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ABSTRACT Wireless signals are integral to modern society, enabling both communication and increasingly,
environmental sensing. While various propagation models exist, ranging from empirical methods to full-wave
simulations, the phenomenon of electromagnetic diffraction is often treated as a secondary effect or a correction
factor. This article positions diffraction as a fundamentally important and underutilized mechanism that is rich
with information about the physical environment. Specifically, diffraction-inducing elements generate distinct
signatures that are rich with information about their underlying properties such as their geometries. We then
argue that by understanding and exploiting these relationships, diffraction can be harnessed strategically. We
introduce a general optimization framework to formalize this concept, illustrating how diffraction can be
leveraged for both inverse problems (sensing scene details such as object geometries from measured fields) and
design problems [shaping radio frequency (RF) fields for communication objectives by configuring diffracting
elements]. Focusing primarily on edge diffraction and Keller’s geometrical theory of diffraction (GTD), we
discuss specific applications in RF sensing for scene understanding and in communications for RF field
programming, drawing upon recent work. Overall, this article lays out a vision for systematically incorporating
diffraction into the design and operation of future wireless systems, paving the way for enhanced sensing
capabilities and more robust communication strategies.

INDEX TERMS Diffraction, edge imaging, edge lattice, integrated sensing and communication, radio
frequency (RF) sensing, RF field programming, scattering, WiFi sensing.

INTRODUCTION
Wireless signals permeate our modern world, forming an invis-
ible fabric that connects millions of devices and supports criti-
cal societal functions. At the same time, the use of these
signals for sensing tasks has become mainstream, as indicated
by the inclusion of sensing as a critical aspect of the developing
6G standard [1]. Whether for communication or sensing, inten-
tionally leveraging radio frequency (RF) signals to achieve
deliberate objectives relies on understanding and exploiting
the underlying physics of RF propagation.
Wireless propagation modeling encompasses a broad spec-

trum of approaches, from empirical models [2] to full-wave
electromagnetic solvers [3], [4], each offering a different bal-
ance between physical fidelity and computational cost. On one
hand, numerical methods that directly solve Maxwell’s equa-
tions offer high accuracy but are limited to small environments.

On the other hand, simpler conventional models rooted in geo-
metric optics have been successful in tasks such as coverage
estimation and link budgeting [5]. The success of this latter
approach lies in identifying the fundamental characteristics of
RF propagation, such as transmission and reflection, which
reveal how key system parameters affect the RF field.
In this context, one particularly overlooked phenomenon is

diffraction, which describes how electromagnetic waves bend
around obstacles and spread into shadow regions. Many daily
life objects exhibit geometries that cause diffraction, as shown
in Fig. 1. While these effects are captured in high-fidelity ray
tracers and electromagnetic field solvers, diffraction is almost
always treated as a secondary correction: useful for complete-
ness, but rarely positioned as a strategic tool. Critically, these
modeling approaches obscure a key feature of diffraction: its
effects are a function of the geometry and material of
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diffracting objects in a manner that causes the resulting diffrac-
tion patterns to carry information-rich signatures of the specific
geometric configurations. This has significant implications for
both sensing and communication tasks, and in this article, we
lay out our vision of harnessing well-defined relationships
between diffracting elements and the resulting RF fields to
improve both wireless sensing and communication.
A few specific modes of diffraction have received attention

in the literature, most notably knife-edge diffraction (KED)
[6], which remains a mainstay due to its analytical simplicity.
More recently, some early works have attempted to leverage
diffraction for sensing, using, for example, Fresnel zone-based
models [7]. While these works are consistent with our vision,
we advocate a broader and more systematic paradigm shift that
focuses on diffraction as a controllable and information-rich
propagation mechanism.
To this end, we begin with a primer on diffraction in “A

Primer on Electromagnetic Diffraction” section, reviewing key
mechanisms, with particular emphasis on edge diffraction. We
also introduce a high-level optimization problem that concep-
tually illustrates how diffraction can be leveraged for sensing
or communication purposes. In “Diffraction for Sensing” sec-
tion, we explore applications of diffraction in sensing scenar-
ios, drawing from our recent work in [8], [9] to illustrate
key concepts, and further discussing other emerging work in
this area. “Diffraction for Communication” section provides
insights into how diffraction can be used to improve communi-
cations through RF field programming, with our work in [10]
serving as an example. We look towards the future in “The
Road Ahead: Diffraction-Aware Systems” section, enumerat-
ing challenges and promising research directions, and in
“Conclusion” section, we provide concluding remarks.

A PRIMER ON ELECTROMAGNETIC DIFFRACTION
Electromagnetic diffraction refers to the subtle ways in which
wave propagation deviates from standard geometric optics,
particularly in the vicinity of spatial discontinuities such as
edges, apertures, and gratings. In his seminal treatise on optics
in 1964 [11], Sommerfeld states that
“Any deviation of light rays from rectilinear paths which

cannot be interpreted as reflection or refraction is called
diffraction.”

More broadly, diffraction arises from discontinuities in surface
geometry, such as abrupt changes in the surface normal, and,
in some cases, from discontinuities in material properties. In
particular, when the local radius of curvature is no longer large
when compared to the wavelength of the incident wave, geo-
metric optics breaks down, and diffraction effects become
more pronounced. Diffraction has traditionally been over-
looked in the analysis and modeling of communication sys-
tems, often treated as a negligible effect. However, diffraction
mechanisms are not only functions of the local properties of
the scatterer, e.g., its position, orientation, and curvature, but
more importantly can result in unique structured RF signatures.
These signatures reflect the specific geometric characteristics
of the scatterer, with different local geometries producing dis-
tinct RF responses.
This article then sets forth a new position on the role of dif-

fraction, arguing that it is a rich, yet underutilized mechanism.
More specifically, we offer a new perspective for the areas
of sensing and communication by showing how geometric
degrees of freedom of diffraction-inducing elements can be
harnessed, either to systematically infer the position and sur-
face structure of scatterers for sensing tasks, or to deliberately
shape the RF field to achieve communication objectives. In the
rest of the section, we begin by introducing canonical exam-
ples of structures whose surface geometries can lead to diffrac-
tion, with particular emphasis on the characteristic scattering
signatures observed on an extended receiver grid. Building on
these insights, the subsequent sections then set forth a new
foundation for sensing and communication that explicitly lev-
erages the geometric degrees of freedom associated with
diffraction-inducing elements.

Geometry of Diffracted Ray Propagation
While diffraction refers to a quite general category of propaga-
tion, there are prominent diffraction mechanisms commonly
encountered in everyday environments which display distinct
and well-defined propagation characteristics [12]. Fig. 2 illus-
trates these mechanisms and representative signatures captured
on a vertical receiver grid when illuminated by an RF transmit-
ter. Critically, these signatures depend on certain geometric
parameters of the diffracting element, and thus variations in
the configuration of the element result in predictable variations
in the resulting RF field. We next discuss the mechanisms and
their signatures in more detail. In the discussion that follows,
we denote the distance between the point of diffraction and the
receiver antenna by r.
Fig. 2(a) depicts edge diffraction, whose scattering mecha-

nism is explained by Keller’s geometrical theory of diffraction
(GTD)1 [13], [14]. More specifically, when an incident wave
encounters the edge of an object, it generates diffracted rays
that radiate along a cone known as the Keller cone. The axis

FIG. 1. Typical geometries encountered in daily life that cause RF diffraction.

