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Abstract

The half-wave wire dipole with a split-coaxial balance-to-unbalance (balun)
transformation is a classic antenna configuration that so far has been treated mostly
qualitatively. In this study, an analytical TL model of the balun network is proposed that
gives a simple closed-form expression for the termination impedance of the antenna. The
model is based on the coupled transmission line approach; it accepts the impedance of a
center-fed dipole as input parameter. The transmission line approach is validated by full
wave simulations and enables us to establish quantitative estimates for the expected
impedance bandwidth of the network consisting of the dipole, balun, and a non-splitted
coaxial line of fixed length. These estimates suggest a 12% bandwidth for the resonant
dipole-balun configuration and a greater than 20% bandwidth for the combined dipole,
balun and non-splitted line configuration. The analytical model and numerical

simulations are confirmed by measurement results.



Introduction

Conventional baluns for symmetric wire dipole antennas are reviewed in several scholar
sources - see for example [1]-[5]. Our attention is concentrated on the split-tube or split-
coaxial balun (a "split coax" balun in Fig. 5-42 of Ref. [4] or type 10a balun in Fig. 43-24
of Ref. [5]). The balun is to be connected to an unfolded straight-wire dipole. This balun,
in contrast to some other balun types, has a very convenient conformal geometry; it is
easy to manufacture with commercial off-the-shelf tubing. It may be used for spacecraft
communications systems [6]. The balun itself is shown in Fig. 1, together with
appropriate dimensions. Two dipole currents should exactly cancel each other on the
outer conductor surface of the coaxial line after the split point, due to anticipated
excitation symmetry [2]. On the other hand, the antenna is not shorted at the dipole
feeding point due to the A/4 short-to-open circuit transformation. According to [5], this
type of balun "will give almost perfect balance over a wide frequency range if the slot
width is kept small and symmetry is maintained at the strap end." In particular, Ref. [6]
reports on an 8% bandwidth for the split-coaxial balun supporting the dipole with a

reflector.

A non-conformal variation of the split-coaxial balun is known as the quarter-wave balun
[1], [2], [8], that is referred to as a "A/4 coaxial balun 1:1" in Ref. [1] - Fig. 9.25¢, and as
a "folded balun" in Ref. [2] - Fig. 5-26. For the quarter-wave balun, the slots are missing,
but one wing of the dipole, which is connected to the inner conductor of the coaxial line,
is simultaneously connected to the outer conductor at the distance of A/4 from the feed by
a straight rod. It is stated in [2] that this balun is "of course, not broadband because of the
quarter wavelength involved in its construction". Ground plane may be present [8] or not
[1], [2] at a distance of A/4 from the feed. Yet another variation is a three-wire balun [5],
[8] that completely replaces the A/4 section of the coaxial line by three wires, two of
which are connected to the ground plane at A/4 and one - to the inner conductor of the

coaxial feed at the same distance.



Fig. 1 suggests that quantitative theory of the split-coaxial balun may be based on the
three-conductor transmission line model. Such a model has been discussed independently
in two papers [8], [9]. In both references, three independent conductors and a separate
ground have been considered, which initially leads to a six-port transmission line network
with the associated static capacitance matrix [8]. Though a general expression for the
antenna admittance has been obtained in [8] and [9], it was not quantified in terms of the

parameters of the balun such as slot length, width, and thickness.

The three-conductor transmission line with no extra ground may be also described in
terms of two independent propagating modes. Collin [11] first described two modes that
can propagate along the split-coaxial line; one of them is the perturbed TEM fundamental
mode (coaxial or bifilar mode according to terminology used in [12],[13]) and another is
the slot mode that also extends into the surrounding space (monofilar mode according to
the same references). This analysis, and an analysis reported in [14], was performed for
the infinitely thin coaxial tubes only. On the other hand, Milligan [4] classified the two
modes in the splitted line as TEM and TE;;; the latter notation is somewhat questionable

due to anticipated cutoff of the coaxial TE;; mode.

