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ABSTRACT Different from the traditional wireless communication systems, where both amplitude and
phase components are used to provide a form of modulation, almost all of space time-modulated matesur-
face (MS) currently reported are modulated by phase components. In this paper we propose a new architec-
ture of time-varying modulated MS based on two features. First, inspired by the idea of beamforming-like
techniques that different digital sequences are added to the MS, in this way, the amplitude can be changed
rapidly for modulation by holding the constant phase. Here, a pentagonal array-based MS is designed to
achieve amplitude modulation (AM) by the use of on-off field programming gate array (FPGA) hardware.
Second, a quasi-optical measurable scheme in the near-filed is used to show the phenomena and detect the
measurements. To verify the ideas mentioned above, the simulations and measurements are carried out.

INDEX TERMS Time-varying programmable MS, amplitude modulation, FPGA, quasi-optical, pentagonal
array.

I. INTRODUCTION
Thanks to unique features of a space-time modulated MS
with the two-dimensional equivalent artificial engineered
structure, recently, the MS has been paid more attention
to the potential applications in the electromagnetic (EM)
fields, such as optical antireflection coating [1], reconfig-
urable antenna [2], negative refraction [3], meta-hologram
[4], [5] and super-resolution imaging [6], just to name a few.

Since EMwaves are propagated in a wireless environment,
they are difficult for us to be controlled. Fortunately, a class of
planar metamaterials called MSs are invented to control the
impinging EM waves by a way of software-defined scheme.
In this way, EM waves can be effectively engineered, such
as steering toward any desired direction, full absorption and
polarization manipulation. The authors of [7] used digital MS
to control phase shifts where the phase has a 180 ◦ difference
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to express a 1-bit digital provided that the amplitude is
almost constant. In [8] and [9] the authors proposed ways
to generate temporal harmonics to control the propagation
direction and harmonic power distribution by time-modulated
MS. It also can be considered as a frequency selective surface
for circuit analysis [10], [11]. Transmission-Line structure is
used as a leaky-wave antenna with tunable radiation angle
and beamwidth [12]. Birefringent operations can be used to
convert linear polarization into circular polarization [13].

As known to us that signal absorption, reflections, refrac-
tions, and diffractions induced by physical objects as well as
free space path loss will highly reduce the quality of wireless
communication systems. The use of theMSmitigates the path
loss by enforcing the lens effect and avoiding the ambient dis-
persal of energy and non-line-of-sight (NLOS) effects aswell,
eventually extending the effective communication range [14].

In addition, the authors of [15] claimed that graded MS by
transverse temporal modulation can improve rapid commu-
nication. Hybrid graphene MS structures presented in [16]
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can optimize the efficient terahertz modulation. Broadband
MS is introduced in [17] to change amplitude and phase
simultaneously in the space domain. The work of [18] was
to invent high-resolution holograms, which has been devel-
oped for storing and recovering the amplitude and phase of
light scattered by objects. The authors of [19] introduced an
impedance-based amplitude synthesis method by the use of
aperture field distribution for space domain.

It is also known to us that the MS can control the propaga-
tion direction and harmonic power distribution [20]. Accord-
ing to the recent research on the form of modulation of the
MS, the phase modulation (PM) is used with the constant
amplitude [21], [22]. In [23] the authors proposed a MS with
split-ring resonators (SRR) and inserted chip resisters for
absorption, which can used in energy harvesting and stealth
fields. Later the author of [24] presented a coding MS is
composed of SRR and inserted chip resisters for generating
AM radiation patterns.

Different from the phase modulated MS [25] and non-
continuous AM modulation, in this paper, we introduce a
new programmable MS architecture that different digital
sequences controlled by FPGA is added to the MS, where
the amplitude is changed significantly while the phase is
almost constant. In addition, the proposed architecture enjoys
some good features such as low hardware cost, low energy
consumption and simple structure. Therefore, we can mod-
ulate the changed amplitude for wireless communication
applications.

The rest of the paper is organized as follows. Section II pro-
vides a concept of space-time programmable MS, including
fundamental principle, MS structure design and simulation.
Section III describes the design and fabrication scheme of our
proposed digital MS, including prototype setup, transmitter
design and some experimental results. Finally, the conclusion
is given in Section IV.

II. THEORY AND DESIGN
A. TIME-VARYING MS DESIGN
Rapid development in wireless communications systems has
demanded wider bandwidth, higher capacity and lower power
consumption to support the practical requirements, which
puts forward new challenges for the traditional zero inter-
mediate frequency (zero-IF) or superheterodyne architecture.
For example, the time-varying based direct antenna modula-
tion technique can generate modulated RF signals directly,
but it can only be exploited for few ineffective modulation
schemes such as on-off keying (OOK) [26] and frequency
shift keying ( FSK) [27]. The paper proposes a MS structure,
which is a flexible hardware architecture to deal with the
shortcomings for future wireless communication systems.

