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Wideband Matching of Full-Wavelength Dipole with Reflector
for Base Station

Can Ding, Bevan Jones, Y. Jay Guo, and Pei-Yuan Qin

Abstract—This paper introduces a wide-band hybrid feeding method
for full-wavelength dipole antennas with a reflector. A full-wavelength
dipole is designed to cover the band from 698 MHz to 960 MHz for
cellular base station applications. Its matching circuit onsists of a triple-
tuned circuit and a quasi-quarter-wavelength impedance tansformer.
The proposed matching circuit can provide balanced feedings a balun
and has a compact size. The working mechanism and a completesign
scheme of the proposed matching circuit are elaborated. Thenatching
circuit is designed and optimized using a circuit theory moel and then
physically realized using microstrip lines based on full-vave simulation.
The measured reflection coefficient |§| is < -14 dB across the entire band
from 698 MHz to 960 MHz, exhibiting a bandwidth of 32%. This is the
first time that a wideband centre-fed full-wavelength dipok is proposed.

Index Terms—Full-wavelength Dipole, Wideband, Hybrid Matching
Circuit, Base station.

I. INTRODUCTION

HE dipole antenna is one of the simplest and most widely use
antennas in wireless communication and sensing. Dipoles ha
two arms with standing waves of current flowing back and fort

between their ends. For very short dipole antennas (witbtter

1/10, whereA is the wavelength at the operating frequency), th

center-fed input impedance is capacitive with a small resistance.

As the length of the dipole increases, the reactance redands
the resistance increases. When the length of the dipolehesac
approximately2/2, the dipole has a zero reactance and is said to

resonant. Around this resonant frequency, the dipole hasaatey-

period standing wave on each of its arms as shown in Fig. 1(&"

Anti-resonance occurs when the dipole’s length becomesedioA,
and thus the dipole is called a full-wavelength dipole. Asvah in
Fig. 1(b), in this case, there are two half-period standirayag on
the dipole. This makes a full-wavelength dipole more divecthan
a half-wavelength dipole. While half-wavelength dipoles popular
in a variety of applications, full-wavelength dipoles asddom used
mainly due to the difficulties in matching.

Based on the simple standing wave model and neglecting
radiation, the impedance of a full-wavelength dipole at teater
would be infinite. In reality, it is not infinite but can stillebseveral
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Fig. 1. Current distribution on (a) half- and (b) full-wagabth dipoles.

all frequencies. This indicates that, by simply increading dipole
length from nearly half wavelength to nearly a wavelendtle, dipole

not only gets a narrower beamwidth but also a significantigened
bandwidth, on the premise that the full-wavelength dipaewell
mdatched.

However, to the best of our knowledge, there are few pub-
lished studies on full-wavelength dipoles. Offset-fegd[@—4] and
dual/triple-feeding [5-8] are the only available methodslished

in the literature. Offset-feeding is realized by moving tfeed
point away from the center of the dipole. Usually, the newdfee
point lies on one of the arms where the current reaches thie. pea
However, according to [3,4], the offset-feeding can detate the
fadiation performance by introducing split lobes. Invgations in
[5-8] show that a full-wavelength dipole can be better fed by
ploying additional feed points. But both of these methiedgure
high fabrication complexity. Besides, none of these workoused

on the impedance bandwidth. It is important to develop areent
fed wideband impedance matching method to realize the \aiub
characteristic of full-wavelength dipoles.

