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Abstract—We apply the ESPRIT algorithm to decompose the
currents on a helical antenna into different traveling wave modes. The
strengths, phase velocities and decay constants of the various modes
are extracted across frequencies. Their contributions to the antenna
performance including gain, polarization and time-domain radiated
pulse shape are investigated. Our results show that the T+

0 mode is a
dominant contributor to the helix gain at the low end of the frequency
band while the T+

1 mode contributes significantly to the gain at higher
frequencies. It is also found that the reflected current modes from the
open end reduce the circular polarization purity of the helix. Lastly,
it is observed that the T+

1 and T+
0 modes contribute constructively to

a low-dispersion pulse from the antenna.

1. INTRODUCTION

The endfire mode (or axial mode) helical antenna is widely used for
its high gain, good circular polarization and wide bandwidth. The
operating principles of the endfire-mode helix have been extensively
investigated and are considered well-understood. In this mode of
operation, the dominant traveling wave mode is T+

1 , which satisfies
the Hansen-Woodyard condition in the end-fire direction [1–3]. More
recently, the helical antenna has been considered in the high power
microwave community as a potential candidate for pulse power
radiation [4, 5]. This application utilizes the advantages of the helix
such as high power handling capability, compact size, and orientation
independence for penetrating gaps. Motivated by this application, we
set out to re-examine the helix structure, in particular the time domain
radiated pulse from this well-known antenna.
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One effective approach to understand the operating principle of
the helix is to identify various traveling wave modes excited on the
helix. In addition to the dominant T+

1 mode, there are also other modes
including T+

0 , T+
2 as well as the corresponding reflected components

T−1 , T−0 and T−2 from the open end of the helix. These modes can
be studied rigorously by considering the helix as an infinite periodic
structure [6, 7]. However, the excitation strength of these modes cannot
be obtained in this manner. Using a phase slope fitting approach,
Marsh [8] decomposed the measured current on a helical antenna
into different modes and explained the antenna performance using
the dominant current component. However, the resulting current
decomposition was only qualitative. To better understand the effect of
the other current modes on the performance of the helical antenna, an
improved current decomposition is desirable.

In this paper, we present an improved mode decomposition of
the helix current by applying the Estimation of Signal Parameters
via Rotational Invariance Technique (ESPRIT) [9, 10]. ESPRIT is a
super-resolution spectral estimation algorithm which has been applied
previously to wave propagation problem with good success [11, 12].
It offers better robustness to noise than Prony’s method [13]. It
has the same super resolution properties as MUSIC [14] but is more
computationally efficient. By using ESPRIT, an improved mode
decomposition of helix current can be obtained and each current mode’s
magnitude, phase velocity, and decay constant can be estimated. Based
on the improved current decomposition, a better understanding of
the effects of different current modes on the antenna performance, in
particular for wideband pulse radiation, can be achieved.

This paper is organized as follows. In Section 2, the ESPRIT
algorithm is introduced and applied to decompose the helix current
at various frequencies. The phase velocities of the three dominant
modes are extracted across frequencies. In Section 3, the effects
of each current mode on antenna performances including gain and
polarization are investigated. In Section 4, the time domain radiation
characteristics of the helix are studied and explained based on
the contribution from each current mode’s time domain radiation.
Section 5 summarizes this paper. Simulated current data from the
Numerical Electromagnetics Code (NEC) are used throughout the
paper.

2. CURRENT DECOMPOSITION VIA ESPRIT

To illustrate the current decomposition using ESPRIT, we first
simulate the current distribution along an 8-turn, right-handed helix
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circumferency: 0.4m
Wire radius: 0.0004m
Pitch angle: 13 degrees
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Figure 1. An 8-turn helical
antenna prototype.
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Figure 2. Current distribution
at 750 MHz.

antenna using NEC. Nominal design numbers are used for the axial
mode helix. Fig. 1 shows the geometry of the helix antenna. The
center frequency is 750 MHz. The circumference of the helix is one
wavelength and the wire radius is 0.001 wavelength, both at the center
frequency. The pitch angle is 13 degrees. An infinitely PEC ground
plane is assumed in the simulation. Fig. 2 plots the simulated current
distribution along the helix structure at 750 MHz.

