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Small antennas

Folded spherical helix
Sony Xperia

Many advanced small antenna designs.

Antennas embedded in structures.

Performance in Q, bandwidth and efficiency.

How does the performance depend on the design region?
Understanding from bounds and optimal currents.
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Automated optimal antenna design?
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Physical bounds on antennas: methods
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Antenna and antenna current optimization

Maximal size of the antenna

Device structure {2 with a
maximal size for the antenna <
region (2.

Antenna geometry with feed point

> Antenna optimization: r | | | _|
determine the shape,

material, and feed properties
5 Current distribution on the antenna
for optimal performance.

» Antenna current i J i Si
optimization: synthesize an v ——

optimal current distribution
in the available geometry.

Current distribution in the antenna antenna region
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Antenna and antenna current optimization

Device structure {2 with a
maximal size for the antenna
region (2.

» Antenna optimization:
determine the shape,
material, and feed properties
for optimal performance.

» Antenna current
optimization: synthesize an
optimal current distribution
in the available geometry.
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Optimization of antenna currents: examples

Gain over Q

minimize Stored energy

subject to Radiation intensity = Py
Q for superdirectivity D > D,.

minimize  Stored energy
subject to Radiation intensity = DoPraq/(47)
Radiated power < P4

Embedded structures

minimize Stored energy

subject to Radiation intensity = Py
Correct induced currents
Need to:

1. Express the stored energy in the current density J.
2. Solve the optimization problems.
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Stored electromagnetic energy

» Where is the energy stored?
> Fields
» Currents
» Feed structure
» Stored according to what?
> Input impedance
» Material
» Scatterer
> Why are we interested?
» Basics physics
» Antenna bandwidth
» Physical bounds

There are several proposals for the stored energy in the literature.
They agree for many cases but differ for some. Differences often
due to different interpretations, assumptions, and applications.
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From MoM to stored energy (1)

Use a method of moments (MoM) formulation of the electric field
integral equation (EFIE). Impedance matrix Z = R 4+ jX

—jkriz2

A R TR AT E
n olo k 4mryg
where ¥,,; = ¥,,(11), ¥,9 = ¥, (r2), m,n=1,...,N, and

r1g = |71 — 72|. The current density is J(r) = SN Iab, (r)

with the expansion coefficients determined from ZI = V, where V

is a column matrix with the excitation coefficients.
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From MoM to stored energy (1)

Use a method of moments (MoM) formulation of the electric field
integral equation (EFIE). Impedance matrix Z = R 4+ jX
W —jkriz2

Z Wi 1 ° e
mn .

= k Y/ v Vo -
n J/Q/_Q < ¢m1 wnz L 1 wml 2 ¢n2> 47719
where ¥,,; = ¥,,(11), ¥,9 = ¥, (r2), m,n=1,...,N, and
r1g = |71 — 72|. The current density is J(r) = SN Iab, (r)
with the expansion coefficients determined from ZI = V, where V
is a column matrix with the excitation coefficients.

dS; dSs
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From MoM to stored energy (1)

Use a method of moments (MoM) formulation of the electric field
integral equation (EFIE). Impedance matrix Z = R 4+ jX
W We T

ey [ [ <k¢m1 b V1 Vo %) s,

where ¥,,; = ¥,,(11), ¥,9 = ¥, (r2), m,n=1,...,N, and

r1g = |71 — 72|. The current density is J(r) = SN Iab, (r)
with the expansion coefficients determined from ZI = V, where V
is a column matrix with the excitation coefficients.

Differentiate the MoM impedance matrix

k0 Zymn eikr2
k
n ok /_Q/ ( d’ml ¢n2 + vl 71bm1 v2 ¢n2) 471'?”12

e —jkriz
<k'¢m1 Vo — Vl V1 Ve - '%2) dS; dSs
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From MoM to stored energy (1)

Use a method of moments (MoM) formulation of the electric field
integral equation (EFIE). Impedance matrix Z = R 4+ jX

Zimn // </m,b me ) Wé " >ejkm ds; ds
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From MoM to stored energy (1)

Use a method of moments (MoM) formulation of the electric field
integral equation (EFIE). Impedance matrix Z = R 4+ jX

