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Abstract

Antenna current optimization is often used to analyze the optimal perfor-
mance of antennas. Antenna performance can be quantified in e.g., minimum
Q-factor and radiation efficiency. The performance of MIMO antennas is more
involved and, in general, a single parameter is not sufficient to quantify it.
Here, the capacity of an idealized channel is used as the main performance
quantity. An optimization problem in the current distribution for optimal
capacity, measured in spectral efficiency, given a fixed Q-factor and radiation
efficiency is formulated as a semi-definite optimization problem. A model order
reduction based on characteristic and energy modes is employed to improve
the computational efficiency. The performance bound is illustrated by solv-
ing the optimization problem numerically for rectangular plates and spherical
shells.

1 Introduction

Wireless communication in modern systems utilize multiple input multiple output
(MIMO) networks and antennas [21, 24]. These systems consist of two sets of
antennas, one transmitting, and one receiving. Normally, one of these sets is situated
in a location where space allocation is not an issue, such as a base station. However,
the other set is usually contained within a small device, such as a mobile phone,
where design space is limited [28]. Naturally, antenna designs aim at maximizing
performance in such an environment. However, there is little knowledge of how the
performance depends on size, Q-factor, and radiation efficiency restrictions. Having
this knowledge a priori would enable designers to optimize their antenna designs
more efficiently. There has been efforts to bound MIMO antennas performance for
spherical surfaces [8, 11| and through information-theoretical approaches [18, 20,
25|. However, in order to create tight bounds for a design region the bounding
surface must be arbitrary.

Antenna current optimization can be used to determine physical bounds for an-
tennas of arbitrary shape [15]. These physical bounds are found by maximizing a
certain performance parameter by freely placing currents in the design space. By
having total control of the current distribution an optimal solution can be reached.
While these currents might not necessarily be realizable they provide an upper bound
for the considered problem. Construction of such physical bounds are made possible
by the ability to formulate convex optimization problems [1| for the performance
quantity of interest. The performance of simple antennas can be quantified in e.g.,
the Q-factor, gain, directivity, and efficiency [13]. MIMO antennas, on the other
hand, are more complex and a single parameter is insufficient to determine their per-
formance. The maximization of their main performance quantity, capacity, cannot
be formulated as a classical quadratic programming problem. As such, it is a chal-
lenging problem to construct physical bounds for MIMO systems. However, it is still
possible to utilize antenna current optimization and semi-definite programming [1]
to maximize a given performance quantity, such as capacity, with restrictions on,
e.g., the Q-factor and radiation efficiency.



Figure 1: Illustration of the MIMO system model with transmitter region {2r and
receiver region {2g. Part (a) shows the classical MIMO setup with spatially sepa-
rated regions. Part (b) illustrates the idealized case when the receiver region entirely
surrounds the transmitter. The system in (b) is utilized in this paper to determined
performance bounds on MIMO antennas confined to the region (2r.

In this letter a method for constructing a performance bound on capacity for
arbitrary shaped MIMO antennas using current optimization is presented. Trans-
mitting at maximum capacity is formulated as a convex optimization problem in
the current distribution on the MIMO antenna. The problem is constrained by the
radiation efficiency and Q-factor. These are expressed as quadratic forms in the
current density, where the stored energy in [26] is used. This leads to a convex op-
timization problem that maximizes the capacity in terms of spectral efficiency for a
fixed signal-to-noise ratio (SNR), radiation efficiency and Q-factor. The convex op-
timization problem is a semi-definite program [1| expressed in the covariance matrix
of the current distribution. In order to bound the performance of a MIMO antenna,
rather than a specific channel, the receiver antenna set has been characterized as
the spherical modes in the far-field. This leads to an idealized channel in terms of
spherical modes [11], which can be thought of as a direct line of sight channel where
all radiation is received. Considering such a channel has the benefit of reducing
computational complexity. This is further reduced by a model order reduction of
the method of moments (MoM) impedance matrix characterizing the antenna.

2 MIMO model
A classical MIMO system is modeled as [24]
y = Hx +n, (2.1)

where x is a N x 1 matrix of the input signals, y is a M x 1 matrix of the output
signals, n is a M x 1 matrix of additive noise, and H is the M x N channel matrix.
The channel matrix models how power is transmitted from the input signals to the



output signals, this includes the receiving and transmitting antennas and the wave
propagation between them [24].

