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Abstract—Designing multi-antennas with multiple functions
covering all the bands in a compact handset platform presents
substantial challenges in impedance matching, decoupling, and
radiation pattern synthesis, especially under user interaction and
integration constraints. This paper proposes a turnkey design
framework based on the internal multiport method (IMPM),
which leverages scattering matrix formulations to enable matrix-
based evaluation of antenna performance without manual anal-
ysis or mode identification. By integrating this model into the
NSGA-III evolutionary algorithm, the entire antenna configu-
ration is optimized holistically as a package, including feeding
port placement, reactive load tuning, and shorting control.
Different from conventional designs that focus on a single or
limited number of antenna elements, the proposed framework
automatically synthesizes a four-antenna cellular system and a
dual-antenna satellite system on the same platform. Both states
share the same hardware and can be reconfigured using only
five switching points. The cellular state supports 2x2 and 4x4
MIMO operation across 0.69 to 4.2 GHz, while the satellite state
achieves wide-beam endfire radiation in the n256 band with a4.6 dB
gain improvement. Prototypes were fabricated, and measurements
demonstrated close agreement with simulations, validating the
effectiveness of the proposed approach.

Index Terms—Handset antenna system, cellular antenna system,
satellite communication, impedance matching, pattern synthesis,
internal multiport method, NSGA-III, endfire radiation, reconfig-
urable antenna.

I. INTRODUCTION

HE rapid growth of mobile communication has made
smartphones indispensable platforms for services such
as voice, data, positioning, and multimedia [1]], [2]. As the
key RF component enabling signal transmission and reception,
the handset antenna system directly determines communication
performance [3]], [4]], and its design has therefore remained a
central topic in both academia and industry.
With the growing spectral complexity from GSM to 5G,
handset antennas face increasing demands for compactness [5]],
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Fig. 1. Tllustration of the overall design concept.

[6], [7l, 8], broadband coverage [9], [[10], [11], [12f, [13],
and isolation [14]], [15], [16], [17]], [18]. Representative so-
lutions include folded loops with tunable feed—short dis-
tances to extend high-band coverage [5]], dual-monopole struc-
tures with ground branches for broadband operation under
metal frames [9], and shared-radiator designs exploiting com-
mon—differential mode cancellation for self-decoupling [14].

In practical scenarios, handset antennas suffer efficiency
degradation under user interaction, making high radiation
efficiency a critical design target. Traditional solutions in-
clude metamaterials [19]], zeroth-order resonance (ZOR) struc-
tures [20]], multi-antenna switching [21]], [22], and charac-
teristic mode (CM) theory [23]], [24f], [25], [26]. In [20], a
via-less CRLH ZOR antenna achieves over 30% efficiency
on tissue phantoms. In [24], a CMA-based handset antenna
applies adaptive excitation through antenna clusters to suppress
hand effects, but requires complex multi-channel RF hardware.
In [25], CM analysis is used to reveal efficiency degradation
in lossy smartphones, where suppressing higher-order modes
improves IFA efficiency.

Beyond terrestrial networks, handset antennas are increas-
ingly required to support satellite connectivity through end-
fire radiation with large beamwidth [27], [28], [29], [30],
[31], [32f, [33]. Reported solutions include foldable-phone
dipole arrays achieving CP at specific deployment angles [28]],
compact dual-antenna structures with parasitic branches for
wide endfire coverage in the n256 band [29], and inverted-
L designs with reactive loading to enhance upper-hemisphere
performance [33]].

Although prior studies have advanced both design method-
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ology and antenna performance, assembly level integration
remains a central challenge in practical handsets. Specifically,
multiple antennas share the metal frame and ground, operate
within a tightly coupled volume, while the display and the user
hand introduce additional losses and parasitic currents. These
interactions can degrade efficiency and impedance stability and
often necessitate empirical retuning. Consequently, designs
defined at the unit or module level seldom transfer directly
to the full device, particularly for frame-integrated handsets.
The internal multiport method (IMPM), despite the advantages
of a low-dimensional formulation and numerical accuracy, has
likewise been applied mainly at the unit or module level rather
than at the assembly level. Representative applications include
MIMO pixel antennas [34]], rectennas for ambient RF energy
harvesting [35]], multiband pixel antenna [36], single circu-
larly polarized GPS smartwatch antenna [37], polarization-
reconfigurable antennas [38]], and decoupling of closely spaced
patch antennas [39]. Accordingly, these considerations mo-
tivate a holistic and algorithmically unified assembly level
framework based on IMPM.

In this paper, a turnkey automated framework is proposed
for goal-driven synthesis of multi-antenna handset systems.
Instead of treating impedance matching, decoupling, efficiency,
and radiation pattern synthesis separately, these objectives are
cast as a unified optimization problem based on the frequency-
dependent scattering matrix. Embedding this network model
into an evolutionary algorithm yields directly deployable
antenna configurations without empirical tuning. Using this
approach, a four-antenna cellular system is realized on a metal-
framed handset with high efficiency and low correlation across
0.69-4.2 GHz (GSM, LTE, 5G NR, and 2.4 GHz WLAN). The
same hardware is further reconfigured through five optimized
switches into a satellite state supporting dual-band positioning
and endfire radiation in the n256 band. This state-sharing
design provides robust terrestrial and satellite performance
under realistic scenarios, as illustrated in Fig.

The contributions of this work are summarized as follows:
1) A unified algorithmic framework based on the internal
multiport method is developed, enabling holistic optimization
of impedance matching, decoupling, mitigation of hand effects,
and radiation pattern control in a single automated process.
2) The framework facilitates the goal-oriented synthesis of
a four-antenna cellular MIMO system on a compact metal-
framed handset, achieving high radiation efficiencies and good
isolations across 0.69-4.2 GHz. 3) Antenna reconfiguration
within the complex antenna assembly has also been taken into
account. Building upon the optimized cellular MIMO system,
one antenna element is reconfigured using only five PIN diodes
to support endfire SATCOM radiation under user scenarios.

