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ABSTRACT Ultrawideband phased antenna array has been widely used in communications, radars and
detection. However, the high profile and poor wide-angle scanning characteristics have always been the
critical limitation for many available ultrawideband antenna applications. In this paper, an ultra-thin loading
window (UTLW) is proposed to replace the wide-angle impedance matching (WAIM) superstrate in the
planar ultrawideband modular antenna arrays (PUMA), and reduces the profile height greatly. The UTLW
consists of two strips in parallel, and each strip is loaded with one resistor and two capacitors. Following the
equivalent circuit model (ECM) of the PUMA, the resistance and capacitance are specially designed to make
the complex impedance of the UTLW equal to the impedance introduced by the WAIM. A dual-polarized
PUMA with an UTLW achieves 6-18 GHz impedance bandwidth with active VSWR ≤ 2.6 for scanning up
to 60◦ and active VSWR ≤ 3 for scanning up to 70◦ in E/D/H plane. The profile height of the proposed
PUMA is only less than 0.07λl , or, 0.24λh with reference to the typical Nyquist half-wavelength spacing
frequency. A 20× 20 prototype PUMA with the UTLW was fabricated and its measured results were found
consistent with the simulation results.

INDEX TERMS Planar ultrawideband modular antenna (PUMA), ultra-thin loading window (UTLW), low-
profile, wide-angle scanning.

I. INTRODUCTION
Phased array antennas with wideband, wide-scanning angles,
low profile and low cross-polarization have significant
advantages in the fields of electronic communications
and radars. Obviously, the antenna with wideband, low
cross-polarization and wide-scanning angles can achieve
remarkably RF/digital hardware reduction and high signal
polarization purity. Besides, low-profile antennas have been
maturely applied on carried platforms like aircrafts and ships,
since they can be in good conformal contact with carrier
surfaces.

The traditional wideband Vivaldi antenna achieves over
10:1 impedance bandwidth on broadside in [1] and [2].
However, the extremely high profile and its non-planar
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structure complicate the integration of Vivaldi antennas and
platforms. Furthermore, the wide-scanning performance of
Vivaldi antennas are not satisfying [3].

As another typical method to realize wideband, tightly
coupled arrays (TCA) have attracted increasing attentionwith
its low profile and wide scanning angles [4], [5]. A tightly
coupled dipole array with integrated balun (TCDA-IB)
was proposed in [4], whose design shows great poten-
tial for expanding the impedance bandwidth and realizing
wide-angle scanning. Reference [5] proposed a low-profile
TCDA-IB with a novel split ring (SR) instead of wide-
angle impedance matching (WAIM) superstrates. The profile
height of the array is reduced to 0.063λl or 0.45λh (λl /λh is
the wavelength at the low/high operating frequency). The
impedance bandwidth of the array is 0.3-2.15 GHz while
scanning up to 70◦ in E-plane and 45◦ in H-plane for active
VSWR≤3.
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FIGURE 1. Equivalent circuit model of the WAIM.

However, since the linewidth of baluns is hardly affected
by frequency under the same characteristic impedance, the
baluns of the TCDA-IB are electrically large at higher fre-
quency. In order to reduce the linewidth, the dielectric sub-
strate needs to be thinner, resulting in the instability of
the antenna structure [6]. One form of antenna arrays that
can work at high frequencies is the connected array [7]
which is excited by a simple feed line rather than Marc-
hand balun. A big problem is that the bandwidth of the
connected array will be limited by the reflective ground.
References [8] and [9] designed an artificial dielectric super-
strate which can reduce the distance between the antenna
plane and the ground. However, due to the multi-layer
structure, the overall profile height is still high. In [10],
a low-profile connected slot array with several paralell strips
superstrate was proposed. The bandwidth of the connected
slot array is 1.35-2.78 GHz with the 0.088λl profile height.
But the element distance is only 0.29λH , which means a
low unit cell gain. References [6], [11], and [12] proposed
a new class of planar ultrawideband modular antenna arrays
(PUMA). The PUMA consists of a series of tightly coupled
dipoles above the ground and is fed by an unbalanced feed-
line. And it has the merits of low VSWR, wide-scanning
angles, low profile as well as modular construction. With a
special design for the shorting vias connected to the dipole
arms, the PUMA achieves a 6:1 bandwidth with active
VSWR ≤ 2 at broadside, VSWR≤ 3.8 while scanning to 60◦

