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Abstract— Reconfigurable intelligent surface (RIS) has been
widely considered as a key technique to improve spectral
efficiency for the 5th generation (5G) and beyond 5G (B5G)
communications. Compared with most existing research that
only focuses on the reflective RIS, the design and prototyping
of a novel transmissive RIS are presented in this paper, and
its enhancement to the RIS-aided communication system is
experimentally demonstrated. The 2-bit transmissive RIS element
utilizes the penetration structure, which combines a 1-bit current
reversible dipole and a 90° digital phase shifter based on a
quadrature hybrid coupler. A transmissive RIS prototype with
16 X 16 elements is designed, fabricated, and measured to verify
the proposed design. The measured phase shift and insertion
loss of the RIS element validate the 2-bit phase modulation
capability. Being illuminated by a horn feed, the prototype
achieves a maximum broadside gain of 22.0 dBi at 27 GHz, and
the two-dimensional beamforming capability with scan angles up
to +60° is validated. The experimental results of the RIS-aided
communication system verify that by introducing the extra gain
and beam steering capability, the transmissive RIS is able to
achieve a higher data rate, reduce the transmit power, improve
the transmission capability through obstacles, and dynamically
adapt to the signal propagation direction.

Index Terms— Transmissive RIS, 2-bit shifter,

prototyping.

phase

I. INTRODUCTION

ITH the ever-growing demands on system capacity
from the first generation (1G) to 5G, efficiently exploit-
ing spatial resources via advanced array technologies has
always been an hotspot [2], [3]. Recently, reconfigurable
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intelligent surface (RIS) has attracted great attention for
its capability of making full use of spatial resources and
improving spectral efficiency by smartly manipulating electro-
magnetic (EM) environments [4]. Specifically, a RIS is usually
built on hundreds or even thousands of passive elements,
which is generally employed between the user equipment (UE)
and base station (BS) to establish an extra reflecting link.
Given that the phase states of a RIS’s elements could be intel-
ligently reconfigured to form arbitrary beam shapes with low
cost and low power, RISs have abundant virtues on network
coverage extension, capacity enhancement, power saving, and
interference cancellation in the beyond 5G (BSG) networks.
Therefore, a large number of signal processing techniques
and experiments have been implemented to demonstrate the
superiority of RIS [4], [5], [6], [7], [8].

Nevertheless, existing research contributions mainly con-
sider the employment of reflective RIS [4], [5], [6], [7], [8],
which may result in undesired coverage holes in a cell
and unluckly limits the application of RIS. Specifically, for
reflective RIS, the base station and user need to be located
on the same side of the RIS, which brings extra geograph-
ical constraints on the physical topology [9]. For instance,
reflective RIS is difficult to assist communication between a
transmitter outside a vehicle and a receiver inside it. To cope
with this problem, the concept of transmissive RIS is attracting
growing attentions [10]. Rather than being reflected, signals
can transmit through a transmissive RIS to form directional
beams. In this way, transmissive RIS can potentially fill in the
coverage holes of reflective RIS. It should be mentioned that
in the literature, transmissive RIS has also been given some
similar terminologies, such as transmittarray and intelligent
transparent surface [9].

The phase reconfigurability is the most essential capa-
bility for a transmissive RIS. Solid-state electronic devices
are commonly integrated in each constituent RIS element
to dynamically control its phase response. Continuous phase
shifts can be realized using analog-type devices like varactor
diodes [10], [11], [12], [13], [14], [15], [16], [17]. The
phase shift range usually exceeds 360° so that the phase
errors are negligible. However, the transmissive RIS has a
very high transmission insertion loss, which can be up to
5.7 dB [13]. As a consequence, the aperture efficiency of
the RIS is considerably reduced. At high frequencies, switch-
type devices are widely used to produce discrete phase shifts,
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including p-i-n diodes, Radio-Frequency (RF) Micro-Electro-
Mechanical System (MEMS) switches, and etc [13], [14], [15],
[16], [17]. Most existing designs focus on 1-bit phase recon-
figurability, where the design and fabrication difficulties are
manageable [18], [19], [20], [21], [22], [23], [24], [25], [26].
For example, a classic design of an O-slot patch loaded with
two positive-intrinsic-negative (p-i-n) diodes in [18] adopted
the current reversal mechanism to realize a stable 180° phase
shift in a wide frequency band. The minimum measured
insertion loss is 1.7/1.9 dB at 9.8 GHz. Several other attempts
were made to obtain a 2-bit phase resolution [27], [28]. Specif-
ically, a monolithically fabricated 2-bit prototype using MEMS
switches [27] was able to produce 4 phase states, but the
measured insertion loss is 4.2-9.2 dB at Ka band. A compact
2-bit element using a modified O-slot patch [28] was designed,
fabricated and measured. The measured insertion loss
is 1.5-2.3 dB at 29.0 GHz, and the measured 3-dB transmis-
sion bandwidth is 10.1-12.1% for four phase states.