There are extensive studies on broadband impedance ntchin
methods since the 1940s. Among the available matching rdstho
the Fano [9] and Wheeler's [10-12] single/double-tuned cimiag
taee universally useful for matching small antennas and snet-
small antennas. In 1950, Fano [9] published his famous ieupest
matching equations, which related the Q-bandwidth prodicta

hundreds or thousands 6fs. The high resistance makes the fullfoad to the maximum reflection magnitude for all levels of tiple

wavelength dipole difficult to feed. If this issue can be sdlyvfull-
wavelength dipoles can be used in many potential applicsitio

tuning circuits. Nearly at the same time, Wheeler used eemdifit
approach to derive his single/double-tuned matching nedsv§lo,

make use of the narrower beamwidth. In addition to the highdd]. Later Lopez's studies [13, 14] showed that the Fano aheéhér

gain and narrower beamwidth, another significant advantédell-

equations were in exact agreement for single and doublkedtun

wavelength dipoles is that they have a much broader bandwidpatching (Fano n=1 and 2 cases), and illustrated the keyrtesabf
than half-wavelength dipoles of the same diameter in a aimilthe optimum single/double-tuned matching method. Thetettuned
configuration. For example, th® of the dipole considered in this matching was developed by Simpson [15] based on Wheeleuislelo
work as shown in Fig. 2 is 2.8, whereas that of a half-wavetengtuned matching network. But the practical significance ipiiértune
dipole of the same diameter and height above the ground plamétching is marginal since it increases the design contyleatid
is 5.4. As discussed in [1], th® of an antenna is approximatelysize and it does not provide much benefit over double-tunehimeg

inversely proportional to the bandwidth of a simply tunedeana at
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[16,17]. The Wheeler and Fano matching methods were ilyitial
targeted at small antennas that can be seen as a small mesista
in series with a small capacitance or inductance. But thecejuin
of Wheeler’s double-tuned matching is also widely used falf-h
wavelength dipoles and monopoles, where the dipole theeselre
series resonators.
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g Fig. 4. Configuration of the matching circuit for the full-welength dipole:

(a) non-differential ADS version and (b) microstrip versio

B. Matching network design and optimization

/’ F(MHz) Z(Q)
The impedance of the dipole near its anti-resonant frequean

;:2‘;32 Z&Z;%) be approximated V\_/eI_I by a parallel resonant R-L-C circuilevd_"lR
3: =698, Z=(253, j225) represents the radiation resistance. The idea of impedaatehing
0.7 13 4: =960, 2=(240, -j209) described in this work is to design a ladder-type band-p#ss tising

serial and shunt resonant L-C circuits as shown in Fig. 4(ag. first
Fig. 3. Calculated input impedance of the dipole withoutahity network.  resonator in this arrangement is the shunt L-C of the ecemiadircuit
of the dipole. Following this shunt resonator, we requireesies
resonator. This is implemented as a pair of series L-C reganmauits
In this paper, we propose a hybrid triple-tuned matchinguiir shown in Fig. 4(b). They are split as shown to maintain syrmynet
with an integrated balun for anti-resonant full-waveléndipoles. A and preserve balance. Note that the values of the inductaimce
straight-wire full-wavelength dipole is designed to destoate the the balanced configurations shown in Fig. 4(b) are half ob¢him
proposed matching method. The measurement result showsathainbalanced representation shown in Fig. 4(a) and the dapaes
wideband matching of 32% from 698 MHz to 960 MHz is achievedre double. The next resonator of the ladder filter is praVitg
with |S1] < -14 dB. the balanced tracks in microstrip implementation of theubalThis
is a shorted quarter-wavelength line which provides a loaldn
shunt resonator. This basically concludes the implemiemtatf the

II. DIPOLE AND MATCHING CIRCUIT DESIGN filter. Finally, a segment of transmission line (TL) nearlyagter-
wavelength long is used to transform the high impedanceepted at
A. Full-wavelength dipole the balun gap to 5@. The quasi-quarter-wavelength TL transformer