Despite a significant amount of research efforts on the split-coaxial balun outlined above,
two fundamental questions remain unanswered. First, there is no simple quantitative
estimate of the impedance bandwidth of the half-wave dipole with the split-coaxial balun
versus the bandwidth of the equivalent center-fed dipole. Second, impedance matching
and broadbanding properties of the split-coaxial balun loaded with the wire dipole have
not yet been investigated quantitatively. Note that return loss improvement provided by

the matching/balun network to the dipole antenna(s) may be significant [7].

Our approach to the split-coaxial balun is based on separation of the balun into two
coupled symmetric transmission lines. Coupled transmission line theory - see [10], [15]-
[19] - introduces even and odd modes of propagation; with the even mode being
independent of the mutual coupling parameters. For the symmetric case of a two-line

network, the transmission equations for even and odd modes are decoupled, and every



mode is described by the familiar two-port network equation and has its own
characteristic impedance [15], [17]-[19]. Such an approach will lead to a simple closed-
form solution for the transformed antenna impedance, which appears to be in excellent
agreement with the full-wave simulations and experiment. The analytical solution allows
us to rapidly estimate and optimize dipole performance over a wide range of balun

parameters.

This paper is organized as follows: Section I describes the line and the load model, and
the impedance transformation results. Section II discusses bandwidth of the half-wave
dipole with a quarter-wave split-coaxial transformer. Section III gives a method of
bandwidth enhancement, using two closely spaced resonances. Section IV presents the

corresponding experimental results and Section V concludes the paper.

I. Coupled transmission line model of the balun

1.1. Separation into two coupled lines

In Fig. 2 we suggest a way of separating the splitted coaxial line into two coupled
symmetric transmission lines TL1 and TL2. The central conductor plays the role of
ground common to both lines. This designation of "ground" has no special relevance
beyond the fact that it is a convenient reference designation for maintaining symmetry.

Two coupled lines are characterized by static self-capacitances C,, and C,,, and mutual
capacitance C,, schematically shown in Fig. 2 - bottom. The following assumptions are

made that are based on the physical dimensions for the manufactured dipoles - see Fig. 1:

1. the coaxial tube has a significant thickness ¢ —b so that the slot width is smaller than or
equal to this value: d <c-b;

i1. slot width d is small compared to the inner radius of coaxial tube b;

1ii. radius of the inner rod a is on the order of the inner radius of the coaxial tube b; in

other words, the inner conductor is considered "thick".

Following these assumptions, the self-capacitances C;, and C,, are approximately equal

to half of the static capacitance of the non-slotted coaxial line each [10]. Mutual



capacitance C, is that of two narrow slots (dominant part) plus the capacitance between

two curved conductors (secondary contribution). Each of the slots is modeled by a
parallel-plate capacitor. The same model is applied to the curved conductors. They are
replaced by parallel plates of the same projection area 2b, with an effective separation

distance b, . One thus has

£, &, ~280(C—b)+€02b

C.=r . C = —,
" kla) 2 T Inbla) 2 d b

(D

where &, is the dielectric constant of vacuum for the air-filled line. We have chosen the
effective separation distance to be b, =0.5b. It is evident that the capacitance

expressions in Eq. (1) represent simple approximations that can to be replaced by more
accurate static capacitance expressions if desired. The implication of Eq. (1) suggests
that the slot mode described in the introduction mostly concentrates within the slot and

less in the surrounding space.

1.2. Coupled symmetric transmission line model
Fig. 3 shows the coupled TL model that utilizes the capacitance values established above.

