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Abstract

The PIN diode-based N-bit reconfigurable retrodirective metasurface (N-bit RRDM) is a next-generation retro-reflector that offers the

advantages of effective electronical control of the retro-reflection angle, low loss, and thin planar structure. However, since the unit cell of

an N-bit RRDM is controlled by a quantized N-bit phase (360°/2), it encounters operational errors, such as beam gain reduction and

spurious beams. This can be a fatal disadvantage in military radar or satellite communication, which requires accurate beam tracking. This

paper theoretically analyzes the operation of the N-bit RRDM by utilizing generalized Snell’s law and array factor theory. The analysis

results present the design criteria for an N-bit RRDM that eliminates issues related to beam gain reduction and spurious beam errors.

Furthermore, to verify the theoretical analysis results, High-Frequency Structure Simulator (HFSS) full-wave simulation and experimen-

tation are conducted using the 1-bit RRDM.
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I. INTRODUCTION

Retro-reflectors are devices or surfaces with attractive charac-
teristics that reflect incident waves in an incoming direction as
opposed to a specular direction. Since this characteristic serves
to increase the target’s monostatic radar cross section (RCS),
retro-reflectors are extensively used in fields dealing with milli-
meter waves and microwaves, such as the military and civilian
industries [1-4]. The types of retro-reflectors include 3D struc-
ture types, such as the corner cube reflector and cat’s eye retro-
reflector, and 2D structure types, such as the Van Atta array and
metasurfaces [5-7]. Among these, the 2D structure retro-
directive metasurface (RDM) has been gaining attention as a
next-generation retro-reflector due to its advantages, such as its
thin planar structure, light weight, and easy fabrication [5-7].

However, the RDM has a limited retro-reflection angle since it
is a passive retro-reflector. Therefore, it is difficult to use it in
radar in real time or in a wireless power system with multiple
targets [1-4].

Notably, some research on reconfigurable metasurface (RIMS)
using PIN diodes has recently been conducted [8-10]. PIN
diodes exhibit several distinct advantages, including fast switch-
ing speed, low loss, and a simple structure. In this context, it is
anticipated that the PIN diode-based N-bit reconfigurable
retrodirective metasurface (N-bit RRDM), as an application of
RMS, can overcome the above-mentioned challenges. The PIN
diode-based N-bit RRDM is a retro-reflector that freely deter-
mines the angle of retro-reflection by electronically controlling
the reflection phase of the unit cell and the phase gradient of the
surface through the PIN diode, which is mounted on the unit
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cell. In such a case, however, the reflection phase of the unit cell
is controlled by a quantized N-bit phase (360°/2N), which is
based on the number (N) of mounted PIN diodes [8, 9].

Therefore, the N-bit RRDM does not fully implement the
phase gradient required for retro-reflection. These characteris-
tics may sometimes cause problems such as beam gain reduction
and spurious beam errors. In particular, spurious beams occur-
ring in 1-bit RRDM relate to a completely different concept
from that of the grating lobe.

This paper proposes a PIN diode-based N-bit RRDM whose
characteristics are theoretically analyzed to propose the criteria
for an N-bit RRDM design that eliminates the problems of
beam gain reduction and spurious beam errors. The proposed
metasurface is analyzed using generalized Snell’s law [11] and
array factor theory [12]. Furthermore, the theoretical analysis is
validated through full-wave simulation and experimentation
using the 1-bit metasurface.

II. THEORY AND ANALYSIS OF N-B1T RRDM

The PIN diode-based N-bit RRDM is a metasurface com-
posed of N PIN diodes mounted on each of its M unit cells, as
shown in Fig. 1. The N-bit RRDM controls the phase of the
unit cell related to the N-bit by switching the PIN diodes
on/off. As a result, the quantized phase is considered 360°/2N. If
a plane incident wave with an incident angle 6; retro-reflects at

this N-bit RRDM, the reflective angle of 6, will be equal to

Ideal)

— 0;. Effectively, the ideal reflection phase gradient (
required for this operation can be calculated as Eq. (1) usmg
generalized Snell’s law. Additionally, ®;4,4;(m), which is the
ideal reflection phase value of the m™ unit cell, can be calculat-
ed using Eq. (2), as noted below:

Ho_dPudeal _ gin g, — sing, = 2sin6;, 1)
2nng  dy
Dgeqi(m) = (M —1) X AP0 @)