The phase quantization errors associated with discrete
phase shifts inevitably introduce performance degrada-
tion [29], [30], [31]. It is observed that the 1-bit element
designs suffer from 3-4 dB insertion loss attributed to the
coarse phase resolution, which results in a low aperture
efficiency. The sidelobe levels are significantly higher, some-
times even causing unwanted grating lobes. By contrast, 2-bit
designs are considered a well-balanced choice between the
element performance and the design complexity. The phase
quantization loss can be greatly reduced to less than 1 dB, and
the sidelobe envelop can be significantly improved as well.

Nonetheless, there are only a few 2-bit designs in the
literature. One of the important reasons is that, compared to
1-bit designs, more transition structures and electronic devices
are needed to achieve four stable phase states. The conven-
tional design approach solely relies on the two-dimensional
unit-cell footprint because of the printed-circuit board (PCB)
fabrication process. It becomes extremely challenging to lay
out a variety of constituent element parts in a greatly limited
sub-wavelength array grid. Consequently, more numbers of
stacked layers are used, which results in the higher fabrication
complexity and cost. To the best of our knowledge, the design,
fabrication, and measurement of the 2-bit transmissive RIS
have not been well studied.

In this paper, the 2.5-D penetration structure [32] is
exploited to make the best of the longitudinal space in the
propagation direction to develop the 2-bit transmissive RIS.
Specifically, our contributions are summarized below.

« Firstly, a 90° digital phase shifter is proposed and realized
using two p-i-n diodes based on a quadrature hybrid
coupler [33]. Combined with a 1-bit current reversible
dipole, 2-bit phase resolution is achieved at the millimeter
wave (mmWave) band. In addition to some preliminary
results reported in the authors’ conference paper [1], the
2-bit RIS element is further optimized and more detailed
analysis is presented in this journal paper.

o Furthermore, a prototype with 16 x 16 RIS elements and
a logic circuit control board is fabricated and measured.
The measured results show that the prototype can achieve
a maximum broadside gain of 22.0 dBi at 27 GHz, with
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Fig. 1. System model of transmissive RIS-aided communication systems.
the corresponding aperture efficiency of 25.3%. More-
over, the measured radiation performances for scan angles
are presented as well, demonstrating the beamsteering
capability in a large angle up to 60°.

o Finally, a transmissive RIS-aided mmWave wireless com-
munication prototype is developed to demonstrate the
performance of the fabricated 2-bit transmissive RIS. The
experimental results verify that the 2-bit transmissive RIS
can achieve a higher data rate, reduce the transmit power,
improve the transmission capability through obstacles,
and dynamically adapt to the signal propagation direction.

Organization: The reminder of this paper is organized as

follows. The communication model of transmissive RIS is

introduced in Section II. Then, in Section III, we describe
the structure and simulated performance of the element of the
designed transmissive RIS. Section IV provides the experi-
mental results for the 16 x 16 elements RIS prototype in
the microwave anechoic chamber. A transmissive RIS-aided
wireless communication prototype is set up to further measure
the performance of the proposed RIS in Section V. Finally in
Section VI, conclusions are drawn.

II. SYSTEM MODEL

In this section, we describe the system model of the trans-
missive RIS-aided communication system.

A. System Model

We consider that the transmitter (Tx) employs a horn
antenna to communicate with a single-antenna receiver (Rx),
where an N-element transmissive RIS is used for enhancing
the signal power. As shown in Fig. 1, the RIS is a uni-
formly planar array (UPA) placed in the x-y plane, and its
geometric center is located at the origin of the coordinate
system. Let N, denote the number of antennas on the row
and N, denote the number of antennas on the column, with
N = N,N,. The antenna spacing along the = axis and y
axis are d, and d,, respectively, which are usually half of the
wavelength. The coordinates of the Tx and Rx are (x¢, y¢, 2¢)
and (z,,y,, 2). The coordinate of the (m,n)-th antenna in
the m-th row and n-th column of the RIS is (6,,dz, 0ndy, 0),
where 6, = m — (N, —1)/2 and 6,, = n — (N, — 1)/2
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with m € {0,1,--- ,N, — 1} and n € {0,1,--- ,N, — 1}.
We use the symbols d;, 6;, and ¢; to denote the distance, the
azimuth angle, and the elevation angle between the center of
the RIS and the Tx. The relationship between (x¢, y:, 2¢) and
(dt, 0+, @) is shown in Fig. 1. Similarly, we use the symbols
d., 0,, and ¢, to denote the distance, the azimuth angle, and
the elevation angle between the center of the RIS and the Rx,
where the relationship between (., y;, 2,-) and (d,, 0,., p,) is
shown in Fig. 1 as well.