1We note that the uniform theory of diffraction (UTD) is a generalization
of GTD that provides uniform field expressions to address caustic regions and
avoid singularities. Although this work does not use explicit diffraction
coefficients, incorporating UTD can be a promising direction for future
extension of this work.
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of this cone coincides with the edge, and its angle equals the
angle of incidence, with the field strength decaying as 1=

ffiffi
r

p
.

Mathematically, we have the following theorem:
Theorem 1 (Keller’s law of edge diffraction): Let pt be the

position of the transmitter, pe a point on the illuminated edge
with direction ê, and pr a point on the receiver grid. Then, an
edge diffracted ray from pe arrives at pr if�

pr − pe
kpr − pek

þ pt − pe
kpt − pek

, ê
�
¼ 0: (1)

A key geometric consequence of this law is that the intersec-
tion of a Keller cone with a planar receiver aperture yields a
conic section: a circle, ellipse, parabola, or hyperbola. The
shape, location, and underlying parameters of the conic section
then depend on the properties of the edge, such as its location
and orientation with respect to both the source of the incident
radiation and the receiver grid. This dependency effectively
imprints a geometric signature onto the RF field, which can be
systematically exploited for both inverse problems (e.g., recon-
struction and sensing) and design problems (e.g., RF field
programming). Fig. 3 illustrates examples of these four funda-
mental intersections, further highlighting the resulting struc-
tured signatures of edge-induced diffraction, which we shall
extensively leverage in “Diffraction for Sensing” section for
sensing and in “Diffraction for Communication” section for
RF field programming.
Other diffraction phenomena also produce radiation patterns

that depend on the physical properties of the scatterer. Fig. 2(b)
illustrates tip diffraction, wherein a ray interacts with a sharp
vertex or point, resulting in a sphere of diffracted rays. The
classical knife-edge diffraction model [11] provides a first-
order approximation for this process, though application of the
GTD has been shown to yield more accurate results [15]. The
resulting field strength decays as 1=r, consistent with isotropic
spreading from a point-like scatterer, and the signature cap-
tured on a receiver grid is a circular or an elliptical patch

depending on the orientation of the grid. In contrast, when a
wave is tangentially incident on a convex surface [Fig. 2(c)],
the scattering process involves creeping waves which are
surface-confined rays that travel along geodesics while continu-
ally shedding energy tangentially. This phenomenon, central to
the diffraction theory also developed by Keller, and extended in
later works [16], [17], is characterized by an exponentially
decaying amplitude of the creeping wave and a signature on the

FIG. 2. Mechanisms of diffraction, receiver footprints and underlying parameters corresponding to general modes of diffraction encountered in wave
propagation.

FIG. 3. Keller’s law of edge diffraction: When a ray is incident on an edge,
the diffracted rays lie on a Keller cone, whose axis aligns with the edge direc-
tion ê, and whose angle wd equals the angle of incidence wi . Intersection of
the Keller cone with a planar receiver grid then yields conic sections [(a) cir-
cle, (b) ellipse, (c) parabola, (d) hyperbola] that effectively encode the geome-
try of the edge.
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receiver grid formed by the intersection of the plane defined by
the geodesic tangents with the receive aperture. Fig. 2(d) show-
cases diffraction induced by material discontinuities. Specifi-
cally, when a wave transitions to a less dense medium at an
incidence angle beyond a critical threshold, it undergoes total
internal reflection. The associated field gives rise to lateral rays,
which travel along the interface and radiate energy back into the
denser medium. These diffracted rays maintain their angle of
departure equal to the angle of incidence, producing a signature
on the receiver grid that is shaped by the geometry of the inter-
face [12], [18]. Finally, Fig. 2(e) illustrates the classical case of
aperture diffraction, which was originally treated using Fou-
rier Optics [19]. Recent GTD-based models [20], [21] represent
the field as a superposition of direct rays through the aperture
and edge-diffracted rays, with the signature on the receiver grid
shaped by the aperture geometry and the resulting Keller cones.
Overall, we see that several diffraction mechanisms produce

distinct signatures, with varying degrees of structure and rich-
ness, parameterized by the local geometric properties of the
diffracting element. In the “Harnessing Diffraction: A General
Optimization Problem” section, we capitalize on this geomet-
ric intuition to formulate a general optimization framework.
This framework seeks to exploit the structured signatures of
diffraction-inducing elements to estimate scatterer geometry in
sensing tasks or, conversely, to program the scattered field for
performance enhancement in communication scenarios.

Harnessing Diffraction: A General Optimization Problem
We next explicitly show how we can exploit the signatures
induced by diffraction-inducing elements for sensing and com-
munication tasks. More specifically, in sensing, the unique sig-
natures produced by diffracting elements reveal information
about the geometry of objects in a scene, while in communica-
tions, diffracting elements can be configured to shape the RF
field and selectively increase or suppress signal strength in spe-
cific areas. To formalize this idea, we first introduce a general
optimization framework that highlights key considerations
when using diffraction-based strategies. This framework, illus-
trated in Fig. 4, anchors our discussion in “Diffraction for
Sensing” and “Diffraction for Communication” sections.
LetH be the set of possible configurations of diffracting ele-

ments in a region of interest. Let ShðrÞ for h 2H, denote the
field defined over either a Euclidean or angular space, when
the scattering elements are in configuration h. Whether for
sensing or communication, a high-level objective is to find a
configuration h, i.e., a set of parameters for the diffraction-
inducing elements, which maximizes some scoring function,
f ðShðrÞÞ, giving rise to the following optimization problem:

maximize
h

f ðShðrÞÞ− fcmplxðhÞ

subject to h 2H (2)

where fcmplxðhÞ is a regularizing term which penalizes more
complex configurations. Problem 2 captures both sensing and
communication formulations, but depending on the context,
the interpretation differs, as we discuss next.

Sensing Problem Formulation (Inverse Problem)

Given a measured field SðrÞ, the task is to identify the parame-
ters of the diffraction-inducing elements (h� 2H) that result in
a modeled field ShðrÞ best matching the measured field SðrÞ.

Communication Problem Formulation (Design Problem)

We are given a desired RF field, SðrÞ, and a set of diffraction-
inducing elements parameterized by a set H. We seek to find
h� 2H which results in a generated RF field closest to the
desired field on the domain of interest.
Problem 2 provides a general principled way to harness dif-

fraction for solving a variety of challenging tasks. In the sec-
tions that follow, we then delve into the details of how it can
be used for sensing (“Diffraction for Sensing” section) and
communications (“Diffraction for Communication” section).
In the rest of this manuscript, we mainly focus on edge diffrac-
tion, as it serves as the most suitable starting point given its
rich degrees of freedom. In “The Road Ahead: Diffraction-
Aware Systems” section, we then discuss how other forms of
diffraction can be utilized in future work.