The transmitter of our proposed architecture is shown in
the left part of Figure 1. It consists of the programmable MS,
the control circuit board, software design radio and lens. From
the figure, a source from signal generator is provided and the
related incident wave from a feed antenna impinges on the

FIGURE 1. MS wireless communication architecture.

programmable MS. The incident wave fi(θ, t) is a single-tone
carrier signal as the carrier signal in our metasurface-based
wireless communication system. The programmable wave
F(θ, t) of the MS contains the modulated information Ii(t)
of the carrier frequency of the incident wave and F ′ (θ, t)
depicts the programmable wave that passing through a think
lens, that bulges outward on one side and is flat on the other.
Themain parts of the receiver are the receiving antenna, scope
and frequency analyzer shown in the right part of Figure 1.
RF signal is captured by the scope or the frequency analyzer.

B. SPACE-TIME CONCEPT AND DESCRIPTION
The space-time digital MS can be configured as a linear
array with N elements. A periodic time-domain continuous
wave (CW) impinging in the MS can be described as a linear
pulse function

F(θ, t) =
∞∑

m=−∞

N∑
i=1

Aiamiej2π(f+mf0)t exp
(
j
2π
λc
di sin θ

)
(1)

where Ai is the amplitude of the i− th element. λc and di are
the wavelength of the CW signal and the distance between
the i − th element and the reference element. The elevation
angle is θ and f is the operating frequency of the CW signal,
f0 is the switching frequency given by fo = 1/T0 and T0 is the
switching period. For simplicity, it is assumed nT0 ≤ tion ≤
tioff ≤ (n + 1)T0, where tion and tioff denote periodically
switched on and off of the i − th element, respectively.
In addition, the periodic voltage changing of i− th element is
written as

Ii(t) =

{
1, nT0 + tion ≤ t < nT0 + tioff
0, elsewhere

(2)

Here, we consider Tion and Tioff as the rising and the falling
edge trigger shown in Figure 2, respectively. The period of the
pulse-width modulation is T0.
The rising edge trigger of each element is defined by Tion =

nT0 + tion, and the falling edge trigger of each element is
Tioff = nT0 + tioff . The Fourier expansion of Ii(t) can be
expressed as

Ii(t) =
∞∑

m=−∞

bmi exp (j2πmf0t) , (3)
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FIGURE 2. A PWM sequence with respect to time generated by FPGA.
Tion, Tioff and T0 denote the rising and falling edge and the switching
cycle, respectively.

and bmi is the coefficients of Fourier series can be written by

bmi =
1
T0

∫ T0

0
Ii(t) exp (−j2πmf0t) dt (4)

fo = 1/T0 is the switching frequency and ami is the coeffi-
cients of F(θ, t) as

ami=
N−1∑
i=0

bmi =
N−1∑
i=0

1
T0

∫ iT0+Tioff

iT0+Tion
e−j2πmf0tdt

=

N−1∑
i=0

f0
(
Tioff −Tion

)
sinc

{
πmf0

(
Tioff −Tion

)}
e−jπmi

(5)

The amplitude and phase of each element can be repre-
sented as Ami and ϕmi at different harmonic frequencies.

Ami

=

∣∣∣∣∣
N−1∑
i=0

Aif0
(
Tioff −Tion

)
sinc

{
πmf0

(
Tioff −Tion

)}
e−jπmi

∣∣∣∣∣
(6)

ϕmi

= arg

{
N−1∑
i=0

Aif0
(
Tioff −Tion

)
sinc

{
πmf0

(
Tioff −Tion

)}
e−jπmi

}
(7)

From the above theoretical analysis, we can observe that
the harmonic beam steering has the property of time shift in
the Fourier transform domain, sowe can control the scattering
patterns at any harmonic frequencies accuracy. From Eq. (6)
and Eq. (7), the equivalent AM and PM can be verified, 1-bit
space-time digital MS is designed, where the signal can be
steered to the desired direction when the beam is set at the
central frequency.

C. MS STRUCTURE DESIGN
As illustrated in Fig 3, a pentagonal spiral structure with a pin
diode has been added to the MS structure. For biasing the pin
diode, the resonant response is perturbed and it will appear
two different half-wave resonant structures. The current flows
from up to down into the center ground when the pin diode
is short in Fig 3. From the Eqs. (6) and (7), we observe

FIGURE 3. Layout of the MS prototype. The whole MS is shown on the
right side and the details of each element are shown on the left side.
On the left side is the unit cell of the MS. The related parameters are set
up Wt = 0.5 mm, Ws = 1 mm and L1 = 11.176 mm.

that the number of elements N , bias-voltage Ai, resonance
frequency f0, and high level Tihigh = Tioff−Tion in each period
can impact the amplitude and phase components. In the fig-
ure, the single element has been extended to a cycled 6 ∗ 6
structure. In the case, the output signal controlled by FPGA
hardware [28] is a form of the pulse widthmodulation (PWM)
and the current is flow from above to top elements separated
to 6 parallel columns, and through each element to the bottom
elements.

