
Analysis of dynamic metasurface antennas under
matching network constraints

Joseph Carlson→, Nitish V. Deshpande→, Miguel R. Castellanos†, and Robert W. Heath Jr.→
→ECE Department, University of California San Diego (e-mail: {j4carlson, nideshpande, rwheathjr}@ucsd.edu)

†EECS Department, University of Tennessee, Knoxville (e-mail: mrcastellanos@utk.edu)

Abstract—Dynamic metasurface antennas (DMAs) are a type
of waveguide-fed reconfigurable slot antenna with integrated
tunable components that enable low-power beamforming. De-
spite recent advances made to optimize signal processing and
beamforming with DMAs, there is minimal work investigating
the improvement of the DMA matching efficiency. In this paper,
we explore impedance matching for DMAs and extend previous
impedance models for static slot antennas to the reconfigurable
DMA. We also provide an optimization algorithm to increase
the DMA matching efficiency without any external matching
network or additional components. The simulation results show
that the matching optimization procedure significantly improves
the matching efficiency of DMAs with high coupling.

I. INTRODUCTION

DMAs radiate power through reconfigurable slot elements
that can be tuned by an external controller [1]. Two common
low-power reconfigurable components used for DMA elements
are varactors and PIN diodes [2]. Tuning the reconfigurable
component alters the resonant response of a DMA element,
which can be leveraged to enable beamforming. Since the
power consumption of the reconfigurable components is mini-
mal compared to typical beamforming hardware, such as phase
shifters, DMAs can be scaled up to create large, highly energy-
efficient antenna arrays [3].

Travelling-wave slot antennas are typically matched based
on the isolated impedance or admittance of the individual slot
elements [4]. The most common waveguide-fed slot element,
the longitudinal slot, is modeled as an isolated shunt admit-
tance on a waveguide [5], [6]. The total admittance can then
be calculated by adding up the admittances of all individual
slot elements [7]. Prior methods to determine the total input
admittance of the slot antenna array, however, assumes static
slot elements that cannot be reconfigured. We incorporate
reconfigurable impedances and admittances into the DMA
impedance model and provide a novel impedance matching
technique that differs from conventional matching networks.

While static antennas often only require a fixed matching
network to provide a sufficient impedance match, reconfig-
urable matching networks have been explored to provide
higher matching efficiency and increase the functionalities of
reconfigurable antennas [8]. Frequency-reconfigurable anten-
nas with tunable matching networks in [9], [10] incorporate
PIN diodes and varactors to increase the matching efficiency.
Analytical formulas have also been derived for the coverage of
different reconfigurable matching networks [11]. The tunable

matching networks designed in these works assume a reconfig-
urable antenna element with an isolated feed, such as a loop
antenna. Reconfigurable slot elements differ from these an-
tenna elements since there is a singular feed for all elements in
the antenna array, and the source impedance for a slot antenna
array is the characteristic waveguide impedance, rather than a
source impedance from a coaxial cable feed. New techniques
need to be developed to optimize the impedance matching for
a reconfigurable slot antenna compared to independently-fed
reconfigurable antenna elements.

In this paper, we develop a DMA impedance model and
improve the matching efficiency of the DMA. We extend
prior impedance models on static slotted-waveguide antennas
to accurately calculate the effective impedance of the DMA
array. This avoids the need for repetitive electromagnetic sim-
ulations to determine the DMA impedance. We then propose
a novel method to optimize the matching efficiency of a
DMA by configuring the DMA element weights to improve
the impedance matching between the DMA array and the
waveguide characteristic impedance. We show in simulation
results that for DMA elements with large coupling, the pro-
posed matching efficiency optimization algorithm increases the
matching efficiency of the DMA.

Notation: For a complex number z, |z| is its magnitude, and
↭z is its phase. The superscript a denotes an isolated element
parameter. The term j denotes the imaginary unit.

II. DMA IMPEDANCE AND BEAMFORMING MODEL

We describe the impedance model for an isolated DMA
slot element and the effective impedance of the entire DMA.
The total effective impedance of a slotted-waveguide array is
calculated based on the impedance of each isolated element.
We extend the static slot antenna element impedance model
to the reconfigurable case and determine the effects of the
reconfigurability on the total effective DMA impedance. While
the DMA has a frequency-selective response, we focus on
DMA beamforming and impedance matching at a particular
operating frequency ft and omit the frequency-dependence of
the DMA impedance and beamforming weights in notation.