DIFFRACTION FOR SENSING
The proliferation of RF signals for environmental sensing has
gained significant traction in recent years. This interest is partly
driven by the ability of RF signals to sense through occlusions
and operate in poor lighting conditions, and partly by their
greater privacy-preserving potential compared to cameras. As
such, sub-6 GHz and mmWave frequencies have both emerged
as the predominant spectral bands for sensing applications,
supported by the increasing availability of low-cost commodity
hardware such as WiFi or off-the-shelf mmWave devices [22],
[23]. A substantial portion of existing RF sensing research
focuses on extracting motion information from environments
to infer critical scene characteristics [24], [25], [26]. However,
imaging static objects via RF signals still remains highly chal-
lenging, yet crucial for numerous high-value applications

FIG. 4. A high-level illustration of the problems considered in this article.
The set of diffraction-inducing elements, shown in gray and parameterized
by h, results in a field ShðrÞ when illuminated by RF radiation. We seek the
configuration, h? ‰H that best matches a target field, SðrÞ. This fundamental
problem captures both sensing and communication scenarios, by either
(left) inferring the configuration that resulted in a measured field or (right)
manipulating the configuration to achieve a desired the field.
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including scene understanding, noninvasive structural health
monitoring, archaeological excavation, and search and rescue
operations. In this section, we set forth that leveraging diffrac-
tion for RF sensing can significantly advance the field across a
range of applications, including both dynamic and static sce-
narios, with a particularly strong potential for imaging static
objects and scene understanding.

Diffraction as a New Foundation for Scene Understanding
Across nearly all realistic environments, certain structural ele-
ments, such as edges, corners, and material transitions, serve
as consistent and physically meaningful diffraction sources. As
discussed in “A Primer on Electromagnetic Diffraction” sec-
tion, such elements create distinctive electromagnetic signa-
tures and offer a key opportunity: rather than attempting to
image every surface in full detail, one can focus on detecting
these diffraction-inducing elements as a compact representa-
tion of the scene. These geometric discontinuities naturally
compress complex shapes into a small number of salient fea-
tures, an idea echoed in perceptual psychology, where edges
and junctions form the basis of object recognition [27]. Thus,
we argue for exploiting edges as both a compact and physically
meaningful basis for RF scene understanding, leveraging their
strong electromagnetic signatures as well as inherent scene com-
pression properties.
Traditional approaches to RF imaging, such as backward

ray-tracing or receive beamforming [28], [29], assume propa-
gation models dominated by surface reflection or diffuse scat-
tering. Although these methods can be effective in simple
scenarios, their inherent limitations have left RF-based imag-
ing and scene understanding a largely open research area.
For example, a common approach is to coherently sum the

received signal across the aperture to test for the presence of
scatterers at specific spatial locations. However, this method
often performs poorly. It also suffers from limited diversity of
scattered returns on the receiver grid at lower frequencies such
as WiFi (wavelengths of 5–12 cm), where most environmental
surfaces act as specular reflectors rather than diffuse scatterers
due to the Rayleigh roughness criterion [30]. Additionally, the
computational cost of evaluating every point in the reconstruc-
tion volume scales poorly with resolution, becoming prohibi-
tively expensive [31].
In contrast, when transmitted waves interact with edges in the

scene, they generate diffracted rays that exit along Keller cones,
as discussed in “A Primer on Electromagnetic Diffraction” sec-
tion, leaving clear and distinctive imprints on the receiver grid.
Thus, focusing on these reliable diffraction signatures from
edge elements offers a robust and efficient alternative to surface-
based reflection models. Such an approach can then be used as
stand-alone (for instance similar to the treatment of this article) or
in conjunction with surface-based modeling techniques.

Framework for Diffraction-Based Sensing
Consider the sensing setup shown in Fig. 5, where an RF trans-
mitter at pt illuminates the scene X. The scattered signals from
extended objects within X are then measured across a spatially

extended receiver array, denoted by RX. Let us define h as the
comprehensive set of parameters (spatial coordinates, edge ori-
entation, and other relevant properties) that characterize each
diffracting feature present in X. Thus, Problem (2) represents
the search for an optimal configuration of diffraction-inducing
elements, denoted by h?, that most accurately explains the RF
data SðrÞ captured on RX. As explored in “A Primer on Elec-
tromagnetic Diffraction” section, each diffracting surface of
the extended objects in X generates a distinct localized signa-
ture. In principle, for any given configuration h 2H, we can
predict the field ShðrÞ across RX by composing suitable propa-
gation models drawn from a catalog of canonical diffraction
phenomena, a few of which are illustrated in Fig. 2. We then
seek to find the configuration h? that best explains the mea-
sured field by maximizing a similarity functional LðSh,SÞ:

h? ¼ argmax
h2H

LðSh,SÞ: (3)

This formulation yields, in principle, the most physically con-
sistent arrangement of diffracting elements inX with respect to
the observed signal SðrÞ. Thus, in the setting of Problem 2, the
functional L plays the role of objective f. However, solving
this optimization problem over the entire space can be compu-
tationally demanding. Moreover, the above formulation does
not explicitly take into account the interference caused by
reflection or scattering off of nondiffracting elements. We then
next delve into the details on how to efficiently solve this opti-
mization problem, with a particular attention to the cross-
interference effects among diffracting elements as well as
between diffracting and nondiffracting elements. Specifically,
we present our recent work [8], [9] that explores the novel par-
adigm of using diffraction for imaging the edges of extended
objects, and further showcases several real-world experiments.
For clarity, we adopt the following working definition of what
constitutes an edge to an incident wave:
Definition 1 (Edge): Let � denote the wavelength of the inci-

dent RF wave. A point on a surface appears as an edge to the
wave if its local radius of curvature r satisfies r < �=2 [32].

FIG. 5. Schematic for a general imaging scenario: an RF transmitter emits
wireless signals which scatter off of one or more extended objects inX, sub-
sequently captured on an extended receive aperture RX as SðrÞ 8 r ‰ RX . We
associate each hypothesized configuration h ‰H of diffracting elements inX
with a resulting field ShðrÞ, and seek to find the configuration h? that is the
most likely to have causedSðrÞ.
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We next conclude this section by examining emerging appli-
cations of edge diffraction, including outdoor-to-indoor (O2I)
localization [33] and enhanced GPS-based human sensing [34].

Edge Diffraction for Imaging With Commodity WiFi
We next describe the imaging pipeline we proposed in [8],
which leverages the geometrical theory of diffraction (GTD) to
efficiently characterize the signatures generated by Keller
cones from the edges of extended objects when illuminated by
a WiFi transmitter. As depicted in Fig. 3 and formalized in
Theorem 1, the signature of the Keller cone (conic section)
captured on the receiver grid depends on the orientation and
spatial configuration of the diffracting edge (position, azi-
muthal, and elevation angles), as well as the relative position-
ing of the transmitter (pt) and the receiver grid (RX). However,
due to the limited bandwidth of commodity WiFi systems, [8]
restricts its analysis to edges that lie within a plane parallel to
the vertical receiver grid. Consequently, the edge orientation is
effectively described by a single parameter h¼ /, which
denotes the angle formed by the edge with respect to the posi-
tive x-axis (see Fig. 5). Furthermore, as commodity WiFi devi-
ces do not provide reliable phase information, SðrÞ represents
the received power over RX, and we denote SðrÞ as the
received power measurement after subtracting2 the impact of
background scatterers beyond X. For a receiver located at
pr 2 RX, we define the set xpr � X, as the set of locations of
all scatterers in X (including specular reflectors, edges, and
other diffracting elements) that contribute to the field at pr.
From [8, Lemma 4.1], we then have

SðprÞ � 2R
X

po2xpr

Kðpo,pt,prÞg�ðpt,prÞgðpo,prÞ
( )

