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An Impedance-Matched Exponentially-non-Uniform Axial-

Mode Helical Antenna 

A. Abimbola Ayorinde*, S. Adeniyi Adekola* and I. Mowete*(C.A.) 

Abstract: This paper, using the circuit-geometric features of the Method of Moments 

(MoM), presents a comprehensive analytical treatment of an exponentially non-uniform helical 

antenna (ENH), mounted on a ground plane of finite extent. Earlier investigations reported in the 

literature established that the introduction of an exponential non-uniformity in the turns spacing 

of an otherwise uniformly wound helical antenna significantly improves its axial ratio and power 

gain profiles, but failed to address two important questions; one concerning the influence of the 

degree of non-uniformity on the antenna performance: and the other, the associated return loss 

profile, which is of particular importance in practical applications. It is shown in this paper, that 

when a properly designed impedance matching circuitry is introduced, a return loss of the ENH 

of close to 60 dB is achievable; without compromising axial ratio and gain 

performances.  Indeed, axial ratio bandwidth remained unchanged at 54.55% for both the 

impedance-matched and unmatched ENHs, whilst maximum gain changed marginally from 

14.19dB, for the unmatched ENH to 14.18dB for the impedance-matched antenna. 

Keywords: Axial Mode, Exponential non-Uniformity, Helical Antenna, Impedance Matching, 

Return Loss. 

 

  

1 Introduction 

MPEDANCE matching,  for the helical antenna 

operating in the axial mode preferred in many 

applications, has, over the years, been the subject of 

quite a few research investigations, [1] – [4]. -Stegen [1], 

in one of the earliest reported contributions, suggested 

that the axial mode helical antenna’s input impedance is 

critically dependent on the method utilized for 

connecting the antenna to the terminating transmission 

line; and then empirically demonstrated the effectiveness 

of a two-section impedance transformer for impedance 

matching purposes. A few years later, [2], after noting 

that the inherent nominal input impedance for the class 

of uniformly wound axial-mode helical antennas is close 

to 140Ω, described a simpler method involving a single 
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wire, with which the input impedance can be tuned to 

the more desirable value of 50Ω.  A variation of this 

approach was reported by [3], whose peripherally fed 

antenna included a wire conductor of specified 

dimensions, incorporated into the antenna’s first turn, as 

a matching section. The ‘self-impedance matching’ 

technique introduced in [4] for the hemispherical, center-

fed helical antenna also utilizes a copper strip attached to 

the feed line, as the matching mechanism. In a more 

recent contribution, [5] reported the use, of an 

impedance transformer, of a copper strip bonded to a 

center-fed compact (2-turn, 2-pitch) helical antenna, 

between the tip of the antenna conductor and the feed 

point. An excellent summary of the design details, 

merits, and disadvantages of these approaches is 

available in [6], whose choice of the models due to [2] 

and [3] for adaptation, enabled the design and 

implementation of a single wire impedance matching 

network for a uniformly wound axial-mode helical 

antenna. The authors of [6], in a follow-up publication 

[7], reported experimental and simulation results, which 

indicated that the influence of the matching network on 

the antenna’s radiation pattern is insignificant. This 

conclusion is supported by the results presented in [8], 

I 
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for an axial-mode helical antenna, impedance matched 

through the use of a single short wire. 

      According to [9], the relative ease with which 

uniformly wound axial mode helical antennas (or normal 

mode, non-uniformly wound helical antennas [10]) are 

matched to 50Ω feed lines does not extend to non-

uniformly wound cases, mainly because as observed 

elsewhere [4], the antenna’s turns become very closely 

spaced, at one end of its non-uniform distribution. 

Because the introduction of non-uniformity into the 

geometry of axial mode helical antennas has been 

demonstrated, [9], [11] – [14], to significantly improve 

gain and circular polarization performance profiles, 

impedance matching for the antennas represents an 

important practical application issue that has yet to 

receive research attention. It is consequently the main 

objective of this paper, to investigate the performance of 

an impedance-matched, non-uniformly wound, axial 

mode helical antenna, using the exponentially non-

uniform geometry as a candidate. First, the paper 

examines the influence of the degree of non-uniformity 

(as defined by an ‘exponential variation factor’, which 

prescribes the proximity of the antenna’s turns at the 

feed end) on the input and far-zone performance 

parameters.  Thereafter, and using a modification of the 

‘matching network’ described in [2], [6] and [7], the 

effects of impedance matching on the performance 

parameters are comprehensively examined.  

