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Abstract: The integration of electric field enhancement structures (EFESs) with Rydberg atomic sensors (RASs)
has garnered considerable interest due to their potential to enhance detection sensitivity in quantum measurement
systems. Despite this, there is a dearth of research on the directional response of EFES, and the analysis of the
three-dimensional (3D) patterns of RAS remains a formidable challenge. RASs are employed in non-destructive
measurement techniques, and are responsive to electric fields, primarily serving as reception devices. However,
analyzing their reception patterns is a complex task that requires a sophisticated approach. To address this, we
adopt characteristic mode (CM) analysis to illustrate the omnidirectional performance of RAS. According to the CM
theory, the reception pattern can be calculated by a series of modal currents and their corresponding coefficients.
The analytical representation of these coefficients negates the need for time-consuming full-wave (FW) numerical
simulations, which are typically required to generate EFES patterns due to the necessity of scanning numerous angle
parameters. This approach significantly reduces the complexity of solving EFES patterns, and provides insightful
guidance for the design process. To validate the efficacy of our proposed method, we construct three prototypes.
The results indicate that the final model resonates at 1.96 GHz, achieving an electric field gain of 25 dB and an
out-of-roundness of 2.4 dB. These findings underscore the effectiveness of our method in analyzing EFES patterns,
highlighting its potential for future applications in the field.
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1 Introduction

Quantum precision measurement technology
based on quantum theory provides a novel pathway
for measuring physical parameters. This technol-
ogy has the characteristic of self-calibration, and en-
ables the absolute measurement of physical quanti-
ties (Sedlacek et al., 2012). Over the past decade,
researchers have been exploring its application in
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microwave electric field measurement, with the most
typical being Rydberg atom-based electric field mea-
surement technology (Sedlacek et al., 2012, 2013;
Holloway et al., 2014; Yang et al., 2022; Zhang FS
et al., 2023). The theoretical detection sensitivity of
microwave electric field measurement based on quan-
tum theory is higher than that of traditional elec-
tronic microwave measurement systems (Fan et al.,
2015). However, there is still a significant gap be-
tween the measurement values of detection sensitiv-
ity and the theoretical values (Dixon et al., 2023;
Mao et al., 2023; Zhang FS et al., 2023; Sandidge
et al., 2024; Yuan et al., 2024).

Rydberg atom-based microwave electric field
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measurement principles provide avenues for improv-
ing detection sensitivity, with two main approaches:
quantum optical methods (Bussey et al., 2021; Liu
et al., 2022; Yang et al., 2023b) and microwave meth-
ods (Holloway et al., 2022; Wu et al., 2022, 2023;
Yang et al., 2023c). Recent advancements in mi-
crowave methods, including heterodyne detection
(Simons et al., 2021; Yao et al., 2022), modulation
signals (Meyer et al., 2018; Holloway et al., 2019; Jiao
et al., 2019; Song et al., 2019; Yang et al., 2023a),
multi-channel detection (Robinson et al., 2021; Hu
et al., 2023), and the electric field enhancement
structures (EFESs) loaded method (Holloway et al.,
2022; Yang et al., 2023c; Sandidge et al., 2024), have
shown promise in improving the detection sensitiv-
ity of Rydberg atom-based systems. EFESs act as
a special boundary condition added to the Rydberg
atomic sensors (RASs), thereby altering the electric
field response of the sensors to incident waves. EFES
can enhance the electric field in a specific area, thus
improving detection sensitivity. It should be noted
that the difference between the RASs and antennas is
that RASs respond to the electric field in space rather
than capturing the electromagnetic power density.
Therefore, RASs do not prioritize impedance match-
ing when receiving microwave but concentrate on the
degree of electric field enhancement.

One of the influencing factors of the directional
response of RASs is the direction of the incident elec-
tric field. It is necessary for RAS to study direc-
tionality to meet the different application require-
ments. Consequently, the EFES pattern should be
defined as the electric field amplitude gain (E-Gain)
pattern. An omnidirectional pattern is commonly
used for direction finding (Choi and Sarabandi, 2018;
Ren, 2022). Researchers have found that the re-
sponse of RASs to incident waves is approximately
isotropic (Anderson et al., 2021; Mao et al., 2023;
Yuan et al., 2024), meaning that RASs are similar
to the dipole antennas with good omnidirectional
performance. Currently, few scholars have studied
EFES’s response to incident waves from different di-
rections. While the use of EFES enhances detection
sensitivity, it could potentially impact the omnidi-
rectional performance of the sensors. Balancing the
E-Gain and the omnidirectional performance of the
sensors is a challenge.