Fig. 1a displays a classical MIMO setup where two sets of antennas form a chan-
nel. Analysis of such systems depend greatly on external factors, such as, scattering
phenomena, channel characterization, and antenna location [24|. However, to in-
vestigate performance bounds for MIMO antennas we must limit the degrees of
freedom to a single antenna. This implies that H in (2.1) should model the channel
between an arbitrary antenna and an idealized receiver, corresponding to Fig. 1b.
The transmitting antenna is modeled with its current distribution using a MoM
approximation [13] such that each basis function corresponds to an element of x.
The receiver is modeled with the radiated spherical modes, where each mode is an
element in y [11, 14]. This leads to a MIMO system of infinite dimension as N
increases with mesh refinement and M increases with the number of included spher-
ical modes. In numerical evaluation N and M are chosen sufficiently large to ensure
convergence.

The transmitted signals are modeled as the MoM current elements I = Tx,
where the matrix T maps the transmitted signals x to the current distribution on
the antenna I. The covariance matrix of the transmitted signal is P = %5 {XXH},
where & {-} denotes the temporal average [24]. With this matrix we can calculate
the average transmitted power,

P = %5 {I"RI} = %5 {x"T"RTx} = %Tré’ {THRTxx"} = Tr(RP), (2:2)

where R = THRT, and R is the resistive part of the MoM impedance matrix,
Z = R + jX [13]. Since we are concerned with connecting the currents on the
antenna structure to the spherical modes [12] in the idealized receiver we express
our channel as

y =MI+n=MTx+n=Mx+n, (2.3)

where M denotes the map from the currents to the spherical modes. This is a direct
channel between the antenna current distribution and the spherical modes [10]. The
capacity, expressed as spectral efficiency (b/(sHz)), of this channel is given by [24]

1 — —
C = max log,det (1 + —MPMH) , (2.4)
Te(RP)=P No

where 1 is the M x M identity matrix, and N, is the noise power. The noise
is modeled as white complex Gaussian noise. The optimal energy allocation in
this channel for capacity maximization is given by the water-filling solution [24].
Alternatively, the optimal solution for this problem can be solved by a semidefinite
optimization program,

maximize log, det(1 + yMPM"Y)
subject to  Tr(RP) =1 (2.5)
P -0,



where the unit transmitted power is considered, and v = P/Nj is the total SNR.
Maximizing the capacity of this channel corresponds to focusing the radiation of the
antenna to the orthogonal spherical modes.

The solution to (2.5) is unbounded and increases as mesh refinement and the
number of spherical modes are increased if the SNR is scaled with the number of
channels in M [24]. Here, we consider the case of a fixed SNR where the solution
only depends on the SNR [5, 6]. The solution to (2.5) can be made more realistic
by adding constraints on the losses or Q-factor of the transmitting antenna [11, 22].
The Ohmic losses are calculated as

Py = %5 {T"Rol} = %5 [x"T'RTx} = Tr(RoP), (2.6)

where EQ = T HRyT, and Rg is the loss matrix of the antenna [13]. The stored
electric energy is

We= € {I"X.I} = —& (X"T"X,Tx} = - Tr(X.P), (2.7)

where X, = THX,T, and X, is the electric reactance matrix [13]. The stored
magnetic energy W, is similarly defined by the magnetic reactance matrix X, as
Wh = 2i Tr(X,P), where X,, = THX,T.

w
With these constraints in hand we can formulate our optimization problem. We
note that the solution is independent of the power P, so it is sufficient to consider

the case P =1 giving

maximize log, det(1 +~yMPM"Y)
subject to  Tr((Xe + Xm)P) < 2Q

Tr(EP) =0 2.8)
Tr(RoP) <1-—1

Tr(RP) =1

PO,

where 7 is the radiation efficiency, and self-resonance is enforced. Here, the prob-
lem has been normalized to dissipated power, including losses. The consequence of
this is that the Q-factor considered includes losses in its calculation. It is possi-
ble, and sometimes advantageous, to normalize to different quantities such as the
radiated power. Equation (2.8) is a semi-definite optimization problem which has
a unique solution [1|. However, the problem is non-trivial due to the large number
of unknowns for realistic antenna problems. For example a rectangular plate of size
¢ x ¢/2 discretized into 64 x 32 rectangular elements has N = 4000 unknowns. This
size is not a problem for convex optimization of type G/Q and @ [2, 12, 13|. How-
ever, the semi-definite relaxation has close to N?/2 = 8 - 105 unknowns, making the
problem much more computationally demanding. Moreover, the logarithm used in
the definition of capacity is more involved than the simple quadratic functions in
G/@Q and @ type problems [12, 13|. Here, the number of unknowns is reduced by



expansion of the currents in characteristic, energy, and efficiency modes [13|, with
similar results.