The remainder of this paper is organized as follows. Sec-
tion II formulates the design problem as a multi-objective op-
timization and introduces the proposed framework. Section III
demonstrates the automated synthesis of a four-antenna cellu-
lar system on a metal-framed handset and its reconfiguration
into a satellite state with endfire radiation. Section IV reported
experimental validation, and Section V concludes the paper.

II. ProBLEM ForMULATION

Under the assumption that channel state information is
unavailable at the transmitter, the MIMO channel capacity
incorporating port efficiency is given by: [40], [41]

P
Nt Ny
where Uy, denotes the Ng X Np identity matrix, Ng and Nt
are the numbers of receive and transmit antennas, P is the total
transmit power, and Ny the noise spectral density. The channel
matrix H is modeled as:

H=T'’R'?W, )

C = log, det(UNR + HHH), (1)

where T = diag(71,...,nn,) denotes the diagonal matrix of
port efficiencies, W € CNrRXN7 ig an ii.d. Rayleigh fading
matrix, and R € CNTXNT the spatial correlation matrix
determined by far-field directivity patterns. Each element of
R is given by [42]:

R,, = /4 ) D}, (Q) D, (Q) d, 3)

where D, (€2) denotes the complex pattern of port p, normalized
to unit radiated power. Efficiency determines the signal power,
while inter-antenna correlation affects the rank of the channel
matrix H. Therefore, in practical cellular antenna design,
achieving high efficiency and low correlation is essential.

To achieve this, the following subsections derive the port
reflection, mutual coupling, radiation efficiency, and far-field
patterns of the cellular antenna system using the IMPM with
multiple load configurations. The formulation is expressed in
terms of scattering parameters, which have been shown to pro-
vide good computational efficiency [39]]. The system topology,
including feeding and loading configurations, is represented by
a decision vector X that is optimized automatically through an
evolutionary algorithm.

A. Encoding Structure of the Decision Vector

In the automated design procedure, N, denotes the total
number of discrete ports in the handset antenna network,
including both external and internal ones. Among them, Ny
external ports are used for excitation, and N; internal ports are
reserved for reactive loading. The decision vector consists of
continuous variables within [—1, 1], which ensures consistency
and improves optimization efficiency:

X = [x1, x2, x3, x4]7 € RMa, (4)

Each segment of the decision vector serves a specific role. The
subvector x; € RMr encodes the open or short states of all
discrete ports, and the port-termination vector ¢ is obtained by
thresholding x:

6=1[61.....0n5,1". )
1, i >0,
5; = i i=1,....N,. (6)
0, x1,;<0,
Herein, 6; = 1 indicates a short-circuited port, while 6; = 0

corresponds to an open port.
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TABLE I
AVAILABLE VALUES FOR REACTIVE COMPONENTS

Capacitors (pF)
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
1.6 1.7 1.8 1.9 2.0 22 24 2.7 3.0 33 3.6
39 43 4.7 5.1 5.6 6.2 6.8 7.5 8.2 9.1 10
12 15 18 22 27 33 39 47 68

Inductors (nH)

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
1.7 1.8 1.9 2.0 2.1 22 2.3 2.4 2.7 29 3.0
33 3.4 3.6 39 4.3 4.7 5.1 5.6 6.2 6.8 7.5
8.2 9.1 10 11 12 15 18 33

The subvectors xo € RVs and x3 € RV are linearly mapped
and rounded to integer indices from 1 to N, then processed by
a conflict-avoidance mechanism to generate two disjoint index
sets & C{l,...,Nyyand LC {l,...,N,}\E with&EN L =
0, representing the feeding and loading ports. The subvector
x4 € RM prescribes the reactive loads on £, where the sign
of each entry specifies a capacitor C; or inductor L;, and the
magnitude indexes into the component libraries {Cj, ..., Cn.}
and {Li,..., Ly, } listed in Table Hence, the total dimension
of the decision vector is:

NdZNp+Nf+2Nl. 7

B. Antenna Performance Metrics Calculation Based on Scat-
tering Matrices

The scattering network parameters vary with frequency. For
frequency-specific evaluations, two frequency sets are defined:

7:Wl:{.](‘]""’.](‘Nm}’ e:{fl»""fNE}gfm, (8)

where scattering-related metrics are computed for f € 7,
whereas current vectors, far-field patterns, and radiation efficien-
cies are evaluated for f € .. As shown in (8], the evaluation
set . is a subset of ¥, since radiation-related quantities are
more computationally expensive and thus need not be sampled
as densely.

At each frequency f € 7, the impedance seen at a loaded
internal porti € £ is given by:

1
——, for capacitive loading,
j2rfC P SN

j2rnf L;, forinductive loading,

Zi(f) =

while for i ¢ L the port is treated as an ideal termination given
by its discrete topology: short-circuited if §; = 1 and open-
circuited if 6; = 0. With Z; denoting the reference impedance,
the reflection coefficient at each internal porti ¢ & is given by:

Zi(f) -2
Zi(f)+ 2y
which form the diagonal entries of the reflection coefficient
matrix Lin(f) € CNNi with N; = [{1,...,N,} \ &|.

The full scattering matrix S(f) of the antenna network at
frequency f € ¥, is denoted and partitioned according to the
feed ports & and the internal ports {1, ..., N} \ &, resulting in:

Srr(f) SFI(f)l

Li(f) = f € Fms (10)

(1)

S =
v [SIF(f) St (f)

where the off-diagonal submatrices represent interactions be-
tween feed (F) and internal (/) ports. Accounting for internal-
port terminations through the reflection matrix T (f), the
equivalent scattering matrix at the feeding ports is given by:

-1
Seq(f) = SEr(f) + Sk1(f) (Tine(f) = S11(f)) " S1r(f).
(12)
The total port current vector L (f) € C™r is evaluated at
each f € ¥, by exciting a feed port k € & with normalized
incident power Py. For each excitation, the forward-traveling
voltage vector V*(f) € CNr is defined as:

Np

Vi(f)
Vi (f)
where Vi(f) € RMf has a single nonzero entry Py at the k-th

feed port and zeros elsewhere. The internal-port forward wave
Vi (f) € CM is then obtained as:

Vi(f) = , 13)

V() = (Ti(F) = S1:(f)) " S1(f) VE(F),

which accounts for wave propagation into the terminated internal
ports. The total currents at all ports are obtained from the
incident and reflected waves via:

(14)

L) = 7 (Vi) = SOVID) a9
where Zj is the reference impedance. The current vector Ly ( f)
contains the excitation-induced responses across all ports of the
network.

