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ABSTRACT The work presents a significantly revised analysis of a classic resonator loaded antenna –
the trap dipole. The authors demonstrate in calculation, simulation, and measurement that trap dipoles
antennas are not matched or resonant at the same frequency as the trap load resonance. The new analysis
unites traditional high impedance trap loads with a wide variety of resonant and reactive loads to achieve
multiband antenna performance with quasi-first order field distributions at the operating frequencies. The
revised analysis enables the trap dipole to be expanded into a new framework for the design of a wide
variety of multi-band or reconfigurable resonator loaded antennas.

INDEX TERMS Dipole antennas, loaded antennas, multifrequency antennas, trap dipoles.

I. INTRODUCTION

THETRAP-LOADED dipole is a multiband antenna with
pairs of bandstop resonator “traps” tuned to higher oper-

ating frequencies as shown in Figure 1. The theory of trap
dipole antennas underlies a broad class of resonantly loaded
antennas [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16], [17], [18], [19], [20]. Trap dipoles
originated in the amateur radio community [6], [20], so
while they are occasionally mentioned in more traditional
sources [21], most references are outside of standard antenna
literature [22], [23]. It has been traditionally understood that
the resonators on a trap dipole create an open-circuit type
boundary condition so that the antenna appears shorter and
resonates at a higher operating frequency in addition to that
corresponding to the full length of the dipole [21]. There
have been allusions to the use of the traps as reactive rather
than resonant loads in the amateur radio community [24],
but always as an alternative to the more common use and
understanding of the traps as an open circuit condition. In
this paper we show that the trap dipoles never operate when
the traps are an open circuit, and only operate when the
traps present a reactive load.

There is evidence in the literature that trap dipoles, and
resonator loaded antennas by extension, have low radiation
efficiency [22], [23]. To date, there has not been a clear
explanation of this loss behavior. The majority of trap related
publications make no mention of loss or radiation efficiency,
even though it is well established in [25] that bandstop res-
onators introduce maximum dissipation at resonance. From
our analysis of trap dipole behavior, presented in this paper, it
becomes clear that the low efficiency of trap dipoles stems
from a compressed higher-order mode that arises due to
heavy reactive loading conditions. Based on this new analy-
sis, we present alternative designs to the classic trap dipole
antenna that move the band of low-efficiency performance
away from the operating bands of the trap dipole.
In Section II, we present a new analysis of the trap dipole

antenna. The model is verified with calculation and simula-
tion in this section, and the results are explained analytically.
The new model highlights and explains the occurrence of
loss in resonator loaded antennas as being due to loaded
higher order modes that are excited by heavy reactive and
resonant loading. The contribution of this analysis is to
expand trap dipoles from a relatively narrow design into
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FIGURE 1. Dual-band trap dipole with inductor-capacitor pair “trap” loads. The
conventional trap-loaded dipole has an outer length d1 that is λ/2 at the lower
operating frequency f1. A pair of bandstop resonator “traps” tuned to a higher
operating frequency, f2, are added to the antenna with λ/2 spacing at f2 (marked d2).

FIGURE 2. Zin and ηrad of parallel LC trap dipole antenna, antenna series resonance
marked at 1.81 GHz and 3.84 GHz. Both ηrad and R11 have a minimum at 3.67 GHz,
slightly below antenna upper resonance.

a much broader framework for designing novel resonator
loaded antennas. This more nuanced understanding of trap
dipole behavior opens up new design possibilities for this
broad class of antennas, and better accounts for radiation
efficiency phenomena and provides strategies for moving
spectral nulls in radiation efficiency to more desirable loca-
tions. In Section III, we present alternative loading methods
that move these lossy modes to frequencies far from the
antenna’s operating bands. Section IV presents measured
results that validate the analysis of Section II and the novel
designs of Section III. The conclusion in Section V discusses
how the improved method presented in this paper may be
generalized to the broad class of resonantly loaded antennas.

