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Abstract: Integrated lithium niobate electro-optic (EO) modulators have received strong
attention due to the unique material properties of LN, which include low optical loss, high
refractive index, and strong Pockels effect. The trade-off between electro-optic bandwidth (BW)
and half-wave voltage (Vπ) in LN modulators has been widely studied; however, the trade-off
between the voltage-length product (Vπ · L) and optical insertion loss (IL) has received less
attention. Nevertheless, it is important for efficient EO modulators. The Vπ · L-IL trade-off
originates from the balance between the applied electric field intensity and the absorption losses
in metallic electrodes, which are both determined by the distance between electrodes and optical
waveguides. Here, we find out tha the absorption loss is highly dependent on the electrode
width as a result of the mode coupling between the dielectric waveguide and the metal-dielectric
plasmonic modes. And we overcome this trade-off by using a special electrode shape that can
suppress the mode coupling. As a result, we numerically demonstrate a 5-fold propagation
loss reduction (at the same Vπ · L) and a 16% Vπ · L reduction (at the same loss) compared to
a conventional electrode design. We also show that the proposed design does not degrade the
frequency response of the modulator, and a more than 50 GHz 3-dB BW can be achieved with an
electrode length of 0.8 cm. Our design principle could be used to achieve high-efficiency EO
modulators with low insertion loss. Furthermore, the design principle could also be applied to
other optical devices with metal-dielectric waveguide structure, such as EO or thermally tuned
phase shifters, filters, and optical resonators, to improve their performance.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Electro-optic (EO) modulators are essential in optical communication, microwave optics, quantum
optics and many other EO systems to convert electrical signals into optical signals [1–4]. A
typical EO modulator is formed by electrically altering the real part of the refractive index of the
waveguide by means of an electro-optic (EO) effect. Lithium niobate (LN) is one of the most
advantageous EO materials for high speed and low drive voltage EO modulators. This is due to
its unique material properties such as the strong linear EO coefficient, low optical losses, and a
high refractive index [5–11]. With the rapid development of the ultra-low-loss integrated LN
waveguide platform, on-chip LN EO modulators have attained great research interest in both
academia and industry [12–16].

The performance of an integrated LN modulator is generally quantified using various metrics,
including extinction ratio (ER), insertion loss (IL), electro-optic bandwidth (BW), linearity,
half-wave voltage (Vπ), and voltage-length product (Vπ · L) [17,18]. In an LN modulator, the
traveling wave electrode is often used to increase the active region length L, and hence to reduce
the half-wave drive voltage Vπ , which is inversely proportional to L. However, the increased
electrode length directly increases the total microwave propagation loss and limits the achievable
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BW. This BW-Vπ limit in the modulator was recently overcome by using the so-called T-shaped
segmented electrodes, which are able to significantly reduce RF loss [19–21]. However, the
modulation efficiency Vπ · L has not changed, and a relatively large footprint is still required for a
low Vπ .

The Vπ ·L in an LN modulator is mainly determined by the strength of the applied electric field
within the modulation region. The electric field strength is inversely proportional to the distance
(d) between the electrodes and the optical waveguides. Therefore, we need to reduce d to obtain
a smaller Vπ · L. The most important contribution to the optical loss in an LN modulator is the
absorption loss caused by the nearby metal electrode. This absorption term is very sensitive to d
and increases exponentially as d decreases. Given the inherent source of loss, which cannot be
simply avoided, there is thus a further trade-off in an LN modulator: Vπ · L -IL. Attempts have
been made to overcome this compromise by introducing functional materials into the modulator.
In [22], a high-K material is used as the top cladding, which could increase the intensity of the
applied electric field around the LN waveguide. In [23], a transparent electrode is combined
with a regular metal electrode to reduce the absorption loss caused by the metal electrode. Both
works could achieve a small Vπ · L, however, the additional material increases the fabrication
complexity and may cause additional optical losses.