is not sufficiently wideband for this application but theiesmopen cir-

Fig. 2 shows the full-wavelength dipole which is to be matthe cuit line impedance OL helps to compensate the quarterieagth
The target band is from 698 MHz to 960 MHz, which is of interedine transformer. The subsequent optimization allows camspting
for cellular base station applications. Brass tubes ard@mag as the elements to improve the transformer’s performance. No& th
dipole arms as they are convenient for experimental impfeation. microstrip implementation as shown in Fig. 4(b), the mitipsline
The diameter and thickness of the brass tubeslare 12.7 mm OL and TL are printed on the front layer, while the SL, industo
andt = 0.25mm, respectively. The two arms have the same length ahd capacitors are placed on the back layer of the subsfrate.
L = 110mmand are separated by a distancesef ISmm. The dipole way, the SL can be used as the ground for the OL and TL, regultin
is placed90 mm above a conductive ground, which is approximatelyn a modified Marchand balun [20-22].
Ap/4, wheren is the wavelength at the center frequency (818 MHz) The optimization was conducted in ADS using the configuratio
of the target band in the open air. These dimensions are clsosthat shown in Fig. 4(a). The series connection of the balun and ©L i
the dipole has the first anti-resonance near 818 MHz. Rog&86 5 achieved with the artifice of an ideal 1:1 transformer. Afiptimizing
substrate (dielectric constaat= 2.2, loss tangentans = 0.0009, all the components used in the matching circuit, the fulrelangth
and thicknes$h_sub = 1.524 mm) is used to support the brass tubeslipole is successfully matched across the target band Mt <
and later, the matching circuit. Fig. 3 shows the calculatguit -15 dB. The input impedance in the Z-smith chart after maighs
impedance of the dipole excited by a lumped port betweenubest shown in Fig. 5. Fig. 5 also gives the optimized values of thhegded
According to the calculated result, the proposed dipolethasfirst components and the characteristic impedance (Z) and tigghl€h)
resonance and anti-resonance at 490 MHz and 805 MHz, where ti the transmission lines.
dipole operates as a half- and full-wavelength dipole, eespely. The real and imaginary parts of the input impedances atrdifte
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Fig. 5. Calculated input impedance after matching.
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Fig. 6. (a) Real and (b) imaginary parts of the input impedanwhen the

antenna is matched with different stages of tuning compisnen

nodes in the matching circuit are plotted in Fig. 6. As shown
Fig. 6(a), the dipole without a matching network has a quitghh
resistance within the designed band. The series resormatutchffect
the resistance at resonance. The shunt resonator sligilyces the
high resistance of the dipole in the required band. The emaaiter-

950

Coil
inductor”
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Fig. 7. Realization of the series resonator.

across the operation band. Then the second shunt resoraisiates
the reactance from inductive to nearly zero. Note that theme
other combinations of the L-C tuning circuits that are ableancel
the reactance within the target band. The line transformemalBo
contributes a little in cancelling the reactance. Afterimtation,
the TL is not exactly a quarter-wavelength long. The OL inieser
with the TL compensates the narrow band performance of tiee li
transformer TL.

I1l. MATCHING CIRCUIT PHYSICAL IMPLEMENTATION

To validate the proposed matching circuit in the previoudisa,
a 3D model should be built and the result should be checked in a
full-wave simulation environment. In doing so we observeuns
discrepancies between the electrical characteristicheofdeal com-
ponents in circuit theory and those of the actual realizedmments
in full-wave simulation. Although the discrepancies arealinthey
can add up and lead to degraded matching performance. oheref
proper implementations and adjustments of all the compsnare
essential. In this work, the employed matching componergsew
implemented one by one. After each realization of the coraptm
the input impedance of the dipole was re-calculated. Basethe
obtained results, the rest of the matching circuit was tkeeoptimized
in circuit theory model to compensate the discrepanciedail2d
implementation methods for all the components are destriee
follows.

A. Series resonator realization

The series resonator is realized using lumped capacitocs an
inductors. The capacitors are realized by inserting a smathngle
copper strip into each of the brass tubes as shown in Fig. & Th
capacitance provided by the pads can be adjusted by chatiggirg
width (W_cap) and length [_cap). An easy way to get the value of
the capacitance introduced by the pads is to run a full-wimelation
considering a pad together with the brass tube as a coaxi@l li
From HFSS or CST, we can easily get the characteristic imuexa
(Z = 4/Lp/Cy) and the propagation constamd=(w +LyCy) of the
coaxial line, whereL, and C, are the inductance and capacitance
per unit length. Then the capacitance provided by the stap c
be calculated a€,,ip = Co x L_cap. Note that the strip should
have a smallelL_cap and large’W_cap to minimize the resultant
iinductance.