II. A NEW ANALYSIS OF TRAP ANTENNAS
We compare the behavior of loaded dipoles with different
load locations, values, and types. The impedance parame-
ters and radiation efficiency of trap dipoles are compared
to assess loss behavior. In Fig. 2, the input impedance of a
typical trap dipole with d1 = 75 mm and d2 = 43.8 mm
is overlaid with the radiation efficiency. The antenna res-
onances in the figure are marked on the reactance curve,
and the minima and maxima of the input resistance are also
marked in Fig. 2. The dipole is impedance matched near res-
onance to a 73 � source at a lower frequency, f1 (1.81 GHz),
and at an upper frequency f2 (3.84 GHz), as shown in Fig. 3.
The trap is a parallel combination of a 1 nH inductor and a
1.6 pF capacitor and is resonant at ftrap (3.98 GHz). There
is a significant dip in radiation efficiency below the dipole
upper resonance (3.67 GHz), as suggested by [22] and [23].

FIGURE 3. S11 and ηrad of trap dipole antenna, S11 is −27 dB at 1.81 GHz and −20 dB
at 3.84 GHz. LC trap is resonant at higher frequency 3.98 GHz, and presents a reactive
load at f2.

FIGURE 4. Current distribution at key frequencies across trap dipole antenna and
calculated with Method of Moments, wire segment numbers displayed, trap loads are
at 11 and 39, and the feed is at 25. The operating frequencies are quasi-first mode
distributions, and the ηrad minimum is a compressed third order mode.

However, the efficiency dip does not align with the antenna
upper operating frequency as seen in Fig. 2.

The frequency of minimum radiation efficiency is not the
same frequency as the trap resonance, so the resonator is not
unavoidably lossy at its resonance, even though it is known
that a bandstop resonator introduces loss at resonance [25].
Instead, the radiation efficiency minimum was tied to the
minimum value of radiation resistance, and this was consis-
tent for a wide variety of trap dipoles. To illustrate this, the
minimum value of the input resistance is marked in Fig. 2
and coincides with the minimum value of the radiation effi-
ciency. The loss resistance, due to copper and dielectric loss
as well as load loss is fairly constant over the frequency
band, so a low input resistance means that the ratio of the
radiation resistance to the loss resistance and therefore radi-
ation efficiency becomes unfavorable. This is not a complete
explanation though. To understand the cause of the radiation
efficiency dip, which again is not due to lossy trap reso-
nance, we look at the dipole current distribution in Fig. 4.
At the radiation efficiency minima, the yellow trace is essen-
tially a 3λ/2 mode, which typically is excited at a much
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FIGURE 5. Results for trap dipoles with varied f2 tuning showing ηrad minimum
dependent on Rin minimum. Loss is caused by a compressed higher order 3λ/2
mode that is heavily loaded by the traps. As the dipole is more heavily loaded, the ηrad

minimum lowers, and all modes are compressed, which results in the antenna
antiresonance having a higher Q and therefore a larger peak in real impedance.

TABLE 1. Trap dipole upper operating frequency (f2) not equal to trap resonant
frequency (ftrap ), dipole outer length constant, load value and load spacing varied.

higher frequency on an unloaded dipole. The addition of the
trap loads significantly lowers the frequency of excitation
of the third mode [26], so that it is electrically compressed
and has poor radiation efficiency – similar to electrically
small antennas. In Fig. 5, several trap dipoles were simu-
lated with different upper operating frequencies, illustrating
the radiation efficiency minimum aligning with the input
resistance minimum. As the upper operating frequency, f2,
is lowered, the dip in radiation efficiency degrades, which is
well explained by the lossy higher order mode being increas-
ingly compressed. All of the resonances are compressed as
well, which results in a larger maximum resistance value at
the antenna first antiresonance.
More significantly, the antenna second series resonance

(3.84 GHz) is not at the same frequency as the trap reso-
nance (3.98 GHz). Surprisingly, this means that the antenna
second series resonance is caused by a finite reactive load
value, rather than the common assumption that the load is
resonant and creating an open circuit boundary condition.
This result is consistent over a broad range of trap dipole
designs, and the frequency separation between trap reso-
nance and antenna upper resonance is shown in Table 1 for
trap dipoles with different upper operating frequencies. The
second series resonance frequency was adjusted by chang-
ing both the trap resonance and trap spacing. When the
load Q is very high, the range of useful load reactance
values are very near to the load resonance, so the tradi-
tional theory is often close enough for the discrepancy to
remain unnoticed in terms of the upper operating frequency.

