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Analysis of the Loop-Coupled Log-Periodic Dipole Array

JAMES M. TRANQUILLA, MEMBER, IEEE, AND KEITH G. BALMAIN, MEMBER, IEEE

Abstract—A simple theoretical model is described to analyze the loop-
coupled log-periodic dipole antenna (LPDA). Computed and experi-
mental data are presented, comprising an investigation into both the far
field and the dipole and feeder currents, for a wide range of antenna
parameters. Particular attention is paid to a class of parasitic resonances
characterized in the swept-frequency radiation pattern by a narrow-band
reduction in front-to-back ratio. The calculations show that these reso-
nances involve high out-of-phase currents in adjacent dipole elements,
and also predict correctly their dependence on the nature and location of
the feedline termination. Design data are presented showing how gain
and front-to-back ratio can be optimized and parasitic resonance effects
minimized.

1. INTRODUCTION

HE LOOP-COUPLED log-periodic dipole antenna (LPDA)
consists of an array of dipole elements sandwiched between
two halves of a balanced transposed transmission line (Fig. 1)
and separated from the transposed line by a dielectric clamp. The
array is a backward-wave antenna with its feedpoint at the front
(high frequency) end. Coupling of energy from the transmission
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line feeder to the dipoles occurs at those transpositions where the
dipoles are approximately one half-waveléngth long.

The loop-coupled LPDA has been studied experimentally
[11 and has been optimized in the sense that anomalous fre-
quency performance was minimized. However, no analytical
treatment of the loop-coupled LPDA has been undertaken. Such
an analysis is necessary to get design data over a wide range of
paramieters, and also to understand better the anomalous fre-
quency performance and the methods for controlling it. Of
particular importance is the determination of the relationship
between the far field and the dipole and feeder current, which
could confirm the supposition [1] that parasitic resonances on
the feedline cause one type of anomalous performance, namely
the high backlobe levels characteristic of overly loose coupling
between the feeder and the dipoles. Also, much of the suggested
explanation of the optimization procedure in [1] is dependent
upon the dispersion characteristics of the transposed transmission
line, but the effects of dipole loading on the dispersion curves
were not calculated explicitly. Therefore, it is the purpose of this
study to develop a simple analytical model for the loop-coupled
LPDA and to validate the model experimentally.

IL CIRCUIT MODEL

Each cell of the loop-coupled array consists of a feedline sec-
tion, a transposition section and a coupling region (Fig. 2(a)).
For simplicity the coupling region is modeled at the center of
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Fig. 1. The loop-coupled log-periodic dipole antenna showing details of
element location between transposed transmission lines. All conductors
are circular, 3 mm diameter. Note that t is the clearance separation be-
tween transmission line and dipole. The longest dipole is a free-space
half-wavelength at 700 MHz, for all measurements and computations.
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Fig. 2. (a) A typical cell of the loop-coupled LPDA showing the approxi-
mate network representation composed of transmission line sections
and a coupling region. (b) The coupling region model (i) neglacting the
dipole loading effect, and (ii) including the coupled dipole. Note that
C is computed as two capacitors in series.
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each transposition. Both the feedline and transposition sections
are considered to be a single uniform balanced two-wire transmis-
sion line with the closer spaced transposition section represented
by additional capacitance lumped at each end of the coupling
region (Fig. 2(b)). This approximation has been used satisfactor-
ily in the case of the flat conductor transposed transmission line
[1] to calculate the phase velocity and to postulate the location
of a transmission-line resonant region which could explain the
frequency distribution of the experimentally observed anomalies.
The dipole is coupled to the feeder through the inductance L.
given by Schelkunoff [2] and shown below in (1). Each of the
lumped capacitors has a value given by (2).