The above NEC simulated current are total current flowing along
the helix structure. By decomposing the total current into various
forward and backward traveling wave modes, we can better investigate
each mode’s contribution to the antenna performance and gain more
physical insights into the antenna working principles. Therefore,
next we model the current distribution on the helical antenna as a
summation of N current modes, each with a distinct wave number βn,
(or the corresponding wave velocity vn=2πf/βn), attenuation constant
αn and a complex strength cn:

J (ξ) =
∑

n

cne−jβnξ−αnξ (1)

where ξ is the length parameter measured along the helix winding. To
determine β, α and c from the observed current, the ESPRIT algorithm
is applied to the simulated current one frequency at a time. ESPRIT [9]
was originally developed as a Direction-of-Arrival (DOA) estimation
algorithm. It is based on the data model:

y (ξi) =
d∑

k=1

ake
jβkξi + n (ξi) i = 1, 2, . . . , N (2)
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where n is additive white noise. Given N > 2d + 1, ESPRIT can
estimate d, ak and βk without error. Therefore, ESPRIT is an
eigenspace parameter estimator that estimates a set of βn, αn in
Eq. (1) based on the generalized singular value decomposition of the
covariance matrix. Once they are estimated, cn can be found by the
total least-squares criterion to arrive at the best fit of the total current
J . In applying ESPRIT, we use the maximum model order N/2 to
achieve a good fit to the data, where N (= 41) is the total number
of data samples. Fig. 3(a) plots the extracted wave velocity of the
four dominant modes. The vertical axis shows the phase velocity
scale, which has been normalized to the speed of light in free space.
The horizontal axis shows the distance along the helix winding (ξ).
The color in the plot indicates the strength of the each current mode
versus distance, cne−αnξ, displayed on a decibel scale. The change
of the current mode strength along the helix winding is clearly seen.
In Fig. 3(b), it is shown that the sum of the four dominant modes
accurately reconstructs the original simulated current distribution.
At this frequency, higher order modes are much weaker and can be
neglected.

In Fig. 3(a), T+
0 and T+

1 are the positive traveling current modes
while T−0 and T−1 are the corresponding reflected current modes
from the open end. It is seen that the magnitude of T+

1 is almost
constant along the helix and its phase velocity is smaller than that
of the free space. This is the familiar slow wave on the helix and is
typically considered the dominant radiation mode in the literature [8].
We also observe that at this frequency, T+

0 exhibits a larger phase
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Figure 3. (a) ESPRIT decomposition at 750 MHz. (b) ESPRIT fitting
at 750 MHz.
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velocity but decays much faster than the T+
1 mode. The phase

velocities of the reflected waves T−0 and T−1 are equal and opposite
of their corresponding positive traveling counterparts. However, their
magnitudes are much weaker.

The helix current distributions at the low frequency end of
550MHz and at the high frequency end of 950MHz are similarly
simulated using NEC and decomposed using ESPRIT. Figs. 4(a) and
5(a) show respectively the decomposed current modes at 550 MHz and
950MHz. Figs. 4(b) and 5(b) show respectively the reconstruction
of the currents at both frequencies. Both reconstructed currents
agree well with the original simulation. At 550MHz, the dominant
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Figure 4. (a) ESPRIT decomposition at 550 MHz. (b) ESPRIT fitting
at 550 MHz.

NEC simulation

ESPRIT

×10
-3

7

6

5

4

3

2

1

0
0 0.5 1 1.5 2 2.5 3 3.5

C
u
rr

e
n
t 
m

a
g
n
it
u
d
e
 (

A
)

Distance along the helix (m)

2

1.5

1

0.5

0

-0.5

-1

-1.5

-2N
o
rm

a
liz

e
d
 p

h
a
s
e
 v

e
lo

c
it
y -45

-50

-55
-60

-65

-70
-75

-80

-85

-90

Distance along the helix (m)

0 0.5 1 1.5 2 2.5 3

(a) (b)

T 0
+

T 1
+

T 1
−

T 0
−

8

Figure 5. (a) ESPRIT decomposition at 950 MHz. (b) ESPRIT fitting
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mode is the fast wave T+
0 while the slow wave T+

1 is only weakly
excited. At 950MHz, the strength of T+

1 is strong and slowly decaying.
Consequently, the reflected mode T−1 persists over the entire length of
the helix.

We also notice the phase velocities of the current modes change as
a function of frequency. To illustrate such frequency dependence, the
phase velocities of different current modes are extracted from 500 MHz
to 1000 MHz and plotted in Fig. 6. It is well known that, the phase
velocity of the dominant wave propagation on the helix is such that
the phase delay between turns fulfils the Hansen-Woodyard (increased-
directivity) condition [2]. In Fig. 6, our extracted phase velocity of T+

1
confirms this conclusion, as it shows good agreement with the phase
velocity track required by the Hansen-Woodyard condition, which is
plotted as the dashed line. For the T+

0 mode, the phase velocity
increases as the frequency goes up and can be greater than the speed
of light in free space. This observation is somewhat contrary to that
previous reported in the literature [2, 8], in which the speed of T+

0 is
assumed to be equal to the speed of light in free space. For the T+

2
mode, which has previously been observed in measurements only when
the circumference is larger than 1.4 wavelengths [2], can be observed
at 850 MHz, where the circumference is equal to 1.1 wavelengths.

