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Analysis of a Leaky Traveling Wave Antenna

Gregory M. Zelinski,Student Member, IEEEary A. Thiele,Life Fellow, IEEE,
M. Larkin Hastriter,Senior Member, IEEBMichael J. Havrilla,Senior Member, |IEEE,
and Andrew J. TerzuoliMember, IEEE

Abstract— Several leaky traveling wave antennas using the ~
first microstrip higher order mode were simulated with the >y
Finite Difference Time Domain (FDTD) method. The leaky
wave antennas investigated here differ from previous designs.  am A
The propagation constant of each antenna was extracted from =~ ]
the resulting guided field distribution for comparison with a A MI!!!!. ..!!!!mu

transverse resonance approximation, measured far-field patterns,

and other simulated antennas. Variations of geometry were ——— E-field lines
explored to investigate the complex propagation constant and
its effect on the far-field pattern and the bandwidth. ()

Index Terms— Antennas, traveling waves, leaky waves, Finite
Difference Time Domain (FDTD), bandwidth.

I. INTRODUCTION

ICROSTRIP antennas are attractive because of th: . faim 0
M light weight, low profile, and low cost. These antenna Z mlllllill!!!!!“mw
may be grouped into two classes: 1) the resonant patch, wh

is narrow band with a fixed main beam, and 2) the noi
resonant leaky wave antenna, which typically has a wider (b)

bandwidth with a frequency-steerable main beam.
q y 1. (a) The electric field pattern associated with the fundamental mode of

. . Fig.
A |eak.y wave antenna must be excited _by a h'gher ordl%azrostrip EH. (b) The electric field pattern associated with the first higher
mode, since the fundamental mode of microstrip does nwtier mode of microstrip EH

produce fields that decouple from the structure, as shown in
Fig. 1(a). If the fundamental mode is not allowed to propagate,
the next higher order mode may dominate above its cutgifave antenna and, thus, built it too short [4], [5]. Oliner [6]
frequency. Fig. 1(b) shows the electric field lines due to tHarther clarified the fact that Menzel had actually built a leaky
first higher order mode EH A phase reversal, or null, appearsraveling wave antenna with a complex propagation constant.
along the centerline that results in oppositely diredefields  since the late 1970's there have been a number of papers on
at the edges allowing the fields to decouple and radlate._ microstrip leaky wave propagation. Leaky wave propagation
In the late 1970's, Ermert [1], [2] was the first to publisthas been studied in [7]-[10] and leaky wave antennas in [11]-
the properties of higher order microstrip modes. Howevgh7], although, the potential of these antennas has not been
his work was incomplete because his longitudinal propagatigqy explored.
constant consisted solely of a phase consgabut neglected g performance parameters of a traveling wave antenna can
the leakage constani. At about the same time, Menzel [3]pq predicted as a function of the wavenumber in the direction
published a paper on a microstrip transmission line anténggnronagation within the structure. The guided wave phase
employing the first higher order mode. He assumed the§nstants determines the direction of the main beam from
was a meaningful leakage constant to allow the structure dfire and the guided wave attenuation constaétermines
radiate, but he did not recognize that he had developed a le3k¥ heamwidth of the main beam. Both constants together

Manuscript received : revised . determine the leaky wave bandwidth. Walter [18] provided

G. M. Zelinski was a student in the Department of Electrical and Comput@n €xcellent source for analysis of traveling wave antennas.
Engineering, Air Force Institute of Technology, Wright-Patterson AFB, OH Ag seen in Fig. 2(a), Menzel's antenna uses seven slots
45433, and is currently with the Air Force Research Laboratories, Wright- .

Patterson AFB, OH 45433, cut from the conductor along the centerline to suppress the
G. A. Thiele is currently a consultant with Analytic Designs, Inc., Columfundamental mode allowing leaky wave radiation via the first
bus, OH, working with the Air Force Research Laboratories, Wright-Patterswgher order mode. Fig. 2(b) shows an evolved antenna that

AFB, OH 45433. . .