[.112 A sin 612
Lo=-—|In— +0.116 + Ci(8l,) —
¢ ( s i(6l2) A 6]

Iy mE

T4 coshlyfy,

)

Connecting several such cells in tandem yields the network in
Fig. 3 where the boxed areas indicate sections of uniform two-
wire transmission line whose length is equal to the transmission
line distance between adjacent transposition centers. Writing the
loop equations for the five-element array gives, after some manip-
ulation:

~V(E' +G'Zp)
=I,(—F'—H'Z) - ZE' —ZG'Z,) + 1,2},
—V,G'Z,
=23Zy — 22Uy + 14 Zy + 1 (~Z,G Zy — H'Z))
0=I,(—F* ~H*Z} — E*Z, — G*Z}Zp) + 1,22 + 1,
C(—EZ, - G*Z,Z})
0=20gZ} — 272, g +I,Z% + I,(—H*Z, — G*Z2Z})
—1;G*Z}Z,
0=I,(—F°—H2}~ 322 — G3Z3Z2) + I, Z3 + I
F (B2 -G Z37})
0=20Z) — 22U g + 1102y + I;(—H3Z) — G3Z3Z2)
—1,G3Z373
0=1,o(—F* —H*Z4 —E*Z) - G*Z}z3) + 11,25 + I,
C(E*Zy— GYZ3Z))
0=201,Zp — 22410 + 1,323 + I o(—H*Z5 — G*Z323)
—1,G* 237
0=1I,3(~—F° —H°Zy ~E°Zy — G Z})+1,5Z; +11,
 (EZ5— G323z
0=2152Z, — 2220y, +1,6Zp + 1, 3(-H°Zy — G°Z3Z3)
—11,G°Z3Z;

0=1,4(Zp +Z1)+1,5Z;
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Circuit model for a five-element loop-coupled LPDA. The boxes represent sections of uniform transmission line. The

dipole network includes all element mutual coupling. Z;' is the effective termination impedance as seen from the last trans-
portation and includes the termination as well as the section of transmission line between the transposition and the termina-

tion.

0 =117Z}41 +118Z‘142 +1192‘143 +I2OZ}44 +12IZ}15

—2Z,

0=11§Z5% + 1,723 + 1,025 + 1,025 + 15, 258
— 2721,

0=119Z}* + 1,723 + ;323> + 110Z3* + 1, Z}°
—2Z31,

0=1Iy0Z3* + 1,725 + 115232 + 1,025 + 15, Z3°
— 273,
0=13,2Z3° +1,7Z5" + 1573 +1,0Z5> + 023"
—2251, 5 (3)

where the two-port transmission parameters £, F, G, H are de-
fined in Fig. 4, and Z, and Z_ are the capacitive and inductive
coupling impedances, respectively, given by

Z, = (jwC)™!
Z,=jwl,. C)]

Z, and Z; are the source impedance and effective termination
impedance (lumped load Z; at the end of a section of transmis-
sion line) respectively, and Z7#” is the mutual impedance between
the mth and ath dipoles calculated using an assumed single-
sinusoid current distribution of the form sin (2 — ju|) where u
is distance measured from the center. Superscripts refer to the
cell numbering scheme commencing at the feedpoint. This system
of equations was solved numerically by use of pivotal elimination.

III. RADIATION PATTERNS

The computed and measured swept-frequency front and back
radiation patterns of two antennas (Fig. 5) show that their normal
functioning is disrupted by distinct anomalies in both the front-
lobe and backlobe. Comparison of these and other computed and
measured patterns shows that anomaly frequencies are deter-
mined theoretically with less than 3 percent error. Experimental
results consistently show a higher front-to-back ratio and some-

s R
vV, v,
2 I
N -

Fig. 4. Two-port transmission line network showing the voltage and cur-
rent convention used in the definition of the transmission matrix pa-
rameters £, F, G, H.

what shallower anomalies than do the theoretical curves; how-
ever, it must be noted that computations are based on average
dimensions taken from the constructed models where mechanical
tolerances were of the order of 15 percent for the parameter ¢
and approximately 10 percent for o and x. In addiiion, the cal-
culations assume lossless conductors in free space. Both measure-
ments and theory show that the dips in the front pattern tend to
be sharper than the corresponding peaks in the backlobe. Also, at
higher frequencies there is a tendency for the backlobe peaks to
broaden and to shift down in frequency with respect to the front-
lobe dips.