      Computational results available from a moment-

method formulation and solution of the problem suggest 

some interesting properties for the impedance-matched 

exponentially non-uniform axial mode helix. One of the 

conclusions arising from the results is that the antenna’s 

axial ratio and gain profiles depend significantly on the 

degree of geometrical non-uniformity introduced by the 

exponential variation of the turn spacing. The results 

also indicate that the single wire ‘matching network’ 

utilized in the paper massively improves the antenna’s 

return loss performance with minimal effects on the gain 

and axial ratio profiles.                

       The paper, in section 2, presents the moment-

method-based analytical foundations of the model 

utilized, and in section 3, presents and discusses the 

computational results obtained for the model. A 

summary of the key findings and associated conclusions 

are presented in section 4, which is the paper’s 

concluding section.  

2 Analysis 

Figure 1 displays the problem geometry for an N-

turn thin-wire helical antenna of a circular cross-section, 

whose turn spacing varies exponentially along the z-axis.  

The exponentially non-uniform helical antenna (ENH) is 

mounted above a finite circular ground plane modeled 

by wire grids of thin-wire conductors.  

 

 

 

 

 

 

 

 
 
Fig. 1 Problem geometry of an exponentially-non-uniform 

helix above a circular ground plane of finite extent. 

 

       This geometry may be described analytically in 

terms of a position vector denoted by �̅�′ directed from 

the origin of the coordinate system to any point on the 

antenna according to [9] 
'ˆ ˆ ˆ' ' ' ( 1)x y zr acos u asin u p e u  −= + +                         (1) 

where a stands for the helix radius,  is the running 

angular variable along the ENH geometry and ranges 

from 0 to 2𝜋𝑁, and the two constants (p, ) together 

define the degree of exponential non-uniformity of the 

turns-spacing and are specified in this paper through a 

restriction of equal axial lengths of the ENH and an 

equivalent uniformly wound helical antenna. For the 

latter, variation along the z-axis is given by: 

'' ( )z atan =                                                               (2) 

in which α represents the antenna’s constant pitch angle.  

For the ENH, the pitch angle denoted by  𝛼𝑒 is 

inherently dependent on  in the following manner: 
'

1 1

'
e

dz p e
tan tan

ad a






− −   
= =  

  





                            (3) 

as given by a differentiation of the z-component of Eq. 

(1) concerning  .  By imposing the restriction of equal 

axial extent on the ENH and its corresponding uniformly 

wound helical antenna, the constant p is obtained as  

ENH 

r 
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( )2

2

  1N

Natan
p

e  

 
=

−
                                                            (4) 

a substitution of Eq. (4) in Eq. (1) leads to the following 

expression for the ENH geometry;  

( )
( )' '

2

2
'  '  1

  1
ˆ ˆ ˆ

x y zN

Natan
r acos u asin u e u

e



 

 
 = + + −

−
       (5) 

so that , here referred to as the exponential variation 

factor, becomes the only variable that defines the 

antenna’s degree of non-uniformity.  It is a matter of 

interest to note that through an application of the L′ 

Hospital rule, the position vector expression of Eq. (5) 

reduces to that of a uniformly wound helical antenna 

when  assumes a value of zero.    The unit vector 

denoted by  �̂�ℓ along the ENH wire is given by: 

( )

( )

'

2 2 '

ˆ ˆ ˆ
ˆ

sin ' '   /'  '
/    

' ' 1 /

x y zu cos u p e a udr dr
u

d d p a e





  

  

− + +
= =

+

    

(6) 

whereas the differential arm length of the ENH denoted 

by 𝑑ℓ′ derives from the fact that: 

( ) ( ) ( )
2 2 2

d dx dy dz  = + +    

which, for the ENH geometry. ultimately reduces to 

2 2 '1 ( ) ) ''
p

dl a e d
a

 = +                                         (7) 

The total arm length of the ENH can then be obtained by 

integrating Eq. (7) from 0 to 2N according to 

𝐿 = 𝑎 ∫ √1 + (𝑝 𝑎⁄ )2𝑒2  𝑑
2𝑁

0
   (8) 

where N represents the number of helical turns.  And it 

is readily verified that the integration resolves into  

2 2 4

2 2 4
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(9) 

