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In this design, a novel inverted F antenna with a low profile feed structure is proposed for millimeter-wave (mmW) applications.
The array element consists of a printed inverted F antenna and a L-shaped parasitic deflector, approximately forming a structure
similar to the Yagi-Uda antenna. The gain could be increased and the impedance bandwidth could be broadened by the structure.
And, it is important to realize the miniaturization of the antenna element by bending the parasitic deflector based on the
traditional deflector without affecting the performance. The proposed antenna has a low feed substrate height (0.254 mm~0.021,),
which makes it easy to integrate with planar circuits. As proof, a 1x4 array model with an impedance bandwidth of 20.5%
(23.0-28.3 GHz) is designed and measured. The inverted F array demonstrated is an important candidate for mmW applications
due to its wide bandwidth, miniaturization, ease of integration with planar circuits, and low manufacturing cost.

1. Introduction

As modern communication becomes more and more
popular, the number of users increases dramatically. The
existing spectrum looks increasingly stretched. Wireless
technologies at millimeter-wave (mmW) frequencies have
recently received increasing attention due to a large amount
of spectrum resources available. For example, 5G commu-
nication [1, 2], automotive radar [3, 4], satellite commu-
nication [5, 6], synthetic aperture radar [7], broadband high-
speed point-pointing communication [8, 9]. It is reported to
be in use. And since the transmission loss increases gradually
with the frequency during transmission, the millimeter-wave
antenna needs to be grouped in an array to improve the gain
[10-12]. However, there are also some applications where
the user equipment is small, so the antenna is required to be
as small as possible to reduce the size of the antenna. To solve
this problem, antenna miniaturization has been widely
studied in recent years. The miniaturization of the antenna
unit is achieved through the topology as shown in the lit-
erature [13, 14]. End-emitting radiation antennas in milli-
meter-wave phased array applications have been studied in
the past, such as quasi-Yagi antennas [15, 16], angular dipole

antennas, [17, 18] and notch antennas [19].These antennas
are suitable for array structures with good performance at
various millimeter-wave frequencies. However, most an-
tennas are not suitable for embedding in mobile terminals
because of the large horizontal width of the antenna. On the
limited area of PCB of the mobile devices, millimeter-wave
antennas should be tightly packed with many components
used for various functions such as displays, data commu-
nications, and cameras. Therefore, it is particularly impor-
tant to minimize the transverse size of the antenna
(including the filling cut area around the antenna) [1]. [20]
used a conventional dipoles antenna using the ground plane
as a reflector to obtain the end-fire effect, but the gain is
relatively small. For the design of the array antenna, the
feeding mode is worth a concern. In the traditional feeding
mode, a microstrip is used for feeding. For example, a large
number of wideband Wilkinson Power divider are used to
cover the 8-12 GHz bandwidth; however, the insertion loss
of every Wilkinson power divider exceeds 3.5dB. For ex-
ample, some end-radiation antennas fed by metal wave-
guides were studied [21, 22], which showed wider bandwidth
and higher radiation efficiency. However, their size and high
manufacturing costs may limit their range of applications.
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Substrate integrated waveguides(SIW) are integrated with
planar circuits or chips because of their high Q value, low
insertion loss, low cost, and low profile characteristics. For
example, in [23], a low profile is achieved by using a SIW for
feeding. [24] applied a hexagonal SIW as a back cavity to
design a miniaturized triplexer. SIW can also be used to
design back-cavity SIW antennas. Cross-polarization and
mutual coupling between the array elements can be effec-
tively reduced [25]. SIWs are also often designed as circu-
larly polarized back-cavity SIW antennas with a high gain
due to their cost, and low profile. For example, [26, 27] by
etching a square slot in the upper layer of the SIW, and
circular polarization is achieved by means of a feed topology.
Therefore, for millimeter-wave applications, it is ideal to use
SIW to design broadband end-fire array feed networks with
low-profile feed structures and low manufacturing costs. In
this communication, a novel millimeter-wave end-fire array
is proposed and its structure, design process, and mea-
surement results are reported. The array element consists of
a horizontal printed inverted F antenna and a bent printed
parasitic deflector to obtain a wider impedance bandwidth
while compensating for gain. Different from the normal
deflector, the bent deflector proposed in this paper can
obtain a smaller transverse width while keeping the gain
unchanged. This allows the proposed antenna to obtain a
smaller array. The low profile SIW feed makes the proposed
antenna easy to integrate with the planar front-end circuit.
As a demonstration, a 1 x4 array was designed and fabri-
cated to validate the proposed design approach. The array
has the advantages of broadband, easy integration with
planar circuits, low cost, and having a low-profile feed
structure. This communication is organized as follows.
Section 1 describes the design principles of the proposed
antenna elements, and the design of the array is given in
Section 2. The corresponding discussion is given in Section
3, and finally, the conclusion is given in Section 4.

