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Leaky-Wave Antennas Using Artificial
Dielectrics at Millimeter Wave Frequencies

I. J. BAHL, MEMBER, IEEE, AND PRAKASH BHARTIA, SENIOR MEMBER, IEEE

Abstract—A novel approach for the design of leaky-wave antennas
using artificial dielectrics at millimeter wave frequencies is discussed. The
general radiation characteristics of leaky-wave structures of finite length
are presented. The feasibility of frequency scanning and dielectric scan-
ning (changing the direction of the beam by varying the relative permittiv-
ity of the electrically controlled liquid artificial dielectric medium) of a
leaky-wave antenna using rodded artificial dielectric is investigated theo-
retically. Calculations shown that the beam angle changes from 20° to 50°
off broadside when the frequency is changed from 31.1 to 35.4 GHz or the
permittivity of the embedding medium of the artificial dielectric is changed
from 1.6 to 2.04. Over a scan range of about 40° the beamwidth is almost
constant, For large scan range, the beamwidth of a dielectric-scanned
antenna (DSA) is about 15 percent less than the frequency-scanned
antenna (FSA). The gain of a DSA is greater than the FSA and also has
less variation over the scan range. The power efficiency is approximately
the same for both the antenna types with worst case efficiency being about

85 percent.

I. INTRODUCTION

IGNIFICANT DEVELOPMENTS in millimeter

wave technology have given rise to small, rugged, and
high resolution radars. In addition, demands for military
radars in missile, rocket, shell, and tank applications have
generated a need for less complex, improved performance,
low cost, electronically scannable antennas. Leaky-wave
antennas have the potential of meeting these require-
ments, as evidenced by the literature on frequency scan-
ning leaky-wave antennas using dielectric waveguides [1]-
{7], dielectric rod antennas for millimeter wave integrated
circuits [8], dielectric rod antennas integrated with an
image line as a feed network for a frequency scanned
array at millimeter wave frequencies [9], etc.

Leaky-wave antennas constitute a class of traveling
wave antennas and are characterized by propagation of a
leaky wave along an interface. These antennas are capable
of providing very narrow beams, can be flush mounted
(for example, with the missile body), are easily matched at
the input and output ports and possess electronic
(frequency and dielectric) scanning characteristics.

The leaky-wave antenna using inverted strip dielectric
guide has the disadvantage of low leakage energy. It has
been pointed out in [10] that periodic loading of a basi-
cally slow wave structure produces a complex wave which
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LLEAKY INTERFACE

Fig. 1. Radiation from a leaky interface.

continuously radiates power in space but with the bulk of
the guided energy being bound. This bound energy for
small length antennas is generally larger than the radiated
power. Thus the antenna radiates in the endfire direction
51

In the present paper, the design considerations for
leaky-wave antennas are reviewed. Potential structures for
millimeter wave leaky-wave antennas are described. Radi-
ation characteristics of an artificial dielectric structure as
a millimeter wave leaky-wave antenna are investigated
theoretically. Electronic scanning using variable frequency
as well as variable dielectric constant employing a rodded
artificial dielectric structure is explored.

II. REVIEW OF LEAKY-WAVE ANTENNAS

A leaky-wave antenna may be simply defined as the
guiding structure which conveys guided waves accompa-
nied by radiation into space as shown in Fig. 1. The
radiated waves are excited by the guided waves traveling
along the uniform or periodically loaded guiding structure
with complex propagation constant y. Although the theo-
retical basis for leaky waves has long been discussed
[11]-[16], this section reviews the leaky-wave antennas
from the design point of view.

Expressions for the radiation characteristics of such
structures are given in Table I. The angle # is measured
from the normal to the antenna interface. y= 8+ ja, where
B and a are the real and imaginary parts of the propaga-
tion constant normalized with respect to free space propa-
gation constant k,=27/A,. The antenna aperture has
dimensions of length L and width W, and «, is the
normalized attenuation constant due to ohmic and dielec-
tric losses in the structure.