, (4)

where R is the real part of the argument, Kðpo,pt,prÞ is
the amplitude attenuation of the pt ! po ! pr path, and
gðpo,prÞ ¼ expð−jð2p=�Þkpo − prkÞ is the Green function.
See “Derivation of Equation 4” section in Appendix for the
derivation of (4).
Now let us consider a point pm 2 X. To test for the hypoth-

esis that there exists an edge at pm with orientation /, Pallap-
rolu et al. [8] proposed an imaging kernel j that specifically
selects points on RX that lie on the corresponding Keller
cone: jðpm,pr,pt,/Þ ¼ gðpt,prÞg�ðpm,prÞ1RX/,pm ðprÞ, where
RX/,pm � RX is the conic section signature of the edge at pm
with orientation /, and 1QðrÞ is the indicator function which
is 1 if r 2 Q and zero otherwise. This kernel is then utilized to
evaluate the imaging intensity I (as the analog to our similar-
ity functional L in 3) given by

Iðpm;/,ptÞ ¼
���� X
pr2RX

SðprÞjðpm,pr,pt,/Þ
����: (5)

The key insight in (5) is the strategic coherent summation
across specifically selected receivers to achieve edge detection.
To see this, we can write Iðpm;/,ptÞ ¼ jI 1 þI2j, where
I1ðpm;/,ptÞ ¼

P
pr2RX/,pm

Kðpm,pt,prÞ is the signal term that
constructively combines when there is an edge at pm with ori-
entation /, and

I2ðpm;/,ptÞ ¼
X

pr 2 RX/,pm
po 2 xpr ,po 6¼ pm

Kðpo,pt,prÞgðpo,prÞg�ðpm,prÞ

represents interference from other scatterers in the environ-
ment. The selective use of only those receivers on the Keller
conic section significantly improves the signal-to-interference
ratio when compared to using the entire RX, as interference
from other scatterers (surfaces/edges) sums incoherently with
high probability, resulting in lower intensity values. Con-
versely, when the tested edge orientation matches the actual
edge orientation, the received signals sum coherently, produc-
ing a pronounced intensity peak.
Based on this theoretical foundation, the practical imple-

mentation of the edge detection algorithm requires testing
multiple candidate orientations at each spatial location.
Accordingly, we define U as the discrete set of uniformly
spaced angles in the interval ½0,pÞ, which are tested at each
pm 2 X. For a given transmitter position pt, the estimated
local edge orientation at pm is subsequently given by solving
the optimization problem

/?ðpm;ptÞ ¼ arg max
/i2U

Iðpm;/i,ptÞ: (6)

The orientation /?ðpm;ptÞ is selected only if the correspond-
ing maximum intensity exceeds a predefined threshold in
order to prevent false edge detections. To ensure comprehen-
sive edge coverage, multiple transmitters can be employed,
each strategically positioned to illuminate the scene from dis-
tinct vantage points. This design choice serves two purposes:
first, to mitigate the near-far effect, wherein the amplitude of
the received signal from proximal edges can dominate and
suppress the detectability of those from more distant edges;
and second, to account for configurations in which the Keller
cones produced by certain edge orientations do not intersect
the receive aperture, rendering those edges effectively invisi-
ble to the receiver.
The edge inferences obtained from these multiple illumina-

tions are subsequently fused via Bayesian Information Propa-
gation to construct a composite edge trace, or an edge image,
of the extended object. The detailed implementation of this
pipeline is presented in [8, Algorithm 1].
Remark: The variability of conic section signatures, along

with the influence of transmitter placement, edge-receiver dis-
tance, and edge orientation, has been comprehensively ana-
lyzed in [9]. Notably, it is shown in [9, Fig. 4] that curved
surfaces that do not visually resemble sharp edges can pro-
duce Keller cones, provided the local radius of curvature is
less than half the wavelength of the incident RF field [32].
This implies that the proposed pipeline can not only image

2Background subtraction is performed by measuring the scene without
the object present. In cases where the object cannot be removed, dominant
contributions such as the direct path and ground reflection can be
estimated and subtracted [35].
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visibly sharp edges, but also a broader class of surfaces with a
sufficiently small curvature, thereby extending the applicabil-
ity of the technique to more general object geometries.

Experimental Validation
We next showcase the results of several real-world experi-
ments for WiFi imaging by using the proposed approach,
as detailed in [8], [9]. The measurement setup employs three
off-the-shelf half-space panel antennas as WiFi transmitters,
positioned at pt1 ¼ ½3 m,0, 0�, pt2 ¼ ½0, 1:3 m, 1:2 m�, and
pt3 ¼ ½−3 m,0, 0�, with the origin centered at the receiver grid,
which lies in the plane y¼ 0 (coordinate system shown in
Fig. 5). The receiver grid is synthesized using six vertically ori-
ented omnidirectional antennas mounted on a scanning appara-
tus. This setup executes alternating horizontal scans and
vertical translations in a serpentine pattern, resulting in a
42 � 98 grid of receivers, with vertical and horizontal spac-
ings of 3 cm and 1.4 cm, respectively. Intel 5300 NICs WiFi
cards on two laptops are used as receivers, and WiFi CSI
power measurements are logged with CSI-Tool [22] at
5.32 GHz. All experiments are conducted over an imaging
plane X of 1:4 m � 1:4 m, located 1− 1:5 m from the
receiver grid. See “Sample Experimental Setups Used for
Imaging” section in Appendix for more details.
To test with different edge orientations, we next show imag-

ing sample letters of the English alphabet with WiFi. Specifi-
cally, Fig. 6 shows imaging results for uppercase wooden letters
of the word “BELIEVE,” with dimensions 0:7 m � 0:7 m,
placed one at a time behind the wall depicted in [8, Area 3,
Fig. 7] [see also Fig. 12(a)]. The wooden letters are coated with
a surface paint which has a shielding attenuation that is 25 dB
less than aluminum. Our reconstructions incorporate a vision-
based postprocessing module that refines the edge images
produced by [8, Algorithm 1]. More specifically, the
diffraction-based images are passed through an English letter
vision classifier, which serves two purposes. First, the classifi-
cation accuracy provides a quantitative measure of how faith-
fully the diffraction-based edge images represent the true

underlying structures. In our experiments, the classifier cor-
rectly classifies the letter in 26 out of 30 cases, yielding an
accuracy of 86.7%, which is substantially higher than the 3.8%
accuracy associated with random guessing. Second, the classi-
fication output is then used to refine the image by reinforcing
structurally consistent edges. For example, if the classifier pre-
dicts the letter “A,” the most similar “A” in the font dataset is
used to refine the existing edges in the image. This approach is
general and can be applied to other object classes, as part of
future work. Further details are provided in [8, Sec. 5.3]. Fig. 7
compares traditional beamforming results with the raw outputs
of [8, Algorithm 1] and the corresponding post-processed

FIG. 6. CommodityWiFi imaging the edges of the letters of the word “BELIEVE” placed one by one behind a wall. The objects are made of painted wood, with
a surface paint which has a shielding attenuation that is 25 dB less than aluminum. The reconstructions demonstrate the ability to recover fine structural
details and character-specific shapes, even through a wall, by exploiting diffraction. See Pallaprolu et al. [8] for more details.