However, extending the principles of trap antenna design to
use new load technologies and placements can result in the
discrepancy becoming much more significant.
The current distributions at the operating frequencies are

also plotted in Fig. 4. The blue trace shows the expected
first-order mode at the first resonance, and the purple trace
shows a first-order-like current distribution between the trap
loads at the second resonance (current spikes at trap load
edge). In reality, a combination of higher order modes
define the distribution at the antenna second series resonance.
The traditional trap dipole understanding approximates the
complicated modal interaction to create a useful current dis-
tribution without the need for a modal analysis. A current
distribution characterized by a low-order mode is a good pre-
dictor that the radiation pattern will not have any unwanted
beam splitting or other distortions. Importantly, the signif-
icant dip in radiation efficiency that consistently appears
right below the upper operating band of the classic trap
dipole antenna, is due to the excitation of an electrically
compressed higher-order mode rather than resonator loss, as
has been previously posited [22], [23]. It can be intuitively
understood from literature on electrically small antennas
and characteristic mode theory [27], [28] that electrically
compressed higher order modes will have a poor radiation
efficiency.

III. NOVEL TRAP ANTENNAS
The classical trap-loaded dipole is conceptualized as a res-
onator loaded antenna that has a first-mode-like current
distribution at its operating frequencies and does not require
complicated modal tracking to achieve the quasi-first mode
response at the upper operating frequency. A first mode dis-
tribution ensures that the antenna has a desirable radiation
pattern despite the full antenna length being electrically large
at upper frequencies. With the new analysis that the trap
loads are not resonant at the antenna upper resonance, the
trap-style antenna can be created with a variety of different
reactive loads. All of these details combined makes the trap
antenna suitable as a more general template for multiband
resonator loaded antennas that are still simple to design.
The term “trap” has typically been used to refer to parallel

LC circuits, which present a high impedance to the antenna
currents near the circuit resonance. Inductor coils have also
sometimes been referred to as traps when they significantly
alter the current on feeds and antennas. We choose to use
the term “trap” as a general term not just for parallel LC
loads, but also for series LC, inductors, and any loads used
to present a high impedance at one of the antenna operating
frequencies.
The trap dipole upper resonance depends on a reac-

tive open from the trap rather than an actual open, so an
inductor load can replicate the upper resonance response.
Likewise, since the radiation efficiency minimum is due to
a compressed third mode instead of trap resonator loss,
the modal behavior at the radiation efficiency minimum
frequency can be recreated with just an inductive load, which
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FIGURE 6. The trap dipole current distribution at the second series resonance and
at the radiation efficiency minimum in Fig. 4 can be recreated with inductive loads
tuned to match the trap reactance at the same frequency. The trap dipole second
operating frequency and radiation efficiency minimum are both recreated with
excellent agreement, Method of Moments solution with dipole segments labelled.

is counter to the understanding that trap dipoles have an
open circuited load. Both of those scenarios are simulated
and shown in Fig. 6. Unlike classic electrically small induc-
tor loaded dipoles and monopoles, the dual band dipoles
considered here are near to λ/2 in length at the lower oper-
ating frequency, or 0.36λ to 0.42λ for the cases the authors
calculated. The point is that the inductor is not placed near
the feed, so it minimally impacts the antenna with a first
mode current distribution, but does have a high impact on
returning the higher order modes.
At the frequency of the radiation efficiency minima of the

example trap loaded dipole, the trap load reactance is j160 �.
At 3.68 GHz, the reactance corresponds to an inductance of
6.92 nH. In simulation, we loaded a dipole with 6.92 nH
inductors to lower the frequency of the resonances. The
radiation efficiency minimum occurs with the characteristic
third mode distribution, as shown in Fig. 6, and exactly
matches that of the parallel LC loaded dipole.
The second operating frequency of the example LC trap

dipole is at 3.84 GHz. At 3.84 GHz, the LC resonator has a
reactance of j352 �, which can be replicated with a 14.6 nH
inductor. The first series resonance is tuned lower than in
the trap dipole, down to 1.41 GHz, due to the increased
inductance shown in Fig. 7. The second series resonance
very closely matches that of the trap loaded dipole, with
the characteristic quasi-first-mode distribution between the
loads, as seen in Fig. 6.

