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Abstract—Dynamic metasurface antennas (DMA) provide a
solution to form compact, cost-effective, energy-efficient multiple-
input-multiple output (MIMO) arrays. In this paper, we imple-
ment a practical hierarchical codebook with a realistic DMA
design through electromagnetic simulations. We leverage existing
DMA models to derive a novel method for enhancing the
beamforming gain. We find that the proposed method provides
better coverage and spectral efficiency results than prior meth-
ods. We also present and verify a new technique for creating
wide beamwidths through the DMA and hierarchical codebook.
Additionally, we use a detailed transmitter architecture model to
determine the power consumption savings of the DMA compared
to a typical phased array. The DMA largely outperforms a passive
phased array in terms of spectral and energy efficiency due to
high component loss from a high-resolution passive phase shifter.
While the DMA provides lower spectral efficiency results than
the active phased array, the DMA achieves a higher energy
efficiency because of the significant power consumption for the
active phase shifters. Therefore, we find that DMAs in a realistic
wireless environment provide sufficient coverage and spectral
efficiency compared to typical phased arrays while maintaining
a substantially lower power consumption.

Index Terms—Dynamic metasurface antenna, codebook design,
MIMO, energy efficiency

I. INTRODUCTION

DMAs are a type of reconfigurable antenna that form
densely-packed energy-efficient arrays [1]. The DMA con-
sists of slots in a waveguide that radiate power from an
initial waveguide excitation, forming a leaky-wave slot an-
tenna. DMAs leverage metasurface technology in their slotted
element design to enable tight spacing, and reconfigurable
components to perform low-power beamforming. Unlike a tra-
ditional antenna that has a fixed radiation pattern, a DMA has
an adaptive radiation pattern tuned through the reconfigurable
component. This differs from a conventional radio frequency
(RF) system, where antennas are connected to separate beam-
forming hardware like analog phase-shifters [2]. Although
DMAs have desirable features from a power consumption and
adaptive beamforming perspective [1], [3], further research is
needed to analyze the benefits and drawbacks of DMAs in a
MIMO wireless system.
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A. Prior work

Large antenna arrays have been proposed in massive MIMO
and millimeter wave (mmWave) systems as a method to
increase spectral efficiency [4]–[6]. Scaling the number of
antennas increases the spatial multiplexing capabilities of
the system to achieve higher data rates and also allows for
radiated energy to be focused very precisely towards desired
users [5]. The increased flexibility, control and directivity of
the radiation pattern is vital to compensate for path-loss in
mmWave systems [7], [8] and generally provides more energy-
efficient communication as less radiated energy is wasted in
undesired directions [9]. Despite these advantages, a main
challenge in realizing large antenna arrays is the associated
increase in power consumption, hardware footprint and overall
cost [10], [11].

Hybrid and analog precoding can decrease the power con-
sumption for an array by reducing the number of radio fre-
quency (RF) chains from conventional digital precoding [12]–
[14]. Hybrid precoding has been analyzed for multiple differ-
ent analog and digital precoding architectures to reduce power
consumption, such as partially- [15] and fully-connected phase
shifter systems [16] and subarray architectures [12]. However,
scaling hybrid and analog precoding for large antenna arrays
will still consume significant amounts of power through active
phase shifters. Instead of concentrating on the transmitter
hardware, DMAs have been proposed as a solution to decrease
system power consumption by beamforming with the adaptive
antenna radiation pattern [17]. Since DMAs enable beamform-
ing with low-power low-profile reconfigurable components,
transmitter hardware components and power consumption can
be significantly reduced for large antenna arrays.

DMAs are a type of reconfigurable antenna, which gener-
ally operate by tuning the resonant frequency of individual
elements to elicit a desired radiated amplitude and phase for
beamforming [18], [19]. A common reconfigurable antenna
design is to modify conventional antennas, like dipole or
patch antennas, with a reconfigurable component [20]–[22].
More complex designs involve physically change the antenna
geometry via mechanical devices [23] and using materials like
ferrites [24] or liquid crystal [25] to alter the radiated response
of the antenna. We focus on the DMA implementation of
reconfigurable antennas over other designs as DMAs typically
provide higher radiation efficiency and leverage metasurface
technology to allow for dense arrays due to the tightly spaced
elements [26]. The dense energy-efficient arrays made possible
through DMAs makes them a great candidate to enable the
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large antenna arrays required for massive MIMO and mmWave
systems.

A key challenge in enabling beamforming using a DMA is
the element weight constraint. DMA element weights have a
limited phase range of [−π, 0], whereas typical phase shifters
provide the full [0, 2π] phase coverage [1], [17]. The DMA
element weight phases are also coupled to a unique amplitude
curve that varies from 0 to 1 with the phase. Prior work
has studied DMAs to overcome the DMA weight limitation
and enable single-beam beamforming. For desired weights
given by unit-amplitude complex-valued weights, the DMA
beamforming method proposed in [1], [27] maps the desired
weights to the DMA weights with two formulations for
minimizing the Euclidean distance of the DMA weights and
minimizing the phase difference. Results with a simulated
DMA show that both mapping techniques allow for the DMA
beam pattern to be steered in a desired direction with a
high degree of accuracy in spite of the limited DMA phase
range. A physical DMA prototype has also been developed
in [3] to use the mapping techniques experimentally and
verify their effectiveness for beamsteering. Additional studies
have focused on DMA array processing to surpress grating
lobes by applying phase shifts to each waveguide [28] and
to minimize side lobes through an optimization algorithm of
the reconfigurable controls [29]. The foundational work on
DMAs in [1], [3], [17], [27] provides methods and results
to overcome the beamforming weight limitations imposed by
DMA elements, showing the potential for DMAs to create
low-power, energy-efficient, reconfigurable arrays.

Recent studies have developed precoding and signal pro-
cessing algorithms for MIMO with DMAs as well [30]–[33].
The precoding studies largely model DMAs as an antenna
array with constrained beamforming weights introduced by the
DMA characteristics. The waveguide architecture of DMAs is
modeled by integrating the waveguide electromagnetic field
propagation into the wireless channel. Through this DMA
model, prior work has developed ways to optimize the DMA
weights for uplink and multi-user MIMO-OFDM scenarios
[30], [31]. An algorithm has been developed to tune the DMA
weights in a DMA-based precoding architecture to maximize
energy efficiency in a multi-user MIMO system [32]. A
hybrid DMA architecture has been proposed to combine digital
precoding with DMA-based precoding [33]. The DMA hybrid
precoder was then designed to maximize spectral efficiency
via a joint optimization of the digital and DMA weights.
While useful for developing signal processing algorithms for
DMAs, the aforementioned DMA model places assumptions
on the DMA to ignore mutual coupling, element perturbation
of the waveguide feed, and other physical non-idealities of the
DMA [30]–[33]. Additional research is needed to incorporate
realistic DMA constraints into the precoder design to obtain
algorithms that work in practice.

Energy efficiency is a key metric of performance for MIMO
systems due to the large amount of integrated circuitry [34],
[35]. Despite the power consumption savings made possible by
DMAs, there is still limited work comparing a DMA transmit-
ter architecture to that of analog, digital or hybrid precoding
architectures. The power consumption and component loss

of the RF front end is heavily dependent on the transmitter
architecture and MIMO application, making the development
of an accurate hardware model a difficult task. Prior work on
MIMO energy efficiency has implemented a realistic power
consumption model to derive an expression for the optimal
number of transmit antennas per base station to maximize
energy efficiency [36], [37], and show that energy efficiency is
maximized for hundreds of antenna per base station in a multi-
user environment [38]. Additional research places emphasis
on the hardware power consumption for different precoding
architectures. A tradeoff between spectral and energy effi-
ciency for active and passive phase shifters was analyzed in
[39], [40], and switches have been shown to provide channel
estimation performance equal to or better than phase shifters
[16]. The insights from [36], [38] stress the importance of large
arrays for energy-efficient MIMO communications, and the
hardware models in [16], [39], [40] provide a valuable baseline
for comparing the power consumption of different MIMO
precoding architectures. We will build upon these studies to
analyze a DMA transmitter architecture compared to an analog
precoding architecture.