A. DMA impedance model
Due to the large transverse width of the DMA element,

the isolated impedance of a DMA element can be modeled
as a transverse slot antenna element [4]. While analytical



models exist to calculate the isolated impedance for a sim-
ple longitudinal or transverse slot antenna element [4], it is
difficult to extend these models to DMAs because of the
complexity of the DMA element geometry. Instead, we take
a computational approach and calculate the isolated DMA
element impedance based solely on its scattering parameters.
Let ft be the operating frequency for the DMA, fr,n be the
resonant frequency tuning for the nth DMA element, and Sa

11

be the isolated reflection coefficient for the DMA element.
We omit the dependence of the isolated impedance on ft for
brevity. The isolated impedance for the nth DMA element is
[4]

Za
n =

2Sa
11(ft, fr,n)

1→ Sa
11(ft, fr,n)

. (1)

The model in (1) provides a simple and accurate method to
calculate the isolated DMA element impedance for any recon-
figurable resonant frequency fr,n. The reflection coefficient for
a DMA element can be readily obtained either from full-wave
electromagnetic simulations, or DMA models as described in
[12].

The isolated impedance expression in (1) is valid for
transverse slot elements and rotated slot elements with low
scattering within the waveguide. To model a slot element as
a series impedance, the scattering relationship Sa

12 = 1→ Sa
11

must be satisfied [4], which provides a simple method to check
the validity of the DMA element series impedance model.
Empirically, we have found this to be true for DMA elements
with low scattering through full-wave simulation results. The
series impedance model, however, is an approximation of
the more general Tee network model under low scattering
conditions. Therefore, for DMA elements with high scattering,
it is more accurate to model the DMA elements as a Tee
network.

The appropriate impedance values for a Tee network can
be obtained from the scattering parameters, and the total input
impedance is calculated based on cascaded ABCD matrices
for the DMA elements and waveguide [13]. We describe the
impedance model as follows by assuming that scattering is low
for the DMA elements to derive a simple, analytical expression
for the total DMA impedance using the series impedance
model. We note here that the same analysis can be done
for high scattering elements with Tee networks and ABCD
matrices, but the final impedance expression will be much
more complex. We show results for both the Tee network and
series impedance models in Section IV, as well as additional
discussion on the validity of the models.

The waveguide can be modeled as a transmission line that
carries the input signal from one DMA element to the next.
The electrical length ! of the effective transmission line
between DMA elements is given by the waveguide propagation
constant ωg and element spacing d as ! = ωgd [13]. The total
input impedance of the DMA can then be calculated recur-
sively based on the reconfigurable isolated impedances of the
DMA elements and the segments of waveguide transmission
line. Fig. 1 shows the equivalent full circuit model for the

DMA [4]. Since we assume a waveguide-fed architecture, the
characteristic impedance of the waveguide Z0 is the effective
source impedance for matching and is determined by the
waveguide design. At the nth element, the effective DMA
array impedance normalized by the characteristic waveguide
impedance is [4]

Zn

Z0
=

Za
n

Z0
+

(Zn→1/Z0) cos(ωgd) + j sin(ωgd)

cos(ωgd) + j(Zn→1/Z0) sin(ωgd)
. (2)

We see in (2) that the effective DMA array impedance at the
nth element is a combination of the isolated impedance for the
nth and the effective DMA array impedance at the previous
element transformed by the waveguide transmission line. We
can then define the total input impedance for the entire DMA
array based on the N th DMA element impedance in (2) as

Zin

Z0
=

(ZN/Z0) cos(ωgd) + j sin(ωgd)

cos(ωgd) + j(ZN/Z0) sin(ωgd)
, (3)

which fully describes the impedance characteristics of the
DMA.

