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Abstract—Dynamic metasurface antennas (DMA) are smart
leaky-wave antennas that enable low-power beamforming, albeit
with particular constraints. In this paper, we develop algorithms
to configure a tri-hybrid architecture that combines digital,
analog, and DMA precoding. Our optimization prioritizes low
power consumption to determine the most energy-efficient con-
figurations of precoding weights. Further, we integrate the unique
characteristics of the DMA architecture, such as the limited
beamforming weight distribution and waveguide propagation,
to generate jointly optimized precoding weights for a realistic
DMA design. The key metrics of analysis are spectral and energy
efficiency results to determine tradeoffs in performance between
increased data rates and power consumption.

I. INTRODUCTION

Large arrays are a key feature of modern communication
systems but can be challenging to implement due to hardware
limitations. Visions of future wireless systems for 5SG and
beyond leverage large antenna arrays in the sub-6 GHz band,
the millimeter wave band, and even the upper mid-band [1].
One of the key limitations of large arrays, however, is the
high power consumption at both the base stations and user
devices [2]. The power consumption from components such
as data converters, analog phase shifters, and even power
amplifiers becomes overwhelming as arrays become larger.
Power-efficient methods for scaling antenna arrays remains an
important challenging in developing future wireless systems.

Dynamic metasurface antennas (DMAs) are low-power
reconfigurable devices. The reconfigurable components are
integrated into the individual antenna elements to dynamically
tune the resonant frequency [3]. As the resonant frequency dic-
tates the amplitude and phase of the DMA element radiation,
it is possible to tune the DMA elements to establish a desired
array gain pattern. Therefore, DMAs enable beamforming
through the tuning of reconfigurable components, similar to
analog phase shifters but with lower power consumption.
Viewed in a different way, the elements in a DMA act like
a reconfigurable antenna. The elements in a DMA may be
configured in a variety of ways using, for example, varactor
diodes to vary the capacitance of the element [3], [4] or PIN
diodes to switch the elements off and on [5]. Overall, DMA
arrays are flexible, compact, and consume less power than
traditional analog phased arrays.

The full integration of DMAs into a MIMO system remains
an open challenge. Prior work has analyzed the use of DMAs
in place of analog precoding in the context of uplink massive

MIMO [6] and energy efficiency maximization [7]. Additional
studies with DMAs regarding channel estimation [8], near-
field communication [9], MIMO-OFDM [10], and millimeter-
wave communication [11] include a digital precoder to form
a hybrid precoding architecture, where the digital and DMA
analog precoders are jointly optimized. Going one step further,
to our knowledge there is currently no work that studies a
three-stage (tri-hybrid) precoding architecture involving digital
precoding, analog precoding with phase shifters, and analog
precoding with DMAs. Moreover, the prior work on DMA
signal processing in [6]-[11] uses a simplified model for DMA
tuning and lacks the realistic DMA constraints present in more
rigorous DMA models [12], [13]. We aim to investigate the
benefits of a tri-hybrid architecture with DMA precoding that
incorporates a practical DMA design.

In this paper, we propose the tri-hybrid architecture that
incorporates digital, analog, and DMA-based precoding. First,
we formulate the signal model for a partially-connected tri-
hybrid architecture and specify the different constraints for
each signal processing component. We then propose a method
for optimizing the tri-hybrid precoder using a codebook-based
approach for DMA beamforming. A combinatorial search is
used to find the best DMA configuration that maximizes the
spectral efficiency, and the analog and digital precoders are
then optimized based on the post-DMA-beamformed channel.
We compare the power consumption and energy efficiency of
three architectures: fully-digital, analog-hybrid, and tri-hybrid.
Our numerical results demonstrate that the tri-hybrid outper-
forms the other architectures in terms of energy efficiency
for practically relevant input power ranges due to the lower
number of radio-frequency (RF) chains and phase shifters.
Notation: a bold lowercase letter a denotes a vector, a bold
uppercase letter A denotes a matrix, and a script uppercase
letter denotes a set .A. The matrix AT denotes the transpose
of A and the matrix A* denotes the conjugate transpose of
A. The matrix Iy denotes the N x N identity matrix. The
term j denotes the imaginary unit. Given M matrices {A;}M,,
blkdiag (A4, - -+, Ajs) denotes a block-diagonal matrix with
{A;}M, along the diagonal. The term ||A]|> denotes the
Frobenius norm of A.

