 10 unit cells apart, describ-
ing the E-field magnitude of a T-printed dipole array in the
E-plane. The PMC boundary to the y-direction is applied using
the CST simulator to implement an infinite array. Ports are set
on both sides of the 11-element array in the x-direction. Port 1
is excited to examine the E-field distribution guided along the
antenna. It is observed that the guided wave is traveling in the
direction of the antenna row when the antenna elements are
coupled to each other. This simulation shows that the row of
T-printed dipoles operates as a TL supporting the quasi-TEM
mode.

E. Equivalent Circuit

Based on the observation of the dispersion properties
in Fig. 4 and the quasi-TEM wave propagation to the
x-direction in Fig. 5, the basic topology of the unit cell
could be expressed as shown in Fig. 6(a). For simplicity,
only a 1-D equivalent circuit is considered, as the propagation
constant βy = 0 in the E-plane direction [26]. This topology
is composed of a series capacitance, TL, and transformer. Its

Fig. 6. (a) Equivalent topology of a T-printed dipole unit cell. (b) Trans-
formed equivalent circuit.

equivalent circuit is depicted in Fig. 6(b). A gap capacitance
for series (Cgs) is characterized between two adjacent printed
dipole arms and a gap capacitance for parallel (Cgp) occurs
due to discontinuity from the edge. The printed dipole arms are
considered to be similar to a TL along the x-direction, forming
a quasi-TEM mode, which is described by the characteristic
impedance ZTL and propagation constant βTL of the TL.
The E-field is coupled to the adjacent dipole through the
feeding line and the energy is guided along the row of antenna
elements, as shown in Fig. 5. Hence, the antenna feeding
network operates as a transformer. A mutual inductance (Lm)
and self-inductance (L) are used to represent the transformer.
Ctp is a parasitic shunt capacitance arising from the discon-
tinuity between the TL and transformer. Cts is a parasitic
series capacitance that occurs because of the antenna feeding
line. Using the equivalent circuit proposed in Fig. 6(b), the
equation for the dispersion relation is derived based on the
TL theory [26]. βunit is determined using the 1-D periodic
circuit network according to [26] and [28]. The components
in the unit cell are extracted from the ABCD matrix using the
simulator and de-embedding methods [28]. Using the values
of the elements obtained in Appendix, the dispersion relation
curve is obtained as the dashed line in Fig. 4, which is
compared with the trajectory of the scan blindness (blue line)
and the eigen mode curve (red line). As the scan angle
increases, the theoretically calculated results differ from the
simulated or measured results. This could be because the
quasi-TEM mode and the higher order mode are considered
for the eigen mode simulated results, whereas the theoretical
curves support only the quasi-TEM assumption. Within 45◦,
the calculation results fit well with those of the measurement
and simulation.

IV. PARASITIC SLITS AND STUBS FOR ELIMINATING

SCAN BLINDNESS

To improve the scan performance of the printed dipole array,
in the E-plane direction, a slit and stub structure are proposed,
as shown in Fig. 1(b). The effect of the parasitic elements
is confirmed by the active reflection coefficient and E-field
distribution of the quasi-TEM guided wave. The resonance
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Fig. 7. Comparison of four types of 2-D active reflection coefficients.
(a) Basic T-printed dipole. (b) With stubs. (c) With slits. (d) With slits and
stubs.

frequencies of the guiding mode, with and without the parasitic
structures, are verified using the dispersion diagram.

A. Comparison of Active Reflection Coefficients

The simulated active reflection coefficients for four cases
in the 2-D infinite array are shown in Fig. 7. The blue part
indicates that the active reflection coefficient is less than
−10 dB. Fig. 7(a) indicates that reflection occurs around
ϕ = 0◦ and θ = ±36◦ for a basic T-printed dipole, which is the
scan blindness in the E-plane. To eliminate the scan blindness
effect, three configurations of parasitics are considered. The
first case is an element with stub, as depicted in Fig. 7(b). The
second case is an element with slit, as depicted in Fig. 7(c).
The third case is the elements with slits and stubs, shown
in Fig. 7(d). The graph shows that the reflection coefficient
is less than −10 dB for all � directions and θ within ±45,
which is the best case among the four types in Fig. 7.

B. Guiding Wave Suppression

The presence of a guided wave is discussed in Section III.
To observe the changes to the guided wave, caused by the par-
asitic structures, slits and stubs are added to the original array
model depicted in Fig. 5. When port 1 is excited, the amplitude
of the E-field in the proposed array is suppressed, as shown in
Fig 8. This indicates that the stubs and slits play a significant
role in impeding the quasi-TEM guided wave along the printed
dipole array in the E-plane. An S-parameter graph is depicted
in Fig. 9. Fig. 9(a) describes the S-parameter characteristics
for Fig. 5. The transmission coefficient is improved from
−25 to −35 dB at 35 GHz, as shown in Fig. 9(b). Decreasing
the amplitude of the guided wave, using parasitic structures,
reduced the mutual coupling and improved the return loss.