B. Problem formulation

In this work, we analyze the power consumption and
achievable rate of realistic DMAs with practical limitations.
We examine the ability of DMAs to provide high antenna
efficiency and beamsteering accuracy compared to phased
arrays. We use electromagnetic simulations of DMAs, practical
power consumption models, and a realistic channel generator
to obtain accurate energy efficiency results that incorporate
all of the characteristics of a DMA-based transmitter. We then
compare the spectral and energy efficiency results of the DMA
with both active and passive phased array architectures using
patch antennas. We find that the DMA outperforms the passive
phased array architecture in spectral and energy efficiency
due to the high component loss of passive phase shifters.
Compared to the active phased array, the DMA provides lower
spectral efficiency but greater energy efficiency because of
the varactor diode power consumption savings. Additionally,
to improve the beamforming of the DMA, we introduce a
phase rotation optimization technique that increases the DMA
beamforming gain with the restricted Lorentzian-constrained
weights.

C. Contributions

In this paper, we integrate a codebook design with DMAs
to analyze the resulting spectral and energy efficiency in a
realistic wireless simulation environment. First, we propose a
novel method for enhancing the beamforming gain of DMAs
through an optimal phase rotation of the desired weights
prior to mapping. We then apply this proposed mapping
technique to a hierarchical codebook. Despite the widespread
use of codebooks in current wireless standards [41], [42],
there are no studies that investigate codebook design for
DMAs. Moreover, we use the hierarchical codebook to present
new methods for generating wide beamwidth beam patterns
with the DMA. While much of the DMA signal processing
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literature uses DMA models that ignore aspects like mutual
coupling and element perturbation of the waveguide, we
simulate a DMA to obtain realistic beam patterns in the
electromagnetic simulation software HFSS. This allows us
to account for the constraints and effects imposed by the
physical DMA design that are not included in typical DMA
models. Furthermore, we use the HFSS measurements and
channel generation software QuaDRiGa to model a DMA-
based MIMO system for spectral efficiency analysis. We apply
QuaDRiGa with DMAs to account for channel effects like
scattering, polarization, and path loss. Many current studies
have implemented a simple multi-path channel model that does
not account for these effects [30]–[33]. Lastly, we integrate
a detailed transmitter architecture to determine the power
consumption savings of DMAs compared to a typical phased
array. Prior work has analyzed energy efficiency with a DMA
model that assumes perfect channel state information and
unconstrained precoding [32]. We incorporate simulated DMA
results from a realistic DMA design applying the hierarchical
codebook design and limited feedback precoding. We use these
calculations to establish the tradeoff in DMA performance with
power consumption through the resulting spectral and energy
efficiency. We summarize the contributions of our paper as
follows:

• We propose a novel method to enhance DMA single-
beam beamforming gain via an optimized phase rotation
prior to mapping. The proposed approach provides beam
patterns with increased antenna efficiency, realized gain,
spatial coverage, and steering accuracy compared with
state-of-the-art methods.

• We leverage the ability to turn off DMA elements to
create a hierarchical codebook. DMA beam patterns
obtained from computational electromagnetics software
demonstrate that the proposed codebook can achieve wide
beamwidths while still maintaining adequate radiated
power.

• We use a realistic power consumption model and chan-
nel model simulator to compare a DMA system and
a practical phased-array with patch antennas in terms
of the spectral and energy efficiency. While the patch
antenna array with active phase shifters produces greater
spectral efficiency, the DMA provides the best energy
efficiency due to the power consumption savings in the
reconfigurable varactor diodes.

This paper is organized as follows: In Section II, we discuss
the operation of the DMA and how to incorporate its radiation
characteristics into the signal model. We then establish a
MISO-OFDM signal model for use with the DMA, integrating
the DMA characteristics into the beamformer and channel
model. Next, in Section III, we describe the DMA mapping
techniques implemented in [27] and propose a novel method
to enhance the DMA beamforming gain via a phase rotation of
the desired weights prior to mapping. In Section IV, we discuss
the physical DMA design and transmitter architecture used to
create DMA beam patterns and analyze power consumption.
This section also details the hierarchical codebook design. In
Section V, we present results for the simulated DMA in HFSS

with the hierarchical codebook design and power consumption
model. We analyze the ability of the DMA to produce wide
beamwidths, the coverage of the DMA hierarchical codebook
through multiple mapping techniques, and the spectral and
energy efficiency results for the DMA compared to a realistic
phased array. Lastly, we summarize the key findings and
results for this work in Section VI.

Notation: We denote a bold, capital letter A as a matrix,
a bold, lowercase letter a as a vector, and a script letter A
as a set. Let A∗ represent the matrix conjugate transpose, Ac

represent the matrix conjugate, and AT represent the matrix
transpose. We denote vec(A) as the vectorization of the matrix
A. For a complex number a, we use Re{a} to indicate its real
part. We define the operator ⊙ as the Hadamard product.

II. SYSTEM MODEL

We consider a single-user MISO-OFDM system with DMAs
at the transmitter. We take an individual DMA to consist
of a planar array with NT total radiating elements. The
DMA comprises D waveguides and L radiating elements per
waveguide such that NT = DL, as shown in Fig. 1. The
DMA is assumed to have reconfigurable elements that allow
for changes to their radiated amplitude and phase. For a total
of K subcarriers, we define the kth subcarrier wireless channel
h[k] between the transmit and receive antennas to be an NT×1
matrix [12].

Figure 1. Visualization of an entire DMA with D waveguides and L radiating
slot elements per waveguide.

A. DMA element model

We now discuss the general operation of the DMA to inte-
grate its characteristics into the signal model. DMAs operate
as a leaky-wave slot antenna, where each antenna element
consists of a waveguide slot that radiates power [1]. The
integration of reconfigurable components is the key enabling
technology for energy-efficient beamforming with DMAs. The
reconfigurable components operate by changing the resonant
response of the individual DMA elements, which shifts their
radiated amplitude and phase [30]. Changing the resonance of
the DMA element requires altering its capacitance and/or in-
ductance. This can be achieved in a variety of ways. Examples
include integrating a varactor diode to tune the DMA element
capacitance, or using a liquid crystal to tune the effective
permittivity of the substrate [43]. In our work, we focus on
the varactor diode implementation. Using varactor diodes is
consistent with the physical DMA models in [1], [3]. The
varactor diode capacitance range limits the resonant frequency
tuning of the DMA. Adjusting the DMA element resonant
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frequency through varactor diodes leads to a controllable
radiated phase and amplitude, enabling beamforming for the
DMA.

We now examine how to integrate the DMA element models
in [1], [3] into a DMA precoding framework. DMA elements
are typically modeled as magnetic dipole radiators whose
magnetic polarizability αM dictates the radiated amplitude
and phase [1], [3]. As DMA element geometry mimics a
complimentary electric-LC resonator, we can relate the DMA
element frequency response to a simple LC circuit. The
inductance and capacitance for the circuit are determined by
the element geometry and the varactor diode value. For a DMA
element, we let F be the coupling factor and γ be the damping
factor. We also define ω as the angular frequency and ω0 as the
resonant angular frequency. The LC circuit model describes
the magnetic polarizability as [3]

αM(ω) =
Fω2

ω2
0 − ω2 + jωγ

. (1)

The varactor diode can alter (1) by changing the resonant
frequency ω0, altering the amplitude and phase of the polar-
izability at a specific frequency.