The characteristic inductances for the air-filled coupled line are given by [18]

Cll

L,C, = Ho€y» L,C,, =My, Lyp=L,——7—
C,+Cy

2)

where 1, is magnetic permeability of vacuum. The characteristic impedances and

propagation constants for the even (equal line voltages) and odd (opposite line voltages)

modes read [10],[18],[19]

Ze = 1 = 1 s Zo = 1 = 1 s
coC ¢,Cy cCy ¢, (C,, +2C)y)

70 = 7/6 = 70 = Jk() (3)



With reference to Fig. 3, one obtains the chain, or ABCD matrixes, for the even and odd

mode of the coupled line of length / in the form [15]

- _ - _
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1 IR T e j1Z,sink, ] cosk,l

—(,+1,) -—Uy;+1,) e 0 0
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- _ - _
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where V|, ,, are termination voltages and [, ,,, are termination currents. Both matrixes

A, and A, are equivalent to the ABCD matrix for a single transmission line with the

corresponding characteristic impedances Z, and Z,, respectively.

1.3. Termination

Fig. 4a shows the termination setup for the dipole, balun, and the continued coaxial line.
TL1 is shorted at the input - one dipole wing shorts this line. TL2 is connected to the
equivalent antenna circuit - an ideal voltage source in series with the dipole (self)

impedance Z,. On the opposite end, two line conductors are connected in shunt at /

(since the slot disappears) and form the outer conductor of a continued coaxial line.
Ground (center conductor of the coupled line) becomes the inner conductor of the

continued coaxial line.

The arrangement shown in Fig. 4a allows us to establish the S-parameters of the balun
[20], [21] and the related complex antenna factor (CAF) [21], or the reciprocal antenna
transfer function. This step is necessary when the phase distortion characteristics of the
dipole are evaluated as a function of frequency. In the present study, we are only
interested in the impedance transformation of the split-coaxial balun. Therefore, the

equivalent circuit has the form shown in Fig. 4b. It includes the dipole with impedance



Z,, connected to a balun of length / and a non-splitted coaxial TL section of length L.

The transformed impedance is given by

Z =— (6)

where V_ is a voltage source applied to the terminals of the transmission line and [ is

the computed current. Calculations are based on chain matrixes (4) and (5), and are given

in the next subsection.

1.4. Transformed antenna impedance

With reference to Fig. 4b, the chain matrix for the transmission line section of length L

yields
Vooax V. cosk,L JZ ... Sink L
= Acoax ’ ’ Acoax = . . (7)
-1, -1, JjlZ,, sink,L cosk,L

where Z__ is the characteristic impedance of the non-splitted line. The termination

coax

conditions on the antenna side and on the opposite side read

Vl :0’ V2 :_ZDIZ’ V3 :V4 :_Vcoax’ I3 +I4 :Icoax (8)

in terms of termination voltages V, ,,, and termination currents /,, .

Substitution of Eq. (8) into Eq. (4) for the even mode and using Eq. (7) gives



Substitution of Eq. (8) into Eq. (5) for the odd mode allows us to find a relation between
I, and I,

Lz 0 Lz 0

2 =A | 1 A" 2 = 1 =
1 o\ ==(I,-1,) o -—;-1,)
~(I,-1,) 2 —(, -1, 2
12 2

(10)
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L o 12

Substitution of this relation into Eq. (9) will express the termination current /, in terms

of the termination voltage V, as follows

-Zyl, -2 0 4 m\V,—mpl
= Ae X XAcoax ’ ‘ = ‘ | =
2+K)I, 0 -1 -1, myV. —myl

M

2+ K +Z
Q4 KMV, Q2+ Kmpl, +Zymy V. —Zymyl, =0 = v, = S5 KMy + Zpmy,
‘ ‘ ‘ ‘ ‘ Q+K)ym,+Z,m, -

(11)

Thus, the impedance Z is finally given by

7 - Q2+ K)ym, +Z,m,, M- cosk,l JjZ,sinkyl | —2cosk,L  —2jZ_, sink,L
Y Q+K)m, +Zymy, jlZ,sink,l  cosk)d | j/Z,, sink,L cosk,L
(12a)
where
Z,a, cosk,l — jZ, sink,l Z
K=-Zp8u pa_ | €% PE PR k=20 cot(kyl)  (12b)
a, , —JjlZ, sink,l cosk,l Z,



If the balun is exactly a quarter wavelength (K =0) and the additional coaxial line
section of length L is absent, the termination impedance becomes that for the familiar

quarter-wavelength transformer [8]

5 _ZZ. (13)

For a coaxial line with Z___ =50Q, one find Z, =100Q. Therefore, the split-coaxial

coax

balun will indeed behave as a 4:1 transformer for an idealized antenna load of
Z, =50Q . Unfortunately, the load is now not properly matched. In order to achieve

matching to a 50€2, the characteristic impedance of the base non-splitted coaxial line

should be considerably decreased.

