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It is difcult to simultaneously ensure the radio frequency (RF) performance and mechanical strength of 65GHz millimeter-wave
connectors. To address this, satisfaction-based multiobjective method for connector design optimization is proposed. An op-
timization model is developed for the structural dimensions of 65GHz millimeter-wave connectors to minimize the voltage
standing wave ratio, insertion loss, and defection andmaximum stress of the center conductor.Te proposed optimizationmodel
concurrently satisfes the design requirements in terms of characteristic impedance, transmission frequency, and dielectric
withstanding voltage. Te model is optimized by innovatively using the multiobjective chaotic optimization algorithm in mi-
crowave fnite-element simulations. Te resulting optimal structure satisfes all performance requirements, thereby proving the
rationality and feasibility of the proposed method. Moreover, this study establishes a novel design for other microwave devices to
solve the problem of multiple performance index restrictions.

1. Introduction

Te rapid improvement of microwave communications
technologies has continuously increased in signal frequency
[1–4]. However, 2.92mm coaxial millimeter-wave connec-
tors cannot support signal frequencies greater than 46GHz,
necessitating the use of millimeter-wave connectors that can
support frequencies of 65GHz and above. However, the
complexity of connector design increases exponentially with
an increase in the signal transmission frequency because the
transmission performance and mechanical strength of
a radiofrequency (RF) connector are mutually contradictory
at frequencies of 65GHz and above. As a result, it is ex-
tremely difcult to simultaneously satisfy both of these
design requirements.

Previous researches on the design of millimeter-wave
connectors mainly focused on the infuences of a certain
structure or size on some microwave parameters [5–7]. Only
a few researches were carried out on the optimal design
method of connectors. In existing optimal design of RF
connector, mathematical methods are used to search for the

optimal solution for a given design objective. However,
existing methods are not suitable for solving problems with
multiple contradicting design objectives. Moreover, their
solutions may fail to satisfy even the most fundamental
requirements of each objective [8–14]. Terefore, the
existing optimal design approach is unsuitable for the design
of 65GHz RF connectors. Consequently, in this study, the
multiobjective constraint satisfaction optimization (CSO)
approach was utilized to address this design problem.

CSO is an intrinsically multiobjective approach to
perform optimization. In contrast to the conventional ap-
proach, its aim is to “satisfy” rather than “optimize.” Te
constraints (i.e., performance requirements) and objectives
(to-be-optimized parameters) are combined into a homog-
enous whole that enables increased fexibility and a wider
scope of applicability [15–20].

In this study, chaotic optimization was innovatively
combined with microwave fnite-element simulations to
obtain a CSO-based multiobjective chaotic optimization
method that could efectively overcome the design problems
of 65GHz·millimeter-wave RF connectors.
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2. Design Requirements

Te design requirements of the proposed 65GHz RF con-
nector are listed in Table 1.

Te RF performance and mechanical strength are the
two most critical performance metrics for RF connectors.
Generally, the RF performance is characterized by the
voltage standing wave ratio (VSWR) and insertion loss (IL)
of the connector. In contrast, the mechanical strength is
characterized by metrics that refect the resistance of the
inner and outer conductors to deformation and failure. In
the absence of design constraints for the outer conductor,
mechanical strength is defned by the resistance of the inner
conductor resistance to stress-induced deformation and
failure. Terefore, the optimization parameters (objectives)
include VSWR, IL, and the defection and maximum stress
of the center conductor. Te hard constraints include
characteristic impedance, frequency range, and dielectric
withstanding voltage (DWV).

3. Optimization Model

3.1. Structure of theConnector. Amillimeter-wave connector
comprises three parts: an inner conductor, outer conductor,
and insulated supports, with a cavity between the inner and
outer conductors. Tere are slots on the inner and outer
conductors, which are used to afx insulated supports, as
depicted in Figure 1.