Furthermore, RASs cannot be used for radia-
tion applications in the current research stage. This

means that when studying the directional response
of EFES, we cannot obtain its radiation pattern and
reception pattern through port excitation based on
the reciprocity theorem. The EFES pattern solution
is similar to solving the scattering problem of a near
field. RAS is an electric field probe close to EFES
under microwave irradiation. The current analysis
approach requires configuring angle parameters in
full-wave (FW) simulation software to acquire recep-
tion patterns via parameter scanning. The measure-
ment method follows the same approach. It costs
too much calculation time to complete pattern de-
sign and optimization. However, there is no better
way to obtain the reception pattern of EFES. Most of
the current research explored the E-Gain for EFES
only at a fixed incident angle (Anderson et al., 2018;
Holloway et al., 2022; Yang et al., 2023c). There-
fore, researching directionality analysis methods for
EFES is of great significance in improving the sensi-
tivity of Rydberg atom probes in microwave electric
field measurement.

In a word, EFES is a special boundary condi-
tion for RASs. The directional response of EFES
is consistent with that of the integration sensors.
Typically, EFES is composed of metal and dielectric
materials, generally similar to a split-ring resonator
(SRR) (Holloway et al., 2022). The sensors can be
simply considered as a glass bubble filled with air
in electromagnetic wave propagation. In the field of
antennas, by analyzing the modal currents on the
metal surface through the characteristic mode (CM)
theory (Harrington and Mautz, 1971), it is possi-
ble to control the radiation or scattering modes, and
to calculate the classical circuit parameters (Chen
and Wang, 2015; Huang et al., 2018; Grundmann
and Manteuffel, 2021; Adams et al., 2022; Manteuffel
et al., 2022; Zhang D et al., 2022; Dicandia and Gen-
ovesi, 2023; Shi et al., 2023). Meanwhile, in the CM
theory, CMs are independent of external sources, and
the EFES is a passive structure without feed-ports.
The CM theory may be suitable for guiding EFES
design. Only the external source contains the param-
eters related to the incident angle in the E-Gain pat-
terns. Based on the CM theory, the EFES pattern
can be expressed as the product of a set of modal
electric fields and corresponding coefficients. The
modal electric field depends on the external source
and the corresponding coefficients can be calculated
analytically, reducing the complexity of the solution.
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Therefore, we believe that applying the CM theory
to the design of EFES is a wise and feasible solu-
tion. We will analyze the patterns by examining the
EFES modal currents based on the CM theory. It
could provide a clear physical explanation and a bet-
ter design method for EFES just like guiding antenna
design.

2 Analysis of the mode pattern

2.1 Basic theory for Rydberg atom electric
field measurement

Fig. 1a shows the two-photon Rydberg elec-
tromagnetically induced transparency (EIT) ladder
scheme. There are two laser resources: one with a
power of 14.6 mW at 509 nm and the other with
8.3 μW at 852 nm. The 852 nm laser is locked to
one of the 6S1/2 → 6P3/2 transitions with a Rabi
frequency ΩP. Similarly, the 509 nm laser is locked
to the 6P3/2 → 50S1/2 transitions with a Rabi fre-
quency ΩC. The EIT signal is then detected by a
photodetector. When the radio-frequency (RF) re-
source is turned off, the EIT signal has only one peak,
similar to the blue line in Fig. 1b. When the RF is
turned on and the power is limited, the EIT signal
will produce the alternating current (AC) Stark shift.
The blue line will shift to the orange line (Cardman
et al., 2020). The spectral shift Δf between the two
peaks is related to the electric field magnitude ‖E‖
and can be expressed as (Cardman et al., 2020)

Δf = −1

4
α0‖E‖2, (1)

where α0 is the dynamic scalar polarizability. Fig. 1c
shows the experimental setup overview. The sensor
is the same as those in Mao et al. (2023) and Wu
et al. (2024), as shown in Fig. 1c. An oscilloscope
is used to measure the EIT signals received by a
photodetector.

