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Abstract — Millimeter-wave frequency bands are
increasingly used to expand bandwidth capacity but are
hindered by the significant transmission loss and limited
coverage in the presence of obstructions. Passive reflec-
tors offer a low-cost, energy-efficient solution to miti-
gate these limitations. This study introduces a novel
design method for flat passive reflectors, termed binary
reflectors, optimized to illuminate designated regions. A
binary reflector is defined as a flat surface composed of
cells in either reflective or nonreflective states, deter-
mined by using a genetic algorithm. To ensure uniform
and effective illumination over the target region, a new
metric, the weighted sum of percentiles, is proposed as
the objective function. Simulations at 25 GHz demon-
strate the superior performance of the binary reflector in
achieving effective coverage compared with the conven-
tional flat reflector.

1. Introduction

Millimeter waves (mmWaves) are increasingly
used for ultrahigh-speed data transmission due to wide
frequency bandwidths. However, short wavelengths lead
to high transmission loss and susceptibility to obstacles,
making it challenging to maintain reliable wireless links
over large areas.

One approach to mitigate this issue is to deploy
additional base stations, but this is costly and energy
intensive. An alternative, low-cost solution is the use of
reflectors to redirect signals and extend coverage [1].
Reconfigurable intelligent surfaces have been explored
for this purpose, but they are complex to fabricate and
require operational energy [1]. In contrast, passive reflec-
tors are easier to manufacture and do not require opera-
tional power [2].
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Typically, in the era of 5G and beyond, network
operators use innovative network planning to serve
areas of interest with the desired coverage [3]. This
raises a new direction: designing reflectors to perma-
nently illuminate predefined regions. However, conven-
tional passive reflectors primarily redirect signals within
a limited range, reducing effectiveness in practical appli-
cations [4].

To overcome this limitation, some designs of
reflectors have been proposed to expand the reflection
range, directing signals to specific angular regions or des-
ignated areas [5, 6]. These designs often rely on curved
surfaces, which are difficult to fabricate with high accu-
racy. To address this, a zone plate-based method has been
introduced to map curved reflectors onto flat surfaces, sim-
plifying fabrication [7]. Although this approach retains
some characteristics of the original curved reflector, accu-
mulated errors during design and mapping may lead to a
degradation in efficiency and uniformity of illumination
within the targeted range.

In this study, we present a novel design method
for a flat passive reflector, referred to as a binary reflec-
tor, to effectively illuminate a designated region. The
method uses optimization via a genetic algorithm (GA)
with a newly defined objective function to enhance
reflector performance and maximize efficiency. Although
the binary reflectors need to be redesigned when the sce-
nario changes, they can be easily printed using a conduc-
tive ink printer, enabling rapid and low-cost prototyping.

2. Design Algorithm

A binary reflector is defined as a flat surface con-
sisting of multiple rectangular cells of size Ax X Ay,
where Ax and Ay represent the cell lengths along the
respective axes, as depicted in Figure 1. Each cell,
located at (m,n) in the xy plane, can be in one of two
states: reflective (e.g., made of metal) or nonreflective
(e.g., made of an absorber or transparent material). Spe-
cifically, the state of a cell (m,n) is represented by the
function f,, ,, defined in (1):

0, nonreflective,
o= { 1, reflective M

The total number of cells is defined as M X N.
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Figure 1. Scattering analysis model.

The states of these cells are determined through a
GA optimization process to effectively illuminate a des-
ignated region. This optimization considers the scat-
tered electric fields and the corresponding powers in the
designated region to find an optimal configuration of
the binary reflector.

Before presenting the detailed formulations, the
flow of this section is outlined to clarify the connections
between key components. First, the scattered electric
field from the reflector is analyzed by using the physical
optics (PO) approximation (Section 2.1), leading to its
mathematical formulation. To ensure the validity of the
PO model, a cell-grouping technique is introduced (Sec-
tion 2.2). Next, the weighted sum of percentiles (WSP;
Section 2.3) is defined as a performance metric that bal-
ances signal coverage and link margin by considering
the received power distribution. Finally, the optimiza-
tion problem is formulated (Section 2.4), and a GA is
used to determine the optimal binary reflector configu-
ration, with the WSP as the objective function.

2.1 Scattered Electric Fields

The scattered electric field from the reflector is
calculated by using the PO approximation. Although
the PO inherently accounts for edge diffraction, the
edge currents do not strictly satisfy the boundary condi-
tions, leading to errors, particularly when the PO is
applied to small cells [8], as in this case. These errors
can be mitigated by the cell-grouping method presented
in the next section. Nevertheless, due to the simplifying
assumptions of the PO, the reference electric field can
be precomputed to significantly accelerate the GA
optimization.