For the reflection coefficient given as S11 = Zin→Z0
Zin+Z0

, we
define the key performance metrics of return loss as

RL = 20 log10 |S11| (4)

and matching efficiency as

em = 1→ |S11|2. (5)

Since the input impedance must be calculated recursively from
the isolated DMA element impedances, there is not a closed-
form solution for the DMA input impedance. Moreover, as
(3) is defined by the normalized impedance and the waveg-
uide characteristic impedance is real and positive such that
Z0 > 0 ↑ R, it is desired for Zin

Z0
= 1 to minimize the

return loss in (4) and maximize the matching efficiency in (5).
We describe an optimization procedure to improve the DMA
matching efficiency in Section III-B.

B. DMA beamforming model
Next, we describe the DMA beamforming model and detail

the methods to convert a DMA beamforming weight to an
isolated impedance. DMAs have a limited antenna weight
distribution when compared with phased arrays for beam-
forming due to the reconfigurable component. The geometry
and design of DMA elements are known as complimentary
electric LC resonators, which are sub-wavelength in size. The
resonant response of the DMA element results in an effective
magnetic surface current, which allows for DMA elements
to be modeled as point magnetic dipoles [1]. Let F be the
coupling factor, and ” be the damping factor for the magnetic
polarizability of a magnetic dipole. The magnetic polarizability
expression for a resonant frequency tuning fr,n is given as [1]

εm,n =
2ϑf2

t F

2ϑf2
r,n → 2ϑf2

t + j”ft
. (6)

Varying the resonant frequency fr,n around the target fre-
quency ft changes the magnetic polarizability. For a normal-
ization constant 2ϑft F! on the magnetic polarizability in (6),



the magnetic polarizability at the target frequency is given by
a Lorentzian distribution as [1]

Qdma =

{
→ j+ ejω

2
: ϖ ↑ [0, 2ϑ)

}
. (7)

The distribution in (7) describes the effective DMA antenna
beamforming weights as fn ↑ Qdma. The reconfigurable
resonant frequency fr,n corresponds to a phase ϖ in (7) to
allow for a tunable weight.

We can also extract the magnetic polarizability expression
from HFSS simulations based on the isolated scattering pa-
rameters Sa

11, Sa
12 and waveguide design. Let a and b be the

waveguide width and height, respectively. The extracted DMA
magnetic polarizability is given by [2]

εm,n =
jab

ωg
(1 + Sa

11(ft, fr,n)→ Sa
12(ft, fr,n)) . (8)

We can relate a desired DMA weight on the Lorentzian
distribution in (7) to the magnetic polarizability in (8) for
a designed DMA in HFSS at a resonant frequency tuning.
We can then calculate the isolated impedance for this DMA
element using (1) with Sa

11(ft, fr,n) from simulation results.
Further details regarding the mapping from the Lorentzian
distribution to a designed DMA are found in [14].

III. IMPEDANCE MATCHING OPTIMIZATION

Given the impedance and beamforming models defined in
Section II-A and II-B, we present a technique to improve the
impedance match between the DMA and waveguide character-
istic impedance. To simplify the implementation and eliminate
the need for external hardware or matching networks, we
describe a method to increase the matching efficiency solely
by configuring the DMA weights.

A. Problem formulation
Our goal is to maximize the DMA matching efficiency in

(5) and steer a beam pattern in a desired direction ϱ0 using
the DMA weights. A phased array with unit-amplitude weights
wn can be configured to steer a beam pattern by setting the
weights as wn(ϱ0) = ej

2ωft
c d sin ε0(n→1), where c is the speed

of light. For a DMA, we must account for the addition of
the waveguide phase advance ωg and configure the weights
as wdma

n (ϱ0) = ej
2ωft

c d sin ε0(n→1)+jϑgd(n→1). Since the DMA
weights fn must lie on the Lorentzian distribution, a simple
way to configure DMA weights for beamsteering is to map the
unit-amplitude weights wdma

n onto the Lorentzian-constrained
weights as [1]

fn(ϱ0) = → j+ ej↭wdma
n (ε0)

2
. (9)

The expression in (9) is known as Lorentzian mapping and
was proposed in [1] for beamsteering with DMAs.