We denote f € CV*1 a5 the Tx-RIS channel, and denote
g € CN*! as the RIS-Rx channel. Since this paper aims
to evaluate the function of the transmissive RIS, the direct
link between the Tx and Rx is ignored in this paper. Denote
[g]m.n and [f],,.,, as the channel from the (m,n)-th antenna
of the RIS to the Rx and Tx, respectively. Then, the free space

channel model is adopted to represent [g],, ,, and [£],, ,, as [4]
gl = [ ACaFulbror) e X )
Blmn = 4m d:n n ’
AG 1 Ff (64, p1) €95 @mon
f m,n — ’ 2
[£]m. 4m dt, @
where A represents the wavelength, dy, ,, and df, , denote

the distance from the (m, n)-th antenna of the RIS to the Rx
and Tx, respectively. Moreover, G, and F(6,, ¢,) denote the
antenna gain and the normalized power radiation pattern of the
side of RIS facing the receiver, while Gy and F'r (0, ¢;) cor-
respond to those of the side of RIS facing the transmitter [4].

Let s denote the transmitted symbol with ||s|l2 = 1. We use
symbols Gy, Fy, Py, G, F). to represent the transmitter antenna
gain, the transmit power, the normalized radiation power of
the transmitter, the receiver antenna gain, and the normalized
radiation power of the receiver. Denote w ~ CN(0,0?) as
the additive Guassian noise with variance o2. Then the noised
received signal by the Rx can be modeled as

N,—1Ny—1

=VEY Yl

m=0 n=0
)\F\/P GF Mext s

+w, 3

HL,nFe]d)m’nS + w,

é A ntdh
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where I' € [0, 1] is transmission loss of the (m,n)-th antenna
of the RIS, ¢, € [0,27] denotes the phase shift of the
(m,n)-th antenna of the RIS, G = G:G¢G4G,, and F =
Fth(era (pT)Fg<9T? (PT)FT~

B. Beamforming for the Transmissive RIS

For the desired receiver, the transmissive RIS is designed for
maximizing the received signal energy through beamforming.
The received signal-to-noise ratio (SNR) can be presented as

SNR
2

+d¢nn>

4)

—1Ny—

Z df dr

m=0 n=0 ~MH,NTM,N

_ RGFAT? [
1671202
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To maximize SNR, it is obvious that the optimal ¢, ,, is

dt +dr
m,n m,n ’ 27T> , (5)

Om,n = mod <C’—|— i\

where mod (-) is the mod function guaranteeing that the
phase shift ¢, ,, is belonging to [0,27] and C is an arbitrary
constant. The detailed proof is provided in Appendix A.
From (5), the phase shift ¢, , can be obtained according to

dy, , and d;,, . According to the geometry relationship, d!, ,,
and dfnﬁn can be represented as

Q= [ = Gde)? + (4 — 6202 + 22, (6)

d?m n = \/(xr‘ - 5mdac)2 + (yt -

Therefore, the optimal solution to ¢, , can be obtained
accordingly. Then, for practical implementation of RIS, the
limited resolution of the phase shift has to be considered.
If there are b bits for quantized phase shifter, then the feasible

set of phase shift is
1 20 —1
®, = {0, 21)7,1777 : 721717T}~ (®)

Denote the quantized phase shift as q@m,n. We meticulously
configure ¢, ,, to maximize the received SNR so as to enhance
the communication quality, which can be formulated as the
following discrete optimation problem:

5pd)? +22. (7

N,—1Ny—1

(Pp) max Z Z hmnemm"

m=0 n=0

s.t. d)m,n € @bvv(man) (9)

Here we denote hp,,, = |hypletmn = ﬁ
d:nn«‘»d:n)n ) m,n m,n

e 77 x . In our prototyping, the channel state infor-

mation A, , is acquired by measuring the geometry of TXx,
Rx, and RIS in advance, and beamforming is performed by
solving the optimization problem (Fp) with known A, p,
which is enough for us to verify the beamforming capability of
transmissive RIS. Before going ahead, it is worth mentioning
that the CSI acquisition methods for estimating A, , have
been well studied in the literature. For example, an alternating
least square algorithm was studied in [34]. Compressed sens-
ing based algorithms exploiting the sparsity of RIS channel
is studied in [35]. Besides, codebook-based beam training
algorithm can also be adopted to acquire CSI [36]. The above
algorithms and signaling procedure are widely adopted in
reflective RIS systems. Since the system mathematical model
between reflective RIS and transmissive RIS is pretty similar,
these methods can be easily applied in transmissive RIS
systems as well.