2. Design of the Proposed of Inverted F Deflector
Antenna Array

The design of the proposed array antenna can be divided into
three steps, the designing and optimization of the antenna
element, the designing and optimization of the feed network,
and the optimization of the cascade of the antenna element
with the feed network.

The antenna element is designed using an inverted F
antenna as the basic antenna element, and to compensate for
its lack of gain, a deflector is added and a bent deflector
solution is proposed to miniaturize the antenna element. A
suitable antenna element is finally obtained. The design of
the feed network takes into account the high operating band
and uses the form of a SIW, and due to the small size of the
array element spacing and antenna element, a new Y-shaped
power divider is proposed. Through cascading, a 1 x 4 power
divider is designed. Then connecting the elements to the
cascaded power divider, the whole simulation mode is
formed. Finally, the antenna array is produced and
measured.
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2.1. Design of the Element. Due to their simple construction,
inverted F antennas Could be used in user equipment ap-
plications. For millimeter waves, there is a problem of high
loss in transmission, so the gain needs to be increased to
minimize the effect of transmission loss. However, the gain
of a traditional printed inverted F antenna is small. In order
to compensate for its gain, the current phase and amplitude
of the deflector and reflector are controlled by controlling
the distance between the deflector, active and reflector using
the deflector principle of traditional Yagi antenna. Mean-
while, the length of the deflector and reflector also affects the
amplitude and phase of the current. The inductive elec-
tromotive force method can be used to analyze the current
amplitude and phase relationship between the deflector and
the inverted F antenna to verify that the deflector is satisfied.
Figure 1(b) shows the inverted F antenna using a conven-
tional deflector. It can be noticed that the length of the
conventional deflector is approximately twice as long as the
resonator of the inverted F antenna. The conventional de-
flector, therefore, has a direct impact on the miniaturization
of the antenna element. In order to reduce the lateral length
of the antenna without affecting the longitudinal length, it is
the length of the guide and the distance from the resonator
that affect the amplitude and phase of the current between
the resonator and the deflector according to the deflecting
principle, so the deflector is bent downward while keeping
the length of the deflector constant, see Figure 1(a). Figure 2
shows the electric field on the deflector and active antennas
of both antennas. It can be seen that there is a strong electric
field on the deflector of both, which reflects the fact that both
deflectors play a role.

Comparing the two, the lateral length of the deflector is
reduced by 26%, but the total length remains unchanged. A
comparison of the simulation results is shown in Figure 3(a)
and 3(b). Since the gain of the directing antenna is the result
of superimposing the energy of the active antenna, the
deflector, and the reflector in the X-direction, the bend-
directed antenna is the result of superimposing the energy of
the antenna. The bending direction is shorter in the Y di-
rection compared to the traditional direction, so the bending
direction antenna in the end direction than the traditional
direction antenna gain is smaller. When the efficiency of the
two antennas is more or less the same, the bandwidth will
increase as the gain decreases. Therefore, the bandwidth of
the bend-directed antenna is greater than that of the con-
ventional-directed antenna. When the deflector is located
directly in front of the active antenna, the Q value of the
overall antenna structure is larger than that of the bend-
directed antenna, and according to the relationship between
bandwidth and quality factor Q. When the Q value de-
creases, the bandwidth will become larger. So the bandwidth
of the bend-directed antenna is slightly wider than that of the
conventional deflector. Therefore, the bent deflector reduces
the transverse length of the antenna element without much
difference from the performance of the traditional deflector.
The miniaturization has been achieved.