II. SYSTEM MODEL

We consider a single-user narrowband MIMO link in which
a tri-hybrid transmitter sends Vg data streams to a fully-digital
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Fig. 1. Precoding architectures for (a) fully-digital precoding, (b) hybrid
precoding, and (c) tri-hybrid precoding. The tri-hybrid architecture uses the
least amount of RF components due to the additional DMA analog precoding
from the reconfigurable components.

receiver. The transmitter is equipped with [V, antennas and the
receiver is equipped with N, antennas. The transmitter uses
NRF RF chains to convert signals from digital-baseband to
analog-passband. We assume that Ny < NFF < N, i.e, the
number of transmit chains is at least the number of symbols
and at most the number of antennas. We will compare the
performance of a fully-digital architecture with N, = NRF
with a tri-hybrid architecture with N, > NRF.

Fig. 1 compares the fully-digital, hybrid, and tri-hybrid
architectures, where we take a subarray approach for the
hybrid and tri-hybrid cases due to the leaky-wave structure
of DMAs. A key difference between the traditional hybrid
architecture and the proposed tri-hybrid solution is the use
of a reconfigurable antenna element at the transmitter. The
reconfigurable antenna enables signal-processing by tuning the
gain-pattern, polarization, and even operating frequency of
the antenna. In this paper, we assume that the reconfigurable
antenna is implemented using a block of DMAs, as shown in
Fig. 1(c). The DMA is a type of tunable leaky-wave antenna
that consists of a number of tunable unit cells that act as
gain-pattern reconfigurable antennas. We assume each DMA
block consists of N unit cells, meaning the transmit array
effectively contains N&'® = N, N total antenna elements.

The tri-hybrid transmitter consists of three separate signal
processing blocks: a digital precoder Fug € € CNXNs | apn
analog precoder Fan, € CN>NE | and a DMA precoder
Fama € CN**Ni The digital precoder operates at baseband
and has no constraints in terms of the weights that can
be applied. We assume a partially connected phase shifter
analog precoder in which each RF chain is only connected to
M; = N;/NJF antennas, where we assume that N, is divisible
by NFF [14]. This imposes a block-diagonal structure on F,,,
in which the ¢th diagonal element is a vector f,n, ; € CM:, giv-
ing Fana = blkdiag(fana,1, -+ ; f,na nre). The phase shifter
architecture further constrains each entry of f,,, ; to be unit-
modulus. We denote the feasible analog precoder set as Fypa.
We also place a power constraint on the signal entering the
antenna as HFanaFd'gHF = N.. The input signal into the DMA
will attenuate due to the waveguides and the passive unit cells.
The power constraint here assumes that the power flowing into
the antenna is not adjusted based on the DMA attenuation. We
account for this via electromagnetic simulation results for the
DMA beam patterns, as discussed in Section IV-B.

The DMA-based array places additional constraints on the
transmit signal. The DMAs act as subarrays, where the nth
DMA applies the weights fqma p, to the transmit signal so that

Fima = blkdiag(fdma,h Tty fdma,Nt)- (1

The weights applied by the DMAs depend on the tunable
resonance of each unit cell and the effects of the waveguide
on the signal. Let the weight applied by the kth unit cell of
the nth be denoted as «, ;. We apply the Lorentzian resonator
model for each unit cell as in [15], which constrains

Qn.k € {—

Tuning the DMA unit cell jointly changes its phase and ampli-
tude due to the passive cell response. Prior to being radiated by
the unit cell, however, the transmit signal must travel through
the waveguide and experience distance-dependent phase offset
and attenuation. We let 7, ,, denote the complex waveguide
channel experienced by a transmit signal traveling to the kth
unit cell in the nth DMA. We combine these effects and model
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fdma,n = [nn,lan,lv Ty nn,Nt“Can,Nt“c] . (3)

We will let the set Fqn, denote the precoders that satisfy the
block diagonal constraint in (1) and (3).