C. Comparison of Dispersion Relations

To understand the propagation and suppression characteris-
tics of the guided wave along the printed dipole, a dispersion

Fig. 8. E-field distribution of coupling between linear infinite dipole arrays
placed 10 unit cells apart at 35 GHz for T-printed dipole with slits and stubs.

Fig. 9. S-parameter comparison of (a) basic T-dipole array, from Fig. 5, and
(b) T-dipole with slits and stubs as parasitic structures, from Fig. 8.

diagram is used, as described in Section IV. The dispersion
diagram shown in Fig. 10 is the result of parametric studies
on the length of slits and stubs. The idea of inserting stub
structures between printed dipoles is proposed in [23]; these
can be equalized with an LC resonator to suppress leakage
current [31]. The stubs and slits are characterized by a shunt
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Fig. 10. Simulated dispersion diagram of eigen mode for different length of
the slit (slith) and stub (stubh).

Fig. 11. Simulated dispersion diagram of eigen mode and trajectory of scan
blindness. Three cases are compared: printed dipole versus printed dipole with
stub versus printed dipole with slits and stubs.

capacitance (Cshunt) and series inductance (Lseries), respec-
tively. As Lseries and Cshunt are added, βunit is increased,
which has the effect of lowering the resonance frequency of
the quasi-TEM mode. Consequently, as the length of the stub
or slit becomes longer in Fig. 10, Cshunt or Lseries increases,
such that the dispersion curve moves toward lower frequencies.
At this time, if the length of the slit or stub exceeds 1 mm,
the parasitic structure acts as a resonator, which affects the
radiation pattern. Thus, the length of the parasitic element is
determined to be 1 mm in order to avoid the resonance of the
quasi-TEM mode at a given design frequency. Fig. 11 shows
the results of the trajectory of scan blindness in an infinite
array and the simulated dispersion diagram of eigen modes
for the three structures. The first structure is a basic printed
dipole element. The second is a unit cell with stubs. The third
structure is one wherein the stubs and slits are inserted in a unit
cell, supplementing the stub structures. The third case shows

Fig. 12. Geometry of 11 × 3 basic T-printed dipole array for a finite AEP.

Fig. 13. Structure of an AEP of the 11 × 3 array. (a) Basic printed dipole.
(b) Proposed.

that the resonant frequencies are shifted to a value lower than
when only the stub structures are present.

V. FINITE ARRAY AND MEASUREMENTS

A. Physical Explanation for Finite Array

In Section III, the scan blindness mechanism for infinite
arrays of a T-printed dipole has been discussed. Using stubs
and slits, the scan blindness phenomenon is improved for the
E-plane, but there is almost no pattern change for the H-plane.
Therefore, for the purpose of measuring only the E-plane,
the geometry of an 11 × 3 basic T-printed dipole array for a
finite AEP is proposed in Fig. 12. The design parameters are
L = 42 mm, W = 30 mm, and D = 4.28 mm. First, two types
of 11×3 finite T-printed dipole arrays are illustrated in Fig. 12.
The AEP structures based on the basic printed dipole model
and the proposed elements are presented in Fig. 13(a) and (b),
respectively. For AEP implementation, a center element of the
middle row substrate is excited, and all other elements are
matched and terminated with 50 	 thin-film chip resistors
(0402 size, Vishay). Similarly, all elements of the first and
third substrates are matched and terminated with 50 	 chip
resistors, so that the two substrates worked as a magnetic wall.
The other two types of antennas consist of 10 × 3 elements,
but these operate as an 8×1 array. The substrate located in the
middle row consists of eight excited elements and two matched
terminated elements. In the case of a finite array, the AEP
of the element near the edge differs from that of the center
element [32]. Therefore, the edge elements of the substrate
are used as dummy elements to preserve the uniformity of
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Fig. 14. Structure of fully excited 8 × 1 arrays in the E-plane with 41◦ scan
angle. (a) Basic printed dipole. (b) Proposed.