It is interesting to note that for the folded dipole, whose input impedance is
approximately four times the dipole impedance ([1], pp.516-517), Eq. (13) would give an

almost ideal match to the balun section of the coaxial line with Z __ =50Q . Our

coax

attention is, however, concentrated on the unfolded dipole.

1.5. Comparison with full-wave simulations (412 MHz dipole)

In order to compare the results with a full-wave simulation software (ANSOFT HFSS v.
10.1) the following steps are done: First, the impedance Z, of a center-fed dipole of
interest is found numerically in ANSOFT and then tabulated. This impedance is then

substituted in Eqgs. (12) and the termination impedance Z, is evaluated over a desired

frequency band.

Simultaneously, another ANSOFT project is created that includes the same dipole, balun
connection, balun itself, and the additional coaxial line section of length L The coaxial
line is fed from the opposite end using a lumped port that defines the TEM E-field across
the cross-sectional ring of the coaxial line. Fine meshes with about 100,000 tetrahedra

and a discrete frequency sweep are used to obtain accurate results.

10



Table 1 gives the physical parameters of a UHF dipole and a balun used for comparison.
Both the slot and the dipole wings have the length of 170 mm, which approximately
corresponds to the center frequency of 412 MHz. For convenience, here and in what
follows we use standard off-the-shelf brass tubing/rod sizes available from McMaster
Carr. The characteristic impedance of the non splitted coaxial line is still chosen to be as

close as possible to Z_, =50Q . In that case Z, is close to 1002 and the split-coaxial

coax

balun is not expected to be matched properly, as discussed in the previous section.

Fig. 5 shows the surface current density distribution (logarithmic scale) for a dipole with
the split-coaxial balun (left) and for the unbalanced dipole with the same parameters -
right. Parameters for both dipoles are listed in Table 1. For the dipole with balun, the
current density on the outer conductor beyond the balun is at least 120-140 times smaller
than the maximum current density on the dipole wings. This value multiplied with the
ratio of the radii gives us the ratio of the total currents inside and outside the coaxial line
as at least 40. Thus, the balun performs its major function: the current cancellation on the
outer side of the coaxial line. Without the balun (Fig. 5 -right) the ratio of total currents
reduces to approximately 3. The mode on the outer side of the conductor for the
unbalanced dipole is a leaky traveling wave that may propagate along a single metal
conductor (Sommerfeld wave) - see [22] and [1], pp. 549-555 - and be reflected from the
terminations. Therefore, one can see a well-developed standing wave pattern - see Fig. 5 -

right.

Fig. 6a) shows impedance of the center-fed test dipole with 170 mm wing length. Fig. 6b
gives the impedance of the same dipole but connected to the balun and a continued
coaxial line with the characteristic impedance of 54 Q - see Table 1. The resistance is
shown by a solid curve and the reactance is depicted by a dashed curve. One can see that
there is no impedance matching in the present case and multiple resonances do occur.
The corresponding return loss is shown in Fig. 6¢) and d). All these solutions have been
found using ANSOFT HFSS. The corresponding result of the transmission line theory
(Egs. (12)) with the parameters listed in Table 1 is given by the thin-lined curves in Fig.

6b) and 6d), respectively. The agreement between the two solutions appears nearly

11



excellent, especially in Fig. 6b) where these solutions almost coincide, despite a

complicated multi-resonant behavior of the non-matched balun.