2.2 Current distribution for the enhanced
electric field

According to the measurement theory of RASs
(Sedlacek et al., 2012), it is expected that there is a
strong electric field in the atomic cell center of RAS,
and the polarization should be consistent with the
polarization of the optical path, which is typically
+ez. To avoid the distribution of the electric field
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Fig. 1 Overview of the experimental energy diagram:
(a) two-photon Rydberg EIT ladder scheme; (b) di-
agram of the AC-Stark frequency shift; (c) sketch of
the atom experimental setup. References to color
refer to the online version of this figure

with zero points like TE30, the direction of the elec-
tric field in the cell should be the same. Therefore,
it is recommended that adding the perfect electric
conductor (PEC) condition on the cell of zmax and
zmin enhances the electric field as shown in Fig. 2a.
According to the current continuity equation (Har-
rington, 2001), it can be expressed as

Jd =
∂D

∂t
= ε

∂E

∂t
, (2)

∇
(
J +

∂D

∂t

)
= 0, (3)

where J , Jd, D, E, t, and ε represent conduc-
tion current, displacement current density, electri-
cal flux density, electric field, time, and dielectric
constant, respectively. EFES converts weak electro-
magnetic waves in space into a localized enhanced
electric field, leading to the presence of enhanced dis-
placement current Jd in the region where the electric
field is enhanced. Therefore, a metallic conductor is
needed between the upper and lower plates to carry
conduction current. It can also be regarded as the
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Fig. 2 View of the atomic cell and expected electric
field (a) and the equivalent current model (b)
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resonant current model of the SRR.
Therefore, a current model is proposed as shown

in Fig. 2b. A conduction current can be achieved by
connecting two metal nodes outside the PEC bound-
aries. When J as shown in Fig. 2b is constructed by
only one conduction current, the most typical EFES
model is named path 1 as shown in Fig. 3. The
current distributions in Holloway et al. (2022) and
Wu et al. (2023, 2024) are also consistent with that
in path 1. Based on this current model and simple
rotational symmetry, we can propose models with
more conduction current paths as shown in Fig. 3.
To understand the operating mechanism of the pro-
posed structure, the intrinsic CMs supported by the
structure are investigated using CM analysis.

2.3 Resonance CMs of EFES

When an RAS is loaded with EFES, the electric
field at the center position of the atomic cell is an
important parameter for analysis. The E-Gain is
defined as the amplitude of the electric field at the
center point of the atom cell under the excitation of
a unit amplitude uniform plane wave.

To realize the proposed current model and study
the corresponding pattern, the CM theory is intro-
duced for analysis. According to the CM theory
(Chen and Wang, 2015), the electric field E(ri) at
any point ri can be represented by a set of orthogonal
CM electric fields Em as

E(ri) =
∑
m

amEm(ri) =
∑
m

< Einc,Jm >

1 + jλm
Em(ri),

(4)

am =
< Einc,Jm >

1 + jλm
, (5)

MS =
1

‖1 + jλm‖ , (6)

where am, MS, Jm, Em(ri), λm, and Einc represent

the mth modal weighting coefficient (MWC), modal
significance, mth modal current density, mth modal
electric field at point ri, mth eigenvalue, and inci-
dent electric field, respectively. < ·, ·> is the inner
product. It should be noted that MS is an intrinsic
property representing the coupling capability of each
CM with external sources.

2.4 Pattern for EFES using CM theory

To study the directional response between in-
cident electric field Einc and the EFES, a uniform
plane wave is used as the incident wave. A unit uni-
form plane wave Einc propagating in any direction
can be expressed as

Einc = Eampe−jkr, (7)

Eamp = ex(cos θ cosϕ cosα− sinϕ sinα)

+ ey(cos θ sinϕ cosα+ cosϕ sinα)

− ez(sin θ cosα),

(8)

k = (ex sin θ cosϕ+ ey sin θ sinϕ+ ez cos θ)k, (9)

r = exx+ eyy + ezz, (10)

where Eamp, k, k, and r represent the electric field
amplitude vector, wave vector, phase constant, and
propagation vector, respectively. α represents the
rotation angle of the electric field vector relative to
the x -axis, and ϕ and θ represent the spherical angle
coordinates of the incident plane wave. According to
Eqs. (7)–(10), the unit uniform incident plane wave
vector Einc can be expressed as

Einc = E(α, ϕ, θ, k). (11)