Fig. 15. Simulated scanning performance in the E-plane for the 11 × 3
arrays with an excited eight-element linear array. (a) Basic printed dipole.
(b) Proposed.

the AEP of the feeding elements, as shown in Fig. 14 [33].
Elements of the first and third rows of the array are terminated
with 50 	, similar to the AEP structures. The design model
in Fig. 14(a) is realized as a basic printed dipole array and
the second one in Fig. 14(b) depicts a printed dipole array
with slits and stubs. A 1:8 Wilkinson divider is designed for
Floquet excitation so that each element is isolated and excited

Fig. 16. Four types of center row substrate arrays fabricated. (a) AEP of
the 11 × 3 arrays for the basic T-printed dipole. (b) AEP of the 11 × 3
arrays for the proposed T-printed dipole. (c) Fully excited 8 × 1 arrays for
the basic T-printed dipole. (d) Fully excited 8 × 1 arrays for the proposed
T-printed dipole. (e) Array of printed dipoles with slits and stubs mounted on
the antenna bracket.

uniformly. The microstrip delay line in the feeding is a phase
shifter. The phase difference of each device is 120◦ at 35 GHz,
making the scan angle of the designed array 41◦, which is
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Fig. 17. E-plane co-polarization AEP of the 11× 3 arrays. (a) Basic printed
dipole. (b) Proposed.

close to the scan blind angle of 36◦. Chip resistors are used
for matched termination, similar to the finite-AEP structure
mentioned above.

B. Scanning Performance

Fig. 15 shows the scanning performance of the 11×3 arrays
with an excited eight-element linear array for the basic printed
dipole and proposed printed dipole. The array is fed to the
same amplitude and scanned at 11.25◦ intervals by controlling
the phases at eight ports. In Fig. 15(a), when the scan angle is
33.75◦ near the scan blind angle, the co-polarization realized
gain pattern is deteriorated by the scan blindness effect. On the
contrary, the pattern is improved as shown in Fig. 15(b), using
the slits and the stubs.

C. Simulations and Measurements

As explained in Section V-A, four types of prototypes were
fabricated and measured. Fig. 16(a)–(d) shows the front and
back views of the center row substrates with end launch

Fig. 18. Fully excited 8×1 arrays in the E-plane co-polarization at 41◦ scan
angle. (a) Basic printed dipole. (b) Proposed.

connectors (type 2.92 mm). Fig. 16(e) depicts a photograph
of the 11 × 3 T-printed dipole array with slits and stubs for
finite AEP mounted on an antenna bracket made of aluminum.
To validate the simulation results, experiments were performed
in a far-field anechoic chamber. Fig. 17(a) and (b) presents the
finite AEP simulated and measured in the E-plane at a fixed
frequency for a basic T-printed dipole array and the proposed
array, respectively. Scan blindness around ±36◦ is observed
in both the measured and simulated results in Fig. 17(a).
Fig. 17(b) illustrates that the scan blindness is eliminated in
the AEP. The scan range of the AEP is ±57◦. At the broad
side, the realized gain is 4.1 and 2.8 dBi for the simulated and
measured values, respectively. Although a slight gain variation
occurred in the measurement results owing to the scattering
of the antenna bracket, the measured patterns are in good
agreement with the simulated patterns. The measured and
simulated realized gains were obtained as illustrated in Fig. 18,
which shows the fully excited array for scanning toward
41◦ in the E-plane. Fig. 18(a) shows that the main beam is
distorted because of the scan blindness. By adding a parasitic
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Fig. 19. Comparison of scan blindness occurrences when the printed
dipole array antenna is steering from broadside to 50◦ in the E-plane.
Eigen mode (simulated) versus dispersion relations (calculated) versus scan
blindness (measured).

element, as shown in Fig. 18(b), the gain measured is improved
by 9 dB compared to the original model. At the intended
angle (41◦), the realized gain is 10.6 and 11.7 dBi for the
simulated and measured values, respectively. Fig. 19 shows
the measurements of the scan blindness traces for E-plane
scanning obtained by sweeping the frequencies from 32.5 to
37 GHz with 0.25 GHz intervals. The measured data are
matched with the eigen modes simulated for a basic T-printed
dipole. From the results in Fig. 19, it can be inferred that
the quasi-TEM wave guided along a row of T-printed dipole
elements is the main cause of the scan blindness.

VI. CONCLUSION

In this article, the scan blindness in the T-printed dipole was
analyzed and an elimination technique proposed. The main
cause of the scan blindness was found to be a quasi-TEM
guided wave mode traveling along the printed dipole sub-
strate in the E-plane through an infinite rectangular array.
The existence of a guided wave was analyzed by confirming
that the eigen mode and scan blindness curves are identical.
Moreover, this mode could be predicted using a proposed
simple equivalent circuit and a dispersion relation formula.
Through this equation, it was verified that this guiding wave
can be described as a quasi-TEM mode. It was also found
that adding slits and stubs in the unit cell plays an important
role in lowering the resonant frequencies in the printed dipole
structure. Therefore, it could be considered an efficient method
for eliminating the scan blindness at the desired frequencies.
The analysis was verified by simulations and experiments
conducted on four types of models, AEP, and array prototype
with and without parasitic structures. The proposed concept
provides improvements in the gain and scan range. The
analysis of the scan blindness and its elimination method
can be applied to various types of half-wave dipole antennas
with balun in a rectangular array. The analysis of the scan

Fig. 20. Extraction of TL parameters. (a) Simulation setup for TL parameters.
(b) Characteristic impedance ZTL and phase constant βTL.

blindness will be extended to other lattice configurations of
dipole antennas in future work.

