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Abstract—Some new focusing properties of time-domain ultra wide
band (UWB) focusing array antennas are presented. The large current
radiator (LCR) is considered as the UWB antenna element. Each LCR
is replaced by a set of infinitesimal dipoles modeling both the near
field and the far field patterns of the antenna element, as well as the
coupling between the elements. Several antenna arrays with different
sizes and numbers of elements are modeled. It is shown that similar
to narrow band antennas, the actual maximum field region shifts from
the intended focus region towards the antenna aperture.

1. INTRODUCTION

Focusing the microwave energy of an antenna into small regions can be
accomplished by using focused antennas where the microwave power is
targeted at a point close to the antenna aperture. Different antennas
including arrays, reflectors, and dielectric lens antennas as well as
Fresnel zone plate antennas have been used for this purpose [1–7].
Focused array antennas based on Ultra-Wide-Band (UWB) impulse
waveforms can highly concentrate electromagnetic energy into small
regions by controlling the timing of pulses radiated by each element [8–
16]. Better performance compared to narrowband arrays can be
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achieved in terms of higher angular resolution and increasing the
peak power delivered to the focused region. These antennas are of
interest in medical applications, radar, homeland security systems
and communication systems [3, 9–12, 17–22]. The performance of the
focused array can be further improved by increasing the number of
elements [9] or element spacing [19, 23–26]. However, increasing both
the number of elements and the spacing between elements produces
a larger aperture array. Using thinned arrays, higher performance
with a fewer number of elements with the same aperture size can be
obtained [15, 27]. In addition, sparse focused array antennas are used
to achieve better performance for the focused antennas [19, 28].

The main goal of this paper is to study some focusing and
defocusing behavior of time-domain UWB focused arrays. The Large
Current Radiator (LCR) is considered as the array element. Figure 1
shows the configuration of an LCR, consisting of a generator, a closed
loop and a ferrite plate. The LCR is inherently a non-resonating
structure and can thus radiate electromagnetic (EM) waves with either
sinusoidal or non-sinusoidal time variation [29–33]. In order to model
the mutual coupling between the LCR elements within the array, the
infinitesimal dipole array modeling is considered. Using this method,
each LCR is replaced by a set of infinitesimal dipoles producing the
same electromagnetic fields as the LCR.

The concept of infinitesimal dipole moments (IDM) was first
introduced in [34] for modeling the near field of radiating structures in
biomedical applications. The idea was formulated in [35–38] to find sets
of infinitesimal dipoles by using a genetic algorithm. Later, the concept

Figure 1. The schematic of an LCR.
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was extended by applying quantum particle swarm optimization to
the problem, and a method of predicting the mutual coupling between
antenna elements was proposed [39]. In [40, 41] IDMs for dielectric
resonators in multi-layer structures is obtained by using the particle
swarm optimization method. In [42] a procedure of getting IDMs for
wideband antennas was proposed and applied for a wideband stacked
dielectric resonator antenna. The applications of IDMs for modeling
and optimizing the array antennas are presented in [43, 44].

In this paper, the mutual coupling between the LCR elements
is obtained using the reaction theorem [43–45]. It should be noted
that LCR elements can be spaced at distances larger than the spatial
duration of the pulse so that there aren’t mutual coupling and multiple
scattering effects between the elements. However, using the IDMs
concept, the array can be modeled by assuming any spacing between
the elements. Using this method, several antenna arrays and the
coupling between their elements will be modeled.

This paper is organized as follows. In Section 2, the large current
radiator modeling is presented. The infinitesimal dipole modeling for
the array is demonstrated in Section 3. Section 4 investigates the
focusing properties of uniformly spaced time domain array antennas.
The conclusion is provided in Section 5.