Next, we discuss how to translate the magnetic dipole model
to beamforming weights. For a DMA, the radiated fields are
related by the dipole moment η of each DMA element [3]. For
the magnetic polarizability αM(ω) and waveguide magnetic
field m, the dipole moment is given as η = αM(ω)m [3].
Since the waveguide magnetic field is fixed, tuning αM(ω) via
the reconfigurable component allows for control of the radiated
field through the DMA element dipole moment. Therefore, the
tunable magnitude and phase of the magnetic polarizability
can be thought of as the beamforming weights for a DMA
precoding architecture. The integration of a varactor diode
works to tune the resonant frequency ω0 of the magnetic
polarizability in (1). At a center angular frequency ωc, these
tuning states can create different radiated amplitude and phases
with αM(ωc), where ω0 is controlled by the varactor diode. We
can normalize αM(ωc) by the factor Fω0

γ to model the avail-
able DMA beamforming weights as Lorentzian-constrained
weights given by [27], [33]

Q =

{
− j+ ejφ

2
: φ ∈ [0, 2π]

}
. (2)

The normalization by Fω0

γ is such that the highest magni-
tude weight value coincides with desired weights at −1j.
The normalization makes it easier to compare the DMA
weights to conventional unit-norm beamforming vectors and
enables the mapping methods developed in [27], as dis-
cussed in Section III. Given the limited DMA weights,
we define the feasible DMA beamforming set FDMA ={
f = [f1, . . . , fNT

]
T
: fi ∈ Q, i = 1, . . . , NT

}
as the set of all

vectors of length NT whose elements satisfy the constraint for
Q.

The DMA waveguide affects signal propagation, so we
incorporate its effect in the channel model. The electric
and magnetic fields within the waveguide have a sinusoidal
distribution that also effects the radiation characteristics of

each DMA element. As the electromagnetic fields propagate
down the waveguide, the reference wave becomes attenuated
due to the radiation of energy through the DMA slots and
a waveguide attenuation constant. We assume there to be an
attenuation ᾱ which denotes the average attenuation of the
waveguide fields due to the radiated power and losses [1]. This
attenuation constant can be calculated with the polarizability
results, as described in [1]. In our work, however, we will use
simulation results to obtain the DMA beam patterns, which
will inherently account for the waveguide attenuation in the
electromagnetic simulations.

We now define the DMA waveguide model. For a waveguide
propagation constant β, element position xd,ℓ representing the
dth waveguide and ℓth element, and assuming a unit-amplitude
reference wave, the waveguide magnetic field at each DMA
element is modeled as [33]

md,ℓ = e−(jβ+ᾱ)xd,ℓ . (3)

We define m ∈ CDL×1 as the vectorized waveguide mag-
netic field values. We assume that the bandwidth is narrow
enough such that the propagation constant β does not change
significantly with frequency, allowing us to approximate m
as frequency-flat. The propagation constant of the DMA
waveguide introduces an inherent phase advance into the DMA
system. Therefore, the DMA weights must be tuned both to
steer the beam in a desired direction, and to counteract this
phase advance.

The Lorentzian-constrained weights and waveguide model
highlight the main tradeoff for enabling wireless communica-
tions with DMAs. DMAs offer an energy-efficient solution to
beamforming via low-power reconfigurable components. The
limited weights and grating lobes from the waveguide phase
advance, however, often lead to decreased beamforming gain
and beamsteering accuracy compared to phased arrays [3],
[28]. In the next section, we will integrate these parameters
into a MISO signal model.

B. Communication and signal model

Next, we describe the MISO precoding architecture for
implementation with a DMA. We first define the single-stream
MISO-OFDM received signal y[k] for Gaussian-distributed
noise n[k] ∼ NC(0, 1), wireless channel h[k] from transmit
antenna nT to the single receiver, beamformer f , transmitted
symbol s[k] and signal-to-noise ratio (SNR) ρ as [12]

y[k] =
√
ρh∗[k]fs[k] + n[k]. (4)

In the DMA architecture, the beamformer f will consist of
the DMA beamforming weights, whose frequency response
can be taken as a bandpass filter given the LC circuit model.
It has been shown that the quality factor for the DMA element
frequency response typically results in an approximately equal
gain across frequency for a narrowband waveguide excitation
[30]. Therefore, we assume that the bandwidth is small enough
such that we can approximate the beamformer f as frequency-
flat. As our goal is to investigate the use of DMAs for



5

codebook design, we assume f to belong to a set of codewords
in a codebook F ⊆ FDMA for beamforming. For the codebook
F , the spectral efficiency optimized by the codeword selection
assuming a known channel is then given as [44]

C
(
ρ|{h[k]}Kk=1

)
= argmax

f∈F

1

K

K∑
k=1

log2
(
1 + ρ|h∗[k]f |2

)
.

(5)
We choose to investigate codebook designs for DMAs as
codebooks are practical, low-complexity, and widely used in
current standards [41], [42]. This topic also has not been stud-
ied in literature with DMAs like [30], [32], [33]. Therefore, we
implement a hierarchical codebook design with DMAs in this
paper to help close the gap in literature and compare against
current beamforming methods with phased arrays.

We compare a typical analog precoding architecture to a
DMA precoding architecture in Fig. 2 for a single-stream
scenario. Using analog beamforming with phase shifters, an
NT×1 beamformer fPS contains weight information to control
each antenna. For a DMA beamformer fDMA, however, we use
the integrated varactor diode to alter the radiated amplitude
and phase instead of phase shifters. The DMA beamforming
weight information is translated to the varactor diode voltage
control for beamforming via a weight-to-voltage mapping. The
elements of the DMA beamformer fDMA are restricted by the
Lorentzian-constrained weights Q, while the elements of the
phased array beamformer fPS lie on the complex unit circle.

We also must integrate the effects of the DMA waveguide
into the wireless channel for the DMA. The DMA waveguide
introduces an additional phase term due to the phase advance
of the waveguide field propagation for the dth waveguide
and ℓth element as md,ℓ = e−jβxd,ℓ . The input signal to the
DMA then propagates through the DMA waveguide and is
radiated out through the DMA elements to become a part of
the wireless channel for this DMA element hd,ℓ[k], yielding
hd,ℓ[k]md,ℓ. To account for this effect for all DMA elements,
we multiply the wireless channel h[k] by its corresponding
phase advance m to result in the effective channel

heff [k] = h[k]⊙m. (6)

Therefore, the DMA element weights need to be set both to
steer the beam and counteract the waveguide phase advance
to create a high-gain beam in a desired direction. In the next
section, we examine methods for setting the DMA weights
developed in prior work [1], [27].

III. DMA MAPPING DESIGN

We now discuss mapping techniques that enable DMA
beamforming. We formulate the DMA mapping problem by
defining each DMA element to have a specified weight qd,ℓ,
where the weight values are limited by the Lorentzian con-
straint qd,ℓ ∈ Q. The desired weights wd,ℓ are assumed to lie
on the complex unit circle so that |wd,ℓ| = 1. These weights
mimic a typical phased array implemented with unit-amplitude
phase shifters. Mapping then takes the desired weight wd,ℓ and
finds a corresponding Lorentzian-constrained weight qd,ℓ that

(a)

(b)

Figure 2. Analog beamforming transmitter architecture for (a) a typical phased
antenna array and (b) the DMA. Typical analog implementations enable
precoding with phase shifters, while DMAs use reconfigurable components.

is close to the desired weight with respect to a metric. The
individual DMA weight values form the overall DMA weight
matrix Q, and the desired weights form W. We can then define
the DMA beamformer as fDMA = vec(Q). In a similar fashion,
we define fPS = vec(W) to represent the desired beamformer
with phase shifters for beamforming. Thus, we specify the
DMA analog beamformer in the same way as a typical array
but with the additional Lorentzian-constrained weights.