APPENDIX

DERIVATION OF DISPERSION RELATIONS

In this appendix, the derivation of dispersion relations and
the method of the components extractions are introduced from
the equivalent circuit of the T-printed dipole unit cell shown
in Fig. 6. Each element in Fig. 6(b) is expressed in terms of
the ABCD parameters as T

TCapL =
[

1 1
j2ωCgs

0 1

][
1 0
1

j2ωCgp
1

]
(3)

βunit = k0 sin θscan (4)

TCapR =
[

1 0
1

j2ωCgp
1

] [
1 1

j2ωCgs

0 1

]
(5)

TT L =
[

cosψ j ZT L sinψ
jYT L sinψ cosψ

]
(6)

In this case, the phase of the TL (ψ) is given by

ψ = βT LdT L = 2π
√
εe f f

λ0
dT L (7)
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Fig. 21. Extraction of gap capacitance parameters. (a) Simulation setup for
gap capacitance parameters. (b) Gap capacitance for series (Cgs) and gap
capacitance for parallel (Cgp).

where the length of the dipole arm (dTL) is 1.3925 mm

TT L =
[

1 0
1

jωCtp
1

] [
AT F ′ BT F ′
CT F ′ DT F ′

][
1 0
1

jωCtp
1

]
(8)

TT L =
[

AT F ′ BT F ′
CT F ′ DT F ′

]

=
⎡
⎣ −y22,T F ′

y21,T F ′
−1

y21,T F ′
y12,T F ′ y21,T F ′ −y11,T F ′ y22,T F ′

y21,T F ′
−y11,T F ′
y21,T F ′

⎤
⎦

Y11,T L ′ = jωCts + L

jω(L − Lm)(1 + 2Lm)

Y21,T L ′ = − jωCts + Lm

jω(L − Lm)(1 + 2Lm)

Y12,T L ′ = − jωCts + Lm

jω(L − Lm)(1 + 2Lm)

Y22,T L ′ = jωCts + L

jω(L − Lm)(1 + 2Lm)
. (9)

The unit cell matrix Tunit is expressed as follows:
Tunit = TCapLTT L TT F TT L TCapR. (10)

Fig. 22. Extraction of transformer parameters. (a) Simulation setup for
transformer parameters. (b) Self-inductance (L) and mutual inductance (Lm).

According to the dispersion relation theory, (10) can be derived
as

cosβunit a = 2Bunit Cunit + 1. (11)

Using (2) and (12), the dispersion relation is expressed as

cos k0a sin θscan = 2Bunit Cunit + 1. (12)

In principle, any EM simulator can simulate the two-port
network parameters of a unit cell. Each values of components
in unit cell are determined by field distribution, geometry, and
the boundary conditions. Since the boundary in the y-direction
of the unit cell does not have phase differences, it acts as an
H-wall.

A. Transmission Line

The arm of the T-printed dipole operates as a TL as shown
in Fig. 20(a). The values of impedance (ZTL) and the effective
dielectric constant (εeff) obtained by exciting the waveguide
port at both ends are shown in Fig. 20(b).

B. Capacitance

The lumped capacitance can be extracted from the Y matrix
for a Pi-type network. The waveguide ports at both ends are
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de-embedded by the length of the TL as shown in Fig. 21(a).
Using (13)–(15), we obtain the gap capacitances as shown
in Fig. 21(b)

YCap =
⎡
⎣ Y11,Cap Y12,Cap

Y21,Cap Y22,Cap

⎤
⎦ (13)

Cgs = − Im(Y21,Cap)

ω0
(14)

Cgp = − Im(Y11,Cap + Y21,Cap)

ω0
. (15)

C. Transformer

Like capacitance, each component of the transformer can be
calculated from the Z matrix extracted from the simulation.
The self-inductance (L) and the mutual inductance (Lm)
can be derived from (9), but the appropriate parasitic shunt
capacitance (Ctp) and parasitic series capacitance (Cts) values
need to be determined. The parameter study determines the
appropriate Ctp so that the L has an independent value for
the frequency. In the same way, Cts associated with the
Lm can be determined. Fig. 22(a) shows the transformer
geometry de-embedded by the length of the TL, and the
mutual inductance and the self-inductance can be calculated
as Fig. 22(b). The values of the components are calculated
as follows: ZTL = 288 	, εeff = 1.19, Cgs = 0.026 pF,
Cgp = 0.004 pF, Ctp = 0.01 pF, Cts = 0.02 pF, L = 0.46 nH,
and Lm = 0.24 nH.
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