1922 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 51, NO. 8, AUGUST 2003

Broadband Tapered Microstrip Leaky-Wave Antenna

Wanchu Hong, Tai-Lee Chen, Chi-Yang Chang, Jyh-Wen Sheen, and Yu-De Lin

Abstract—This study proposes a novel scheme based on the
characteristics of leaky-wave antennas for the empirical design of
broadband tapered microstrip leaky-wave antennas. This scheme
can explain and approximately model the radiation characteristics
of a linearly tapered leaky-wave microstrip antenna. A broadband
feeding structure that uses the balanced and the inverted balanced
microstrip lines to form a pair of broadband baluns is also
presented. The measured return loss of the inverted balanced -
microstrip lines has aVSWR < 2 from dc to 18.6 GHz and
that of the back-to-back feeding structures has aVvSWR < 2
from 2.2 to 18.6 GHz. This feeding structure can be used to feed a
broadband planar leaky-wave antenna with a fixed mainbeam that
uses the tapered microstrip structure. The measured bandwidth
of the antenna foraVSWR < 2 exceeds 2.3:1.

Index Terms—Broadband planar balun, feeding structure,
leaky-wave, microstrip, tapered antenna. frequency(GHz)
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Fig. 1. Typical propagation characteristics of the normalized phase constant
|. INTRODUCTION B/ko and the attenuation constanty/k, of the microstrip leaky-wave first

0 CCORDING to the characteristics of space-wave leakag@her order mode = 13.58 mm, h = 0.508 mm, &, = 2.2).

of higher order modes on planar transmission linegpstrate and by the feeding structures. If the dielectric constant
[1]-[4], the radiation bandwidth of microstrip leaky-wavepf the antenna substrate equals one, the radiation region of the
antennas exceeds that of planar resonant antennas, suchigfostrip higher order modes can cover the entire band above
patches and printed dipoles. And because of their simplicifiyeir cutoff frequency. However, the dielectric constant of the
of fabrication, the microstrip leaky-wave antennas are veghmmonly used microwave substrate is about 2.2 and thus the
appropriate for millimeter-wave applications [5]. The miradiation bandwidth is reduced. Adopting a tapered line struc-
crostrip leaky-wave antennas have different applications, sugfie can also improve the bandwidth of the leaky-wave antenna
as frequency-scanning antenna [6], point-to-point high-gajno], [11]. Here, a semi-synthetic design procedure is proposed
antenna [7], multibeam antenna [8], and active integratesk designing multisection antennas. This design procedure can
antenna [9], according to the choice of the higher ordgfso be applied as a stepped approximation method to explain
modes, structural parameters and structure profiles. For #d approximately model the tapered microstrip line with a
point-to-point communication, the mainbeam variation caus@flear profile. This method was widely used to analyze the
by the frequency-scanning feature of leaky-wave antenn@gered slot antenna [12]-[14].
should be as low as possible. A direct and possible solutionThe design of a broadband feeding structure is also es-
to the mainbeam-scanning problem is to use a tapered lgéntial to exploit fully the broadband feature of a tapered
structure so that radiation in different frequency regions usgficrostrip leaky-wave antenna. Some typical feeding struc-
different parts of the antenna, resulting in a fixed mainbeafyres for exciting the first higher order mode of a microstrip
This structure is inherently broadband. This study presemégky-wave antenna include unsymmetrical microstrip line [2],
such a broadband taperEd antenna, based on the first hig*hﬁfrostrip_to_got”ne [15], C0p|anar Waveguide (CPW)_to_sk)t_
order mode of the microstrip leaky-wave antennas with |@e [9], coaxial-to-microstrip [16], aperture-coupled [17], and
fixed mainbeam. The radiation bandwidth of a microstrigicrostrip-to-coplanar strips (CPS) [18]. The bandwidth of
leaky-wave antenna is generally less than 20%. The limitatigfese feeding structures is not sufficiently wide (less than or
of the bandwidth is dominated by the dielectric constant of thgound about 20%) for broadband applications. This study
presents a broadband feeding structure that uses balanced
Manuscript received January 18, 2001; revised May 30, 2002. This reseafd@] and inverted balanced microstrip lines to form a pair of
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be obtained by full-wave analysis such as spectral domain an 80
ysis (SDA) [4]. The radiation leaky region can be defined as tt
band between the frequency point at which the phase const
equals the attenuation constdfit= «), and that at which the
phase constant equals the free-space wavenufber k).

The frequency region below the radiation region can be consi s
ered as the reactive region owing to its evanescent property. #
a frequency above the radiation region the bound mode prc ¢ 40
agates because > ks anda = 0 (A very narrow frequency ¢
region exists for surface-wave leakage, and is givekpyx 2

0 < ks) [4]. The cutoff frequency of the radiation region anc

the radiation bandwidth of the microstrip first higher ordermod 20
can be approximately estimated from the following equation
derived from the lossy waveguide model [20].