2. LARGE CURRENT RADIATOR

2.1. LCR Modeling

The Large Current Radiator (LCR), which is one of the promising
UWB radiators, was proposed by Harmuth [46–48]. This radiator
is named Large Current Radiator because it is possible to create a
large amplitude current in the radiating element with a relatively small
driving voltage. Principally the LCR is a segment of a line conductor
through which a current pulse of short duration but large amplitude
is driven. Figure 2 shows the dimension of the chosen LCR. In order
to model the LCR with the ferrite plate, only the radiator part of
Figure 1 is modeled while the backward radiation is ignored because
of the presence of the ferrite plate. The antenna is modeled in the
frequency domain using a method of moment (MoM) based software
(FEKO) [46] for the frequency range from 50MHz to 3 GHz, and the
time-domain radiated pattern is computed by using the inverse Fourier
transform. The time-domain pattern, F (θ, ϕ, t, r), can be shown at
certain time instances (t = t0), distances (r = r0) from the aperture,
or observation angles (θ = θ0, ϕ = ϕ0).

The LCR is excited by a step voltage pulse with amplitude of 1 V
and duration of 5.4 ns as shown in Figure 3(a). The radiated field
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Figure 2. The configuration of modeled LCR.

(a) (b)

Figure 3. Time variation of (a) input voltage step pulse, and (b) pulse
radiated by the large current radiator at broadside observation angles
(θ = 90◦, ϕ = 90◦) and a distance of r = 1.2 m from the antenna.

by the LCR at a distance of y = 1.2 m from the antenna is shown in
Figure 3(b). The time-domain near-field pattern of the LCR at the
distance of r = 1.2m from the antenna in both E- and H-planes are
shown in Figure 4.

In another effort, the LCR is excited by a Gaussian pulse G(t)
with different variances.

G(t) =
1√

2πσ2
e−(t−u)2/2σ2

(1)

where σ is the standard deviation and u is the mean. The advantage
of the Gaussian pulse over the step pulse is that it has a limited
bandwidth. The input Gaussian pulses in time domain and frequency
domain are shown in Figures 5(a) and 5(b), respectively. The radiated
pulses at the distance y = 1.2m from the LCR antenna in time domain
and frequency domain are shown in Figures 5(c) and 5(d), respectively.
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(a) (b)

Figure 4. Time-domain near-field pattern of the LCR at the time
instance of t = 1.2/c, and the distance of r = 1.2m from the antenna
aperture in the (a) E-plane and (b) H-plane.

(a) (b)

(c) (d)

Figure 5. Input Gaussian pulse in the (a) time-domain and (b) in the
frequency domain. Pulse radiated by the LCR at broadside observation
angles (θ = 90◦, ϕ = 90◦) and a distance of r = 1.2m from the antenna.
(c) Time-domain and (d) frequency domain.
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It can be seen that the radiated pulses in Figure 5(c) have much less
ringing variations compared to the one at Figure 3(b). By increasing
the standard deviation, the number of sidelobes is decreased and a
clear shaped pulse is created in the time domain. When the LCR is
excited by a Gaussian pulse, the near field pattern at the time instance,
t = 1.2/c, and a distance, r = 1.2m, from the antenna aperture is
shown in Figure 6. It can be seen that the near field patterns are very
similar when the LCR is excited by step pulse or Gaussian pulse.

(a) (b)

Figure 6. Time-domain near-field pattern of the LCR at the time
instance of t = 1.2/c and a distance of r = 1.2m from the antenna
aperture in the (a) E-plane and (b) H-plane.

2.2. Suppression of Mutual Coupling Effects by Increasing
the Distance between Elements

It has been shown that LCR elements can be employed to achieve
antenna arrays with high efficiencies [23, 28]. This can be done by
spacing the LCRs at a distance much larger than the spatial duration
of the radiated field pulse. In this case, there is no coupling between
elements and the array antenna pattern can be obtained by the
summation of each element pattern. In order to show the accuracy of
this method, two LCRs spaced at a distance d = 0.6m are considered.
One of the elements is excited by a step pulse and the other one is
terminated to a matched load. Figure 7 shows the near field patterns
of this configuration at both E- and H-planes compared to the near
field patterns of one LCR element. It can be seen that very similar
patterns are obtained for both planes. In other words, the presence of
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(a) (b)

Figure 7. Comparison between the near field patterns of one-LCR
and two-LCR element arrays at the time instance of t = 1.2/c and a
distance of r = 1.2m from the antenna aperture in the (a) E-plane
and (b) H-plane.

the loaded antenna at a distance larger than the spatial duration of
the radiated pulse doesn’t affect the radiation pattern of the LCR.

