
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Palli, Samu Ville; Tamminen, Aleksi; Ala-Laurinaho, Juha; Taylor, Zachary D.
Design and Characterization of Phase Holograms for Standoff Localization at Millimeter and
Submillimeter Waves

Published in:
IEEE Transactions on Microwave Theory and Techniques

DOI:
10.1109/TMTT.2021.3106966

Published: 01/01/2022

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:
Palli, S. V., Tamminen, A., Ala-Laurinaho, J., & Taylor, Z. D. (2022). Design and Characterization of Phase
Holograms for Standoff Localization at Millimeter and Submillimeter Waves. IEEE Transactions on Microwave
Theory and Techniques, 70(1), 907-918. https://doi.org/10.1109/TMTT.2021.3106966

https://doi.org/10.1109/TMTT.2021.3106966
https://doi.org/10.1109/TMTT.2021.3106966


IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 70, NO. 1, JANUARY 2022 907

Design and Characterization of Phase Holograms
for Standoff Localization at Millimeter

and Submillimeter Waves
Samu-Ville Pälli , Aleksi Tamminen , Member, IEEE, Juha Ala-Laurinaho ,

and Zachary D. Taylor, Member, IEEE

Abstract— We present design, simulation, and experimental
characterization of dual-band frequency-diverse holograms
for distributed beamforming. The holograms operate in the
50–75 GHz (WR-15) and 220–330 GHz (WR-3.4) bands for
millimeter- and submillimeter-wave imaging. The holograms are
designed to create a dispersive field in the region of interest
(RoI) located 600 mm from the aperture. The holograms lie
in the front end of an imaging setup and modulate the phase
of the incident collimated beam from a parabolic mirror. The
distributed beamforming enables interrogation of the RoI so
that the measured reflection through the dispersive propagation
path conveys the spatial information of the target. Different
phase modulation schemes are evaluated, and two prototype
holograms are manufactured. The dispersive operation and effi-
ciency of the hologram are characterized with both simulations
and measurements. The frequency diversity of the holograms
is quantified using singular-value decomposition and spatial-
spectral correlation coefficient methods. The results identified
a design frequency of 120 GHz, a phase quantization step
of π /2 radians, and an added phase of 1.9π radians as a
good dispersion-efficiency compromise. A fully connected neural
network is trained to localize a corner-cube reflector in the
RoI illuminated by the hologram. The localization accuracy
follows the diffraction-limited resolution and confirms the best
performance for the hologram considered optimal in the design
metrics.

Index Terms— Beamforming, hologram, localization, millime-
ter waves (mm-waves), submillimeter waves.

I. INTRODUCTION

BEAMFORMING is a key capability in millimeter-wave
(mm-wave) and submillimeter-wave imaging with active

applications research in areas, including medical sensing,
nondestructive testing, and personnel screening. The nonion-
izing nature and the ability to penetrate various materials,
while maintaining sufficient imaging resolution, illustrate the
potential of millimeter- and submillimeter-wave technologies.
Many applications under research require real-time imaging,
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necessitating fast beamsteering capability. Typically, the 10-
Hz frame rate is considered to approximate real time in the
applications where moving human subjects are to be imaged.

Conventional imaging methods at mm-waves are often
based on raster scanning the beam in the region of inter-
est (RoI) mechanically or electronically [1], [2]. In mechanical
scanning, the object plane focal point is steered by mirrors
actuated by high-accuracy mechanical drives. In electronic
scanning, the beam is manipulated by an array of phase- or
amplitude-shifting elements. However, mechanical solutions
involve wearing parts requiring maintenance and can have a
large footprint. Electronic beamsteering systems are typically
arrays with, e.g., thousands of phase-coherent sensors. Sensor
count is associated with rapidly increasing cost and com-
plexity, especially in the submillimeter-wave regime. In real-
time imaging scenarios, the applicability of these methods
is strongly limited by the optomechanical scanning speed,
footprint, or the complexity of the control electronics.

In recent years, the use of computational imaging methods
has shown promise in simplifying imaging architecture as
well as enabling image reconstruction without the pixel-by-
pixel scanning over the RoI. With computational imaging
methods, spatially and temporally quasi-random illumination
can be used to interrogate the RoI and encode information
in the backscattered signal. Recently, a concept with increas-
ing interest inside the computational imaging paradigm has
been frequency-diverse imaging, as in [3]–[5]. These methods
rely on swept-frequency sources and engineered frequency-
dependent apertures to generate quasi-random radiation pat-
terns. As the quasi-randomness can be applied as a feature of
the radiating aperture, the number of transceivers or sensors
can be reduced to the minimum. One logical progression
of this approach is the “single-pixel camera” consisting of
a single sensor that is multiplexed to different modes to
acquire information from the target [6], [7]. These different
modes can be created using random masks or coded aper-
tures that introduce spatio-temporal modulation to the target
illumination.