When the length L2 of the bending part is changed, the
S-parameters of the antenna element are shown in
Figure 4(a) . When the L1 of the antenna parasitic deflector is
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FIGURE 1: Antenna element structure. (a) Bent parasitic deflector. (b) Traditional parasitic deflector.
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FIGURE 2: Antenna element electric field diagram. (a) Bent parasitic deflector. (b) Traditional parasitic deflector.

kept constant, the S-parameter gradually moves to high
frequency and gradually matches better as L2 becomes
smaller. Figure 4(b) is the antenna xoy plane direction di-
agram, it can be seen that with the increase of L2, the an-
tenna gain gradually increases. According to the figure, the
antenna is slightly left when L2 =0.3 mm, but with the in-
crease of L2, the maximum gain point of the antenna arrives
in the positive X direction. Meet the lead requirements.
According to the results in Figure 4, L2 = 0.9 mm was finally
selected. At the same time, a better impedance bandwidth
and gain are obtained.

For the traditional parasitic deflected antenna, a better
guiding effect can be obtained when the deflector is located
directly in front of the resonator. However, when the bent
deflector is located in front of the antenna, the gain effect is
not very good. Therefore, a parametric scan of its lateral
distance from the resonator was performed, and it was found
that the antenna gain was improved when it was biased to
the left of the resonator, and the antenna match in the
desired frequency band was gradually satisfied. However, the

gain deteriorates as the distance increases. Therefore, the
gain is combined with impedance bandwidth, to select an
appropriate distance L9. The reason is that compared with
the traditional oscillator antenna, the main resonator of an
inverted F antenna is its long arm, so the deflector device
needs to be placed directly in front of it. Therefore, it needs
to be offset to the left to meet the requirements. Figure 5(a)
and 5(b) is the influence result diagram of different L9 on S
parameters and gain of antenna element, respectively.
Due to the relatively small electrical size of the antenna,
the width W=0.2mm of the driving element, and the
leading element for consideration of processing accuracy,
the antenna element needs to be cascaded with the feed
network. The cascade method uses the microstrip transition,
so the feed transition between the microstrip and the printed
array needs to be considered. It can obtain the smooth
transition distance L8 by software simulation optimization,
and then calculate the microstrip line width W2. For the
short circuit matching part of the antenna part, the met-
alized through-hole with radius R1 is used to realize. So far,
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F1GURE 3: Comparison of simulation results between loaded conventional leading and bent leading antennas. (a) S-parameter comparison.

(b) Gain comparison.
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FiGure 4: Influence of bender length on the guide. (a) Influence of bender length on S11. (b) Influence of different lengths on gain.

the preliminary design of the structure of the antenna ele-
ment has been completed. The parameters of the antenna
structure are shown in Table 1.

The printed circuit board used in this design is Rogers
5880, with a thickness of 0.254 mm and a dielectric constant
of er=2.2, loss tangent is 0.0009. The simulation perfor-
mance of the antenna unit obtained by ANSYS HFSS is
shown in the figure. From the simulation results, it can be
seen that a single element can achieve 17.3%
(23.7-28.2 GHz) impedance width. Figure 6 shows the ra-
diation diagram of the design element, showing the gain

performance at 24.75 GHz, 26 GHz, and 27.5 GHz. In gen-
eral, the proposed element not only realizes end-to-end
radiation but also has a thin structure of 0.254 mm, that is,
0.022 Ay, which can be easily integrated with planar front-
end circuits and or chips.

2.2. Antenna Array Design. Considering the large spatial loss
in the millimeter-wave band, millimeter-wave generally
requires a group array. This design after considering the size
and gain choose to do a 1x4 array and considering the
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FiGure 5: Effect of deflector position on antenna. (a) The influence of different deflector positions on antenna S11. (b) The influence of

different deflector positions on antenna gain.

TABLE 1: Antenna unit structure parameter values.

Parameter Value (mm) Parameter Value (mm)
L 5 w 5

L1 2.8 L2 0.9

L3 2.7 L4 1

L5 0.4 L6 0.4

L7 2 L8 1

L9 2 L10 3.7

L11 1 W1 0.2

w2 0.8 R1 0.1

antenna working band, if it adopted a traditional microstrip
line for feeding back, it could lead to excessive insertion loss,
energy leakage, and high shielding. SIW has the advantages
of low processing cost, low loss, complete shielding, and
high-quality factor. Therefore, this paper uses SIW for feeder
network design.