in all planes [12].
Another problem is the active impedance mismatch-

ing when scanning to a large angle in H-plane. Com-
paring with matching the change of active impedance in
E-plane-scanning, the impedance matching is more difficult
to realize in H-plane due to the increasing floquet mode
impedance [13]. The TCDA in [5] shows a low active VSWR
when scanningwithin 45◦ in H-plane, while the active VSWR
increases to 4.1 when scanning up to 60◦ in H-plane. The
same conclusion can also be drawn in paper [12], [13],
[14], [15]. So far, few papers have offered solution to the
problem.

In this paper, a PUMA with ultrawideband, low-profile
and wide-angle scanning is proposed. The PUMA has low-
profile characteristics due to the ultra-thin loading window
(UTLW) which replaces the WAIM. UTLW is designed for
thinner thickness while maintain the similar characteristic
impedance with WAIM, thus resulting in low profile of the
PUMA. The simulation results of the proposed dual-polarized
PUMA demonstrate a 3:1 bandwidth for active VSWR≤2
at broadside, active VSWR≤2.6 for scanning up to 60◦ and
active VSWR≤3 for scanning to 70◦ in the E/D/H plane.
The total profile height of the proposed array is 0.07λl , or,
0.24 high frequency wavelength with reference to the typical
Nyquist half-wavelength spacing frequency.

II. THEORY AND SIMULATION
A. THEORY AND ANALYSIS OF THE UTLW
To analyze the effect of a WAIM on active impedance match-
ing of PUMA, the equivalent circuit model (ECM) of the TCA
based on the waveguide theory [16] andMunk’s theory [17] is
studied in this part. The equivalent characteristic impedance
of the free space in Fig. 1 is defined as Zf , which can be
obtained from [18]

Zf = η0dE/dH . (1)

η0 is the wave impedance in free space, dE is the distance
of E-plane element while dH is the distance of H-plane ele-
ment. The characteristic impedance of the WAIM Zsub can
also be obtained from (1). As shown in Fig. 1, the input
impedance obtained by the WAIM transformation of free
space impedance can be calculated by

Zin1 = Zsup
Zf + jZsuptan(2πhsup/λsup)
Zsup + jZf tan(2πhsup/λsup)

. (2)

For replacing WAIM with UTLW, the input impedance
should equal as Zin1 in (2). Because the thickness of UTLW
is thin relative to operating wavelength, the impedance trans-
formation introduced by the dielectric substrate thickness of
UTLW can be ignored. The impedance of UTLW is assumed
to be Zx , there is

Zf ||Zx = Zin1. (3)

Substitute (2) into (3) and simplify it, and then Zx can be
obtained by

Zx = Zf /(
√
εr1 − 1)+ Zf (

√
εr1 − 1)/jtan(2πhsup/λsup).

(4)

where εr1 is the relative permittivity of UTLW dielectric
substrate. Equation (4) shows that when hsup is less than λh/4,
UTLW has both resistance and capacitance in its complex
impedance. For the real part of the Zx , the value is indepen-
dent of frequency. For the imaginary part, since the imaginary
part of the PUMA input impedance is mainly related to the
distance from the antenna plane to the reflective ground [19],
the imaginary part of Zx has little influence. In general, the
impedance of the structure same with Zx theoretically has
ultra-wideband characteristics.

VOLUME 10, 2022 105557



X. Quan et al.: Low-Profile and Wide-Angle Scanning Planar Ultrawideband Modular Antenna

FIGURE 2. Geometry of the single-linear polarized PUMA. (a) Unit cell of
the original PUMA with WAIM, the cross section of the original PUMA
unit cell and the top view of the radiation patch. The inset is perspective
to show the plate. (b) Unit cell of the PUMA with UTLW. The cross section
of the PUMA with UTLW is similar with Fig. 2(a). The parameters in Fig.2:
dE = dH = 7 mm, dv = 1.7 mm, df = 1 mm, hsup = 3 mm, hsub =
3.56 mm, hp = 0.254 mm, Rg = 1 mm, Rv = 0.3 mm, lds = 6.8 mm, ld =
1.35 mm, lp = 1 mm, wd = 2.5 mm, wp = 2 mm, w1 = 0.4 mm, g =
0.3 mm, tgnd = 2 mm, ws = 0.5 mm, ls1 = 7mm, ls2 = 7mm. The value of
the capacitors is 50 fF and the value of the resistors is 800 �.