The Kirchhoff- Huygens method has been used in the
derivations of the above expressions and the antenna is
excited from one end. It is assumed that the structure is
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TABLE1
DEsIGN EXPRESSIONS FOR A LEAKY-WAVE ANTENNA (THE
EXPRESSIONS ARE VALID FOR AN UNIFORM PLANAR STRUCTURE
EXxcITeD AT ONE END AND RADIATING INTO UPPER

HEMISPHERE)
Expressions for Radiation Characteristics Reference

Radiation Pattern in H-plane, R(8)

R(0) = |cosé . sin[d(sine-y)1/[d(sine~y)1|? where a = k_L/2 (153, [18]
Beam Direction, O

2,2 2, 2,2 2.}
s oain=l 148%40” ~{ (148 +a”) T-487}

0p = sin [ 28 ] (171

0, = sin™! (B) for  a<<B
Beamwidth, BW(radians)

BW = sin"! (g + (|A|+0.165)/d} - sin"t{g - (|A|+0.165)/d} r1sl
where

L2 2 1
|al= 0.866 (-(SiALed) 5y, (5inh {ed) 532 45 667 sinh?(aq) 1312
(ad) (ad)

Gain, G

G = cosem[4n WL/Ag] [tanh{ad) /(cd) ] [17]
Side-lobe Level, SL

((31/2) %+ (2a) 2} {(1-87) tann®(ad)/(ad) ?}
SL(-dB) = 10 log{ > ] (173
r-(g-1-5%/4)

Efficiency, n

n 9/ = 100(1-a /a) [1-e"**% (177

uniform, ie., the propagation constant does not vary
along its length. It is also assumed that either the remain-
ing power at the far end of the antenna is negligible
because of leakage, ohmic, and dielectric losses, or that
the antenna is terminated in a resistive matching arrange-
ment. These expressions for the radiation characteristics
will be used for designing leaky-wave antennas at millime-
ter wave frequencies.

HI.

Structures for leaky-wave antennas at millimeter wave
frequencies can be divided into two categories: perturbed
waveguide type (Fig. 2(a)) and open guiding type (Fig.
2(b)). Slotted waveguide [10], [20], thin wall waveguide
[21], inductive grid waveguide [22], and grounded artificial
dielectric slab [16], [18], [19}, [23]-[25] structures have
been studied at microwave frequencies whereas the in-
verted strip dielectric guide [1]-[5] and dielectric guide
with conducting perturbations [6], [7] have been studied at
millimeter wave frequencies. In the present paper, artifi-
cial dielectric filled waveguide and the grounded artificial
dielectric slab will be discussed. The artificial dielectric
used is shown in Fig. 3. It consists of a two-dimensional
array of conducting wires embedded in a lossless dielec-
tric medium. The dielectric medium may be a dielectric
material or a liquid artificial dielectric [26]. When an
electromagnetic wave propagates in a direction perpendic-
ular to the direction of the wires with the electric field

LEAKY-WAVE STRUCTURES
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Fig. 2. Various structures for leaky-wave antennas at millimeter wave
frequencies. (a) Perturbed waveguide. (b) Open guiding.

DIELECTRIC GUIDE WITH
CONDUCTING STRIPES

Wires Embedded in Medium with Rel
Dielectric Constant €,

e o o /21‘0
— b § o -] o [-]
— L.
| ememem————————— | o ) ° )
y :Ji z [+] [+ o 0l
[+] a
Q o
— T bl °F

Fig. 3. Artificial dielectric structure consisting of two-dimensional array
of wires embedded in medium of dielectric constant ¢,,,.
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Fig. 5. Variation of parameters of artificial dielectric as a function of
dielectric constant.

component in the direction of the wires (as in the TE
mode), the structure has effective relative permittivity e,
less than unity. Such a medium is called a phase advance
artificial dielectric [27]-[29] and supports fast leaky waves
[18].

The effective relative permittivity, the effective relative
permeability p,. and the index of refraction n for this
structure are calculated using the analysis given in the
appendix. Results are shown in Fig. 4 as a function of
frequency and in Fig. 5 as a function of dielectric con-
stant. These structures have low frequency as well as high
frequency cutoffs. In the case of Fig. 4, the artificial
dielectric (AD) parameters are plotted between the two
cut off frequencies whereas in Fig. 5, the AD parameters
as a function of ¢,, are shown only for n< 1, where ¢, is
the relative permittivity of the embedding medium. Values
of dielectric constant for few controllable liquid artificial
dielectric medium are given in {26]. In most cases ¢,, =~2.
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Fig. 6. Aurtificial dielectric slab. (a) Dielectric material as a embedding
medium. (b) Liquid artificial dielectric as a embedding medium.

A. Propagation Constant of the Structure

The radiation characteristics of leaky-wave antennas
described above are determined by the propagation con-
stant y which can be obtained by solving Maxwell’s equa-
tions with the associated boundary conditions, or by using
a transverse resonance technique or by a variational for-
mulation. For some structures, usually the open type, it is
possible to formulate the boundary value problem, obtain
the dispersion relation and solve for 7.