I1. Resonant impedance bandwidth

2.1. Balun parameters

In order to match the split-coaxial balun to the dipole and to the 50 Q front-end
termination network, the following steps are done: First, the impedance Z,, of a center-
fed dipole is again found numerically via ANSOFT HFSS and then tabulated. The

resonant frequency and the resonant dipole wavelength A,  are found from the

res

condition Im(Z,)=0. The slot length [/ is defined as A, /4. The length of the

additional transmission line section L is kept at a minimum, which is necessary to ensure

mechanical stability of the antenna - we choose L =10mm.

To match the dipole resonant resistance, the even-mode impedance is found from Egs. (1)

and (2). Specifically, we have

7 - In(b/a)

e

(14)

CoTE,

At the same time, Eq. (13) needs to be satisfied based on Z_ = 50€, which gives

b_ exp(c, e, +/50Z,,, ) (15)

a

where Z, . is the dipole resistance at resonance. Either a or b in Eq. (15) can be varied

so as to achieve impedance matching. We prefer to vary a - the radius of the inner
conductor. All other parameters remain fixed as specified in the previous section (Table
1); only the dipole wing length is changed from 170 mm to 156 mm compared to the

previous case. The dipole is now centered at about 440 MHz. Table 2 provides with the

12



parameters of the balun that most closely satisfy the conditions listed above for standard

brass tubing/rod sizes.

2.2. Resonant antenna bandwidth (440 MHz dipole)

Fig. 7a) shows the return loss of the center-fed dipole with 156 mm wing length and Fig.
7b) gives the return loss of the dipole with the balun designed according to Table 2. The
thick curve corresponds to the ANSOFT HFSS solution whereas the thin curve is the

transmission line model. The agreement between both solutions is good.

The main observation is that the bandwidth of the dipole with the splitted-coaxial balun is
about 12% in Fig. 7b). This is larger than the bandwidth of the original center-fed dipole
(i.e., 8%) by approximately a factor of 1.4. To explain this result we consider Eqs. (12)
with L equal to zero. This yields

_ (2+K)jZ,sinkyl +Z, coskyl K——'ZD cosk,l (16)
T 24 K)2coskgl +2Z, /17, sinkgl’ 77 sink,l

An asymptotic expansion with the following approximations

z
k01=%+5, §<<l coskl==5. sinkl=1-87/2. K=j25 (17)

o

results, to main order of approximation, in the expression

z
2Z,+ jOL,| == +1 )
S QHK)Z,-7,8 z, ) z(, [ % .20 ,Z
T o0 K)6122, 17, 22,17 +j4s  z,| |2z T2z 77,
(13)

For the dipole from Table 2, the reactance term in the square brackets in Eq. (18) is

reasonably small and positive; so is the dipole reactance close to the resonance. One may

therefore conclude that it is a better matching of Re(Z,Z,/Z,,,.) to 50Q than matching

of the original Z to 5002, which makes the bandwidth wider. In other words, the

Dres
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bandwidth increase for the resonant dipole with the split-coaxial balun is a familiar action

of the quarter wavelength transformer on real impedances.

2.3. Effect of uncertainty in slot width

An important question from the viewpoint of hardware prototyping is the effect of
inaccuracy in slot width. Fig. 7c) investigates the effect of varying the slot width from 1
to 2 mm and its behavior on the return loss obtained with the transmission line model.
Ten curves that correspond to different slot widths between 1 and 2 mm almost coincide.
Therefore, the inaccuracy in slot cutting has generally a minor influence on the antenna

performance. Similar results have been obtained with ANSOFT HFSS.

2.4. Effect of varying slot length

Fig. 7d) shows the effect of varying the slot length about 4, /4 by *10% and its effect

res

on the return loss; the thick curve corresponds to A, . /4+10%. One can see that the

Dres

impedance bandwidth slightly increases (up to 15%) with increasing slot length

above A

Dres

/4. Unfortunately, Eq. (18) is unable to describe this effect, which is on the

second order of magnitude with regard to the small parameter d in Eq. (17).

