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Generalized Approach to Antenna Reconfigurability by Switching
Load Admittances

Serafin B. Fischer-Kennedy" and Jan Hesselbarth

Abstract—A general theory of a passive multi-port system is presented, incorporating an arbitrary
number of feed and load ports. The result is a nonlinear equation system, in which the solution variables
are the load admittances, connected to the load ports. The solution ensures impedance match at all
feed ports at one particular frequency. It is also shown how this theory can be applied to adaptive
and reconfigurable antennas, by using switches to include or exclude some of the load admittances. If,
by open state of a switch, the corresponding load admittance is excluded, then the nonlinear equation
system is simplified. In general, one load admittance per feed port is required to obtain complex
conjugate impedance match. Then, the admittance has a real and an imaginary part, where the real
part relates to a resistor, adding loss to the system. It is shown how loss-less matching can be obtained
by using two, purely reactive admittances per feed port.

1. INTRODUCTION

Wireless communication systems are becoming ubiquitous. Operation of their antennas may be impacted
by ill-defined or varying electromagnetic environment or by excessive tolerances of system’s building
blocks. Theoretical considerations on antenna property changes due to varying dielectric in their close
vicinity are discussed in [1-6], whereas [7-10] pursue a more practical approach regarding changes of the
electromagnetic environment. These investigations show that the alteration of the close-by dielectrics
change the input impedance and consequently also the resonant frequency of the antenna. A system
comprising an antenna and an electronic circuit will suffer since mismatch between antenna and circuit
will grow and vary. This can be called internal effect, while the change of the radiation characteristic is
an external effect, which is studied in [11,12]. Similar problems are discussed in [13]. For example, the
read-range of an RFID tag may reduce to almost zero if the tag is placed close to a lossy high-permittivity
material [14].

In the present work, an antenna that can compensate the internal effect (impedance mismatch)
of the changing environment is called adaptive. Theory and methods presented in the following also
apply to deliberate reconfiguration of the antenna. Frequency reconfiguration is a subject of extensive
research, reviews are given in [15-20]. Most reconfiguration techniques modify currents on the antenna
in order to change the resonant frequency, the radiation pattern, the polarization or a combination of
them. The modification is realized by active components (e.g., diodes, varactors, MEMS) or by field-
biased materials (e.g., ferrites, BST, graphene). Parts of the radiating structure can be connected or
disconnected or their capacitive loading can be varied. A particular implementation of reconfiguration is
realized in pixel antennas [21-26]. Here, the radiating structure is formed by many small elements, called
pixels, which are connected using RF-switches to their neighbouring elements. Upon the reconfiguration
requirements, the states of the switches are found by applying genetic algorithms. Some of these works
(namely [22,23]) are using the internal multi-ports method (IMPM), an approach, which is related to
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the presented work. In IMPM there are external and internal ports. The external ports allow power
flow across the boundaries of the network, whereas internal ports are those with connecting switches.
The relationship between all ports is represented by the impedance matrix that, advantageously, must
be determined only once. Conditions (e.g., polarization or impedance matching) at the external ports
can be enforced, which are then realized by the states of the switches at the internal ports. In the
theory part of the present work, load impedances (or load admittances) instead of switch states at the
internal ports are determined to fulfill the conditions (here: complex conjugate impedance matching)
at the external ports. It turns out that these impedance values can be found as a solution from a
nonlinear equation system, which is derived in this work. Further, when using a switch in series with
a load impedance, some of these impedances can be activated or deactivated, enabling reconfiguration.
Thus, to fulfill the condition at one external port only one switch and one impedance is required.

Another method to compensate environmental effects uses an active-tuned matching network [27-
31]. Here, the reflection coefficient at the input of the matching network is observed all the time using,
e.g., a directional coupler. If the reflection coefficient becomes worse, the matching network will be
tuned accordingly to ensure that most of the power is transferred.

There are also passive means in antenna design to enhance robustness against a changing
electromagnetic environment. An intuitive approach is to use a ground plane, that isolates the antenna
from the material in the vicinity [32]. Also, well-defined dielectrics as a spacer can be used [33, 34]. For
only slight environment alterations, a broad-band antenna as in [35] may be sufficient since the resonant
frequency deviates within the frequency bandwidth. A particular concept is presented in [36], where
only those characteristic modes of a metal rim cellphone antenna are used that are not severely affected
by the user’s hand. A passive, suitable power divider network is connected to a dual-fed antenna in [37],
realizing matching for two largely different scenarios.