Various computational imaging technologies relying on the
coded aperture principle have been presented in the literature.
At microwave frequencies, dynamic metasurfaces have been
used to actively modulate the radiation pattern at a single
frequency [8] or over a narrowband [9]. Although eliminating
the need for phase-shifting circuits, these methods still require
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circuitry for active beam control. Alternatively, frequency-
diverse apertures have been demonstrated at microwave and
mm-wave frequencies [10]–[12]. There, varying radiation pat-
terns were created via a simple frequency sweep, utiliz-
ing frequency-dependent metamaterial apertures or irregularly
shaped cavity resonators with radiating slots. These designs,
however, are rather complex and introduce challenges to
accurate alignment and field characterization. Beamsteering
using spatial light modulators at mm-waves has been reported
in [13] and [14]. The target was scanned with a narrow beam
generated by a photo-injected Fresnel-zone plate antenna.
Recently, frequency-diverse mm-wave imaging with a pair of
phased arrays intended for 5G base station was demonstrated
in [15]. Earlier, we have demonstrated a dispersive hologram
combined with a terahertz time-domain spectrometer operating
at 0.1–2.0 THz and leveraged the dispersive field illumination
to conduct spatial localization tasks [16].

The work presented here applies the single-pixel approach to
a wideband frequency-diverse aperture. We present the design
process, simulations, and experimental characterization of
dual-band frequency-diverse phase holograms for distributed
beamforming. The holograms served as a frequency-diverse
aperture in the front end of a quasi-optical setup, modulating
the phase of the incident collimated beam from a parabolic
mirror. The holograms were designed to disperse the incident
waves in a quasi-random way on the target at a 600 mm
standoff, across frequency bands 50–75 GHz (WR-15) and
220–330 GHz (WR-3.4), while maintaining adequate dif-
fraction efficiency. Two prototype holograms with different
design parameters were manufactured, and their performance
was characterized using physical-optics (PO) simulations as
well as near-field measurements. The frequency diversity of
the designed holograms was quantified with singular value
decomposition (SVD) and correlation coefficient methods.
A localization experiment was conducted using the quasi-
optical setup with the manufactured hologram to acquire
frequency-dependent backscatter from a corner-cube (CC)
reflector translated in the field of view. A fully connected
neural network was then trained to localize the CC reflector
in the RoI from the back-reflected signal.

This article is organized as follows. Section II discusses
the frequency-diverse beamforming method and the dispersive
phase hologram. Section III introduces the synthesis process
and design principles for the hologram, with Section IV pre-
senting the PO simulation and the key performance metrics.
Two manufactured hologram prototypes, the measurement
setup, and the comparison of simulation and measurement
results are presented in Section V. Section VI reports the
results of the localization experiment using the setup with
the designed hologram together with a trained neural net-
work. Finally, conclusions and next steps are elaborated in
Section VII.

II. FREQUENCY-DIVERSE IMAGING

Frequency-diverse imaging is a computational imaging
method where spatially quasi-random field patterns are used to
interrogate the RoI to acquire information from the target. The

complex spatial variation of the fields is created using aper-
tures intentionally designed to disperse the field as a function
of frequency. With a simple frequency sweep, the RoI is sam-
pled by multiple distinct measurements and the information
of the target is encoded to the measured backscattered signal.
Using the first Born approximation for scattered waves [17]
and discretizing the RoI to pixels, the relationship between the
RoI and the measured signal can be mathematically expressed
as

gM×1 = HM×N fN×1 + nM×1 (1)

where g is the measured backscattered signal, H is the mea-
surement matrix, f is the reflectivity distribution of the RoI,
and n is the system noise. Measurement matrix dimensions
M and N correspond to the number of distinct measurements
and the number of pixels discretizing the RoI, respectively.
For a single frequency-diverse aperture, the number of distinct
measurements M equals the number of points in the frequency
sweep. The pixels in N are obtained by sampling the 2-D
RoI with a rectilinear grid and stacked into a single vector.
The measurement matrix H is proportional to the electric field
patterns of transmitting and receiving antennas H ∝ ETxERx

[18]. In this work, we use the same transceiver and aperture
for transmitting and receiving, and thus, ETx = ERx.

Equation (1) ultimately describes an inverse problem of
mapping an image to 2-D space using the 1-D spectral
information. As is evident from the measurement matrix H
in (1), the imaging problem can be underdetermined (M < N)
or overdetermined (M > N). Thus, the measurement matrix H
is not necessarily invertible, and reflectivity distribution f must
be estimated using computational reconstruction techniques.
A variety of computational techniques have been reported in
the literature, such as matched filter [19], iterative least-squares
algorithm [20], or deep neural networks [21].

A. Dispersive Phase Hologram

Holograms are diffractive elements designed to modify
reflected and transmitted electromagnetic fields. A simple
hologram is essentially a locally periodic diffraction grating,
shaping the incident field to a desired reflected or transmitted
field at a designed frequency, e.g., incident spherical wave
to transmitted plane wave, as in [22] and [23]. Holograms
can be divided into amplitude- and phase-type holograms
depending on the primary property of modulation. This work
focuses on transmission-type phase holograms, consisting of
low-loss dielectric material with spatially varying electrical
thickness to introduce phase differences to the transmitted
field. In general, phase holograms possess higher diffraction
efficiency in comparison to amplitude holograms, where the
incident field is partially blocked by conductive sections [24].