3. EFFECTS OF CURRENT MODES ON GAIN AND
POLARIZATION

Based on the above improved current decomposition of the helix, we
next study the effects of different current modes on the gain and
polarization of the helical antenna in this section.
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different current modes.
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3.1. Gain

An axial mode helix is known to have relatively high gain in the
endfire direction across a wide bandwidth. Many simulations and
measurements have been carried out to study the gain of the helical
antenna. However, some results could not be explained by the T+

1
slow wave, which was assumed to be the dominant radiation mode
of the helix. As an example, it was found in [15] that the gain of a
balanced helix at the center frequency is smaller than that at lower
frequencies. To illustrate this, we simulate the gain of the above 8-
turn helical antenna from 500MHz to 1000 MHz and plot the results
in Fig. 7. Kraus’ empirical formula [2], which was derived based on the
dominant T+

1 mode, is added in the plot for comparison. The empirical
curve implies the gain of the helix should increase as the frequency
increases. However, the actual helix gain at 550 MHz is higher than
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that at 750 MHz. To better explain this result, we study the gain
contribution from each current mode after the current decomposition
(as illustrated earlier in Figs. 3(a)–5(a)).

Figure 8(a) plots the gain contribution of the T+
1 mode alone at

550MHz. It is shown as the red ‘+’ curve and is calculated based on
the T+

1 mode extracted in Fig. 4(a). The reference curve shown in the
solid blue line is the gain due to the total current simulated using NEC.
It is observed that the total gain is higher than that of the T+

1 mode
alone. In Fig. 8(b), we calculate the gain contribution from both T+

1

and T−1 . As expected, the resulting curve does not change much from
the T+

1 mode case since the strength of T−1 is much weaker. However,
as shown in Fig. 8(c), the gain increases to the same level as the total
gain when the T+

0 mode is added in. This implies that T+
0 contributes

significantly to the gain at 550 MHz. Lastly, the T−0 mode is added in
and the resulting gain curve agrees well with the total gain, reaffirming
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the validity of the decomposition. Therefore, the mode by mode gain
contribution study at 550MHz clearly shows that the NEC simulated
gain is higher than that of the Kraus empirical formula because T+

0
helps the gain at low frequency. At 750 MHz, a similar procedure is
carried out and Figs. 9(a)–(d) show the gain contribution from each
current mode.

It is seen in Fig. 9(a) that, the gain of T+
1 is actually higher than

the total gain. But T+
0 brings the gain curve down at this frequency,

as shown in Fig. 9(c). Thus, T+
0 hurts the gain at the center frequency.

This also explains why the NEC simulated gain is lower than the
Kraus’s empirical formula prediction at the center frequency. The
current decomposition allows us to clearly pinpoint the contribution
of each mode to the gain. Consequently, we can explain why the gain
at 550MHz is higher than that at 750 MHz for a helix on an infinite
ground.

3.2. Polarization

We next investigate the polarization properties of each current
mode. There are eight significant current components on the helical
structures, namely, T+

0 , T+
1 , T−0 , T−1 and their image currents T+′

0 , T+′
1 ,

T−
′

0 and T−
′

1 . To evaluate each current mode’s polarization purity, we
define a polarization loss factor for the far field radiated in the endfire
direction by each current component as:

P.L. =
~E · R̂∗
∣∣∣ ~E

∣∣∣
(3)

where R̂ is a unit vector denoting the intended right-handed circular
polarization (RHCP) and the * denotes complex conjugate. If the far
field radiation is perfectly RHCP, P.L. is equal to one while if it is
perfectly LHCP, P.L. is equal to zero. At 750MHz, the polarization
loss of all eight current components are calculated and listed in Table 1.

It is shown that, the boresight radiation of the positive traveling
currents T+

0 , T+
1 and their image currents are mostly RHCP as their

P.L. factors are very close to one. On the other hand, the reflected
currents T−0 , T−1 and their image currents are mostly LHCP since their

Table 1. Polarization loss of the current modes.

T+
0 T+

1 T−0 T−1 T+′
0 T+′

1 T−
′

0 T−
′

1

P.L. 0.980 0.999 0.100 0.189 0.995 0.981 0.232 0.011
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P.L. factors are closer to zero. It is very clear that both the reflected
currents and their image currents are detrimental to the polarization
purity of the helix. Indeed, it has been found previously that tapering
the open end of the helix resulted in improved polarization purity of
the helix [3]. This is because the reflected current can be reduced in
the process.