Following current synthesis, the far-field radiation is evalu-
ated at each f € ¥,. The 6- and p-components of the single-
port responses are stored in ESHP( s Ef;( f) € CNarxXNp “\where
columns correspond to excited ports and rows to sampled direc-
tions. With uniform angular sampling at 10° in both elevation
and azimuth, the total number of directions is Ng;; = 684.

The synthesized far-field vectors Eg(f),E,(f) € CNir are
obtained through matrix—vector multiplication:

Eq(f) = Eb;(f) Lot (f),
E‘p(f) = E:g(f) Itot(f)'

The power density vector S(f) € RMNir is then computed
element-wise as:

(16)
A7)

[Eo(f)I? +[E (f)[

S(f) = 2no

(18)
where 19 = 377Q is the free-space wave impedance. Sub-
sequently, the total radiated power Prq(f) is obtained by
numerical integration over all sampled directions:

Nair
Pra(f) = D Sa(f) sin6, A Ap. (19)
n=1

The radiation efficiency n(f) is evaluated as the ratio of
radiated power to total input power:

_ Prad(f)
1) = RN L)

(20)
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where R(f) = R{Z(f)} is the real part of the port impedance
matrix. The impedance matrix Z(f) is obtained from the
scattering matrix as:

Z(f) = Zo (U+S(f)) (U=-S() ",

where U € RVr*Np is the identity matrix.

The realized gain pattern in decibels is computed based on
the power flow density. Specifically, the realized gain vector
Grealized (f) € RNar at frequency f € F is given by:

S
Grealized(f) = 1010glO [%] >

2y

(22)

where S(f) represents the power flow density at frequency f,
and Sy is a reference power density. This formulation accounts
for the angular power distribution of the antenna.

In summary, the procedure evaluates frequency-dependent
internal port terminations, equivalent scattering matrices, and
total current vectors over ¥, and ¥.. From these, far-field
patterns, radiated power, radiation efficiency, and realized gain
are obtained at selected frequencies in F.

C. Multi-Objective Functions for Enhanced MIMO Perfor-
mance

For each feeding port k = 1, ..., Nz, a set of target frequency
subbands is specified as:

Ni

= | rmn, g,

Jj=1

(23)

where each subband [ f]?,‘;.“, f,?";?"] specifies the operating range
of feeding port k, and Ni is the total number of subbands.
Thresholds for matching, coupling, and efficiency are denoted
bY Tmatch» Teouple» and 7;, respectively, and a penalty exponent p
controls the severity of threshold violations.

The self-reflection penalty for port k is evaluated over the

intersection By N F,,, as:

1
k:|BkﬂFm Z

anBkmFm

max(O, |Seq,kk(fn)| _Tmatch) P

I = Tatch

(24)

The mutual-coupling penalty between ports i and j is
evaluated over (8; U B;) N F,, i.e., the union of their target
subbands intersected with the matching set. In this domain,

mutual coupling is characterized by [Scq;;|, and the penalty is
defined as:

1
|(B: UB)) N Fyl

2

fue(BiUB;) N

Cij =

max(O, |Seq,ij ()l = Tcouple)

1- Tcouple

]P (25)

The efficiency penalty for port k is given by:

max (0, 7, —n(fn))
Tn

p
] . (26)

1
k= |BkﬂFe| £ Z
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Fig. 2. Physical layout and configuration of discrete ports of the handset
platform. Dimensions: @ = 2mm, b = 149mm, ¢ = 75.5mm, d = 2mm,
e =1.6mm, f =10mm, g = Il mm, & = 20.5mm, k = 22.7mm, / = 70 mm,
m=1mm,qg =2mm,s =6.75mm, ¢ = 131.5mm, w; = 6mm, w, = 7mm,
w3z = 15mm, wgq = 9.5 mm.

Based on the three penalty terms defined above, the objective
vector to be minimized is constructed as:

feen = Cij|. (27)

The first component measures the average penalty from self-
reflection across all feed ports, quantifying impedance mismatch
within each target subband. The second accounts for mutual
coupling between port pairs, covering both co-band and cross-
band interactions over the union of their subbands. The third
quantifies the average efficiency deficit over the far-field eval-
vation frequencies. The multi-objective optimization problem
formulated above will be solved using NSGA-III [43].

D. Multi-Objective Functions for Enhanced Positioning and
Standalone SATCOM Capability

In the absence of ground station coverage, satellite communi-
cation is essential, requiring sky-directional radiation for stable
links. With reference to the coordinate system in Fig. 2} the set
of sample indices within the satellite coverage sector is

Maa = {n:50° <6, <130°, 50° < ¢, < 130°}.  (28)

At the same time, the antenna system should support the GPS
L1 and LS5 bands for precise dual-frequency positioning. With
the self-reflection penalties r; and mutual-coupling penalties
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Define decision vector X = [x1,x2,x3,x4]7
Y
Threshold x; to obtain port-termination vector 6
Y
Map x;, x3 to feed set & and load set L
Y

Assign capacitors or
inductors to ports in £ from x4
v
Compute Z;(f) and I;(f)
v
Assemble S(f) and equivalent Scq(f)
¥
Inject excitation and evaluate I ( f)
v
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Construct objective vector f
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Fig. 3. Automated design workflow of the handset antenna system using the
internal multiport method.