The geometry of the configuration to be analyzed is
shown in Fig. 6. The AD slab shown in Fig. 6(a) uses solid
dielectric material as a embedding medium while in Fig.
6(b) the embedding medium is a liquid artificial dielectric.
The thickness of the AD slab is h. The structure is as-
sumed to be infinite along the y-direction. Only TE modes
are considered because the refractive index of the AD is
less than unity for these modes. A simple expression for
the normalized propagation constant y for TE,;, modes
(the suffix m denotes half-sine variation of field in the 4D
slab along the x-direction, while the second suffix 0 signi-
fies that there is no variation of field along the y-direction
as assumed earlier) is obtained in the same way as it was
obtained for the dominant TE,;, mode [18]. This expres-
sion is given by

mw \?
Y= €r;ur_(_igo_h)
LT/
.{1- 1 1/2} m
1+('— l)m”’r{kghz_(er”'r_1)—(mw)2}
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Fig. 7. Normalized propagation constant (real and imaginary parts) as
a function of frequency.

and may be used to calculate the propagation constant for
any mode. In deriving this expression, the AD slab is
assumed lossless. However, since the loss due to radiation
is much larger than the ohmic and dielectric losses, the
latter two losses will be considered separately.

Values of normalized propagation constant y=(8+ja)
calculated at various frequencies by using (1) for a=5=0.2
cm, r=0.00625 cm, ¢,,=2.0, and for various values of A
are shown in Fig. 7. The mode assumed here is the
dominant TE,, mode. The attenuation constant a de-
creases with the increase in the value of 4 and the phase
constant B increases with increase in the value of A at
higher frequencies only (above 30 GHz).

IV. ELECTRONIC SCANNING

Most of the leaky-wave antennas are capable of chang-
ing the direction of the radiated beam with change of
frequency. In these antennas, scanning is achieved as a
result of the frequency dependence of the complex propa-
gation constant. In the present structure the complex
propagation constant can be changed by changing the
frequency or by changing the dielectric constant of the
embedding medium as in the case of electrically controlled
liquid artificial dielectrics [26]. In general, the direction of
the radiated beam is given by ,, =sin~!(8). In the case of
thin-wall leaky-wave antennas and liquid artificial dielec-
tric filled waveguide antennas, 8, is given by

. }\0 211/2 .
=sin” —_f — 2
8,=sin""| ¢, (Za) 2)
where a is the broad dimension of the waveguide. Both
the frequency scanning and the dielectric scanning (i.e.,
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Fig. 8. Variation of beam direction and beamwidth with frequency of
a frequency-scanned antenna.

changing the permittivity of the liquid artificial dielectric
medium by varying the amplitude of the applied low
frequency voltage) techniques will now be considered.
Because scan angle varies with frequency, the more dis-
persive the structure the faster the scanning.

A. Frequency Scanning

If the AD structure is to be used as a frequency scanned
antenna the dielectric constant of the embedding medium
should be greater than unity (Appendix, Fig. 15). The
parameters of the AD change faster with frequency when
the dielectric constant of the embedding medium is in-
creased. Hence the frequency range over which the refrac-
tive index varies from O to 1 gets reduced and the scan
rate (change in 8, per unit frequency) is increased.

The variations of beam position and beamwidth with
frequency for various values of A are shown in Fig. 8. For
h=1.0 cm, the scan rate is almost constant from 20° to
65°. It is noted that the beam angle changes from 10° to
65° off broadside when the frequency is varied from 30.3
to 38.8 GHz. For the parameters considered, the value of
scan rate is 6°/GHz. As pointed out earlier, higher scan
rates may be obtained by increasing the dielectric con-
stant value of the embedding medium. It is found that the
present structure (AD) is much more dispersive, i.e.,
Ad,/Af is larger than the insular guide studied for
frequency scanned array [9)], silicon waveguide with
metallic stripe perturbations used for frequency scanned
antenna [6] and inverted strip dielectric waveguide [2], [5]
when the same dielectric material is used.