Now, we focus on the beamforming design problem (P).
Since the discrete optimation problem (P,) is non-convex and
NP-hard, obtaining its global optimum requires prohibitive
time complexity in the order of O(2M%). In the literature,
some discrete optimation algorithms have been proposed to
find near-optimal solutions to problems similar to (Fp) with
acceptable time complexity. In this article, we compare the
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performance of these algorithms in low-resolution beamform-
ing and use the best one in our prototyping. The compared
algorithms are shown below.

o The hard quantization method: This method directely
choose a feasible quantized phase shift ¢y, , closest to
the optimal continuous phase shift ¢,, ,,, where

Om.n = arg MWD |§ — Pmn|. (10)

e The cross-entropy (CE) algorithm [37]: This algorithm
can be regarded as a probabilistic model-based approach
to solve discrete optimization problems. It assigns a spe-
cific probability distribution to the discrete phase states
of each phase shifter. Then, the CE algorithm iteratively
updates these probability distributions by minimizing the
cross-entropy, and finally generates the phase states with
the highest probability for beamforming.

o The quantum-inspired evolutionary algorithm
(QEA) [38]: Rather than a quantum algorithm, QEA
is actually an advanced evolutionary algorithm (EA)
for discrete optimization problems. QEA introduces the
concepts of quantum states, quantum gates, probability
amplitude, and so forth into EA. QEA can achieve
better performance in discrete optimization problems
than conventional EAs, so we use it to solve the RIS
beamforming problem (Fy).

o The alternating optimization (AO) algorithm [39]: This
discrete phase-shift optimization algorithm is proposed
for the reflective RIS. Due to the similarity of math-
matical model between reflective RIS and tranmissive
RIS, we can use this algorithm to solve problem (Fy).
The key idea of AO algorithm is to alternately optimize
one phase shift while fixing the other N — 1 phase
shifts in an iterative manner. Specifically, for the (p, ¢)-th
phase shift quﬂ, by fixing the other phase shifts ng,n,
¥(m,n) # (p, q), the optimal ¢,, , is given by

¢Paq

= argmaX,cg, hp7qej¢ + hm,nej‘bm*"

>

(m,n)#(p,q)
(11)

Obtaining the optimal ¢, , from (11) is time efficient.
By repeatedly solving (11) in the order from (p,q) =
(0,0) to (p,q) = (N —1, N, —1), the objective function
of (Py) is non-decreasing. After convergence, we can
arrive at a near-optimal solution of the discrete phase
shifts.

We compare the achieved beam pattern of these four meth-
ods in Fig. 2. As our fabricated array has 2-bit resolution
(4 phase states), we set b = 2 in this simulation. The other
parameters are as follows: N, = N, = 16, A = 10.7 mm,
0, = ¢, =0,d. =50 mm, 0, = ¢; = 7/3, d: = 5m.
The dotted line denotes the beam pattern generated by the
ideal continuous beamforming. Here, the beamforming gain
S S honmed?mn |
o S [

is calculated by . It is clear from Fig. 2
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Fig. 3. Proposed 2.5-D structure of the transmissive RIS for mmWave
communications.

that for a 2-bit resolution transmissive RIS, the AO and
QE algorithms are slighly better than the hard quantization
scheme, where more than 80% beamforming gain of the
continuous beamforming is achievable. Moreover, we can
find that the performance of 2-bit hard quantization is pretty
close to the AO and QE algorithms. A similar conclusion
was also obtained in [39]. This fact further emphasizes the
importance of the fabrication of transmissive RIS with more
than 2-bit resolution. As a consequence, in our prototyping,
we will perform the best AO algorithm to compute the phase
states of RIS. In the following sections, we will elaborate on
the proposed transmissive RIS design in our communication
system.

III. PROPOSED RIS ELEMENT DESIGN

We describe the proposed transmissive RIS element in this
section, including element design, 90° phase shifter exploited
in the element, and element performance in simulation.

A. Element Design

Fig. 3 illustrates the proposed 2.5-D structure of the 2-bit
transmissive RIS. Each RIS element consists of a number of
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one-dimensional subarrays aligned in parallel. The constituent
element utilizes the penetration structure, which is composed
of a RIS-side Rx and a RIS-side Tx to receive and transmit
the RF signals impinging on the RIS, respectively, and a
microstrip transmission line to convey the signal through the
RIS aperture. Instead of laying them out in the aperture plane,
two vertical dipoles [40] are employed and arranged along
the propagation direction to circumvent the space constraint
imposed by the unit cell footprint. The slightly extended lon-
gitudinal space easily accommodates a 90° digital phase shifter
between the RIS-side Rx and the RIS-side Tx. Combined with
the 1-bit current reversible dipole, the 2-bit transmissive RIS
element can be readily realized.