The transmit signal x € CMN° * is formed by precoding
the symbol vector s € CN as x = = FymaFanaFaigs. We
assume that the symbol vector s is zero-mean and has variance
E[ss*] = In,. Let H € CNexN be the channel matrix
between each unit cell and the receiver, p be the average
receive power, and n be the AWGN noise vector with entries
with mean zero and variance ¢2. We define the average
receiver power through the transmit power Pr and a channel
gain G as p = PrG, which is further discussed in Section IV.
The input-output model is

y= \/EHdeaFanaFdigS + n. 4)



Assuming full channel knowledge and a fully-digital receiver,
the transmitter finds the precoders that maximize spectral
efficiency as

Fdig-,%la?a)-,{dea
s.t. Fana € Fana
Fama € Fdma (5)
|FanaFaie ¢ = Ne.

ijaH*

ana

log, |In, + %HdeaFanaFdigFjigF>l<

We note that the power constraint in (5) limits the power enter-
ing the antennas, which is the input power after amplification
and matching. Other options for the power constraint include
the radiated power or the input power prior to amplification
and matching. We leave the analysis of the effects of different
power constraints for future work.

The tri-hybrid architecture is a generalization of the fully-
digital and analog-hybrid architectures. Letting N'¢ = 1,
the DMA precoder becomes a diagonal matrix of dimensions
N; x N;. Assuming that the antennas in the array are not
reconfigurable, Fym, becomes a scaled identity matrix aly,
where the scalar can be absorbed into the channel. The signal
model is then

y= \/EHFanaFdigs +n, (6)

which coincides with that of an analog-hybrid architecture. If
we further assume that each antenna is connected to an RF
chain, then N; = NtRF and F,,, = Iy,. This yields a fully-
digital architecture with input-output model

y\/ﬁHFdigS + n. (7)

We will compare the spectral and energy efficiency of the tri-
hybrid architecture to these two baselines to better find the
regimes in which DMA-based processing is beneficial.

III. TRI-HYBRID ARCHITECTURE ANALYSIS
A. DMA precoder optimization

The DMA precoder can be difficult to optimize due to
the Lorentzian-constrained weights in (2) and the effects of
the waveguide. These issues are compounded by the fact that
the waveguide channel depends on the unit cell configuration
because of mutual coupling. Rather than jointly optimizing
all of the unit cells, we assume a codebook-based approach
in which the weight vector from the nth is selected from
a predefined codebook. Letting C denote the number of
beams in Cyma, We can define a beamforming codebook
Ch: with C'N, elements. Each codeword in CJ_ defines a
tuple (fama,1, -, fama,n;) that generates the DMA precoder
as Fyma = blkdiag(fyma 1, - - -, fama,n,). The codebook ap-
proach reduces the complexity of solving the DMA precoder
optimization and has been shown to achieve beam patterns
with similar gain and coverage as DFT codebooks [16].

The transmitter performs a combinatorial search to obtain

the optimal DMA precoder. Let Fc(,fz denote the cth precoder
be the unconstrained

obtained from C. . Further, let Fog)t
precoding matrix obtained by waterfilling over the effective

channel HFgc)a. The optimal DMA precoder is chosen as
F _ F{SON)
dma,opt —

dma Where

Copt = argmax ®)
)

We discuss the codebook design in detail in Section IV-B.
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B. Hybrid precoder optimization

Given the optimal DMA precoder Fyma opt the transmitter
computes the optimal digital and and analog precoders through
the effective channel H = HF yma opt. We apply the method
described in [14] to solve the hybrid precoding optimization
under the partially connected architecture. Letting H,,, denote
the N, x M, effective channel matrix for the mth subarray,
the effective channel can be written as

H= H;, Hy, -, Hyee|. 9)

The analog beamformer for each RF chain is found through the
singular value decomposition (SVD) of the effective subarray
channels. Let v,,, denote the dominant right singular vector of
H,,,. Then the optimal analog precoder is computed as

Fanaopt = blkdiag (eMVl, o eJ"VNBF) o 0)

The digital precoder is then found by finding the optimal
unitary precoder for the new effective channel after analog
and DMA precoding. Let V* be the right singular matrix of
HF 4ma optFana,opt- Then Fgig op: is obtained from the first N
columns of V*.