The expansion includes only the dominating modes and as such constitutes a
model order reduction. This implies a change of basis T ~ Ui, where U maps
between the old and the new currents. This reduces the number of unknowns to the
included modes N; < N. With this approximation the stored energy, for example,
is calculated as

"X I ~ T"UTX,UI = "X, I = Tr(X 1) = Tr(X.Y), (2.9)

where Y = ﬁHA,/ and i&: UTX,U. Similarly X,,, and R, are expressed as X, =
ETXmU, and R = UTRU. These replace the corresponding matrices in (2.8), with
Y replacing P. This reduces the number of unknowns from approximately N?/2 to
N2 /2.

3 Numerical examples

In the following examples the optimization problem (2.8) has been solved for a
MIMO system resembling Fig. 1b using the Matlab library CVX [9, 13]. The loga-
rithm in the optimization problem (2.8) was replaced by a root of order M [9]. After
the optimization has been carried out the capacity is calculated as normal with the
optimized currents. The energy restriction on the number of transmitter modes and
the number of spherical harmonic modes in the receiver have been chosen sufficiently
large to ensure convergence and varies from example to example. Using too many
modes may also result in the solver failing to solve the problem due to its size and
must therefore be regulated for each run individually. Since the performance of a
MIMO antenna cannot be quantified by a single parameter the optimization was
run with different constraints. This illustrates how capacity is bounded by different
requirements on the transmitting antennas. The optimization has also been run for
a spherical shell circumscribing the antenna.

By performing a singular value decomposition of the channel matrix M we can
see how many channels dominate the information transfer between the plate and
the spherical modes, see Fig. 2. Here, we see that there are only a few channels
that dominate the rest. This indicates that so long as our model order reduction
preserves these channels it produces correct solutions. The channels between the
spherical shell and the spherical modes can be seen in Fig. 3. In this configuration
there are more good channels, indicating that more channels need to be taken into
account in the model order reduction.

In Fig. 4 the capacity has been optimized for a plate of electrical size £ = 0.21),
and is depicted as a function of the Q-factor restriction. We see a cut-off for ) < 12
where the optimization problem is unable to realize a feasible current distribution
for so low Q-factor, cf., the lower bound on the Q-factor [2|. For higher SNR the
capacity increases but the cut-off stays the same, since the SNR does not affect the
Q-factor.
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Figure 2: The singular values of the channel matrix M for a rectangular plate £ x (/2
for the wavelength ¢ = 0.21\.
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Figure 3: The singular values of the channel matrix M for a spherical shell r = a,
where a = 0.56/, for the wavelength ¢ = 0.21\.
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Figure 4: Maximum spectral efficiency achievable for a loss-less rectangular plate of
size  x £ /2 for the wavelength ¢ = 0.21\ given maximum Q-factor on the horizontal
axis. The dashed lines show the maximum spectral efficiency achievable for the
corresponding circumscribing spherical shell.
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Figure 5: Maximum spectral efficiency achievable for a loss-less rectangular plate
of electrical size £/ for maximum Q-factor with SNR v = 50, cf., Fig. 4. The
dashed lines show the maximum spectral efficiency achievable for the corresponding
circumscribing spherical shell.
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Figure 6: Maximum spectral efficiency achievable for a rectangular plate of electrical
size £/ for minimum radiation efficiency 7. The losses are modeled as a resistive
sheet with R = 0.2Q2/0. The minimum Q-factor is set to 30 for the three main
graphs and SNR v = 50. Solid lines are optimized without enforcing resonance and
dashed lines are optimized with resonance. For ¢ = 0.21\ the Q-factors [20, 30, 40]
are plotted.

We can instead regard the problem with a fixed SNR and investigate how the
capacity varies with antenna size, see Fig. 5. Depending on which () is chosen the
solution is only realizable for sizes above a certain cut-off. This cut-off corresponds
to the size which has the chosen () as its minimum achievable (). Above this size
the capacity seems to depend linearly on the antenna size. This is consistent with
how capacity scales with the number of antennas included in a MIMO system [24].