Here, n, indicates the refractive index of free space, Ay re-
fers to the wavelength in free space, and d,, represents the dis-

ny, )'0

Fig. 1. PIN diode-based N—blt RRDM.
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tance between adjacent cells. Following this, the N-bit RRDM
implements the reflection phase acquired from Eq. (2) using the
quantized N-bit phase. Therefore, the reflection phase

(®y_pit(m)) of the m™ unit cell in the N-bit RRDM can be
expressed as Eq. (3):

360° Prgear(m)
Dy_pie(m) = S5 X R(GETD). ®)

Here, R(X) refers to an integer value obtained by rounding
off X. The phase of the unit cell is quantized to only 0° and
180° when N is 1. Subsequently, as N increases, the quantized
phase difference becomes smaller. At the same time, a continu-
ous retrodirective metasurface (continuous RRDM), which
controls the phase continuously, can implement a perfect re-
flection phase gradient, with the controlled reflection phase
(P continuous (M)) of the m™ unit cell being equal to @4, (M).
Due to this difference between the N-bit and continuous
RRDMs, they operate differently. Furthermore, the array factor
(AF (0)) of the N-bit and continuous RRDMs can be calculat-
ed by changing N from 1 to 4. Fig. 2 shows the normalized val-
ue of AF? on using 1, 2, 3, and 4-bit RRDMs, with the retro-
reflection angles being 5° and 25°. The cell distance is 0.354,
and the number of cells is 20.

Moreover, since the magnitude of AF(6)? and the gain of the
beam are proportional to each other, it is possible to assess the reduc-
tion in gain caused by the phase quantization by comparing the
AF (8)? of the N-bit and continuous RRDMs. The ratio of the
maximum peak value (Peak) of the N-bit and continuous RRDMs
can be considered the quantization efficiency (Nouantization)> s

shown in Eq. (4) [10]:

Peak n_pit
NQuantization = . )
Q Peak continuous

In accordance with Fig. 2, the value of Ngyantization cOn-
verges to 1 as N increases, indicating an improvement in the
gain reduction.

Meanwhile, in the case of 1-bit (N =1) RRDM, Fig. 2(a)
shows a spurious beam error at the same level as the main lobe
occurring in an undesired direction (f = —15.5°). This spurious
beam was analyzed using array factor theory, according to which
the AF(6) of the N-bit RRDM (AFy_pi;:(6)) can be denoted
as Egs. (5) and (6), noted below:

Wy pie(m, 0) = YiZ1 Yn-pic(k, ),
( Yn_pie(M, 0) = kod, sin0 —kqd, sin 0; + A(DN—bit(m)f)
Aq)N—bit(l) =0 ’
Q)
AFy_pi(8) = X, e/ ¥n-bie(6), (6)

Here, ko (= 2m/Ay) indicates a propagation constant in
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Fig. 2. Comparison of the array factor (AF?) on using the 1-, 2-, 3-, and 4-bit RRDMs: (a) 5° and (b) 25°.

free space and A®py_p; (M) denotes a difference in the re-
flection phase between the m® and m-1% cells when re-
tro-reflection occurs in the N-bit RRDM. In addition,
Yy_pir(M, 8) refers to a progressive phase—the relative phase
between the m® and m—1" cells in the direction 6°.

With regard to the N-bit RRDM, let us consider defining
Yy_pir(M, Ore) and AFy_p;(0.) as the progressive phase
and the array factor in the 0,.(= —6;) direction, respectively.
Furthermore, let us consider defining Yy_p; (M, 65) and
AFy_pir (M, B5) as the progressive phase and the array factor in
the 65 direction—in which the spurious beam error occurs—
respectively. Considering these assumptions, according to Fig.
2, since the spurious beam error is of the same level as the main
lobe (retro-reflection), it can be accomplished that
AFy_pit(Bre) = AFy_pis (M, 65). This can be expressed as
Eqs. (7) and (8), since AFy_p;:(6) represents the even func-
tion of Yy_pir(m, 0).