The 2.5-D structure slightly increases the aperture profile
by 1 ~ 2 wavelengths, but it is still much smaller compared
with the aperture size. Especially at mmWave frequencies, the
aperture profile is merely a couple of centimeters and will
not considerably undermine the low profile and conformal
features of the RIS. Each subarray can be easily fabricated
on a single layer of substrate, thus avoiding the complicated
multilayer PCB process and lowering the overall cost. It is
also a remarkable fact that the //-type 2.5-D structure can be
further developed into a #-type or a A-type formation where
two or three sets of subarrays can be arranged in the same
aperture, so that the 2.5-D unit cell space can be more fully
exploited for more constituent element parts. Hence, more
advanced features such as dual-polar or dual-band designs can
be accomplished.

The linearly incident wave propagating along the z axis is
received by the passive RIS-side Rx composed of a vertical
dipole. Then, the received signal is converted into a guided
wave and conveyed along the microstrip transmission line. The
phase shifter structure based on the quadrature hybrid coupler
is employed. Instead of the varactor diodes used in the analog
phase shifter design [33], it is terminated with reflection-type
loads composed of two p-i-n diodes (model MADP-000907-
14020) to provide a 0°/90° digital phase shift. The two loaded
p-i-n diodes are always tuned at the same ON- or OFF-states,
resulting in a 90° phase shift. The RIS-side Tx is similar
to the RIS-side Rx, but the vertical dipole structure [40]
is modified to integrate two p-i-n diodes (MADP-000907-
14020) that are symmetrically placed in the feeding microstrip
line. They are alternatively turned ON or OFF so that the
excitation current flows in opposite directions. Consequently,
the reversible current flow produces a stable 180° phase shift
without significantly affecting magnitude response. Finally, the
RIS-side Tx re-radiates the guided wave into the free space
with four stable phase states of 0°/90°/180°/270°, and hence,
the 2-bit phase resolution is obtained.

The frequency of the designed transmissive RIS element
is 26.5 GHz, and the unit cell size is 4.9 x 4.9 mm2. The
proposed 2-bit element is printed on a single layer of Taconic
TLX-8 substrate (¢, = 2.55, tand = 0.0019, h = 0.254 mm).
The microstrip line and the 90° digital phase shifter are on the
top of the substrate, while the vertical dipoles and the ground
plane are arranged on the bottom of the substrate. The total
profile of the element is 21.8 mm, corresponding to 1.9\ at
the design frequency. The following geometrical parameters

6609

Tuning stubs

20

S11 Magnitude (dB)

$21 Magnitude (dB)

S21 Phase (deg)

22 23 24 25 26 27 28 29 2 n

4 25 26 27
Frequency (GHz) Frequency (GHz)

Fig. 4. Proposed 90° digital phase shifter based on a quadrature hybrid
coupler: (a) the illustrative structure; (b) simulated reflection magnitude,
(c) transmission magnitude, and (d) transmission phase.

are optimized after a comprehensive parametric study: l; =
2.1 mm, wg = 0.6 mm, [, = 1.6 mm, ws; = 0.3 mm.

B. 90° Digital Phase Shifter

The proposed 90° digital phase shifter integrated in the
2-bit transmissive RIS element is designed to provide 0°/90°
phase switching, as shown in Fig. 4 (a). It is a reflection-type
phase shifter based on the quadrature coupler terminated with
two reflective loads, which are composed of p-i-n diodes and
short-circuited stubs. The realization of 90° phase shift is by
tuning the two p-i-n diodes to work at ON-ON or OFF-OFF
state, respectively. Two tuning stubs are introduced to maintain
a stable desired phase shift by tuning their lengths. The
digital phase shifter is modeled and simulated with a periodic
boundary condition and a wave-port excitation. As can be
observed from the simulation results plotted in Fig. 4 (b),
a 10-dB return loss bandwidth of 22% (22.6-28.2 GHz) is
achieved. Good impedance matching performance minimizes
the insertion loss to less than 1 dB within the frequency band
from 24.2 to 28.0 GHz. Meanwhile, from the curves plotted
in Fig. 4 (d), we can find that the phase difference is close to
90° in a wide frequency band. We can conclude that the phase
shifter is capable of generating desired 90° phase shift by
electrically adjusting the two p-i-n diodes, thus achieving the
0°/90° digital phase switching capability with the low insertion
loss.

