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�e aim of this study is to e�ciently excite the radiation of phase gradient metasurface (PGM), a novel coplanar discontinuous
transmission line feed is proposed for reduction of the pro�le, where 12 uniform discontinuous rectangular rings form the feeding
structure. �e unit cells of PGM are symmetrically placed on both sides of this feed structure at the same layer, and they are close
enough. �e measurements agree well with those of simulations in the range of 10.48–11.18GHz.

1. Introduction

�e Phase Gradient Metasurface (PGM), as one type of 2D
pattern metamaterial [1], has been widely used in many
applications, such as near-�eld meta-steering systems [2],
far-�eld subwavelength imaging [3], radar system, and
satellite communication [4]. �e researchers employed the
PGM to enhance the antenna performance. In [5–7], the
authors placed patch antennas on the focuses of PGM to
improve the gain or bandwidth, and it can be made into a
dome in a similar way to increase the scan range for the
phased array [8, 9]. It is also used to adjust RCS. Literature
[4, 10, 11] reduced the RCS depending on its inherent
property of anomalous re¡ection and di¢use re¡ection,
while [12] redirected the scattering dispersed by the con-
ducting cylinder to produce e¢ective retrore¡ection for the
enhancement of RCS. And controlling the beam bymeans of
PGMwas realized as well.�e p-i-n diodes were used to tune
the PGM in order to steer the radiation beam in [4], while
this was done by rotating the PGM in [13].�e two radiation
beams at two di¢erent frequencies were realized by the
excitation of the horn antenna on the PGM [14]. On the
contrary, the multibeams radiation was got through the

coding sequence, where they used di¢erent codes to control
the di¢erent radiation beams [15].

On the other side, the PGM can be used to radiate
directly, that’s the PGM antenna, and many feeding
techniques have been adopted [16–21]. Literature [16]
showed a feed of elaborately-designed waveguide to excite
the PGM next to it for the in-plane feed antenna design,
and the modi�ed parallel-plate-like waveguide feed
structure was designed in [17], where both feeds are higher
than those of PGM cells. In contrast, the authors put the
PGM on the spoof surface plasmon polariton (SSPP) for its
radiation, and the rectangular waveguide [18] and the
monopole antenna with both metal wall and metallic
grooves [19] to excite SSPP were designed, respectively.
Additionally, the authors in [20] designed a vertical cor-
rugated metallic strip to excite the parallel symmetrical
placed PGM unit cells directly. To reduce the pro�le, the 2D
feed antenna structure was studied in [21, 22]. In [21], the
parallel plate waveguide feed was adopted which is on the
same layer as PGM and then excites the front unit cells,
while the coplanar waveguide was employed to excite SSPP,
and then, convert the surface plasmon polariton (SPP)
mode to the radiated mode with the help of PGM [22].
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We have found the suspended microstrip line feed
connected with a conventional rectangular waveguide [23]
and the slotted rectangular cavity feed [24] to excite PGM
efficiently. However, the profiles are high. (us, a novel
feed structure is proposed for the planar design in the
application of efficient energy collector, where the feed
structure is taken on the same layer as PGM. (e feed
resembles the conventional microstrip line placed on the
substrate but consists of 12 discontinuous rectangular rings
with constant spacing. (e first ring gets power from the
conventional microstrip line, while the rest is obtained by
mutual coupling. (en, two rows of PGMs are put sym-
metrically on both sides, and they are close enough for the
effective radiation of PGMs.

2. Antenna Design

(ewhole antenna configuration is shown in Figure 1, where
Figure 1(a) is the top view of the antenna, including the feed
structure and the corresponding PGMs, while (b) and (c)
present the detailed designs for the planar feed structure and
the unit cells of one period, respectively. It is clear that the
feed structure and the PGMs are placed on the same layer,
the PGMs were close enough to the feed and to get the
effective coupling for their radiations and two rows of PGMs
are designed to enhance the realized gain. In this antenna,
the F4BM-2 is used as the substrate whose height is 3mm
and the corresponding permittivity and loss tangent are 2.65
and 0.0015, respectively. Here, the ground plane layer is not
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Figure 1: Antenna configuration. (a) Top view. (b) Feed structure. (c) PGM cell.
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shown in the figure, because it’s right under the substrate
and composed of the whole metal. (e gold color represents
the metal while the grey is of the substrate. (e detailed
designs for the planar feed structure and unit cells of one
period of PGM are discussed as follows.

2.1. Feed Configuration. Figure 1 depicts the planar feed
structure placed in the middle of PGMs. It is similar to the
conventional microstrip line, but the transmission line is sliced
into 12 discontinuous rectangular rings, and they obtain power
by coupling from the previous adjacent ring. And a transition
section is designed to connect the regular rectangular micro-
strip line, which will be connected with an SMA connector in
the test antenna. Figure 1(b) shows the detailed design of the
planar feed structure, including the narrow microstrip line, the
transition microstrip line and the discontinuous rings. In
addition, the corresponding variables involved in this feed
design are indicated in these two subfigures.