A possible implementation of the concepts derived in this paper is depicted in Fig. 1. A microstrip
patch antenna (e.g., of an RFID tag) is able to switch its resonance frequency and can adapt against
several, different electromagnetic environments, such as close-by dielectric of varying permittivity.
The patch is connected to a chip on the board backside by six transmission lines, two serving as
optional (switched) feed points and four serving as (switched) reactive load accesses. Based on
the electromagnetic simulation of the antenna including the transmission lines (and considering the
electromagnetic environment), the methods described below allow to calculate the required reactive
loads.

front view cross section back view

Figure 1. A possible application of the proposed method. A patch antenna, which is doubly fed and
loaded with admittances that can be switched to reconfigure the resonance frequency. The chip provides
both feeding and switching functions.

This paper is organized as follows. The second section derives a nonlinear equation system, which
allows to determine required load admittances. The third section covers three example cases. Firstly,
a doubly and simultaneously fed square patch with four load admittances is considered. Secondly, a
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rectangular patch study is presented, in which the load impedance distribution over the whole patch
is calculated. The third is a frequency-reconfigurable rectangular patch antenna, loaded by switched
admittances. The paper ends with a conclusion.

All electromagnetic field simulations used the finite-element solver of CST Microwave Studio
software. Calculations were done in Matlab.

2. THEORY

The basic structure of the reconfigurable antenna circuit is separated, as shown in Fig. 2, in an
electromagnetic multi-port (EMMP) and a circuit part comprising sources and switched loads. The
EMMP is assumed to be known (in this work it is found from an electromagnetic field solver) and is
represented by multi-port parameters such as admittance or scattering parameters. The N 4+ M ports
are grouped into M sources and N loads (Fig. 2). The behavior of the entire structure depends on
the states of the switches. Referring to the RFID tag example of Fig. 1, the EMMP comprises patch
antenna, vias, lines, while the chip contains the loads, switches, and sources. In this case the EMMP
has six ports: two source ports and four load ports.
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Figure 2. The principal structure of the considered antenna circuit comprising an electromagnetic
multi-port (EMMP), N load ports with load admittance and switches, and M source ports with source
admittances.

The main goal of the proposed concept is to obtain complex conjugate impedance matching at all
source ports at one particular frequency, for one set of settings of the switches. Then, for a different
frequency, or, a different electromagnetic environment, the EMMP changes, and matching at all source
ports shall be achieved with a different setting of the switches, but with load and source admittances
remaining unchanged. Therefore, for a given EMMP, the load admittances are the unknown parameters
to be determined. In the derivation of the theory, first, all switches are closed such that all load
admittances are contributing to the behavior at the source ports. Later on, the theory is considered
with different settings of the switches. The EMMP is supposedly known and represented by

| Yn Yy
Y= |:Ysl Yss:| ’ (1)

where Y is a square matrix with complex entries of size (M + N) x (M + N). This matrix is divided in
four sub-matrices: Yy € CNY*N, Y1 € CNVM v € CM*N and Yg € CM*M| The index “I” stands
for load and “s” for source. Therefore, Yy describes the relations between the individual load ports
through the EMMP. The sub-matrix Y5 and Yy describe the relations between the source and load
ports. “Ygs” gives the relations between all source ports. Further, a load admittance matrix is defined
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as
YL:diag(YLpYLga"'>YLk7"'aYLN)7 (2)

where Y7, is the load admittance at the k-th load port. At the source port a source port matrix is
defined that represents the known source admittances

YS:diag(Y817Y827~'-7YSp--~7YSM)' (3)
Y, is the source admittance at the [-th source port. The following conversions are performed in order
to find a form, which separates the unknown load admittances. According to the definition of the
admittance parameters, the currents into all load ports are calculated as
L=YuVi+ YVs (4)
and the currents into all source ports as
Is=YqVi+ YgsVs. (5)

I, and V| are vectors whose k-th entry gives the current and voltage of the k-th load port. I; and V
are vectors whose entries are the currents and voltages of the source ports. The load port currents and
voltages relate by the load admittances