ITI. Bandwidth enhancement

3.1. Two closely spaced resonances

With the help of the transmission line model, it has been found that the bandwidth of the
dipole with balun can further be improved using the method of two closely spaced
resonances. One of them is the original dipole resonance at a lower frequency. Another is
a resonance of the system that consists of the balun connected to a finite, but still
relatively short, section L of the non-splitted coaxial line with the impedance different
from 50Q. This line always presents in the hardware prototype in order to ensure
mechanical stability - see Fig. 1. It is therefore advisable to use this "free" network

element for bandwidth enhancement.

14



3.2. Bandwidth of the dipole network with two closely spaced resonances

The system balun+non-splitted line operates as a distributed matching network/filter,
presumably of the second order. It may be properly tuned to achieve the second
resonance at a slightly higher frequency. The dipole wing length is now 152 mm, which
will correspond to the center frequency of the composite band of approximately 460
MHz. This center frequency is our final goal. Fig. 8 shows typical analytical tuning
results for the return loss of the complete network (dipole+balun+non-splitted line).
These results involve two parameters: balun length / that varies from 150 to 188mm in 20
steps; and non-splitted line length L that attains the values of 10, 25, 50, and 75 mm. The
development of the second resonance can be seen while the non-splitted line length

increases. The largest impedance bandwidth is thus obtained with / =174mm, / = 50mm

as seen in Fig. 8c). It is slightly higher than 20%. However, the return loss now has a
maximum in the middle of the band that is approaching -11 dB. The corresponding full
wave simulation is very close to this result but reduces the maximum of the return loss

within the band to approximately -13 dB.

3.3. Effect of shift of the center conductor

A slight asymmetry in the position of the center conductor of the splitted transmission
line may severely degrade performance of the matching network with the dual
resonances. For a shift of 0.5mm from the center position, the corresponding ANSOFT
HFSS simulation predicts increase in the return from -13 dB to -8 dB in the center of the
band. Therefore, in contrast to the other dipole parameters tested above, the position of

the center conductor needs to be controlled rather precisely.

IV. Measurement results

4.1. Dipole prototypes (460 MHz center frequency)

Using the matching network with dual resonances, a series of UHF dipole prototypes was
custom built and tested for the center frequency of the band equal to 460 MHz. The
corresponding physical parameters are listed in Table 3. The prototypes are shown in Fig.
9. One outer and two inner Teflon rings, with the height of 10mm each, have been used

to provide system stability and to properly position the inner conductor of the slotted

15



transmission line. An SMA connector is soldered to the non-splitted section of the brass
transmission line at the feeding point. All other connections are made in a solderless way.
The dipole prototypes are low-cost and are built with commercial off-the-shelf
brass/Teflon tubing and brass rods - see Table 3. The prototypes may be assembled into
an array of dipoles. All prototypes passed the "drop off" test. The dipole prototypes are

intended for the use in an indoor geolocation wireless link.

4.2. Measurement results

Measurement results for the return loss of eight dipole prototypes are obtained with
Agilent’s 8722ET Network Analyzer and are given in Fig. 10 (thin curves) compared to
the analytical model - Egs. (12) - thick dashed curve. The agreement in the impedance
bandwidth of the antenna (frequency band where return loss is less than -10 dB) is nearly
excellent between the individual dipoles as well as between the measured and predicted
values. The analytical network model also agrees well with the ANSOFT simulations, see
Fig. 11. The ANSOFT model takes into account some fine antenna details such as feed
assembly, construction nuts, inner/outer Teflon rings, etc. The measured impedance

bandwidth for individual dipoles ranges from 23% to 26%.

However, within the band, the measured return loss of the individual dipoles indicates a
rather random behavior, with the maximum return loss as high as -12 to -11 dB for a
couple of dipole prototypes. This behavior is likely due to mechanical intolerances of the
present prototypes such as a small error in the position of the center conductor, a slight
asymmetry of the feed assembly, etc. Another experimental design (with closer
resonances) may indeed have a better return loss within the band, but at the expense of

decreasing the overall 10 dB bandwidth.

