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Introduction
As known, nonlinear antennas in single and
array arrangements can be used to control
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Abstract

In this paper, the validity of
nonlinear currents approach in
analyzing nonlinear dipoles
under multi-tone excitations is
investigated. It is carried out
via comparison with harmonic
balance  technique. The
simulation results show that for
single and infinite array of
nonlinear dipoles with incident
wave magnitude less than
0.1V/m, an acceptable error
less than 5% and 11% is
achieved respectively. In two
cases, for incident waves of
higher-valued amplitude, the
nonlinear current approach
results in violated response.
Although there is a restriction
on the use of nonlinear currents
approach for the problem under
consideration, comparison of
the run-time of this approach
with harmonic balance (HB)
show that it is very efficient.
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scattering response [1-14] (as frequency
selective surface (FSS)) or to protect
receivers against high-valued signals such
as lightning strokes [15, 16]. There are
several attempts either in frequency domain
[1-14] or time domain [15, 16]. Among
these approaches, Kun-Chu Lee et al
proposed a number of frequency-domain
approaches, for instance, nonlinear currents
approach [9], genetic algorithm (GA) [6],
neural networks based on radial basis
functions (RBF) [10, 11] and so on. In [9],
based on nonlinear currents approach (NC),
closed-form  solutions for harmonies
scattered from nonlinear dipoles were
extracted, and its validity in nonlinearly
loaded antenna and antenna array under
single-tone was investigated, but its
validity of this approach in analyzing such
structures under multi-tone excitations was
not addressed. In  addition, the
computational efficiency of this approach
in comparison with accurate models was
not investigated. Hence in this study,
validity and efficiency of the nonlinear
currents approach in analyzing nonlinear
dipoles under multi-tone excitations is
carried.

This paper is organized as follows. In
section II, the problem formulation based
on nonlinear currents approach is briefly
explained. Section III is focused on
applying the approach on nonlinear dipoles
under multi-tone excitation and validity
range is extracted. Finally concluding
remarks are given in section 1V.

Nonlinear Current Approach



In this section, the modeling approach
namely nonlinear currents approach is
briefly explained. Figure 1 shows a dipole
antenna centrally loaded by a p-n junction
diode. With reference to [9], the analysis is
based on the nonlinear equivalent circuit as
shown in figure 2. Similarly, infinite array
of nonlinear dipoles, as well as its
equivalent circuit, are shown in figure 3 and
4 respectively. In figure 2and 4, v, and 1

denote Norton’s equivalent circuit viewed
across dipole terminal. These two
quantities are computed via applying
numerical methods such as the method of
moments (MoM) [17] on Maxwell’s
equations. In dealing with nonlinearly
loaded antennas based on nonlinear current
approach, the nonlinear load is first
represented as power series, i.e.
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Figure (1) Schematic diagram of (a):
single dipole loaded with p-n junction
diode at its center, and (b): (i-v)

(1)
The voltage in (1) can be expressed as
v(t) = VvH(E) + V2 (1) + V3 (1) +....

)
Wherev® (t) represents the sum of all

mixing frequency components of kthorder.
If the voltage across the nonlinear load is
limited to third order, the current j)in (2)

can be divided into linear term i, (t)and

nonlinear term i . ..(t) as bellow
iIinear (t) = glv(t)
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Figure (2) Nonlinear equivalent circuit of single nonlinear dipole.



The linear part in (1) represents a linear nontinear(t) =12 (1) +1 (1)
resistor with resistance of1/g,. If the

nonlinearity of the load is limited to third- (6)
degree then the mixing frequency Where
components of third order are as bellow i?(t) =g,[v® O
inonlinear(t) = {glv(l) (t)z }+
+ {20, [v (O1V® (O] + g5 [v® (OF | (7)
and
(5) i®(t) = 29,[v® (OIV? ()] + g5 [v* (O
The above equation can be divided into the
second-order mixing componenti®(t), and (8)

third-order mixing componenti®(t), i.e.
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Figure (3) Schematic diagram of infinite array of dipoles centrally loaded with p-n
junction diode.
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Figure (4) Nonlinear equivalent circuit of According to (7) and (8), the nonlinear
infinite array of nonlinear dipoles. equivalent circuit in figures 2 and 4 can be

redrawn as shown in figure 5.
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Figure (5) Representation of figures 2 and 4 based on nonlinear currents approach.