With these results, the vector magnetic potential, 

conventionally denoted by  �̅� admits expression as 
'

0

    ( )[ ]         ˆ
4 '

oj r rL

o e
A u I d

r r






− −


=

−
                                   (10) 

provided that �̅� is the position vector from the origin of 

the coordinate system to the far-field point P(r, θ, φ), �̅�′ 

position vector for a point on the thin-wire antenna 

geometry, (o, o) free-space propagation constant and 

free-space permeability, respectively, 𝐼(ℓ′) filamentary 

current distributed along the antenna axis, 𝑑ℓ′ 

differential length of the antenna and �̂�ℓ′ unit vector 

along the wire antenna. When the conventional far-field 

‘magnitude and phase approximations’ are invoked 

according to 

  |�̅� − �̅�′| = 𝑟                                                             (11a) 

and  
'' ˆ

rr r r u r− = −                                                       (11b) 

respectively, and noting that 

ˆ ˆ ˆ ˆcos cosr x y zu sin u sin sin u u    = + +                   (11c)  

then the use of Eq. (1) for �̅�′ in Eq. (11b), yields: 

( ) ( )' '' ' 1ˆ
rr r r u r r asin cos pcos e   − = − = − − − −

(11d) 

substitution of Eq. (6), (7), (11a) and (11d) in Eq. (10) 

leads to: 

( )
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(12) 

whose Cartesian components are then readily determined 

as: 

( )
( ) ( )'2 cos '  1

0
  ' '     '
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o
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(13b) 

and  

( )
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0
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j r
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               (13c) 

using the well-known rectangular-spherical coordinates 

transformation expressions  

   cos cos cos sin sinx y zA A A A     = + −            (14a) 

sin cosx yA A A  = − +                                           (14b) 

therefore, the corresponding spherical components of the 

vector potential �̅� emerge as: 

( )
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in the far zone of the antenna, the electric field is simply 

related to the vector potential according to  

 and E j A E j A    = − = − : hence 

( )
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     It is easily ascertained that when the constant p is set 

to zero and N to unity in Eq. (16a) and (16b), these field 

expressions reduce to: 

( ) ( ) ( )2 cos  

0

'
sin '       '          

4
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j r
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E I e d
r


   




  




−
−−

=  −    

(17b) 

which together, represent radiation field expressions for 

a circular-loop antenna located on the z = 0 plane, and 

are exactly the same as those reported elsewhere, [15]: to 

serve as a preliminary check on the correctness of the 

analytical results. To complete the analysis, an account 

is required for the circular ground plane of finite extent, 

associated with the ENH structure.  As suggested by Fig. 

1, the ground plane is modeled by a wire grid 

comprising some circular loops and radial elements. 

These elements contribute to the radiation field as 

‘scatterers’ excited by the ENH. In the case of each 

circular loop, the scattered fields are given by Eq. (17a) 

and (17b) as 
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−
−−

=  −  

(18b) 

where 𝑎𝑘 represents the radius of the kth circular loop 

element and 𝑎𝐾  = b for the outermost circular element.  

On the other hand, corresponding field expressions for 

the radial elements are exemplified by [16]: 

( )
( )

( )'
'
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0

'cos
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4
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o m

j r
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 −
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      (19b) 

provided that 𝜑𝑚
′ , which denotes the angle subtended by 

the mth radial element and the x-axis, is given by  

( )' 2
1 , 1,2,. . ., M'm m m

M



= − =                           (19c) 

and M represents the number of radial elements.  The 

size of the finite ground plane, relative to the radius of 

the ENH is here specified by an “aspect ratio” 

symbolized by  and defined according to: 

b

a
 =                                                                         (20) 

If it is then supposed that the wire-grid model consists of 

K circular loop elements and M radial elements, the 

resultant far-field components are obtained by the 

superposition of contributions from the various 

component elements as follows: 

1 1

K M
e ck lm

k m

E E E E   

= =

= + +                                            (21a) 

1 1

K M
e ck lm

k m

E E E E   

= =

= + +                                            (21b) 

in which the superscripts e, c, and l identify the ENH, 

circular loop, and radial elements, respectively. 

      Finally, and for impedance matching, a version of 

the ‘single, thin-wire’ model utilized by Savić et al [6, 7] 

is adopted as pictorially described in Fig. 2. 