The effect of the anomalies is especially noticeable with re-
spect to the E-plane sidelobe levels (90° from boresight). At fre-
quencies other than the anomaly frequencies for the five-element
antennas studied a typical sidelobe level of approximately 30-40
dB below the front lobe is possible over approximately a 50-80
MHz bandwidth. However, at the anomaly frequencies the side-
lobe levels rise to as much as 5 dB below the frontlobe, accom-
panied by a 5-10 dB reduction in the front lobe. From the
orientation of the feedline wires this side radiation must originate
from the feedline.

IV. DIPOLE BASE CURRENT DISTRIBUTION

In normal operation at frequencies where anomalies do not
occur the dipole current is concentrated in the elements located
in front of the half-wavelength element (i.e., where the elements
are shorter than A/2). At the anomaly frequencies the dipole
base currents are distributed in such a way that two or three
dipoles carry large, nearly alternating-phase currents so that these
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Gain-frequency plots for two loop-coupled LPD arrays. Gain is given in decibels referred to a half-wavelength dipole.

Numbers inset in the figures indicate the frequencies of the resonances in MHz. Each antenna has five elements. The longest
dipole is a free-space half-wavelength at 700 MHz. All measured curves are continuous swept-frequency plots. (a) Short-cir-
cuit termination located 10 ¢m from center of longest transposition. (b) Short-circuit termination is located 12.6 cm from

center of longest transposition.

dipoles appear to form a two or three-wire transmission-line-type
~of resonator. Similar anomalous dipole current distributions have
been observed on the dispersionless LPDA [3] and the Yagi-Uda
array [4]. Fig. 6 shows the magnitude and phase of the dipole
base currents at the computed anomaly frequencies for the two
antennas considered thus far. For a given antenna the anomaly
peak currents generally decrease with increasing frequency. More
compressed arrays (smaller ¢) also tend to exhibit larger anomaly
peak currents than do less compressed models. In addition the
iwo antennas with ¢ = 0.16 and ¢ = 0.11, which were designed
to match the transmission line phase velocity to near free space
velocity at the half-wavelength dipole as recommended in [1],
still exhibit strong resonances.

Examination of the location of the resonant “‘cell” (i.e., the
group of dipoles carrying strong out-of-phase currents) on each of
the antennas reveals that in each case the cell is located around
the half-wavelength element at the frequency. As the frequency is
increased this cell continues to move with the half-wavelength
element until the half-wavelength frequency of the shortest ele-
ment is reached. The anomalies are distributed log-periodically in
frequency with a frequency ratio (defined as f,/f,+; where
fn and fu4, are adjacent anomaly frequencies and f,, < f41)
slightly less than the scaling factor 7 (the frequency ratios ranged
from 0.90 to 0.93 for the antennas considered where 7 = 0.94).

V. PHASE CHARACTERISTICS

In [1] the phase characteristics of the uncoupled (L, = 0)
transposed transmission line were studied and can be used to
“optimize” theloop-coupled LPDA design in the sense that the
transmission line phase velocity (as sampled at the dipole cou-
pling points) can be adjusted to match the free-space phase veloc-
ity near the location of the half-wavelength dipole. In other
words, for a fixed transpose-to-dipole spacing ¢ and feed ratio
X, there exists an “optimum” value of dipole spacing parameter
Oopt, such that the phase velocity is matched as described above.

Using the theoretical solutions for the transmission line cur-
rents or dipole base currents from the loop-coupled array model
(complete with dipoles) one can plot the phase distribution curves

shown in Fig. 7. These curves were drawn by calculating the
phase shift per cell for each cell in the array at 2 MHz increments
over the 500-1000 MHz frequency range and plotting representa-
tive values. These curves describe the coupling between the
transmission line and the dipole array, as suggested in [1]; how-
ever, the present calculation includes the effects of dipole loading
on the line which was not included in [1]. It should be noted
that this phase distribution graph involves waves propagating in
both the forward and backward (reflected) directions and should
be similar to a dispersion curve only in the absence of standing
waves. The curves in Fig. 7 do not include data from cells at
anomaly frequencies. Shown in Fig. 7 is the dispersion curve for
an infinitely long uniform array of dipole elements, obtained by
interpolation of tabular data from Shen [5].