We now describe the matching efficiency problem formu-
lation by reconfiguring the set of Lorentzian weights in (9).
In any beamforming weight vector with elements wdma

n (ϱ0),
multiplying by a common phase shift ejϖ will not change the

Fig. 1. The equivalent circuit model for an entire DMA array. Each DMA
element is modeled as a single, reconfigurable series impedance, while the
segments of waveguide in between each element is modeled as a transmission
line. The DMA array should be well-matched to the characteristic impedance
of the waveguide as Z0.

resulting beam pattern. The common phase shift, however,
would provide a new set of DMA weights that can change
the beam pattern or impedance match when mapped onto
the Lorentzian-constrained distribution. This is discussed in
further detail in [14]. Since the impedance match changes
depending on the configuration of DMA weights, we optimize
the DMA weights by determining the common phase rotation
ς applied to the phased-array weights that maximizes the
matching efficiency of the mapped DMA weights. We then
formulate the DMA matching efficiency optimization problem
to maximize matching efficiency while steering a beam pattern
in a desired direction ϱ0 as

max
ϖ↑[0,2ϱ)

(em(ς)) s.t. fn(ϱ0, ς) = → j+ ej↭wdma
n (ε0)ejϖ

2
. (10)

We describe the procedure for calculating the optimal phase
weight rotation to maximize the matching efficiency in (10)
as follows.

B. Impedance matching optimization procedure
We calculate the optimal phase rotation by determining the

total impedance using (2) for the set of DMA weights in (10).
We outline the steps to calculate the optimal phase rotation as
follows:

1) Calculate the set of DMA weights from the phased-array
solution with the phase rotation as

fn(ϱ0, ς) = → j+ ej↭wdma
n (ε0)ejϖ

2
. (11)

and determine the isolated impedances Za
n(ς) that cor-

respond to the weights fn(ϱ0, ς) using (8) and (1).
2) Use the recursive impedance algorithm

Zn(ς)

Z0
=

Za
n(ς)

Z0
+
(Zn→1(ς)/Z0) cos(ωgd) + j sin(ωgd)

cos(ωgd) + j(Zn→1(ς)/Z0) sin(ωgd)
(12)

to calculate the total input impedance for the DMA array
with the set of weights.

3) Determine the reflection coefficient as

S11(ς) =
Zin(ς)→ Z0

Zin(ς) + Z0
(13)



from the calculated input impedance.
4) Repeat steps 1-3 for all phase rotations ς ↑ [0, 2ϑ) to

find the optimal phase rotation ςopt that maximizes the
matching efficiency as

ςopt = argmax
ϖ↑[0,2ϱ]

(
1→ |S11(ς)|2

)
. (14)

The solution in (14) provides a method to improve the DMA
matching efficiency solely by configuring the DMA weights
and without any external matching network or additional
hardware. In the next section, we determine the impact of
the optimization procedure on matching efficiency through
simulation results.

IV. SIMULATION RESULTS

We now discuss the effectiveness of the matching optimiza-
tion procedure for improving the impedance match between
the DMA array and the waveguide characteristic impedance.
To verify the validity of the impedance model, we design and
simulate a DMA in HFSS based on our prior work in [14]. The
DMA is designed to operate at ft = 15 GHz with a spacing
of d = 6 mm and has N = 12 elements. We assume the DMA
lies in the xy plane and the elements are spaced along the x
axis. To simplify the analysis, we consider a beamsteering
scenario and steer a beam pattern at the elevation angles
ϱ0 = 0↓ and ϱ0 = →30↓. We calculate the DMA weights
over all weight phase rotations ς from (11) to determine the
effectiveness of the proposed optimization procedure.

We also consider two DMA designs based on the coupling
factor F to investigate how the DMA design impacts the
resulting matching efficiency. The coupling factor determines
the amount of scattering that occurs within the waveguide due
to the DMA element. Larger amounts of scattering leads to
bigger variations in the DMA element impedance, depending
on the resonant frequency tuning, according to (1), which may
decrease the matching efficiency. We alter our initial design
in [14] to vary the coupling factor by changing the waveguide
height from 1 mm to 4.9 mm, since bigger waveguide heights
correspond to lower scattering [4].