(e width and length of the antenna are represented by
variables Wa and La, respectively, which are determined by
the intended antenna performance for the efficient energy
collector application.(e variables of feed involves the width
Wb and length Lb of regular microstrip line, the length Lc of
transition section, and those of discontinuous ring, in-
cluding the interval length Lp, the length Ls and width Ws of
the slot of the ring, the length Lr of ring and the width Lg of
the left arm. In order to get enough coupling power from the
discontinuous microstrip line; two key distance variables are
indicated in Figure 1(a). (ey are the distance Ln between
the discontinuous microstrip line and the unit cell of PGMs.

(e Wb equals 5.0mm in order to assure that the
characteristic impedance of themicrostrip line is 50Ω, and the
length Lc is used to adjust the match between the microstrip
lines and rings.(e variable Lp affects the mutual coupling of
the rings definitely, and it should be small enough, while the
Ln should be small as well in order to excite the PGMs ef-
fectively. On the contrary, Wr and Lr determine the resonant
frequency of this ring, where the perimeter of the ring is equal
to one wavelength of 10.5GHz. (e final values of the
mentioned variables of feed structure are listed in Table 1.

2.2. Design of PGM. (e “I”-shaped unit cell is selected to be
the radiators whose design method is the same as in [9, 10]
and shown in Figure 1(c). (ere are three unit cells to form
the phase gradient with a difference of 120°.

(ere are several variables to be considered in this de-
sign, as indicated in Figure 1(c). (e α is the angle between
the power propagation direction and the center of the strip
of cell, which is set to be 0° for wideband design. While the
angle β corresponds to the open angle for the split resonant
ring. And the radius of the split resonator r1 and r2 belongs
to those of outer and inner circles, respectively. (e rest
variables are period a, and width b, which determines the
corresponding inductance and capacitance and are kept
constant for this cell.

According to the intended resonant frequency of
10.5 GHz, the calculated values for the aforementioned
variables are a � 10mm, r1� 4.5mm, r2� 3mm, and
b � 1.5mm. Meanwhile, the final optimized values for these
three unit cells are (0°, 40°), (90°, 27°), and (0°, 5°), re-
spectively.(eir reflective phase and amplitude are shown in
Figure 2. In the concerning bandwidth, the amplitudes are
greater than 0.99 while the phase difference of adjacent cells
is 120°.

3. Result Analysis

(e unit cells of the outer row are put close to the inner ones
with a distance of 1.0mm and have one cell more than those
of the inner row so as to couple power and radiate effectively.
Consequently, the corresponding result analyses are done as
follows: parametric analysis, PGM radiation, reflection co-
efficient, realized gain, and radiation patterns.

Table 1: (e values of feed structure (unit: mm).

Parameter Value
Wa 65.0
La 150.0
Wb 5.0
Lb 18.0
Ws 18.0
Ls 3.0
Wn 22.4
Wr 20.0
Lr 8.0
Lc 15.0
Ld 118.0
Lg 3.0
Lp 3.0
Ln 1.2
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Figure 2: Reflective phases and amplitudes of the PGM.
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3.1. Parametric Analysis of Feeding Structure. As afore-
mentioned, all the parameters affect the final result of the
antenna. However, we just choose the key ones to analyse
their influences to the antenna performance, where only the
selected variable changes while the others are kept as con-
stants. (ey are, (1) the length Lc of transition area to adjust
the matching, (2) the width Lg of the left metal of the loop,
which corresponds to the width of spacing Ls and affects the
metal area of rectangular loop, (3) the spacing Lp between
adjacent loops who determines the coupling, and (4) the
distance Ln between the PGM and the loop which involves
the power coupling for the PGM.

(e parametric analysis of Lc to S11 is shown in Figure 3,
where the black line is the final optimized value, and the red
line with circles and the blue line with rectangles are the
results of lower and higher values, respectively. (e width
Wr is kept as a constant in this process so that the parameter
Lc affects the open angle of transition area, and influences
the matching frequency and bandwidth as well. It is clear in
this figure that the matching becomes better as Lc increases
from 10mm to 15mm and the resonant frequency shifts to
the lower, but the bandwidth narrows when the value is
higher than 15mm and the matching turns worse.

(e change of parameter Lg will lead to the change of Ls

immediately because both determine the metal area of rect-
angular loop. Its influence on the S11 is shown in Figure 4, from
where we know that we have to define this parameter carefully
owing to it not only affects the matching but also the resonance.
And it is one of the key parameters to determine the final S11.

We depict the parametric analysis of Lp in Figure 5. It
mainly affects the resonance, where the resonance shifts to a
higher frequency as it increases, while the bandwidth is
almost kept as constant in the process of change. Further-
more, the matching becomes worse but still remains in a
good matching level near the concerning bandwidth.