Te parameters that have the greatest efect on RF
performance and mechanical strength are the inner di-
ameter of the outer conductor D0, the outer diameter of
the insulated support D1, inner diameter of the insulated
support d1, thickness B, and the spacing between each
pair of insulated supports A. Since D0 and d0 are stan-
dardized for this series of connectors, the optimization of
connector design primarily concerns the four structural
parameters that pertain to the insulated supports: D1, d1,
B, and A.

3.2. Hard Constraints. According to the design standard for
65GHz millimeter-wave connectors, three hard constraints
exist: characteristic impedance, frequency range, and DWV
[21]. Here, the structural parameters of the RF connector are
correlated with these constraints based on the connector
design theory to obtain the following constraint equations
for the optimization process.

3.2.1. Characteristics Impedance. Tis constraint was con-
structed based on microwave transmission theory and the
standard characteristic impedance for RF connectors.

Z0 �
60
��εr

√ ln
D1

d1
� 50Ω. (1)

In (1),D1, d1, and εr denote the outer and inner diameters
of the insulated supports and the relative permittivity of the
insulator material, respectively.

3.2.2. Transmission Frequency. A uniform coaxial cable
transmits electromagnetic waves in the transverse electro-
magnetic (TEM) mode. However, at the coaxial connector,
higher-order modes can be excited if the frequency of the
transmitted electromagnetic wave exceeds a certain
threshold. In TEM single-mode operation, the TE11 mode
has the lowest cut-of frequency among all higher-order
modes. Since its cut-of frequency fc should be greater
than the maximum frequency stipulated by the design re-
quirements, the following constraint is constructed:

fc �
2C0

π D1 + d1( 
��εr

√ ≥ 65GHz, (2)

where C0 indicates the speed of light in vacuum.
According to the coaxial transmission line theory, the

occurrence of higher-order modes in a coaxial cable depends
on the thickness and spacing of the insulated supports. To
prevent the occurrence of theH10 (TE10) higher-order mode,
the thickness B and spacing A of the insulated supports must
satisfy the following conditions:

B<
λg

π
tan− 1
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√
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1 − 1/εr fc/f( 
2


⎡⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎦, (3)

A≥ 2D0, (4)

where λg denotes the working wavelength of the coaxial line,
f indicates the working frequency, and fc signifes the cut-of
frequency.

Table 1: Design requirements of the 65GHz RF connector.

Parameter Index requirements
Frequency ranges DC∼65GHz
Characteristic impedance 50Ω
Voltage standing wave ratio
(VSWR)

≤1.40 (Te measured values)
≤1.20 (Te simulated value)

Insertion loss (IL)

≤0.6 dB (Te measured
values)

≤0.3 dB (Te simulation
value)

Dielectric withstanding voltage ≥AC 750V
Compliance of the central
conductor ≤0.076mm (@20N)

Shock tolerance 1000 g

Insulated support

Cavity B
D1

D0

d0

d1

A
Inner conductor

Outer conductor

Figure 1: Simplifed structure of a millimeter-wave connector.
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3.2.3. Dielectric Withstanding Voltage (DWV). Te DWV of
a RF connector denotes the maximum voltage that can be
loaded on the insulator between the inner and outer con-
ductors without current fowing through the insulator. Te
following constraint is constructed based on the design
requirement for RF connectors:

Ua �
d1

2 ��εr

√ ln
D1

d1
•Emax ≥ 750V, (5)

where Emax denotes the DWV of the insulator.

3.3. Optimization Objectives. Te optimization objectives
are parameters that pertain to the mechanical strength and
RF performance of the connector. Te parameters that re-
fect the mechanical strength of an RF connector are σmax
(the maximum stress inside the center conductor caused by
shock G) and the defection s that occurs in the insulator
when the center conductor is subjected to an axial force. Te
smaller the values, the better the mechanical strength of the
RF connector. Te parameters that refect RF performance
are VSWR and IL; the smaller the values, the better the RF
performance of the connector. Terefore, the optimization
objectives are σmax and s, and the maximum VSWR
(VSWRmax) and IL (ILmax) values of the RF connector are in
the DC-65GHz range.