3. INFINITESIMAL DIPOLE MODELING

3.1. Methodology

A set of infinitesimal dipoles (electric or magnetic), representing an
actual antenna, can be obtained by using an optimization algorithm to
minimize the difference between the near field of the dipoles and those
of the actual antenna. Each dipole is represented by seven parameters:
the position of the elements (x, y, z coordinates); the complex dipole
moment (the real and imaginary part), and its orientation (θ and ϕ).
It should be mentioned that the dipole locations are limited within
the volume of the actual antenna. Although electric dipoles, magnetic
dipoles, or a combination of them can be used, we use only electric
dipoles to represent the antenna [40].

In this algorithm, the IDM can be achieved by minimizing the
error of the near field data defined as

e =
M0∑

m=1

√√√√1
3

No∑

n=1

∣∣∣∣∣
~Ea(rn, fm)

Pa
−

~Ed(rn, fm)
Pd

∣∣∣∣∣
2

(2)

where No and Mo are the number of observation points and frequency
points, respectively. ~Ea(rn, fm) and ~Ed(rn, fm) are the electric fields
on the observation surfaces, obtained by a full wave solution (FEKO)
or measurements, and the electric dipoles, respectively. The vector rn



394 Karimkashi et al.

is the position vector of the nth sampling point, fm is the frequency
and P is the maximum value of the electric field used for normalization
as

Pa,d = Max
{∣∣∣ ~Ea,d(rn, fm)

∣∣∣
}

. (3)

The subscript a is used to denote the measured or accurate solution
obtained for the actual problem, and the subscript d is used to denote
the desired solution obtained by the IDM model. It should be noted
that in (2) the near field data are normalized. This is because the
IDM is used to obtain the normalized spatial distribution of the near
field, but not the real values that depend on the excitation amplitude
of the antenna. The real field values due to the excitation of V0 can
be achieved by multiplying all the dipole moments with a factor of
V0Pa/Pd [39].

3.2. LCR and Its Infinitesimal Dipole Model

The LCR introduced in Section 2 is considered. The near-field is
computed on a square observation plane with side lengths of 1000 mm
located at a distance 500 mm from the antenna aperture. The near
field is computed at 60 frequency points from 50 MHz to 3 GHz.
The total number of samples is 121 points at each frequency. The
modified invasive weed optimization (IWO) algorithm with restricted
boundary condition is applied to determine the moment, the position,
and the orientation of the dipoles. The total number of 30 electric
dipoles is obtained after the optimization. The moments, locations
and orientations of dipoles are shown in Table 1. The electric field

(a) (b)

Figure 8. The optimized dipoles equivalent to the LCR.
(a) Comparison of the electric field components of the near fields due
to the actual antenna and IDMs over lines passing through the middle
of the observation plane, and (b) the convergence curve of the IWO.
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Table 1. The moments, positions and orientations of electric dipoles
equivalent to LCR.

ne
The dipole

moment

The position

of dipole (mm)

The orientation

of dipole (degrees)