The lowest frequency of the desired band should be used
as the cutoff frequency when calculating the waveguide
width. The feeder network is designed in a cascade manner.
The feeder network is designed in a cascade manner. First,
the ideal array element spacing Ld=7.5mm is optimized
based on simulation, and then each stage of the feeder
network is designed. Since the array is a line array, the power
divider in the first and second stage of the cascade needs to
bend, there are two-way to turn the way, one is a right-angle
turn, and the second is a rounded corner turn. After
comparison with right-angle turns, rounded corners can
obtain better impedance matching. In rectangular wave-
guide T-power splitters, the reflection coeflicient at the input
port is often improved by loading inductive diaphragms or
inductive columns. This essay will demonstrate how to
achieve the role of the short circuit in a metal column via
metalized through-holes. It will make the field in the SIW
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FIGURE 6: Antenna unit intra-band gain.

form a discontinuity in the H-plane, thus causing the ac-
cumulation of magnetic field energy, and therefore has the
characteristics of an inductor, often called an inductive
column. To obtain a good power distribution, the radius R2
and position L3 of this shorting column will have a direct
impact on the matching of the power divider as well as the
insertion loss. Therefore, the design can be adjusted on this
basis when it is carried out.

Due to the small size of the millimeter-wave band an-
tennas, the width of the array element spacing is also rel-
atively small, and the larger width of the SIW used will affect
the array element spacing, thus affecting the array gain.



e ._A_ (]
e (]

e Ls ]
e ]
] .. .'UVT e
o ) ) e

() () (] (]

(a)

FIGURE 7: Second stage power divider model:

Under the condition that the Y-type power divider outputs
are close together, if there is an array spacing greater than the
length between the two outputs, it is necessary to widen the
width of the waveguide to meet the needs of the array
spacing. However, this would affect the overall array size.
Therefore, a power divider with adjustable array element
spacing is designed, and the two outputs are directly
rounded and turned. The two rows of metal vias are similar
to concentric circles nested together to form a new Y-shaped
power divider. Figure 7 shows the structural models of two
types of power dividers: (a) new Y-type power divider, and
(b) conventional Y-type power divider. S is the distance of
the through-hole, D is the diameter of the through-hole, Wg
is the width of the waveguide, and Ls is the distance of the
inductor column position. Figure 8 shows the comparison of
the S-parameters of the two.

Comparing the two types of power dividers, the im-
pedance matching of the new Y-type power divider is better
than that of the traditional Y-type power divider. And the
loss in the frequency band range is also smaller. Based on
this, a 1:4 power divider with equal amplitude and phase is
designed, Figure 9 shows its structure, and its S-parameters
are shown in Figure 10(a) and 10(b), where the insertion loss
is less than 0.6dB in the desired frequency band
24.75-27.5 GHz, which satisfies the feed network for an-
tenna feeding. Where D=02mm, Wg=54mm,
Ls=1.9 mm.

The next step for antenna and feeder network cascade,
generally speaking, antenna and feeder network cascade only
need direct cascade. However, this antenna has a serious
mismatch in the whole matching state of the antenna array
after cascading with the feeder network. After analyzing the
reason, the use of transition was adopted to cascade the
antenna with the feeding network, at this time the array is
back to normal. Figure 11 shows the comparison of the
antenna S parameters and the XOY plane directional dia-
gram of the center frequency point for the two cascade
methods. It can be seen that the matching, as well as the gain
with the transition structure, is better than the result without
the transition structure.
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FIGURE 9: Structural model of a 1 x4 power divider.
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The structure of the final array is shown in Figure 12
below, the feed network and antenna cascade are in the form
of a simple and reliable microstrip line, and the transition
between the ground of the antenna element at the grounding
layer and the lower metal layer of the feed network is made
by a lesser ground compared to the ground of the antenna
element, and this metal layer is the ground provided for the

upper microstrip line. Among them, by adjusting the
transition structure, it is found that different lengths of
transition have some influence on the gain of the antenna.
An appropriate gain increase is obtained by adjusting its
length. And after cascading, the size and position of the
short-circuit metallization holes of the feeder network are
adjusted to achieve the best performance of the array.
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FIGURE 12: The overall structure of the antenna array.