Based on the structure of millimeter-wave RF connec-
tors, the aforementioned optimization objectives were
correlated with the structural dimensions of the connector.
First, we determine the relationship between the structural
dimensions of the connector and its mechanical strength by
modeling the structure of the connector as a simply sup-
ported beam. According to this model, a shock G will
generate a maximum moment of Mmax � πd02ρGA2/32.

Te maximum fexural stress of the center conductor
[22] is then given by

σmax �
32Mmax

πd
3
0

�
ρGA

2

d0
, (6)

where ρ denotes the density of center conductor.
Te axial defection of the insulator [22] is approximated

by

s ≈
3F 1 − μ2 R

2

8πEB
3 , (7)

where F denotes the axial force applied on the center
conductor and transferring to the insulator, μ indicates
Poisson’s ratio of insulator, R signifes the radius of in-
sulator, E denotes elastic modulus of insulator, and B in-
dicates the thickness of insulator.

As shown above, the strength of the connector increases
with increasing insulator thickness (B) and decreasing in-
sulator spacing (A). However, according to the microwave
transmission theory, RF performance improves with de-
creasing B and increasing A. Tis contradiction complicates
the design of 65GHz·millimeter-wave connectors. Fur-
thermore, considering the absence of a direct relationship
between the structural dimensions of the connector and its

VSWR and IL, microwave simulations must be employed to
solve for these parameters.Tis requirement complicates the
design optimization of millimeter-wave connectors.
Terefore, a multiobjective chaotic optimization algorithm
was used to solve these problems.

3.4. Multiobjective Chaotic Optimization Algorithm. It is
difcult to fnd optimal solutions in multiobjective opti-
mization problems. Instead, the more practical approach is
to search for a sufciently optimal solution that balances all
of the objectives, according to the requirements of the given
application, which is called a “satisfactory solution” [23]. To
obtain the satisfactory solution for the current problem, the
objective functions and constraints of the optimization
problem were fuzzifed. Subsequently, a search was con-
ducted for the satisfactory solution that optimizes the op-
timization objectives while satisfying all design constraints
in the fuzzy set containing the solutions that optimize each
objective.

Te chaotic optimization method uses the ergodicity of
chaos to ensure that the algorithm does not get stuck in local
minima when searching for a solution [24, 25]. Te fun-
damental principles of chaotic optimization are as follows:
frst, the ergodic paths generated by a deterministic iteration
are used to examine the solution space. When a pre-
determined termination condition is satisfed, the search is
deemed to have discovered an optimal state that approaches
the optimal solution to the problem. Tis point is then used
as the starting point of the “fne search” in the subsequent
step [26]. In this study, the chaotic optimization algorithm
was utilized to optimize the structural dimensions of the
65GHz·millimeter-wave connector: the fundamental
structural parameters of the connector were orthogonally
transformed in large steps within the feasible solution space
until a solution with a high overall satisfaction for all ob-
jective parameters was found. Subsequently, a fne search
was performed in the vicinity of this solution until the
solution that optimizes satisfaction in all objective param-
eters is found.

Based on the characteristics of the objective functions,
the satisfaction function is developed to minimize the ob-
jective functions while satisfying all hard constraints. Te
satisfaction function has a lower bound without an upper
bound, and the lower bound is the optimal value that
corresponds to all of the objectives reaching their optimal
values. Terefore, the satisfaction function was developed to
be a two-stage linear function that is fat in the frst stage and
descending in the second stage (Figure 2). Tis function is
described as follows:

μ fk(X)(  �

1, fk(X)< c0k,

c0k + δ0k − fk(X)

δ0k

, c0k ≤fk(X)≤ c0k + δ0k,

0, fk(X)≥ c0k + δ0k,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(8)
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where X represents the vector of the decision variable, where
X� (x1, x2, . . ., xn), i.e., the set of all objective parameters, fk
(X) represents the k-th objective function, where k� 1, 2, . . .,
p, with p being the number of objective functions, μ (fk (X))
represents the satisfaction function of objective fk (X), cok
denotes the optimal value of fk (X) in single-objective op-
timization, and δok indicates the increment to objective fk (X)
that is acceptable for the decision maker.