60

cC _ | .
Cutoff frequency f. = —— ) 4 5 6 7 8 9
2Wegt VEr Frequency(GHz)
. . fer/Er
Radiation region : f. < f < ——. (2) Fig. 2. Simulation results for the characteristic impedance of the microstrip
Ver—1

first higher order mode from the lossy waveguide model. The solid lines are for

. : : . the real part ofZ,, and the dashed lines are for the imaginary part={ 14.6
Here, ¢ is the speed of the light in a vacuum,.g is the mm,h = 0.508 mm,e, = 2.2).

effective line width, and, is the dielectric constant. These
equations show that the radiation bandwidth of a microst
leaky-wave antenna is governed by the line width after the s

strate is selected. As the microstrip width becomes narrow : . .
P IIIs the thickness of the substrate. Fig. 2 presents the simula-

the cutoff frequency increases and thus the radiation region . ) L
shift toward a higher frequency range. Using a tapered "new(:l?n results of a 14.6-mm wide microstrip line on a 0.508-mm

. . . : ick substrate with a dielectric constant of 2.2. The charac-
varying width enables the different but partially overlapped ri— ristic impedance is less dispersive and approaches a constant
diation regions to apply at different parts of the antenna wh ?h

the operating frequency is increased. Notably, a microstrip aphen the operating frequency is increased. This property shows

tenna with narrower width radiates in the higher frequency rLE§ lustefuInIeSf tlrr: uItra—rbro;':ildtbangtasgl|cat|tc)>ntf. 'Fciuat:olr:j(tsh) an
gion but enters into the reactive region at a lower frequen £'P 10 select the appropriate antenna substrate o yie € de-

such that no power is passed or radiated. In contrast, the wiayg?d range of antenna input impedance.

microstrip antenna radiates in the lower frequency region anAnﬁthfer qurt]'-z stl_on concerns_how to :eliermr:ne the Wldthlgrs)d
enters into the bound mode region at a higher frequency, gQgth of each micrositrip section, such that the power could be
that almost all the power is passed in the higher frequency E,gyformly radiated at different frgquenues. A possible solution

gion. Consequently, the tapered microstrip antenna should'B@rOpose.d here. If the bar_ldW|dt_h ranges @ 10 fend,

fed from its wide edge, as is clarified by a practical exampf en the width of the first microsrip sectiom;, can be deter-

in Section IV. A broadband antenna can be implemented by gpined by setting the onset (or cutoff) frequency of the radiation

ranging and connecting these microstrip sections in an appfgdio" Of this first microstrip section i = fsar:. The sur-

priate way, so that the union of the radiation regions of each n¥|1yal_power rﬁg‘gf‘t the end of the strip can k_)e estimated as ap-
rchmmatelye , since the power distribution exponentially

crostrip sections corresponds to the desired band. Such degg lond the strio.. Tw rameters need to b t befor
methodology leads to the prototype of multisection microstr cays along the strip,. Two paramelers need to be set betore-
ﬁr_wd. One is the estimated survival power ratjo

antennas. However, the impedance mismatch and the disco
nuity effect of this multisection microstrip antenna reduce the ry = ¢ 20ialLi (4)
bandwidth and enhance the spurious sidelobes. Understanding

the characteristic impedance of the microstrip first higher ordgf the end of the section at frequengy The other is the esti-
mode, for example, by leaky-mode parameter extraction teGfiated survival power ratio,

nigue [21], helps to solve the problem of impedance-matching.

In this case, a lossy waveguide model [22] can be used to es- ry = e 2¥inli (5)
timate approximately the characteristic impedance of the mi-

crostrip first higher order mode at the feeding point. The fodt the end of the same section at frequerficy; which is as-

mula is given in [19] and repeated here for convenience: ~ signed as the onset leakage frequency of the next microstrip
section. The above equations yield the length ofitheth sec-

820k, sin (J—{f) h tion L; and the attenuation constamy, at the reactive frequency

- (3) fiy1 ofthe subsequent section. Then, the frequefagy, where
the attenuation constant equals too;;, for this same section,
Wherez is the intrinsic impedancé; = 5 — ja is the complex can also be found. Now, the width of the subsequent microstrip
propagation constant of the first higher order moklgjs the sectionw;,1, whose onset frequency j5.1, can be found by

Hgge space wavenumberis the distance from the center of the
gip to the feeding pointiw.g is the effective line width, and

Zwa\'eguide =

weﬂk
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analysis Fig. 4. Diagram of the broadband feeding structure used to excite the first

higher order mode of microstrip antenna. This feeding structure consists of:
(i) a conventional microstrip line; (ii) a microstrip-to-balanced-microstrip-line
transition; (iii) a balanced-microstrip-line T-junction; (iv) one port of the
balanced-microstrip-line T-junction is changed to form an inverted balanced
microsrtrip line.