Typical radio-wave phase holograms are designed to pla-
narize or focus on the transmitted field at a single frequency
with high accuracy [25]. However, the purpose of a frequency-
diverse phase hologram is to disperse the incident field with
maximum spatial variation at the RoI over a wide illumina-
tion band while preserving high diffraction efficiency. This
is realized by synthesizing a surface structure with quasi-
random transverse distribution in electrical length. As the
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Fig. 1. Simulation geometry for hologram synthesis.

illumination frequency is varied, phase shifts from different
elementary areas interfere constructively or destructively at
different locations creating spatially varying field patterns at
the RoI. The ability to utilize the entire waveguide bandwidth
enhances the imaging performance as the number of distinct
measurements increases. In practice, maximizing the beam
dispersion and diffraction efficiency is mutually exclusive,
and the determination of the hologram structure becomes an
optimization problem.

III. SYNTHESIS AND DESIGN OF HOLOGRAMS

A. Hologram Synthesis

An in-house developed PO simulation code was used to
find a hologram design suitable for operating at frequency
bands of 50–75 and 220–330 GHz and to synthesize the
phase hologram. The code follows the formalism of calcu-
lating radiating fields from a finite aperture to another finite
surface [26]. The synthesizing process creates the surface
structure that will produce the quasi-random field patterns. The
PO simulation used in the hologram generation consists of two
on-axis simulation planes, namely “hologram” and “target,” as
shown in Fig. 1. The rectilinear dimensions of the hologram
plane and the target plane were Dx,h = Dy,h = 76.2 mm and
Dx,t = Dy,t = 200 mm, respectively.

The hologram plane sample spacing was dx,h = dy,h =
0.3 mm corresponding to less than λ/2 at the highest operating
frequency of 330 GHz. The target plane has a coarser sampling
grid of dx,t = dy,t = 2.0 mm to limit the simulation time.

First, the goal electric field with random amplitude and
phase distribution was created at the target plane at a chosen
design frequency fdesign. This design frequency is not directly
related to the intended operating frequency of the hologram but
instead affects the detail size of the hologram surface structure.
The random goal field serves as an ideal model of a dispersive
field following diffraction from the hologram, albeit physically
unrealizable for the small hologram aperture. The goal field is
defined as

Egoal = √
Ri, j e

j2π Pi, j (2)

where (R)
1/2
i, j , Ri, j ∈ U(0, 1) and Pi, j ∈ U(0, 1) represent the

random amplitude and phase variables, respectively. This ran-
dom field distribution is then computationally backpropagated
to the hologram plane to give the field distribution pattern,
at the hologram plane, which would realize the random goal

Fig. 2. Example of a random goal E-field (a) amplitude and (b) phase when
synthesizing the hologram. This field is backpropagated onto the hologram
plane, creating the following (c) amplitude and (d) phase pattern. (e) Phase
pattern of (d) (in radians) after discretization using (4). (f) Calculated depth
profile for the hologram (in mm).

field at the target plane. The method follows the formalism of
calculating the electric field outside radiating apertures [27]:
E
(
r, kdesign

) = −
∮

S
∇G

(
r − r′, kdesign

) × Jms
(
r′, kdesign

)
d S

(3)

where r and r′ are the locations on the radiating aperture and
at the observation point, respectively, G is the scalar Green’s
function, and Jms is the magnetic surface current density. The
field has the wavenumber of kdesign = 2π fdesign/c0, where
fdesign is the design frequency of the hologram. The resulting
field at the hologram plane now has a quasi-random amplitude
and phase distribution, with the transverse detail size dictated
by the chosen design frequency. An example of the random
goal field distribution at the target plane and its backpropa-
gated field at the hologram plane is shown in Fig. 2(a)–(d).

Second, the phase of the calculated field distribution at the
hologram plane is discretized so that ideally, the hologram
profile introduces a phase shift defined as

θh,discr = (q + m) round

(
θh,cont

q

)
(4)

where θh,cont is the continuous calculated phase distribution
determined at the chosen design frequency at the hologram
plane and q and m are hologram design parameters for phase
quantization step and added phase, respectively. In practice,
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the high aspect ratio of surface details causes complex propa-
gation and shadowing that affect the realized phase. After the
discretization, the resulting phase pattern is then converted to
a corresponding distribution in dielectric material thickness at
transverse positions (x, y) at the design frequency fdesign using

zh(x,y) = −θh,discr(x,y)(√
εr,h − 1

)
kdesign

(5)

where εr,h is the relative permittivity of the hologram material
and kdesign is the wavenumber at the design frequency fdesign.

It is important to note that accurate knowledge of the holo-
gram material relative permittivity is needed to ensure that the
manufactured hologram operates as intended. Fig. 2(e) and (f)
shows an example of a discretized phase pattern and a cor-
responding hologram depth profile realizing this phase shift.
As is evident from (4), the quantization step q dictates the
number of discrete electrical depths in the structure. Using a
tiny quantization step quickly results in excessively smooth
phase variation, which can impose challenges when manufac-
turing the structure. The added phase m is used to increase the
phase modulation over the illumination frequency range and
thus greatly affects the overall depth of the structure, as seen
from (4) and (5).