The EFES pattern G(α, ϕ, θ) is defined as

G(α, ϕ, θ) =
‖E1(ri)‖
‖E0(ri)‖ , (12)
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Fig. 3 The equivalent current model and corresponding physical structure. Four models are named paths 1,
2, 3, and 4. d1=14 mm, d2=27.4 mm, d3=34.3 mm, d4=38.8 mm, w=1 mm, h=0.5 mm, a=10 mm
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where E1(ri) and E0(ri) represent the electric field
in the atom cell with and without EFES, respec-
tively. Substituting Eq. (7) into Eq. (4), the electric
field at any point can be written as

E(ri) =
∑
m

< E(α, ϕ, θ, k),Jm >

1 + jλm
Em(ri). (13)

Jm, λm, and Em(ri) can be calculated by one
CM analysis, and these parameters are related only
to structure parameters. Substituting Eq. (13) into
Eq. (12), the E-Gain G(α, ϕ, θ) is expressed as

G(α, ϕ, θ) =

∥∥∥∑
m

<E(α,ϕ,θ,k),Jm>
1+jλm

Em(ri)
∥∥∥

‖E0(ri)‖ . (14)

Eq. (14) implies that the pattern of EFES can
be calculated through a single CM analysis. Tra-
ditional analysis methods typically require multiple
times FW simulations by scanning parameters, re-
sulting in a computation of the three-dimensional
(3D) directional pattern for n×m×l sampling points,
where n, m, and l represent the numbers of sam-
pled points for α, ϕ, and θ, respectively. By con-
trast, the proposed method reduces the computation
to a single CM analysis, significantly reducing the
simulation time compared with traditional methods.
Combined with the CM theory, it provides a con-
venient method of analysis from a new perspective.
Moreover, it allows for controlling the angle step-
ping accuracy by manipulating variables. Compared
with the antennas, the RASs detect the electric field
amplitude rather than the electromagnetic power.
Therefore, the directionality D for EFES should be
expressed as

D =
4π‖E‖max∫ 2π

0
dϕ

∫ π

0
‖E(θ, ϕ)‖ sin θdθ

. (15)

Eq. (15) could be used to evaluate the direction-
ality of EFES.

3 Pattern analysis based on CM theory

3.1 Raw model structures for pattern analysis

The proposed current distribution model in
Fig. 3 still requires verification to determine its con-
sistency with reality. To quickly verify this theory,
the metal material is set as a PEC, and the dielectric
material is set as an ideal dielectric with a dielectric

constant of 4.2. The resonant frequencies of the four
models are the same. Fig. 4 shows the CM analysis
for the four models as shown in Fig. 3. The excitation
source is a uniform plane wave with unit amplitude,
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incident along the −ex direction (θ = 90◦, ϕ = 0◦).
The MS results show that the number of the modes
satisfying MS > 0.707 increases with the increase
of the current path number. However, the MWC re-
sults show that only one mode is excited by the plane
wave for each model, concluding that the analyzed
models operate in a single mode. Fig. 5 shows the
modal current distribution with the highest MWC
value for each model, and the corresponding pattern
is calculated using Eq. (14). The modal current dis-
tribution is consistent with that in Fig. 3. Fig. 6
shows FW simulated patterns for four models. The
patterns of four models are analyzed using Eq. (14)
and compared with the FW simulation results. The
results calculated by the CM method and the FW
simulation results are similar, indicating that the CM
method can be used to analyze the E-Gain pattern
of EFES. Wu et al. (2024) presented an EFES with a
current distribution similar to that in path 1, where
the patterns are also similar.

3.2 Improved structure for pattern analysis

Wu et al. (2024) specifically verified the model
with only one current path. In this study, we verify
the accuracy of the proposed method in models with
2, 3, and 4 current paths. The initial design of the
structure does not consider the RAS structure that
needs to be loaded. Thus, improvements are made
to the structures named IP 2, 3, and 4, as shown in
Fig. 7. The blue material represents the RAS and
the yellow material represents copper.
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Fig. 8 shows the CM analysis for the proposed
models. To further reveal the coupling degree be-
tween the patterns and the plane wave source, we
select the largest mode of MWC, which is the mode
most excited by the plane wave source. Fig. 8 shows
the largest MWC modal currents and the corre-
sponding patterns for each model, calculated using
Eq. (14). The modal currents show that the direction
of currents is consistent with the proposed theory in
Fig. 3.