The inductor loaded dual-band dipole proves that the trap
loaded dipole experiences a strongly reactive discontinuity
from the trap loads at second resonance rather than an actual
open circuit condition. The simple inductor loads were cal-
culated to match the parallel LC load values at the upper
resonance, and consequentially a new dual-band trap-style
antenna was created as seen in Fig. 8.

Since we proved that the upper operating frequency is
caused by a reactive load value rather than an actual open
circuit boundary condition, we can expand the design process

FIGURE 7. Zin and ηrad of novel dual-band inductor loaded dipole, based on classic
parallel LC trap loaded dipole. Pure inductive load calculated to present the same
reactive load as the traditional parallel LC trap at f2. Dip in ηrad at the same frequency
as the Rin minimum.

FIGURE 8. S11 and ηrad of novel dual-band inductor loaded dipole, based on classic
parallel LC trap loaded dipole. Dip in ηrad does not overlap with upper operating
frequency.

even further as a framework for the design of multiband
antenna with arbitrary resonator loads. The parallel LC loads
can be replaced with series LC loads. This design is flipped
from the original trap design because a series trap LC is
a short circuit rather than an open circuit at resonance. To
minimally disturb the fundamental resonance of the antenna,
the series trap is designed to be resonant near the desired
lower operating frequency. The L/C ratio is then selected so
that the resonator provides that same j352 � at the 3.84 GHz
upper operating frequency. A 20 nH and 0.31 pF load is used,
which is resonant at 2.02 GHz.
The antenna second series resonance is recreated, and

we have a novel dual band resonator loaded antenna, with
the dip in radiation efficiency further from resonance as
shown in Fig. 9 and 10. The design of trap antennas has
been expanded to accommodate parallel or series resonator
loads, or simple inductive loads. More complex loads can
be incorporated based on simple reactive equivalence with
a prototype parallel LC loaded design. It should be noted
that the inductor and series trap designs move the radiation
efficiency minima much farther away from the operating
frequencies of the antenna.
To summarize, a suggested antenna design process using

the improved theoretical understanding of trap loaded
antenna presented in this paper is as follows. First, a
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FIGURE 9. Zin and ηrad of novel dual-band series LC loaded dipole. Antenna
resonances are at 1.93 GHz and 3.83 GHz, and trap resonance at 2.02 GHz. Trap
antenna upper frequency f2 is based on reactive load condition and is not at trap
resonance. Series load presents a low impedance at f1.

FIGURE 10. S11 and ηrad of novel dual-band series LC loaded dipole. Series LC load
calculated to present the same reactive load value as the traditional parallel LC trap
at f2.

traditional trap dipole is loaded with an antiresonant (parallel
resonance) load in the classically understood method for
trap dipole design. The outer length is approximately half
a wavelength at the lower operating frequency, inner place-
ment of the loads is chosen so that d2 is less than half a
wavelength at the higher operating frequency, and the loads
are tuned to resonate at the higher operating frequency. For
the trap style antenna newly proposed in this paper, with
series LC loads, d1 should be half a wavelength at the cen-
ter frequency, with the load resonance tuned to the lower
frequency, and the d2 inner spacing half a wavelength at
higher frequency. The exact load placement and L/C ratio
tunes the exact value of higher frequency. For the dual res-
onance trap style antenna with just an inductive load that
is newly proposed in this paper, it has an outer length less
than half a wavelength at low frequency (we calculated cases
as large as 0.42λ), and an inductive load placed around the
midpoint of the antenna arms, with exact values impacting f1
and more strongly impacting f2. The authors used a custom
MoM code in MATLAB, but a loaded dipole also solves
quickly in a commercial solver such as HFSS. If desired,
the parallel resonator case can be used as a starting point
to calculate exact reactance values for the series resonator
and inductor loading options. If all three dipoles have the

FIGURE 11. Fabricated trap monopoles with (a) parallel LC load, (b) series LC load,
and (c) inductive load.

same load placement and same reactance value at f2, their
performance will be identical at f2.