G _ 5 = v W% e s, as
n _J/Q/Q<¢m1'¢n2_% 1'1nbm1 2'¢n2 47719 102

where ¥,,; = 1,,(71), ..., N, and

rig = |71 — 72| The cutent density is J ()Y SN Tab, (r)
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From MoM to stored energy (1)

Standard MoM implementations of the EFIE are easily modified to
compute the stored energies. The sum and differences

1 1
Wiy + W, = ZIHX/I and Wy, — W, = 4—IHXI
W

gives the stored magnetic and electric energies

X X X X
m _ Lym I Ipn (90X _ Xy
W 8 (Bw ) and We = 8 <8w w) ’

respectively. Electric X,, and magnetic X,;,, reactance matrices
1 / 1 /
Xe:§(wX —X) and Xm:§(wX +X)
Identical to the stored energy expression (free space) introduced by

Vandenbosch 2010 and already considered by Harrington and
Mautz 1972.
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Matrix expressions for the stored EM energies

Method of Moments approximation (expand J in basis functions)

1
We ~ ZIHXGI stored E-energy, X, electric reactance
w

1
W ~ 4—IHXmI stored M-energy, X,, magnetic reactance
w

1
Paa~ §IHRI radiated power

giving Z = R + j(X;,, — X¢). We also use

é" - F~FI far field
E ~ NI near field
Iq =~ CIp induced current on a PEC
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Matrix expressions for the stored EM energies

Method of Moments approximation (expand J in basis functions)

1 :
W, ~ 4—1 stored E-energy, X, electric reactance
w

1 .
Wn ~ 4—1 stored M-energy, X,, magnetic reactance
w

1
Paa~ 21"@ radiated power

giving Z = R + j(X;,, — X¢). We also use

e F ~ far field
FE ~ near field
Ig % A induced current on a PEC

Pre-computed matrices used in the optimization.

 —
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Optimization of the current distribution

Characteristic modes  Stored energy Q-factor
Mode's with Sr.nall Minimize the energy  Minimize the Q-factor
Rayleigh quotients Rayleigh quotient quotient
IPXI  MXw - Xl 1H(X,, + X)I 2 max{I" X, I, "X, I}
THRI THRI ~ I"RI THRI

_ Eigenvalue problem e Currents with low
Eigenvalue problem Q-factors.

(X —XJL=vRI ~ Km #XJI=VRL e Resonance by

tuning.

e Modes with low e Modes with low e Need to solve these
reactive power. stored energy. optimization problems
e Resonances (v = 0) e Does not enforce = convex
e Does not enforce resonance.

optimization.
low stored energy.
Chen and Wang 2015; Garbacz and Turpin 1971; Harrington and Mautz 1971
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Currents for maximal G/Q

Determine a current density J(r) in the volume (2 that maximizes the
partial-gain Q-factor quotient G(k, é)/Q.

> Partial radiation intensity P(k, &)

G(k,e) orP(k,é)

— Maximal size of the antenna

Q  cokmax{W,, Wp}’

» Scale J and reformulate max.P as
max. Re{e" - F'}.
» Convex optimization problem.
maximize Re{FI}
subject to "X I1<1

"X, 1<1

Frrtrrrrt

Determines a current density J () in the region {2 with maximal partial
radiation intensity and unit stored EM energy.
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~

Maximal G(k,x)/() for planar rectangles

Solution for current densities confined to planar rectangles with side
lengths ¢y and ¢, = {0.01,0.1,0.2,0.5}¢.

M. Gustafsson, etal, Tutorial on antenna current optimization using MATLAB and CVX, TEAT-7241, 1-62, 2015
Mats Gustafsson, Lund University, Sweden, 15 -



G/@ bounds

Typical (but not optimal) MATLAB code using CVX

cvx_begin
variable I(n) complex;
maximize (real (FxI))
subject to
quad-form(I,Xe) <
quad_-form (I,Xm) <
cvx_end

current density
far—field

o° o

stored E energy

1;
1 stored M energy

o° o

’

» Similar to the forward scattering bounds (2007) for TM.
» Can design 'optimal’ electric dipole mode (TM) antennas.
» TE modes and TE4TM are not well understood.
We can reformulate the complex optimization problem to analyze

superdirectivity, antennas with a prescribed radiation pattern,
losses, and antennas embedded in a PEC structure.