M. L. Hastriter, M. J. Havrilla, and A. J. Terzuoli are with the DepartmenincorpOrates a metal wall down the centerline to block the
of Electrical and Computer Engineering, Air Force Institute of Technologfundamental mode instead of transverse slots. Symmetry along
Wwright-Patterson AFB, OH 45433. this metal wall invites the application of image theory. One

The views expressed in this article are those of the authors and do .. . . . .
not reflect the official policy or position of the United States Air Force, €ntire side of the antenna is now an image of the other side,

Department of Defense, or the United States Government. making it redundant and unneeded. The resulting antenna in
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Fig. 3. A 2-D depiction of the 3-D computational space. (a) TheZ slice

of the FW antenna extending into the UPML (not to scale). The single source
cell is marked by arX. Thez — z slice of Fig. 3(b) is outlined. (b) The — 2

slice of the FW antenna extending into the UPML (not to scale). Jhez

slice of Fig. 3(a) is outlined.

The copper conductor was modelled as a zero-thickness
perfect electric conductor (PEC) by setting the tangential
electric field to zero at the desired cell boundaries. Care
(c) was taken to accurately model the width of each antenna by
a[reducing the PEC width by 1 cell, as demonstrated by Sheen

20].

The excitation means washeard source with cubic growth
over the first few periods to eliminate the problematic high
Fig. 2(c) is half the width of Menzel's antenna. frequency components of rapid transitions. A single source cell

Advantages of the half width (HW) antenna compared {@jdway between the ground plate and the conductor strip, two
the Menzel antenna are: 1) no need to suppress the Ekblis inside from the open edge of the antenna and five cells
mode; 2) no slot cross-polarized radiation that reduces fgom the PML created the best traveling wave distribution,
diation efficiency; 3) purer guided mode compared to thgthough, nearly all contiguous geometries of source cells
Menzel configuration, which improves radiation efficiency; 4yerformed adequately.
potentially less mutual coupling in an array environment. o isolate the forward traveling wave, the reflections from

Il EDTD SIMULATION the free space bound_aries at the end_s of the substrat_e needed
' to be eliminated. This was accomplished by extending the
A. The computational domain substrate directly into the UPML, and modifying the affected

The three antennas of Fig. 2 were simulated for analysldPML cells to match the substrate. The resulting grid space
An FDTD algorithm [19] was used employing a 3-D centrafor the full width (FW) antenna is seen in Fig. 3. The
differencing Yee-cell formulation with a Uniaxial PerfectlyUPML absorbs all outward propagating waves in the substrate
Matched Layer (UPML). The UPML was 10-cell-thick, 4thallowing the forward traveling wave to develop exclusively.
order polynomial graded, and PEC-backed on all six faces.Convergence of the extracted wavenumber was maintained
The loss mechanism was normalized to free space to allavhile reducing the substrate thickness to only five cells and
layers of unlike materials within the PML. elongating the cells in the: direction to a size of 3:1:1.

Fig. 2. (a) Menzel's original antenna [3], (b) the full width (FW) antenn
and (c) the half width (HW) antenna.
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Fig. 4. The natural logarithm of the simulation data was used to determine
the propagation constant. R

Resolution within the structure was well over 100 cells per
wavelength for all trials. The substrate modelled, Rogers (b)

Duroid 5870 high frequency laminate, has a loss tangent _ o . i
g. 5. (@) is a transmission line circuit that approximates the cross section of

. . . |
of only 0.0012. NegIeCt|ng thl§ loss showed no nonceabg%lch of the three structures in (b) operating in mode .EFhe cross sections
effect on the extracted propagation constant. To further reduceb) represent Menzel (top), FW (center), and HW (bottom).

memory demands of the largest simulations, single precision
was used resulting in approximately@ecrease in memory

usage. These parameters allowed simulations to be accurategy confirmed with a steepest descent contour analysis. Fig. 5
run on a personal computer with only 1 GB of RAM. shows a transmission line model that is applicable to the cross

section of the Menzel, FW, and HW antennas. Each structure
can be modelled as a dielectric-filled parallel plate waveguide
of admittanceY(,. terminated at one end by a short circuit and
The objective of the FDTD simulations was to provide thﬂ]e other end by admittandg. The E null genera‘[ed in the
propagation constant of the vertical component of the electigy, mode by a vertical wall or transverse slots is represented
field £, inside the substrate between the top conductor apg a short circuitY; is an approximation of the admittance of
the bottom ground plate. The, data was retrieved from aan open edge of microstrip developed by Chang and Kuester
single row of cells stretching the length of the antenna in thg2], [23] using the Weiner-Hopf technique to analyze a TEM
# direction. The logarithm of the normalized magnitude of th@ave that is completely reflected.
2-directed electric field from these cells created a waveformThe transverse resonance relation:
from which o and 8 were extracted using:

B. Determination otx and 3

Lright(y) « Tiepe(y) =1 3)

must hold for all points in the transvergedirection.

