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D
ipole antennas can be reduced in size by means 
of a novel design technique. The approach 
adds two short-circuited cylindrical covers to 
the extremes of what would have been con-

ventional dipole arms. The increased inductive load reduces 
the antenna’s resonant frequency without compromising the 
radiation pattern. 

To demonstrate this approach, the resonant frequency of a 
dipole antenna was reduced by 35% (the technique can reduce 
resonant frequency by as much as 64% if bandwidth require-
ments are reduced). As the experimental results show, the 
wire size of the antenna can also be reduced to bring about the 
resonant-frequency reduction, without folding or resorting  
to circuit materials with high dielectric permittivity. All of 
these factors indicate an antenna design approach suitable for 
practical applications.

As is well known, the properties of electrically short cylin-
drical dipole, monopole, and whip antennas can be improved 
by adding inductive loads to these structures. This is par-
ticularly useful for applications where antenna size must be 
minimized. The effects of series inductive loads have been 
presented in a number of studies. 

For example, by superposition of asymmetrical dipoles, 
one researcher determined the resulting efficiency of a short 
monopole for various locations of the load.1 Another research-
er built upon this work by developing an approximate solution 
for the current distribution on doubly loaded short antennas, 
and computing the impedances and radiation patterns.2 By 
using a piecewise sinusoidal moment method, yet another 
researcher computed the radiation resistance improvement 
and the load point for maximum efficiency.3,4 Since then, a 
number of studies have been performed on the benefits of 
inductively loaded antennas.5-13

As noted above, this report details a novel approach for 
reducing the size of a dipole antenna by adding a distributed 
inductive load. The load consists of a short-circuited cylin-
drical cover with less than one-quarter-wavelength overall 
electrical length. Of course, it is useful to know the effects  
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of the load on various antenna parameters, including band-
width, radiation pattern, and input impedance; various 
parameters for this modified antenna will be compared to a 
conventional dipole. Good agreement was achieved between 
the measurements and computer simulations. Both sets of 
results show that the antenna can exhibit one-half-wavelength 
dipole characteristics with reduced size.

THEORETICAL ANALYSIS

Generally, the input impedance of a one-half-wavelength 
dipole is capacitive below its resonant frequency. Any attempt 
to reduce the resonant frequency of the dipole antenna must 
therefore add an inductive load in such a manner that the 
capacitive impedance of the dipole is exactly canceled at the 
reduced resonant frequency. According to transmission-line 
theory (TLT), an inductive load could consist of a short-
circuited transmission line with overall length less than one-
quarter wavelength, with reactance as given in Eq. 1:

jXin = jZ0tanβl   (1)

where: 

l = the length of the short-circuited transmission line;
β = the phase-shift constant of the short-circuited transmis-
sion line; and
Z0 = the characteristic impedance of the short-circuited trans-
mission line. 

Since this transmission line is considered short, the  
losses in this model are assumed to be negligible; they are not 
taken into account and the attenuation constant is set to zero. 
Therefore, this configuration can modeled as a short-circuited 
lossless transmission line as depicted in Fig. 1. Also based 
on TLT, the impedance of the dipole can be seen approximate-
ly as an input impedance of lossy open-circuit transmission 
lines. As a result, the reactance of the dipole can be expressed 
in terms of Eq. 2: 

jXʹin = (−jZʹ0)[(αʹ/βʹ)sh(2αʹlʹ) + sin(2{βʹlʹ)]/
[ch(2αʹlʹ) – cos(2βʹlʹ]   (2)

where:
 
αʹ = the equivalent attenuation constant of the dipole; 
βʹ = the equivalent phase-shift constant of the dipole; 
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Z0ʹ = the characteristic impedance of the dipole; and 
lʹ = the length of the dipole arm. 
When lʹ < 0.35λ, Eq. 2 can be simplified to Eq. 3:  

jXʹin = −jZʹ0cotβʹlʹ   (3)

From Eqs. 1 and 3, the signs of the reactance of the dipole 
and the short-circuited transmission line are opposite, and the 
capacitive impedance of the dipoles could be exactly cancelled 
by the short-circuited microstrip line at the reduced resonant 
frequency by properly selecting the values of l and lʹ. With 
the aid of the High-Frequency Structure Simulator (HFSS) 
software from ANSYS (www.ansys.com), the simulated input 
impedance of an inductively loaded dipole and a conventional 
dipole are shown in Fig. 2. 