The inductance is provided by coil wires as shown in Fig. 70 Tw
strip lines printed on the substrate are used to connectdite with
capacitors. In full-wave simulation, the inductors ard agsumed to
be ideal. In experiment, the inductors were made by twinivits ©n

wavelength transformer is the key component that transfotine a dielectric screw. The initial dimensions of the coil inthre were
resistance to 5@. According to Fig. 6, the variation of reactanceobtained from the coil-based inductance calculator onlifeen we
of the dipole is mainly mitigated by the two resonators. Thetfi measured the inductance in VNA (Vector Network Analyser)l an
serial-resonator significantly alleviates the fluctuattbthe reactance adjusted the dimensions to obtain the right value.
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Due to the fact that in circuit theory the capacitors and atdrs
are assumed to be directly connected to the dipole, whileatlity the
capacitors are coupled to the tubes in a more complicate kvaygh
the distributed electro-magnetic fields, there is a disamep between
the ideal and actual input impedangg, (Dipole + Series Resonator).
But the dipole can still be matched by optimizing the remaini

elements in circuit model based on the actual input impeslanc

Z;,(Dipole + Capacitors). Note that in the revised matchingudir
the OL used as a part of the shunt resonator in Fig. 4(a) iswcegl
by a second short line (SL2). This is due to the fact that tiyaired
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right impedance.

B. Shunt resonator and balun realization

The SL shown in Fig. 4(a) also functions as the balun. Fig.d8vsh
the layout of the balun realized by a pair of metallic trachsrted
to the ground. Meanwhile, they also function as the grourahgs
for the TL and SL2 printed on the opposite side of the submstiBte
two parallel tracks can be considered as a pair of couplezs lon
substrate without a ground plane (with their ground plarimitely
far away). The inductance- and capacitance-matrix of thepleal
lines can be calculated using the method described in [18yare
then used to derive the odd-mode characteristic impedamt@laase
velocity of the coupled lines. In this worklV_track and S track
are selected to be 5 and 8 mm, respectively, to achieve thenode
characteristic impedance of 2%D as required.

The remaining components in the matching circuit includirg
and SL2 are realized by conventional microstrip lines. Tiaeg
printed on the front layer of the substrate, using the miettidcks
(SL) as their ground plane. Their line width and length can
calculated from the thickness and dielectric constant ef tised
substrate and the target characteristic impedances.

The layout of the entire matching circuit is shown in Fig. ¢&g.F
9(a) is a perspective view of the dipole illustrating boté tivo layers
with the substrate is set transparent. The TL and SL2 areeprion
the front layer of the substrate while the capacitors, itahsc and the
balun (SL) are placed on the back layer of the substrate, @srshn
Fig. 9(b). Note that the SL, SL2, and TL are bent towards theglf
symmetry at the top ends, and a gap with the width of only 1 mm
left between the two metallic tracks as shown in Fig. 9. Ogptiouts
are applied to all the bends to minimize reflection. Overak tuning
of the dimensions of the microstrip lines and metallic tsaaeke then
conducted in full-wave simulations to obtain an optimalfpemance.
The optimized dimension values of the matching circuit @&ted in

be

matching circuit.

TABLE |
OPTIMIZED DIMENSION VALUES OF THE MATCHING CIRCUIT
Parameter | Value Description
L_cap 5.5mm Length of the inserted capacitors
W_cap 8 mm Width of the inserted capacitors
1 14.75 nH Inductance of the lumped inductar
L _track 73 mm Length of the metallic tracks
W_track Smm Width of the metallic tracks
L TL 74.48 mm | Length of the TL
W_TL 1.35 mm Width of the TL
L_SL 44.52 mm | Length of the SL2
W_SL 1.08 mm Width of the SL2

Table I. Note that the lengths of the TL, SL1, and SL2 in thdetab
are the total lengths of thE-shaped microstrip lines.