 

 

 

 

 

 

 

      
 

 
Fig. 2 The exponentially non-uniform helical antenna 

including a thin-wire impedance matching network. 

  

        In this case, the impedance-matching thin wire 

extends from the tip of the ENH helix and terminates on 

the helix at the end of one-quarter of the first turn.  Thus, 

the coordinates of the first point on the impedance-

matching arc are x = a, y = 0, and z = 0, while those of 

the last point are given by x = 0, y = a, and 𝑧 =

𝑝(𝑒 2⁄ − 1).  The locus of the geometry of the 

matching wire, in between these extremes, is fully 

described by the following equations: 

impedance 

matching 

wire 

z 

 

P(r,,) 

y 

x 

ground plane 

2a 

ENH 
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=

=

= −

                                                      (22) 

where 

( )1
2 ,             2,3,  .  .  . ,  8

t
t

a




−
= =                    (22a) 

with  

1.02
0.3691 0.01,g a

C 


 

= + = 
 

                            (22b) 

and 

1.05
0.3691 , 0.02 0.06g a

C 


 

= +   
 

                 (22c)    

      In these expressions, 𝑎 stands for the ENH radius 

and C ENH’s circumference, expressed in units of 

wavelengths. 

      As will be seen in due course, the main effect of the 

matching network is to occasion a redistribution of 

current along the axis of the ENH such that the antenna 

is effectively matched to a 50 Ω transmission line 

without any discernible effect on the antenna’s far-zone 

parameters. 

      Current distributions along the ENH wire axis as 

well as the induced currents along circular loops and 

radial elements axes, which essentially represent the 

only unknown quantities in the foregoing analytical 

exposition, can then be completely determined with the 

use of the method of moments, in a manner described 

elsewhere [14], [17]. 

With the current distributions available, all antenna 

parameters of interest can be determined through 

expressions given in the ensuing discussions, for 

completeness’ sake. 

 

2.1 Input Impedance and Return Loss 

      Feed-point input impedance symbolized by Zin for 

the ENH is given by 

 in

in in in

in

V
Z R jX

I
= = +                                                   (23) 

where Rin is the resistive part and Xin the reactive part, 

Vin excitation voltage at the feed-point, and Iin current at 

the feed-point of the ENH.  Given the antenna’s input 

impedance, the return loss can be determined from, [18],  

( ) 10    20     (in T

in T

Z Z
Return Loss dB log dB

Z Z

+
=

−
           (24) 

where in this paper ZT = Zo, the characteristic impedance 

of the coaxial cable feeding the antenna, taken as 50  . 

It is very important to remark that the expression for 

return loss utilized here has been identified by an 

erstwhile Editor-in-Chief of the IEEE Transactions on 

Antennas and Propagation, [18], as the correct 

expression, contrary to the impression given by a more 

widely used expression.   

2.1 Axial Ratio and Power Gain 

       The axial ratio (AR) of the radiated fields which is a 

measure of the degree of circular polarization of the 

fields is determined [19], as: 

( )

2 22 2

10 2 22 2

2
10

2

E sin E cos E E cos sin
AR dB log

E cos E sin E E cos sin

   

   

  

  





 + +
 =
 + − 

  (25) 

provided that 

1

22

21

2

E E cos
tan

E E

 

 


 −

 
 =
 − 

                                              (25a) 

and that  represents the phase difference between field 

components 𝐸𝜃 𝑎𝑛𝑑 𝐸𝜑 .  On the other hand, the power 

gain Gp(dB) which defines the antenna efficiency is 

evaluated from, [20]: 

( )

22

10 2
10

30
p

in in

E E
G dB log

I R

 
 +
 =
 
 

                                          (26) 

where Rin and Iin are as defined in Eq. (23).   

  Numerical results obtained from the computer 

implementation of the foregoing analytical results are 

the subjects of discussion in section three, which 

follows. 

3 Computational Results and Discussion 

  In addition to the preliminary validation of the 

analytical results as provided by associated discussions 

in section 2, further validation is offered through 

comparisons of computational results due to these 

expressions with corresponding simulation and 

measurement data for an unmatched ENH, reported in 

[9].  Figure 3 displays comparative results for axial ratio, 

the main focus of the performance evaluation of the 4-

turn, ‘exponentially spaced helical antenna (ESH), 

whose parameters are provided in [9]. 
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Fig. 3 Comparison of ENU Axial Ratio performance due to 

this paper’s formulation with corresponding simulation and 

measurement results of Fig.2 of [9].     

