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Abstract—Comparison of various optimization approaches
for the design of nonuniform helical antennas is presented. The
considered helices have linearly varying radius and pitch. Results
show that this design has many similar (or suboptimal) solutions
with significant differences in geometry. Combination of particle
swarm optimization and Nelder-Mead simplex algorithm proved
to be a robust and an efficient optimization approach.
Keywords—nonuniform helices; optimization; particle swarm
optimization; Nelder-Mead simplex

I. INTRODUCTION
Helical antennas have been known and used for 80 years
[1]. Their modifications [2] and the optimal design for uniform
helices have been thoroughly researched [3], [4]. Nonuniform
helices are examined [5]–[7], but design rules in the general
case are unknown.
In order to design a nonuniform helical antenna with radius
and pitch varying linearly, we use numerical electromagnetic
(EM) solvers, AWAS [9] and WIPL-D [10], coupled with
robust optimization algorithms, such as: random search,
gradient method, Nelder-Mead simplex [11], and particle
swarm optimization (PSO) [12]. We present statistical
comparison of various optimization approaches in order to
reliably and efficiently find the best possible design for this
class of nonuniform helices.

Limits
for
the
optimized
variables
are:
25  10 3  r 0 /   40  10 3 , 30  10 3  r L  /   50  10 3 ,

10 2  p0 / , pL  /   5  10 2 , based on experience.

The antenna is excited at the junction between the reflector
and the first helical turn. Materials are lossy with specific
conductivity considered to be 20 MS/m.
The models of the antenna are made in customized versions
of software AWAS and WIPL-D, to allow automatic
construction of the geometry and a specific definition of the
cost-function for the optimization.
B. Design Criteria and Definition of the Cost-Function
The optimal helix should satisfy the following requirements
at the central frequency: (1) have the maximal gain in the main
radiating direction (along z-axis) and (2) have an axial ratio
equal to one.
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II. NONUNIFORM HELICAL ANTENNAS
O

A. Model of Nonuniform Helical Antennas
Sketch of a considered nonuniform helical antenna is
shown in Fig. 1. The wire radius, d, the helix total length, L,
and the size of the square reflector, b, are predefined. The
radius of antenna turns, r, and the pitch, p, are linear functions
of the z-coordinate, measured along the antenna axis, namely,
r z   ar z  br and pz   a p z  b p . Optimization is used to

find the starting and ending values: r 0 , r L  , p0 , and
pL  , which are further normalized to the free-space
wavelength,  , at the central frequency. The corresponding
coefficients ar, br, ap and bp are calculated from optimized
variables and are used to define the geometry.
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Fig. 1. Sketch of a nonuniform helical antenna.

The cost-function is calculated as follows. The modulus of
the total far field is Etot  E2  E2   , where E and E
are moduli of the  and  components of the complex electric
far field multiplied by the distance r. The variable
  10 12 V/m ensures that Etot is always greater than zero.





The axial ratio is included as rgr  20 log10 Er / Etot  10 12 ,



where Er  0.5  E  jE



. The cost-function is finally

f  100  g[dBi ]  rgr , where g[dBi ] is the gain in dBi.

For the combination of the optimization variables that
produce infeasible geometry, the cost-function is set to 150,
which is larger than the largest f for all feasible geometries.
From the optimization point of view, this cost-function is a
special case of constrained NLP (nonlinear programming) class
of problems. Therefore, we will use the gradient method,
Nelder-Mead simplex algorithm, and the particle swarm
optimization, along with a random search.

solutions. Even solutions with gain variation of less than
0.1 dB do significantly differ in geometry.
The combination of PSO and Nelder-Mead simplex is a
reliable and robust choice for the design of nonuniform helices.

The objective is to find an optimization approach that will
find the global optimum most reliably and efficiently.
III. COMPARISON OF OPTIMIZATION ALGORITHMS

(a) Random(1)+Simplex(300).

(b) Random(100)+Gradient(300).

(c) Random(100)+Simplex(300).

(d) PSO(100)+Simplex(300).

(e) PSO(300)+Simplex(300).

(f) PSO(1000)+Simplex(300).