In both Fig. 4 and 5 the dashed lines show the optimization problem solved for a
spherical shell circumscribing the planar region. We see that the spectral efficiency
achievable by a planar antenna is much less than that of the sphere.

Setting an radiation efficiency requirement on the optimization may restrict
which modes are realizable. Fig. 6 illustrates how capacity varies as a function of
radiation efficiency. We see that the capacity is unaffected until some cut-off value
where the solution is no longer realizable. For electrical sizes £ = 0.21X and 0.29\
this occurs when the radiation efficiency requirements is high, above 90%. However,
for smaller sizes, such as ¢ = 0.13), we see that this cut-off occurs at lower radiation
efficiencies. The optimization problem has been solved both with and without en-
forcing resonance. When resonance is enforced, showed in dashed lines, we see that
the cut-off occurs at lower radiation efficiencies, this is due to self-resonant currents
being inherently less efficient [16]. For the size £ = 0.21\ the Q-factor requirement
was varied as well, leading to a slight reduction or increase in capacity. Close to the
cut-off efficiency we see a slight decrease in capacity for all cases. This corresponds
to the requirement on radiation efficiency limiting the optimization problem. For
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Figure 7: Illustration of the bounding surface of spectral efficiency for a loss less
rectangular plate as a function of size and Q-factor with SNR v = 50. The red curve
shows minimum @ [2].

lower radiation efficiency requirements other constraints limit the optimization and
the capacity is unaffected by the bound on radiation efficiency.

In Fig. 7 both the size of the antenna and the Q-factor are varied to create a two
dimensional bounding surface. This surface has a sharp cut-off along the minimum
() line [2] seen on the left in Fig. 7. We see that the increase in capacity follows the
shape of the minimum @ curve as /X and @ are increased. This surface provides
a bound on the capacity achievable for MIMO antennas of different sizes and with
different bandwidth requirements.

4 Conclusions

In this letter we have presented a framework for constructing performance bounds for
MIMO antennas. We simplified the channel problem often considered in communi-
cation theory to an idealized channel consisting of a spherical receiver surrounding
the antenna region. This enables the formulation of a semi-definite optimization
problem that gives a bounding capacity for any antenna that can be constructed
within the considered region limited by size, SNR, radiation efficiency, and Q-factor.
By utilizing a model order reduction based on energy and characteristic modes the
complexity of the problem is reduced such that it is solvable.

These physical boundaries of MIMO antennas represent the ideal solutions pos-
sible given complete freedom of current placement within the design area. While
the shape of these current distributions are not easily realizable [16], the bounding
values provide an upper limit to what is possible for real antenna topologies. Inves-
tigating how these bounds are affected by dielectric materials is very interesting and
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can be done by including them in the MoM simulation. It remains as future work
to explore how these bounds compare to antenna designs and measurements.
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Appendix A Antenna parameters

The impedance matrix Z = R + jX is determined from a MoM description of
the antenna structure. The impedance matrix is divided into its resistance R and
reactance X. Moreover, the reactance is decomposed into its magnetic and electric
parts, i.e., Z = R+ j(X,, — X,), where the stored electric and magnetic energies
are 3, 20]

1 X X 1
L~ -IH (== -2 ) 1= —IUX.I Al
W 8 < ow  w ) 4w ’ (A.1b)
respectively, and the dissipated power Py is given by
Py = %IHRI. (A.2)

The Q-factor is defined as the quotient between the time-average stored and dissi-
pated energies [15, 23, 27|

2wmax{We, Wy} = max{I"X.I, I"X,,I}
P, N IHRI

Q= (A.3)

Appendix B Maximum efficiency

To motivate the cut-off values seen in Fig. 6 the maximum efficiency for given Q-
factors was investigated. This was evaluated using two optimization problems, one
to find the minimum efficiency for a set Q,

minimize  Re Tr(RqP)

subject to  Tr((X, + Xum)P) = 2Q
Tr(XP) = 0 (B.1)



11

and one to find the minimum Q-factor for a certain efficiency,

minimize  Re Tr((X, 4+ Xu)P)

subject to  Tr((Xpm — X )P) =0
Tr(RP) =1 (B.2)
Tr(RoP) =1—17
P >0.