(e parameter Ln indicates the distance between the unit
cell and the feed structure, and it determines the coupling to
the PGM and the final radiation power.(e effect on the S11
is shown in Figure 6. It is clear that when Ln is less than the
optimized value 1.2mm, there is almost no effect to the S11,
including the matching, resonance, and bandwidth. Even it
becomes to be a very large value that is 6.2mm which has
5.0mm difference from the optimized 1.2mm, the matching
and resonance are almost no change except the bandwidth
widens.

In one word, the parameters of the feeding structure, that
is the proposed discontinuous transmission line, affect the
final S11 of the antenna, while the distance Ln just influences
the coupling for the radiation power.

3.2. Verification of Radiation of PGM. (e discontinuous
rings can radiate into free space owing to the mutual
coupling to realize the power propagation on the trans-
mission line. Additionally, the rings are a potential radiation
source as well. (e corresponding current distribution and
3D radiation pattern at 10.5GHz without consideration of
PGM are shown in Figures 7(a) and 7(b), whereas the ra-
diation with PGM is shown in Figure 7(c).

From Figure 7(a), the power propagation on the
transmission line is very clear that the ring gets power by
coupling from the previous neighbouring one, and the
current flows in reverse.(e current in the ring is reversed as
well. (ese result in radiations caused by the discontinuous
transmission line. (is phenomenon is indicated in
Figure 7(b) where the maximum direction is along the di-
rection of the discontinuous line. When the PGM is put
beside the feed structure, its radiation dominates and
concentrates the radiation to a fixed area whose direction is
almost vertical to the transmission line. (e corresponding
3D pattern in Figure 7(c) shows this directional radiation.
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Figure 3: Parametric analysis for the length Lc of transition
section.
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3.3. S11 and Realized Gain. (e antenna prototype is fab-
ricated and measured in the anechoic chamber, and the
corresponding results of S11 and realized gain are compared.
(ese are shown in Figure 8, where (a) presents the antenna
prototype without connecting with the SMA connector, (b)
is the measurement situation in an anechoic chamber, and
(c) and (d) are the comparisons of simulated and measured
S11s and realized gains, respectively.

(e measured results are indicated by the black solid
lines with squares in Figures 8(c) and 8(d), while the sim-
ulations are represented by the red lines with circles.(e two
comparisons show that the measured results agree well with
those of the simulated. (e measured resonant frequency is

10.8 GHz, which shifts a little to a higher frequency than the
intended 10.5GHz. (e measured bandwidth becomes
narrower than the simulated result, which 700MHz is
ranging from 10.48GHz to 11.18GHz, while the simulated
bandwidth is 900MHz from 10.25GHz to 11.15GHz.
However, the matching is almost the same. Figure 8(d)
indicates that the difference between the measured and
the simulated realized gains are less than 1 dB which vali-
dates the feed design.

3.4. Pattern Comparison. As we all know that the radiation
of PGM has the frequency scanning property. (us, the
comparisons of E-plane patterns at four different

9.5 10.0 10.5 11.0 11.5 12.0

-30

-25

-20

-15

-10

-5

0

S1
1 

(d
B)

Frequency (GHz)

Lp=1.0 mm
Lp=3.0 mm
Lp=5.0 mm

Figure 5: Parametric analysis for the width Lp of feed structure.
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Figure 7: (a) Current distribution. (b) 3D patterns without PGM. (c) 3D patterns with PGM.
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Figure 8: Measurement and comparisons. (a) Antenna prototype. (b) Measurement in anechoic chamber. (c) S11 comparison. (d) Realized
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Figure 9: E-plane pattern comparisons. (a) 10.3GHz. (b) 10.5GHz. (c) 10.7GHz. (d) 11.1GHz.
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frequencies in the bandwidth are shown in Figure 9, where
10.3GHz, 10.5GHz, 10.7 GHz, and 11.1GHz are chosen to
be compared.(e black solid lines with squares represent the
simulated results and the red lines with circles belong to the
measurements.

(e tilt angles are different from those of simula-
tions, this is because the antenna under test was not
aligned with the transmitted antenna, and this is also
the reason that the measured realized gains are 1 dB less
than those of simulations in the concerning bandwidth.
However, the maximum radiations of simulations ap-
pear at 7°, 8°, 9°, and 10° for the above four frequencies,
respectively.

4. Conclusions

In order to reduce the profile of the radiation of PGM, a
novel planar discontinuous transmission line feed was
proposed. It consists of 12 uniform discontinuous
rectangular rings, and the PGM cells are put beside the
feed. (e first ring is fed by the microstrip line; the
following ring gets power by coupling the previous
neighbouring one, and then, forms the power propa-
gation on them. Two rows of “I”-shaped PGM cells were
designed and placed symmetrically to the feed. Finally,
the antenna prototype was fabricated and measured
where the measurements agreed well with the
simulations.
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