We show in Fig. 2 the calculated and simulated matching
efficiency for the low coupling (LC) and high coupling (HC)
DMA designs at steering angles ϱ0 = 0↓ and ϱ0 = →30↓. We
consider calculated results based on both the series and Tee
network models. We find in Fig. 2 that for a low coupling
DMA design, the DMA is well-matched to the characteristic
impedance of the waveguide for both steering angles. This is
due to the low amounts of scattering from each DMA element
at any resonant frequency tuning, leading to low return loss
and matching efficiency greater than 96% over all weight
phase rotations. For the DMA design with high coupling,
however, the matching efficiency varies greatly across the
different weight phase rotations, from around 71% to 99%
at ϱ0 = 0↓, and 77% to 94% at ϱ0 = →30↓. This means
that the proposed impedance matching optimization procedure
can provide a significant increase in the matching efficiency
for high coupling DMAs, whereas DMA designs with lower
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Fig. 2. Calculated and simulated matching efficiency results for a beam
steered at (a) ω0 = 0→ and (b) ω0 = ↑30→. We find that for a DMA
design with low coupling, the DMA is already very well-matched and the
matching efficiency is high. For the DMA design with high coupling, however,
the matching optimization procedure provides a significant increase to the
matching efficiency across the possible weight phase rotations.

coupling may not require additional matching. Moreover, the
differences in the matching efficiency range between the ϱ0 =
0↓ and ϱ0 = →30↓ cases shows how the matching efficiency
optimization procedure depends on the desired steering angle.

We also note the agreement between the simulated and
calculated results in Fig. 2 to further verify the validity of
the impedance models in (1) and (2). While the series and
Tee network models for the low coupling design are nearly
identical to simulation results, the higher coupling DMA
design, however, yields a larger discrepancy between the sim-
ulated and calculated results. This is primarily due to mutual
coupling and perturbations in the waveguide electromagnetic
fields, which is stronger for elements with higher scattering.
As expected, for the higher coupling DMA design, the Tee
network model provides a slightly more accurate matching
efficiency calculation when compared with the series model.

While a DMA design with low coupling may be ideal, larger
coupling factors in a DMA design could be necessary due to
fabrication limitations. The most simple and low-cost method
to fabricate a DMA prototype is through a PCB design using
a substrate-integrated waveguide, which means the available
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Fig. 3. DMA pattern simulation results for a beam steered at (a) ω0 = 0→ and
(b) ω0 = ↑30→ using the DMA design with high coupling. There is a gain
difference of approximately 3.6 dB and 3.7 dB between the beam patterns for
the weight phase rotations that minimized and maximized matching efficiency.

substrates and layer heights are dictated by the PCB manufac-
turer. Therefore, if a high coupling factor is unavoidable in a
DMA design, the proposed impedance matching optimization
method can be used to ensure a good match between the DMA
array and the waveguide characteristic impedance.

Next, we show in Fig. 3 the simulated pattern results of
the high coupling DMA at both steering angles for the set of
weights that maximized and minimized matching efficiency in
Fig. 2. We see in Fig. 3 that there is approximately a 3.6 dB
and 3.7 dB improvement in the realized gain at the desired
steering angles of ϱ0 = 0↓ and ϱ0 = →30↓ between the two
sets of weights. We also find that the matching efficiency
optimization procedure can provide additional performance
enhancements in the realized gain that exceed the initial
matching efficiency increase. In the ϱ0 = 0↓ case, for example,
the matching efficiency difference of 71% to 99% should lead
to a realized gain improvement of around 1.4 dB where we
instead see a 3.6 dB difference. Moreover, it is important to
note that the impedance matching optimization procedure does
not require any additional hardware, and can improve both the
matching efficiency and realized gain simply by configuring
the DMA weights.

V. CONCLUSION AND FUTURE WORK

In this paper, we developed a method to increase the
matching efficiency of a DMA array by reconfiguring the
DMA element weights based on a common weight phase
rotation. We found that for a DMA design with high coupling,
the matching efficiency optimization procedure allowed for a
large increase in matching efficiency for a beam steered in
two directions. The matching efficiency optimization also does
not require any external hardware or matching network. In
future work, we aim to test our optimization procedure on a
fabricated DMA prototype, and consider more sophisticated
beamforming and impedance matching optimizations to ex-
tend the analysis beyond the Lorentzian-constrained mapping
procedure.
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