B. DESIGN OF A SINGLE-POLARIZED PUMA WITH UTLW
A single-polarized PUMA employed from [12] is taken as
an example for simulation verification. The original structure
of the PUMA antenna cell is shown in Fig. 2(a), and the
thickness of WAIM is 3 mm. The relevant dimensions shown
in Fig. 2 are optimized by the electromagnetic simulation
software HFSS. In the calculation, the master-slave bound-
ary conditions are used to simulate equivalent infinite array.
As shown in Fig. 3, the active VSWR of the original PUMA
is less than 2.5 in 6-18 GHz frequency band.

In order to reduce the thickness of superstrate, the UTLW
is designed according to the results obtained from (4). The
structure and the optimized parameters of the UTLW are
shown in Fig. 2(b). The UTLW is printed on the other side

FIGURE 3. Compared of the different active VSWRs between the PUMA
with 3 mm WAIM, 0.254 mm WAIM and UTLW. The active VSWR of the
original PUMA in Fig. 2(a) is the blue dash line.

FIGURE 4. Verify of the infinite array with UTLW. (a) The unit cell of the
array. (b) Simulated broadside active VSWR of the array.

of the dielectric substrate (εr = 1.96) directly above the
dipole. The long side of the UTLW are arranged along the
main polarization direction of the dipole. Four capacitors
and two resistors are loaded on the strip to provide complex
impedance. As can be seen from Fig. 3, the PUMA has both
low-profile and excellent impedance matching characteris-
tics after loading the UTLW. For comparison, we adjusted
the original PUMA with WAIM to the same profile height
(hsup = 0.254 mm, hsub = 3.05 mm). As shown in Fig. 3, the
PUMAwill be mismatched in the entire operating band when
the profile height is reduced without any special designs.

It should be pointed out that the UTLW has the potential
to be applied to wider bandwidth antenna arrays, and the 3:1
bandwidth in this paper is not the limitation of the proposed
UTLW. It has been analyzed above that the real part of the
impedance loaded with UTLW is not related to the frequency,
so theoretically UTLW can be applied to wider bandwidth
antennas. The bandwidth of the antenna in this paper is 3:1
because it is designed based on a traditional PUMA, which is
fed by a simple feed line. The antenna plane and the feed line
can excite commonmode resonance and loop resonance [11].
Both resonances limit the bandwidth of the antenna. In the
follow-up study, the authors found that UTLW can achieve
at least 8:1 bandwidths. The results in Fig. 4 proves that
the proposed UTLW has the potential of wider operating
bandwidth. The infinite antenna in Fig. 4(a) is excited by
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FIGURE 5. Compared broadside radiation efficiency and active VSWR
when PUMA loading different value of resistors.

TABLE 1. Broadside radiation efficiency and active VSWR with different
resistors.

the ideal port, so the common mode resonance and loop
resonance will not be excited.

The broadside radiation efficiency of the PUMA in
Fig. 2(b) after loading resistors with different impedance
values is shown in Fig. 5. It can be seen that the broadside
radiation efficiency increases when the value of resistance
gets larger. The inverse correlation between the broadside
radiation efficiency and the resistance is due to the paral-
lel connection of the loading resistance and the radiation
resistance. The radiation efficiency can be obtained from
equation (5):