In Fig. 7 consider first the use of a matched resistive termina-
tion on the transmission line at the large end of the antenna. Be-
low the A/2 dipole line the transmission line curve nearly merges
with the dipole curve, suggesting strong coupling from the for-
ward wave on the line to the backward wave on the dipoles, the
latter wave being the one which is eventually radiated off the
small end of the antenna. In this region on the diagram the
dipole curve is close to the dispersion curve for a wave on an
infinitely long array. Above the A/2 dipole line both the dipole
curve and the transmission line curve indicate the propagation of
a wave toward the resistive termination at the large end of the
antenna.

Now consider in Fig. 7 the curve representing the phase of
currents on the transmission line with a short circuit termination.
At and immediately above the A/2 dipole line this curve indicates
approximate phase reversal between adjacent elements, the phase
shift being closest to 180° for the cell between the half-wavelength
dipole and the next longest dipole. Clearly these out-of-phase line
currents could excite the transmission line type of resonance in
the dipoles which are about a half-wavelength long (see Fig. 6).
The remaining necessary condition for a parasitic resonance is
the occurrence of a standing-wave current maximum near the
half-wave element, a condition already noted by Oakes and
Balmain [1]. Apparently, the “resonator” responsible for the
gain anomalies comprises both the dipole pair (or triplet) slightly
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Fig.6. Computed dipole base current distribution for two 5-element loop-
coupled LPD arrays at anomaly frequencies. In all cases 7 = 0.94, Di-
poles are numbered from the feed end. Numbers in brackets above di-
pole numbers indicate element A/2 frequencies. Both arrays have short
circuit termination. (a) o = 0.16, x = 0.20, ¢t =5 mm, () 0 =0.11,x =

0.25,¢=2 mm,

2.0 T
——Q—— transmission line currents, short circuit
Backward free — —@ —— transmission line currents, Z0 termination
Space Line \ i inati
+ dipole currents. Zo termination
)\/2 dipole line (radians phase shift for a wave
T ission line, N A
r:az:i?rguit It;mination propagating at velocity ¢ between the
= dipole and the next-shorter dipole.)
: \
e
~
-
E4 o, o
Wops—=% —— - - - o - ke e - T T T oo
2 T
Dipoles, Zotermination
L ]
7= .94 Transmission line, Z,, termination
o= .16
X= .20
t= 5mm Curve for infinitely long dipole array, from Shen [5)
0 | | 1
~T -3 -2 ~1 [¢]

Fig. 7.

Phase shift per cell(rad)

Computed phase distribution curve for a five-element loop-coupled LPDA. Curves denoted —c— and --e—-- are plotted

from the phase characteristics of current along the transmission line for short circuit and Zy termination. Curve denoted by
—>%— plotted from phase characteristics of dipole base currents with Zy termination. L denotes the local cell length and
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longer than A/2 gnd the length of transmission line between
them and the reactive large-end termination.

VI. TERMINATION EFFECT ON FAR FIELD

Both the computed and measured effects of termination
impedance on the swept-frequency radiation characteristics indi-
cate that the resonances are damped or eliminated through the
use of a matched termination (Fig. 8), in confirmation of the cor-

responding experimental observation in [1]. For the antennas
under consideration the average feedline characteristic impedance
is approximately 400 2 between transpositions. While it is a
straightforward matter to specify a 400 £ lumped load in the
numerical program it is considerably more difficult physically to
attach a load which has a constant resistive value over the entire
frequency range of interest. For this purpose an electrically lossy
dielectric material (Eccosorb VF) was used as a load by wrapping
an approximately 2 cm wide strip around the transmission line
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open circuit, (b) 1000 2, (¢} 400 & termination. Termination is located 12.2 cm beyond center of longest transposition,

Gain is in decibels referenced to A/2 dipole.

terminals and measuring the approximate DC resistance between
conductors through the lossy material.