These problems can be reformulated so that resonance is not enforced, this results
in a higher efficiency limit. The optimization problems (B.1) and (B.2) for the
efficiency also arise from semi-definite relaxation [1| of the corresponding problems
formulated in the current I. Semi-definite relaxation is a technique to solve quadrat-
ically constrained quadratic programs (QCQP) and can applied to many antenna
problems [7, 17, 19].

Appendix C Additional shapes

The antenna structure which is bounded can take any shape. In Fig. 8 the maximum
spectral efficiency of a circular an triangular plate is presented. The triangular
plate is bounded by the rectangular plate presented in the paper. Therefore, the
maximum spectral efficiency of the triangular plate is slightly lower than that of the
rectangular plate. The circular plate in Fig. 8 circumscribes the rectangular plate
and its maximum spectral efficiency is thus higher than that of the plate.

20 1
15 |

— -7

N .

s

0

<

Q 1077 A2/V

Qo

20 40 60 80 100

Figure 8: Maximum spectral efficiency achievable for a loss-less triangular and cir-
cular plate with ¢ = 0.21)\ given a maximum Q-factor, and SNR ~ = 50.



12

References

1]
2]
3]

4]
[5]

6]

7]
8]

9]
[10]
[11]

[12]

[13]

[14]

[15]

S. P. Boyd and L. Vandenberghe. “Convex Optimization”. Cambridge Univ.
Pr., 2004.

M. Capek, M. Gustafsson, and K. Schab. “Minimization of antenna quality
factor”. IEEE Trans. Antennas Propag. 65 (8) (2017): pp. 4115-4123.

M. Cismasu and M. Gustafsson. “Antenna bandwidth optimization with single
frequency simulation”. IEEE Trans. Antennas Propag. 62 (3) (2014): pp. 1304—
1311.

C. Ehrenborg and M. Gustafsson. “Fundamental bounds on MIMO antennas”.
IEEE Antennas Wireless Propag. Lett. 17 (1) (2018): pp. 21-24.

C. Ehrenborg and M. Gustafsson. Physical bounds and radiation modes for

MIMO antennas. Tech. rep. LUTEDX/(TEAT-7265)/1-20/(2018). Lund Uni-
versity, 2018.

C. Ehrenborg, M. Gustafsson, and M. Capek. Analysis of Energy Modes for
MIMO Antennas. Tech. rep. LUTEDX /(TEAT-7266)/1-10/(2019). Lund Uni-
versity, 2019.

B. Fuchs. “Application of convex relaxation to array synthesis problems”. IEEFE
Trans. Antennas Propag. 62 (2) (2014): pp. 634-640.

A. A. Glazunov, M. Gustafsson, and A. Molisch. “On the physical limitations
of the interaction of a spherical aperture and a random field”. IEEE Trans.
Antennas Propag. 59 (1) (2011): pp. 119-128.

M. Grant and S. Boyd. C'VX: Matlab Software for Disciplined Convexr Pro-
gramming, version 1.21. http://cvxr.com/cvx. 2011.

M. Gustafsson and S. Nordebo. “Bandwidth, Q-factor, and resonance models
of antennas”’. Prog. Electromagn. Res. 62 (2006): pp. 1-20.

M. Gustafsson and S. Nordebo. “On the spectral efficiency of a sphere”. Prog.
FElectromagn. Res. 67 (2007): pp. 275-296.

M. Gustafsson and S. Nordebo. “Optimal antenna currents for Q, superdirec-
tivity, and radiation patterns using convex optimization”. IEEE Trans. An-
tennas Propag. 61 (3) (2013): pp. 1109-1118.

M. Gustafsson, D. Tayli, C. Ehrenborg, M. Cismasu, and S. Nordebo. “An-
tenna current optimization using MATLAB and CVX". FERMAT 15 (5)
(2016): pp. 1-29.

M. Gustafsson and S. Nordebo. “Characterization of MIMO antennas us-

ing spherical vector waves”. IEEE Trans. Antennas Propag. 54 (9) (2006):
pp- 2679-2682.