The DMA beamformer fDMA is found by mapping the
desired beamformer fPS onto the DMA weights given by
Q, also accounting for the waveguide channel effects. We
define the effective desired weight w̃d,ℓ that counteracts the
waveguide phase advance as

w̃d,ℓ = wd,ℓm
∗
d,ℓ. (7)

We then use this new weight for mapping to find fDMA. While
there are multiple mapping methods presented in literature, we
focus here on the two mappings that were found to provide the
highest beamforming gain and steering accuracy: Euclidean
modulation and Lorentzian-constrained modulation [27]. We
summarize these mapping techniques as follows, based on
the work in [1], [27]. We also develop a novel method for
creating larger beamforming gains through a phase rotation of
the desired weights.
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A. DMA mapping

Euclidean modulation is a mapping that involves mini-
mizing the Euclidean distance between the effective desired
weights and DMA weights. For the weight w̃d,ℓ, we can
formulate the optimal weight qEMd,ℓ for Euclidean modulation
(EM) by setting [3]

qEMd,ℓ = argmin
qd,ℓ∈Q

|qd,ℓ − w̃d,ℓ|2. (8)

This can be determined through a brute-force search algorithm,
or formulaically as described in the following lemma:

Lemma 1. For the desired weight w̃d,ℓ, the weight qd,ℓ ∈
Q that minimizes |qd,ℓ − w̃d,ℓ|2 is given by qEMd,ℓ =

− j+ej(∠(2w̃d,ℓ+j)−π)

2 .

Proof. See Appendix.

Under ideal conditions that assume no waveguide attenuation
and a theoretical DMA model, prior work has shown that
Euclidean modulation suffers from increased grating lobes and
lower directivity due to the non-uniform phase differences
between elements [3].

Lorentzian-constrained modulation allows for the DMA
weights to be determined in a formulaic manner similar to the
array factor. The desired weight phase ∠w̃d,ℓ is substituted
into the Lorentzian-constrained weight equation to calculate
the Lorentzian-constrained (LC) modulation weights as [1]

qLCd,ℓ = − j− ej∠w̃d,ℓ

2
. (9)

The Lorentzian-constrained modulation provides a nearly con-
stant phase difference between DMA elements as it minimizes
the distance between the weight phase values [1], whereas
Euclidean modulation minimizes the distance between desired
and Lorentzian-constrained weights. Further details regarding
the Euclidean and Lorentzian-constrained modulation tech-
niques can be found in [1], [3].

While Lorentzian-constrained modulation provides greater
beamforming gain and accuracy than Euclidean modulation
[27], there is still limited work comparing these mapping tech-
niques with realistic DMA designs. Moreover, these mappings
techniques have not been optimized when considering non-
ideal DMA characteristics, such as element perturbation of
the waveguide. We will develop an optimization method to
maximize the theoretical beamforming gain through a phase
rotation of the desired weights in the following section.

B. Mapping optimization

We now introduce a novel technique of applying a phase
rotation to the desired precoder fPS to maximize beamforming
gain with current mapping techniques. Normally, adding an
arbitrary phase rotation ζ to the antenna weights does not
change the final beamforming gain or radiation pattern so
that fPS ≡ fPSe

jζ ∀ ζ ∈ [0, 2π), where ≡ indicates that
the two quantities are equivalent in terms of beamforming
gain. Applying a phase rotation to the desired weights, though,
will result in a mapping onto different Lorentzian-constrained

weights. We demonstrate the phase rotation mapping by
decomposing the Lorentzian-constrained modulation with a
phase rotation into its real and imaginary parts as qLCd,ℓ(ζ) =
1
2

[
cos
(
∠(w̃d,ℓejζ)

)
+ j
(
sin
(
∠(w̃d,ℓejζ)

)
− 1
)]

. The magni-
tude and phase for the Lorentzian-constrained weight are then
given by

|qLCd,ℓ(ζ)| =
√

1

4

[
cos (∠(w̃d,ℓejζ))

2
+ (sin (∠(w̃d,ℓejζ))− 1)

2
]

=

√
1− sin (∠(w̃d,ℓejζ))

2
,

(10)

∠qLCd,ℓ(ζ) = arctan

(
sin
(
∠(w̃d,ℓejζ)− 1

)
cos (∠(w̃d,ℓejζ))

)
. (11)

We find in (10) and (11) that each phase rotation ζ leads
to a unique complex value for the resulting DMA weight
magnitude and phase. Therefore, the set of mapped weights
from a phase rotation will correspond to a new radiation
pattern with differences in the beamwidth, beamforming gain
and steering accuracy. We further illustrate this phase rotation
in Fig. 3.

We now formulate the phase rotation optimization problem
to maximize the DMA beamforming gain. Let qEMd,ℓ (ζ) be the
Euclidean mapping of the weight w̃d,ℓ rotated by angle ζ as

qEMd,ℓ (ζ) = argmin
q∈Q

|q − w̃d,ℓe
jζ |2. (12)

For the total DMA weight matrix QEM(ζ) and desired weight
matrix W̃, we then define the vectorized Euclidean modu-
lation beamformer as qEM(ζ) = vec(QEM(ζ)) and desired
beamformer w̃ = vec(W̃). The optimal phase rotation that
maximizes the beamforming gain for Euclidean modulation is

ζ̂EM = argmax
ζ∈[0,2π)

|(qEM(ζ))∗w̃ejζ |2. (13)

Similarly, let qLCd,ℓ(ζ) be the Lorentzian-constrained mapping
of the weight w̃d,ℓ rotated by angle ζ as

qLCd,ℓ(ζ) = − j− ej∠(w̃d,ℓe
jζ)

2
. (14)

Then, the optimal phase rotation for Lorentzian-constrained
modulation is given by

ζ̂LC = argmax
ζ∈[0,2π)

|(qLC(ζ))∗w̃ejζ |2. (15)

The phase rotation ζ will affect the beamforming gain for
both mapping techniques by changing the phase difference and
amplitude of all element weights. Therefore, testing different
configurations of the DMA weights with the phase rotation
will allow for increased beamforming gain with the optimal
phase rotation. Importantly, we incorporate the phase rotation
to configure the DMA weights to have greater amplitude
values in the Lorentzian-constrained weight distribution. The
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new amplitude of the weights allows for a higher radiated
power per element, which can increase the antenna efficiency
and beamforming gain of the DMA. We provide a thorough
analysis of the phase rotation optimization in Section V.

While this problem formulation may theoretically yield the
phase rotation that maximizes beamforming gain, the prac-
tical experimental measurement results may differ due to the
waveguide attenuation. To implement the mapping methods for
beamforming, we use (3) and assume ᾱ = 0 such that only the
phase advance of the waveguide is counteracted. This allows
for the DMA weights to be configured around the desired
phase, but will lead to inaccurate beamforming gain results
due to the neglected attenuation factor. To overcome this chal-
lenge, we implement a brute-force search with electromagnetic
simulations of a DMA to find the optimal phase rotation that
maximizes beamforming gain in a desired direction, and leave
the development of a sophisticated beamforming gain model
for future work. Using electromagnetic simulation results
ensures that the attenuation is accounted for in the codebook
simulations.

We formulate the phase rotation optimization problem
through a brute-force search of electromagnetic simulations
as follows. We restrict the phase rotation ζ to be a part of
the set Z =

{
2π(0)
Z , 2π(1)Z , . . . , 2π(Z−2)

Z , 2π(Z−1)
Z

}
, which

describes the Z discrete phase rotations possible. For all
ζ ∈ Z , we calculate the LC and EM mapped weights as

qLCd,ℓ(ζ) = − j−ej∠(w̃d,ℓe
jζ)

2 , qEMd,ℓ (ζ) = − j+ej(∠(2w̃d,ℓe
jζ+j)−π)

2 .
We then perform electromagnetic simulations to extract the
resulting DMA beam pattern gain as a function of its azimuth
angle ϕ, denoted as v(ζ, ϕ). At the desired beamsteering angle
ϕ0, we find the phase rotation that maximizes beamforming
gain as ζ̂(ϕ0) = argmax

ζ∈Z
v(ζ, ϕ0). The optimized DMA

weights are then given by

q̂LCd,ℓ(ϕ0) = − j− ej∠(w̃d,ℓe
jζ̂(ϕ0))

2
, (16)

q̂EMd,ℓ (ϕ0) = − j+ ej(∠(2w̃d,ℓe
jζ̂(ϕ0)+j)−π)

2
. (17)

We implement this optimization to compare against the typical
mapping techniques and enhance system performance.