Finally, to simulate the properties of the synthesized holo-
gram, the hologram structure is illuminated by a collimated
TEM00 Gaussian beam at the hologram plane, and the result-
ing electric field at the target plane is calculated using (3).
The depth variation of the hologram structure modulates the
incident phase resulting in a quasi-random field pattern at the
target plane. The calculated field distributions at the target
plane are used to analyze the field behavior over a wide
frequency band.

B. Bandwidth Tuning

In a synthesized hologram with fixed design parameters,
the effective electrical pathlength varies in different transverse
locations, as shown in Fig. 2(f). As the frequency of the beam
illuminating the hologram is varied, wavefronts emanating
from each elementary hologram area sum up differently,
resulting in frequency-diverse field patterns at the target plane.
By analyzing the fields at the target plane over a wide
frequency band (30–400 GHz) with holograms of varying
design parameters, a relation between the design parameters
and the target field behavior was found. Frequencies where
the target field maintains the approximate input Gaussian
amplitude pattern, i.e., where the hologram does not cause
dispersion to the incident field, can be calculated from

fND = fdesign

q + m
2π N, N = 0, 1, 2, . . . (6)

where fND is the center frequency where a nondispersive field
occurs, fdesign is the hologram design frequency, q is the phase
quantization step, and m is the added phase. The outcome
of (6) is further explained in Fig. 3. Fig. 3(a) shows a table of
calculated nondispersive frequencies using (6) for a hologram
with design parameters of fdesign = 120 GHz, q = π/2, and
m = 1.9π . Fig. 3(b) shows the simulated electric field ampli-
tude pattern at the target plane for the corresponding hologram.

Fig. 3. (a) Example of nondispersive frequencies fND calculated using (6)
for a hologram with design parameters of fdesign = 120 GHz, q = π /2 and
m = 1.9π . (b) Simulated electric field pattern at the target plane for the same
hologram at selected frequencies.

From Fig. 3, it is evident that the field does not disperse
at the calculated nondispersive illumination frequencies of
N × 100 GHz, where N is an integer number. At frequencies
given by (6), the phase difference generated by each distinct
phase level of the hologram equals to N × 2π radians
at an arbitrary plane beyond the hologram. As there is no
relative phase difference, the incident field is retained after the
hologram. In practice, the complex propagation and shadowing
results in minor modulation.

In the bands lying in-between these nondispersive frequen-
cies, the fields are dispersed and rapidly varying with illumina-
tion frequency. Since the frequencies where the nondispersive
fields exist can be calculated, it is possible to adjust the
design parameters fdesign, q , and m so that the nondispersive
frequencies do not fall within the desired operating frequency
bands of the hologram. This relationship suggests that a single
hologram can be designed to operate at multiple frequency
bands, where the chosen design parameters impose limitations
on the bandwidth.

C. Design Overview

The flowchart in Fig. 4 summarizes the hologram design
process. Before starting the synthesis process described in
Section III-A to create the hologram structure, the design
parameters are chosen to match with the desired operating
frequency of 50–75 GHz and 220–330 GHz with help of (6).
This minimizes the number of nondispersive frequencies inside
the desired operation band. Potential issues with manufactura-
bility can be compensated by tweaking the quantization step q
and added phase m. After a hologram with sufficient operation
frequency band and manufacturability is identified, full quasi-
optical simulations are performed to characterize its efficiency
and dispersion. The computation time for the process shown
in Fig. 4 is less than 1 min with a modern desktop computer.

IV. FULL-QUASI-OPTICS SIMULATIONS

Two holograms with different design frequencies and
added phases were synthesized to evaluate the performance
between differing designs. The quantization step was chosen
as q = π /2 for both designs to ensure manufacturability. For
the purpose to interrogate the RoI, diffraction efficiency and
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Fig. 4. Flowchart of the hologram design process. The input design
parameters (blue rhomboids on the right) should be matched to the desired
operating frequency band before the process using (6).

TABLE I

DESIGN PARAMETERS OF BOTH HOLOGRAM DESIGNS

Fig. 5. Simulation geometry to analyze the performance of the holograms.
A Gaussian beam originating from the feed plane is collimated using the OAP
mirror. The hologram modulates the incident wavefront, and the resulting field
pattern is analyzed at the target plane.

frequency diversity were considered the most critical perfor-
mance metrics. Both holograms were designed to produce
frequency-diverse fields in the 50–75 and 220–330 GHz bands.
All design parameters for both holograms are shown in Table I.