Un-pit(M, Ore) = —Pn_pir(M, 65) + 2ar, @
le—bit(m' Bre) = IpN—bit(m' 95) + 2am. (8)

Furthermore, since 6, is equal to — 6;, Egs. (7) and (8)
can be formulated as Egs. (9) and (10), respectively, when retro-
reflection occurs.

kod, sinfy = — 3kyd, sin6,, — 20Dy _p;e (M) + O
2arm,

kod, sin 8y =kyd, sin6,, + 2amn. (10)

Here, a is an integer. Notably, Eq. (9) has a quantization
term (AP y_p; (M)), which is satisfied for all m only when N
= 1. Therefore, Eq. (9) represents the spurious beam error in-
formation in the 1-bit RRDM. Meanwhile, since Eq. (10) does
not contain the quantization term (A®y_p;.(mM)), it can be sat-
isfied, regardless of N. Effectively, this is similar to the condi-

tions under which the grating lobe occurs.
II1. RESULTS AND VERIFICATION

The average value of Ngyantization, calculated by changing
the dx and 8,., were found to be 43.6% for 1-bit, 82.2% for
2-bit, 95.3% for 3-bit, and 98.8% for 4-bit. The number of spu-
rious beam errors is presented in Fig. 3 in terms of the dx and
Ore by considering the results obtained from Egs. (9) and (10).
For instance, in the 1-bit RRDM, no spurious beam error oc-
curs if the cell distance is 0.354, and the retro-reflection angle
is 25°, as shown in Fig. 3(a). Meanwhile, when the retro-
reflection angle is 30° and the cell distance is 0.754¢ in the 2-
bit RRDM, one spurious beam error occurs, as shown in Fig.
3(b), with the angle derived using Eq. (10) being —56.4°.

Fig. 4 presents schematic diagrams of the simulations and the
measurement method employed to verify the analyzed results.
Notably, this study adopted the ring patch structural unit cell
used in [10] as the 1-bit RRDM'’s unit cell. The measurement
and simulations were conducted at 10.1 GHz for the 1-bit
RRDM, arranged as 12 X 12 (126 mm X 126 mm). Each unit
cell (10.5 mm X 10.5 mm) was mounted with one PIN diode
[13], whose phase was controlled by a 1-bit by switching the
PIN diode on/off. In Simulation 1, as depicted in Fig. 4(a), the
bistatic RCS result is obtained by simulating a case in which the
incident wave is a plane incident wave moving in the direction
(25°, 0°). In Simulation 2, the incident wave is radiated from
the Tx horn antenna fixed at (60 cm, 25°, 0°), resulting in scat-
tered power patterns that indicate the relative power value of the
wave scattered in the 1-bit RRDM. This phenomenon bears
the same meaning as the RCS, which expresses scattered power
in an area.

In both Simulation 3 and the measurement, the Tx horn an-
tenna is fixed at (60 cm, 25°, 0°), while the Rx horn antenna is
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Fig. 3. Number of spurious beam errors: (a) results for the 1-bit RRDM and (b) results for the N-bit RRDM (N = 2).
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Fig. 4. Schematic diagram of the simulation and measurement: (a)
Simulation 1, (b) Simulation 2, (¢) Simulation 3, and (d)
measurement.

moved to the arc of (60 cm, 6°, 0°), ultimately resulting in S5, .
Subsequently, the bistatic RCS was calculated using S,; and
the radar range equation. It is noted that the retro-reflected
wave can be measured from S3; using only one Tx horn, while
the other waves can be measured using the Tx and Rx horn an-

tennas.
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Fig. 5. RCS results of the simulations and the measurement.

The bistatic RCS and the scattered power pattern obtained
from the three simulations and the measurement were normal-
ized and plotted, as depicted in Fig. 5. For normalization, each
simulation and measurement was performed again using the
conducting plate (126 mm X 126 mm). Subsequently, the re-
sulting RCS values in the specular direction were used as the
normalization factor. As observed in Fig. 5, the results of the
simulations and the measurement conducted for the different
methods exhibit similar shapes. The main lobe is formed at
around 25°, indicating a retro-reflection angle, with no spurious
beams. Meanwhile, the beam around —25° is in the specular
direction, exhibiting a lower level than the main lobe. Overall,
the measured results indicate relatively good agreement with the
simulated results, thus verifying the analysis and theory of
RRDM presented in this study.

IV. CONCLUSION

This paper proposed a PIN diode-based N-bit RRDM that
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can electronically control the retro-reflection angle. The array
factor of the N-bit RRDM achieved a lower value than that the
continuous RRDM due to phase quantization, resulting in gain
reduction. However, undesired spurious beam errors still oc-
curred. This phenomenon was theoretically analyzed and ar-
ranged using generalized Snell’s law and the array factor theory.
The obtained results show that the gain reduction can be con-
trolled by the selection of N. In particular, it was found that
when N increased from 1 to 2, the quantization efficiency in-
creased dramatically from 43.6% to 82.2%. Furthermore, it was
established that the occurrence of a spurious beam can be con-
trolled by the selection of d, and 8,.. Moreover, the theoreti-
cal results were successfully verified through simulation and
measurement.
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