The reflection coefficient due to the admittance of the end
As shown in Fig. 4¢ is the slope of the peaks bf E, (shown of the microstripY; is unity with a phase shiff, as defined
as a dotted line) ang is found from the separation of nullsin [22], [23]. At a pointy = y, just to the right ofY,
using:

E, = ela—iB)x
InFE, =ar — jfx Q)

_ 2 @) Cright(ya) = —e % @
)‘5 Fleft(ya) = e (5)

If the simulation is run long enough to ensure steady Staftherer — 5—ja is the complex wavenumber in the substrate
(the traveling wave distribution has a constant wavelengtiyad; is the width of the structure. Eq. (3) becomes:
only A\g/2 is needed for determination of the wavenumber.

—Jkw  oix = 1

x—kw = 4+nw n=13,5,.. (6)

. . —€
C. Transverse resonance approximation

For comparison, a transverse resonance approximation was
created following the work of Oliner and Lee [4], [21] whichn = 1 for the EH mode.
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Transverse Resonance Approx
® FDTD Simulation
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Fig. 6. The FDTD simulation of the HW is in agreement with the transverse
resonance approximation.
201
15
Fig. 6 shows that the transverse resonance approximation is
in agreement to within % of the FDTD-derived3 data over
the entire leaky band. °r

10+

IIl. RESULTS

Magnitude (dB)
(I
o

A. Similarities/Differences between HW, FW, Menzel

Generally our simulated and measured results showed -15¢
the HW antenna to have advantages over the FW antenna _x!
and Menzel antenna. At most leaky-band frequencies, the
Menzel configuration used here had noticeably larger cross-
polarization (e.g. 10 dB at 6.2 GHz decreasing to 2 dB at 3% 10 120 100 20 0 20 20
7.7 GHz) in the far-field as typified by the measurements in Angle from endfire (degrees)

Fig. 7(a). This is due in part to radiation by the non-resonant (b)

slots used to suppress the fundamental mode in the Menzel

configuration. The cross-pol energy from the Menzel slof@g: 7. (&) Cross-polarized and (b) Co-polarized measured far-field patterns
leads to decreased co-pol gain measurements, as indicated }rﬁe HW, FW, and Menzel antennas at 7.2 GHz.

Fig. 7(b). The co-pol decrease of the Menzel configuration

is typically on the order of 3 dB, although Fig. 7(b) shows == | .

an even greater reduction at 7.2 GHz. Further, the FDTH Limitations of the Transverse Resonance approximation

simulations show that the slots in the Menzel design are NOtrha transverse resonance model was useful to get a quick
as effective in keeping the fundamental mode suppressed aﬁdﬁroximation; however, a new model would be needed for

the long wall in the FW and HW antennas. eometries other than those in Fig. 2. In addition, te

'The CO'DF" measuremgnts showeq the HW has a sligh }Sproximation is not valid when the microstrip is curved or
different mainbeam location and an increased backlobe. TRIS .4

is due to an uncertainty in the HW fabricated model as to its C :

effective width since the vias are of finite diameter and mereJX Kuc.astt.ar, et al [23] state applicability to onllyin substrates
. ) . . —— in which:

approximate a solid wall. The effective width significantly

affectsa and 8 [24]. Slightly reducing the width of the HW

by 0.15 mm matched the: and 8 of the FW and Menzel h < ! @)
antennas seen in Fig. 7(b). W \EQ

Our simulated results confirmed thatand 3 of the FW and
HW antennas were the same, as anticipated by image theémyr a substrate thickness = 787um, Eq. (7) requires

Further, the FW antenna induced fields in the passive side thaguencies< 40 GHz, which is five times higher than the
degraded the 180phase difference across the width of théiighest frequency of this leaky band. Fig. 8(a) shows that
antenna [24]. This resulted in decreased radiation efficienE{DTD and transverse resonance begin to disagree as the height
(i.e., reduced measured gain) for the FW antenna relative tofahe substrate increases past thia criteria of Eq. (7), near

HW antenna with the samg, as evidenced in Fig. 7(b). h=1.1 mm at 6.7 GHz.
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C. Modifying dimensions to meet bandwidth specifications