 

       Simulation and measurement data were obtained 

from Fig. 2 of [9] through the use of the commercial 

software ‘GetData Graph Digitizer’. The good 

agreement between the axial ratio profiles of Fig. 3 as 

well as the axial ratio bandwidth of 65.6% (compared 

with 67% of [9]) due to this paper’s formulation 

supports the validity of the formulation. 

Other computational results presented in this section 

derive from an antenna’s physical structure defined by 

the following parameters.  

Aspect ratio (): 5  

Exponential variation factor ():              
  0  0.06   

ENH circumference in wavelengths (C):  

 0.80 C  1.40   

Number of ENH turns (N):  7                            

Number of circular loops in the wire-grid plane (K): 6 

Number of radial elements in the wire-grid plane (M): 

 6 

ENH height above the ground plane 0.15 

Feeding co-axial cable characteristic impedance Zo: 

 50 

Pitch angle of the corresponding uniform helix (α): 

 12.5o 

Centre frequency:    2.0GHz.  

 

3.1 Current Distributions 

 Representative cases of profiles of the distribution of 

current along the axis of the ENH for given frequencies 

(or C) and different values of exponential variation 

factor () are graphically presented in Fig. 4.  It is easily 

seen from Fig. 4.a that the magnitude of the feed-point 

current increases as the exponential variation factor 

increases, most likely due to increase in proximity of the 

first few turns of ENH as  increases.  In addition, it is 

seen from Fig. 4.a that when  is less than 0.04, the 

current profiles are basically characterized by two 

regions, namely, an exponentially decaying region from 

the feed-point to about the first 2½ turns of the antenna, 

and a surface wave profile over the remaining turns of 

the ENH.  As a consequence of marked flaring out at the 

open end of ENH, the extent of current reflection is 

minimal as evidenced by the minor standing wave 

profile at that end.  On the other hand, for  = 0.06, for 

which the ENH turns in the neighborhood of the feed 

end are extremely close to each other occasioning strong 

interactions between the turns, and consequently, 

relatively higher values of feed-point current as 

suggested by the much stronger exponentially decaying 

current wave along the ENH; as well as correspondingly 

higher reflected current components, as revealed by the 

significant ripples on the current profile. 

When C assumes a value of 1.00 which is generally 

referred to as the optimum electrical circumference for 

the uniform helix, [21], current distribution profiles for 

degrees of exponential non-uniformity are displayed in 

Fig. 4.b. These profiles share the same general 

characteristics as those earlier described for the C = 

0.80 cases. However, in this case, the exponential 

decaying regions are more or less restricted to the first 

1½ turns of the ENH.  It is a matter of interest to observe 

that for C = 1.00 magnitudes of feed-point currents for 

various values of  are not too different, with the 

uniform helix having the largest value. Also, at this 

frequency, the intensity of current reflection from the 

open end is not significant for different values of .  On 

the other hand, from Fig. 4.c, discernible increments in 

magnitudes of feed-point currents of ENH are noticeable 

when C = 1.20, and in this case, the end of the 

exponential decaying component has shifted inwards to 

the first turn of the ENH. 

 
 
Fig. 4 Profiles of current distribution along the axis of the 

ENH for different degrees of non-uniformity at given 

frequencies. 
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      The profiles reveal that the magnitude of feed-point 

current decreases as  increases, and because current 

reflections from the open end have now increased 

significantly, nearly all the currents on the entire arm’s 

length of the ENH are typified by ripples. 

      The profiles of Fig. 4.d are for C = 1.40, for 

different values of ; and for these degrees of non-

uniformity, significant distortions feature in the two 

current distribution regions identified as characteristic of 

ENH.  Also in this case, the extent of current reflection 

from the open end is quite substantial as demonstrated 

by the strong ripples superimposed on all the current 

plots, and this may be attributed to a large increase in the 

ENH’s arm lengths at C = 1.40.    With changes in C 

and , the ENH’s arm length changes, and the profiles of 

Fig. 5. describe how these changes influence the 

distribution of the magnitude of current, for different 

degrees of exponential non-uniformity.  The case of  

equals zero, which corresponds to a uniformly wound 

helix is depicted in Fig. 5.a, and clearly shows, as may 

be expected [22] that the feed-point current magnitude 

assumes higher values as C  increases (as the arm 

length increases) and most pronounced when C = 1.40. 