The brute-force phase rotation optimization provides an
additional methodology for enhancing the beamforming gain
of DMAs. Moreover, given a specific DMA design, the brute-
force phase rotation optimization can be completed offline and
implemented into any real-time system with the saved varactor
values for different beam patterns. The Z discrete phase
rotations determines the tradeoff between increased resolution
in the resulting beam patterns for different phase rotations, and
offline computation time due to electromagnetic simulations of
the DMA. Therefore, the value of Z for the brute-force search
should be chosen large enough as to enable a thorough search
through the different phase rotations to obtain varying beam
patterns, but also small enough such that offline computational
time is saved. For our simulations, we chose Z = 12 to yield
discrete phase rotations by 30◦, and further discuss how the

Figure 3. Applying a phase rotation to the desired weights results in a new set
of mapped weights onto the Lorentzian-constrained weights. We can leverage
this to achieve greater beamforming gain with the DMA.

beam patterns vary with phase rotations in Section V. Once the
offline optimization has configured the DMA weights, we will
use these weights to develop a codebook based on simulation
results from a realistic DMA. Thus, we now discuss the design
of the DMA and its simulated radiation characteristics.

IV. DMA DESIGN AND HARDWARE IMPLEMENTATION

Although DMAs are motivated as an energy-efficient solu-
tion to large, MIMO arrays, there is limited work modeling
their total power consumption and incorporating realistic DMA
designs into the precoding architecture. In this section, we
develop a DMA design based on previous work that we will
use to simulate codebook beam patterns. Furthermore, we
establish a transmitter power consumption model for both the
DMA and a typical phased antenna array for energy efficiency
comparisons.

A. DMA design

We now discuss the design of the DMA and details of
the simulation process. Since the purpose of this paper is to
analyze codebook designs for DMAs, we choose to modify a
previously-established DMA rather than develop our own. This
allows for an analysis of the proposed DMA system model
with DMAs that have been tested experimentally. We leave
the joint optimization of a new DMA design and the proposed
system model for future work.

We use and modify the DMA design from [3]. The element
geometry for this design is depicted in Fig. 1, consisting of
a complimentary electric-LC resonator [3]. We use a hollow
waveguide design to increase the DMA radiation efficiency.
Each antenna element is loaded with two controllable varactor
diodes. We choose to analyze a DMA with L = 8 elements
per waveguide, and D = 5 waveguides as it fits well with the
binary hierarchical codebook we will discuss shortly. We can
then design the DMA element to meet a radiated power perfor-
mance requirement given the D×L array. With L = 8 DMA
elements per waveguide, we need to ensure that the DMA is
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Table I
PARAMETERS FOR THE MODELED DMA BASED ON [3].

Elements per waveguide L 8
Number of waveguides D 5

Element spacing in x direction dx 5 mm
Element spacing in y direction dy 10 mm

Operating wavelength λ 20 mm
Operating frequency f0 15 GHz

capable of radiating out all the input power from the excited
waveguide. Power not radiated out through the DMA elements
will be absorbed at the end of the waveguide, resulting in low
radiation efficiency. Additionally, radiating too much power
through the first initial elements will cause the end elements
to radiate nearly no power. It is important to design the DMA
such that most or all of the elements are radiating out power
to ensure an efficient antenna. We tune the amount of radiated
power associated with each Lorentzian-constrained weight in
the DMA element design via its geometry. We also offset the
DMA elements from the center of the waveguide as another
method to control the radiated power [3]. We alter the design
in [3] to achieve a maximum element radiated power of around
40% of the input power through trial and error, corresponding
to the Lorentzian-constrained weight of −1j. Table I shows
important specifications for the designed DMA, and we leave
further details of the DMA design process and specific features
of this DMA to be found in [3].

We model and simulate the designed DMA in the electro-
magnetic simulation software HFSS. We represent the varactor
diodes as lumped elements and change the capacitance to vary
the resonant frequency of the DMA elements. After simulating
the characteristics of a single DMA element, we calculate the
magnetic polarizability associated with each varactor diode
value through the resulting S-parameters, waveguide dimen-
sions a, b, and waveguide propagation constant β as [3]

αM(ω) = − jab

β
(1 + S11(ω)− S21(ω)) . (18)

Next, we normalize the simulated αM values such that the
highest magnitude weight value corresponds with the weight
−1j. This is equivalent to normalizing by the factor Fω0

γ
discussed in Section II. We show the resulting weights in Fig.
4. We chose discrete varactor diode values for the simulation,
and interpolate the data to calculate the achievable weight-
to-capacitance mapping for all varactor diode values. We find
that the simulated DMA weights match very closely to the
theoretical Lorentzian-constrained weights, which validates
the beamforming model. Furthermore, we see that there is
a small weight gap near the zero-weight for the simulated
results. This is due to the realistic tuning constraints of a
varactor diode, and will be further analyzed in Section V for
its impact on the DMA beam patterns.

B. Power consumption and component loss model

We define power consumption models for the DMA and
typical phased antenna array. We analyze scenarios for an
analog MISO architecture as described in Section II. We

Figure 4. Simulated results for the Lorentzian-constrained weights of the
designed DMA in HFSS using (18). We find that the DMA accurately achieves
the Lorentzian-constrained weights defined in (2).

use these power consumption models to analyze the energy
efficiency of the DMA compared to a phased array. Fig. 2
shows the transmitter architecture for the phased array and
DMA [39]. Here, we assume a fully-connected architecture
so that each antenna element is connected to its own phase
shifter [16].

Next, we define a power consumption model for the two
beamforming cases. We denote the power consumption for
the individual components in the transmitter architecture as
follows: let PLO for the local oscillator, PPA for all power am-
plifiers, PDAC for the digital-to-analog converter as a function
of the bit resolution bDAC and sampling frequency Fs, PPS for
the phase shifter, and PVAR for the varactor diode. We assume
a single-stream scenario with only one RF chain. Putting these
components together, we define the power consumption model
for the typical phased array PANT and DMA PDMA as [39]

PANT = PLO+PPA+2PDAC(bDAC, Fs)+PRF+NTPPS, (19)

PDMA = PLO+PPA+2PDAC(bDAC, Fs)+PRF+NTPVAR. (20)

Additional information regarding this power consumption
model can be found in [39]. We list the specific power
consumption values used for each component in Table II [39].
The study context for [39] looks at the power consumption for
RF components in the mmWave frequency regime, where the
selected components operate at around 50−60 GHz. DMAs are
currently being studied for their use in mmWave communica-
tions to decrease the overall system power consumption from
the integrated varactor diodes [26], [33]. While the modified
DMA design for our architecture operates at 15 GHz, we
incorporate the power consumption model in [39] to study
the comparison between DMAs vs. typical phased arrays for
mmWave communications. We leave the development of a
DMA design that operates at higher frequencies for future
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Table II
POWER CONSUMPTION AND COMPONENT LOSS IN THE TRANSMITTER

ARCHITECTURE MODEL.

Component Notation Value
Power amplifier efficiency ηPA 27%

Power amplifier PPA PPA = PT
ηPA

Phase shifter (active ; passive) PPS 21.6 ; 0 mW
DAC PDAC 75.8 mW

Local oscillator PLO 22.5 mW
RF chain PRF 31.6 mW

Varactor diode PVAR 0 mW
Phase shifter (active ; passive) LPS −2.3 ; 8.8 dB

Two-way power divider L̄D 0.6 dB

work. Furthermore, it is important to note that the power
amplifier consumption is dependent on the actual transmit
power PT as PPA = PT

ηPA
, where ηPA is the power amplifier

efficiency. We also note that the difference in these power
consumption models is the phase shifter versus varactor diode
power consumption.