The goal of analysis is to obtain the terminal
voltage of each dipole. Using the substitution
theorem and setting all the current sources
except i _(t) to be zero initially, i.e., i®(t)=0
andi®(t)=0, one can obtain the voltage
component from the contribution of i_(t)

only. This voltage component is regarded as
v®(t) in (7) and (8). The total iteration
sequence is given as

v® @) >vP () >i¥t) > v (1)
linear| <= nonlinearpart(method of nonlinear currents)

9)
For instance, assume that we have a multi-
tone excitation

+Q ot
i ()= 1™
9=-Q

(10)
By setting all the current sources except i_(t)
to be zero initially, one can obtain

+Q )
V(1) (t) — Z Vq(l)elmqt
9=—Q

(11)
Where V& =I5 /(Y (»,)+9,) . From (7) the
current source i (t) becomes
i?9(t) =g, z ZVI)V(Z @ i(@q 100t

=—Q0,=—
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Similarly by setting all current sources
except i®(t) to be zero, one can obtain
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From (8)
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and the third-order voltage caused by i®(t)
is then given in (15)
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The total voltage response v(t) can be found
from (2), (11), (13), and (15). The scattering
or radiating characteristics of the antenna can
then be determined accordingly. Further
information about this modeling approach in
more detail can be found in [9].

Nonlinear Analysis under Multi-tone

Excitation
Now in this section, the modeling approach

in the previous section is applied on the
single nonlinear dipole and infinite array of
nonlinear dipoles. Each dipole is 1m long and
has the length to diameter ratio of 74.2.

The nonlinear dipole is illuminated normally



by an incident plane wave containing two
frequencies 140MHz and 160MHz. The
nonlinear load is a biased p-n junction diode
as shown in figure 1(b). Such a nonlinear load
can be used in FSS applications [4]. In figure
1(b), the i—vcharacteristic of the diode is
expressed as bellow

i=1,(e""" -1

(16)
Where|, =10nA,v, =26mv. Under the

assumption of third-order nonlinearity for the
biased diode, the coefficients for power series
are listed in Table 1. Now applying the
proposed approach on single and infinite
array of nonlinear dipoles, under different
wave magnitudes and finally comparison
with HB, the acceptable range for nonlinear
current approach is extracted.
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Table 1-Series Fourier coefficient for the

biased diode.
i=1,"" -1 ~g,+gV+0,V’ +0,V°
9(A) | 9,(AIV) | g,(AIV?) | gy(A1V)
0.00 | 0.027 | 0.52 6.6
7

The magnitude of incident plane wave
illuminating normally the nonlinear antenna
is E, =1Vv/m. If the nonlinearity of the diode

is limited to 3, then 12 mixing frequency
components for the induced voltage across
diode are generated. For this value of
magnitude, the induced voltage across the
diode is shown in figure 7. As seen, the
simulation results by HB are in good
agreement with figure 6 in [1]. In addition,
the similar results by NC are shown in the
same figure which is in disagreement with
HB.
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Figure (7) Spectral content across the diode forg, —1v/m.

Hence, to know the acceptable value forg,,
the same problem is tested for a few values of
E, as shown in figure 8. The simulation
results show that when E, increases,
disagreement between the two approaches is
increased. Figure 9 shows that for
E, <0.1v/m the maximum of relative error
between the two approaches at each harmony
is approximately less than 5% which is
acceptable in electromagnetic engineering
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point of view. Above this value forg_, this

approach results in unacceptable results.

To know how mutual coupling effects
influence the extracted value forg,, similar
simulations can be carried out for infinite
array of nonlinear dipoles. The simulation
results show that for such an array, the
allowable value for E, is once more 0.1V/m,
but the relative error percentage is about 11%
as shown in figure 9. Of course such a value
is also acceptable.
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Figure (8) Spectral content across the diode for (a): g, =0.05v/m, (b): E, =0.2v/m, (C):
E, =0.15V/m, and (d): g, =0.2v/m.

It is worth mentioning that although the
nonlnear current approach is restricted to

formulation in section I, it is comutationally
efficient.

low-valued  signals, according  the
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Figure (9) Spectral content across the diode in infinite array of nonlinear dipole for
E, =01V/m.

Conclusion

In this study, the NC-based modeling
approach was used to extract its validity
interval in analyzing nonlinear dipoles both
in single and in array arrangements. To this
end, all NC-based computations were
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compared with HB technique, and the
following key findings were achieved:

1-In single and infinite array of nonlinear
dipoles, for an incident wave with magnitude
greater than 0.1 V/m, violated results is
achieved.



2-The mutual coupling among nonlinear
dipoles decreases the validity of the NC in the
problem under consideration.

3-The validity range mentioned above was
extracted for a strongly nonlinear load.
Evidently, this range is extended for more
weakly nonlinear loads and oblique
incidences.
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