IV. RESULTS

The optimized model shown in Fig. 9 was fabricated and tested
The prototype is pictured in Fig. 10. The dipole is placed gnaund
plane with the size 0800 x 500mm? (1.094y x 1.36.p). The dipole
is fed by a coaxial cable located beneath the ground. Thelaiel
and measured reflection coefficieng;| of the matched dipole are
plotted in Fig. 11. It is observed that they agree well withleather.
According to the measured results, the full-wavelengtloldifnas an
excellent impedance matchS(;| < —14 dB) across the target band
feom 698 MHz to 960 MHz, exhibiting a wide bandwidth of 32%.
Figs. 12(a) and 12(b) show the simulated radiation patternhe
E- and H-planes, respectively, at 698, 785, 873, and 960 MHe.
radiation patterns were not measured since they are not #jer m
concern in this work. From the figure we notice that the patter
show some asymmetry in the E-plane at higher frequencies.i$h
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Fig. 10. Fabricated prototype of the full-wavelength deol
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Fig. 12. Simulated radiation patterns in the (a) E- and (lp)l&he at 698,
785, 873, and 960 MHz.

attributed to the asymmetry of the microstrip balun leadmglightly
unbalanced currents on the arms of the dipole. Despite thislgm,
the radiation patterns are quite stable in both the E- andaHes
within the operation band. According to the simulation fesuthe
realized gain of the dipole varies from 8.5 to 8.7 dBi, and ¢hess-
polarization level are < -25 dB across the entire band.

Moreover, a comparison between the performance of the full-

wavelength dipole proposed in this work and a half-waveleng
dipole in a similar configuration is presented in Table Il.eTimalf-
wavelength dipole uses the same brass tubes (shown in Figtt2)

a shorter length (L=55 mm, s=15 mm) as its dipole arms. The

length of the brass tubes is optimized so that the half-vesggth
dipole resonates at the same frequency as that of the fultleagth
dipole. Both the dipoles are placed above an infinite groulatciep

TABLE Il
COMPARISON BETWEEN THE FULL: AND HALF-WAVELENGTH DIPOLE

Parameter Full-wave dipole | Half-wave dipole
Dipole length 235 mm 125 mm
Directivity 8.1 — 8.5 dBi 7.3 - 8.0 dBi
E-plane 3-dB Beamwidth| 60° — 63° 71° - 78°
H-plane 3-dB Beamwidth| 101° — 124° 103° — 122°
Antenna Q 2.8 5.4

by 90 mm. As observed in Table I, the full-wavelength dipbks a
higher directivity of about 0.5 dB than the half-wavelendtpole on
average. By constructing half-wavelength dipole arrayes directivity
can be higher and the E-plane beamwidth can be narrower. \owe
the size is also increased. Choosing to use the half-waytetipole,
full-wavelength dipole, or half-wavelength dipole arraya trade-off
between size, directivity, and beamwidth. The real supéigs of the
full-wavelength dipole are its smaller antenna Q (widerdveaidth)
compared to the half-wavelength dipole, and a simpler festdiork
compared to the half-wavelength dipole arrays. Note traiifiactors
were calculated according to the method described in [19].

V. CONCLUSION

In this work, a wideband matching method for full-waveldngt
dipoles is described. The matching circuit for a converatiofull-
wavelength dipole is developed to demonstrate this metbegign
procedures and considerations are given to provide clédagce in
the design. According to the measured results, the fullelemgth
dipole has an excellent matching performance wgh|< -14 dB
across the entire designed band from 698 MHz to 960 MHz foe bas
station applications. The antenna also features stahiatiautcharac-
teristics and broadband performance compared to convetraalf-
wavelength dipoles. It is demonstrated that full-wavetbndjpoles,
which are generally considered to be difficult to match, canuell
matched using a compact matching circuit. With this maighasue
solved, full-wavelength dipoles can be better candidatesdme
applications due to their narrower beamwidth and wider iédtih
compared to half-wavelength dipoles.
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