We integrate the loss of the RF components through a reduc-
tion in the transmit power from the initial input power PIN. As
described in [39], we implement the total loss through an NA-
way power divider with static loss L̄D as LD = L̄D⌈log2NA⌉.
We also denote the static loss due to phase shifters for each
element by LPS. The system transmit power can then be
defined as

PT =
PIN

LDLPS
. (21)

For the phased array, the power divider will have NA = NT

2
(see Section V), while for the DMA the power divider will
have NA = D < NT

2 . Moreover, with no phase shifters
attached to the DMA, there will be no loss from LPS for the
DMA case, and we assume a lossless waveguide excitation
component. We analyze the effects of this transmit power loss
in Section V.

Lastly, as the goal of this work is to analyze the energy
efficiency of the DMA compared to the phased array, we define
the energy efficiency as a function of the spectral efficiency
in (5) for the DMA CDMA and phased array CANT as [32]

ηDMA =
CDMA

PDMA
, (22)

ηANT =
CANT

PANT
. (23)

Comparing the energy efficiencies for the two scenarios pro-
vides a metric to analyze the tradeoff between the lower DMA
power consumption and larger achievable beamforming gains
for the phased array. We perform simulations to determine this
tradeoff in Section V.

C. DMA hierarchical codebook

Lastly, we develop methods to enable codebook-based
beamforming with the designed DMA and DMA analog pre-
coding architecture. Codebook-based beamforming involves
creating a discrete list of possible beam patterns. In a wireless
scenario, each beam pattern in the codebook is then tested

to find the beam pattern that maximizes the receive SNR.
A typical codebook design is the DFT codebook, which
provides sufficient angular coverage and beamforming gain
for a uniform linear array. Our goal is to apply current
methods of designing codebooks to the DMA analog precod-
ing architecture with the additional constraint of the DMA
weights. We design a codebook for the DMA by mapping
the weights of a desired beamformer fPS onto the DMA
weights to create fDMA. We will implement Euclidean and
Lorentzian-constrained modulation for the DMA weights and
the proposed phase rotation optimization to compare mapping
techniques. We choose to integrate a binary hierarchical DFT
codebook with the DMA to leverage the unique zero-weight
in the Lorentzian-constrained weights. The configuration of
the codebooks with weight mapping techniques is completed
offline, and the same codebooks are used in Section V. We will
use the codebook beam pattern electromagnetic simulations to
analyze the spectral and energy efficiency of DMA vs. phased
array systems.

A hierarchical codebook contains multiple layers of code-
words that gradually generate narrower beams. Therefore,
hierarchical codebooks can lead to a quicker search of the
best codeword in the codebook compared to exhaustive search
methods [45]. Wider beams are generally created by turn-
ing off certain antenna elements, which involves additional
switches and control mechanisms from a system design per-
spective. We analyze DMAs with hierarchical codebooks here
as the Lorentzian-constrained weights contain a zero-weight,
so no additional switches are required to turn off antennas.
Because of this, a hierarchical codebook can leverage the
Lorentzian-constrained weights to generate the desired wide
beams. As the first layer consists of one single beam pattern,
we will analyze the mapping techniques and optimizations for
all layers of the hierarchical codebook beyond the first layer.

We generate the binary hierarchical codebook based on the
DEACT approach developed in [45]. We first define the array
factor for L elements, wavenumber k, spacing dx, and desired
steering angle Ω as

a(L,Ω) =
1√
L

[
ejkdx0Ω, . . . , ejkdx(L−1)Ω

]T
. (24)

Next, we define a hierarchical codebook layer r to consist
of 2(r−1) DFT codewords that adequately span angular space
through the resulting beamwidths. The number of DFT beams
scales with the hierarchical codebook layer, thus lower layers
have fewer beams with wider beamwidths, and higher layers
have many beams with narrower beamwidths. For the rth
hierarchical codebook layer and cth codeword, the desired
antenna weights are given by

fHCB(r, c) =

[
a

(
2r,−1 +

2c− 1

2r

)T
,0T(L−2r)−1

]T
. (25)

For our DMA scenario of L = 8, there will be R = 4 hierar-
chical codebook layers, with the final layer having C = L = 8
codewords.

As the DEACT approach is designed for uniform linear
arrays in fHCB(r, c) ∈ CL×1, we assume that the elevation
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angle is zero for the planar array and use the same weights
fHCB(r, c) for the L DMA elements in all D waveguides.
We apply D copies of fHCB(r, c) to form fPS for the de-
sired weights as fPS(r, c) = vec ([fHCB(r, c), . . . , fHCB(r, c)]).
Applying fHCB(r, c) to all waveguides of the DMA creates
larger beamforming gains in the desired direction of the
DEACT beams through the DMA. We simulate beams along
the azimuth direction. The DMA could also be used for 3D
beamforming by configuring the weights jointly for the desired
azimuth and elevation angles through the DMA mapping
methods. We focus solely on beamforming in the azimuth
direction here to simplify the codebook design process, and
leave the extension of elevation beamforming for future work.
We assume the channel to have small elevation variation
such that the loss in our approach is minimal. The entries
in fPS are the desired weights wd,ℓ, which can be mapped
through the Euclidean and Lorentzian-constrained modulation
techniques to find qd,ℓ. As qd,ℓ are the resulting entries to
fDMA, we define the final Lorentzian-constrained and Eu-
clidean modulated beamformers as fLCDMA = − j−ej∠(fPS⊙mc)

2 ,

fEMDMA = − j+ej(∠(2(fPS⊙mc)+j)−π)

2 . In the following section, we
analyze the different mapping techniques and their effects on
coverage, beamforming gain, and steering accuracy for the
different codebook layers.

V. RESULTS

We now analyze the hierarchical codebook design and
mapping techniques with the realistic DMA. We simulate
the Euclidean, Lorentzian-constrained and brute-force phase
rotation optimization modulation techniques with the designed
DMA in the electromagnetic simulation software HFSS to
extract the resulting beam patterns. As typical directional base
station antennas are designed to cover an angular region of
around 120◦ in the azimuth direction [46], we analyze the
DMA beam patterns primarily for their performance in the
azimuth angle region ϕ ∈ [−60◦, 60◦]. We assume the DMA
is oriented along the x-z plane such that the simulated beam
patterns span the azimuth angular region. We also create a
realistic phased array for direct comparison with the DMA
through a simulated patch antenna array. We first design a
patch antenna at the desired resonant frequency of 15 GHz in
HFSS. We then create a 4×5 array with λ

2 spacing using this
element as the realistic phased array. Since the DMA allows
for element spacing smaller than half of a wavelength, the
4 × 5 phased array maintains the same total aperture area as
the 8 × 5 DMA. For the fourth hierarchical codebook layer,
we simulate the desired beamforming angles with the realistic
phased array to extract the beam patterns in the same way as
the DMA. As the realistic phased array has a directional patch
antenna element and the same aperture area as the DMA, this
offers a fair comparison for coverage, spectral, and energy
efficiency.

We briefly discuss the notation used in the following sec-
tion. We have two different mapping techniques, Euclidean
and Lorentzian-constrained modulation, and the additional
mapping optimization with a phase rotation. We denote EM
as Euclidean modulation and LC as Lorentzian-constrained

modulation to represent the mapping technique used. We then
denote NR to represent the case with no phase rotation and
BF as the brute-force search optimization method for the phase
rotation. As the brute-force method involves a computationally
intensive search with electromagnetic simulation results, we
only implement this optimization with Euclidean modulation.
We further denote PS as the realistic patch antenna array with
phase shifters, where A represents active phase shifters and P
represents passive phase shifters. We also use HCB to indicate
the hierarchical codebook. This notation is summarized in
Table III.

Table III
NOTATION USED TO REPRESENT SIMULATION RESULTS.