I =-YLVi. (6)
The minus sign origins from the definition of port currents, which are always pointing towards the ports.
Inserting (6) into (4) and solving for Vi leads to

Vi=—(Yu+YL) 'YV (7)

(Yyn 4 Y1) ! denotes the inverse matrix of matrix (Yy + Yyg,). By inserting (7) into (5), the following
relation for the current at the source ports is obtained

I_; = (Yss - Y (Yll + YL)il YIS> \?S' (8)

Considering the source port as it is shown exemplary for the I-th source port in Fig. 3, the following
relation holds . . .
Is=YsVo—YsVs. (9)

Here, V} is a vector including all source voltages at the respective source ports. Furthermore, a voltage
divider between the source and the source port voltage is applied and expressed with matrices at all
source ports

Vs = (YS + Yin)_1 YSVO = Mvrvo- (10)
1
ISl

—> O \
1
Io, = Ys, Vo, !
YS] |:i| Vb] Ylnl : :
I'|I
I
O---=--=---- '

Figure 3. Current, voltage and admittance labeling at the [-th source port.
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Here,

Yin = diag (YinlaYinz, e ,Yinl, e ,YinM) (11)
is a diagonal matrix with the input admittances (active admittances) at the respective source port, and
M, is a diagonal matrix named voltage ratio matrix. Mutual substitution of (8)-(10) results in

Ys(In—Myr) Vo = (Yss ~Ya(Yu+Y)™ Yls) M, Vo (12)
with the identity matrix Ing of size M. The matching condition at the source ports is
Yin = Ys =diag (Y§,, Y§,,- -5 Y&, -5 Y&y )- (13)

Here, Yg denotes the complex conjugate matrix of Yg and Y, the complex conjugate of Yg,. In (12),
M, is the only matrix, that is dependent on Yjy,, therefore

o 1 1 . _
My, = (Ys+Ys)  Yg= 5 Re{Ys} 'Yg = 5 (Int + jRe{Ys} ' Im{Ys}) (14)

and Iny—My, = 1/2 (IM —jRe{Yg} ! Im{Ys}) with j as the imaginary unit. If the source admittances
have only a real part, the voltage ratio matrix becomes the identity matrix multiplied by 1/2. With the
relation A~! = adj (A) /det (A) for an invertible square matrix A the expression of (12) changes to

det (Yn+YL)Ys (Im — Myy) Vo =det (Yn+ YY) YssMyr Vo — Ygadj (Yn + Yi) YisMyr V. (15)
Thereby, adj (A) indicates the adjugate matrix of A. Still, the goal is to separate the knowns from the
unknowns; therefore, the following relations (from section 5 of [38]) are applied

2N -1
det(Yy+Yr) = 3 det <PS Y1 Py ) H Y, (16)
7=0 1€S(j
2N
adj(Yy + Y1) Z Py adj (PS(J)YHPS ) 5 IT v (17)
Jj=0 ’LGS(_]
where S is a index set of all possible combinations out of {1, ..., N} without repetition in a lexicographical

order. For example, if N = 3, then
S:={{} {1} {2}, {3}, {1,2},{1,3}.{2,3}.{1,2,3}}
with entry S(0) = & (the empty element) and entry S(4) = {1,2}. Further, Pg(;) denotes the identity

matrix of size N, in which the columns, indexed by the set S(j), are removed. Inserting this relation
into (15) results in

Z H Yz, (18)

j=1 1€S(j
with
kj = ((Yss + Ys) Myr — Yg) det (Prsr(j)YIIPS(j)> Vo — YaPgj) ad] (Pg(j)YIIPS(j)) P& Y1sMy: Vo
and
¥ = det(Yn)(Ys — (Yss+Ys)Myr) Vo + Ygadj (Yn) YisMy: V.
Equation (18) can be expressed in matrix form to
Ko =7 (19)

with matrix

and the load vector
= Yigs o Yins Y Yoo oo s Yo Yinse oo Y Yoo - Yoo Yo b
where the entries are the lexicographical ordered combinations out of all load admittances without

repetitions. Here, K € (CMXQN*l, v € C2¥-1x1 and 7 € CMx1, Equation (19) is a nonlinear equation
system. ¥j is to be found, such that (19) is fulfilled, thereby matching all source ports for the considered
case.
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2.1. Switching the Load Admittances