In this work, we investigated the absorption loss in a standard partially etched LN traveling
wave (TW) modulator and showed that this absorption loss is largely caused by the mode coupling
between the optical waveguide mode and surface plasmon polariton (SPP) modes [24,25]. The
plasmonic (pl) modes are formed in the metal-LN-SiO2 structure and the mode field is located
mainly in the LN region, which makes the pl mode feature a very close propagation constant
compared with the optical mode in the LN waveguide. Close propagation constants will make it
possible to achieve a phase matching condition and lead to a strong mode coupling between optical
and pl modes. Investigating the coupling effect between optical and pl modes, we found that
the absorption losses are enhanced/suppressed depending on the phase matching/mismatching
conditions between the two modes, which can be easily controlled by the electrode geometry, for
example varying the metal width. Taking advantage of this strong dependence, we propose a
special shape design to suppress the mode coupling by altering the phase-matching condition. In
this way, we numerically demonstrate a new design principle for an LN modulator to break the
Vπ · L-IL trade-off in LN. As a result, we achieve a 5× loss-reduction (for the same VπL) and a
reduction of 16% VπL (for the same loss) compared to the conventional rectangular electrode
design based on numerical simulation. We believe that our design principle could be useful
for the next generation highly efficient, high speed, and low IL modulators. In addition, the
proposed absorption loss suppression concept could also be introduced for other optical devices
with metal-dielectric waveguide structure, such as: EO/thermally tuned phase shifters, filters,
and optical resonators to improve their performance.

2. Absorption loss and mode coupling in LN modulator

The presence of metal electrodes in optical modulators introduces absorption losses in adjacent
optical waveguides due to the substantial imaginary component of the metal’s refractive index.
This detrimental effect becomes particularly pronounced in integrated LN modulators owing to
their unique electrodes configuration, where the electrodes are placed on top of thin film LN
slab. The metal-LN-SiO2 sandwich structure, as shown in Fig. 1, establishes a plasmonic (pl)
waveguide [26,27], which supports a family of pl modes. The pl modes exhibit an effective
index (npl) which is predominantly determined by the LN’s material RI, resulting in values
comparable to the effective index (nop) of the optical modes in the LN waveguide. As a result,
strong mode coupling occurs between these two waveguide systems, enabling significant energy
exchange through evanescent-field interactions. This coupled system can be effectively analyzed
using simplified coupled mode theory (CMT) with proper consideration of the metal’s complex
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refractive index [25,28]. The simplified coupled mode equations in a two-waveguide system with
consideration of propagation loss is:{︄

dE1
dz = i (γ1E1 + κE2) ,

dE2
dz = i (γ2E2 + κE1) ,

(1)

where the γ1, γ2 are complex propagation constants for isolated modes in the two waveguides
without coupling, and the E1, E2 are the electric field in the optial and pl waveguide respectively
in the coupled system. The coupling coefficient κ can be obtained by:[29]:

κ =
1
4

√︃
ϵ0
µ0

∬
(n2(x, y) − n2

1(x, y))Φ∗
1Φ2dxdy, (2)

where n(x, y) and n1(x, y) are the refractive index distribution for the coupled system and the
isolated optical waveguide respectively. The Φ1 and Φ2 are the normalized electric field (the
mode power is normalized to be 1 W) for isolated modes.

Fig. 1. Diagram of the LN waveguides and electrodes and the corresponding mode profiles
for the optical (op) and pl modes: (a) the isolated modes for metal width of 0.6 µm, (b) for
metal width of 1.1 µm; and (c) the coupled super-modes for metal width of 0.6 µm, (d) for
metal width of 1.1 µm. In the simulation, the default adaptive triangular meshes are used
with a minimum mesh size of 80 nm. The material refractive indices used in the simulation
are: nLN = (2.138, 2.21, 2.21), nSiO2 = 1.46, nAu = 0.52 - 10.74i. Parameters used for the
simulation are: [htotal, hetch, w, wAu, hAu, gapelec] = [0.5, 0.25, 1.5, 0.6, 1, 4] µm.

The mode profiles and propagation constants of the isolated modes and super-modes could
be obtained via numerical simulation (Mode solver, COMSOL Multiphyisics). The optical
wavelength used in the simulation is 1550 nm. Figure 1 shows the simulated mode profiles for the
isolated modes and the coupled super-modes. Figure 1(a) shows the isolated modes profiles for a
metal width of 0.6 µm, and the optical mode is nearly phase matched with the pl mode (the index
difference is 0.0043). In this case, as shown in Fig. 1(b), the two super-modes in the coupled
system show different mode profiles compared to the isolated modes, and the mode electric field
is partially distributed around the other waveguide. Figure 1(c) shows a similar result for an
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electrode width of 1.1 µm, where the real part of the effective indices are largely different (>0.1)
from isolated modes. As shown in the Fig. 1(d), the super modes for such electrodes width
show almost the same mode profiles compared with isolated modes, and the mode redistribution
around the other waveguide could hardly been seen.