As can be seen in this figure, the resonance of a loaded 
dipole is 1/λ = 0.15 while the resonance of a conventional 
antenna is 1/λ = 0.22. Therefore, the effective length of the 
loaded dipole is increased. It also can be seen that the addi-
tional inductance offered by the inductive loads compensates 
for the increased capacitance of the dipole at a lower resonant 
frequency. According to previous results, the use of an induc-
tive load can effectively reduce the size of the antenna.

To reduce the size of the dipole, two inductive loads con-
sisting of a short-circuited cylindrical cover or sleeve were 
added to the top of the upper and lower arms, with the dipole 
extremities touching the inner edges of the sleeves. Figure 3(a) 
shows the geometry of this loaded dipole, with the transversal 

of the sleeve in Fig. 3(b). The total length (L) of the structure is 
31.6 mm, with the upper and lower arms of the loaded dipole 
connected to the inner and outer conductors, respectively, of a 
coaxial feed through a quarter-wave balun. 

The gap (G) between the upper and lower arms is 0.6 mm. 
The diameter of the dipole conductor (D) is 1 mm. The sleeve 
positions are selected near the extremities of the dipole arms 
to take into account the current distribution on the dipole. 
Since the dipole current is at its maximum at the center, plac-
ing the sleeves near the dipole central region would cause 
more disturbance to the dipole current in this region. As such, 
the matching-element sleeves are positioned near the dipole 
ends for minimal interference to the dipole current. 

The current on the dipole excites the sleeves to induce a 
magnetic field in the near-field region and in the extremi-
ties of the antenna, contributing to inductively stored energy.  
This compensates for the near-field capacitive effect gen-
erated by the electric field produced by the dipole current.  
To better understand the behavior of the loaded dipole,  
it will be compared to a conventional dipole design with total 
length of 31.6 mm and diameter of 1 mm [Fig. 3(a)] in all 
simulations.

It can be useful to explore how different sleeve materials 
can affect antenna performance. This can be accomplished by 
investigating the individual resonant effects based on the rela-
tive permittivity of the dielectric material (εr), the radius of the 
sleeve (RS), and the length of the sleeve (LS). 

For comparison, four different materials were filled into 

Dipole Antenna Design

L D

G

(a) (b)

LS

LS Sleeve

Arm

Dielectric

RS

3. The geometry of the loaded dipole (a) is shown alongside (b), a 
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As is well known, the properties of electrically short cylindrical 
dipole, monopole, and whip antennas can be improved by adding 

inductive loads to these structures.”
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the sleeve, including air (εr = 1), Teflon (εr = 2.2), FR-4 (εr = 
4.4), and Al2O3 (εr = 9.8). In this case, RS = 2 mm and LS = 4 
mm. Figure 4 shows simulated return losses with the different 
dielectric materials for comparison. 

While the resonant frequency of a conventional dipole 
antenna (the reference) might be around 4.14 GHz, similar 
dipole structures loaded with different materials resonate at 
around 2.68 GHz, or a reduction in resonance frequency of 
35.5% relative to the reference. As Fig. 4 indicates, different 
materials filled into the sleeve can reduce the resonant fre-
quency slightly. This may be due to the distributed inductance 
per unit length of the coaxial line, which consists of the sleeve 
and dipole arm, and is independent of the value of εr. The dis-
tributed inductance is given by Eq. 4: 

L = (μ/2π)[ln(b/a)](H/m)   (4)

where:
a = the inner radius of the coaxial line; and
b = the outer radius of the coaxial line. 