FIG. 7. Imaging results for uppercase letters in a line-of-sight setting, using:
(a) traditional beamforming; (b) [8, Algorithm 1]; and (c) subsequent vision-
based postprocessing. We see that [8, Algorithm 1] captures fine structural
details directly, with the postprocessing serving as a refinement step that
sharpens and completes the inferred shapes. (a) Traditional imaging. (b)
Output of [8, Algorithm 1]; and (c) After vision-based postprocessing.
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reconstructions. While the conventional method produces poor
results, the diffraction-based algorithm alone distinctly traces
object edges that are further refined by vision-based post-proc-
essing. See [8] for images of more letters, comparison with
traditional WiFi imaging techniques and the impact of the
post-processing module.
Fig. 8 then presents the output of [8, Algorithm 1] directly,

when imaging a number of daily life objects featuring edges of
varying radii of curvature, without any vision-based postpro-
cessing [9]. These results support the proposed hypothesis of
this article that diffraction can play a key role in the RF sensing
landscape by providing rich electromagnetic signatures. They
also highlight that edges, as compressed yet meaningful repre-
sentations of objects, can be effectively leveraged for sensing.
Overall, these results represent promising first steps, and future
work can build upon them to further enhance the imaging qual-
ity. Sample promising future directions include:
1) optimizing transmitter placement to capture diverse

edge orientations,
2) incorporating synthetic RF data for classifier training

[36],
3) improving graph-based inference for edge completion, and
4) advanced vision-based postprocessing.
Thus far, we have provided samples of our recent results to

demonstrate the feasibility and efficacy of using diffraction for
RF imaging. Recent research has expanded the application of
edge diffraction principles and the GTD to other intriguing
sensing domains, further validating the versatility of edge dif-
fraction for wireless sensing, as we shall see next.

Edge Diffraction for Other Sensing Applications
Beyond imaging applications, the principles of edge diffraction
have recently been adapted to address diverse sensing chal-
lenges across multiple domains. Two notable contributions

have emerged that build upon the theoretical foundations of
Keller cones established in our earlier work: [34] has devel-
oped a passive sensing framework leveraging GPS signal dif-
fraction for human activity detection, while [33] has applied
diffraction principles to enhance outdoor-to-indoor (O2I) posi-
tioning accuracy.

Human-Induced Edge Diffraction for GPS Signals

Dong et al. [34] exploits the GTD to model amplitude and
phase variations when humans interact with GPS signal paths,
generating dynamic Keller cones. At the GPS L1 frequency
(�� 19 cm), the curvature of the human torso (� 6 cm in
radius [37]) or shoulder (� 2:5 cm in radius [38]) is less than
half the wavelength, permitting the body to be reasonably
approximated as a diffracting edge within the GTD framework.
Leveraging the stability of the angle of incidence, enabled by
the long-range propagation of GPS signals, [34] demonstrated
that signal strength fluctuation patterns correlate with the
position of the receiver relative to human trajectories, directly
supporting our theoretical understanding of Keller cone inter-
actions with receive apertures. Thus, by combining reflection
and diffraction models with dynamic time warping, they
achieved robust human activity recognition using ubiquitous
GPS signals.

Diffraction-Aware NLoS Localization

On the other hand, [33] incorporated diffraction path length
models into nonline-of-sight (NLoS) localization, focusing on
O2I applications for public safety. Their approach accounts for
edge diffraction from window edges as a dominant propaga-
tion mechanism. Through theoretical analysis and ray-tracing
simulations, they identify two distinct multipath components
arising from the Keller cones off of upper and lower window
edges, and show that their relative power can be tuned via
transmit-side electric field polarization control. They then pro-
pose a nonlinear least squares algorithm (D-NLS) for position-
ing, which outperforms traditional methods, particularly in
improving vertical (z-axis) accuracy for indoor localization.
Having examined these recent innovations in sensing, we

now turn to a complementary question: can diffraction be har-
nessed not only to interpret wireless environments, but to
actively shape them? The “Diffraction for Communication”
section explores how engineered diffracting structures can be
used to synthesize desired RF fields, offering a new paradigm
for communication system design rooted in spatial control of
such geometries.

DIFFRACTION FOR COMMUNICATION
In this section, we present the use of diffraction as a new para-
digm for field programming in wireless communications. Field
programming is rather a new field, and can be defined as the
control and shaping of the electromagnetic field propagation in
space [39]. RF field programming, including beamforming and
antenna pattern synthesis, plays an important role in modern
communication systems by improving the signal-to-noise ratio

FIG. 8. Imaging sample daily life objects (output of [8, Algorithm 1]), with
only WiFi received power measurements and by exploiting diffraction. The
objects capture a wide range of edge locations, orientations and curvatures.
As part of future work, these reconstructions could be refined in postpro-
cessing by leveraging existing vision tools.
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(SNR), reducing interference, and opening the door to new
types of multiple access schemes. Traditionally, achieving a
desired radiation pattern requires optimizing complex-valued
weights associated with omnidirectional elements in an antenna
array. However, we set forth a new approach which takes advan-
tage of unique diffraction footprints to accomplish the same
goal, with greater simplicity and control. We first motivate this
problem by briefly reviewing key use cases and existing meth-
ods for RF field programming. We then discuss how diffraction
can be used to realize these same objectives and refer to Prob-
lem 2 to highlight important considerations for designing dif-
fracting elements for field programming.

RF Field Programming for Communications
RF field programming plays a critical role inmodern communi-
cation networks by enhancing signal strength along desired
links and suppressing it elsewhere. This selective shaping of
the electromagnetic field provides a solution to a number of
challenges. For example, at high frequencies (e.g., mmWave
and THz), which are central to next-generation networks,
severe path and penetration losses make beamforming essential
for energy-efficient, high-throughput communication [1], [40].
Furthermore, field programming can improve MIMO capacity
by increasing channel diversity and enabling space-division
multiple access (SDMA) techniques, which focus energy on
spatially separate users [41]. Moreover, attenuating gain in cer-
tain directions reduces interference and supports physical layer
security (PLS) by reducing signal exposure to unintended recip-
ients [42]. These benefits are particularly important in dense
networks that connect thousands of end users, including auton-
omous vehicles, IoT devices, andmobile devices.
Traditional approaches to RF field programming have largely

been developed in the context of large, multiantenna arrays.
Each individual antenna radiates isotropically, but by strategi-
cally distributing the transmit power and setting phase shifts
across the antennas, the overall field created by the array can
exhibit a complex spatial variation. Beamweights, representing
the power and phase offset at each antenna, can be found using
classical methods such as minimum variance distortionless
response (MVDR) and linear constraint minimum variance
(LCMV) [43], which solve mathematical optimization problems
to ensure that the final beampattern is consistent with desired
performance criteria.
More recently, there has been significant interest in passive

metasurfaces [including intelligent reflecting surfaces (IRS)
and reconfigurable intelligent surfaces (RIS)], which offer a
simpler and more energy efficient alternative to traditional
active antenna arrays. Although metasurfaces have been some-
what successful, they also face several technical challenges.
For instance, many designs call for phase shifting elements
implemented as small active components that require an
on-board power source and commonly possess limited phase
resolution [44]. Furthermore, stable operation of phase shifter
circuitry becomes increasingly challenging at higher frequen-
cies [45], often introducing intermodulation distortion from
other components. The complexity of the control circuitry

escalates with increasing array dimensions, introducing poten-
tial failure points and significantly elevating manufacturing
costs. Other implementations achieve phase shifting without
active components, but the proposed elements are often com-
plex and necessitate sophisticated manufacturing [10, Fig. 1].
Furthermore, they typically require a large number of elements
to achieve simultaneous multibeam steering.
Diffraction-based electromagnetic field guidance offers sev-

eral compelling advantages compared to traditional receive-and-
reradiate-style metasurfaces. While most phase-based radiating
elements individually exhibit an omnidirectional beam pattern,
edge diffraction results in a highly structured exiting beam (see
Fig. 3), whose shape can be controlled by changing the edge ori-
entation. This makes it particularly suitable for precise beam
steering applications by leveraging the rich set of conic sec-
tion signatures that are scattered off of a number of illumi-
nated edges. In other words, the orientations of a number of
diffraction-inducing edge elements can be used as control
knobs to shape the resulting overall RF field. Furthermore,
diffraction principles can be implemented through purely
geometric structures, substantially simplifying fabrication
processes and reducing both manufacturing costs and power
consumption requirements. Critically, diffraction-based designs
can maintain consistent performance across broader frequency
ranges [46], offering superior bandwidth characteristics for
demanding multiband applications that would otherwise require
complex active compensation in phase-shifting implementations.