Te algorithm that was used to solve the multiobjective
connector design problem is described as follows:

Step 1: Te following algorithm is used to solve for the
constrained optimal solution for each objective
function:

minfi(X), i � 1, 2, · · · , p,

s.t. gi(X)≤ 0, i � 1, 2, · · · , m,

hj(X) � 0, j � 1, 2, · · · l,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(9)

where gi() represents the constraint of the i-th in-
equality, i indicates the numbering of each inequality
constraint, m denotes the number of inequality con-
straints, hj (X) indicates the constraint of the j-th
equality, j denotes the numbering of each equality
constraint, and l corresponds to the number of equality
constraints.

Step 2: Te value of each objective is increased/de-
creased to determine the value of δok.
Step 3: Each single-objective function is fuzzifed to
determine their satisfaction functions. Te satisfaction
for all of the objective functions is then redefned as
follows:

λ � min μ f1(X)( , μ f2(X)( , · · · μ fp(X)  . (10)

Step 4: cok and δok are substituted into (8) to obtain the
expressions of p satisfaction functions.
Step 5: Based on the max-min rule of fuzzy set theory,
the multiobjective problem is converted into a single-
objective fuzzy nonlinear problem to maximize satis-
faction. Te mathematical model is described as
follows:

max λ,

fk(X) + λδ0k ≤ c0k + δ0k, k � 1, 2, · · · p,

0≤ λ≤ 1,

gi(X)≤ 0, i � 1, 2, · · · , m,

hj(X) � 0, j � 1, 2, · · · l.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(11)

Step 6: Te optimization model is solved using the
multiobjective chaotic optimization algorithm, which
searches for the optimal solution that gives >90%
satisfaction in all objective functions.

4. Optimal Configuration and Results

Te design of a 65GHz millimeter-wave connector is op-
timized using multiobjective chaotic optimization, accord-
ing to its design requirements. Te parameters of the
satisfaction function of each optimization objective are
defned as follows:

maximum stress in the center conductor,

σmax � f1(X), c01 �
[σ]

10
, c01 + δ01 �

[σ]

3
,

deflection of the center conductor,

s � f2(X), c02 � 0.015mm, c02 + δ02 � 0.076mm, F � 20N,

maximumVSWR,

VSWRmax � f3(X), c03 � 1.01, c03 + δ03 � 1.20,

maximum IL,

ILmax � f4(X), c04 � 0.08dB, c04 + δ04 � 0.30dB,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(12)

0

1

c0k c0k+δ0k

μ (fk (x))

fk (x)

Figure 2: Satisfaction function.
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where [σ] denotes the permissible stress of the material of
the center conductor. σmax and s are calculated using (6) and
(7), respectively. Since VSWRmax and ILmax depend on the
combined actions of various factors, they cannot be calcu-
lated by an empirical function, so they must be computed
using fnite simulation software.Tis is one aspect where the
RF connector design difers from ordinary multiobjective
optimization problems.

Te method described in Section 3.4 is combined with
the fnite-element simulation to optimize the structural
dimensions of the millimeter-wave connector, as described
as follows:

(a) According to equation (1), the outer and inner di-
ameters of the insulated support (D1 and d1) are
correlated variables. Hence, the structure of the
insulated supports is defned by three independent
variables, outer diameter D1, thickness B, and
spacing A.Te parameter optimization is performed
using these three independent variables.