A. Simulation Geometry

The PO simulation geometry was updated to resemble the
actual measurement setup. The simulation consisted of four
calculation surfaces, as shown in Fig. 5. Instead of assuming
ideal illumination at the hologram surface, a Gaussian beam
was generated at the feed plane, modeling an mm-wave

transceiver with a Pickett–Potter horn antenna. The electric
field of the Gaussian beam originating from the feed plane
was defined as

Efeed
(
r f

) = u ye−r2
f /w

2
0 (7)

where r f is the radius from the center axis of the beam and w0

is the beam waist radius. The field in (7) was propagated to
the surface of a 76.2 mm in diameter clear aperture, 76.2 mm
parent focal length, and 90◦ off-axis parabolic (OAP) mirror
to collimate the incident beam. The OAP mirror was located
at a distance of 2 × 76.2 mm = 154.2 mm from the feed
plane along the optical axis, corresponding to the effective
focal length of the mirror. The resulting field was propagated
to the hologram surface at 154.2 mm from the mirror along the
optical axis. The varying thickness of the hologram modulated
the incident field so that the field emanating from the hologram
was

Ehol(x, y) = Ehi(x, y)e− 1
2 k0 zh(x,y)δh

√
εr,h e− jk0 zh(x,y)(

√
εr,h−1) (8)

where Ehi is the electric field incident on the hologram, k0 is
the free-space wavenumber, zh(x, y) is the hologram dielectric
thickness, and δh and εr,h are the loss tangent and the relative
permittivity of the hologram material, respectively.

Finally, the electric field Ehol was propagated to the target
plane located 600 mm from the hologram. Simulations were
performed over both frequency bands 50–75 and 220–330 GHz
with steps of 1 GHz. The simulation time for one frequency
point was on the order of minutes but was strongly dependent
on the size and sample spacing of the calculation surfaces.

B. Diffraction Efficiency

The diffraction efficiency of a hologram is defined as the
ratio of power over the RoI with the hologram present divided
by the power incident on the hologram or

η =
∑

N

[|Eroi|2d A
]

∑
N

[|Einc|2d A
] (9)

where Eroi and Einc are the electric fields calculated at the RoI
with and without hologram present, respectively, dA = dx ×
dy is the elementary area, and N is the number of samples
discretizing the RoI. Edge effects from the high aspect ratio
and sharp corners in the hologram structure disperse the power
outside the RoI although the total energy in the edge diffracted
beams was assumed negligible. In addition, transmission loss
had a minor effect on the overall efficiency of the hologram.

C. Frequency Diversity

The frequency diversity of a hologram describes the lack
of correlation in spatial field distribution in the RoI between
different illumination frequencies. The similarity in field pat-
terns at different frequencies leads to overlapping informa-
tion content and reduces the overall information that can be
extracted from target reflection. Here, two different metrics
for frequency diversity of the measurement matrix were used:
correlation coefficient and SVD. The correlation coefficient
gives the linear dependence of field patterns between two
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frequencies and is calculated from the complex-valued field
vectors containing the electric field at all sampling points in the
RoI. The correlation coefficient of two electric field patterns
is defined as

ρ(E1, E2) =
∣∣∣∣cov(E1, E2)

σE1σE2

∣∣∣∣ (10)

where E1 and E2 are complex-valued vectors containing
the electric field at all sampling points in the RoI, respec-
tively, σE1 and σE2 are the standard deviations of E1 and
E2, respectively, and cov(E1, E2) is the covariance of E1

and E2. To better illustrate the correlation between different
frequency points, the correlation coefficients are mapped as
2-D surface plots, where the absolute value of the corre-
lation coefficient between fields at frequencies is in the x-
axis and y-axis. The correlation coefficient of 1 indicates
perfect linear dependence and 0 means no linear relationship
between two matrices. The extent of low correlation coefficient
values outside the unity diagonal in the surface plots indi-
cates higher frequency diversity in the field patterns and vice
versa.

The SVD is a mathematical tool to assess the diversity of
field patterns created by the hologram [28]. For the measure-
ment matrix H, the SVD can be written as

HM×N = UM×M�M×N VT
N×N (11)

where U and V are unitary matrices, (·)T denotes matrix
transpose, and 
 is a diagonal matrix containing singu-
lar values σ1, σ2, . . . , σm of the measurement matrix H in
descending order. The diversity of the measured fields can be
analyzed from the decay rate of the singular value spectrum.
A rapidly decaying singular value spectrum indicates a high
correlation between measurements and, thus low diversity,
whereas a flat spectrum is a sign of high diversity between the
measurements.

V. EXPERIMENTAL WORK AND RESULTS

A. Manufactured Holograms

Holograms #1 and #2 were computer numerical control
(CNC)-machined from 30-mm-thick blocks of low-loss cross-
linked polystyrene (Rexolite 1422, εr ≈ 2.52 – j0.0005) [29].
The material was chosen for its good manufacturability and
low loss at millimeter and submillimeter wavelengths. The
material used for the hologram can be selected freely as long
as its electrical properties are known before the synthesizing
process. The aperture size of both holograms was 76.2 ×
76.2 mm2. Fig. 6 shows the designed structures together with
the manufactured holograms. The manufacturing accuracy is
limited by the 1-mm diameter of the cutting tool and thus
does not allow for the perfect realization of the synthesized
design in Fig. 5(a) and (b). In addition, tall and thin details
are prone to break during the machining process, and thus,
feature height was constrained during the design process.
Overall, we believe that the manufacturing limitations have
limited contribution to the hologram performance. Manufac-
turing process limitations could be addressed with alternative
techniques, such as 3-D-printing. Hologram #1 had a surface

Fig. 6. Surface plots of the hologram structures (in mm). (a) Hologram #1.
(b) Hologram #2. Structures manufactured on Rexolite. The overall dimension
of the manufactured block is 94 × 94 mm. (c) Hologram #1. (d) Hologram #2.

structure step height of 5.1 mm, corresponding to 1.3–2.0
wavelengths from 50 to 75 GHz and 5.9–8.9 wavelengths from
220 to 330 GHz. The step height of hologram #2 was 3.0 mm,
corresponding to 0.8–1.2 wavelengths from 50 to 75 GHz and
3.5–5.2 wavelengths from 220 to 330 GHz.