To verify the results of CM, we simulate the
proposed models in CST software. Fig. 9 shows
the copolar and crosspolar reception patterns of
each model. The results of the FW simulation
are obtained by scanning the incident angle of the
plane wave source around the spherical surface. The
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scanning angles Δϕ and Δθ are 5◦, and then they
are interpolated to 1◦ using an interpolation algo-
rithm. It can be observed that the omnidirection-
ality of the pattern increases with the addition of
the path. Table 1 shows the directionality of the IP
series calculated by Eq. (14). The omnidirectional
performance increases with the increase in the path
number. This is because the path represents the
modal current, and more paths lead to a more uni-
form spatial distribution of current, resulting in a
more uniform electric field response in the atomic
cell center of RAS.

Table 1 Comparison of the directionality of the IP
series models

Model
Directionality (dB)

FW simulation CM method
IP 2 2.94 2.46
IP 3 2.47 1.73
IP 4 1.63 1.12

Probe 1.96 NA

NA: not available
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Fig. 9 The 3D-view reception pattern of each model
obtained using FW simulation: (a) copolar pattern of
IP 2 at 2.15 GHz; (b) crosspolar pattern of IP 2 at
2.15 GHz; (c) copolar pattern of IP 3 at 2.08 GHz; (d)
crosspolar pattern of IP 3 at 2.08 GHz; (e) copolar
pattern of IP 4 at 1.96 GHz; (f) crosspolar pattern of
IP 4 at 1.96 GHz

It is evident that the patterns calculated based
on the CM theory are similar to the shape of the
simulated FW. This is a good indication that the
proposed method based on the CM theory can guide
the pattern design of EFES. Furthermore, using this
method requires only a single calculation for CMs to
obtain the pattern, reducing the optimization time
for pattern design.

4 Measurements and discussion

To validate the proposed design method and op-
erating mechanism, the three models are fabricated
and measured. Fig. 10 shows the fabricated proto-
types and measurement scenes. First, it is neces-
sary to explain the steps of measuring the experi-
ment results. The first thing to note is the frequency
response curve of the E-Gain. The measurement
steps are similar to those outlined by Yang et al.
(2023c). The details are as follows: (1) connect the
experimental instruments with EFES as shown in
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(a)
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Absorbing
material

Rotation

Fig. 10 Diagram and photographs of the fabricated
prototypes and measurement scenes: (a) atom recep-
tion pattern measurement system diagram; (b) pho-
tograph of IP 2; (c) photograph of IP 3; (d) measure-
ment scene of IP 4; (e) measurement scene of IPs 2–4

Fig. 1c; (2) open the RF resource and set a high-
level microwave power such as 10 dBm, and define
the scanning frequency range and step; (3) traverse
each frequency point while recording the shift Δf ,
and then plot a line showing the relationship be-
tween Δf and the source power named curve 1; (4)
remove the EFES structure, set the RF source fre-
quency to the peak frequency of curve 1, and then
adjust the RF power to match the spacing with the
peak shift Δfmax; (5) traverse each frequency point
again to plot a relationship line named curve 2, as in
step 3. The power difference between curves 1 and 2
at the same frequency shift Δf0 is the E-Gain. The
frequency response curves can be obtained based on
the relative relationship between the variables.

Fig. 11 shows the frequency response curves for
the three proposed models. It can be seen that
the maximum E-Gain of the measurement results is
lower than that of the simulation results. However,
the 3-dB-bandwidth of the measurement results is
larger than that of the simulation results. It indicates
that the measuredQ-values are smaller than the sim-
ulated ones and that the measured loss is higher. The
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Fig. 11 The simulated and measured frequency re-
sponse curves for three models

error originates from the losses caused by machining
metal materials, which are greater compared to the
simulation.

Next, note the measurement steps for the
E-Gain pattern measurement setup. The measure-
ment steps are similar to those outlined by Wu et al.
(2024) and Yuan et al. (2024). The construction of
the antenna pattern measurement system is shown
in Fig. 10a. The measurement step details are as fol-
lows: (1) connect the experimental instruments with
EFES as shown in Fig. 10a; (2) set the RF source fre-
quency to the corresponding structure resonant fre-
quency, and set a high-level microwave power, such
as 10 dBm; (3) record the AC-Stark shift Δf as
shown in Fig. 1b; (4) rotate the antenna angle, and
repeat steps 1 and 2 until a circle is completed.