VII. DEPENDENCE ON PARAMETERS x, 0 AND ¢

Twenty different five-element antennas were analyzed theoret-
ically to study the effect of varying the parameters x and ¢ while
maintaining £ = 2.0 mm and 7 = 0.94. In all cases for fixed x the
effect of increasing ¢ is to cause a downward anomaly frequency
shift and an increase in the total number of anomalies in the
500-1000 MHz band.

The calculated dependence of bandwidth and front-to-back
ratio upon x and ¢ is shown in Fig. 9. The front-to-back ratio in
each case was measured at the center of the useful passband B. A
useful measure of the antenna bandwidth is the normalized band-
width factor of the radiating region B,,, defined by Carrel [7] as

(5)

where B, is the structure bandwidth (given by 71=Y for an V-
element array) and B is the so-called useful bandwidth here de-
fined as the range of frequencies for which the front-to-back ratio
exceeds a certain value. Mikhail [6] selected a value of 15 dB for
his printed circuit antennas and Carrel’s criteria [7] are consider-
ably more complex, involving the element currents. In order to
account for the observed antenna directivity in the present
antennas (approximately 8 dB; for x = 0.22) it would seem
reasonable to expect the radiating region to be at least three
elements wide. The experimentally obtained values of B,, versus
x for various criteria indicate that the 20 dB criterion yields an
estimate of approximately three elements in the radiating region
as compared with two for the 15 dB criterion. For all values of ¥
investigated the bandwidth parameter B,, consistently shows a
marked decrease from the estimates of Carrel and Mikhail except
for certain cases when o > 0.18. For these cases of larger ¢ the
calculated bandwidth decreases rapidly with increasing o, due
primarily to the narrowing of the useful bandwidth B by the
occurrence of very strong resonances which reduce the front-to-
back ratio below the 15 dB criterion.

Fig. 9(b) shows that for the lightly coupled modets (x < 0.25)
the maximum front-to-back ratio occurs near ¢ = 0.15, whereas
for tightly coupled antennas the best F/B performance will be
obtained for 0 < 0.07.

Fig. 10 presents the measured forward gain and front-to-back
ratio for five experimental antennas as a function of x with 0 =
0opt Where 0,1 Is empirically related to x by

By =By/B

Oopt = —0.536x+ b 6)

ar

From Carre! [7]

From Mikhail {6]

Normallzed bandwidth factor, B

24

T
X=-25 <
2 22| -
m
° .10
2
2 2 -
3 .20 =)
%
o
L 15—
N -
14 b= 1
30 —
12 |- -
10 1 L
05 10 15 o 20
(b)
Fig. 9. (a) Calculated normalized bandwidth factor for five-element

loop-coupled LPD antennas. Frequency limits are defined using 15
dB front-to-back criterion. 7 = 2 mm. (b) Calculated front-to-back
ratio at center of operating band B for five-element loop-coupled LPD
antennas, = 2 mm.

where
b=0.227fort=1mm

=0.252 fort =2 mm
={(.268 for f = 5 mm.

An optimum combination of gain and front-to-back ratio occurs
at approximately x = 0.25 (with ¢ = 0.11, t = 2 mm). Compar-
ison between Carrel’s corrected gain figures {8] and the average
computed gain figures in this study indicates that loop-coupled
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mum and minimum, respectively.

antennas can be designed with gain performance comparable
to that of their standard LPDA counterparts.

A theoretical study was undertaken to determine the depend-
ence of antenna performance, particularly the resonance phe-
nomenon, upon the spacing parameter z. Five-element antennas
with x = 0.25 and o = 0.11 were considered. The spacing param-
eter ¢ was varied in nine steps from 1 to 5 mm in 0.5 mm incre-
ments and the far-field front and back radiation patterns were
calculated.