By solving Eq. (1), we could obtain the electric field distribution along the propagation
direction, with initial condition: E1 = 1, and E2 = 0 (light input from the optical waveguide).
The results are shown in Fig. 2. Here we considered both the lossy case (solid curves in Fig. 2)
and the lossless case (dashed curves in Fig. 2). The lossless results are obtained via solving the
same coupled mode Eq. (1) by setting the imaginary part of propagation constants (for isolated
and coupled modes) to be 0. In Fig. 2(a), the nearly phase matched condition is considered (wAu
= 0.6 µm). For the lossless case, the optical power in the optical waveguides will transfer to the
pl waveguide and then transfer back, and the coupling length Lc is 177 µm (the length for the
maximum power transfer to the other waveguide). For the lossy case, the propagation loss in
the pl mode is around 2102 dB/cm (calculated by the mode complex propagation constant), and
the light coupled from optical to pl waveguide will be soon dissipated. As a result, the power
in the pl waveguide first rises up and then decays linearly (the red solid curve in Fig. 2(a)). In
optical waveguide, the power first drop down with a nonlinear rate and soon shows a linear decay
trend. It’s worth to mention that the power decay rates in the linear region for optical and pl
waveguides are the same and the corresponding propagation loss is around 6 dB/cm. And the loss
is close to the propagation loss derived from the complex effective index na of the super mode a,
which is 6.4 dB/cm. For the phase mismatched case (wAu =1.1 µm), as shown in Fig. 2(b), the
power evolution in the lossless system is quite similar to the near phase matched case, except that
the maximum power transfer ratio is much smaller than that in the Fig. 2(a). In the lossy case,
the power in the pl waveguide features a small oscillation and then slowly decays linearly. By
comparing the power evolution in optical waveguides for both near phase matched and phase

Fig. 2. Calculated optical propagation properties in the two waveguide coupled system
based on the CMT: (a) For the metal width of 0.6 µm, and (b) for the metal width of 1.1 µm.
Other geometric parameters are the same as in the Fig. 1. The optical input is set to only
from the optical waveguide. And the propagation constants used in the CMT calculations are
from a finite element method (FEM) simulations based on the mode solver in COMSOL. The
solid curves are the calculated results by considering a complex propagation constants - the
lossy case, and the dashed curves indicate the lossless case by using a pure real propagation
constant.
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mismatched cases, we found the power decay rate in the phase mismatched case is much smaller,
which could be explained by the limited maximum power transfer ratio caused by the phase
mismatching.

To better understand the power evolution in the propagation direction in the lossy case, we
performed a 3D FEM simulations (Beam envelops, COMSOL Multiphyisics) to obtain the electric
field distribution along the propagation direction. The waveguides geometric parameters are the
same as in the Fig. 1, and the electrode width is 0.6 µm. In the simulation, we first excited one of
the eigen modes a, b (the subscript a indicates the mode that located at the optical waveguide and
b indicates the mode that located at the pl waveguide, and the super-modes profiles can be found
in Fig. 1(b)). Here the eigen mode aptitude will decrease along propagation due to optical loss
and the mode profile will keep the same if there are no perturbations on the waveguide geometry
(uniform waveguides). As shown in the Fig. 3(a), (b), the excited eigen mode b will decay much
faster than the eigen mode a. Then we excite both eigen mode a and b with power ratio of 1:1, as
shown in the Fig. 3(c). As expected, the power in the eigen mode b will soon be dissipated and
the power in the eigen mode a is left without significant dissipation. This could help explain
the result we obtained from the CMT that the optical loss in the optical waveguide will finally
convergence to loss in the super mode a (super mode b has already been dissipated). According
to the above analysis, we will directly use the loss of super mode a to represent the propagation
loss for the modulator waveguide.