B. Measurement Setup

The holograms were measured with an N5225A PNA
Microwave Network Analyzer (Keysight Technologies, Inc.),
referred to in the remaining text as a vector network ana-
lyzer (VNA). The VNA drives millimeter-wave extenders
WR15-VNAX and WR3.4-VNAX (Virginia Diodes Inc.) to
achieve the measurement frequency bands of 50–75 and
220–330 GHz, respectively. The transceiver VNA extension
modules (VNAX) were coupled to the Pickett–Potter dual-
mode horn antennas (Radiometer Physics GmbH) for the
corresponding frequency range. The horn antennas serve as
a Gaussian radiation source for the OAP collimating mirror
(Edmund Optics). The OAP mirror had a diameter of 76.2 mm
and an effective focal length of 127 mm. An open-ended
waveguide (OEWG) for the corresponding frequency range
was used as a probe antenna coupled to the VNAX receiver
module. The VNAX receiver was mounted on a planar near-
field scanner (NSI-200 V-5 × 5 by Near-Field Systems Inc.)
to perform the xy scanning in the measurement plane.

The measurement setup was built on two separate optical
breadboards on an optical table. Before the measurements,
the VNAX transceiver module with the horn antenna was
aligned with the OAP mirror by scanning the field without
the hologram present. Once the measured phase front demon-
strated sufficient planarity, the VNAX transceiver module was
fixed in place, and the hologram was secured to its mount.
The resulting distance of the horn antenna phase center was
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Fig. 7. Measurement setup for hologram field pattern measurements
at 50–75 GHz. 1) WR15-VNAX transceiver; 2) Pickett–Potter horn antenna;
3) OAP mirror; 4) hologram; 5) RAM; 6) planar near-field scanner; and
7) OEWG probe antenna connected to WR15-VNAX receiver (behind RAM).

slightly less than the effective focal length from the mirror
along the optical axis at both frequency ranges. The distance
between the OAP mirror and the hologram was fixed at
154.2 mm. The distance from the hologram surface to the
OEWG at the receiver was 600 mm. The structural planarity
of the components and the probe antenna at the scanning area
origin was confirmed with a line laser. Flat surfaces near the
measurement setup were covered with radar-absorbing mate-
rial (RAM) to prevent multipath propagation and unwanted
reflections. The complete measurement setup is shown
in Fig. 7.

At 220–330 GHz, the measurement scanning plane was
200 × 200 mm2 in size with a sampling interval of 2.0 mm,
resulting in 101 × 101 S21 measurements. At the lower
frequency range, the scanning area was limited to 300 ×
300 mm2 due to the available tablespace. The spatial sam-
pling interval at 50–75 GHz was 3.0 mm, preserving the
101 × 101 measurements. In both frequency bands, the fre-
quency sampling step was 50 MHz, resulting in 501 and
2201 frequency points for the lower and higher frequency
bands, respectively.

C. Field Patterns

Fig. 8 shows a detailed comparison of simulated and
measured target fields for hologram #1 at selected frequency
points. At 55 GHz, the measured field pattern shows all eight
maxima of the simulated field, although not as distinctly.

Fig. 8. Detailed comparison of simulated and measured target field patterns
for hologram #1 at selected frequencies. The absolute values of simulated
E-field strength and measured S21 amplitude in colorbars are not directly
comparable.

At 70 GHz, the measured field has three clear maxima
compared to only one in the simulated field but both share
the distinct inverted S-shaped minima around the center. The
field pattern at 220 GHz demonstrates the increased similarity
between the simulated and measured fields, with three narrow
beams clearly present in the center of the RoI. Comparison at a
nondispersive frequency of 300 GHz illustrates the subtle dif-
ference to idealized simulation, as the dual-mode horn antenna
does not generate a perfect Gaussian beam at 300 GHz, and
some spatial dispersion is visible around the main beam.
Moreover, edge effects and shadowing in the hologram add
minor nonidealities. Overall, the observed similarity between
simulated and measured fields indicates that the PO simulation
is suitable for analyzing the field distribution created by the
hologram to sufficient accuracy for both illumination bands.
The designed and measured phase profile for hologram #1 was
studied with near-field planar scanning at 275 GHz, and the
results show good agreement with an average error of less
than 6◦ [30].

D. Efficiency

Measured efficiencies for both holograms at both fre-
quency bands are presented in Fig. 9 with the simulated
results. The simulated efficiencies were calculated over the
same area as the measurements using (9). At 50–75 GHz,
the measured and simulated efficiencies are similar, and the
measured values for hologram #2 agree with the simulated val-
ues. At 220–330 GHz, the simulated efficiency is noticeably
higher than the measured efficiency. However, the increasing
trend of simulated values is not visible at all in measured
values.