 
Fig. 5 Profiles of current distribution along the axis of the 

ENH at different frequencies for given degrees of non-

uniformity. 

 

Figure 5.a also highlights the fact that the current 

reflection from the open end of the helix becomes more 

pronounced as C increases.  Unlike the other curves, the 

distribution for the C = 1.40 case is almost entirely of 

the standing wave type.  These features of the 

distribution of the magnitude of current are also 

displayed for the ENH defined by   = 0.01, 0.02, and 

0.04, though with noticeable differences in the current 

magnitude as can be seen from Figs. 5.b – 5.d, 

respectively.  Expectedly at  = 0.01, the influence of 

exponential non-uniformity is minimal as reflected by 

the resemblances of the current profiles of the two cases 

for all values of C.  An interesting observation is that 

for  = 0.04, the minimum point of the exponentially 

decaying section of the magnitude of current when C = 

0.80 has shifted towards the open end as can be observed 

from Fig. 5.d.  An examination of the profiles for  = 

0.06 (Fig. 5.e) reveals that magnitude of the feed-point 

current for C = 0.80 (for which arm length is smallest) 

is significantly greater than those for C = 1.00 and C = 

1.20, and slightly less than that for C = 1.40.  It is also 

observed that for most of the span of the arm length of 

the ENH when C = 1.00 and 1.20, the current plots are 

of surface wave type with only a small fraction of the 

span accommodating the exponentially decaying current; 

on the other hand, profiles of the distributions of the 

magnitude of current for the cases C = 0.80 and 1.40 are 

essentially traveling waves with prominently visible 

ripples, due to high current reflection from the open end. 

3.2 Radiation Fields 

Using the expressions developed in section 2 and the 

distribution of current characterized by the magnitude 

profiles discussed in the foregoing, computational results 

were obtained for the far-zone fields of the ENH.  

Representative results described in this section are for 

the  = 0o plane and first, for only the normalized theta 

component (E) patterns, because as will be seen shortly, 

the E components display virtually identical 

characteristics. The field pattern profiles of Fig. 6 are for 

the E fields for values of C between 0.80 and 0.95.  

When C = 0.80, it can be seen that all the major lobes of 

the ENH’s E patterns for various values of  considered 

are symmetrical and well-aligned about the helix axis ( 

= 0o) including the special case of uniform helix, with 

negligible side lobes but moderate back lobes.  The back 

lobe along the  = 180o for the case  = 0.06 is the most 

pronounced, and this may be attributed to the nature of 

its current distribution discussed earlier.  When C is 

increased to 0.85, the main lobes of the ENH’s E 

patterns still remain in the forward direction, that is, 

along  = 0o, with noticeable differences in beam widths 

and varying degrees of non-uniformity. 
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Fig. 6 Theta-components of the radiation E-field patterns in the 

XZ-plane for varying degrees of non-uniformity with  

0.8 0.95C   . 

  

      Although the patterns are still characterized by 

insignificant side lobes, the back lobes are more 

noticeable in directions other than the  = 180o axis.  For 

the cases of C = 0.90 and 0.95, an important departure 

from those characterizing features is that the radiation in 

the backward direction has reduced considerably though 

in the case of the latter, the back lobes in the  = 135o 

direction are of higher strength. 

          
Fig. 7 Theta-components of the radiation E-field patterns in the 

XZ-plane for varying degrees of non-uniformity with 

1.00 1.40C   . 

Fig. 7 displays the radiation patterns of E components 

of the ENH for values of C between 1.00 and 1.15.  It is 

evident from the patterns that the major lobes which, like 

those of Fig. 6, are directed along the helical axis ( = 

0o) are also well-formed with a high degree of symmetry 

about the axis, with significantly suppressed sidelobes. 

Similar comments apply for the E patterns for C = 1.10 

and 1.15, though the side lobes, in this case, are of 

slightly stronger strength in the last quadrant.  The back 

lobes of the E patterns may be described as being of 

modest strengths, with the exception of patterns for  = 

0.06.   