Fig. 3. Simulated propagation properties for the coupled waveguide systems by exciting the
corresponding super-modes: (a) excite only super-mode a, with propagation constant, γa, (b)
excite only super-mode b, with propagation constant, γb, and (c) excite both super-modes
a and b, with power ratio of 1:1. The geometric parameters for the waveguide and the
electrodes are the same as parameters in Fig 1., the metal width is 0.6 µm, and the propagation
length is 60 µm. The output mode profile in (b) is dominated by the background noise.

Next, a quantitative investigation of the optical pl mode coupling and the corresponding loss
absorption is conducted by using numerical simulations (Mode solver, COMSOL Multiphyisics).
As shown in Fig. 4(a), we calculated the real part of the effective index (circular shapes) of the
isolated pl mode families without optical waveguide. In the simulation, the metal width of the pl
waveguide is altered and 5 pl modes are considered. Similar to an optical mode family, the pl
modes effective indices are very sensitive to the waveguide width (the metal width here). As a
reference, the effective index of the optical mode is also plotted with a constant waveguide width
of 1.5 µm. There are a few phase matching points between the two modes, where the real part
of the effective index for the two modes are equal to each other. At the matching points, as we
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already discussed, the mode of the dielectric optical waveguide is strongly coupled to one of the
metal-dielectric pl modes and the optical loss is largely increased due to metal absorption, as
shown in Fig. 4(b). Considered in the modulator, one optical waveguide is placed in between two
electrodes, the calculated loss is simply doubled by using the optical loss in waveguide with only
one electrode. In Fig. 4(b), we can also see a strong dependence of the optical loss on the metal
electrode width, which is corresponding to the mode coupling and phase matching condition in
the coupled system. If we zoom into the region with an electrode width of about 0-1 µm, we can
find a strong absorption peak with a maximum loss of about 12.8 dB/cm (at a metal width of 600
nm), and the minimum loss is only 0.06 dB/cm (at a width of 50 nm). The optical losses have
changed by a factor of more than 200. Apart from the absorption areas, there are several other
areas where the optical losses are relatively low. In the case of mode coupling, there is a strong
wavelength-dependent absorption peak at about 1550 nm (Fig. 4(c)), which leads to large optical
losses over a large wavelength range. In the other case, the optical losses remain low (<1 dB/cm)

Fig. 4. (a) Real part of the effective index of the pl and optical modes with different metal
width in a modulator. (b) The corresponding optical losses with different metal width.
(b) Calculated optical losses with different wavelength. (d) Calculated optical losses with
different electrodes gaps. (e) The simulated mode profiles for the pl modes in a 5 µm wide pl
waveguide. Parameters used in (a)-(b) are: [htotal, hetch, w, wAu, hAu, gapelec] = [0.5, 0.25,
1.5, sweep, 1, 4] µm. Parameters in (c)-(d) are the same as in (a)-(b), but chose a certain
metal width; and in (c), the electrodes gap is 4 µm, in (d), the gap electrodes is swept.
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over an extremely large wavelength range (> 400 nm). The results show the potential to utilize
the effect of mode coupling/mode coupling suppression in wide bandwidth optical components.
In addition to the electrode width, the distance between the electrodes has a large influence on
optical losses. As can be seen in Fig. 4(d), the trends of the optical losses show an exponential
relation to the electrodes gap. To investigate the wavelength sensitivity of the mode coupling,
we chose two typical electrode widths: one at strong mode coupling (wAu = 0.6 µm) and one at
mode coupling suppression (wAu = 1.1 µm).

3. Electrode shape design for an efficient EO modulator

As mentioned above, the optical absorption loss caused by electrodes is related to the mode
coupling and mode profile redistribution, and depends on the width of the electrodes. By
choosing an approximate electrode width, we can significantly reduce the absorption loss by
suppressing the mode coupling. However, this method cannot be directly used in traveling wave
EO modulators because the metal width is determined by the RF design for high frequency
operation for the following reasons: velocity matching, low microwave loss and impedance
matching. Therefore, the electrode width is usually ten to a few tens of micrometers. As shown
in Fig. 4(a), with the increase of electrodes width, the supported mode number increases, and the
effective index difference between adjacent modes decreases. As a result, there is a much higher
probability in a normal EO modulator, that one or more pl modes will match the optical mode
with a close effective index.