The unit-length inductance of the sleeve is determined by 
the length and radius of the sleeve, rather than on the material 
permittivity, εr. 

Figure 5 compares radiation patterns of a conventional dipole 
and a dipole loaded with different materials. The radiation 
patterns are similar to that of a half-wavelength dipole, show-
ing that the loading sleeves do not alter the radiation pattern. 
Simulations show maximum gain of about 2.2 dBi for the modi-
fied antennas, compared to about 2.52 dBi for the conventional 
dipole reference. This can be attributed to a change in surface 

current direction. This presents the possibility of reduced radia-
tion field and, as a result, diminished antenna gain. This is one 
tradeoff that comes with achieving a smaller antenna design.   

The antenna parameter related to the radius of the sleeve (RS) 
can impact the resonant frequency of the loaded dipole. Figure 
6 compares loaded and unloaded dipoles, with considerably 
different resonant frequencies. By Eq. 4 and Fig. 2, as the distrib-
uted inductance per unit length of the sleeve is increasing, the 
resonant frequency shifts towards a lower frequency. Reduc-
tions of 35% and 64% in resonant frequency are achieved for RS 
values of 2 and 10 mm, respectively. 

The 10-dB bandwidths of the unloaded and loaded dipoles 
with different RS values were also simulated at frequencies of 
0.38, 0.35, 0.22, 0.17, and 0.14 GHz. A degradation in imped-
ance matching was found in proportion to increasing RS value. 
This degradation in bandwidth and impedance matching may 
best be explained by the increase in distributed inductance. 
As Fig. 2 shows, the slope of the input inductance curve is 
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increasing with increasing RS value, leading to the difficulty in  
impedance matching.

As Fig. 5 shows, the E-plane radiation patterns for the differ-
ent loaded dipoles are similar, and the radiation characteristics 
are not affected by the loaded versus unloaded dipoles. The 
simulations indicate peak gain of about 2.34 dBi for the loaded 
dipoles and 2.52 dBi for the unloaded dipole in comparison. 

Figure 7 shows the effects of changing the sleeve length (LS) 
while the dipole length, wire radius, and filler material are 
constant, with RS = 2 mm. It can be seen that the reduction in 
resonant frequency is greatly dependent upon the different LS 
values. The changes in LS value had minimal effect on radiation 
patterns, either for loaded or unloaded dipoles. The simulated 
peak gain of the loaded dipole with different LS values is around 
2.16 dBi compared with 2.52 dBi for the unloaded dipole.

After completing a parametric optimization, an experimental 
dipole was fabricated with RS = 2 mm and LS = 4 mm. The 
antenna’s performance was measured in an anechoic cham-
ber, using a far-field antenna measurement system and model 
E8362C vector network analyzer (VNA) from Agilent Tech-
nologies (www.agilent.com). The measured and simulated 
return-loss performance levels and radiation patterns of the 
loaded dipole are shown in Figs. 8 and 9, respectively, where 
measured and simulated results agree quite closely. Deviations 
of the impedance matching dip may be due to fabrication toler-
ances and measurement imprecision.

The close tracking of measured and simulated results in Figs. 
8 and 9 across the wide ranges of frequencies and phases analyz-
es not only validates the accuracy of the design strategy, but also 
reinforces the practical usefulness of the design software, which 
was HFSS from ANSYS in this case. Such factors as circuit fab-
rication tolerances and variations will unavoidably contribute 
to variations in frequency and phase. But it is also difficult to 
optimize measurement accuracy. 

In addition, measurement accuracy can be affected by the 
performance of test fixtures, especially for sets of measure-
ment and simulation results through 5 GHz that are as closely 
matched as the values presented in Figs. 8 and 9. At the very 
least, this design approach offers an effective means of apply-
ing loaded dipole strategies to reduce antenna sizes for wireless 
applications at these frequencies. 
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8. These plots compare the measured and simulated return losses  

of the different loaded dipoles.

9. These plots compare the measured and simulated radiation 

patterns of the different loaded dipoles.