The ideal beam propagation in the simulations, assuming no
multiple reflections and shadowing, may explain the difference
between simulated and measured efficiencies. The sharp edges
on the hologram surface pattern likely cause diffraction, and
some fraction of the power is directed away from the RoI.
For more accurate efficiency characterization, the target plane
should have a larger area so that the power that spills over
the target plane is negligible. This is especially the case
with the measurements at the lower frequency band, as the
field intensity was still significant at the scanning area edges.
For example, the spillover is pronounced for hologram #1 at
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Fig. 9. Measured and simulated efficiencies for both holograms at (a) 50–75
and (b) 220–330 GHz. The clear spikes in measured values between 310 and
320 GHz are measurement artifacts.

Fig. 10. Correlation coefficients of 26 frequency-diverse field patterns at
50–75 GHz. Hologram #1 (a) simulated and (b) measured. Hologram #2
(c) simulated and (d) measured.

55 GHz in Fig. 8. However, practical constraints prevented
a sufficiently large, measured target plane. Although less
than simulated, the measured efficiency of 20%–40% at
50–75 GHz and 40%–50% at 220–330 GHz for holo-
gram #1 was considered satisfactory for the localization
experiments.

E. Frequency Diversity

Figs. 10 and 11 show the correlation coefficient plots
of both measured and simulated complex field patterns for
both holograms at 50–75 and 220–330 GHz, respectively.
Horizontal and vertical lines visible around 310–320 GHz
in Fig. 11(b) and (d) are measurement artifacts. Correlation
coefficients show good agreement between simulated and
measured data. Correlation between the fields seems to drop
below 0.5 beyond ∼10 GHz of difference in frequency,
indicating better imaging performance at the wider frequency
band of 220–330 GHz. However, there seems to be no
significant difference in frequency diversity between the two
hologram designs. The yellow diagonal is slightly thinner
for the measured hologram #1 at 220–330 GHz and also

Fig. 11. Correlation coefficients of 111 frequency-diverse field patterns at
220–330 GHz. Hologram #1 (a) simulated and (b) measured. Hologram #2
(c) simulated and (d) measured. Horizontal and vertical lines at 310–320 GHz
in (b) and (d) are measurement artifacts.

Fig. 12. Cross sections of correlation coefficient plots in Figs. 10 and 11 at
(a) 62 and (b) 275 GHz. Measured hologram #1 demonstrates slightly lower
correlation at both bands.

Fig. 13. (a) Normalized singular value spectra of 501 measured field
patterns both holograms at 50–75 and 220–330 GHz. (b) Highlighted window
presenting the difference in initial decay of singular values.

exhibits slightly lower correlation values further away from
the diagonal, more visible in the cross sections in Fig. 12. The
similarity in frequency diversity is also evident from Fig. 13,
which shows the singular value spectra of measured fields for
both holograms over both frequency bands. Apart from the
initial decay, both holograms share a similar decay rate over
both frequencies, indicating similar frequency diversity.
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TABLE II

KERAS SUMMARY OF THE NEURAL NETWORK TOPOGRAPHY

VI. LOCALIZATION EXPERIMENTS

WITH NEURAL NETWORK

To demonstrate the performance, the holograms were uti-
lized in a localization task with a CC reflector. The aluminum
CC had a diameter of 12.5 mm and represents a highly
reflective, point-like target in the RoI. The CC was scanned
in the RoI in the same area where the S21 measurements were
carried out (Fig. 7). The back reflection (S11 parameter) was
recorded at each location in 501 (WR-15) and 2201 (WR-3.4)
frequency points. The measured S11 parameter was processed
by removing the mean value and time gating.

After processing, the S11 parameter was min-max normal-
ized and arranged in a 2002-element vector consisting of
1001 real and 1001 imaginary components of the processed
S11 parameter. A fully connected neural network was trained
with the processed data, totaling 10 000 CC positions. The
x- and y-coordinates of the CC were used as labels to the
neural network. The neural network was trained in Keras
deep-learning API [31]. The fully connected network consisted
of six hidden layers. A dropout layer with a probability
of 50% was used in training to prevent overfitting. The
learning rate was set to 0.001 in the Adam optimizer. The
Keras summary of the neural network topography is shown in
Table II.

The loss function in training was the mean squared
error of the localization. The network was validated with
mean absolute error (MAE) similar to the Manhattan dis-
tance of predictions and labels. Fig. 14 shows the training
loss and validation MAE. As indicated by the SVD and
correlation-coefficient characterization of the dispersed fields,
hologram #1 outperforms both in training loss and validation
MAE.

A. Localization Performance

Localization error was defined as the Euclidean distance
between the predicted and the true position. The true and
predicted locations of the CC as well as the error vectors
are shown in Fig. 15. The largest errors are observed with
hologram #2 at both bands. With hologram #1, the error is
smaller. Some of the errors at WR-3.4 are as significant as at
WR-15. The minimum average error seems to occur at WR-3.4

Fig. 14. (a) Loss during training of the fully connected neural network. The
loss with hologram #1 at WR-3.4 outperforms, while the loss is highest with
hologram #2 at both bands. (b) Validation MAE for the holograms shows the
best performance for hologram #1 at both bands.