(b) According to the equations (2)–(5) along with the
structural characteristics and mechanical constraints
of the connector, the ranges of the three independent
variables are D1′ ≤D1≤D1″, B′ ≤B≤B″, and
A′ ≤A≤A″. Let the initial values of these variables
be D10 �D1′, B0 �B′, and A0 �A′. Te values of εr

and Emax of PEI (Polyetherimide) material for in-
sulator in this study are 3.15 and 27 kV/mm, re-
spectively. Subsequently, a model of the 65GHz RF
connector is constructed in the Ansys high-
frequency structure simulator (HFSS) (Figure 3),
which is used to perform the microwave simulations
(Figure 4) required to calculate VSWRmax and ILmax
of the connector.Te bulk conductivity of copper for
conductor is 5.8×107 s/m in the FEM simulation.

(c) Te parameters are incremented by one step, within
the aforementioned range: D1′ ≤D1r �D10
+ r∆D1≤D1″, B′ ≤Bt �B0 + t∆B≤B″, A′ ≤Aq �A0 +
q∆A≤A″. Another simulation is performed to
compute the microwave parameters of the new
structure (Figure 5) that yields its VSWRmax and
ILmax values. Equations (6) and (7) are used to
calculate σmax and s, and the resulting objective
parameters are substituted into (8), (10), and (12) to
compute the overall satisfaction of the design, as
listed in Table 2. Once all of the stepwise changes in
the fundamental parameters have been performed

and their corresponding overall satisfaction values
have been calculated, the best solution from this
round of computations is selected.

(d) Following the frst round of computations, a solution
that yields a high overall satisfaction for the objective
parameters was found.Te solution was then used as
the initial values of the structural parameters for the
next round of optimization. Tis subsequent round
is performed with smaller incremental steps to
conduct a fner search in the vicinity of the current
solution and fnd a solution that provides a better
overall satisfaction value.

(e) Te above process is iteratively repeated until the
diference between the current and immediately
preceding searches is smaller than a predetermined
threshold (e.g., 0.005). At the end of the search, it
may be concluded that all of the objective parameters
have attained their optimal satisfaction values.

Te design of the 65GHz·millimeter-wave connector
that was optimized using the aforementioned scheme is
presented in Figures 6 and 7, and Table 3.

In Table 3, Figures 6, and 7, it is shown that the op-
timization reduced VSWRmax from 1.2234 to 1.0183, which
is a signifcant improvement in RF performance. Fur-
thermore, all the satisfaction values of the mechanical
strength and RF performance parameters are greater than
0.9, which indicates that all parameters have been opti-
mized to a highly satisfactory level. According to the op-
timized parameters, a 65GHz millimeter-wave connector
was manufactured (Figure 8). Te measured VSWR and
insertion loss results are illustrated in Figure 9 and 10, with
a maximum value of 1.13 and 0.32 dB, respectively, which
satisfes the design requirements of Table 1 and achieves
excellent performance. Te tests verify that the compliance
of the central conductor, the shock tolerance, and other
index requirements satisfy the requirements of Table 1 by
a large margin.

Hence, the connector dimensions obtained by multi-
objective chaotic optimization provide a satisfactory level of
mechanical strength while ensuring excellent RF perfor-
mance. Tus, we can conclude that the proposed design
method can efectively and simultaneously satisfy multiple
performance requirements of a product.

Compared with traditional methods, the novelties of this
method are listed in Table 4. Tis method is advantageous in
terms of design efciency and indicators.

Cavity

Inner conductor Insulated support Outer conductor

Figure 3: Basic model of the 65GHz·millimeter-wave connector.
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E Field[Y_per_m
8. 5381e+004
8. 0045e+004
7. 4709e+004
6. 9372e+004
6. 4036e+004
5. 8700e+004
5. 3363e+004
4. 8027e+004
4. 2691e+004
3. 7354e+004
3. 2018e+004
2. 6682e+004
2. 1345e+004
1. 6009e+004
1. 0673e+004
5. 3364e+003
2. 3259e-002

Figure 4: Finite element microwave simulation of the connector.