In order to reduce the effect of manufacturing intolerances, each dipole has been
equipped with a thin sliding brass ring that is seen in Fig. 9. The brass ring allows us to
cover a small portion of the slots (reduce the slot length) and thus change the balance
between two resonances in Fig. 8. The latter circumstance allows us to adjusts (decrease)

the maximum value of the return loss within the band.

16



A less important but still visible point of concern is a disagreement between theoretical
(both the lumped circuit model and the full wave model) and experimental results in the
lower UHF band at approximately 300 MHz in Fig. 10. It is believed that the
experimentally observed RF leakage in Fig. 10 is due to limited bandwidth (limited to
approximately 400 MHz) of the absorber material used in the present measurements and

the associated antenna loading.

V. Conclusions

In this study we have presented and validated a simple closed-form analytical TL model
of the wire dipole with the split-coaxial balun. The model accepts the input impedance of
the center-fed dipole as an input parameter and outputs the antenna termination
impedance or the antenna transfer function. The model indicated a very good agreement
with the full-wave simulations obtained at three different center frequencies (412, 440,
and 460 MHz) and for different geometry parameters (non-matched balun, matched

resonant balun, and matched balun with two closely spaced resonances).

The model predicts the impedance bandwidth of 12% for the A/4 resonant balun and the
bandwidth in excess of 20% for the properly tuned complete antenna network
(dipole+balun+supporting section of the non-splitted transmission line). UHF wire
dipoles built in accordance with this model are compact and low-cost, and indicate good
repeatability in the center frequency and in the impedance bandwidth; they exhibit good
agreement with theoretical predictions. The measured impedance bandwidth of the UHF
dipoles is approximately 23-26%. However, the return loss behavior within the band

needs to be improved and controlled more precisely, by improving hardware tolerances.

The present model is equally applicable to other dipole-like antennas of interest: a
broadband (bowtie) dipole, a droopy dipole intended for better azimuthal coverage, or to
a quasi-folded assembly of two crossed dipoles intended for circular polarization [23].
For those systems, only the input impedance of an equivalent center-fed antenna needs to

be recalculated.
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Tables

Table 1. Physical parameters of the dipole and the balun - non-matched balun.
Characteristic impedances of the coupled line are Z, =108, Z = 24Q; characteristic

impedance of the non splitted coaxial line is Z_ =54Q.
Component Outer D (2¢) Inner D (2b) Total length Vendor part #
(I+L) ( McMaster Carr)
Outer coaxial 7/16" 0.3075" 24"
tube 11.1 mm 7.81mm 609.6 mm #8950K 68
Inner rod 1/8" -- 24"
3.2 mm 609.6 mm #8953K41
Free length of 1/8" -- 6.69"
single dipole 3.2 mm 170 mm #8953K41
wing, D
Slot length - -- 6.69" --
from top, / 170 mm
Slot width, d - -- 59 mils --
1.5 mm
Dipole offset - -- 0.24" --
from top, A 6 mm

Table 2. Physical parameters of the dipole and the resonant A/4 balun. Characteristic
impedances of the coupled line are Z, =59Q, Z =22.5Q; characteristic impedance of

=29.6Q.

coax

the non splitted coaxial line is Z

Part Outer D (2¢) Inner D (2b) Total length Vendor part #
(I+L) ( McMaster Carr)
Outer coaxial 7/16" 0.3075" 7.02"
tube 11.1 mm 7.81mm 178 mm #8950K 68
Inner rod 3/16" -- 8.98"
4.8 mm 228 mm #8859K 155
Free length of 1/8" -- 6.14"
single dipole 3.2 mm 156 mm #8953K41
wing, D
Slot length -- -- 6.61" --
from top, / 168 mm
Slot width, d -- -- 40-60 mils --
1.0-1.5 mm
Dipole offset -- -- 0.24" --
from top, A 6 mm
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Table 3. Physical parameters of the dipole and the balun optimized for a wider
bandwidth. Characteristic impedances of the coupled line are Z, =59Q,Z =22.5Q;