¢;j defined in (24) and (23), the final three-component objective
vector is given by:

Ny
ol
ry + Ci )
Ny +3Np(Ny=1) 2 2,

k=1 1<i<j<Ny
fsat = 1 (29)
_lM—| Z Grealized, SAT(Q, ‘P)
satl S
Nswilch

The objective vector fsar in (29) jointly accounts for impedance
behavior, radiation performance, and switching complexity in
the satellite state. The first term averages the self-reflection
penalties r; and mutual-coupling penalties c;; to penalize
mismatches and coupling. The second term evaluates the
realized radiation gain within the satellite coverage sector
M, computed as the average Grealized, saT(6, ) over this
region. The third term Ngyiech reflects implementation cost
by counting the required switches. This formulation promotes
impedance matching and directional radiation while limiting
reconfiguration overhead. The complete workflow is illustrated
in Fig. 3| By integrating impedance, far-field behavior, and
hardware constraints into the design vector, the framework
establishes a comprehensive basis for goal-oriented assembly-
level handset antenna design.

III. AUTOMATED SYNTHESIS OF HANDSET ANTENNAS

In this section, the methodology proposed in Section 1II is
applied to a handset model under realistic handheld scenarios,
where the entire device is enclosed by the hand phantom
according to the CTIA standard [47]. First, the multi-band four-
antenna cellular state is synthesized to support conventional

usage scenarios, achieving enhanced isolation and radiation
efficiency. Then, based on the configuration obtained in the
cellular state, a minimal number of 5 switching points is used
to efficiently reconfigure the system into satellite state, enabling
end-fire radiation at satellite communication bands.

A. Handset Platform Configuration

In modern smartphones, the metallic frame and ground
plane serve as the primary radiators. However, their radiation
performance is often degraded by the presence of the display
and lossy human tissues. Based on this, the handset platform is
configured as shown in Fig.

The metallic frame and PCB of the handset are modeled
as copper layers printed on a 1-mm-thick FR-4 substrate. The
conductivity of the copper is 5.96 x 107 S/m, while the FR-4
material has a relative permittivity of 4.3 and a loss tangent
of 0.025. A 2-mm clearance is reserved between the metallic
frame and the ground plane, following state-of-the-art handset
designs. To emulate the display, a composite layer is introduced,
consisting of a 0.5-mm-thick glass and a 0.1-mm-thick ohmic
sheet with a surface impedance of 4.5 Q/sq, separated by a
I-mm clearance from the metallic frame. This ohmic-sheet
material, provided by OPPO Inc., serves as a substitute for
conventional OLED displays. The glass is characterized by a
relative permittivity of 6 and a loss tangent of 0.01. Furthermore,
this study employs the CTIA standard hand phantom with
frequency-dependent dispersive properties and applies the data-
mode handheld configuration specified by the same standard in
both full-wave simulations and measurements [47]], which has
been widely adopted in handset antenna studies [24]], [48]]. This
industry-standard phantom represents an averaged grip across
typical hand sizes and postures. Since the phantom is included in
all models, the retrieved multiport data inherently characterize
the hand-induced loss and coupling, thereby allowing the
optimizer to account for these effects without introducing
extra parameters. If alternative hand postures are required, the
proposed framework can re-extract the corresponding multiport
data for re-optimization or jointly optimize across multiple
handheld setups to obtain a balanced design.

Six 2-mm-wide discontinuities are introduced along the metal
frame to prevent low-efficiency slot-mode excitation between
the ground plane and the frame [9], [24]. Within this frame-
integrated handset assembly, the metal frame together with the
device ground serves as the primary radiator. Although power is
fed through localized branches, currents also flow on parasitic
frame segments and adjacent conductors, contributing to the
overall radiation. As a result, each antenna element behaves as
a frame-integrated radiator rather than an isolated branch.

In this work, the IMPM is employed to automate the
placement and decoupling design of multiple antennas, with
reactive loads implemented as the practical tuning elements.
A total of 48 discrete ports (indexed 2—49) are distributed
across the clearance regions of the handset platform, serving as
candidate locations for excitation or passive loading to enable
fine-grained current control. Two additional ports (ports 1 and
50) are reserved as excitations for the two primary antennas.
Furthermore, four ports (ports 51-54) are positioned along the
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TABLE II
FrREQUENCY ALLOCATION B ; OF EACH ANTENNA PORT IN
CELLULAR AND SATELLITE STATES

State Feeding Port Allocated Bands (GHz)
A 0.7-0.95,1.7-2.4,2.4-2.7,3.3-4.2
Cellular B 0.7-0.95, 1.5-2.4,2.4-2.7,3.3-4.2
C,D 24-27,33-4.2
A, D Passive
Satellite B 1.55-1.6, 1.98-2.2
C 1.15-1.2

microstrip lines to facilitate impedance matching. The spatial
arrangement of all discrete ports, along with the structural
dimensions of the handset platform, is depicted in Fig. 2]

The multiport scattering matrix and the single-port far-field
responses are obtained through full-wave simulations, and the
impedance matrix for efficiency evaluation is retrieved by
(2T). Specifically, CST Microwave Studio [49] with the time-
domain solver is used over 0—5 GHz, with far-field monitors
placed every 0.1 GHz. The display layer and the CTIA-standard
hand phantom are consistently included in all simulations. The
scattering matrix is retrieved from S-parameter-port excitations
under “1D Results”, while the embedded radiation patterns are
obtained by exciting one current-port with others passive, stored
under “Farfields Results”. As a result, the scattering/impedance
matrix characterizes the network behavior, while the single-port
far-field responses describe the radiation characteristics. The
final implementation of all discrete ports is optimized within
the unified design framework described in Section II.

B. Four-Antenna Cellular State

A four-antenna system operating in cellular state is synthe-
sized based on the methodology proposed in Section II. The
target frequency subbands B; assigned to the four antennas
(Ports A-D) are listed in Table @ covering mainstream
communication bands. Specifically, 2x2 MIMO operation is
supported over 0.7-0.95 GHz and 1.7-2.4 GHz, while 4x4
MIMO operation is realized over 2.4-2.7 GHz and 3.3—4.2 GHz.
In addition, the GPS L1 band is integrated into Port B to enable
conventional positioning and navigation functionality.