0.00 10.00 20.00
Frequency (GHz)

30.00 40.00 50.00 60.00 65.00
1.00

1.05

1.10

1.15

1.20

1.25

V
SW

R

Figure 5: Simulated VSWR values for each set of structural parameters.
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X
m1
m2

22.1000 1.0151
47.7000 1.0157

m3 65.0000 1.0183
m4 24.3000 1.1829
m5 46.3000

Y

1.2234

m1

VSWR curve of the initial 
connector structure

m4

VSWR curve of the optimized
connector structure

m2 m3

65.00
1.00

1.05

1.10

1.15

1.20

1.25

V
SW

R

10.000.00 20.00 60.0030.00 40.00 50.00
Frequency (GHz)

m5

Figure 6: Comparison of the connector’s VSWR curves before and after optimization.

65.0010.000.00 20.00 60.0030.00 40.00 50.00
Frequency (GHz)

Name X
65.0000 -0.0908m1

m2 46.9000

Y

-0.1187 IL curve of the optimized 
connector structure

m1

m2
IL curve of the initial
connector structure

-0.15

-0.10

-0.05

0.00

IL
 (d

B)

Figure 7: Comparison of the connector’s IL curves before and after optimization.

Table 2: Satisfaction of each objective parameter after optimization.

Basic parameters σmax s VSWRmax ILmax
Overall satisfaction

λ
D10, B0, A0 f1 (X000) f2 (X000) f3 (X000) f4 (X000) min {μ (f1 (X000)) . . .μ (f4 (X000))}
D11, B0, A0 f1 (X100) f2 (X100) f3 (X100) f4 (X100) min {μ (f1 (X100)) . . .μ (f4 (X100))}
— — — — — —
D1r, Bt, Aq f1 (Xrtq) f2 (Xrtq) f3 (Xrtq) f4 (Xrtq) min {μ (f1 (Xrqt)) . . .μ (f4(Xrqt))}
— — — — — —
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S34 LogM 0.100dB/-0.20dB

>1: 64.919 GHz -0.32 dB

1

-0.70

-0.60

-0.50

-0.40

-0.30

-0.20

-0.10

0.00

0.10

0.20

0.30

IL
 (d

B)

39.004 52.0020.010 13.008 26.006 65.000
Frequency (GHz)

Figure 10: Measured IL curve of the connector.

S33 SWR 0.030U/960MU
>1 48.834 GHz 1.13

1

0.96
0.99
1.02
1.05
1.08
1.11
1.14
1.17
1.20
1.23
1.26

V
SW

R

26.006 39.0040.010 52.002 65.00013.008
Frequency (GHz)

Figure 9: Measured VSWR curve of the connector.

Table 3: Optimized structural parameters and the satisfaction of each objective parameter.

D1 B A
2.56mm 0.38mm 5.49mm
σmax s VSWRmax ILmax
3.06MPa 0.01763mm 1.0183 0.0908 dB
μ (f1 (x)) μ (f2 (x)) μ (f3 (x)) μ (f4 (x)) Overall satisfaction λ
1 0.957 0.956 0.951 0.951

Figure 8: 65GHz·millimeter-wave connector.
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5. Conclusions

(1) In this study, an optimization model for
65GHz·millimeter-wave connectors was constructed
based on the constraint satisfaction optimization
(CSO) method, which considers all of the design
requirements of these connectors. Te model was
used to tune the structural dimensions of the con-
nector to ensure that hard constraints, such as the
characteristic impedance, transmission frequency,
and dielectric withstanding voltage (DWV), were
satisfed, while optimizing (minimizing) the voltage
standing wave ratio (VSWR), insertion loss (IL),
center conductor defection (s), and the maximum
stress of the center conductor (σmax) of the
connector.

(2) Multiobjective chaotic optimization was combined
with microwave fnite-element simulations to opti-
mize the structural parameters of the connector. Te
optimized connector satisfes all mechanical strength
and RF performance requirements, and the satis-
faction of each objective parameter is greater than
90%. Tus, the proposed method simultaneously
satisfes the contradicting performance requirements
in RF connectors. Consequently, it is a powerful tool
for designers and clients in this feld of study. In
summary, this study has efectively established a new
approach for the design of millimeter-wave con-
nectors and other microwave devices.
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