FIGURE 13: Antenna physical top layer and bottom layer photos.
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10 International Journal of Antennas and Propagation
TaBLE 2: Performance comparison of other existing millimeter wave end-fire antennas.
Ref. Antenna element BW (%) Relative size (1) Peak gain (dBi) Fabric cost
[13] FoldedDipoled + reflector 26.3-29.75 GHz (12.3%) (2.34x2.34 x0.068)A* 5.5 High
[14] FoldedDipoled + reflector 34.0-37.5GHz (9.7%) (2.34x2.34 X 0.068)A, 5.7 Low
[20] Dipole + reflector 24.9-30.2 GHz (19.2%) (0.42 x1.74 x 0.05)A, 34 Low
This work IFA 24.08-27.73 GHz (14.1%) (0.43x0.43 x0.02)A, 2.4 Low
This work IFA + deflector 23.7-28.2 GHz (17.3%) (0.43x0.43 x0.02)A, 45 Low

Ao is the wavelength at center frequency in free space.

3. Experimental Verification and Discussion

The array was processed based on the structure of the array
simulation, and Figure 13 shows the photo of the array,
including the top and bottom layers of the array. The |S11|
was measured with an Agilent N5432 A vector network
analyzer. The simulated and measured |S11| is shown in
Figure 14, showing an impedance bandwidth of 20.5% from
23 to 28.3 GHz. The deviation between the simulated and
measured results can be observed in Figure 14, where an off-
frequency appears, but the waveforms are the same. This
may be caused by manufacturing inaccuracies. Figure 14 also
shows the simulated efficiency of the array antenna, and it
can be seen that the efficiency of the antenna is greater than
0.85 in the frequency band. The radiation direction map, the
actual gain of the array was measured in the darkroom.
Figure 15 shows the radiation direction plots (xoy plane and
xoz plane) for the three frequency points of the array,
comparing the simulation results with the measured results.
The main radiation direction between the two has a strong
consistency, the measured gain is lower than the simulation,
and there are many burrs. The analysis may be due to testing
errors, inaccurate processing, and increased conductor and
dielectric losses at millimeter-wave frequencies. In the actual
test, the rear end of the antenna is the antenna mounting
table, which had an effect on the rear flap of the antenna. The
peak gain measured at 26 GHz and 27.5 GHz reached 11 dB.
Therefore, the proposed array not only achieves high gain
and miniaturization but also has the advantage of a low-
profile feed structure (0.254 mm~0.02 ;). However, due to
its low-profile feed structure, the proposed array can be
easily integrated with planar circuits, which is of practical
interest for millimeter-wave systems.

Table 2 compares the performance metrics between the
proposed antenna and other existing millimeter-wave end-
fire antennas. It can be seen that most of the end-fire an-
tennas listed in Table 2 achieve high gain performance.
Considering the antenna miniaturization and low-profile
feed structure requirements, the proposed end-fire element
has a wider bandwidth as well as small size characteristics
compared to the other antennas listed in Table 2. The an-
tennas proposed in [13, 14] both use a folded dipole to obtain
a smaller size antenna element, but [14] requires a larger
ground plane to obtain a relative bandwidth of 14%. The [13]
has the problem of a higher profile and more complicated
multilayer fabrication process. The proposed antenna in [20]
uses a conventional symmetrical oscillator antenna using a
ground plane as a reflector to obtain a gain of 3.4dBi. Finally,
a comparison was made with the proposed antenna with the

deletion of the deflector. The gain is significantly lower and
the bandwidth is also reduced. Compared with the above
antennas, the proposed end-fire array not only achieves end-
fire performance but also has the advantage of small size
(0.43 % 0.43 x0.02)Ag. Therefore, the proposed antenna can
be widely used in devices requiring high gain and minia-
turized antennas by using inverted F-loaded bending leads,
and because of its low profile, the proposed antenna can be
applied for easy integration with planar circuits, which is
especially practical for millimeter-wave systems.

4. Conclusions

In summary, a novel inverted F-terminated array antenna
with a low-profile feed structure suitable for millimeter-wave
applications is proposed, and its structure, design process,
and measurement results are given. The element consists of a
horizontal printed inverted F antenna and a bent parasitic
deflector, and the antenna array is fed by a SIW designed
tfeed network. For demonstration purposes, a 1 x 4 array was
fabricated and measured, showing a bandwidth of 20.5%
(23-28.3 GHz) and a peak gain of 11 dB. Compared to other
reported end-fire antennas, this element not only has a
simple structure but also has the advantage of a low-profile
feed structure and easy integration with planar circuits. It
represents an ideal and promising candidate for broadband
millimeter-wave applications.
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