The beamwidth as shown in Fig. 8 does not vary
monotonically. The beamwidth decreases with the in-
crease in the value of A. This figure shows that the
beamwidth of an 4D antenna increases rapidly when the
frequency approaches the low frequency cutoff. In the
present case for A=1.0 cm, the beamwidth is almost
constant over the frequency range of 30.35 to 36.0 GHz.
The gain for this antenna is shown is Fig. 9 and is
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Fig. 9. Gain and efficiency of a frequency-scanned antenna as a func-
tion of frequency.

constant for this frequency range. Further, the variation
of efficiency of this frequency-scanned antenna is also
shown in Fig. 9. Maximum efficiency is available when
the height of the AD slab is small. This is because of the
fact that for smaller heights the attenuation due to radia-
tion is much more than the attenuation due to ohmic
losses. In the worst case, the efficiency obtained for A=1.0
cm in the frequency range, 30.35 to 36 GHz is about 85
percent.

B. Dielectric Scanning

For dielectric scanned leaky-wave antennas, fast scan-
ning can be obtained by using liquid artificial dielectrics
of high relative permittivity, The variations of beam posi-
tion and the beamwidth as a function of dielectric con-
stant are shown in Fig. 10. In this case also the scan rate is
almost constant from 20° to 65°. The scan rate (Af,, /Ae,,)
is 70°/(Ae,, =1). The beamwidth is nearly constant over
the scan range of 8° to 50°. The gain and the efficiency
are plotted in Fig. 11. For A= 1.0 cm, the gain is almost
constant over the scan range. As in the case of frequency
scanning, the efficiency is higher for smaller heights of the
AD slab. The worst case efficiency for A=1.0 cm is about
85 percent.

C. Comparison of Frequency and Dielectric Scanned
Antennas

Angle scanning characteristics of frequency-scanned
and dielectric-scanned antennas are compared in Table II.
For this comparison, 2=1.0 cm and the same angle scan
ranges are selected to obtain minimum variation in
beamwidth and gain.

From Table II it is noted that for small scan ranges
(20°-50°), the frequency scanned antenna (FSA) has less
variation in the beamwidth as compared to the dielectric-
scanned antenna (DSA). The gain of a dielectric-scanned
antenna is greater by about 0.8 dB over the frequency-
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Fig. 10. Variation of beam direction and beamwidth with dielectric
constant of a dielectric-scanned antenna.
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Fig. 11. Gain and efficiency of a dielectric-scanned antenna as a

function of dielectric constant.

scanned antenna. Efficiency is more or less the same for
both the types in the case of small scan ranges as well as
for large scan ranges. For large scan range (10°-55°), the
maximum and minimum gains of DSA are 21.0 dB and
19.2 dB, respectively, compared to 20.2 dB and 17.0 dB
for the FSA. It is thus noted that the FSA has more
variation in the gain of the antenna in comparison to the
DSA. Variation in the beamwidth is almost the same for
both techniques, although the DSA has about 15 percent
less beamwidth than the FSA. Thus it may be concluded
that for large scan ranges, a dielectric-scanned antenna
has better scanning characteristics than a frequency-
scanned antenna.

APPENDIX

DESIGN OF AN ARTIFICIAL DIELECTRIC MEDIUM

An artificial dielectric medium using a two-dimensional
array of conducting wires is shown in Fig. 3. The wires are
embedded in a dielectric medium whose loss tangent is
very small. For finite conductivity of the wires, the com-
plex propagation constant is given by [27]-[29]

cosh(y,b)=cos(Ve,, B) +j5—Z—Z°?sin(\/§ B) (3)

t m
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TABLE II
COMPARISON BETWEEN FREQUENCY-SCANNED AND
DIELECTRIC-SCANNED ANTENNAS AT MILLIMETER WAVE
FREQUENCIES (L=5.0 cm and W=2.0 cm)
Angle scan range (Degrees)
Characteristics 20 ~ 50 1o - 55
Frequency Dielectric Frequency Dielectric
Scanning Scanning Scanning Scanning

Frequency range (GHz) 31.1-35.4 35.0 30.0-36.4 35.0
Dielectric constant 2.0 1.6-2.04 2.0 1.51-2.115
range
Beamwidth (radians)Min. 0.21 0.18 0.21 0.18

Max. 0.24 0.26 0.34 0.30
Gain (dB) Min. 19.2 19.9 17.0 19.2

Max. 20.2 21.0 20.2 21.0
Efficiency (%) Min. 85.0 85.3 84.8 85.3

Max. 93.5 92.3 96.5 96.0

where
B 2ab/Ag;
b spacing between the wires in the direction

of propagation;
free space wavelength;

Ao
v,=a,+jB,  the complex propagation constant in the
rodded artificial dielectric;
€, the relative dielectric constant of the em-

bedding medium;
Z,=120x & impedance of free space;
Z, the shunt impedance of the wire grid.