Based on the theory for an EMMP with loads and sources derived so far, the example of Fig. 1 above
will illustrate the concept. The principal structure with two sources (M = 2) and four switched load
admittances (N = 4) is shown in Fig. 4. If all switches are closed, (19) has the following form:

Y,
Y. Yo,
Y, Y,
ke k] [y | (=) (20)
kot koo -+ kogs) YLZYL?’ 1)

L2 YL,

Y. Y,
Y, Y, Y,
Y, Y, Yz,
Y, Y. Y,
Y, Y. Y,

Y, Y, Y, YL,

The equation system (20) is underdetermined, with 4 unknowns and two equations. Therefore, the
switches of load admittances Y7, and Y7, are put “open” reducing the number of unknowns to two,
since Y7, = Yz, = 0. Equation (20) is simplified then to

Y1,
[in ?2 1};15} ( Y, ) _ <§1> 7 (21)
21 K22 k5] \y, 'y 2
and a solution can be found. A change of the frequency or of the environment of the antenna will alter
the EMMP, i.e., the matrix K and vector T, but the source shall remain matched. Then, the switches
of load admittances Y7, and Y7, are closed and Y7, and Y7, are opened. Consequently, Y7, = Y7, =0
Y., Y, Y., Y,

=) =) ] [

il

2 4

EMMP

ST

Y Ys

1 2

Figure 4. The principle structure of the considered example with N = 4 load admittances and M = 2
sources.
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and v
! / k/ Ls /
13 14 1(10 T
/ / k/( ) YL4 = <r/1> . (22)
23 24 2(10) YL3YL4 2

The prime of matrix K and vector r indicate the change of the EMMP. Note that for non-perfect, but
known, switches (e.g., Yz, = Y7, # 0) the equation system can be rearranged to obtain the same form
as in (21) and (22).

3. EXAMPLES

The first example verifies the general theory, therefore, two feed ports and four load ports are used.
Further, in the second example, a rectangular patch antenna with only one feed and load port is
considered. This example shows, how the load admittance behaves when changing the load location. In
the last example, a possibility is shown to apply the concept to frequency reconfiguration.

3.1. A Doubly and Simultaneously Fed Square Patch

The first example shows how the theory can be used in antenna design. The object of the investigation
is exclusively the calculation of the load admittances of a doubly edge-fed square patch antenna without
considering the switching option. In Fig. 5 the structure is depicted. The square patch antenna
(70 x 70mm?) is modeled on a 2mm-thick FR4 substrate with a relative permittivity of 4.3 and a
ground plane on its backside. 50 -feed lines, that have a width of 3.75 mm are placed orthogonal to
each other extending from the edges of the square patch to the ends of the substrate. In order to
incorporate the loads, load structures using vias with a radius of 0.3 mm are implemented as shown in
Fig. 6(a) for one exemplary load. From the patch (orange colored), a via is connected to a small circular
disc (with a radius of 0.6 mm) on the bottom, which is then connected over a surface-mounted device
(SMD), e.g., a capacitor or inductor to the ground plane. The circular gap is 1 mm, and the gap for the
SMD has a width of 0.6 mm.

Top view Cross section

Ground

Square patch plane

Square
patch = |

50 Q-feed
lines

Substrate
T

Figure 5. The structure of a doubly edge-fed square patch.

Since the edge impedance of the patch is different in comparison to the source impedance, which is
50 €2 at the considered frequency of 1 GHz, there is no inherent impedance matching. It is also clear that
if the two sources are matched, their powers are combined within the square patch. To avoid losses in
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Figure 6. Insertion of load susceptances in the patch antenna circuit of Fig. 5. (a) via with surface-
mount (SMD) shunt susceptance on the board backside (dielectric set transparent); (b) symmetrical
positions of four shunt susceptances (denoted Bi, B2, Bs, Bj) at positions, which are defined by
parameters R and a.

the load admittances the real parts are set to zero. Then (19) can be rewritten in a purely real equation
system

Re{K} Re{v;} — Im{K} Im{v;} = Re{r'} (23a)

Re{K} Im{v;} + Im{K} Re{v;} = Im{r} (23b)

This has doubled the number of equations. In this example, for lossless matching, there are four
equations, for which four load susceptances are required. This leads to a K matrix of size (2 x 15) and a
I’ vector of size (2 x 1). The question is where these loads should be inserted. Since the positions of the
load ports represent many degrees of freedom, it is interesting to investigate how the load suceptances

behave by varying these locations. Therefore, the loads positions are arbitrarily parameterized in polar
coordinates according to Fig. 6(b) to

xi+1 = Rcos <a + 1%) (24a)
yir1 = Rsin <a + %) , (24b)
where i =0,1,2,3. At the position (xit1,yi+1) the susceptance B;;1 with Yz, +i = JBiy1 is inserted.