The maximum front-to-back ratio shows a noticeable increase
with r although the anomaly front-to-back ratios become much
smaller for increasing ¢. An optimum tradeoff between maximum
front-to-back ratio and anomaly front-to-back ratio appears to be
for t approximately 1.5 to 2.0 mm.

Examination of the bandwidth characteristics of the nine
antennas gives an average normalized bandwidth factor B,, of
1.07 using the 15 dB front-to-back ratio criterion. A somewhat
larger average value of 1.21 is obtained using the 20 dB front-to-
back ratio criterion although this value is still smaller than the
estimate of 1.23 using Mikhail’s formula [6]. This increased
bandwidth performance is consistent with measurements made on
several experimental antennas.

The above design data were tested by application to a 15-
element antenna having the same parameters as the one in Fig.
5(b). The antenna performed as expected in all respects except
one: it had been designed for a 15 dB front-to-back ratio over a
2:1 bandwidth, but instead it exhibited a 20 dB front-to-back
ratio over that bandwidth.

IX. INPUT IMPEDANCE

The swept frequency antenna input impedance has been cal-
culated for several loop-coupled antennas; impedance measure-
ments made at several frequencies (approximately 13 frequencies
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for each antenna) agree well with the calculated values. The most
notable general feature of the impedance curves is the very rapid
phase change often associated with the anomaly frequencies. For
the antenna which exhibited the best anomaly control (¢ = 0.11,
x = 0.25) the operating bandwidth (approximately 700 to
760 MHz, corresponding to the maximum measured front-to-
back ratio region) is characterized by an average real impedance
of approximately 200 £ and an average reactance of —750 2, In
the Smith chart impeédance representation the anomaly at 800
MHz is readily identified as a sharp cusp; however, the anomaly at
888 MHz shows no such cusp. Using either the linear impedance
graphs or the Smith chart presentation leads to the conclusion
that terminal impedance is not a reliable indicator of anomalous
performance, a point also cited by Oakes and Balmain [1].

X. CONCLUSION

A relatively simple theoretical model has been developed for
analysis of the loop-coupled log-periodic dipole antenna. The
model employs transmission-line theory to represent the feeder,
mutual inductance to represent the feeder-to-dipole coupling
mechanism, and a single sinusoid to represent the current dis-
tribution on each half of each dipole. Theoretical computations
of antenna performance agree well enough with measurements to
establish the utility of the theoretical model for design purposes.
Design data are provided for optimizing gain and front-to-back
ratio over a specified bandwidth. Both calculations and measure-
ments show that the gain of a loop-coupled log-periodic dipole
antenna is comparable to that of a standard LPDA and that the
bandwidth is slightly greater.

One type of anomalous performance was studied in depth,
namely the occurrence of narrow-band parasitic resonances which
give rise to very high backlobe levels, levels which can exceed
the frontlobe level if the feeder is too loosely coupled to the di-
poles. In previous work these resonances had been associated
with the existence of a high-level standing wave on the feeder
between the location of the half-wave dipole and the location of
a reactive large-end termination, a standing wave which always
had a current maximum near the half-wave dipole under reson-
ance conditions. In this work it is shown that the parasitic reson-
ance is also associated with high-level out-of-phase currents on
adjacent dipoles, for dipoles equal to a half-wavelength or slightly
longer. In other words the high level resonance currents flow in
both the feeder and the dipoles. Furthermore, it is confirmed
both theoretically and experimentally that the parasitic reson-
ance can be eliminated by the use of a matched resistive termina-
tion at the large end of the feeder.

A graph of computed phase shift per antenna cell versus cell
length (analogous to a dispersion diagram) is shown to be useful
in two ways. First it shows how a standing wave on the feeder can
couple to a transmission-line mode on adjacent dipole elements,
in order to produce a parasitic resonance. Second, it demonstrates
in the normal radiating region the close coupling between feeder
currents and dipole currents which is necessary for the antenna
to function as an effective backward-wave radiator.
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