Given the transmitter’s position, the current den-
sity at cell (m, n), assuming a perfect electric conductor,
is approximated as

PO _ - i
Jo,=2nxXH, 2)

where 72 represents the unit normal vector of the reflec-
tor and H|

m,n

denotes the incident magnetic field at cell
(m,n).
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For simplicity, let us first consider the scattered
field at a single observation point R, ;. Here, (p, q) are
the indices of the considered observation point. The far-
field scattered electric field at R, , is then obtained by
summing the contributions of all reflective cells, which
are treated as individual sources, as described in [8],
and given by (3):

Er(RP-q) ~ ij:uAm-," (prq) X kfn,n X iejn.,n

m,n

Jwp
= A7 mnAXA
5D SualxAy

e*jk|R/7-q* ol

mn

R o

mn | Pq m,n

X (X H, ) x kS, , X kS 3)

m,n

In (3), A, denotes the magnetic vector potential
due to cell (m,n), and k;, , represents the unit scattered

wave vector. The position vector of the cell is given by
7, .. In addition, w and k denote the angular frequency
and wavenumber, respectively. The parameter u repre-
sents the permeability of the medium in which the wave
propagates. The geometry and variables given in (3) are
visualized in Figure 1. The components of E'(R,, ) are

represented by

E](;(Rpﬁq) = ea[p’ Q]f = eava Q]VeC(F) (4)

where «a € {x,y,z}. The matrix F=1[f, ],y repre-

sents the cell states, and the matrix e, € C 1My repre-
sents the reference electric field at the observation point
R,,. The vector f=vec(F) is the vectorization of
matrix F. The entries of e, are the precomputed field
contributions from each cell, excluding the cell state
Jmn i (3).

Because the reflector is designed to effectively
illuminate a designated region, multiple observation
points within that region are considered. The desig-
nated region is discretized into a mesh grid, and the
scattered electric fields at the center points of these
grid cells are evaluated to assess illumination perfor-
mance, as shown in Figure 1. Let P X Q denote the
total number of observation points.

The received electric fields at these observation
points are given by (5):

e = E,f (5)

where €, € (O represents the x, y, z components
of the scattered electric fields at the observation

points. The matrix E, € C"2*" denotes the corre-
sponding reference electric field matrix at all obser-
vation points. It extends the concept of e,[p,¢] to a
multipoint observation scenario, where each row cor-
responds to a specific observation point and each col-
umn corresponds to the contribution from a reflective
cell.
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Figure 2. Grouping cells into groups of half-wavelength size.

2.2 Cell Grouping

Because the PO approximation is used to cal-
culate the scattered fields, the size of each cell
should be less than or equal to one-tenth of the
wavelength, which is a common segmentation size
in the PO. After the optimization process, due to the ran-
domized nature of GA, multiple isolated reflective cells
may appear without any adjacent reflective cells. In other
words, these isolated cells can be considered independent
surfaces much smaller than the wavelength, making the
PO approximation invalid [8]. To address this issue, cell
grouping is introduced to ensure the validity of the PO
approximation.

Cell grouping ensures that all cells within a group
share the same state, referred to as the group state. The
purpose of grouping is to maintain reflective regions on
the binary reflector at sizes comparable to the wave-
length, where the PO approximation remains valid. In
this study, by comparing the scattered fields obtained
using the PO and a full-wave simulator (Ansys HFSS,
version 2025 R1), it is determined that the size of each
group should be at least half the wavelength.

For simplicity, each group is assumed to be a
square of size half the wavelength, as illustrated in Fig-
ure 2. However, in practice, the group can take any
shape as long as its size is comparable to or larger than
the wavelength.

Assume that the total number of groups is G.
With cell grouping, the flattened cell state vector f can
be rewritten as

f = Gig ()

where 5 € R“! is the vector representing the group

states and G € R™*¢ is the grouping matrix, which
maps group states to cell states.

Using (5) and (6), the scattered electric fields at
the observation points can be expressed as

el =E, Gfg @)
Using the scattered field components, the received

X1 -
power Pg, € R"?*! is represented as a column vector,
where each element corresponds to the power received at

a specific observation point. On a decibel scale, it is
expressed as

PRX:IO10g10(|e;|2+|e;|2+|e;|2)+const (8)

Here, |e"|?, le) | 2, and |e"|? represent the
squared norms of the scattered electric field components,
contributing to the received power from each

polarization.

2.3 Weighted Sum of Percentiles

Evaluating the illumination performance of a
reflector at a single observation point is straightforward,
but extending this assessment to a designated region
lacks a common criterion. For instance, although the
coverage percentage of a region is important, it is insuf-
ficient because it does not account for the link margin
and the coverage threshold is not always predefined.
The mean or median of received powers across the
region can provide insight, but they fail to fully capture
the power distribution and may result in nonuniform
coverage with a low effective percentage. Also, the
deviation of received powers reflects distribution char-
acteristics but does not convey absolute magnitudes.

To address these limitations, the WSP is intro-
duced as a metric for evaluating the performance of a
reflector in illuminating a designated region, as defined
in (9):

N—1

WSP(Pre) =) (1 — nlp)Fp, (nAp) ©)
n=0

where nglx( -) denotes the inverse of cumulative distri-
bution function (CDF) of Pgy, representing the percen-
tile. The parameter Ap is a positive probability spacing
for the summation, set to 0.01 in this study. The number
of discrete percentile levels N is given by N =[1/Ap].
A higher WSP indicates greater efficiency in illuminat-
ing the designated region and better overall power dis-
tribution across the coverage area.