C. Performance of the Designed Transmissive RIS Element

We simulate the proposed 2-bit RIS element with a periodic
boundary condition to mimic an infinite array environment
and the mutual coupling effect is also considered. The
element is simulated. The simulated element performances
under normal incidence for the four working states are
plotted in Fig. 5. The transmission magnitude responses at
26.5 GHz are summarized in Table I. It can be seen that
the average transmission insertion loss of the four states is
around 1.3 dB. Moreover, the insertion losses are maintained
below 3 dB ranging from 24.8 to 28.6 GHz, corresponding
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Fig. 5. Simulated transmission (a) magnitude and (b) phase of the proposed

2-bit RIS element.

TABLE I
SIMULATED PERFORMANCE OF THE 2-BIT RIS ELEMENT

State Element loss  Phase shift 3-dB trans.
@26.5 GHz @26.5 GHz bandwidth
1 (state-0°) 1.1 dB -141.2° 23.6-28.9 GHz (20.1%)
2 (state-90°) 1.3 dB -56.8° 24.8-28.6 GHz (14.2%)
3 (state-180°) 1.1 dB 34.9° 23.5-28.6 GHz (19.6%)
4 (state-270°) 1.5 dB 129.0° 24.6-29.0 GHz (16.4%)

to the 3-dB transmission bandwidth of 14.2%. The phase
curves of the four states are roughly parallel with around
90° phase difference in the operating frequency band. Hence,
by switching the p-i-n diodes alternatively, the RIS element
successfully achieves 2-bit phase tuning capability.

IV. RIS DESIGN, FABRICATION, AND MEASUREMENT

In this section, a transmissive RIS prototype composed
of 16 x 16 proposed elements is designed, fabricated, and
measured to experimentally validate the performance of the
proposed RIS element.
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(b)

Fig. 6. Photography of (a) the fabricated transmissive RIS prototype, (b) the
measurement setup in the microwave anechoic chamber.

The photographs of the fabricated RIS prototype and the
measurement setup in the microwave anechoic chamber are
presented in Fig. 6. Taking advantage of the PCB technology,
the RIS is easy to fabricate. The RIS is space-fed by a linearly
polarized horn. The effective aperture size of the RIS prototype
is 78.4 x 78.4 mm?. The feeding horn illuminates the array
at an optimized distance of 50 mm. To achieve the goal of
phase reconfigurability, each element of the array needs to be
controlled independently. There are 512 biasing lines since
each element has two biasing lines to apply DC voltages to
four p-i-n diodes. Two logic circuit controlling boards are
attached to supply independent DC voltages of 512 channels,
and they are connected to the biasing lines through several
connectors.

We measure the fabricated prototype in a planar near-field
anechoic chamber. From the measured performance of the
broadside beam depicted in Fig. 7, a peak gain of 22.0 dBi is
obtained at 27.0 GHz, which is 9.3 dB higher than that of the
feeding horn. The corresponding aperture efficiency is 25.3%.
The slight frequency shift to higher frequencies is mainly
attributed to the tolerance in fabrication and the supporting
structure. The measured radiation pattern is in good agreement
with the theoretical prediction based on the array theory.
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Fig. 7. Performance of the broadside beam: (a) measured gain bandwidth,
(b) calculated and measured normalized radiation patterns at 27.0 GHz.

The measured sidelobe level is below —22 dB, remarkably
lower than that of the 1-bit designs, which is mainly attributed
to the finer phase resolution of the 2-bit RIS. The measured
cross-polarization level is —21.3 dB.

The radiation behaviors of the scanned beams are measured
as well to experimentally verify the dynamic beam scanning
capability of the transmissive RIS in two-dimensional space.
By controlling the phase of each RIS element, the transmitted
focused beam can be formed by the RIS in the given direction.
As shown in Fig. 8, the measured scanned beams in the angular
region from 0° to —60° show accurate beam pointing and
well-defined patterns in both E-plane and H-plane. Note that
the beams in the opposite angular region are omitted due to the
symmetry. The measured 60° scan gain losses are 4.0 dB and
5.0 dB in two principal planes, respectively. Table II compares
the performance of the proposed 2-bit RIS with other RIS
designs published in literature. It is evident that this work
achieves the highest aperture efficiency.

V. TRANSMISSIVE RIS-AIDED WIRELESS
COMMUNICATION PROTOTYPE

In this section, a transmissive RIS-aided wireless communi-
cation prototype is set up to further measure the performance
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Fig. 8. Measured radiation patterns of scanned beams at 27.0 GHz in
(a) E-plane, (b) H-plane.

of the designed transmissive RIS in practical communication
scenarios.

A. Measurement Setup

As illustrated in Fig. 9, we carry out the experiment in an
office environment. The prototype is composed of the trans-
mitter side, the RIS, and the receiver side. Both the receiver
and the transmitter utilize the software-defined radio (SDR)
platform, composed of the PXI hardware architecture and the
LabVIEW system design software, to realize transmission at
the mmWave band.