The leaky bandwidth is defined hy = g at the lower end ir
and 3 = ko at the upper end. Bandwidth around a desired oo}
center frequencyf. can be achieved by scaling the width of
the conducting strip, the height (or thickness) of the substrate,
and/or the permittivity of the substrate. The bandwidth can be .o
increased, to a limited extent, by the selection of the substrate= ot
material. As a fraction of the center frequency, the percent s 5| Transverse Resonance Approx
bandwidth will be unaffected by altering the height and width, ® FDTD Simufation
although f. can be readily shifted. The choice of substrate f: o4
material and thickness is usually dictated by cost or availability =~ 93|
of material, therefore, the width is typically the parameter to o2/

manipulate. o1 . alk

Fig. 8(a) illustrates the relationship between the height, or e . . 2 5
thickness, of the substrate and the propagation constant. Like % 05 1 15 2 25
permittivity, the height of the substrate is usually dictated by Substrate Height (mm)
the material available. All antennas simulated and fabricated (a)
for this work used material that was 787m thick. As
mentioned in the previous section, the transverse resonance 1f °

solution includes an approximation that limits its applicability ool
to thin substrates. The difference h between FDTD and

transverse resonance becomes noticeable for heights greater 0
than approximately 1.1 mm. o 071

X

Fig. 8(b) shows that the propagation constant is very sen-= os|
sitive to the width of the conductor strip. As little as 0.1 mm 5 .|
difference in width will cause as much &8% error in 3. This
sensitivity to width requires adequate fabrication precision. f: o

Fig. 8(c) illustrates the relationship between the relative
permittivity of the substrate and the propagation constant. oz

.81

Transverse Resonance Approx

® FDTD Simulation

031

Fig. 9 shows the bandwidth as a function of substrate permit- ¢ alk,
tivity overlayed with common substrates. Bandwidth increases

: . . 0 : : : > °
rapidly as the substrate dielectric constant nears that of free 6 6.5 7 75 8 85 9
space. Fig. 10 shows the drawback of lower dielectric constant width (mmy
substrate is a very low across most of the leaky band. Low (b)

« results in little energy radiating per unit length.

The leaky frequency band can be scaled up or down by  1if raneveree Resomance Amoror
scaling the width and height inversely while using the same  o9/| e FpTD Simulation
permittivity. For example, Table | shows the effect on fre-
guency by halving the height and width. While the bandwidth
appears to double, the effective bandwidth remains the sames
percentage of the center frequenty a o6l

0.8

0.7r

5 05
TABLE |

SCALING THE FREQUENCY BY A FACTOR OF TWO

0.4r

o

N

=
(=]

031

Bandwidth | 2.4 GHz 4.8 GHz ok
fe 7.08 GHz | 14.16 GHz '
w 15 mm 7.5 mm 01k
h 787 um 393.5um .
Er 2.33 2.33 0 15 2 25 3
Substrate Relative Permittivity
Frequency scaling does not prove useful for reduction of the (©)

FDTD simulation since cross section ratio of height to width, o 1,0 sarameters of the HW antenna are 787um, e, — 2.33, and

is unchanged. However, this property could be useful to shripk= 7.5 mm. Shown are the effects at 6.7 GHz of varying the (a) height, (b)
the antenna to meet measurement faci|ity size constrairt@nductor width, and (c) permittivity with the other parameters unchanged.
Conversely, fabrication may be made easier by increasing 'EHE dashed line in (a) is a quadratic least square of the FDTD data points.
size of the antenna.
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—)£

e Half width (HW) antenna
W RT/Duroid 5870 (er =2.33) PML

601 @ RT/Duroid 6002/6202 (g, = 2.94)
& TMM4 (g =450) y

50

Bandwidth (%)
iy
o

30

10 i i i i i i i Fig. 11. The 180 curve simulated with the wall on the inside of the curve.
1 15 2 25 3 3.5 4 45 5 The source cell is marked by thein the lower left of the figure. The guided
Dielectric Constant of Substrate traveling wave was extracted from the cells marked by the dotted line along
the open edge using angular positiémwith respect to the source cell.
Fig. 9. The bandwidth as a function of substrate permittivity for the HW
antenna (h = 0.787 mm; w = 7.5 mm.) Three common, commercially-available TABLE I

substrates are overlayed SUMMARY OF CURVATURE TRIALS.