Optimization of Diffraction for Communications
To better understand how diffraction can be used to improve
communication links, consider Fig. 4 (right) as well as Prob-
lem 2. In our current context, this problem can be interpreted
as a design problem in which we aim to configure a set of dif-
fracting elements to improve communication in some desired
way, as captured in the objective function, f ðShðrÞÞ. For exam-
ple, we may aim to maximize the SNR on a specific link,
which could be achieved by maximizing the field strength at a
certain location. Alternatively, the objective may be to mini-
mize the field strength in the direction of known possible
eavesdroppers. More generally, we may aim to match a desired
RF pattern, SðrÞ.
The set H represents the possible configuration of the ele-

ments, with ShðrÞ as the field produced by a specific configura-
tion. The final configuration could represent either a static
object to be manufactured or a specific configuration of recon-
figurable hardware.
Given the nontrivial radiation mechanisms of diffraction

(see Fig. 2), it is possible that multiple configurations will
result in similar performance, but some of these configurations
may be easier to realize than others, due to lower costs or sim-
pler manufacturing. These considerations can be captured
in the regularizer fcmplxðhÞ, which penalizes complexity. To
explore the theoretical underpinnings and practical implica-
tions, we next present a case study on multibeam generation
that demonstrates the optimization of diffracting elements for
achieving desired RF field patterns.
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Multibeam Steering Utilizing Edge Diffraction
To illustrate the possibilities of diffraction-based RF field pro-
gramming, we next present our recent work from [10], which
designs a novel diffraction-based metasurface, capable of
steering up to four distinct beams simultaneously.
The ongoing development of the 6G standard has fueled

recent interest in metasurfaces [47], [48], which offer a solution
to a variety of challenges ranging from nonline-of-sight (NLoS)
communication [49] to enhanced PLS [50]. The typical design
for these metasurfaces consists of a two-dimensional array of
small, closely spaced elements that work collectively to manipu-
late an incident RF field. Usually, this is achieved by inducing a
specific phase shift at each element, similar to the approach used
for active arrays [20]. However, designing metasurfaces capable
of producing multiple sharp beams presents a difficult challenge.
State-of-the-art approaches require up to thousands of highly
specialized elements and have generally been tested in only
the most ideal environments, such as anechoic chambers [10,
Fig. 1].
In contrast to existing approaches, utilizing diffraction can

fundamentally reshape the landscape of RF field programming.
To showcase its potential in this domain, we next summarize
the edge-based metasurface designed in [10]. In the sequel, we
use “metasurface” to specifically refer to this design. This
diffraction-based metasurface consists of a 2-D array of thin,
metal plates which are proportioned so that edge diffraction
dominates other modes of electromagnetic interaction, and an
example of such a metasurface appears in Fig. 9. By optimiz-
ing the orientations of the edges, the metasurface achieves
multipoint focusing with far fewer and simpler elements. We
next briefly present how the GTD informs the configuration of
the edges in this metasurface to produce the desired focal
points. Throughout, we use the subscript ij to identify variables
associated with an element located in row i and column j.

When modeling the metasurface, the GTD gives the signa-
ture of the Keller cone associated with each edge element. Spe-
cifically, we use the following theorem [10, Theorem 4.1]:
Theorem 2: Consider an edge element located at pij with

an edge vector of eij ¼ ½cos /ijsin hij, cos /ijcos hij, sin /ij�
(see Fig. 10 for illustration). The resulting Keller cone off of
this edge element passes through location p if:

eij ¼
p− pij
jp− pijj

þ
pij
jpijj

:

While the theorem provides a constructive method for ori-
enting each edge element such that its associated Keller cone
intersects a desired focal point p, simply steering all edge ele-
ments toward pmay be suboptimal for focusing due to the pos-
sibility of destructive interference. It is therefore desirable to
identify edge elements whose diffracted rays constructively
reinforce the direct path from the transmitter to p and selec-
tively involve only those elements in the focusing process.
Specifically, we can assess whether the complex-valued field
contribution from an edge element, Fconeðp,pij,eijÞ, aligns pos-
itively with the direct-path field Fsrcðp,xsrcÞ. Formally, the fol-
lowing condition is enforced:

RfF�
coneðp,pij, eijÞFsrcðp,xsrcÞg> 0, (7)

whereRf�g denotes the real part and * the complex conjugate.
Elements that do not satisfy the constructive interference con-
dition assume an “idle” state, which corresponds to orienting
the element vertically upward, i.e., setting eij ¼ ½0, 0, 1�. [10,
Algorithm 1] gives the details of this approach.
This line of reasoning can be subsequently extended to

achieve multipoint focusing by dividing the edge elements into
mutually disjoint subsets using [10, Algorithm 2], which we
briefly describe next. Let M¼

SK
i¼0 li, where M denotes the

set of all edge element indices, li for i> 0 represents the sub-
set assigned to the ith target, and l0 corresponds to the set of
idle elements. Further, let T ij 	 f1, :::,Kg denote the set of
focal points to which the edge element at ði, jÞ can construc-
tively contribute, as determined by (7). For edge elements with
jT ijj> 0, define aij 2 T ij as the target assignment for element

FIG. 9. Diffraction-based metasurface comprised of an array of 223 22 edge
elements (each edge element available at local stores, costing 7 cents)
installed in front of a transmitter [10]. the magnified section illustrates the
diversity of edge orientations across the structure. Color variations in the
ABS plastic are unrelated to the lattice design and result solely from avail-
ablematerial stock. See color PDF for optimal viewing.

FIG. 10. Schematic of a diffraction-based metasurface [10]. the goal is to ori-
ent each edge element in a 2-D array such that edge diffraction off of the ele-
ments collectively maximizes the field strength at given positions.
Schematic for an individual edge element can be seen in the top left corner.
See color PDF for optimal viewing.
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ði, jÞ, ensuring each element contributes to at most one focal
point.
Each of the focal points is equally important and therefore

should receive the same number of elements. Additionally, a
spatial contiguity constraint acts as a regularizing term, making
partitions which spatially cluster elements assigned to the
same focal point more desirable. The following optimization
problem captures these considerations:

minQ
ij
aij2
Q

ij
T ij

1
2

X
i, j

�ij þ max
k, l2f1, :::,Kg

ðjlkj − jlljÞ
 !