Figure 5(a) shows a typical mode profile for the waveguide with nearby electrodes, which the
mode electric field is partially distributed near the metal region. The mode field redistribution is
caused by the mode coupling between optical and one of the high-order pl modes. It is worth to
emphasize that with a relatively large electrodes width, the absorption loss is much less sensitive
to the metal width, as shown in Fig. 5(c). And no matter which metal width it is, there will always
be a higher order pl mode with a effective index that is close enough to the optical waveguide
index and leads to a relatively strong mode coupling.

Here we introduce a supporting dielectric strip, as shown in Fig. 5(b), to break the geometric
continuity of the metal-dielectric pl interface. Since the pl mode is determined by the metal-
dielectric interface, the supported modes are significantly changed. Such an electrode shape
design splits the pl waveguide into two sub-waveguides and the mode coupling from optical to pl
modes is determined only by the sub-waveguide closer to the optical waveguide. By designing
the geometry of the sub-waveguide, we can artificially control the coupling between optical and
pl modes. Here, the height of the strip is the same as the optical waveguide in order to avoid
an additional etching step for the waveguide fabrication. The strip width Wg and the distance
between strip edge to the metal edge Dg are determined by parameter optimization to obtain the
lowest loss. We have chosen Wg = 1µm and Dg = 1.1 µm. In Fig. 5(b), we show the optical mode
profiles in an LN modulator with shape design, where the mode coupling can be suppressed and
the mode redistribution is hardly seen.

To further demonstrate how this shape design helps reduce the optical loss, we simulated
optical losses in LN modulators with and without shape design over a large range of electrodes
width from 0-15 µm. Similar to the previous analysis, the optical losses in a modulator without a
shape design depend strongly on the electrode width. However, the optical losses in the modulator
with the shape design are largely constant over a large width region. More importantly, the optical
propagation losses in the shape-designed modulator (0.28 dB/cm) are reduced significantly, with
a more than 5× reduction, compared to the losses in a normal modulator (1.5 dB/cm).

To further quantify the benefit of our design principle in an EO modulator, we calculated both
the Vπ · L and optical losses of a standard modulator without shape design. The DC Vπ · L is
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Fig. 5. (a) Optical mode profiles in a standard LN modulator, a strong mode coupling
between LN waveguide optical mode and metal-dielectric pl modes could be seen. (b)
Optical mode profiles in a LN modulator with shape-designed electrodes, the mode coupling
is suppressed. (c) Calculated optical losses in modulators with and without electrodes shape
design. (d) Vπ · L and loss optimization with different electrodes gap and LN etching depth,
the pink circle indicate the optimized point without shape design and the start indicate the
optimized point with the shape design. Parameters used for the simulation are similar to that
in the Fig. 1, except the metal width is much wider and wAu = 5 µm. Parameters are listed
as: [htotal, hetch, w, wAu, hAu, gapelec, Wg, Dg] = [0.5, 0.25, 1.5, 5, 1.15, 4, 1, 1.1] µm.

calculated from the equation:
VπL =

λ0V0

Γn3
er33

, (3)

where ne is the extraordinary refractive index of LN, which is 2.13 at 1550 nm. r33 = 30.8 pm/V
is the strongest EO coefficient of LN crystal. V0 is the applied voltage to the electrodes. And Γ is
the field interaction factor, which can be calculated by:

Γ =

∬
E2

op(x, y)Eel(x, y)dxdy∬
E2

op(x, y)dxdy
, (4)

where the Eop, Eel are the optical mode field and the external electric field. Note that Eel is
the actual electric field without normalization with a DC voltage V0 applied on the electrodes.
The electrode shape does not influence the Vπ · L of the modulator, and only the gap between
the two electrodes and the etching depth of the LN waveguide affect the Vπ · L. As shown in
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Fig. 6. Simulated RF mode profile (@50 GHz) in the modulator without shape design (a),
and with shape design (b). Calculated frequency response (c), RF/optical effective index
(d), RF losses (e), and characteristic impedance (f) in modulators without/with electrodes
shape design. The geometric parameters used are: [htotal, hetch, w, wAu,signal, wAu,ground,
hAu, gapelec, Wg, Dg] = [0.5, 0.25, 1.5, 5, 30, 1.15, 4, 1, 1.1] µm.