HCB Hierarchical codebook
EM: NR Euclidean mod.: No phase rotation
EM: BF Euclidean mod.: Brute-force search
LC: NR Lorentzian-constrained mod.: No phase rotation
PS: P Passive phased array with patch antenna elements
PS: A Active phased array with patch antenna elements

A. Impact of phase rotation optimization

We first analyze the effect of the proposed phase rotation on
the codebook through electromagnetic simulation results. The
phase rotation optimization reconfigures the DMA weights
to alter the beamforming gain depending on the amplitude
and phase of the Lorentzian-constrained weights. Since the
amplitude relates to the radiated power for an element, the
optimized phase rotation configures the DMA weights to
maximize the power output of the DMA. We will primarily
determine the effectiveness of the phase rotation optimization
via the antenna efficiency and realized gain. As DMAs are a
leaky-wave antenna, there is the possibility that some of the
input power is not radiated out through the elements, but rather
absorbed and wasted at the end of the waveguide. Normally, a
DMA or leaky-wave antenna is designed such that a negligible
amount of power is wasted at the end of the waveguide. In
our case, however, we use the DEACT approach and have a
layer in the hierarchical codebook where only two of the eight
elements are desired to radiate. Therefore, the phase rotation
optimization can help to maximize output power for layers 2
and 3 of the hierarchical codebook, while the fourth layer may
not benefit significantly from the optimization.

We now define the simulated antenna efficiency results for
the DMA and hierarchical codebook beam patterns. For a total
radiated power PRAD, the antenna efficiency is [47]

ηEFF =
PRAD

PIN
. (26)

The input power PIN is set to 1 W for all electromagnetic
simulations. Antenna efficiency accounts for both the radiation
efficiency of the DMA, as well as losses due to reflections
and power transmitted through towards the other end of the
waveguide. Therefore, we use antenna efficiency to analyze
the radiated power of the DMA as it incorporates all possible
forms of loss. For each beam pattern in every hierarchical
codebook layer, the antenna efficiency is calculated as a
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function of the discrete phases ζ in the brute-force phase
rotation optimization, where Z = 12.

Next, we discuss the antenna efficiency results shown in
Fig. 5 for all three layers. Focusing on layer 2 in Fig. 5, we
see that the phase rotation for codeword 1 leads to an antenna
efficiency range from 0.05 to 0.7, while codeword 2 has an
antenna efficiency range from 0.12 to 0.53. This is a significant
range, and could drastically increase the beamforming gain of
the DMA for this layer, which will be further analyzed in the
next section. We see a similar trend in layer 3, where the output
antenna efficiency of the DMA depends heavily on the set of
weights chosen from the phase rotation. However, the antenna
efficiency for layer 4 generally has a flatter dependency on
the phase rotation. Since layer 4 uses all DMA elements,
most of the power will be radiated out regardless of the
configuration of the weights due to the phase rotation, so the
phase rotation has less impact in this situation. Therefore, we
find that the optimized mapping technique due to the proposed
phase rotation increases the output power of the DMA when
certain DMA elements are tuned to a zero-weight. We will
further investigate the phase rotation optimization through
beam pattern and coverage results.

B. DMA with wide beam patterns

We now demonstrate how the proposed phase rotation can
be leveraged to provide wide beamwidths for the hierar-
chical codebook. We determine this through the half-power
beamwidth of the DMA beams. For layer 2 of the hierarchical
codebook, Fig. 6 displays the HFSS simulated results for the
two codeword beam patterns using Euclidean modulation with
and without the phase rotation optimization. We choose here to
analyze realized gain over gain as realized gain will account
for all losses in the DMA, which we will use to determine
the impact of the phase rotation optimization. We expect the
two beams here to adequately span the angular region from
ϕ ∈ [−60◦, 60◦], and have beamwidths that intersect near the
ϕ = 0◦ angle. We also plot the approximate 3 dB beamwidth
cutoff for each pattern. Fig. 6 shows that normal Euclidean
modulation provides beamwidths that remain above the 3
dB cutoff within the desired angular region, while Euclidean
modulation with the phase rotation optimization does not meet
this criteria for the second codeword. We also see that the
phase rotation optimization provides beam patterns with much
higher realized gain. For the phase rotation optimization, the
codewords have a 3 dB cutoff at around 8 dB and 5.5 dB,
while normal Euclidean modulation has 3 dB cutoff values at
around 1.9 dB and 0.6 dB. The phase rotation optimization
configures the DMA weights to significantly increase the
realized gain for the beam patterns. As desired, both beam
patterns approximately intersect around the ϕ = 0◦ value.
The proposed method is able to achieve wide beam patterns
with the DMA through the zero-weight, which has not been
discussed in prior work.

Although the beam patterns from the simulated results
provide adequately wide beams for the hierarchical codebook,
there is still some distortion in the beam pattern for each
codeword. This distortion is mostly due to the weight gap
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Figure 5. Antenna efficiency simulation results for (a) layer 2, (b) layer 3, and
(c) layer 4. We find in layers 2 and 3 that the phase rotation optimization can
make a significant difference in the overall antenna efficiency by configuring
the weights to maximize the output power of the DMA.

near the zero-weight for the simulated weights in Fig. 4.
When implementing the codebook layers, we chose the closest
weight to zero since the zero-weight is unavailable. This led
to small amounts of radiation from the “off” elements that
distort the DMA beam. Fortunately, for our DMA design,
the weight gap did not significantly degrade the performance
of the second hierarchical codebook layer. This weight-gap,
however, is not included in typical DMA models, so we
highlight its ability to distort wider beamwidths through Fig.
6.

C. DMA steering accuracy

We determine the steering accuracy of the DMA by looking
at the fourth layer of the hierarchical codebook and the eight
beams generated. Fig. 7 displays the desired versus simulated
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Figure 6. Simulated beam patterns for the second hierarchical codebook layer
using (a) Euclidean modulation and (b) Euclidean modulation with optimized
phase rotation. The vertical, dashed lines at ϕ ∈ [−60◦, 0◦, 60◦] represent
the desired angular range for each beam pattern. We see that the phase rotation
optimization leads to beam patterns with larger realized gain.

steering angle for the various mappings and the resulting
beamsteering error. Overall, we find that the DMA performs
well with steering the beam in the correct direction despite the
Lorentzian-constrained weights. Moreover, the DMA provides
a similar steering accuracy to the patch antenna phased array.
Therefore, the Lorentzian-constrained weights do not cause
steering accuracy to diminish compared to typical antenna
arrays. We note that both the DMA and patch elements
have directional beam patterns, which naturally diminishes
the beamsteering accuracy towards the end-fire angles. As ex-
pected from [27], Lorentzian-constrained modulation enables
the highest steering accuracy as it provides a constant phase
difference across the DMA elements.

D. DMA coverage

Next, we analyze the coverage provided by the DMA
hierarchical codebook for the different mapping techniques. To
determine the effectiveness of the codebook beam patterns in
spanning the desired angular range of ϕ ∈ [−60◦, 60◦], we use
a user coverage percentile curve as 1− CDF of the codebook
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Figure 7. (a) Desired versus simulated steering angle for the fourth hier-
archical codebook layer and (b) steering angle error for each codeword. All
mapping methods enable accurate beamsteering compared to the phased array.

gain CDF. The curve indicates the codebook coverage via the
percentile of users in the desired angular range that could
observe a certain realized gain. We assume that user locations
lie within the angular range ϕ ∈ [−60◦, 60◦]. Fig. 8 displays
the coverage results. In this figure, the curve furthest to the
right generally provides the best coverage as a codebook and
enables on average the highest beam pattern realized gain. For
the three DMA mapping techniques, we find that the brute-
force method provides the best coverage for all three hierar-
chical codebook layers, as it enables greater beamforming gain
to cover the desired angular space. As expected, the impact
of the phase rotation optimization for coverage is especially
effective in layers 2 and 3, where not all DMA elements
are tuned to radiate and power output maximization helps to
increase the realized gain of the beam patterns. These coverage
plots summarize the advantage of using the phase rotation
optimization method to maximize single-beam beamforming
gain through the DMA. Though computationally intensive, the
brute-force search simulations can be performed offline prior
to the deployment of a DMA, and provides a faster method
than checking all possible weight combinations to find the best
DMA beam pattern.
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Figure 8. Coverage analysis of simulated beam patterns for the hierarchical
codebook layers. We find that the brute-force search provides the best coverage
of the mapping techniques for the DMA.