       For the sake of completeness, comparisons of 

representative normalized E and E radiation-zone 

patterns of the ENH for different values of  and values 

(1.15 and 1.25) for C are displayed in Figs. 8 and 9, 

respectively. 

 
Fig. 8 Comparison of corresponding  and E E 

 components of 

the field radiated by the ENH for C  =  1.15. 

 

       The normalized patterns of Fig. 8 show that for C = 

1.15 and  = 0.01 and 0.02, the main lobes of the E 

patterns have slightly smaller beam-widths compared 

with those of the E patterns; in addition, the E patterns 

are characterized by stronger side lobes while E patterns 

are typified by higher back-lobes levels, though lobes 

are within the ‘insignificant limits’, for both patterns.  

Although the beam widths of the patterns become almost 

the same when  = 0.04 and 0.06, in comparison with 

the corresponding patterns for  = 0.01 and 0.02, their 

side lobes and back lobes are of considerably reduced 

intensity. 

       Normalized corresponding E and E patterns for 

different values of , with C = 1.25 are compared in 

Fig. 9, from which it can be observed that though all the 

major lobes of the patterns are well-formed, they are not 

entirely symmetrical about the helical axis ( = 0o). 

Also, for this case, the normalized E patterns seem to 

have lower-sized beam widths than those of the E 

patterns, for all values of  considered. 
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Fig. 9 Comparison of corresponding  and E E 

 components of 

the field radiated by the ENH for C  =  1.25. 

 

       For  = 0.01 and 0.02, the side lobes of the E 

patterns have higher intensity when compared with those 

of E patterns, while the back lobes of both patterns are 

of somewhat equivalent strength.  The higher levels of 

non-uniformity defined by    = 0.04 and 0.06, lead, in 

this case, to noticeable asymmetry about  = 0o in the 

main lobes of both patterns with the E patterns having 

moderately higher beam widths in comparison with the 

E patterns.  On the other hand, the side lobes and back 

lobes of both patterns are of much smaller strengths 

relative to those of cases  = 0.01 and 0.02.  It may be 

inferred that as  increases, some improvements are 

noticed in the main lobes’ beam widths of the E and E 

patterns at C equals values of 1.15 and 1.25.  In 

addition, as  assumes higher values, both the side lobes 

and back lobes of the E and E patterns are 

characterized by a reduction in intensity. 

3.3 Influence of the Matching Network  

The influence of the impedance-matching network 

on the return loss, axial ratio, and power gain of the 

ENH will be evaluated via the comparative performance 

of the ENH with and without the matching network. 

 

3.3.1 Return Loss 

       Fig. 10 displays the return loss (RL) plots of the 

ENH with and without an impedance-matching circuitry 

discussed in section 2 of this paper. It is evident from the 

RL profiles that without the impedance matching wire 

RL values are less than 10dB as may be expected [18], 

for almost all values of  and C.  The interesting 

exceptions to this occur when C = 1.40 for all values of 

 and when C = 0.8 for  = 0.06 for which the RL value 

is close to 17dB. Nonetheless, from a practical 

viewpoint, the aforementioned values of return loss are 

inadequate for satisfactory power transfer purposes. 

 

 
Fig. 10 Return Loss Characteristics of the ENH with and 

without impedance matching. 

 

      When the impedance matching circuitry is 

introduced, however, the RL values become significantly 

enhanced as evident from the RL profiles of ENH with 

impedance-matching wire. All the four RL profiles for 

the impedance-matched ENH share the interesting 

features that maximum values are recorded at C = 0.9, 

and that the best RL values are obtained when 

0.8 1.1C   . It is also a matter of interest to observe 

that corresponding RL values for  = 0.01, 0.04. and 

0.06 are comparable, those for   = 0.02 are generally 

higher, as a matter of fact, the remarkable RL value of 

54.91 dB is recorded when C = 0.9 at  = 0.02.   

      One way of examining the impact of the impedance-

matching arrangement on the far-field characteristics of 

the ENH is to regard the profiles of the antenna’s axial 

ratio and power gain with and without the inclusion of 

the impedance-matching circuitry. 

3.3.2 Axial Ratio and Power Gain 

        The curves of Fig. 11 compare the axial ratio 

performances of the ENH when it is impedance-matched 

and without impedance-matching.   
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Fig. 11 Profiles of the axial ratio of the ENH with and without 

impedance matching. 