180° [ 1807 | 180° | 90° [ straight
1 ‘ S Radius(cm) 336 | 423 | 532 | 9.3 0
"—" - Arc length (cm) 10.6 | 13.3 | 16.7 | 14.6 N/A
0.9 ‘,qw‘ b Largest\g possible (cm) | 21.2 | 26.6 | 33.4 | 29.2 N/A
»** Lowest f possible (GHz) | 6.2 6.1 6.0 6.1 N/A
* | Approx Bandwidth (GHz)| 2.8 2.7 2.6 2.5 2.3

a 180 arc of radius 4.23 cm produces destructive interference
indicating the presence of one or more other modes.

E. Effect of multiple elements anand 3

The main beam of a traveling wave antenna is frequency
o /k, 1 steerable in the longitudinal direction from near endfire to
‘ near broadside. A linear array of HW elements is able to

L -t S scan in two dimensions. A first step to developing such an

array is to determine the effect of spacing between neighboring
Fig. 10. The normalizedv and 3 curves in the leaky band for the HW elements. Two elements were S'mUIat_ed n_eXt to each other
antenna using substrate with=1.33 (h = 0.787 mm; w = 7.5 mm.) at 7.2 GHz. The results were nearly identical regardless of
whether the second element was excited or not. The impact
on the propagation constant by a neighboring element is shown

D. Effect of curvature onx and 3 in Fig. 14. There is minimal interaction between elements if

sh N Fig 11 dHW ithi Il al they are separated by at le@st5) and virtually no interaction
ownin Fig. 11 is a curve antenna with its wa along 1 spacing is ove.4\.

the inside edge. Simulations were done at radii of 3.36, 4.23,
5.32, and 9.3 cm. 180wvas simulated when possible. Only’90
was simulated for the largest simulation due to availability of IV. CONCLUSION
computing resources. The size of the computational domainA three dimensional FDTD simulation was constructed to
of all curved simulations necessitated only single precisiosimulate various leaky wave microstrip antennas. FDTD was
The cell size 1.5:1.5:1 was used for all curved HW trials. Nathown to be able to extract the complex guided wavenumber,
enough information is available to extract the wavenumbeich is useful in predicting antenna performance measures
for frequencies whose\s is greater than twice the lengthsuch as bandwidth, beamwidth, and main beam direction. The
of the arc. The curvature trials are summarized in Table Bntenna geometry was easily manipulated in FDTD to meet
Fig. 12 shows that curvature increases bandwidth by flattenigrious testing requirements of different structures. Several
3, predominantly for the lower frequencies, while keeping means were found to decrease the number of cells required
relatively unaffected. As the radius of curvature decreases, theaccurately simulate the antennas allowing elaborate simula-
bandwidth increases. tions with only a standard desktop PC with 1 GB of memory.
Curvature with the wall on the outside hampers the ability dfigh performance computing resources, which are typically
the antenna to set-up only the Elrhode. As seen in Fig. 13, required for such modelling, were not used.
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Fig. 13. Curvature with the wall on theutsideproduces field distributions,
seen here at (a) 6.4 GHz and (b) 7.4 GHz, that suggest the presence of multiple
modes.

The HW antenna was shown to be an improvement over
both the FW antenna as well as the Menzel antenna. The
propagation constant of the HW antenna behaved equivalently
to the FW antenna as anticipated by image theory. In addition,
the non-excited side of the FW antenna was shown to degrade
the 180 phase difference across the structure’s width thereby
decreasing the radiation efficiency. The vertical wall of the
HW antenna was found to be more capable of blocking the
fundamental mode than the slots in the antenna developed by
Menzel.

Two HW antenna elements were excited in close proximity
to test mutual interaction. No effect to the propagation constant
of elements was observed if the spacing distance was greater
than 0.4\. This lack of mutual coupling will simplify array
designs.

The effect of curvature on the complex propagation con-

Fig. 12. The curved HW antenna with a radius of (a) 93 mm, (b) 53 mrstant of the HV\_/ antenna was investigated._As a function of
(c) 42 mm, and (d) 34 mm. For comparison, the single precisioneddata curvature, no significant impact ta was noticed, however,

is plotted alongside the single precisistraight data.

the 5 plot showed significant flattening, particularly at lower
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Radiation and Scattering Compact Antenna Laboratory (RAS-

0.01
Ta, CAL) facility.
0.009r '~.. * The foundation FDTD code was graciously furnished by
0.008} 'u o Dr. Susan Hagness and Keely Willis of the University of Wis-
0007k ’o’ consin Computational Electromagnetics Laboratory. Although
_ e Ik their code was extensively rewritten and modified for our
g oo *s, Ak purposes, it provided an excellent starting point for our work.
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