ξ = 1−
Rr

RL + Rr + jX (f )
, (5)

where RL is the value of the loaded resistor, Rr is the radiation
impedance and X (f ) is the reactance part of the antenna’s
impedance which includes equivalent capacitance between
antenna elements, reactance introduced from the ground, the
reactance introduced by the radiation patch and the reactance
introduced by the UTLW. Since the resistance value is related
to the active impedance matching, it is necessary to make
a trade-off between the broadside radiation efficiency and
impedance matching. More detailed broadside radiation effi-
ciency and active VSWR corresponding to different resis-
tance values are listed in Table 1. 800 � is selected as the
optimal impedance value in the UTLW, and the correspond-
ing radiation efficiency is more than 76%. Compared with
the resistance, the capacitance has a little influence on the
impedance matching due to the equivalent series capacitance
introduced by the strips of the UTLW. On the other hand,

FIGURE 6. Geometry of the dual-linear polarized PUMA with UTLW.
(a) Top view of the PUMA. (b) The cross section of the PUMA unit cell. The
prepreg layers between the adjacent PCBs are shown in the inset. The
parameters in Fig. 6: dE =dH = 7.3 mm, dv = 1.8 mm, Rh = 2.3 mm,
Rg = 1.2 mm, ls1 = 4.3 mm, ls2 = 3 mm, ld1 = 0.5 mm, ld2 = 1.5 mm,
ld3 = 1.45 mm, ws = 0.5 mm, wd = 2.7 mm, wp = 3 mm, wg = 0.05 mm,
w1 = 0.5 mm.

the imaginary part of the antenna input impedance is mainly
affected by the distance between the reflecting ground and
antenna plane. Therefore, although the capacitance value
selected here is 50 fF, it does not mean that other capacitance
values are inappropriate.

C. DESIGN OF A DUAL-POLARIZED PUMA
In the previous part, an UTLW structure which can reduce
the antenna profile height is designed and applied to a single
polarization PUMA. This part will design the UTLW on the
dual-polarization PUMA.

The detailed structure of the dual-polarization PUMA
loaded with the UTLW is shown in Fig. 6. The UTLW is
printed on Rogers 5880LZ (εr = 1.96) with a thickness
of 10 mil. A series of perforations in the superstrate and
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FIGURE 7. Simulated active VSWR of the infinite and semifinite dual-polarized PUMA with UTLW. (a) Scanning in E-plane of
the infinite array. (b) Scanning in H-plane of the infinite array. (c) The active VSWR of the edge element in the semifinite
array. (d) The active VSWR of the center element in the semifinite array.

FIGURE 8. The boundary condition of the semifinite dual-polarized PUMA.

FIGURE 9. Simulated cross-polarization ratio of the PUMA with UTLW
when scanning in D-plane.

substrate with the radius Rh = 2.3 mm are added for avoiding
‘‘scan blindnesses’’ [6]. The distance of the short vias is
optimized to suppress the common mode resonance in the
operating frequency band.

FIGURE 10. Prototype of the dual-linear polarization PUMA with UTLW.

Fig. 7 (a)(b) demonstrate the active VSWR of the infinite
dual-polarized PUAM loaded with UTLW. It can be seen that
the active VSWR is less than 2.4 in E-plane when scanning to
60◦ and less than 3 when scanning up to 70◦ in the frequency
band of 6-18 GHz. In H-plane, the active VSWR is less than
2.6 when scanning to 60◦ and less than 3 when scanning up
to 70◦. Furthermore, the active VSWRs of the edge element
and the center element in the 20×∞ (the center 16 elements
are excited) array when scanning in E/D/H plane are shown in
Fig. 7(c)(d). The boundary conditions of the semifinite array
are set as shown in Fig. 8. Both ends of the array direction are
set as the radiation boundary, and the infinite array direction
is set as themaster-slave boundary. The four dummy elements
on the two edges of the array weaken the influence of the edge
effect well.

The cross-polarization ratio is defined as
Gcross(dB)-Gco(dB) and shown in Fig. 9 when scanning
to 0◦, 30◦, 60◦ in D-plane respectively. In all planes, the
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FIGURE 11. Measured active VSWR of the dual-linear polarization PUMA
prototype. (a) Scanning in E-plane. (b) Scanning in H-plane.

FIGURE 12. Measured and simulated broadside realized gain of the
16× 16 PUMA with UTLW.

cross-polarization ratio deteriorates the most when scanning
in D-plane, so the D-plane cross-polarization ratio can repre-
sent the overall polarization purity. As seen in Fig. 9, the diag-
onal plane results demonstrate satisfying cross-polarization
ratio, which is lower than −10 dB at 60◦.