 

       The profiles of Fig. 11 reveal some notable features 

concerning the influence of impedance matching on the 

axial ratio performance of the ENH. First, with 

impedance matching maximum value of the axial ratio 

occurs when C  = 0.85, for all values of . Second. For 

=0.02, axial ratio like return loss, records its highest 

value of close to 3dB, indicating that the antenna is then, 

just about circularly polarized. Third, for  = 0.01 and 

0.02, axial ratio values of the impedance-matched ENH 

are higher when C is between 0.8 and 1.0, and smaller 

from that point up to when C is about 1.1; thereafter, 

the axial ratio is about the same for both unmatched and 

impedance-matched antennas. When  = 0.04 and 0.06, 

the axial ratio for the impedance-matched ENH is higher 

up to C  equals 1.1 and 1.3, respectively, after which its 

values become about the same as those for unmatched 

ENH. One other notable property of the axial ratio 

profiles is that the 3dB bandwidth remained the same at 

54.55% for both the impedance-matched and unmatched 

ENHs, though for the case of  = 0.02 (for which the 

best value of return loss was recorded), this is just about 

true.  It might be possible in this case to adapt a recent 

theory reported in [23] to design an impedance matching 

network that significantly improves axial ratio 

performance. 

      Finally, the power gain curves of the ENH with and 

without impedance-matching circuitry are shown in Fig. 

12.   

 
Fig. 12 Effects of impedance matching on the power gain 

response of the ENH. 

 

The gain profiles indicate that for  = 0.01 and 

0.02, the differences in power gains for both ENH 

configurations are appreciable when C is less than 1.1, 

however for C greater than 1.1, both matched and 

unmatched ENHs, to a large extent, have approximately 

equal power gain.  On the other hand, for higher values 

of , that is, 0.04 and 0.06, the power gain profiles are 

closer, except when C is less than 1.0, for which the 

maximum differential in power of about 1.5dB is 

recorded. Indeed, the maximum power gain changed 

only slightly from 14.19dB for the unmatched ENH to 

14.18dB for the impedance-matched antenna. 

These observations concerning axial ratio and power 

gain are noteworthy because they suggest that 

impedance matching of the type utilized here does not 

lead to significantly noticeable deformations of the 

radiation-zone field patterns or deteriorations in the 

associated performance metrics of the ENH. It is 

important to remark, however, that the profiles of Fig.5 

and 7 suggest that in general, improvements in return 

loss performance through impedance matching are at the 

expense of power gain.   

4 Concluding Remarks 

In addition to investigating the effects of impedance-

matching circuitry on the input and radiation 

characteristics of an exponentially non-uniform helical 

antenna (ENH) mounted above a finite circular ground 

plane, this paper has also examined the influence of the 

degree of non-uniformity on the ENH’s performance. 

Following a comprehensive formulation of the antenna’s 

radiation field expressions via a vector magnetic 

potential approach, the distribution of current along the 

ENH’s axis became available through a method of 

moments solution. Computational results obtained and 



Iranian Journal of Electrical & Electronic Engineering, Vol. 19, No. 04, December 2023                                                             11 

 

discussed in the paper demonstrate that the ENH’s return 

loss is significantly enhanced by the incorporation of a 

single wire that extends over the quarter of the first turn 

of the ENH, as the impedance-matching network. The 

results also suggest that return loss for the impedance-

matched ENH clearly depends on the degree of 

exponential non-uniformity specified by the parameter 

. According to the results, although axial ratio and 

power gain profiles naturally differ for the unmatched 

and impedance-matched ENH, the differences are not 

indicative of performance deterioration. Both the 

impedance-matched and unmatched ENHs have the 

same axial ratio bandwidth of 54.55%, and the 

maximum power gain of the unmatched ENH is only 

marginally greater than that of the matched ENH by 0.01 

dB.  It may be concluded, therefore, that the ENH can be 

impedance-matched to a 50Ω coaxial cable without loss 

of the advantages due to the antenna’s geometrical non-

uniformity. Nonetheless, the paper’s computational 

results suggest that improvements in return loss are 

achieved at the expense of antenna gain. A future 

investigation involving the use of an optimization 

algorithm should establish optimum impedance-matched 

ENU parameters for specific applications. 
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