The frequency sets %, and F,, defined as the union of all
subbands B; listed in Table [, are used to evaluate impedance
matching and radiation efficiency, respectively. The frequency
resolution is set to 0.025 GHz for ¥, and 0.1 GHz for F.. A
total of 54 discrete ports are defined on the handset platform.
Accordingly, the number of discrete ports is set to N, = 54,
and the number of feeding ports is set to N ¢ = 4, corresponding
to Ports A-D. The number of loading ports is set to N; = 14,
including the matching components assigned to Ports 51-54.
Based on this configuration, the total number of decision
variables is calculated as N; = 86.

Regarding the port positions, changing the discrete port layout
alters both the multiport scattering matrices and the embedded
radiation patterns. Nevertheless, in this platform (Fig. [2)),
the discrete port layout is intentionally dense, with adjacent
ports separated by only 6-15 mm, corresponding to about
0.2-0.5 Ay at the highest frequency considered in the sub-6 GHz
band, where 1y denotes the free-space wavelength. Such dense
discretization already provides sufficient flexibility for tuning, so

Fig. 4. Three-dimensional Pareto front illustrating the trade-offs among
impedance matching, mutual coupling, and radiation efficiencies in the cellular
antenna system.

that variations in port locations do not substantially change the
optimization degrees of freedom since the overall discretization
level remains effectively unchanged. Hence, the optimized
performance of the antenna system would not be affected by
the port positions as long as the number of ports is sufficient.
In practice, the shifts in port positions can be compensated by
variations in the reactive load values during optimization, while
the problem formulation and the optimization procedure remain
unchanged.

The optimization is performed using the NSGA-III algo-
rithm, which is widely adopted for high-dimensional multi-
objective electromagnetic problems due to its robustness and
diversity-preserving reference-point strategy [43[]. Compared
with conventional algorithms such as GA or NSGA-II, NSGA-
IIT provides more stable convergence and better coverage of
the Pareto front in complex design spaces [44]. The algorithm
parameters are set as follows: population size of 300, number of
generations of 1000, crossover probability of 1.0, and mutation
probability of 0.03. These values follow commonly used settings
in related electromagnetic optimization literature [44], [45],
[46] and provide a good balance between exploration and
convergence efficiency. In general, a smaller population size or
fewer generations may cause premature convergence and sub-
optimal results, whereas larger values increase computational
cost without significant performance gain. The crossover and
mutation probabilities regulate the trade-off between solution
diversity and convergence stability, where excessively low
values cause stagnation and excessively high values introduce
unnecessary randomness.

In addition, the thresholds Tmacch, Tcouples T, are introduced
to normalize the objectives and to prevent over-optimization of
any single metric, set to 0.4, 0.3, and 0.25, respectively. They
correspond to industry-standard values, with Tpacn = 0.4 (about
—8 dB, within the typical —6 to —10 dB acceptance range),
Teouple = 0.3 (about —10 dB isolation), and 7, = 0.25 (25%
efficiency under hand and display loading). Loosening a thresh-
old relaxes its requirement and shifts the Pareto front toward
other metrics, whereas tightening it enforces stricter demands
and reduces feasible designs. The penalty exponent is set to
p = 3topenalize violations strongly but smoothly, avoiding both
weak enforcement at small values and unstable convergence at
large values, thus preserving reliable convergence with a diverse
Pareto set.
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TABLE III
MuLriporT ToPOLOGY CONFIGURATIONS UNDER CELLULAR AND SATELLITE STATES
Ports 1-18
Port Index | 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
Cellular Open Open Open Shorted 5.6 pF Open
Satellite.  Fecd 180 nH Open Open  Open " Open g rted Shored  OPSM Open Open Open Open " " 30k Shorted  OP"
Ports 19-36
Port Index 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Cellular Shorted  Open Open 3.9 nH
Satellite Open Open Open Open Shorted Open Open  Shorted Shorted Shorted Open  Shorted 7.5 nH Feed Shorted 6.2nH 5.6 pF 6.8 nH
Ports 37-54
Port Index 37 38 39 40 41 42 43 44 45 46 47 48 49 50 sl 52 53 54
Cellular Shorted Shorted Open Shorted 6.2 pF
Satellite Open Shorted Open Open 4.7 pF Open Open 3.9 pF Shorted 4 nH Open  33.0 nH Feed Feed 5.1nH 150pF 5.1 nH 6.2 pF
e e P T loe) i o e shorting points, and reactive loads. Each element behaves as a
-4 Rad. Eff. (Ref - ad. Eff. (Ref] . . .
4 flad L) 4 fad B (el platform-integrated radiator rather than an isolated monopole.
Cellular State - Port A Cellular State - Port B . . .
The worst isolation levels are around 10 dB, demonstrating
g 25. = effective decoupling performance across the entire operating
- 2% 2
é g é } g range. . .
g 2 g 3 Due to the presence of the lossy display and human tissue,
= s = . o . o . . . .
& iy = antenna efficiency is inherently limited in practical scenarios. In
. 2 3 4 s ; this study, the radiation efficiencies of the four main antennas
Frequency (GHz) Frequency (GHz) without any reactive loads or shorting elements are used as
— S = |Se: Scp — |Spp = |Spa Sps! 1 1b1
T ol el el Tl ol references. These reference configurations exhibit generally
4 Rad. Bf: (Ref) & Rad. Bf. (Ref) lower efficiencies, with noticeable drops observed within certain
Cellular State- Port C Cellular State - PortD target bands. With the proposed optimization, the radiation
—~_~ - —_ N . . . . .
g 2% ) efficiencies of all four antennas are significantly improved
5 % 8 % under realistic conditions. Owing to the enhanced impedance
] -10 8 B -20 10 g . . .
g - 2 matching, the total efficiencies are also well preserved.
g - £ e .
;% 3 5 30 & The radiation patterns of the antennas in the cellular state
-15 0, s ; ;s at representative frequencies (0.8, 2.1, 2.4, and 3.8 GHz)
Frequency (GHz) Frequency (GHz) are shown in Fig. [6] as 3D radiation patterns, with the main

Fig. 5. Simulated S-parameters and efficiencies of the proposed handset antennas
in cellular state.