IV. EXPERIMENTAL VERIFICATION
The parallel LC trap antenna, the inductor dual-band trap
style antenna, and the series LC trap antenna were all fabri-
cated to further validate our revised analysis and new design
procedure. Monopoles were fabricated rather than dipoles
for ease of fabrication and measurement as monopoles do
not require baluns. The fabricated designs were optimized
for available inductors and capacitors and differ in tuning
from the previous simulated designs. The fabricated paral-
lel LC trap monopole antenna has a 1 nH inductor and a
1.6 pF capacitor, which are both 0402 surface mount com-
ponents. The components are soldered to a ribbon radiator
on a 31-mil-thick Rogers RT/duroid 5880 substrate and are
shown in Fig. 11. The radiators were etched through a pho-
tolithography process. The ground plane substrate is a 60 mil
Rogers 4350B board and is 6” × 6”, which is approximately
λ × λ at 2 GHz. The ground plane substrate thickness and
material have minimal impact on the antenna, but should be
selected to be rigid. The ground plane’s length and width
have a significant impact on the input resistance magnitude
at resonance. The ribbon monopole with a λ × λ ground
plane at the lower 2 GHz resonance had a simulated input
resistance of 33 �, which is near to the ideal value of 36.5 �.
All of the fabricated monopoles have 0402 sized components
on a ribbon radiator, with λ × λ sized ground planes based
on the lower operating frequency. The components have self
resonant frequency (SRF) above the measured frequencies,
and the component tolerance analysis takes into account the
component deviation across frequency as provided by the
manufacturers.
The parallel LC loaded monopole has operating

frequencies at 2.37 GHz and 3.786 GHz, as shown in
Fig. 12. At the lower band, the antenna is resonant
at 2.11 GHz and antiresonant at 2.55 GHz. The broad
impedance match is centered in between the resonance and
antiresonance. The upper band is slightly capacitive and
does not pass through resonance. The antenna operating
frequencies and load values at f1 and f2 are listed in Table 2.
Trap antennas operate at reactive load conditions and not at
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FIGURE 12. Measured parallel LC trap monopole, S11 –17.5 dB at 2.37 GHz and
–10.8 dB at 3.77 GHz, max realized gain over frequency. Trap antenna f2 is at reactive
load condition and not at trap resonance. Dip in realized gain below f2 predicted by
electrically compressed higher order mode.

TABLE 2. Measured operating frequencies of trap monopoles compared with trap
load resonance, including novel series LC and inductor loaded dual-band trap
antennas (XL is the load reactance).

trap resonance. The antenna upper operating frequency is
0.51 MHz below the expected trap resonance, though the
separation can be as small as 0.38 MHz or as great as
0.65 MHz according to the component tolerance range.
The parallel LC loaded monopole peak realized gain is

also shown in Fig. 12. The realized gain, which is impacted
by radiation efficiency, has a significant dip below the upper
operating frequency, which aligns with the poor radiation
efficiency trends seen in simulation. The antenna has typi-
cal monopole radiation patterns at both frequencies, as seen
in Figs. 13 and 14. While the trends in peak realized gain
shown in Figure 12 agree between simulated and measured
results, there is some ripple in the measured results due
to typical measurement error such as multipath propaga-
tion in the anechoic chamber and frequency shifts due to
manufacturing and component tolerances.
The inductor loaded monopole and the series LC loaded

monopole antennas were both designed at slightly lower
frequencies in order to accommodate the SRF limits of
the inductors and capacitors. The fabricated inductor loaded
monopole has a 20 nH inductor load. The dual-band induc-
tor loaded monopole has a lower operating frequency at
1.4 GHz and an upper operating frequency at 3.16 GHz, seen
in Fig. 15. The antenna is resonant at 1.36 GHz, near to the
first operating frequency, and is antiresonant at 3.19 GHz,
which is near to the second operating frequency. The antenna
also has a dip in realized gain corresponding to the expected
dip in radiation efficiency. This additionally confirms that
even though trap antennas have lossy frequencies, the loss
is not due to resonator loss.

FIGURE 13. Parallel LC trap monopole, measured 1.3 dB realized gain at f1, −7 dB
cross-polarization. Agrees with simulation data. Typical monopole radiation patterns
resulting from quasi-first-order modes at both f1 and f2.

FIGURE 14. Parallel LC trap monopole, measured 0.8 dB realized gain at f2, −12 dB
cross-polarization. Agrees with simulation data. Typical monopole radiation patterns
resulting from quasi-first-order modes at both f1 and f2.