M. Gustafsson, etal, Tutorial on antenna current optimization using MATLAB and CVX, TEAT-7241, 1-62, 2015
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Optimal performance for embedded antennas

» Common with antennas
embedded in metallic structures.
» The induced currents radiate
q g

but they are not arbitrary.

» Linear map from the antenna
region adds a (convex)
constraint.

> Here, we assume that the
surrounding structure is PEC
and add a constraint to account
for the induced currents on the
surrounding structure in the
G/@Q formulation.
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Currents for maximal G /() for embedded antennas

Determine an optimal current density J o () in the region £2o. Assume
that the ground plane ¢ = 2\ 24 is PEC.

Can minimize the stored energy for given radiated field
minimize ~ max{I"X I, "X 1}
subject to FI=1
Ic = ClIy

or maximize the radiated field for given stored energy

maximize Re{FI}

subject to IMX I<1
"X, I<1
I¢ = CIa

Can also eliminate 1g.

Mats Gustafsson, Lund University, Sweden, 18




Finite ground plane with {6, 10,25, 100}% antenna region

f/GHz, ¢ = 10cm
0.6 0.9 1.2 1.5
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Finite ground plane with {6, 10,25, 100}% antenna region

f/GHz, ¢ = 10cm
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Why convex optimization: illustration

0.21G(9,2)/Q
The upper bound on G/Q|opt is ob-

i i 0.15 . ‘

tained by.solv!ng. the dual. (.relaxed) ‘3 ‘b (k‘

problem, i.e., finding the minimum of 01 v ‘

the (red) curve 005 | 0T 0@

g < Ga 0 : G/Q'opF : ey

Q opt = Qe + (1 _ a)Qma 0 02 04 06 08 1
£/X = 0.1or ka = 0.35

Efficiently solved with Newton itera-  The Newton iterations

tions (cost Ax = b per it). converge as o =~ 0.5, 0.73536,
0.67677, 0.66629, 0.66602,
0.66602.
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Why convex optimization: illustration

0.21G(9,2)/Q Ga
("r\ ,//(znm Qc(
015 . !
0.1 ‘ i
005 G/Qw
0 0n o

0 02 04 06 08 1

£/X = 0.1or ka = 0.35

For free we also compute G/Q for
the (dual) current I, to get
Ga G
S —
max{Qecs Qmat — @ lopt
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Why convex optimization: illustration

The upper bound on G/Q|opt is ob-
tained by solving the dual (relaxed)
problem, i.e., finding the minimum of
the (red) curve

g < Ga
Q opt o aQea + (1 - a)QmO&

Efficiently solved with Newton itera-
tions (cost Ax = b per it).

For free we also compute G/Q for
the (dual) current I, to get

G  _G
maX{Qeaana} - Q opt

021G(#,2)/Q '
. il P r‘
a0

[ G/Q}opt
0 t t t t
0 0.2 0.4 0.6 0.8 1

0.15

0.1

0.05

2/X ~ 0.1 or ka ~ 0.35

The Newton iterations
converge as o ~ 0.5, 0.73536,
0.67677, 0.66629, 0.66602,
0.66602. Duality gap in G/Q

approximately 10 12:2,3:4,8,16}
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Why convex optimization: illustration
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Why: simple optimization formulations

Super directivity:

minimize ~ max{I"X,I, T"X T}
subject to FI=1
I"R,I < 47/ (no Do)

Prescribed far field:
minimize  max{I"XI, "X, 1}

subject to / |F(k) — Fo(k)[>dQ, <6
Q

1

Embedded antennas: o

minimize max{I"X I, I"X I}
subject to FI=1
I = CI,

Mats Gustafsson, Lund University, Sweden, 21



Summary

» Physical bounds from spheres (Chu 1948)
and arbitrary shapes (Gustafsson etal 2007
to embedded antennas...

» Stored energy in the current density.

» Optimization of the antenna structure
(global optimization) and the antenna

currents (convex optimization). I
» Convex optimization for bounds and optimal

currents: G/Q, superdirective, embedded,
> Closed form solutions for small antennas.

» Non-Foster to overcome B ~ 1/Q ...

Initial results for efficiency, more realistic ge-
ometries (phones), SAR, MIMO. Investigating di-
electrics, volume currents, magnetic currents, ...

Slides: http://www.eit.lth.se/staff/mats.gustafsson
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