As shown in Fig 3, each column consisting six pentagon
spiral elements is connected to power biased lines with a
widthWt 0.5 mm and shares a common control voltage. The
distance Ws between the adjacent lines is 1 mm and the first
length L1 of the pentagonal spiral is 11.176 mm. A diode
pin is employed to connect the pentagon spiral element with
ground (GND) biased lines and these lines connect the bottom
GNDs through a via. All theGND is drawn as blue color in the
picture. As the pin diode is on (or off) with a biasing voltage
of 2.5 V (or 0 V), the corresponding digital status is ‘‘1’’
(or ‘‘0’’).

D. SIMULATION AND ANALYSIS
The local information can be expressed as a voltage changing
sequence, so a FPGA hardware is exploited to generate a
PWM signal, the duty cycle of the PWM can be defined as

p =
Tioff − Tion

T0
(8)

Hence, we change the duty cycle p under the same voltage
in the simulation environment. In Fig 4, the fixed parameters
of the system are: input power (0.01 mW ), incident angel
(0 degree), and the blue line denoting the bias voltage (2.5 V ),
respectively. The red line is the output result after carrier
mixed with the local information, which can be observed in
right part of Fig 4 and Fig 5. When the duty cycle is 50 %,
the result is a 50 % amplitude modulated envelope. Changing
the duty cycle to 75 % and the 75 % amplitude modulated
envelope is achieved in Fig 5. The simulation result shows
us that the information transmission can be realized through
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FIGURE 4. Envelope of amplitude modulation with the 50% duty cycle.

amplitude modulation using the novel space-time MS struc-
ture, though their amplitudes are much less than the control
voltage. It is worth noting that the above simulations are
carried out by ANSYS Electronics Desktop 18.

Fig 6 (a) and Fig 6 (b) are the change of return loss and the
phase, respectively. Given the MS a pulse bias-voltage 2 V
produced from the FPGAwith the on-off diodes, the different
performance of return losses and phases can be observed after
the CW through the MS. Return losses change (red line and
black line) almost 2 dB from 5.58 GHz to 5.94 GHz, while
the phases (red line and blue line) are constant in the same
range. Therefore, the structure proposed can be used for the
form of amplitude modulation.

To figure out the underlying principle of the whole absorp-
tion of the proposed MS, a periodic array of multilayer
metal-dielectric was used [29]. Fig 7 shows the surface cur-
rent distribution for each element patch of the PIN diodes
of the ON/OFF state by the simulation. When the diodes
are OFF, the more reflection signal can be obtained due to
the fact that the patches are isolated from the ground. The
more penetration signal, by contrast, should be estimated
because the patches are shorted to the ground with the ON
diodes. From the Fig 6, we can see the frequency range
is from 5.55 GHz to 5.94 GHz beyond. So the pentagon
spiral structure is a broadband polarized antenna structure
and surface current can be absorbed or emission according
to different conditions, which the controlled voltage is high

FIGURE 5. Comparison of envelopes of amplitude modulation with the
75% and 25% duty cycle.

or low. The direction of polarization is the same as that of the
spiral and the surface current will present the performance of
emission at one part of the spiral structure in Fig 7.

III. RESULT AND DISCUSSIONS
A. DESIGN OF MS SCHEME
In the measurement, a signal generator is connected to
Port1 as a transmitter and a scope is connected to Port2 as a
receiver. Above analysis can be described as Fig 8, a far-field
signal is generated from Port1, through the MS structure and
toward Port2.We add the PWMwave from FPGA as the local
signal to the MS with different duty cycles. It appears reflec-
tion, scattering and projection phenomenon around the MS.

In the near-field situation, the compact quasi-optical sys-
tem is designed to get the far field microwave [30]. The lens
diameter ratio f /D (≈ 1) is too small and thick lens are nec-
essary. A near-field measurement scheme is shown in Fig 9,
and various theoretical analysis are discussed in [31]. TheMS
position and size given by the Gaussian beam technique as
follows

d02 = f

[
1+

(d01 /f )−1

((d01 /f )−1) 2+
(
π w2

01 /λf
)2
]

(9)

w02 =
w01√

((d01 /f )−1) 2+
(
π w01

2 /λf
)2 (10)
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FIGURE 6. The return loss of (a)the amplitude component and (b) the
phase component from 5 GHz to 6 GHz.

FIGURE 7. Simulation of the surface current distribution of each element
with the ON/OFF states by ANSYS EM Desktop 18.