The transmitter consists of the transmitter host, the FPGA,
the ADC module, the mmWave upconverter, and a horn
antenna. The transmitter host controls the system parame-
ters, including modulations, the transmit power, the central
frequency, and so on. A high-speed bitstream is first deliv-
ered by the host to the FPGA module. The FPGA module
realizes complex signal processing, including channel coding,
constellation mapping, OFDM modulation, and etc. After that,
the signals are sequentially processed by the ADC and the
mmWave upconverter to form mmWave analog signals suitable
for transmission in wireless channels.
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TABLE II
PERFORMANCE COMPARISON WITH OTHER 2-BIT TRANSMISSIVE RIS DESIGNS

Ref. Freq. Tunable Number of Number of Profile 3dB-gain Gain  Aper. eff.
. [GHz] device tunable devices dielectric layers o bandwidth  [dBi] [%]
[26] 34.8 MEMS 5 4 0.116\ - 9.2 6.2
[27] 29 p-i-n 4 5 0.125X 16.2% 19.8 15.9
Our work 27 p-i-n 4 3 1.9X 10% 22.0 253
TABLE III
SYSTEM PARAMETERS
Parameters Value Parameters Value
Cani
armer 27.0 GHz | Antenna Tx 22.7 dBi
frequency ain
System bandwidth | 800 MHz | °© Rx 9.2 dBi
Waveform CP-OFDM T Array gain 19.8 dBi
rans.
FFT size 2048 ans Frequency | 27.0 GHz
Carri Ph
arriet 75 KHz RIS ase 2 bit
spacing resolution
ADC/DAC 14 bit Array size 16 x 16
Obstacle resolution Tx/Rx height 1.5m
Tfaﬂ;“l‘;“i"e Modulation 16-QAM dy 24 m
Tx host Tk Rxhom Ry host Coding Turbo do 0.2 m
w“a Code rate 12 ds 0.05 m
= Z Z
TABLE IV
ARRAY GAIN PERFORMANCE
Fig. 9. Transmissive RIS-aided wireless communication prototype. With or without RIS Transmit power  Data rate
X 13.6 dBm 1024 Mbps
v 5.4 dBm 1121 Mbps

The transmissive RIS has 256 2-bit elements. It receives
the signals from the transmitter, tunes the phase of received
signals, and then directionally transmits them towards the
receiver. Moreover, for validating that a transmissive RIS is
able to overcome obstacles, we can also place an obstacle, such
as a piece of marble, between the RIS and the base station.

Similar to the transmitter, the receiver is composed of the
receiver host, the FPGA, a DAC module, a mmWave down
converter, and a horn antenna. At the receiver side, the Rx
horn antenna first receives the signal and transforms them the
digital domain by the mmWave down converter and the DAC
module. Then, the FPGA module is responsible for recovering
the bitstream by channel estimation, OFDM demodulation,
decoding, CRC check and etc. Moreover, according to the
results of the CRC check, the host obtains the block error rate
and calculates the data rate. Finally, the received constellation
and the data rate are illustrated on the screen of the host.

In Table III, the detailed settings of our mmWave platform
are provided. We consider a downlink communication sce-
nario. The bandwidth is 800 MHz and the carrier frequency is
27.0 GHz. The horn antenna of the transmitter, the transmis-
sive RIS, and the horn antenna of the receiver are on the same
height of 1.5 m and are all horizontally polarized. A piece
of marble with thickness of 0.03 m is employed to mimic
the obstacle. Let dy, do, and d3 denote the distance between
the Tx antenna and the obstacle, the distance between the
obstacle and the RIS, the distance between the RIS and the

Rx antenna. They are set as d; = 2.4 m, dy = 0.2 m, and
ds = 0.05 m, respectively. The fabricated transmissive RIS
works at 27.0 GHz with an additional 9.3 dB array gain when
being illuminated by the Rx horn antenna. The azimuth angle
and the elevation angle from the RIS center to the Tx/Rx are
all zero, i.e., 0, = 0, = ¢y = p, = 0° as shown in Fig. 1.
We verify the performance of this RIS in terms of array gain
and data rate.