Following steps are performed to find all the loads:

e Modelling of the antenna including the feed and load structure.

e S-parameters simulation at 1 GHz in CST Microwave Studio of the design, all feeds and loads are
represented by ports (six in total).

Export of the six port S-parameters from CST and import in MATLAB.
Calculating the load susceptances:

1. S to Y parameters conversion.

2. Calculation of K matrix and vector T’ after (18).
3. Setting up nonlinear equation system as in (19).
4. Solving it numerically.

These steps are done for varying values of R and «, and the susceptances are calculated at 1 GHz. In
Fig. 7, the calculated load susceptances for various angles (a)—(d) over the radius R and various radii (e)—
(f) over angle «v are depicted. It should be noted that not for every position an exact solution is found.
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Some points show an error, which is in the worst case still less than 10~7 with error = max(|Kvj — 1J)).
It is by no means clear that a solution can be found for every arbitrary EMMP. On the other hand,
there can also be multiple solutions. Considering now the graphs (a) to (d) of Fig. 7. In all the values
of these graphs, the mirror image to the diagonal from the lower left to the upper right corner of the
structure as in Fig. 6(c) is reflected. In (a), where o = 0°, the values of B are equal to the ones of
By. Also the values of B3 are equal to the values of By. Sub figure (d) can be obtained from (b) by
interchange Bs and Bj4. Susceptances B and B3 remain untouched. This comes from the fact that, if
the structure of o = 22.5° is mirrored along the diagonal from the lower left to the upper right corner,
the structure of @ = 67.5° is replicated. For a = 45°, which is (c¢), By and Bs are located on the
diagonal. The behavior of this two values over R deviates but shows a similar course. In Fig. 7(e) the
susceptances over the angle « for the radius R = 5mm and in (f) for R = 30 mm are depicted.

100

9 . . . 3
‘{E’ 50 ({E’ 80 .
- ° 70 ;
g8 0 8 ]
g 5 £ 60| -eB,
§ B QO%‘ 50 =B 3
5 -100 B 40 — B3 i
wn wn —A—B4
5 10 15 20 25 30 5 10 15 20 25 30
Radius R [mm]] Radius R [mm]
(a) a=0° (b) o = 22.5°
%0 90
E 4 L £ 80 i
o 00 o 70F
Q r Q 7
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Q Q
g 20t —%— B3 2] 40 [ —— B3
n 0 —A- By p 2 20l —A-By
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() R =5 mm (f) R = 30 mm

Figure 7. The calculated load susceptances at 1 GHz for various angle (a)—(d) over the radius R and
various radii (e)—(f) over angle a. All legends are the same and shown on top of the two first graphs.

In addition, the frequency behaviors of the load susceptances with o = 45° are shown in Fig. 8
for different radii of R. The behaviors of B; and Bs as well as By and B, are approximately the same
(cf. Fig. 7), which is the reason that B; and By are shown only. The curves of all susceptances for
R = 5mm and 17 mm show points of discontinuities.

The input impedance Zi,, at source port one and Ziy,, at source port two, when the EMMP is loaded
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Figure 8. The four susceptances over the frequency for three different values of R with v = 45°. The
legends of all graphs are same as in (b) and (d).

with the calculated respective susceptances, are depicted in Fig. 9. The behaviors of the resistance (a)
and reactance (b) of the input impedances over the frequency for three different values of the radius R
(5mm, 17mm and 30 mm and for a = 45° are shown. Thereby, the sources are simultaneously exciting
the EMMP. Here again, the structures’ symmetry is reflected in the values of Z;,, and Zi,,, which are
the same. In the plots, there are two orthogonal dashed lines shown. At the locations, where these lines
are crossing each other, the EMMP with the respective loads are fulfilling (19). At these locations, the
variation of the impedances over frequency deviates, even if the variation of the load susceptances over
frequency showing similar slopes (cf. Fig. 8).