Due to the limitations of the DMA, a standard hybrid
precoder will generally achieve higher spectral efficiency than
the tri-hybrid precoder. The main benefit of the DMA is
the passive tunability, which drastically reduces the power
consumption. In the next section we overview the power
consumption of each of the different architectures.

C. Power consumption calculation

In this section, we derive expressions for the power con-
sumption of the general tri-hybrid architecture, a hybrid pre-
coding architecture with no DMA, and a full-digital precoding
architecture. We denote the power consumption of a number
of transmit components as follows: Ppa for a single power
amplifier, Ppac for a digital-to-analog converter (DAC) P o
for a local oscillator, Prr for the combination of the mixer,
low-pass filter and hybrid with buffer, Pps for a phase shifter.
Each architecture consumes a different amount of power due
to the difference in the quantity of each components. We use
the power consumption and component loss values described
in [17] for each architecture and the simulation results.
Fully-digital architecture: The fully-digital architecture at-
taches each antenna to its own RF chain. All processing
is performance at digital baseband and no phase shifters or
DMAs are used. Since there are N; antennas, the power
consumption is

Prp = PLo + N: (2Ppac + Prr + Pra) - (11)



This architecture consumes the most power due to the large
number of RF chains and DACs required.

Hybrid-analog architecture: The traditional hybrid architec-
ture reduces the number of RF chains by translating some of
the signal processing to the RF domain. Since the transmitter
uses a partially-connected configuration, /V; phase shifters are
used for analog precoding. The power consumption is then

Pan = Pio + N{F (2Poac + Pre) + Ny (Pes + Pen) . (12)

The phase shifters increase the system power consumption, but
the hybrid-analog architecture contains less RF chains than the
fully-digital architecture, consuming less overall power.
Tri-hybrid architecture: The tri-hybrid architecture combines
analog precoding with antenna-based processing to further
reduce power consumption. The only difference in the power
consumption between this and the hybrid-analog architecture
is the tunable components required to reconfigure the DMA.
Here, we assume the tunable component is a varactor diode
with power consumption Pyar. Each DMA block contains [V
unit cells, so the tri-hybrid power consumption is

Pry =PLo + N (2Ppac + Pre) + Ni (Pes + Pea)  (13)
+ NtNtucPV/_\R. (14)

The power consumed by each individual varactor diode is
negligible compared to the other transceiver components. This
means that a large number of unit cells can be used to offset
the reduced digital and analog processing.

Lastly, we integrate the losses from RF components into the
model and define a metric for energy efficiency. We include
loss from power dividers and phase shifters to model the total
transmit power into the antenna arrays. For an input power
P and total component loss L, we define the transmit power
for the different antenna arrays as

_An
=7
Since the fully-digital, hybrid-analog, and tri-hybrid architec-
tures contain different amounts of power dividers and phase
shifters, the component loss and transmit power for each
architecture will vary. We define the component loss from
phase shifters as Lps, and the component loss due to an
N,-way power divider as Lp(N,). We can now establish the
component loss models for the three architectures. For fully-
digital precoding with no phase shifters, the total component
loss for the Ni-way power divider is

Pr 15)

Lio = Lp(Vy). (16)

For hybrid-analog precoding, the component loss for an M-
way power divider and phase shifters is

Lya = Lo(M;)Lps. )

Lastly, for tri-hybrid precoding, the total component loss
incorporates both the M;-way power divider and the additional
power divider for IV, waveguides as

Ltv = Lp(M;)Lp(Ny)Lps. (18)

The total transmit power is then calculated for each archi-
tecture using the component loss, and the transmit power is
integrated into the average receive power for spectral efficiency
results. For a spectral efficiency R for each architecture, we
analyze the energy efficiency of the system via the ratio of
spectral efficiency to total power consumption Peons as

R
n= -
PCOHS
We present simulation results for the spectral and energy

efficiency of the fully-digital, hybrid-analog, and tri-hybrid
architectures in the following section.