With the objective function defined in (27), the algorithm
converges in about 2 hours. The resulting Pareto front, shown
in Fig. 4] illustrates the trade-offs among impedance matching,
coupling, and efficiency, from which a balanced solution marked
by a red pentagram is selected and detailed in Table Full-
wave simulations are conducted in CST Microwave Studio
(MWS) to validate the performance of the proposed four-
antenna configuration. All reported results are obtained under
user interaction conditions, with a hand phantom included in the
simulation environment.

The reflection coefficients, transmission coefficients, radia-
tion efficiencies, and total efficiencies of Ports A—D in cellular
state are presented in Fig.[5] The corresponding target frequency
subbands for each port, as defined in Table [[I} are highlighted
using gray shaded regions. All antennas achieve impedance
matching within their target bands, satisfying the —6 dB crite-
rion. Impedance matching in the proposed design is physically
realized through the joint tuning of shorting strips and passive
reactive loads within the clearance. Their interaction modifies
the current paths, the effective electrical length, and thus the
input impedance of the specific antenna element. This tuning
process is implemented within the internal multiport framework,
which characterizes the entire structure as a scattering-matrix-
based network and enables the unified tuning of feeding ports,

radiation direction explicitly annotated in each subplot. The
corresponding realized gains and total efficiencies are also
annotated, further demonstrating the practical viability of the
proposed antenna system.

C. Two-Antenna Satellite State

With the advancement of satellite communications, terminal
devices are evolving from ground-only connectivity toward
standalone satellite capability, introducing three key design
challenges. First, metallic frames limit the realization of circular
polarization toward sky direction, which is typically required
for satellite links. Additionally, a wide-beam endfire radiation
pattern is necessary to ensure adequate upward coverage [29].
Second, the presence of nearby antennas and human tissue can
significantly distort the radiation pattern, making it difficult to
sustain the desired endfire characteristics. Third, state transitions
between the cellular and satellite states require switches, and
minimizing the number of switching points is critical for
practical system integration. These challenges highlight the
importance of addressing endfire antenna design at the assembly
level rather than the unit/module level, taking into account the
full constraints of the device environment.

To address the challenges outlined above, the proposed
network-based method incorporates practical endfire satellite
communication capability on top of the existing cellular-state
antenna, enabling seamless platform integration and efficient
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Fig. 6. Simulated 3D radiation patterns of the antenna assembly under cellular and satellite operating states, with realized gains, main radiation direction, and total
efficiencies annotated in each subplot. Here, G denotes the maximum realized gain, the pair (6, ¢) indicates the direction of maximum radiation, and 77 denotes

the total efficiency.

Fig. 7. Three-dimensional Pareto front for satellite state optimization, illustrat-
ing the trade-offs among S-parameters, endfire directivity, and implementation
complexity.
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Fig. 8. Simulated S-parameters and efficiencies of the proposed handset antennas
in satellite state.

state switching. Building on the cellular-state configuration,
Ports B and C are reused as the feeding ports in satellite
mode, while the Ports A and D are passively terminated. The
supported satellite frequency bands are summarized in Table[I]
including the GPS L1 band (1.55-1.60 GHz), the GPS L5 band
(1.15-1.20 GHz), and the n256 band (1.90-2.20 GHz), which
are specified by 3GPP as a standard satellite communication
band for mobile terminals [51]]. Accordingly, the antenna system
in the satellite mode is configured to operate across these
three bands, supporting accurate dual-band GPS positioning

and wide-beam endfire radiation for satellite communication.

According to the objective function defined in (29), the
optimization is performed using the NSGA-III algorithm with a
population size of 300. The threshold parameters Tmatch,» Teouple:
and 7, are set to 0.4, 0.3, and 0.25, respectively, to prevent over-
optimization of individual objectives. The penalty exponent is
setto p = 3 toimpose stronger penalties on constraint violations.
The algorithm converges in approximately 40 minutes, with the
resulting Pareto front shown in Fig. [7] revealing the trade-offs
among S-parameters, endfire directivity, and implementation
complexity.

To prioritize low-complexity solutions, configurations re-
quiring only five switching points are first selected. Among
these candidates, the solution achieving an average gain of
—2.5dBi is further chosen. The selected point is marked with
a red pentagram in Fig. [7} and the corresponding topology
configuration is detailed in Table It is worth noting that
a state flip from shorted to open or vice versa is counted as
a single switching operation, since both directions represent
the same type of reconfiguration. Compared with the cellular
state, switching to the satellite state requires only five switch
operations, two of which involve simple state flips between
open and short. The remaining three switches, located at
Ports 16, 36, and 48, are used for loading reconfiguration. This
efficient transition from cellular to satellite state demonstrates
the practicality of the proposed configuration reuse strategy.

The simulated S-parameters and efficiencies of Ports B and
C in the satellite state are presented in Fig.[8] Good impedance
matching is achieved across all three target frequency bands.
In terms of efficiency, taking the performance of Port B in
the cellular state (see Fig. [5) as a reference, the radiation
efficiency within the n256 band is further improved in the
satellite state, remaining above —7 dB across the entire band.
At 2.1 GHz, the efficiency is 2.9 dB higher than that of the same
antenna in the cellular state. These results clearly demonstrate
the flexibility and effectiveness of the proposed efficiency
enhancement strategy.
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Fig. 9. Simulated surface current distributions of the antenna system in the (a)
cellular state and (b) satellite state.
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Fig. 10. Radiation patterns of the SATCOM antenna (Port B) at 2.1 GHz under
different scenarios (linear scale), including free space, standard hand phantom,
and the phantom shifted by 10 mm and 20 mm toward the back cover.
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Fig. 11. Simulated envelope correlation coefficients (ECCs) under individual
port excitations in the cellular state.