It is also worth evaluating the solutions in terms of the field parameters, such as the surface current.
Therefore, the calculated susceptances (here: capacitors) are included in the field simulation. In Fig. 10
the surface current at 1 GHz on the square patch for (a) R = 5mm, (b) 17mm and (c) 30mm at a
value of « of 45° is depicted. Obviously, there is an increased current density around the load locations
resulting in a current distribution much different from the case without loads.

3.2. Loaded Patch Study

In this example a single edge-fed rectangular patch antenna is considered as shown in Fig. 11. The
patch is fed by a 50 microstrip transmission line (MTL) directly at the edge. A load impedance is
inserted in the same way as in the previous example (cf. Figs. 6(a)—(b) with a via radius of 0.3 mm) in
order to match the antenna at 1 GHz. Here, the idea is to see the behavior of the load impedance in
dependency of the load position over the whole patch. The half-wavelength patch is on a FR4 substrate
with a relative permittivity of 4.3 and a height of 2mm. For dimensions refer to Fig. 11.

For an EMMP with only one source and one load, (19) is simplified and can be solved after the
load admittance to
T1 YaYis

- kill B Yss - Y0
with the source admittance of Yg = 20mS. The formula shows that, if the patch would be inherently

YL, - Yy, (25)
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Figure 9. The input impedances Zi,, and Zi,, at both source ports (simultaneous feed) for different
values of R over frequency. Zin, = Zin, for the special case (shown in Figure) av = 45°.

(b)R=17mm (c)R=30mm

Figure 10. The magnitude of the surface current (logarithmic scale) with simultaneous excitation on
the square patch for o = 45° and various radii of R.
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50Q MTL
(width: 3.75 mm)

wuwee = M WPIM

Figure 11. Layout and coordinate system of an edge-fed rectangular patch antenna. All conductors
are perfectly electrically conductive and the relative permittivity of the lossless substrate is €, = 4.3.

Impedance [Q]

Width [mm)]

Length [mm] Length [mm]

(a) Real part (b) Imaginary part

Figure 12. The real (a) and imaginary (b) part of the load impedance over its position within the
rectangular patch.

matched, which means Yg = Y (real values) the load admittance approaches infinity, meaning, a
short circuit at the load port. For each point in the zy-plane (see coordinate system in Fig. 11) on the
patch, this formula is evaluated, thereby, the symmetry to the zz-plane of the load admittance values
is exploited (the whole patch is field simulated). Then, the load impedance is calculated at 1 GHz and
the result is plotted in Fig. 12. (a) shows the real and (b) the imaginary part of the load impedance.
Additionally, the black lines in the plots are indicating the patch antenna.

Figure 13 is an elevation plot view of Fig. 12(b) with the same color scale. The white lines are
indicating at which locations the imaginary part of the load impedance becomes zero (cut with the
zy-plane of the plot in Fig. 12(b). At the same time, they mark the transition from one region to
the other. Capacitive region means that in this region a capacitor must be used, consequently, in the
inductive region a inductor must be taken. The dotted black lines are showing the locations, where the
real part of the load impedance becomes zero (cut with the xy-plane of the plot in Fig. 12(a)). Along
these lines lossless impedance matching is possible.

In Fig. 14 the surface current on the patch and the radiation characteristic in dBi in the xy-plane
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Figure 13. Different regions of the rectangular patch antenna. The white lines are indicating where
the imaginary part and the black dotted lines where the real part of the load impedances become zero.
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(a) Load location: (x = 0.72 mm, y = 40 mm) (b) Load location: (x = 0.62 mm, y = 0 mm)

Figure 14. The gain in dBi in the xzy-plane (red) and zz-plane (blue) of the patch and the corresponding
surface current on the patch for two different locations of load impedances.

(red curve) and xz-plane (blue curve) for two different locations is depicted. Both locations are chosen
according to the load region plot (Fig. 13), such that the real part of the load impedance is zero. Two
very different locations are used, (a) at at the edge and (b) in the middle of the patch. As can be seen,
the surface current distribution is much different between these two cases leading also to two different
radiation characteristics. The corresponding reflection coefficient over frequency of the case in (b) can
be seen in the graph of Fig. 15 (blue curve, labeled with “1”). This curve shows a very narrowband
behavior since there are no losses.