19)

IV. NUMERICAL RESULTS

We now present some simulation results to evaluate the tri-
hybrid architecture performance. We compare both spectral
and energy efficiency for the fully-digital, hybrid, and tri-
hybrid architectures to determine the tradeoff in performance
and power consumption savings.

A. Antenna design

We first describe the antenna designs and characteristics
used in the simulation results. We assume that the tri-hybrid ar-
chitecture uses a DMA and that the fully-digital and hybrid ar-
chitectures use patch antennas. We alter a previously-designed
DMA in [4] to obtain gain patterns for a realistic DMA. We
design each DMA block to consist of N, = 5 waveguides,
each having 8 unit cells, which gives N/ = 40 elements.
Placing 8 elements per waveguide ensures that nearly all of
the input power from the waveguide excitation is radiated
out through the elements. The operating frequency of the
DMA design is fo = 15 GHz. We assume quarter-wavelength
spacing between DMA elements and half-wavelength spacing
between waveguides. Additional information regarding the
DMA design can be found in [16].

The next step is to design a comparable antenna array to
use with the fully-digital and hybrid architectures. As DMA
elements have a directional beam pattern, the elements in the
antenna array should also be directional in nature. Therefore,
we choose to design a patch antenna element at fy = 15 GHz.
The designed antenna element is a square copper patch with
length 3.5 mm atop a square substrate with length 10 mm.
The resulting patch antenna yields the desired resonance at
fo =15 GHz and has a high overall efficiency.

B. DMA codebook design

We now define the codebook used for DMA precoding as
a part of the tri-hybrid precoding architecture. For simplicity,
we assume the elevation angle to be zero and focus solely
on precoding in the azimuth direction with a DFT-based
codebook. For N, = 8 unit cells per waveguide, the DFT
codebook consists of 8 beam patterns that span the azimuth
angular region from ¢ € [—90°,90°]. We define the array



steering vector for azimuth steering angle (2, element spacing
d, and wavenumber kg as [18]

a() = 1 [ejkodOSinQ

VN

We define the beamforming vector for codeword c as [18]

, efkod(Na—1) sin Q} T . (0)

goeee

2c—1
fare(c) =a (‘1 + CNX ) ) 2D
where ¢ € {1,---,8}. We use the ideal DFT codebook

vectors to create the DMA codebook.

Next, we convert the weights described in (21) to fit the
Lorentzian-constrained distribution in (2). We use a method
known as Euclidean modulation to map the DFT weights onto
the DMA-constrained weights by minimizing the Euclidean
distance [4]. We also apply an optimization strategy involving
a phase rotation ( of the desired, DFT codeword weights
prior to mapping to improve beamforming gain. For a DFT
codeword element defined by the cth codeword and kth unit
cell as fqft,x(c), we define the DMA weight as a function of
¢ for the nth DMA precoder 7, .y, i as [4]

045',\2(0 = argmin 1), kv — fare k()|
Qn ke

(22)

We simulate beam patterns with the designed DMA in target
directions for the DFT codebook. For a resulting beam pattern
gain v((,Pg) in a target direction ¢o, we define the phase
rotation that maximizes beamforming gain within a set of
possible phase rotations Z as

C(¢o) = argmax v(¢, ¢o)-

eZ

(23)

We then use arEl'\g(é (¢o)) as the weights for the target direc-
tion ¢g to form the DMA codebook. Additional information
regarding this phase rotation optimization strategy and its
implementation can be found in [16]. We use the beam patterns
optimized with the phase rotation through electromagnetic
simulation results as the final, DFT codebook. Next, we will
discuss the integration of the beam patterns into a channel
model for spectral and energy efficiency simulation results.