The radiation patterns of the antenna system in the satellite
state at 2.0 GHz, 2.1 GHz, and 2.2 GHz are illustrated in Fig. |§|
Using the 2.1 GHz pattern of Port B in the cellular state (near
the n256 band) as a reference, it is observed that Port B in the
satellite state achieves a clearly endfire-directed radiation pattern
within the n256 band. In contrast, the reference pattern exhibits
dispersed radiation over a wide range of solid angles, with a
realized gain of —6.1 dBi, which is significantly lower than the
—1.5dBi gain achieved by the reconfigured satellite antenna.

The current distributions of the antenna system in the
cellular and satellite states are illustrated in Fig. It can
be observed that the antennas exhibit distinct common-mode
and differential-mode current distributions in the cellular and
satellite states, respectively, consistent with the characteristics
reported in [[14]). Such differential-mode excitation in the satellite
state contributes to the formation of endfire radiation.

To further evaluate robustness against grip variations, the
CTIA hand phantom is shifted by 10 mm and 20 mm toward
the back cover. As shown in Fig. [I0] while a substantial
difference exists between the free-space and any hand-loaded
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Fig. 12. (a) Fabricated prototypes of the proposed antenna systems for both
cellular and satellite states. (b) The SPEAG CTIA hand phantom is used to
emulate the handheld scenario. (c) Measurement setup in the Satimo anechoic
chamber.
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Fig. 13. Measured S-parameters and efficiencies of the proposed handset
antennas in cellular state.

[Sc| [Scc] — = =[Seal [Sesl

— — ~|Scp| —a—Tot. Eff.

[Sps| = = =|9pal
— — ~|Spp| —8—Tot. Eff.

Satellite State - Port B Satellite State - Port C

S-parameters (dB)
Efficiency (dB)

Efficiency (dB)
S-parameters (dB)
S
=1

05 1 15 2 25 0 05 1 15 2 25
Frequency (GHz) Frequency (GHz)

Fig. 14. Measured S-parameters and efficiencies of the proposed handset
antennas in satellite state.

case, the intended endfire radiation in the satellite state is largely
preserved across these shifted positions. This confirms that
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Fig. 15. Measured 3D radiation patterns of the antenna assembly under cellular and satellite operating states, with realized gains, main radiation direction, and
total efficiencies annotated in each subplot. Here, G denotes the maximum realized gain, the pair (6, ¢) indicates the direction of maximum radiation, and 77

denotes the total efficiency.

reasonable hand position changes do not significantly degrade
the SATCOM performance, since the dominant scattering
environment is already established once the hand is present.

The envelope correlation coefficients (ECCs) under individ-
ual port excitations in the cellular state are calculated, which
evaluates the spatial correlation between two radiation patterns
by integrating their far-field components Ey and E, over the
elevation angle 6 and the azimuth angle ¢. The computed ECCs
are presented in Fig. [T} which remain below 0.1, meeting the
widely accepted international criterion of being less than 0.5
for MIMO systems, indicating good performance for MIMO
operation.

IV. EXPERIMENT AND DiscussioN
A. Experiment

To further validate the performance of the proposed handset
antenna system, prototypes operating in both the cellular and
satellite states were fabricated, with the prototypes shown in
Fig.[12{a). All components and dimensions are consistent with
those specified in Fig. 2} Lumped elements in 0402 packages
were used and implemented using Surface-Mount Technology
(SMT) technology to achieve the desired network currents. The
antennas were excited through coaxial cables terminated with
SMA connectors. Due to the presence of a full-screen display,
four holes were drilled at the PCB of the handset, to allow
the coaxial cables to exit from the back of the prototype. A
SPEAG hand phantom was employed to emulate handheld user
scenarios, which conformed to the CTIA standard, as depicted
in Fig. [[2[b). The same phantom was also integrated in full-
wave simulations, ensuring consistency between simulated and
experimental conditions. The following measurement results
demonstrate good agreement with the simulations, thereby
verifying the validity of the adopted handheld model.

The S-parameters of the fabricated prototype in both the
cellular and satellite states were measured using an Agilent
N5071C vector network analyzer, as shown in Fig. [T3| and
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Fig. 16. Measured envelope correlation coefficients (ECCs) under individual
port excitations in the cellular state.

Fig. [T4 The prototype exhibited good impedance matching
within the target frequency bands, with reflection coefficients
below —6 dB. The measured isolation levels were also consistent
with the simulation results, exceeding 10 dB across the target
frequency bands, indicating good MIMO performance.

The far-field radiation patterns of the prototypes were mea-
sured in a Satimo microwave anechoic chamber (SG24-L), with
the measurement setup shown in Fig. [[2fc) and the results
presented in Fig. following the same format as in Fig. [6]
The antennas exhibited similar far-field characteristics and gain
values to the simulated results within their respective frequency
bands. At 2.1 GHz in the satellite state, Port B achieved distinct
endfire radiation with a measured gain of -0.6 dB, representing
an improvement of 3.4 dB compared to its counterpart in the
cellular state. The measured efficiencies for both states are
presented in Fig.[13]and Fig.[T4] showing good agreement with
the simulation results. Compared to the simulated results, the
slight variations in gains and efficiencies could be attributed to
assembly tolerances and discrepancies between the actual screen
parameters and the surrogate values used in the model. The
measured ECC results were shown in Fig.[T6 where the values
for all ports remain below 0.1 across various frequency bands.
These results confirm the reliability of the proposed antenna
system for satellite communication applications.
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TABLE IV
COMPARISONS WITH REPRESENTATIVE HANDSET ANTENNA DESIGNS
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Note: CP denotes circular polarization, LP denotes linear polarization, CMA denotes characteristic mode analysis.

In the cellular coverage column, numbers in parentheses denote the number of antenna ports (MIMO order) per band.