Re. Im. X Y Z θ Φ

1 −9.06 1.19 19.89 −19.99 −21.88 112.63 239.42

2 3.76 −0.22 5.97 −0.13 −27.95 23.97 242.16

3 −4.82 −3.65 9.82 5.32 −25.35 138.35 157.90

4 −7.98 −2.64 4.40 −11.55 −17.66 32.49 110.24

5 −9.97 −6.60 −11.38 −8.62 −10.92 174.85 259.74

6 4.97 −9.46 −7.34 −1.58 −5.10 74.82 275.18

7 7.63 0.84 6.20 7.58 −8.87 55.39 260.80

8 −9.94 1.09 18.56 17.05 −18.67 79.64 320.77

9 −1.02 −6.79 −3.62 −1.37 −10.24 65.30 320.38

10 −5.13 5.75 −19.99 6.73 −29.58 108.75 280.00

11 −6.17 −6.41 −1.58 −7.57 −17.34 170.72 290.79

12 −9.44 6.13 −19.99 −2.03 −15.49 88.84 226.77

13 1.36 7.18 12.83 8.59 −14.53 174.06 296.97

14 5.41 9.57 5.78 16.98 −29.99 43.67 273.48

15 −1.09 −2.25 −14.12 −0.16 −12.34 15.53 231.54

16 1.76 9.16 −10.26 −8.21 −10.30 122.64 3.47

17 −9.03 −3.99 −7.24 8.58 −13.78 76.00 219.89

18 −0.96 4.82 20.00 −0.60 −27.36 98.59 277.40

19 7.76 −4.99 −19.27 −13.93 −8.64 98.38 140.27

20 −0.84 −8.64 −5.78 14.34 −8.39 49.60 335.47

21 6.01 4.48 −5.29 −5.53 −29.17 99.50 245.04

22 −9.61 −7.46 0.21 −4.03 −29.99 61.59 82.82

23 0.98 −2.09 −19.13 3.45 −8.50 31.63 93.30

24 9.62 5.65 11.09 −12.51 −16.29 143.32 100.75

25 −0.38 0.99 8.06 19.72 −18.46 3.44 111.36

26 −6.38 7.93 8.59 16.93 −8.98 26.60 35.00

27 −2.05 −6.40 4.77 −4.17 −21.33 91.46 39.86

28 −6.09 −0.75 14.53 19.61 −13.39 84.00 254.96

29 −4.89 7.60 −14.74 11.01 −5.19 1.49 292.09

30 3.01 3.69 16.87 −5.11 −11.74 26.07 54.03

ne is the element number, Real (Re), and Imaginary (IM.)
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components of the near-field due to the dipoles compared to those
obtained by MoM solution are shown in Figure 8(a). It is seen that
a good agreement is achieved. The IWO convergence curve is shown
in Figure 8(b). The optimization process takes about 18 hours on an
Intel (R) coreTM i3 CPU (2.4 GHz) machine. This would have been
reduced by 6 hours if we stopped the optimization at 2000 iterations.
Although this CPU time might appear to be excessive, the full wave
analysis based on MoM for an array of LCRs may take much longer for
the direct computations of all the required frequencies. However, the
dipoles model can easily be tabulated and used over and over for even
other array configurations and by others researcher for other purposes.

3.3. Time-domain Results

The electric and magnetic field radiated by a small dipole in the near
field region can be expressed as [26, 43]:

~E=
Z0l

4πc


1

r

dI

dt

~r×
(
~r×~l

)

l · r2
+

(
c

r2
I+

c2

r3

∫
Idt

)
·

3

(
~l·~r

)
· ~r

l · r2
−

~l

l





(4)

~H=
l

4πc

(
1
r

dI

dt
+

c

r2
I

) (
~l × ~r

)

(l · r) (5)

where I is the radiator current, l the dipole length, Z0 the wave
impedance of the free space, c the velocity of light, and r the
radius vector to the observation point. Although the time domain
Equations (4) and (5) can be used to obtain the near field or the far
field pattern of the dipole set, the frequency domain solution of the
problem is used and converted to the time domain using the inverse
Fourier transform. In other words, by knowing the frequency response
of the LCR, which is the summation of electric or magnetic fields of
all the dipoles, and the frequency components of the Gaussian pulse,
the output radiation patterns in the frequency domain are obtained.

In order to show the efficiency and accuracy of infinitesimal dipole
modeling, the same time-domain analysis presented in Section 2 is
applied to the obtained infinitesimal dipole set. In other words,
the infinitesimal dipole set is excited by the same Gaussian pulse
(σ = 2e−10). The radiated near field patterns of the LCR obtained
by using IDMs and MoM solution at a time instance of t = 1.2/c
and a distance of r = 1.2m from the antenna aperture are shown in
Figure 9. It can be seen that a good agreement is achieved. Therefore,
by replacing the antenna with IDM, a very fast and efficient method to
model the antenna is achieved. In other words, instead of solving the
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(a) (b)

Figure 9. Comparison between the near field patterns of an LCR
obtained using the MoM and the IDM excited by a Gaussian pulse
at a time instance of t = 1.2/c and a distance of r = 1.2m from the
antenna aperture in the (a) E-plane and (b) H-plane.