C. Simulation results

To provide a realistic analysis of the three precoding archi-
tectures in a wireless system, we use the channel modeling
software QuaDRiGa [19]. QuaDRiGa incorporates a realistic
wireless channel model between a transmit and receive array,
allowing us to integrate the simulated beam patterns for
the DMA codebook and patch antenna element and obtain
a simulated channel gain G. We assume a single-antenna
receiver at a distance 7 = 500 meters away from the transmit
array, and consider a line-of-sight channel model where the
elevation angle is zero and the receiver is within an azimuth
angular distribution ¢ € [—70°,70°]. Using the simulated the
beam patterns for an entire 5 x 8 DMA in HFSS, the channel
we obtain from QuaDRiGa represents a post-beamforming
channel for the DMA. We use this channel to apply the
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Fig. 2. Spectral efficiency results for a scenario with N&'® = 240 elements.
We find that both the fully-digital and hybrid architectures outperform the
tri-hybrid architecture. This is expected, as these precoding methods consume
more power than the tri-hybrid approach.
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Fig. 3. Energy efficiency results for a scenario with Nf'e = 240 elements.
The tri-hybrid provides the best energy efficiency compared to the fully-digital
and hybrid architectures due to the decreased power consumption of the DMA.

subsequent analog and digital precoding for the tri-hybrid
architecture. We choose the codeword in the DMA codebook
that maximizes the spectral efficiency.

We calculate the spectral and energy efficiency results for
the three precoding architectures from (8) and (19) across
input power and the number of antenna elements. We define
the number of antenna elements as N = NN, where
Ny =1 for the fully-digital and hybrid-analog cases, and
Ng¢ = 40 for the tri-hybrid case. We show the results
for N&'® = 240 elements in Figs. 2 and 3. As anticipated,
fully-digital precoding provides the best spectral efficiency
results, followed by hybrid precoding and tri-hybrid precoding.
This directly follows the power consumed by each precoding
architecture, where fully-digital consumes the most power due
to the large number of required RF chains, and tri-hybrid
precoding consumes the least power from the incorporation of
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Fig. 4. Peak energy efficiency for the three precoding architectures as a
function of the number of antenna elements. As the number of antennas in-
creases, the peak energy efficiency of the fully-digital and hybrid architectures
decreases, while the tri-hybrid architecture remains approximately the same.

DMA precoding. Therefore, in terms of energy efficiency in
Fig. 3, we find that the tri-hybrid architecture provides the best
performance due to the lower power consumption compared
to the fully-digital and hybrid precoding architectures.

We further elaborate on the energy efficiency results in
Fig. 4 by showing the peak energy efficiency across input
power as a function of the number of antennas. We find here
that the tri-hybrid architecture has an approximately flat peak
energy efficiency as the number of antennas increases. This
indicates that the spectral efficiency increases proportionally
to the increase in power consumption from a larger number of
RF chains. The hybrid and fully-digital architectures, however,
have a peak energy efficiency that decreases with the number
of antennas, meaning that the increase in power consumption
for more antennas is larger than the increase in spectral
efficiency. Overall, the power consumption savings for the tri-
hybrid architecture leads to a significant increase in energy
efficiency compared to the fully-digital and hybrid precoding
architectures for a realistic wireless system.

V. CONCLUSION

Tri-hybrid precoding offers a flexible and energy-efficient
alternative to conventional hybrid architectures. The key idea is
to leverage novel reconfigurable antennas to reduce the number
of RF chains and phase shifters at the trasnceiver. A critical
challenge to realizing tri-hybrid MIMO lies in jointly optimiz-
ing the digital, analog, and digital precoders. In this paper, we
showed that even with a suboptimal precoding approach, the
tri-hybrid architecture offers much higher energy efficiency.
In the future, we plan to develop more sophisticated methods
for tri-hybrid precoding for a variety of MIMO applications,
including wideband and multi-user communication.
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