, (8)

where �ij denotes the number of neighboring elements of ði, jÞ
that belong to a different partition than aij. The first term in the
objective encourages spatial connectivity, while the second
penalizes imbalance in the number of elements assigned to
each target. Solving the problem in (8) is challenging due to its
nonconvex and combinatorial nature. Inspired by log-linear
learning [51] and simulated annealing, one can employ a ran-
dom walk over the solution space using a Metropolis filter to
find a suitable partition.
Crucially, these analytical results are corroborated with

many real-world experiments which demonstrate the ability of
the diffraction-based metasurface to produce strong, highly
localized and simultaneous multipoint focusing. Specifically,
[10] provides the results of 13 experiments conducted in 3 dis-
tinct real-world experimental areas, including several areas
with significant clutter. These experiments use a frequency of
5.18, GHz, and the edge elements are realized as thin 3 cm
� 1:5 cm steel plates, costing only 7 cents each.
To manufacture the metasurface for a given set of focal

points, we first partition the elements and then use Theorem 2
to determine the orientation for each edge in the lattice. We
then 3-D print a thin (2 mm thick) frame made of acrylonitrile
butadiene styrene (ABS) with slits. These slits are angled so
that when the metal plates are inserted, they are oriented appro-
priately. Fig. 9 shows an example of such a metasurface.
The diffraction-based metasurface can produce up to four

focal points, as shown in Fig. 11. For a single focal point, the
metasurface produces � 11 dB improvement in signal strength
over the field in the absence of the metasurface. For four point
focusing, the metasurface results in over 3 dB gain, on average
among the beams. To further validate the physical correctness
of the design, we next compare with HFSS full-wave simula-
tions using the same edge lattice configurations. As seen in
Fig. 11(c) and (d), the simulated results closely match the mea-
sured focusing behavior, despite being conducted in an ideal-
ized environment. Thus, using edge diffraction, we achieve
state-of-the-art performance in signal strength improvement
while using remarkably simple and inexpensive elements.
Additionally, the metasurface achieves state-of-the-art (or bet-
ter) performance in terms of maximum beam steering angle,
beam resolution, and the number of elements required per
beam, as shown in [10, Table 1].
Overall, the summarized preliminary results demonstrate

the feasibility of using edge-induced diffraction for RF field

programming and beamforming. This highlights edge diffrac-
tion as a promising new direction for advancing future commu-
nication networks, motivating more advanced explorations for
RF field programming. “The Road Ahead: Diffraction-Aware
Systems” section presents a broader, forward-looking explo-
ration of what embracing diffraction as a key element in
propagation-aware system design may unlock.

THE ROAD AHEAD: DIFFRACTION-AWARE SYSTEMS
Throughout this article, we have established diffraction as a
powerful and distinctive aspect of electromagnetic wave prop-
agation, where the surface features of an extended object gen-
erate characteristic signatures that reveal crucial information
about the diffracting geometry. In “Diffraction for Sensing”
and “Diffraction for Communication” sections, we presented
preliminary investigations that strategically exploit edge dif-
fraction phenomena, demonstrating enhanced imaging of static
objects, precise O2I localization, GPS-based activity sensing,
and innovative multipoint focusing using a metal-plate edge
lattice as a novel metasurface. This section extends our vision
further, examining how different diffraction signatures can be
exploited across additional application domains. Importantly,
our vision extends beyond edges to include unique signatures
associated with other types of diffraction, a key dimension to
be explored as part of future work.

Applications and Use Cases
We begin by laying out promising application areas, before
highlighting important challenges and potential solutions.

FIG. 11. Multibeam focusing experiments using diffraction [10]. Sample
results for: (a) single-point; (b) multipoint focusing in a real-world confer-
ence room. For single-point focusing, a 20 3 20 lattice of edge elements is
used, while for multipoint, a 22 3 22 lattice is employed. A red “X”s marks
each targeted focal point, and white arrows indicate the measured peak loca-
tions; and (c) and (d) show the corresponding HFSS full-wave simulation
results for the same edge lattice configurations for comparison. As can be
seen, the real experimental results match nicely with the HFSS full-wave sim-
ulations. See color PDF for optimal viewing.
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Scene Understanding

Diffraction phenomena offer a unique opportunity for RF-
based scene segmentation and inference. As discussed in “A
Primer on Electromagnetic Diffraction” section, diffraction
produces distinct and identifiable signatures that encode geo-
metric information far more richly than conventional specular
or diffuse scattering, providing higher-dimensional electro-
magnetic features for scene inference. These signatures enable
compact, physically meaningful descriptors: a fundamentally
different representation from the pixel-wise reconstructions typi-
cal of optical systems. RF-based scene understanding has
evolved considerably over the past decade, with early work initi-
ated in [52], and more recent approaches demonstrating coarse
3-D reconstruction and semantic segmentation [53], [54], [55],
[56]; however, they often depend on visual priors, precise envi-
ronmental models, or dense supervised data, and their outputs
lack direct physical interpretability. Diffraction-centric RF sens-
ing defines a fundamentally different paradigm, leveraging natu-
rally occurring geometric primitives (edges, corners, etc.) to
enable more efficient, robust, and physically grounded scene
understanding, without requiring complete surface reconstruc-
tions. As a future direction, the edge image outputs of daily life
objects in Fig. 8 could be enhanced with domain-specific neural
postprocessing for object detection and characterization. In addi-
tion to static objects, diffraction can also be a highly useful
mechanism for RF sensing and inference of dynamic, motion-
induced scenes.

Nonline-of-Sight (NLoS) Sensing

NLoS sensing capabilities unlock critical applications span-
ning structural health monitoring [57], [58], security surveil-
lance [59], archaeological surveying, and search-and-rescue
operations [60]. In particular, RF-based NLoS sensing offers
inherent advantages over vision, particularly in poor lighting
or through occlusion. Within this space, diffraction mecha-
nisms represent a relatively unexplored addition, offering a
new modality that can help address sensing challenges. While
through-wall imaging is a well-known example, NLoS

scenarios more broadly include sensing around LOS blockages
and other complex occlusions. As discussed in “Edge Diffrac-
tion for Other Sensing Applications” section, promising recent
results have demonstrated state-of-the-art performance in NLoS
O2I localization by exploiting diffracted paths on Keller cones
off of window edges [33]. Further development of such models,
particularly those analyzing diffraction signatures from multi-
layered structures or material discontinuities (as explored in
acoustics [61]) could enable breakthroughs in challenging
scenarios such as the localization of surgical tools within
human tissue in minimally invasive procedures [62].