In the horizontal direction, d1 is the distance from the input
antenna1 to the lens, d2 denotes the length between the lens
and the MS, and d3 presents the the width from MS to the
output antenna2. In the vertical direction, w01 and w02 are the
radius of input beam and the output beam, respectively.

Based on this design, a digital MS prototype from trans-
mitter side is fabricated. Each digital element is made of a
pentagon spiral metal patch printed on a ROGERS RO4003C
substrate with a dielectric constant of 3.55, loss tangent

FIGURE 8. Reflection, scattering and projection phenomenon around the
MS providing a PMW-based EM wave transmitted from the Port1 to the
Port2 by FPGA.

FIGURE 9. The setup of the simulations based on a quasi optical scheme.
The lens is located between antenna1 and the MS.

of 0.0027, and thickness of 0.762 mm. The top layer of the
structure consists of six columnswith six connected elements,
and the bottom of it is eight parallel lines connected together
at up and down ends, and has an overall size of 137.16 mm *
137.16 mm. A SMA socket is set on the side, whose power
end connected to the top board and the ground end connected
to the bottom board. The pin diode connected between the
input line and the spiral line in each element and its on-off
status is controlled by the digital high-low voltage from
FPGA device.

The measurements are carried out on a measurable scale
shown in Fig 10. On one side of the scale, a linearly polar-
ized horn antenna serves as the excitation source and it is
connected to a signal generator (Rohde&Schwarz SMR),
which provides the microwave signal at 5.85 GHz fre-
quency. Another linearly polarized horn antenna receives the
microwave signal via an oscilloscope (Agilent DSO81204B),
which is set on the other side of the scale. In Fig 9, a thick lens
with absorbing medium is located beside the antenna1, and
the MS equipment under test (EUT) is mounted on a turnable
shelf between the thick lens and the antenna2. d1, d2 and d3
are 30.3 cm, 9.4 cm and 23.8 cm respectively. FPGA hard-
ware board (DE1-SoC) is connected to the SMA socket of
theMUT, exploited to provide a 50% duty cycle on-off digital
signal with 2.5 V control voltage. The FPGA is directly added
on the test unit, in which a sequence is preloaded to generate
six control voltages. The modulation period T0 is 320 ns and
the pulse width Tioff −Tion is 160 ns, which corresponds to the
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FIGURE 10. Prototype testing experiments when the unit time interval
is 100 ps.

modulation frequency f0 = 31.25 MHz, and diode (MADP-
000907) switch speed of 62.5 MHz, respectively. The output
result of the oscilloscope can be seen in Fig 10. We can
observe that the amplitude change obviously according to
on-off voltage by holding the fixed phase component. The
amplitude modulation is obtained as a good feature of the
space-time MS to be used in wireless communication sys-
tems. According to the above analysis, the time scale can be
changed to 1 us shown in Fig 11, the envelope can be seen in
the oscilloscope.

FIGURE 11. Prototype testing experiments when the unit time interval
is 200 ns.

The output signal is an uniform amplitude waveform
in Fig 12 (a) when the FPGA board is turned off. The mea-
surements of 50 % duty cycle on-off digital signal from the
FPGA can be observed in Fig 12 ( b). Themodulated envelope
can be detected in Fig 12 (c) and Fig 12 (d) after the digital
signal is modulated on the carrier signal directly using the
proposed MS structure. Fig 12 (c) is observed provided that
the parameters d1, d2 and d3 are setup at 30.3 cm, 9.4 cm
and 23.8 cm, respectively. While Fig 12 (d) is shown when
the parameters d1, d2 and d3 change to 27.3 cm, 12.4 cm
and 23.8 cm, respectively. In addition, we can find that the
debugging will change the propagation path of wave and
affect the received energy eventually.

FIGURE 12. The measurements related to the simulations in Fig 4.

The horn antenna of the receiver side is connected to the
spectrum analyzer, we can observe that the spectrum is spread
around the transmit tone frequency 5.85GHz in Fig 13, which
is the performance of harmonic signal from programmable
MS.

FIGURE 13. The performance of spread spectrum. Left is before
time-varying programmable MS and right is after that.

IV. CONCLUSION
In this paper, we proposed a new architecture of the
space-time MS to obtain an amplitude-based modulation
scheme for fitting the requirements of wireless commu-
nication system. The architecture is successful fabricated
and a quasi-optical scheme is designed to obtain the
desired form of amplitude-based modulation. It is notice that
software-defined pin diode ON / OFF switches are sufficient
to build MSs for supporting an impressive range of EM func-
tions. The proposed time-varying digital MS can be operated
as a programmable modulation scheme, which can be used
in wireless communication system. The results from both
the simulations and measurements confirm the feasibility and
reliability of the proposed scheme.
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