Table 2. Comparison between the MoM and IDM computational time.

Modeling Method Computational Time (Sec)
MoM 781
IDM 1.12

LCR by using a full wave method, we replace it with a set of dipoles.
A comparison between the time of computing the radiation patterns
of the presented antenna by using MoM and IDM is shown in Table 2.

3.4. Elements Coupling

In order to evaluate the validity and efficiency of this method, a 2× 2
LCR array is designed and modeled using both the MoM and the
IDM methods. This array antenna, having an element spacing of
0.3m, is solved by full wave MoM software and the IDM method.
The same Gaussian pulse presented in the previous section is used
to excite each LCR element. A comparison between the time-domain
near field patterns of the array at a time instance of t = 1.2/c and a
distance of r = 1.2m from the antenna, which are obtained by MoM
and IDM, is shown in Figure 10. It can be seen that a good agreement is
achieved. Modeling the coupling between the elements using IDMs has
been taken into account with the use of the reaction theorem according
to [43].
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(a) (b)

Figure 10. Comparison between the near field patterns of the 2 by 2
antenna array obtained using the MoM and the IDM at a time instance
of t = 1.2/c at the distance of r = 1.2m from the antenna, in the (a) E-
plane and (b) H-plane.

4. UNIFORMLY SPACED FOCUSED ARRAYS

4.1. 4 × 4 LCR Array

A two-dimensional square array composed of 16 (4×4) elements, shown
in Figure 11, is considered. The array elements are uniformly spaced
in the xz-plane with a separation of d = 0.3m between elements. Each
LCR element, replaced by a set of dipoles, is excited by the same
Gaussian pulse. Therefore, there is an equally weighted amplitude
distribution for the array. The array antenna can focus the radiated
pulses by setting a proper delay time at each element. Therefore,
the radiating waves arrive simultaneously and add up in phase at the
desired focusing point. For a focusing distance F from the antenna

Figure 11. Geometry of uniformly spaced two-dimensional array
antenna.
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aperture the time delay of i-th element should be set up as

ti =

√
F 2 + L2

i

c
(6)

where c is the speed of light and Li the distance of the i-th element
from the center of the square aperture. The radiation near field pattern
of the array at the focal distance from the aperture at time t can
be obtained by the summation of the radiated fields of all elements.
However, the coupling between the elements is included by using the
IDM technique. Figure 12(a) shows the three-dimensional normalized
focused beam pattern at the time instance of t = F/c and the focal
plane of F = 1.2m of the antenna array. The two-dimensional near
field pattern at the time instance of t = F/c and the focal plane,
F , is shown in Figure 12(b). It can be seen that moderate sidelobe
levels are achieved since no tapering is applied. The near field pattern
versus the axial length of the antenna array at the same time instance

(a)

(b) (c)

Figure 12. 4 by 4 uniformly spaced array antenna. (a) 3D near field
pattern at the time instance of t = F/c and the focal plane (F = 1.2m).
(b) 2D near field pattern at the time instance of t = F/c and the focal
plane (F = 1.2m). (c) The normalized field distribution versus the
axial distance at the time instance of t = F/c.
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is illustrated in Figure 12(c). It seems that the maximum intensity
occurs at the focal point of the antenna. However, observing the field
variations at several different time instances (Figure 13(a)), we can see
that a higher intensity value occurs at a point closer to the antenna
aperture compared to the focal point. The bold line in Figure 13(a)
shows the field at the time instance t = 1.2m/c. The variation of peak
power values for different time instances are shown in Figure 13(b). It
can be seen that the maximum intensity occurs at a point closer to the
antenna aperture.

(a) (b)

Figure 13. 4 × 4 uniformly spaced array (a) normalized field
distribution versus the axial distance at different time instances. The
bold line shows the field at the time instance t = F/c = 4 (ns). (b) The
variation of peak power values for different time instances.