We now analyze the fourth hierarchical codebook layer
coverage with the phased array implementation. As expected,
we find that the phased array ultimately provides higher
beamforming gain of around 2.5 dB in many of the beam
patterns compared to the DMA. This is due to the highly-
efficient patch antenna design, where DMAs exhibit loss from
the resonant response of each element. Although the phased
array may generally provide better coverage from increased
beamforming gain, this comes at the cost of transmit power
loss and increased power consumption. We further analyze the
effects of power consumption and overall performance of the
phased array and DMA through spectral and energy efficiency
results.

E. Spectral efficiency

We analyze spectral and energy efficiency for the DMA
and realistic phased array through the channel simulation
software QuaDRiGa [48]. QuaDRiGa is a sophisticated sim-
ulation tool that allows for realistic channel modeling with
a variety of settings and parameters. We choose to use this
tool as the channel generation model is based on real-world
channel measurements and is a tool commonly used by many
researchers due to its accuracy and reproducibility. We are
also able to easily implement the simulated beam patterns
from the designed DMA and phased array into QuaDRiGa to

examine the codebook design. We use a 3GPP urban macrocell
environment as the simulation channel generation setting. We
set a radial distance of 500 meters for each user from the
base station DMA, and assume the user locations lie within
the angular range ϕ ∈ [−60◦, 60◦]. Additionally, we take the
number of OFDM subcarriers as K = 64 for a narrow channel
bandwidth of B = 20 MHz and assume the simulated gain
patterns do not change significantly with frequency over the
small bandwidth.

For the simulations, we assume a limited feedback beam-
forming scheme where each beam pattern in the codebook is
tested for the channel and the beam pattern with the highest
channel gain is selected. The final output of the simulation
is a post-beamforming channel value. We gather this data for
the fourth hierarchical codebook layer for all simulated DMA
codebooks and the realistic phased array codebook. We define
the system SNR for a transmit power PT and thermal noise
power N0 as ρ = PT

BN0
. It is important to note that the transmit

power will be different for the DMA, active phased array,
and passive phased array due to the varying component losses
between these three cases. Therefore, each scenario will have
different SNR values for calculating spectral efficiency from
the simulated channel measurements using (5). We compare
the scenarios fairly by plotting the resulting codebook spectral
efficiency values against the system input power PIN.

Using the resulting QuaDRiGa channel simulations, the
input-output transmit power relation (21), and the channel
spectral efficiency equation (5), we show the spectral efficiency
values against the input power in Fig. 9a. Since the brute-force
method provided the best coverage, we only plot the spectral
efficiency of the brute-force method for clarity. First, we see
that the best-performing codebook is the realistic phased array
with active phase shifters, resulting in a 2 dB input power dif-
ference with the brute-force DMA method. This is anticipated
as the active phase shifters give additional gain to the transmit
power signal (2.3 dB), and the realistic phased array beam
patterns generally provide greater beamforming gain than the
DMA. Naturally, this case also consumes the most power,
which we will analyze in the next section through energy
efficiency. The worst-performing case is the realistic phased
array with high-resolution passive phase shifters, allowing for
a 9 dB input power difference with the brute-force DMA
method. This is due to the significant component loss (8.8
dB) from the phase shifters, which attenuates the input power
signal and gives lower SNR values. We can conclude from
these results that the designed DMA enables higher spectral
efficiency values than the traditional phased array equipped
with high-resolution passive phase shifters, but falls short from
the active phase shifter case.

F. Energy efficiency

Lastly, we analyze the energy efficiency of the DMA and
realistic phased array codebooks using (22) and (23). Fig.
9b shows the energy efficiency results from the spectral effi-
ciency and power consumption calculations. While the realistic
phased array with active phase shifters yielded the highest
spectral efficiency, we see here that the increased power
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Figure 9. Simulated results with the DMA and phased array for (a) spectral
efficiency and (b) energy efficiency. We find that the DMA outperforms
a traditional passive phased array due to the significant transmit power
attenuation for the high-resolution phase shifter. While the active phased array
provides the highest spectral efficiency, its large power consumption makes it
the least energy-efficient option.

consumption for this case causes the lowest energy efficiency
values across the input power. Therefore, the significant power
consumption savings due to the reconfigurable component and
fewer power dividers causes the DMA to achieve around twice
the energy efficiency of the active phased array at the peak
energy efficiency value. While the passive phased array curve
actually provides better energy efficiency than the DMA at
higher input power values, this is mostly due to component
loss. As the passive phase shifters attenuate the input power
by 8.8 dB, the power consumption due to power amplifiers
is significantly reduced for this case, leading to an overall
lower power consumption than the DMA. The passive phased
array case, however, still provides lower spectral efficiency
than the DMA by around 9 dB in terms of input power. Thus,
its energy efficiency does not make up for this significant gap
in spectral efficiency performance. The spectral and energy
efficiency results in Fig. 9a and 9b show the capabilities of the

DMA to form energy-efficient arrays that maintain or surpass
the performance of typical phased arrays.

VI. CONCLUSIONS

In this paper, we investigated the use of DMAs with a hierar-
chical codebook and proposed a novel technique for enhancing
the beamforming gain compared to current methods. Through
the implementation of simulated DMA beam patterns and
channel environments, we found that the proposed mapping
technique of a brute-force phase rotation search provides
better coverage and spectral efficiency than the unoptimized
Euclidean and Lorentzian-constrained modulation. Moreover,
in terms of spectral efficiency, we found that the DMA sig-
nificantly outperforms a traditional phased array with passive
phase shifters due to high component loss. While providing
lower spectral efficiency than an active phased array, the DMA
results in greater energy efficiency due to the increased power
consumption from active phase shifters. Therefore, DMAs
are shown as a suitable replacement for phased arrays in
situations where power consumption should be minimal. In
future work, we plan to develop novel precoding techniques
further optimized around realistic DMA effects. This includes
aspects like element perturbation of the waveguide, DMA
weight tuning constraints, and refining the DMA geometry.
Furthermore, we aim to revisit many MIMO applications, such
as channel estimation or localization, with the DMA weight
constraint to analyze potential benefits and tradeoffs for using
DMAs in these scenarios.

APPENDIX

A. Proof of Lemma 1

For the Euclidean modulation equation described in Section
III as qEM = argmin

q∈Q
|q− w̃|2, we substitute and solve for the

DMA weight angle ψ as

ψEM = argmin
ψ∈[0,2π)

| − j+ ejψ

2
− w̃|2. (27)

We further define w̄ = 2w̃ + j, so that ψEM becomes

ψEM = argmin
ψ∈[0,2π)

|ejψ − w̄|2

= argmin
ψ∈[0,2π)

|ejψ|2 + |w̄|2 − 2Re
{
e−jψw̄

}
.

(28)

Since |ejψ|2 = 1 and |w̄|2 is not a function of the unknown,
these terms can be ignored to simplify the optimization as

ψEM = argmin
ψ∈[0,2π)

Re
{
e−jψw̄

}
. (29)

Then, for w̄ = |w̄|ej∠w̄, we have Re
{
e−jψw̄

}
=

|w̄|Re
{
ej(∠w̄−ψ)} = |w̄| cos (∠w̄ − ψ). The maximum value

of 1 for | cos (∠w̄ − ψ) | is achieved for the argument
(∠w̄ − ψ) = π + 2πk, k ∈ Z. Therefore, we set ψ =
∠w̄ − π to find the Euclidean modulation weight. From the
substitutions for ψ and w̄, the final DMA weight is then
qEM = − j+ej(∠(2w̃+j)−π)

2 .
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