M. Gustafsson, D. Tayli, and M. Cismasu. “Physical bounds of antennas”. In:
Handbook of Antenna Technologies. Ed. by Z. N. Chen. Springer-Verlag, 2015,
pp- 197-233.


http://dx.doi.org/10.1017/cbo9780511804441
http://dx.doi.org/10.1109/TAP.2017.2717478
http://dx.doi.org/10.1109/TAP.2017.2717478
http://dx.doi.org/10.1109/TAP.2013.2295426
http://dx.doi.org/10.1109/TAP.2013.2295426
http://dx.doi.org/10.1109/LAWP.2017.2772032
http://dx.doi.org/10.1109/TAP.2013.2290797
http://dx.doi.org/10.1109/TAP.2010.2090639
http://dx.doi.org/10.1109/TAP.2010.2090639
http://cvxr.com/cvx/
http://cvxr.com/cvx/
http://cvxr.com/cvx
http://dx.doi.org/10.2528/PIER06033003
http://dx.doi.org/10.2528/PIER06033003
http://dx.doi.org/10.2528/pier06091202
http://dx.doi.org/10.1109/TAP.2012.2227656
http://dx.doi.org/10.1109/TAP.2012.2227656
http://www.e-fermat.org/articles/gustafsson-art-2016-vol15-may-jun-005/
http://www.e-fermat.org/articles/gustafsson-art-2016-vol15-may-jun-005/
http://dx.doi.org/10.1109/tap.2006.880777
http://dx.doi.org/10.1109/tap.2006.880777
http://dx.doi.org/10.1007/978-981-4560-75-7_18-1

[16]

[17]

18]

[19]

[20]

[21]
22]

23]
[24]

[25]

[26]

[27]

28]

13

L Jelinek and M Capek. “Optimal currents on arbitrarily shaped surfaces”.
IEEE Trans. Antennas Propag. 65 (1) (2017): pp. 329-341.

B. L. G. Jonsson, S. Shi, L. Wang, F. Ferrero, and L. Lizzi. “On methods
to determine bounds on the @-factor for a given directivity”. IEEE Trans.
Antennas Propag. 65 (11) (2017): pp. 5686-5696.

L. Kundu. “Information-Theoretic Limits on MIMO Antennas”. PhD thesis.
North Carolina State University, 2016.

7.-Q. Luo, W.-K. Ma, A. M.-C. So, Y. Ye, and S. Zhang. “Semidefinite relax-
ation of quadratic optimization problems”. IEEE Signal Process. Mag. 27 (3)
(2010): pp. 20-34.

M. Migliore. “On electromagnetics and information theory”. IEEE Trans. An-
tennas Propag. 56 (10) (2008): pp. 3188-3200.

A. F. Molisch. “Wireless Communications”. second. John Wiley & Sons, 2011.

M. L. Morris, M. Jensen, J. W. Wallace, et al. “Superdirectivity in MIMO
systems”. IEEE Trans. Antennas Propag. 53 (9) (2005): pp. 2850-2857.

T. Ohira. “What in the world is Q?” IEEE Microw. Mag. 17 (6) (2016): pp. 42—
49.

A. Paulraj, R. Nabar, and D. Gore. “Introduction to Space-Time Wireless
Communications”. Cambridge University Press, 2003.

P. S. Taluja and B. L. Hughes. “Fundamental capacity limits on compact
MIMO-OFDM systems”. In: IEEE International Conference on Communica-
tions (ICC). 2012, pp. 2547-2552.

G. A. E. Vandenbosch. “Reactive energies, impedance, and Q factor of ra-
diating structures”. IEEE Trans. Antennas Propag. 58 (4) (2010): pp. 1112—
1127.

J. Volakis, C. C. Chen, and K. Fujimoto. “Small Antennas: Miniaturization
Techniques & Applications”. McGraw-Hill, 2010.

Z. Ying. “Antennas in cellular phones for mobile communications”. Proceedings
of the IEEE 100 (7) (2012): pp. 2286—2296.


http://dx.doi.org/10.1109/TAP.2016.2624735
http://dx.doi.org/10.1109/TAP.2017.2748383
http://dx.doi.org/10.1109/TAP.2017.2748383
http://dx.doi.org/10.1109/msp.2010.936019
http://dx.doi.org/10.1109/msp.2010.936019
http://dx.doi.org/10.1109/tap.2008.929444
http://dx.doi.org/10.1109/TAP.2005.854530
http://dx.doi.org/10.1109/TAP.2005.854530
http://dx.doi.org/10.1109/MMM.2016.2538512
http://dx.doi.org/10.1109/TAP.2010.2041166
http://dx.doi.org/10.1109/TAP.2010.2041166
http://dx.doi.org/10.1109/JPROC.2012.2186214