The WSP metric assigns higher weights to lower
percentiles through the term (1 — nAp), which decreases
as n increases. This weighting emphasizes lower percen-
tiles, which correspond to coverage percentages, while
still allowing improvements in received power across the
entire region. By maximizing the WSP metric, an optimal
binary reflector configuration can be obtained, ensuring
both a high coverage percentage and a high link margin.
Furthermore, because the WSP is the sum of N terms, it
provides a broader scope for optimization in the selection
phase, as opposed to considering only the minimum
received power, that is, F1§R1X (0) or the median received

power FIZRIX(O.S).
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Figure 3. Simulation scenario for 25 GHz.

2.4 Optimization Algorithm

The objective of the optimization is to determine
the optimal binary reflector configuration that maxi-
mizes illumination over a designated region. The deci-
sion variable is the flattened vector of group states fg a
binary list where each state is either 0 or 1. The WSP
metric is used as the objective function to evaluate the
performance of a given reflector configuration. The
optimization problem is formulated as

f,=arg max WSP(Pgry) (10)
G

Due to the combinatorial nature of binary reflec-
tor design and the presence of multiple local optima,
GA is used to efficiently explore the search space and
identify a near-optimal solution [9]. GA is well-suited
for this problem because it effectively handles discrete
variables and mitigates premature convergence to sub-
optimal solutions.

The initial population in GA consists of ran-
domly generated chromosomes, each representing a
binary reflector configuration (i.e., an instance of fg).
The genes within a chromosome correspond to the
group states of the binary reflector. The fitness of each
chromosome is evaluated by using the WSP, which
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Figure 4. Convergence trajectory for 50 runs.
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Figure 5. A realization of the optimized binary reflector (black:
reflective, white: nonreflective).

serves as the objective function. Through iterative exe-
cution of the following two phases, the chromosomes
gradually converge toward an optimal solution over
multiple generations.

In the selection phase, the received power Pgy
for each chromosome is computed, followed by the
WSP calculation. Chromosomes with higher fitness
(i.e., a higher WSP value) are retained, whereas those
with lower fitness are discarded.

The subsequent recombination and mutation
phase replenishes the population by using appropriate
crossover and mutation rates, maintaining diversity and
preventing premature convergence.

3. Evaluation

A simulation is conducted to evaluate the per-
formance of the optimal binary reflector. The distribu-
tion of received power in the designated region is
compared with a conventional flat reflector, which is
fully covered with reflective material, and a zone plate
reflector [7], which is specifically designed to illumi-
nate the designated region. All three reflectors have
the same size. The scattered fields from the reflectors
are computed by using Ansys HFSS, which is a full-
wave simulator.

3.1 Scenario

A practical scenario, planned for an experiment,
is simulated at a frequency of 25 GHz. The detailed sce-
nario setup is illustrated in Figure 3. The size of the
reflectors is 0.2 m X 0.2 m. The binary reflector is opti-
mized to effectively illuminate a designated region of
size 6m X 4m. The reflective regions on the reflector
are assumed to be perfectly electrically conductive,
whereas the nonreflective regions are assumed to fully
absorb the incident signal.
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Figure 6. Received power in the designated region: conventional
flat reflector (left), zone plate reflector (center), and optimized binary
reflector (right).

The GA is run multiple times to obtain various
realizations of the optimized binary reflectors. Although
different realizations show slight variations in configu-
ration, the overall performance remains consistent. The
convergence trajectory over 50 runs is shown in Figure 4.
With a population of 300 chromosomes, convergence
takes about 700 generations, with a maximum generation
stall of 50. Each optimization takes around 45 min to
yield one realization. The optimal run corresponds to the
highest final fitness value. The optimized reflector con-
figuration from this run is shown in Figure 5.

3.2 Results

The received power distributions across the des-
ignated region for different reflectors are presented in
Figure 6, with the corresponding CDFs shown in
Figure 7.

As illustrated in Figure 6, the optimized binary
reflector effectively enhances signal coverage across the
entire designated region. In contrast, the conventional
flat reflector primarily focuses the incident signal at the
center, resulting in less uniform coverage. The perfor-
mance of the optimized binary reflector is comparable
to the zone plate reflector. Although the zone plate
reflector produces a structured illumination pattern,
the binary reflector exhibits a more randomized distri-
bution, occasionally showing small deep fades due to
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Figure 7. CDFs of received power.

differences in observation resolution between the opti-
mization and evaluation stages.

The advantages of the optimized binary reflector are
further highlighted in Figure 7. Compared with the flat
reflector, its CDF curve exhibits a narrower spread, indicat-
ing reduced variability in received power and a more uni-
form distribution. Also, the median received power is
higher than the flat reflector and slightly exceeds the zone
plate reflector. However, overall, the CDF trends suggest
that the performance of the optimized binary reflector is on
par with the zone plate reflector.

4. Conclusions

The binary reflector, designed by using the
proposed optimization method, demonstrates supe-
rior performance in illuminating the designated
region compared with the conventional flat reflector.
Although the optimization process requires time, the
proposed method offers a reliable approach for
designing passive reflectors that effectively enhance
coverage in mmWave links.
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