III. FABRICATION AND MEASURED
A. 20×20 ARRAY FABRICATION
A prototype of 20 × 20 dual-polarization PUMA has been
fabricated in Fig. 10. The surface mount technology (SMT)
is used to assemble the resistors and capacitors in the UTLW.
Two polarized dipole arms and plates are printed on both
sides of Rogers 5880 (εr = 2.2) with a thickness of 10 mil.
The Rogers 5880 and two layers of substrate (10 mil and
100mil, Rogers 5880LZ) are laminated together using the

FIGURE 13. Measured radiation pattern of the prototype at 8 GHz and
16 GHz when scanning in E/H-plane. (a) 8 GHz in E-plane. (b) 8 GHz in
H-plane. (c) 16 GHz in E-plane. (d) 16 GHz in H-plane.

prepreg layer (3 mil, εr = 2.8). The ground plane layer
is double-sided copper-clad Rogers 5880 (20 mil), and the
copper surfaces on both sides are short circuited bymetallized
vias. The long inner cores of the mini-sub-miniature push-
on connectors (Mini-SMPs) pass through all substrate layers
and are welded with dipole arms. The metal plate supports
the overall structure at the bottom layer.

B. MEASURED ACTIVE VSWR OF THE PROTOTYPE
The measured active VSWR of the center element is shown
in Fig. 11. The measured active VSWR calculated following
the equation (6) [20]

ActiveSnn = Snn +
∑
m6=n

Snm ·
am
an

(6)

where S in equation (6) is the complex ratio of the S param-
eter. am and an are complex values of excitations and consist
of amplitudes and phases. The main method is to measure
the passive reflection coefficient of the reference antenna cell
and the mutual coupling of all other antenna cells to the

VOLUME 10, 2022 105561



X. Quan et al.: Low-Profile and Wide-Angle Scanning Planar Ultrawideband Modular Antenna

TABLE 2. Comparison of array performance.

reference antenna cell first, then compensate the scanning
phase difference, and finally calculate the active reflection
coefficient of the reference antenna cell following equa-
tion (6). This measured method need no phase shifter or other
RF components, and can accurately obtain the active VSWR
of the antenna array. The simulated and measured results
indicate that the PUMAwith UTLW has excellent impedance
matching characteristics under large angle scanning in both
E-plane and H-plane.

C. MEASURED RADIATION PATTERN OF THE PROTOTYPE
The measured far-field radiation pattern and realized gain
following the unit excitation active element pattern method
(UEAEP) [21] is shown in Fig. 12 and Fig. 13. In prac-
tice, only the 16 × 16 elements in the center of the array
are excited, and the other elements are regarded as dummy
elements. The measured and simulated broadside gain are
compared in Fig. 12. In addition, the cross-polarization ratio
of the array is less than −18 dB in the whole operating
frequency band.

Table 2 compares the performance based on the profile
height, bandwidth, scanning angles, active VSWR and broad-
side radiation efficiency. All antennas in the table are fed by
unbalanced lines. Compared with the other schemes, the pro-
posed PUMA with UTLW has the lowest profile height, the
largest scanning angles and excellent impedance matching
performance.

IV. CONCLUSION
A low-profile and wide-angle scanning PUMAwithWAIM is
proposed in this paper. Some necessary analysis and deriva-
tion are used to predict the complex impedance characteristics
of the UTLW. The simulation results of the single-polarized
PUMA with UTLW show that the UTLW can replace the
WAIM realizing the low-profile characteristics while main-
tain an excellent performance. Furthermore, a dual-polarized
prototype with UTLW is fabricated and measured. The mea-
sured results show that the PUMAwith UTLW achieves a 3:1
(6-18 GHz) bandwidth with ±70◦ scanning in E/D/H plane.
The distance from the top of UTLW to the ground plane is less
than 0.07λl . In addition, theoretical analysis and simulation

show that UTLW has the potential of wider bandwidth, and
further work will study reducing profile height of a wider
bandwidth antenna array used with UTLW.
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