FIGURE 15. Measured novel dual-band inductor “trap” monopole, S11 and max
realized gain over frequency. Dual-band trap dipole behavior can be created with an
appropriately large inductor load.

The inductor loaded monopole has clean monopole
radiation patterns at both operating frequencies seen in
Fig. 16 and 17. The measured inductor loaded monopole
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FIGURE 16. Dual-band inductor “trap” monopole, measured and simulated E-plane
co-polarized realized gain at f1.

FIGURE 17. Dual-band inductor “trap” monopole, measured and simulated E-plane
co-polarized realized gain at f2.

demonstrates that a simple inductor load can be used to
achieve trap antenna dual-band performance. This verifies
the revised understanding of trap antennas being based on
reactive loads and verifies that the loss-band on the loaded
antenna is not the consequence of increased loss at load res-
onance, but is better explained as the occurrence of heavily
loaded and electrically compressed higher order modes.
The fabricated series LC loaded monopole has a 0.3 pF

and 30 nH trap. The series trap monopole has operating
frequencies at 1.43 GHz and 3.22 GHz, as seen in Fig. 18.
The load is resonant at 1.68 GHz, so it adds a small capac-
itance to the monopole at the lower 1.43 GHz operating
frequency, and adds a larger inductance at the 3.22 GHz
operating frequency. The lower operating frequency is nearly
resonant, with the first antenna resonance at 1.4 GHz.
The upper operating frequency is in between an antenna
resonance at 2.86 GHz, and an antiresonance at 3.34 GHz.
The dip in realized gain is seen also in the series trap in

Fig. 18, demonstrating the prevalence of lossy frequencies
regardless of load type. The antenna also still has typical
monopole radiation patterns, so the dual first-mode like
behavior of trap dipoles can be replicated with a variety

FIGURE 18. Measured novel series LC trap monopole, S11 and max realized gain
over frequency.

FIGURE 19. Series LC trap monopole, measured and simulated E-plane
co-polarized realized gain at f1.

FIGURE 20. Series LC trap monopole, measured and simulated E-plane
co-polarized realized gain at f2.

of load types. The series LC loaded monopole has typical
monopole radiation patterns at both operating frequencies,
shown in Figs. 19 and 20.
The novel series LC trap antenna and the dual band

inductor loaded trap-style antenna have been fabricated and
operate as expected. These new designs are based on the
revised understanding that trap loads are reactive and not
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resonant at the trap antenna upper resonance. In all three of
the fabricated dual-band trap antennas, the load is not res-
onant at the antenna operating frequency. The designs are
proof of the revised theory. The realized gain measurements
also show the existence of a loss band that has been explained
as the excitation of an electrically compressed higher order
mode. If the antenna is designed correctly, the loss is not at
the antenna operating frequencies.

V. CONCLUSION
A revised and more accurate analysis of the longstanding trap
dipole antenna has been presented and experimentally veri-
fied. Contrary to previous understanding, the trap loads are
not resonant at the antenna upper band resonance, but instead
provide reactive loading. This significantly relaxes the con-
ditions for designing the multiband trap antenna, and any
matching reactive load can be substituted. We leveraged this
finding to expand the simple design process for trap dipoles
into a design framework for trap antennas as a broad new
class of high-efficiency resonator loaded multiband anten-
nas. The existence of loss - which has been occasionally
mentioned in the literature - has been demonstrated and the
loss has been explained as being due to the excitation of an
electrically compressed higher order mode. Techniques for
designing efficient trap loaded antennas are shown - includ-
ing a series and inductively loaded trap dipole that push
the efficiency null far from the operating frequencies of
the antenna, unlike the classic parallel trap dipole antenna.
Furthermore, being able to tune the location of a radiation
efficiency null through load choice means that the null can
be used beneficially as a spectral mask.
Novel multiband antennas can be designed to have quasi-

first-mode current distributions at multiple frequencies, with
reactive or resonant loads, based on a simple trap dipole
prototype design. Antennas with more complex and recon-
figurable loads such as MEMS and varactor based resonators
can be designed by optimizing the load reactance to match
the LC prototype designs in this paper. The design process
is a simple framework that removes the need to explicitly
analyze the complex modal behavior resulting from the load
structures, and still delivers excellent radiation efficiency.
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