4. EFFECTS OF CURRENT MODES ON TIME-DOMAIN
RADIATION

Since the impedance bandwidth of the conventional helical antenna
is about 2 : 1, it is a potential candidate for wideband pulse
radiation [4, 5, 16]. In this section, we investigate the time-domain
radiation characteristics of a helical antenna. We utilize the frequency
domain results simulated via NEC over a band of frequencies as
the transfer function. By multiplying the transfer function by the
spectrum of the input waveform exciting the antenna, the time-domain
radiation in the far field can be synthesized by the inverse fast Fourier
transform (IFFT). To analyze the output time-domain waveform and
gain more physical insights, we again implement a “mode by mode”
decomposition described in Section 2.

A new seven-turn helical antenna with a center frequency of
750MHz is simulated here. Again, an infinite ground plane is assumed.
The circumference is one wavelength and the wire radius is 0.001
wavelength at the center frequency. The operating band of the
helical antenna is from 550 MHz to 950MHz. To find the time-
domain radiation from this helical antenna, an input time pulse with
uniform frequency components from 550 MHz to 950 MHz is used as
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the excitation voltage on the antenna. The input waveform in the
frequency domain is shown in Fig. 10(a). By applying the IFFT,
the time-domain input waveform is the familiar sinc shape plotted in
Fig. 10(b), with a pulse width of 2.5 ns (1/400 MHz). The radiated field
from the helical antenna is recorded at 100 m away from the antenna
in the axial direction. Both the frequency domain and time domain
output waveforms are plotted in Figs. 11(a) and 11(b), respectively.

Compared with the input pulse in the time domain (Fig. 10(b)),
the output pulse (Fig. 11(b)) appears to preserve most of the pulse
shape. The time delay between the peak of the input pulse and the
peak of the output pulse is 335 ns, which is approximately equal to
the theoretical propagation time delay (100m/3e8 = 333.3 ns). To
estimate the strength of the radiated field, the following approximate
formula can be used if we assume all quantities are fairly constant with
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respect to frequency:

E =

√
2η0

V 2
inc

2Z0
· (Gain)

4πr2
(4)

where η0 = 377 Ω is the free space wave impedance, Vinc = 1V is the
input voltage of the helix, Z0 = 200g Ω is the input impedance of the
helix at 750 MHz, Gain = 8 dBi and r = 100m. By using Eq. (3), the
strength of E is predicted to be 0.0097 V/m, which is close to the peak
strength of the output waveform in Fig. 11(b).

To gain more insights into the time domain response of the helix,
we examine the contribution of each current mode in time. Figs. 12(a)–
(d) show the individual frequency domain responses of the current
modes. It is seen that the radiations of T+

1 and T+
0 are much stronger

than the reflected components T−1 and T−0 . More interestingly, the T+
1

mode radiates more at higher frequencies while T+
0 radiates more at

lower frequencies. This is consistent with the conclusion drawn from
the gain study in Section 3. After the IFFT, the time domain response
of each mode is generated and plotted in Figs. 13(a)–(d). It is seen
that the time domain waveforms of the T+

1 and T+
0 have approximately

the same magnitude. They add constructively in time, resulting in a
well-focused time-domain radiated pulse from the helix.

5. CONCLUSION

In this paper, the ESPRIT algorithm has been applied to decompose
the currents on a helical antenna. By applying ESPRIT, the
strengths and phase velocities of different traveling current modes were
extracted. By mapping the behaviors of these current modes across
frequency, their contributions to the antenna performance including
gain, polarization and time-domain pulse shape radiated from the
antenna can be investigated. In terms of gain, it was found that the
T+

0 mode dominates at low frequency while the T+
1 mode dominates

at high frequency. For polarization, it was found that both the
reflected components T−0 and T−1 and their image currents hurt the CP
purity of the helical antenna. Lastly, it was found that the radiated
pulse shape from a helical antenna shows only a slight dispersion.
Interestingly, this is due a combination of both the T+

1 and T+
0 modes

contributing almost equally to the wideband radiation. Therefore, it
can be said that the helix is suitable for wideband (up to a 2 : 1
bandwidth) pulse applications. Although NEC was used in our study,
it should be noted that currents simulated from other computer codes
can be used as inputs to the decomposition. The same current
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decomposition methodology can also be applied to study more complex
helix structures to gain better physical insights. But it should be
realized that only helical antennas with infinite ground plane can be
considered. For a finite-size ground plane, the current induced on the
ground cannot be easily modeled as the sum of traveling waves.
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