In the efficiency column, the value outside parentheses reports the highest antenna-level total efficiency across the specified bands, whereas the value in
parentheses reports the effective efficiency achieved with auxiliary techniques (e.g., adaptive excitation or active matching).

+ Entry in which the display is modeled as a glass dielectric with an aluminum backplate. Its contribution to the overall loss is small.

# Entry in which the display is modeled with an ohmic-loss sheet, which yields substantially higher loss.

* Entry in which a hand phantom is included and the antenna is located at the handset top and separated from the hand. Thus, the efficiency remains relatively

high even under a user scenario.

To further evaluate the MIMO performance of the proposed
antenna system, the frequency-dependent ergodic capacity was
computed at an SNR of 20 dB using (T), where the efficiency
matrix T was constructed from the simulated or measured total
efficiencies. For each frequency point, the far-field patterns
of all ports were normalized such that their solid-angle—
weighted power equaled one. The spatial correlation matrix R
was then derived from these normalized directivity patterns,
and the equivalent channel matrix H was modeled according
to @). Monte Carlo averaging over K = 10* Rayleigh channel
realizations yielded the ergodic capacity, while the Rayleigh
upper bound was computed by setting both the efficiency matrix
T and the spatial correlation matrix R to identity matrices, i.e.,
T = R = U, which corresponds to the ideal case with full
efficiency and completely uncorrelated ports.

Fig. (17| compares the simulated, measured, and ideal capac-
ities. For the 2 X 2 configuration (0.70-0.95 GHz and 1.70-
2.40 GHz), the capacity reaches approximately 5 bps/Hz. For
the 4 x 4 configuration (2.40-2.70 GHz and 3.30-4.20 GHz),
the proposed design achieves a notable capacity improvement,
reaching around 11 bps/Hz, attributed to the increased spatial
degrees of freedom. The close agreement between simulated
and measured results further verifies the validity of the network-
based modelling approach.

B. Discussion

Table [[V] summarizes representative handset multi-antenna
and endfire SATCOM designs in chronological order. For con-
sistency across heterogeneous studies, the comparison includes
each design’s operating bands, SATCOM capability, display
integration, per-band MIMO order, and method. As indicated,
the proposed design uniquely integrates an endfire SATCOM
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Fig. 17. Simulated and measured ergodic capacities in the cellular state under
2 x 2 and 4 X 4 configurations, along with the ideal Rayleigh reference.
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Fig. 18. Reflection coefficients and radiation efficiency of a typical inverted-F
antenna (IFA) with and without an OLED display with 4.5 Q/sq sheet resistance.

antenna into a complete cellular assembly, while requiring only
five switching points for state control. In addition, the internal
multiport method accounts for complex scatterers such as the
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display and user proximity, thereby alleviating the design effort
of frame-integrated handset antennas.

As shown in the efficiency column, the proposed antenna
exhibits modest efficiencies, more pronounced in the low band.
This trend is consistent with practical handset constraints,
including the metallic frame and platform integration [9],
absorption by lossy human tissue [57], and resistive loss in
the OLED display’s conductive layer [58]. In [59], an experi-
mental study on a commercial smartphone reports total antenna
efficiencies below —10dB (10%) up to 3 GHz in free space. In
[24]], characteristic mode analysis is employed to design a hand-
immune antenna cluster, and the reported average single-antenna
efficiency in the low band remains around —8dB (= 15%),
which is relatively higher since the OLED display’s conductive
sheet is not included. Including this effect typically reduces the
radiation efficiency by about 4-8 dB. For illustration, Fig.
compares a typical IFA with and without an OLED conductive
sheet with 4.5 Q/sq sheet resistance and shows about 8 dB
degradation in the low band and about 4 dB in the high band.
These observations indicate that modest antenna efficiencies are
common under realistic conditions. The proposed assembly is
evaluated with a lossy chassis, a full-screen OLED with ultra-
small clearance, and user scenarios, so modest efficiencies are
expected.

Beyond platform losses, assembly-level constraints further
limit efficiency. With a single feed port, the design must
cover 0.69-4.2 GHz and maintain inter-antenna isolation. These
requirements reduce the effective degrees of freedom available
to each band and introduce a trade-off between bandwidth
and efficiency. Under the Cellular state, Ports A and B are
therefore constrained, and their efficiencies are modest. This
trend is reflected in Fig. [5] which shows only small efficiency
improvements at Ports A and B relative to the reference, which
uses the same feed position but no added loading or shorting
strips for current regulation. By contrast, Ports C and D operate
over narrower ranges of 2.4-2.7GHz and 3.3-4.2GHz and
achieve larger improvements of 2-3dB. Because the design
integrates all required antennas within a limited handset volume,
the peak efficiency for any single band is generally lower than
for a design dedicated to one or two bands.

Regarding practical considerations, the present study is
demonstrated on a metal-frame-integrated handset architecture.
Extension to planar, printed handset antennas would require ad-
ditional engineering adaptation. Moreover, the biasing network
of the PIN diodes introduces parasitic effects that may affect
efficiency and isolation. A complete system-level co-design with
the RF front-end and device hardware lies beyond the antenna-
level scope of this work but represents an important aspect for
future integration. The optimization code and the associated
multiport dataset are made publicly available in a repository for
academic use [60].

V. CONCLUSION

In this paper, a network-based method is proposed for real-
izing a reconfigurable handset antenna assembly that operates
efficiently in both cellular and satellite states. By integrating
internal port modeling with an automated topology synthesis

framework, the design enables intelligent placement of feeds and
reactive loads with minimal manual intervention. The resulting
antenna configuration achieves reliable impedance matching,
high isolation, and wide-beam endfire radiation across multiple
frequency bands. A compact implementation using only five
switchable elements enables seamless state transition with
low hardware complexity, supporting turnkey integration into
modern smartphone platforms. Full-wave simulations and pro-
totype measurements validate the performance under realistic
usage conditions, demonstrating the practicality of the proposed
design for compact, multifunctional terminal applications.
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