characteristic impedance of the non splitted coaxial lineis Z_,, =29.6Q.
Component Outer D (2¢) Inner D (2b) Total length Vendor part #
(I+L) ( McMaster Carr)
Outer coaxial 7/16" 0.3075" 9.06"
tube 11.1 mm 7.81mm 230 mm #8950K 68
Inner rod 3/16" -- 9.06"
4.76 mm 230 mm #8859K 155
Free length of 1/8" -- 5.98"
single dipole 3.175 mm 152 mm #8953K41
wing, D
Slot length - -- 7.09" --
from top, / 180 mm
Slot width, d - -- 47 mil -
1.2mm
Dipole offset - -- 0.24" --
from top, A 6 mm
Teflon PTFE 5/16" 3/16" Two rings:
tube-inner 10mm height #8547K24
Teflon PTFE 9/16" 7/16" One ring: 10
tube-outer mm height #5033K36
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Fig. 1. Split-tube or split-coaxial balun geometry and associated dimensions.
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Fig. 2. Top - separation of the splitted coaxial line into two symmetric coupled lines;

bottom - static capacitances: self capacitances C;, and C,,, and mutual capacitance C,,.
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Fig. 3. Coupled symmetric transmission line model of the balun.
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Asymmetric load Coupled symmetric TL network Symmetric termination
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Fig. 4. Two termination schemes: a) - receiving dipole connected to the balun and a
coaxial transmission line; b) - termination network used to find the transformed

impedance Z, =V, /I, of the dipole with center-fed impedance Z, connected to a balun

of length / and a coaxial TL section of length L.
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Fig. 5. Surface current density distribution (logarithmic scale) for a dipole with splitted-
coaxial balun (left) and for the unbalanced dipole with the same parameters (Table 1)-

right.

25



Input impedance, Q 0 Return loss, dB

400 a) /TN c

200 . 74 \ /
8
= \ /
’ ] g 12 \ I
Pl I
200 e i - I
-16 V
goo NPut impedance, O o Return loss, dB

b) Ny d | =

N o~

S N 7 /
\/

4\_-/‘\__ /_12 \\7] \\/
T N
{

-40

300 400 500 600 300 400 500 600
frequency, MHz frequency, MHz

Fig. 6. a) - Impedance behavior of the center-fed test dipole with 170 mm wings; b) -
impedance of the same dipole connected to the balun and a continued coaxial line with
the characteristic impedance of 54 Q - see Table 1. Resistance is shown by a solid curve,
reactance is shown by a dashed curve. c¢), d) - Return loss for the cases a) and b),
respectively. All solutions are obtained using ANSOFT HFSS. The result of the
transmission line theory (Egs. (12)) is given by thin curves in Fig. 6b) and 6d).
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Fig. 7. a) - Return loss of the center-fed dipole with 156 mm wings; b) - return loss of the
dipole with balun according to Table 2. Thick curve - ANSOFT HFSS solution; thin
curve - transmission line model. c) - effect of varying slot width from 1 to 2 mm on the

return loss - transmission line model. d) - effect of varying slot length about 4, /4 by

res

+10% on the return loss; thick curve corresponds to A, . /4+10% - transmission line

Dres

model.
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Fig. 8. Development of the second resonance with increasing the length of the non-
splitted transmission line section. a) - L =10mm; b)- L =25mm; c) - L=50mm; d) -
L =75mm . In every plot, a sweep is made over the balun length / that varies from 150 to

188mm in 20 uniform steps.
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Fig. 9. A series of dipole prototypes built according to data from Table 3.
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Fig. 10. Return loss measurements for a series of 460 MHz dipoles (thin curves)
compared to the corresponding analytical TL solution - thick dashed curve. The

minimum experimental 10 dB bandwidth is 23%.
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Fig. 11. Analytical TL solution for the dipole prototype vs. the corresponding full-wave
ANSOFT HFSS simulation.

31