As a solution is not known for this problem, in the general
case, we either use random search or PSO as the first stage in
the optimization process.
In order to statistically compare the outcomes of all used
approaches, we independently restarted each approach 100
times. For each independent run of the optimization, the
minimal cost-function and the best found solution are saved.
The solutions are classified into 180 bins where the gain is in
the range gk  0.1k , k  1 dBi , k  0,1,2,...179 . The
probability, pk , of finding a solution with the bin g k is
estimated as pk  N / N tot , where N is the total number of
found solutions within gk , and Ntot is the total number of
independent runs, i.e., the total number of solutions found.
As the first optimization approach, a local optimization
algorithm, gradient, or Nelder-Mead simplex is started from a
random point in the optimization space. The second approach
is to generate a set of random points, select the one with the
lowest cost-function, and start a local optimization algorithm
from it. The third approach uses PSO to find a good starting
point for Nelder-Mead simplex.
Results for a L  5 helix are shown in Fig. 2 where Pbest
is probability for g  16.8 dBi . The number in brackets stands
for the maximum number of iterations for the algorithm.
IV. CONCLUSIONS
The presented results show that starting a local
optimization from a random point (Fig. 2a) has the probability
of 17 % for finding (the best) solutions with g  16.8 dBi .
Starting a local optimization from the best among 100 random
trials significantly improves the probability of finding good
solutions (Fig. 2b–c). Due to the fact that the cost-function is
discontinuous and flat in some parts of the optimization space,
the gradient method is less robust than the simplex. Using PSO
with a maximum of 100 iterations (Fig. 2d) has similar
performances as 100 random trials. However, PSO with 300
iterations followed by Nelder-Mead simplex (Fig. 2e) increases
the probability of finding good solutions to 93 %. Finally,
Nelder-Mead simplex started from the best solution found by
PSO in 1000 iterations (Fig 2d) increases the probability of
finding the best solutions to 97 %. The results also show that
the design of nonuniform helices has many suboptimal

Fig. 2. Probability of finding helix with gain classified into 0.1 dB bins.

REFERENCES
J. Kraus, “Helical beam antennas,” Electronics, 20, 109–111, 1947.
D. Angelakos, D. Kajfez, “Modifications on the axial-mode helical
antenna,” Proc. of the IEEE, April 1967, p. 558-559.
[3] A. Djordjević, A. Zajić, M. Ilić, G. Stueber “Optimization of helical
antennas,“ IEEE Antennas and Propagation Magazine, vol. 48, no. 6,
December 2006, pp. 107–115.
[4] A. Djordjevic, M. Ilic, A. Zajic, D. Olcan, M. Nikolic, “Why does
reflector enhance the gain of helical antennas?,” Proceedings of EuCAP
2007, 11–16, Edinburgh, UK, November 2007.
[5] J. Wong, H. King, “Broadband quasi-taper helical antennas,” IEEE
Transactions on Antennas and Prop., vol. AP-27, Jan. 1979, p. 72-78.
[6] G. Zhou, “A non-uniform pitch dual band helix antenna,” IEEE
Antennas and Propagation Society International Symposium, July 2000.
[7] R. Golubovic, A. Djordjevic, D. Olcan, J. Mosig, “Nonuniformly-wound
helical antennas,” Proc. Eucap 2009, Berlin, Germany, March 2009, pp.
3077–3080.
[8] K. Jimisha, S. Kumar, “Optimum design of exponentially varying
helical antenna with non uniform pitch profile,” Procedia Technology,
Volume 6, 2012, Pages 792-798.
[9] A. Djordjević, M. Baždar, V. Petrović, D. Olćan, T. Sarkar, R.
Harrington, AWAS for Windows: Analysis of Wire Antennas and
Scatterers, Software and User's Manual, Boston: Artech House, 2002.
[10] WIPL-D Pro CAD 2017, Software and User’s Manual, WIPL-D d.o.o.,
Belgrade, 2017. Available: www.wipl-d.com.
[11] J. Nelder, R. Mead, “A simplex method for function minimization,”
Computer Journal, vol. 7, 1965, pp. 308–313.
[12] J. Robinson, Y. Rahmat-Samii, “Particle swarm optimization in
electromagnetics,” IEEE Transactions on Antennas and Propagation,
vol. 52, no. 2, Feb. 2004, pp. 397–407.
[1]
[2]