Fig. 5(d), the orange curves show the calculated Vπ · L and the blue curves show the calculated
optical losses. Notably, the Vπ · L product and the propagation loss exhibit opposite trends when
modifying the geometric parameters of the modulator, particularly when adjusting the electrode
gap. Therefore, for a TW modulator design, it is imperative to optimize the geometric parameters
to achieve minimal Vπ · L while maintaining acceptable waveguide propagation loss. To achieve
this objective, we first specify a maximum tolerable propagation loss of 0.2 dB/cm. Subsequent
optimization yields a geometry with minimal Vπ · L (2.1 V·cm) at an etched depth of 250 nm
and electrodes gap of 4.6 µm (indicated by the pink dot marker in Fig. 5(d)). Furthermore,
implementing the shape design approach enables substantial suppression of propagation loss
while retaining identical geometric parameters. This facilitates shifting the optimized operating
point under equivalent propagation loss constraints (0.2 dB/cm) to reduced electrodes gaps of 4
µm (denoted by the pink star marker in Fig. 5(d)). As a result, the optimized Vπ · L is reduced
from 2.1 V·cm to 1.76 V·cm, with about 16% reduction, which indicates a more than 30%
reduction of energy consumption.

For a TW modulator, another important figure of merit is the EO BW, which can be extracted
from the modulator frequency response. In order to obtain a modulator with large BW, we need
to consider three important rules: 1) a low RF propagation loss; 2) phase/velocity matching
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between optical wave and RF wave; 3) impedance matching between RF transmission line and the
load. The modulator electrode is a coplanar waveguide (CPW) with properties with propagation
constant βRF, propagation loss αRF and characteristic impedance Z0. Once these frequency
dependent properties are known, the modulator overall frequency response can be calculated
from [30,31]:

H(f ) =
Zin

Zin + ZS
e−αRFL/2

⌜⎷
sinh2(αRFL

2 ) + sin2( ϵL
2 )

(
αRFL

2 )2 + ( ϵL
2 )2

, (5)

where the ϵ = βRF − βop, and the βop is the optical propagation constant. The Zin and ZS are
the input (looking from the source) and the source impedance receptively. The CPW electrode
is simulated via a 2-D FEM simulation (AC/DC module, COMSOL Multiphyisics). In the
simulation, the substrate is silicon, and the simulation region needs to be large enough to avoid
simulation errors that come from the RF modes leakage to the substrate. Based on the convergency
test, the simulation region is chosen to be 300 × 300 µm. The RF relative dielectric constants
used in the simulation are: ϵLN = (28, 44, 44), with loss tangent of 0.004, ϵsio2 = 4.2, and ϵSi =

11.7. As shown in Fig. 6(a), (b), we simulate the electric field of the RF mode with frequency of
50 GHz. And the CPW parameters as well as the modulator frequency response are shown in
Fig. 6(c-f). By comparing the results for LN modulator with and without shape design, we do
not see any significant differences for high frequency response and the CPW parameters, which
indicates the proposed shape design of the electrode will not degrade the modulator BW. As a
result, a more than 50 GHz BW LN TW modulator is designed with an electrode length of 0.8
cm.

4. Conclusion

In conclusion, we numerically studied the mode-coupling effect between the dielectric waveguide
mode and the metal-dielectric plasmonic mode in a TW LN modulator. We utilized the
electrode-width-dependent mode-coupling effect to achieve an efficient LN modulator. We
numerically demonstrate that the proposed shape-designed modulator performs better than a
standard modulator with rectangular shape, with a 5× propagation loss reduction (with the same
VπL) or a 16% VπL reduction (with the same loss). We also demonstrated that the shape design
does not degrade the frequency response of the modulator, and a BW of more than 50 GHz has
been achieved with a 0.8 cm long electrode. Although the efficient modulator design method
proposed in this work is developed for a specific LN waveguide with predetermined waveguide
parameters, the methodology can be readily extended to more general cases with arbitrary
waveguide geometries. This generalization remains valid provided that the mode coupling
suppression condition exists within the system. Combined with other start-of-the art design
methods, we believe our design method could help to achieve next-generation high-performance
EO modulators. Moreover, the mode coupling suppression mechanism investigated in this
study can be extended to other waveguide systems, including electro-optic (EO) modulators,
thermally tuned phase shifters, wavelength-selective filters, and optical resonators, offering
potential performance enhancements in these device architectures.
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