B. Array Gain Performance Assessment

To evaluate the array gain, we remove the obstacle and
assess the system performance with or without the transmissive
RIS. The experiment results are presented in Table IV. Specif-
ically, without the transmissive RIS, when the transmit power
reaches 13.6 dBm, the data rate can reach 1024 Mbps. By con-
trast, to achieve a similar transmission rate of 1121 Mbps,
only 5.4 dBm transmit power is required with the help of
transmissive RIS. It is obvious that the transmit power is
reduced by 8.2 dB. As we measured in the anechoic chamber,
the RIS can provide a 9.3 dB array gain, which is consistent
with the transmit power reduction measured by our prototype.
Therefore, it is obtained that the transmissive RIS-aided com-
munication prototype can reduce the transmit power by the
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TABLE V
DATA RATE PERFORMANCE

With or With or Azimuth Data
without RIS  without obstacle angle rate
X X 0° 1024 Mbps
v X 0° 1683 Mbps
X v 0° 0 Mbps
v v 0° 1683 Mbps
TABLE VI
BEAM STEERING EVALUATION
With or With or Azimuth Data
without RIS  without obstacle angle rate
X X 30° 450 Mbps
v X 30° 1683 Mbps
X v 30° 0 Mbps
v v 30° 1683 Mbps

magnitude close to the array gain provided by the RIS, while
maintaining the similar communication performance.

C. Data Rate Assessment

To further validate that the fabricated transmissive RIS is
able to overcome obstacles, we also introduce a piece of
marble into the system to evaluate the data rate performance.
Specifically, depending on whether the obstacle and/or the
RIS exist, there are in total four communication scenarios.
The transmit power is fixed to 13.6 dBm. The experiment
results are tabulated in Table V. Two conclusions can be
derived accordingly. One is that the fabricated RIS is able
to improve the transmission data rate. When the obstacle is
removed, the introduction of the transmissive RIS increases
the data rate from 1024 Mbps to 1683 Mbps. It is worth
mentioning that 1683 Mbps is the highest data rate that the
communication prototype can support with 16-QAM modula-
tion. The other is that the transmissive RIS is able to overcome
obstacles because of the additional array gain it provides.
Specifically, when the direct Tx-Rx link is blocked by the
marble, data transmission is completely interrupted without
the help of transmissive RIS. By contrast, the introduction
of the transmissive RIS re-establishes the communication link
and achieves the highest 1683 Mbps. This is because that the
array gain provided by the RIS is higher than the attenuation
of the obstacle.

D. Beam Steering Assessment

Finally, the beam steering ability of the fabricated trans-
missive array is validated in this subsection. Compared to the
communication settings in previous experiments, the transmit
power is fixed to 13.6 dBm and the azimuth angle from the
transmissive RIS to the transmitter is §; = 30°. The other
settings are the same. The experiment results are shown in
Table VI. Without the assistance of transmissive RIS, the data
rate is reduced from 1024 Mbps to 450 Mbps due to the
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misalignment between the Tx and Rx horns. By introducing
the transmissive RIS and scanning the beam it forms to the
30° direction, the maximum 1683 Mbps data rate is achieved.
As a result, we can conclude that the transmissive RIS is
able to dynamically steer its beam to adapt to the variation
of the incident angle of the signal. Similar to the experiment
in the previous subsection, the obstacle is again introduced into
the communication prototype. The experiment results validate
that the transmissive RIS is able to improve the data rate and
overcome obstacles at an oblique incident angle 6; = 30°.

VI. CONCLUSION

The transmissive RIS has a promising prospect in BSG com-
munications to provide enhanced signal coverage in various
communication scenarios. Compared to the reflective RIS, the
research and experimental demonstration of the transmissive
RIS and the transmissive RIS-aided communication system
are considerably fewer. This work proposes a novel 2-bit
transmissive RIS design with a 90° digital phase shifter and a
1-bit vertical current reversible dipole. The 2-bit phase control-
ling capability is achieved and measured. Experimental results
show the transmissive RIS prototype with 16 x 16 elements can
provide a broadside gain of 22.0 dBi at 27.0 GHz. Moreover,
a transmissive RIS-aided communication prototype is set up,
and the system performances for three representative scenar-
ios are measured. It is experimentally demonstrated that the
transmissive RIS is able to achieve higher data rate, reduce the
transmit power, improve the transmission capability through
obstacles, and dynamically adapt to the signal propagation
direction.

APPENDIX A
The upper bound of (4) is gi;/en by SNR <
%2)\:’;2 (Zﬁ;}l ffigl m ) . Notice that when

dt, +dr . . -
Gmpn = " + C with C being an arbitrary constant,

SNR can be rewritten as
2

—1N,—1
PGFAT? [y 1 .
SNR =~ > o
1670 m=0 n=0 dm,ndm,n
2
_ PGFNT? N““Vil 1 1)
- 167202 - ’

m=0 n=0

where the upper bound is achieved. Therefore, the phase shift

dt dr . . .
Gmn = M +C can maximize the SNR. Finally, due to

the 2 period of the function /%, i.e., e/% = eI (#+2k7) L c 7,
dl, . +d,

we can conclude that ¢,,, = mod (% +C, 271') is

also the maximizer to SNR.
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