RF Field Programming

Diffraction presents an interesting opportunity to leverage the
intrinsic geometric signatures of diffractive elements in the
wireless ecosystem to enhance existing communication links.
Our prior work [10] demonstrated the viability of a metasur-
face where edge diffraction and the corresponding Keller
cones played the dominant role in shaping the incident field,
and future designs can benefit from integrating diffraction into
established architectures. For instance, recent literature has
proposed numerous theoretical models for STAR-RIS archi-
tectures that enable simultaneous transmission and reflection,
but most remain at the simulation stage, with few tangible pro-
totypes available [63]. In this context, a hybrid surface that
combines diffracting and reflecting elements may offer a more
tractable path toward realizing a diffraction-based STAR-RIS.
Furthermore, stacked intelligent metasurfaces (SIMs) [64],
which have been explored for semantic communications, could
benefit from the diversity of diffraction signatures to expand
control over wavefronts, enabling richer, context-aware func-
tionalities directly at the physical layer. Lastly, the recent
development of hardware architectures that perform neural
computations via engineered wave propagation points to a
compelling future in which computation and communication
coexist through reconfigurable, diffractive media [65].
Beyond communication, RF field programming also holds

potential for wireless power transfer (WPT), a method for

FIG. 12. Experimental testbeds used for the imaging results: (a) Pallaprolu et al. [8] uses an unmanned ground vehicle with motorized vertical antenna posi-
tioning system to synthesize a receiver grid; and (b) Pallaprolu et al. [9] implements a dual-motor wooden carriage system providing independent x-axis and
z-axis control to rapidly scan an extended receiver array. In both setups, omnidirectional receive antennas and half-space panel transmit antennas are con-
nected via SMA cables toWi-Fi NICs of laptops, with TX and RX chains wired out from laptops to allow flexible antenna placement.
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remotely energizing low-power devices that has seen growing
interest [66], [67]. In such scenarios, precise beamforming
improves energy delivery efficiency, reducing operational costs
for battery-constrained wireless sensor networks.

Technical Challenges
The range of potential applications for exploiting diffraction in
sensing and communications is broad, but realizing these capa-
bilities introduces key challenges, which we outline next.

Modeling and Optimization

The success of our work in [8], [9], [10] hinged on explicitly
modeling edge diffraction, namely the geometry of the Keller
conic section, as described by the GTD. While this approach
proved effective, more detailed diffraction models could offer
further accuracy and enable the inclusion of additional diffrac-
tive effects. Full-wave solvers like Ansys HFSS [3] provide
high-fidelity results but are computationally expensive. In con-
trast, ray-tracing tools such as Wireless InSite [68] and Sionna
[69] are scalable for large environments but lack the resolution
needed for precise indoor wireless propagation. Physical-
optics approximations offer a compelling middle ground [12],
capturing richer wave interactions at a significantly lower cost
than full-wave methods. As illustrated in “A Primer on Elec-
tromagnetic Diffraction” section, these approaches can capture
generalized diffraction phenomena with significantly less com-
putational burden than full-wave solvers, while still providing
more physical accuracy than geometric ray tracing.
Machine learning presents an intriguing avenue for address-

ing the aforementioned challenges. In particular, data-driven
approaches can model wave propagation directly as a neural
network [70], learning generalizable receiver signatures from
simulated or real data and capturing complex propagation
effects that are difficult to express analytically. A promising
direction lies in hybrid frameworks that combine GTD with
machine learning, where GTD provides a physics-based prior
and ML models are used to refine or augment predictions
based on observed patterns. Such physics-informed neural net-
works (PINNs) have demonstrated their effectiveness in wire-
less propagation [71], enhancing both the accuracy and
efficiency of field prediction in complex environments.

Form Factors of Designed Diffracting Geometries

Beyond modeling and optimization, realizing practical ensem-
bles of diffracting geometries poses key challenges for advanc-
ing RF field programming. Initial explorations in passive
wireless field shaping proposed optimizing conductive 3-D
surfaces tightly enclosing wireless access points [72], [73].
However, these designs often rely on coarse path-loss models,
neglecting finer scattering mechanisms such as diffraction,
thereby limiting the richness of achievable field patterns. Mov-
ing beyond static structures, dynamic or reconfigurable archi-
tectures represent an even greater opportunity. For instance,
while our edge lattice [10] was static, future designs could
enable real-time reorientation of diffracting features through

metasurface substrates based on liquid crystal elastomers [74],
photothermal actuators [75], or shape-morphing origami mate-
rials [76]. Beyond solid-state structures, liquid and particulate
media offer intriguing avenues for generating complex diffrac-
tive architectures. Inspired by classical radar countermeasures
such as metallic chaff [77], actively controlled metallic particle
clouds could create strong resonant scattering environments at
RF frequencies. Ferrofluid-based approaches are similarly
promising: while ferro-ink solutions have been demonstrated
for mmWave smart tagging [78], dynamic ferrofluid “phase
masks” could enable flexible phase modulation, akin to spatial
light modulators [79], supporting selective imaging of environ-
mental features as well as strategic RF field control. Advancing
such novel form factors directly supports the broader goal of
harnessing exotic geometries to unlock new levels of control
over wireless environments.

CONCLUSION
This article advocates repositioning electromagnetic diffrac-
tion from a secondary propagation effect to a primary resource
for enhancing wireless systems. We argue that diffraction sig-
natures encode valuable geometric information that can be sys-
tematically exploited. By introducing a unifying optimization
framework, we demonstrate how these signatures enable novel
approaches for both sensing (inferring scene geometry) and
communication (shaping RF fields by configuring diffracting
elements). Illustrated through recent examples in RF imaging
and field programming, this diffraction-centric paradigm offers
a powerful, physically grounded approach for advancing wire-
less capabilities. While challenges remain, particularly in
modeling complex interactions, harnessing diffraction holds
significant potential for developing more perceptive and robust
communication systems, contributing to the goals of future
wireless system design.

APPENDIX

Derivation of Equation 4
The complex baseband received signal at RX location pr 2 RX is a
linear superposition of the direct TX path (from pt), background
reflections (such as those from the ground or any background objects
at locations pb 2 B) and object based reflections (from po 2 X), and
can be written as RðprÞ ¼ aðpt,prÞg ðpt,prÞ þ

P
pb2B~aðpb,prÞ

gðpb,prÞ þ
P

po2xpr
~aðpo,prÞgðpo,prÞ, where ~aðpb,prÞ ¼ aðpt,pbÞ

gðpt,pbÞaðpb,prÞ.
Assuming the direct path is much stronger than all scattered

paths, the power of the received signal at pr can be written as:

PðprÞ ¼ Co þCpb ,B þCpo ,xpr
, where Co ¼ jaðpt,prÞj2þ j

P
pb2B

~aðpb,prÞgðpb,prÞj2 þj
P

po2xpr
~aðpo,prÞgðpo,prÞj2, and the cross

terms are Cp,P ¼ 2R
P

p2P ~aðp,prÞa�ðpt,prÞgðp,prÞg�ðpt,prÞ
n o

,

where Rf:g is the real part of the argument. If power measurements
are collected in the absence of the object, i.e., in the presence of
only the background and the TX, we can perform a similar analysis

to get: PbgðprÞ ¼ jaðpt,prÞj2 þ j
P

pb2B~aðpb ,prÞgðpb ,prÞj
2 þCpb ,B:

By subtracting the background measurements from PðprÞ, we
obtain (4). w
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Sample Experimental Setups Used for Imaging
Fig. 12 shows sample experimental apparatus used for imaging
part in the literature. More specifically, Pallaprolu et al. [8] uses
an unmanned ground vehicle with vertically actuated omnidirec-
tional antennas [Fig. 12(a)] to synthesize a 42 � 140 receiver grid
over a 1:2 m � 2 m area. The results of Figs. 6–8, for instance,
are obtained with this setup. On the other hand, Pallaprolu et al.
[9] employs a dual-motor wooden carriage system [Fig. 12(b)] to
rapidly scan a 42 � 98 receiver grid with 3 cm vertical and
1.4 cm horizontal spacing. In both setups, receive antennas are
connected via SMA cables to Intel 5300 NICs on laptops for CSI
logging, and three off-the-shelf half-space panel antennas are used
as transmitters.
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