In addition, Table 1 lists the load impedances for different positions along the line y = 0. The
respective reflection coefficients are shown in Fig. 15. The labels in the legend are chosen as it is in
the table. The table also reports the radiation efficiency. The degradation of the radiation efficiency is
solely because of the resistance in the load impedance. These losses are also reflected in the bandwidth
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Figure 15. The reflection coefficient in dB over frequency for different locations of the load impedance
after Table 1.

Table 1. The calculated load impedances at different locations and the respective efficiencies of the
rectangular patch antenna at 1 GHz.

Label  Location (z,y) Load impedance Rad. efficiency

1 (0.62mm, 0 mm) —j14.824 Q) 100%
9 (7mm, Omm)  (2.154 —j12.262) Q) 18%
3 (14 mm, 0 mm) (9.67 — j5.24) Q2 16%
4 (21mm, Omm)  (20.865 + j3.430) Q 15.5%
5 (28mm, Omm)  (30.850 +j10.643) Q) 15.2%
6  (35mm, Omm) (36453 +j12.798) Q) 14.9%

behavior of the reflection coefficients in Fig. 15, which is much wider than in the case “1” with purely
reactive load.

3.3. Frequency Reconfiguration by Load Admittances of a Patch Antenna

In this example an edge-fed rectangular patch antenna after Fig. 11 (the substrate thickness is 2mm
and the relative permittivity is 4.3) is considered. To be able to reconfigure two different resonant
frequencies the patch is loaded with four susceptances. Note, that a frequency variation of 6% is much
larger than the frequency bandwidth of this very thin patch antenna. The loads are incorporated into
the antenna as in the previous examples (cf. Fig. 6 with a via radius of 0.3mm). A purely lossless
matching is aimed, which is the reason why four instead of two loads are required. So, it is an N =4,
M =1 EMMP. For the first frequency f; = 0.97 GHz, the susceptances By, and By, should be active,
while the other ones are open circuited (B, = B, = 0). For f = 1.03 GHz it is the other way around,
By, and By, are open circuited. After (19) following equations can be stated:

KiBr, + kLB, — kLB, By, =l (26a)
£ £ f f

k5B, + ki3jBr, — k12(10)BL3BL4 = (26b)
The superscripts indicate at which frequency (f; or fa) the K matrix and T vector are evaluated.

Obviously, these equations are independent from each other, and each one is in turn fully determined,
when being rewritten in a purely real valued equation system. Then

Re{r}'} + Im{k{; } Br, + Im{k{,} By, + Re{k{s}Br, By, = 0 (27a)
Im{rl'} — Re{kl}} By, — Re{k!L,} By, + Im{kl\} B, By, = 0 (27D)
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Re{r?} + Im{k3} Br, + Im{ki%} Br, + Re{k{%,( } Br,Br, = 0 (27¢)
Im{r’?} — Re{k%} By, — Re{k 14}BL4+1m{k§2(m)}BLsBL4 =0 (27d)

Finally, the analytic results are:
_ Im{ky) (k)"} + Im{rf (ky5)*} £ VA

2 Re{kill (k§15)*}
p, — M)k} + I (k) ) ¥ VA
2

)*}
(

2 Re{kf, (ki
B, = Im{kyy ()"} + Imfr (g} £ VB (28¢)
3
2 Re{kij (k)" )

Tm{ (k3) "k} + Im{rf2 (k2,0 7 VB
P = 2 Re{k?2 (kK2 ) (250
e{ 14( 1(10)) }

By,

(28a)

1

(28b)

with
2

A = tm {ify (k) |+ I {x (ily)*

)
+2Re { (k) } Re {kﬁll(kﬁg)

B = Im {Ki (k) }2 +Im {rf (kf,) *}2 +2Re {1 (k)" } Re {ky (kf1,))7}
+2Re {rl (k2)* } Re {kﬁg(kﬁm) } .