Fig. 15. CC location predictions (red cross) compared to the true locations
(blue dots) for both holograms at (a) and (b) WR-15 and (c) and (d) WR-3.4.
The error vector is shown with the black arrows.

as evidenced by the statistical data shown in Fig. 16. The
mean localization error and variance are clearly the smallest
for hologram #1 at WR-3.4. The localization statistics are
shown in Table III for both bands and holograms. The statistics
show that the localization error correlates with the law of
diffraction: the errors are smaller at the higher frequency band.
At WR-15, the CC diameter is two wavelengths at minimum,
and at WR-3.4, it is 13 wavelengths at maximum. The large
size of the CC aperture, especially at WR-3.4, may result
in ambiguity in defining the resolution: the CC is not an
isotropic scatterer and may not represent point-like featureless
target.

The localization error can be compared to the diffraction-
limited focused Gaussian beams. The average edge taper in
the hologram aperture is 6 and 28 dB at WR-15 and WR-3.4,
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Fig. 16. Histograms of localization error in validation step for both holograms
at (a) and (b) WR-15 and (c) and (d) WR-3.4. Vertical dashed line shows the
equivalent Gaussian-beam waist radius. The localization accuracy is below
the theoretical waist radius in most cases.

TABLE III

LOCALIZATION ERROR FOR THE HOLOGRAMS AT WR-15 AND WR-3.4

respectively. Following [32], the Gaussian-beam radius at the
aperture is:

w =
√

8.686

T [dB]
D

2
(12)

where D = 76.2 mm is the dimension of the aperture and T is
the edge taper. The Gaussian-beam radius at the aperture is
46 mm at WR-15 and 21 mm at WR-3.4. For focused beam,
the resulting Gaussian-beam waist radius at the localization
distance z = 600 mm is

w0 =

√√√√√w2

2

⎧⎨
⎩1 ±

√
1 −

(
2λz

πw2

)2
⎫⎬
⎭ (13)

giving waist radii of 23 and 12 mm at WR-15 and WR-3.4,
respectively. In [1], the two-way resolution of an imaging radar
is reported to be

δ = FWHM√
2

=
2
√

ln(2)w2
0√

2
(14)

where FWHM is full-width at half-maximum. The resolution
is δ = 27.3 mm and δ = 13.9 mm at WR-15 and WR-3.4,

respectively. These theoretical limits are shown with dashed
lines in Fig. 16. The comparison to ideal two-way resolution
shows that the average localization accuracy is on par with the
conventional focused systems especially for hologram #1 at
WR-3.4.

VII. DISCUSSION AND CONCLUSION

This article presented a dual-band, frequency-diverse phase
hologram for distributed beamforming. The hologram structure
was synthesized using PO simulations and was designed
to produce quasi-random field patterns at 50–75- and
220–330-GHz frequency bands. The hologram occupied the
front end of an mm-wave quasi-optical setup, where the
complex surface pattern of the hologram created multiwave-
length phase shifts across the wide bandwidth resulting in
spatially varying field patterns at the RoI. Two holograms
with different design parameters were manufactured from
Rexolite and characterized in terms of diffraction efficiency
and frequency diversity using PO simulations and verified
experimentally with near-field measurements. In addition,
experiments to localize a CC reflector in the RoI using the
hologram combined with a fully connected neural network
were conducted to demonstrate the applicability to mm-wave
imaging.

Both the PO simulations and the experimental results
suggested that the manufactured hologram #1 outperformed
hologram #2 in terms of diffraction efficiency and frequency
diversity over both frequency bands. The design parameters
for hologram #1 were the design frequency of 120 GHz,
the phase quantization step of π /2 radians, and the added phase
of 1.9π radians. The measured efficiency of hologram #1 was
20%–40% at 50–75 GHz and 40%–50% at 220–330 GHz.
The measured efficiency is better or on par with microwave
frequency-diverse metasurfaces and the W -band cavity-fed
metasurfaces reported in [5], [12], and [33].

Both the correlation coefficients or the singular value dis-
tributions calculated from the complex field matrices did not
indicate significant differences in frequency diversity between
the holograms. However, the localization accuracy of holo-
gram #1 was clearly superior, especially at the higher fre-
quency band (220–330 GHz). Frequency diversity quantified
with correlation coefficients and singular value spectrum was
lower compared to other frequency-diverse apertures reported
in the literature, such as [4], [12], [19]. These methods utilize
complex propagation from resonating elements to achieve
high diversity in relatively narrowband. The phase modu-
lation principle used by the hologram imposes a challenge
on creating rapidly changing fields, which is compensated
by the wide operation band to achieve adequate frequency
diversity.

The presented frequency-diverse phase hologram provides a
low-cost method for producing quasi-random spatially varying
field patterns at millimeter and submillimeter-wave frequen-
cies. The design allows easy manufacturing with CNC or
3-D-printing techniques and is scalable in size and frequency.
The generated field patterns have sufficient frequency diversity
to encode spatial information about the target to the measured
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reflected signal, as demonstrated by the localization experi-
ments. We believe that the localization task of a 1-D target
can be extended to imaging of more complex targets in the
future.
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