The shunt impedance Z, of a grid of lossy wires is
composed of two parts [30]: the internal impedances of
the wires Z,=(R,+jX;) and the reactance (X,) of a I
parallel wire grid in a plane normal to the direction of

propagation [31]. Thus
Z,=Z,+jX,=R+j(X;+X,). 4
\

_____ - x;
e t =35.0 GHz

1 L

| S T U U0 O 1000 RNURN S N W |
150 200

30 40 50 60 80 100

r/d

Fig. 12. Real and imaginary parts of internal impedance of a copper
wire as a function of its normalized radius with respect to skin depth.

The shunt reactance of a grid for r<a (where r is the
radius of the wires and « is the spacing between the wires
of a grid), and the resistive components of the internal

impedance of a single wire are given by

Z,a a
Xg= }\0 In (2wr) )
0 the surface resistivity and the penetration depth may be
R AR (O AR A4 written as
= | X Q/unit length (6)
V2ar| (J,)+ (%) R,=2.6x10"7VFf @ (8)
R Jor - Jor +Jo;i* =
X,‘ = s 0r Yor 0’ 01 , Sl/umt Iength (7) d= 6-5/\/} cnl. (9)
V2ar (J(llir) +(-’6i) Variations of the real and imaginary parts of the inter-
nal impedance as a function of the r/§ ratio for f=35

GHz are shown in Fig. 12. The resistive part decreases

where R is the resistivity of the wires (Vau,f/0 ), J,, and
Jo; are the real and imaginary parts of the Bessel function
Jo(x) of order zero and complex argument x=(1-,)r/é).
The prime sign stands for the derivative, § is the penetra-

tion depth (1/Vapgfo), po is free space permeability,
and o is the conductivity of the wires. For copper wires

monotonically with /8 and the reactive part is oscillatory
in nature for small values of r/8 and decreases monotoni-
cally for large values of /8. For r/8 > 100, R, and X, have
nearly the same values. R; and X; versus frequency for
various values of the radius of the copper wire are shown
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in Fig. 13. For r>0.004 cm, R, and X, increase linearly
with frequency. For r=0.00625, the expressions for the
internal resistance and reactance can be written as

R,=1.8+0.05( f—30) 2/cm
X,=2.02+0.051( f—30) €/cm

(10)
(11)

where f(GHz) > 25. These expressions have an accuracy
better than 0.5 percent.

For moderate attenuation in the structure, ie., a,<8,,
(3) may be written as

cos(nB)==cos( Ve, B)
(X;+X,)Z,

2RI+ (X,+X, )} Ve,
R,Z,

2b{R?+(X,+X,)*} Ve,

+

sin(Ve,, B) (12)

o=

sin(\/g,: B)/sin(nB),

nepers/unit length  (13)

where

Ao
"= g
is the effective index of refraction of the artificial dielec-
tric medium. If the loss in the embedding medium due to
its finite conductivity is also considered then the total
attenuation constant becomes

(14)

a=a,+fay,
where

a;=mVe, tand/A,, (15)

nepers/unit length
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Fig. 14. Attenuation constant due to ohmic and dielectric losses in an
infinite artificial dielectric structure.

and tan$ is the loss tangent of the embedding dielectric
medium.

Variations of the total loss, a, Np/cm in the 4D
structure as a function of frequency for various values of
the spacing between the wires is shown in Fig. 14. As the
spacing between the wires increases the structure loss
decreases. The loss decreases monotonically with the
frequency.

The effective relative permittivity and the effective rela-
tive permeability of the 4D medium have been obtained
[32] and can be derived as follows. The characteristic
impedance Z, of the rodded medium is given by [28]

Z= \/Zeim tan(\/z; B/Z)/tan(nB/Z). (16)

For a plane wave, the characteristic impedance of the
medium with relative permittivity €, and relative permea-
bility p, can be written as

Z,=2, i:— (17)

From (16) and (17) and n= Ve, p,
¢,=nVe,, tan(nB/Z)/tan(\/Z; B/2) (18)
B, = -\/nTtan( Ve, B/2)/tan(nB/2).  (19)

m

The low frequency cutoff of the structure is obtained by
solving

(Xi+Xg)ZO
2{R*+(x,+X,)") Ve,

cos(\/a B)+ sin(\/a B)=ijl

(20)

whereas the high frequency cutoff is given by
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fro= —2—(GH2)

€

@n

m

where b is in centimeters. Variations of frequencies corre-
sponding to n=1 and n=0 as a function of ¢, for various
values of wires spacing are plotted in Fig. 15.
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