Fig. 12 illustrates the normalized E-Gain pat-
terns. It is evident that the omnidirectional perfor-
mance of the proposed models is improved with an
increasing number of paths. The variation trends of
the measurement results are consistent with those of
the simulation results for all models. Table 2 shows
some papers similar to this work. This paper demon-
strates a commendable ability to balance the E-Gain
and out-of-roundness, resulting in the achieved con-
trol over the pattern.

To verify whether the method is applicable to
higher frequencies, we proportionally reduce the size
of structure IP 4 to half of its original dimensions,
and compare the results of the CM method with
those of the FW method. As shown in Fig. 13, when
the resonant frequency of the changed structure is
4.032 GHz, the results from the CM method and the
FW method match well, indicating that the method
is suitable for higher frequencies.
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Fig. 12 The simulated and measured normalized reception patterns for the three proposed prototypes (θ =

90◦). X refers to cross-polarization, and Co is main polarization

Table 2 Performance comparison

Reference
Frequency
(GHz)

Out-of-
roundness

E-Gain (dB)

Mao et al. (2023) 4.48 3.50 0
Yuan et al. (2024) 129.60,

4.80
0.28,
2.50

NA

Wu et al. (2024) 2.06 7.80 21.50
This paper

IP 2 2.15 10.70 33.00
IP 3 2.08 8.80 27.00
IP 4 1.96 2.40 25.00

NA: not available

Combining Eq. (4), the directivity of the struc-
ture is related to the incident wave source and the
modal current. To simplify the model, we discuss
only the situation where the structure is symmetric
about the y-axis. At this time, the incident wave
along the positive direction of the x -axis and the
wave along the negative direction of the x -axis satisfy

E+
inc(x) = −E−

inc(−x). (16)

According to the analysis in Sections 2.3 and
2.4, the model improved based on symmetry usu-
ally operates in a single mode, and it has an even
symmetry in current, with the current satisfying

Jm(x) = −Jm(−x). (17)

Therefore, by combining Eqs. (4), (16), and
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Fig. 13 The pattern of the changed structure for
verification at a higher frequency of 4.032 GHz

(17), we can obtain

E =
∑
m

< E+
inc(x),Jm(x) >

1 + jλm
Em(ri)

=
∑
m

< −E−
inc(−x),Jm(x) >

1 + jλm
Em(ri)

=
∑
m

< −E−
inc(−x),−Jm(−x) >

1 + jλm
Em(ri)

=
∑
m

< E−
inc(−x),Jm(−x) >

1 + jλm
Em(ri).

(18)

From Eq. (7), it is evident that the responses
in the two cases are the same. This indicates
that by regulating the symmetry of the current, the
response of EFES can be changed, thereby achieving
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omnidirectional control of EFES. When the current
mode is asymmetric, the results from forward inci-
dence and backward incidence lead to the same re-
sponse, thus causing asymmetry in the pattern.

5 Conclusions

This paper proposes a pattern analysis method
for RAS to design omnidirectional EFES based on
the CM theory. We derive new mathematical for-
mulae for pattern analysis of EFES, which can be
divided into modal currents and external sources.
Modal currents are independent of external sources,
and represent an intrinsic property. The shape of
modal patterns is determined by modal currents.
Only the external source contains the pattern param-
eters related to the incident angle, which determines
the weighting coefficient of each modal pattern in the
total pattern. The proposed method guides the anal-
ysis and design of EFES by separating parameters.
According to the demand of the RASs, the EFES
current models are proposed. The mechanism of the
current models is analyzed through the CM theory.
The directionality of EFESs is changed by control-
ling the current spatial distribution. The number
of the current paths increases, and the symmetry
of the structure is enhanced for the improvement of
the RASs’ omnidirectional performance. To validate
the effectiveness of the proposed method, three pro-
totypes are fabricated for measurement. The results
indicate that IP 4 achieves good omnidirectional per-
formance, and can enhance the detection sensitivity
of the system. This indicates that the proposed CM
analysis method is a promising technique for EFES
reception pattern analysis. This method lays the
foundation for future directional pattern design and
high E-Gain design.
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