As can be seen, if A < 0, then there are no solutions for By, and Byr,. The same fact applies to
B, Br,, and Br,. In Fig. 16 for each case the first solution of the load susceptances over frequency is
depicted. In addition, the colored areas are indicating the frequency ranges, with A < 0 and B < 0.
Obviously, there are continuous solutions from 0.83 GHz to 1.1 GHz as an exemplary reconfiguration
range. For f; and fy all susceptances have positive sign, meaning all loads are capacitors. In Table 2
the load locations, the theoretical capacitances and the ones that can be found off the shelf are listed.
These values are inserted in the simulation to determine the reflection coefficients, which are given in
Fig. 17. The dashed curves (blue for f; and cyan for fs) showing the reflection coefficients, when the

V4 2Re {r (k8y)"} Re {05}
)
)

250 T T T

200

i 3NN R

150

100

Susceptance [mS]

fi 1 6
Frequency [GHz]

Figure 16. In each case the first solution of the load susceptances over frequency. The coloured areas
are indicating the frequency range where, A < 0 and B < 0, therefore, in this range no valid solution is
available.
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Table 2. The locations, the theoretical and, off the shelf values of the calculated load capacitors.

Cap. Loc. (z,y) [mm] Theo. val. [pF] off the shelf val. [pF]

C, (25, 15) 9.7926 10
Cs (25,5) 19.4519 18
Cs (25, —5) 5.9838 5.6
Cy (25, —15) 24.7821 27

h --- Theo. f}
30} 1 —— Lab. f]
[ A T Meas. fl
b1 - == Theo. f;
40 . — Lab. f, -
1 1 1 40 Meas. f2 1 1 1 1

095 096 097 098 0.99 1 1.01 .02 1.03 1.04 1.05
Frequency [GHz]

Reflection coefficient [dB]

Figure 17. The reflection coefficient over frequency in dB, when the loads, according to Table 2 are
inserted.

(a) (b) (©) (d)

Figure 18. Photograph of the prototype; (a) top view, (b) top view with zoom into the load vias area,
(c) the soldered capacitors for “f;” and (d) the capacitors for “fy”.

theoretical calculated capacitances are applied, while the solid curves showing the ones, when off the
shelf values are used.

A prototype is manufactured as can be seen in the photograph of Fig. 18. The values of the load
capacitors are chosen according to the available values. In Fig. 18(a) the top view of the whole patch
is depicted, while (b) shows a zoom-in view on the load via area. (c) and (d) show the two cases,
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fi and fs. To cover both scenarios, two PCB are manufactured, which differ only by load capacitors
and their locations. This approximates the switching. The measured reflection coefficient for the cases
f; and f5 are shown in Fig. 17. A deviation from the simulation is evident but in an understandable
range since the whole structure has very narrow bandwidth. At this point, one critical issue should be
mentioned. Namely, the dimensions of the load ports have, understandable, significant impact on the
load admittance values. So, when the multi port parameters are determined one should keep in mind
to precisely define the port dimensions, especially if it is a narrow-band structure. In this work the
edge length of the load ports is set to 0.6 mm, and the capacitors package is 0402, which has a width of
about 0.5 mm. The capacitance values have a tolerance of about +5%.

4. CONCLUSION

The main outcome of the theory presented in this paper is a nonlinear equation system. Thereby, the
solution variables are the load admittances of a multi port antenna with an arbitrary number of feed
and load ports. If this equation system is fulfilled complex conjugate impedance matching at all feed
ports at one particular frequency is obtained. It is further shown how this equation system is simplified
when some of the loads are switched off. One finding is that two reactive components per feed port are
required to realize lossless matching.

To verify the theory, three examples are presented. The first one is a square patch antenna with
two feed and four load ports. It has be shown that with the four load components, which are calculated
with the theory, both feed ports are losslessly matched. Also, it is shown how the loads change with
the location and over frequency. The second example deals with a single-fed rectangular patch antenna
with only one load, for which the load impedance distribution over the whole structure is analytically
determined. Regions are computed, in which the load is capacitive and for other regions inductive.
Further, two curves on the patch are found, on which the real part of the load is zero, meaning that at
these locations, lossless matching with only one component is possible. In the third example, a single-fed
rectangular patch antenna with four purely reactive, lossless loads is considered. Thereby, two different
frequencies should be reconfigurable. Therefore, for each frequency two load components should serve,
while the respective other two are excluded. Analytical formulae for the load admittances are given and
verified by simulations and by measurements of prototypes.

The proposed technique can be applied to other antenna structures. Further work should include
the switching capability: The behavior of these switches at the design frequency can be included as
known part of the load admittances.
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