4.2. 8 × 8 LCR Array

In this section, a larger array antenna composed of 64 (8 × 8) elements
is considered. The elements are separated by d = 0.3m, and a Gaussian
pulse excites each element. The antenna is designed to have a focal
length of 2.4m. Figure 14(a) shows the three-dimensional normalized
focused beam pattern at the focal plane of the antenna array. The two
dimensional field pattern of the antenna at the focal plane is shown
in Figure 14(b). It can be seen that lower sidelobe levels are achieved
for the larger array. Figure 14(c) shows the variation of the near field
pattern versus the axial length of the antenna at the time instance of
t = F/c.

Calculating the near field pattern versus the axial length at
different time instances, one can see that the maximum intensity occurs
at y = 2.35 m from the antenna aperture (Figure 15(a)). The bold line
in this figure shows the field at the time instance t = F/c. The variation
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(a)

(b) (c)

Figure 14. 8 × 8 array antenna with focal length of 2.4 (m). (a) 3D
normalized power pattern at the time instance t = F/c and focal plane.
(b) Normalized power pattern at the time instance t = F/c and focal
(c) variation of the normalized power pattern versus the axial distance
at the time instance of t = F/c.

of the peak power for different instances illustrated in Figure 15(b)
shows the focal shift in the field pattern of the array antenna.

In the next example, the same 8 × 8 array antenna is considered
with a focal length of 4.8 m. Figure 16(a) shows the variation of the
normalized power versus the axial distance at the t = F/c instance.
The variation of the power distribution versus the axial distance for
different time instances is shown in Figure 16(b). The bold line shows
the field at the time instance t = F/c. It can be seen that the
maximum intensity occurs at y = 4.48m from the antenna aperture.
The variation of the peak power versus the different time instances
for the 8 × 8 array is shown in Figure 16(c). It can be seen that by
increasing the focal length the focal shift has been increased. In order
to further study the behavior of the focal shift, the 8 × 8 array antenna
with many different focal lengths is modeled. Table 3 depicts the
variations of the maximum intensity length and the difference between
the power values at the focal point and maximum intensity point for
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(a) (b)

Figure 15. The 8 by 8 array with F = 2.4 m. (a) The variation of the
near field pattern versus the axial length at different time instances.
The bold line shows the field at the time instance t = F/c = 8 (ns).
(b) The variation of the peak power at different time instances.

(a) (b)

(c)

Figure 16. The 8 × 8 array antenna with F = 4.8m. (a) The
variation of the normalized power pattern versus the axial distance.
(b) The variation of the near field pattern versus the axial length at
different time instances. The bold line shows the field at the time
instance t = F/c = 16 (ns). (c) The variation of the peak power versus
the different time instances at the focal point.
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Table 3. Focusing properties of the 8 × 8 array at different focal
lengths.

Focal

length (m)
1.2 2.4 3.6 4.8 6 7.2 8.4 9.6

Maximum

Intensity

position (m)

1.18 2.35 3.44 4.48 5.39 6.21 6.96 7.6

Peak Power

Difference (dB)
0.005 0.074 0.17 0.30 0.46 0.60 0.86 1.04

different focal lengths of the 8 by 8 array antenna. It can be seen
that similar to narrow band antennas, for the focal point close to the
antenna aperture, the maximum intensity is very close to the focal
point, but as the focal point moves away from the antenna aperture,
the focal shift increases. In addition, by increasing the focal length,
the difference between the peaks at maximum intensity point and focal
point is increased.

5. CONCLUSIONS

Some focusing properties of the ultra-wideband time-domain focused
array antennas were presented. Large current radiators are considered
as the elements of the antenna array. In order to model the large
array antenna while the mutual coupling between the elements is taken
into account, each LCR element is replaced with a set of infinitesimal
dipoles generating the same near field pattern as the actual element.
Using this technique a fast and accurate simulation tool was achieved.

Calculating the variation of the power distributions versus the
axial length at different time instances showed the focal shift effect
in the near-field pattern. It was shown that the maximum intensity
occurred at a point closer to the antenna aperture than the focal
distance and this displacement was increased as the focal point moved
away from the antenna aperture. It was shown that this displacement
can only be seen when the radiated pulse is observed at successive time
instants.
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