’
—2a;,1; e : T
e line is just double that of a conventional microstrip line with
¥ a substrate half as thick as the balanced microstrip line. This

microstrip-to-balanced-microstrip-line transition must be suffi-
ciently long to yield a decentimpedance-matching performance,
especially in the lower frequency range. After this transition,

¥ a T-junction balanced-microstrip-line power divider is added,
STOP and then one of these two output ports is changed to form the

|§ g
LA

uL

R

&

d

N inverted balanced microstrip lines. In the inverted balanced mi-

crostrip lines, the positive (negative) strip on the upper (lower)

i=itl substrate side is connected vertically through a via with the strip

on the lower (upper) substrate side by the method illustrated in

Fig. 3. Flow chart of design procedure. Fig. 5(b). According to this figure, each one of the positive and

negative strips is terminated by a chamfered right-angled bend
full wave analysis. Then, the attenuation constant of the subdathe opposite directions respectively. In such a way, the posi-
quent microstrip sectiony ;4 1),, at the onset frequencf.1 tions of the positive and negative strips are exchanged up_side
can also be easily found. This process is continued until tgewn. The lengths of the bend stubs on different substrate sides
upper frequency of the radiation region of the last micorstrliffer to compensate the reactive impedance effects induced by
section reacheg..q. Fig. 3 presents a flow chart of the desigrYi@ holes and slanted gaps.
procedure. The entire design process can be executed automaotably, that the balanced and inverted balanced microstrip
ically by a computer program because each step can be rephas are not exactly 180out of phase, although they have

edly tabulated. the same physical length. The electrical length of the inverted
balanced microstrip line exceeds that of the balanced microstrip
ll. DESIGN OF THEFEEDING STRUCTURE lines because the inverted balanced microstrip line includes an

additional path that passes through the substrate. Some phase

Fig. 4 shows the proposed broadband feeding structuré cfmpensation techniques should be considered before these
mainly makes use of the balanced and the inverted balanced Rjranced and inverted balanced microstrip lines are used to

crostrip lines. This feeding structure consists of: feed the antenna. A simple method is to insert a delay line

(i) aconventional microstrip line; into the balanced microstrip line after the T-junction power
(i) a microstrip-to-balanced-microstrip-line transition;  divider. A vector network analyzer can measure the phase
(i) a balanced microstrip line; differences needed to be compensated for. In the example, the
(iv) a balanced-microstrip-line power divider; gap width is 0.15 mm; the diameter of the via is 0.6 mm; the
(v) ainverted balanced microstrip line. chamfered angle is 45and the stub dimensions are 2 mm

As shown in Fig. 5(a), the ground plane width of a convention2l75 mm on the bottom side and 2 nxn1.6 mm on the top
microstrip line is slowly tapered to that of a balanced microstrigide. The amount of phase compensation is around*44.be
line. The characteristic impedance of this balanced microstripeasured return loss of the inverted balanced microstrip lines,
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timated survival power ratios used afg= 0.2 andr, = 0.6.
Therefore, thé —th section approximately radiates around 40%
of the power and the subsequéit:- 1) — ¢th section radiates

; ° around 48% of the power at frequengy,; for i > 1. At fre-

: guencyf;+1, all the sections from the first to thie- th are in the
: : bound mode state so the power passes into the(hext) — th
on the lower substrate side | ; section. The sections beyond tfiet 1) — th are in the evanes-
‘ cent region. Under this arrangement, approximately 88 per cent
5 ® of the power is radiated in the— th and(i + 1) — th sections

at frequencyf; 1.

In the antenna prototype, the effects of the step discontinuity
and impedance mismatch, as shown in Fig. 8(a), result in serious
spurious sidelobes and reduce bandwidth. Several approaches
Y can reduce these effects [23]. For example, the antenna contour
can be smoothed by directly tapering the steps [as the type |
antenna in Fig. 8(b)]; or additional tapered transition sections

microstrip line | transiton | balanced inverted microstrip e CAN D€ inserted between adjacent original sections [as the type Il
(b) The balanced inverted microstrip line antennain Fig. 8(c)]. The latter method will greatly lengthen the
antenna but the measured return loss is better. For comparison,
Fig.5. (a) Balanced microstrip line. (b) The inverted balanced microstrip ling, linearly tapered leaky-wave microstrip antenna [as the type Il
The ground plane is shown with dotted lines. Note that two via holes are use . . . .
to connect strips both in the upper and ground planes in the inverted balan@&)tenna in Fig. 8(d)] [22] also starts with a width of 14.6 mm
microstrip line. and ends with a width of 7.1 mm; the total length of the antenna
is equal to that of the type Il antenna.

Fig. 9 shows the measured return loss data for antennas of
fypes Il and lll. The type Il antenna ha¥ $WR < 2 from 7 to
E] 4 GHz, yielding a relative bandwidth of 2.34:1, more than an

ctave. This result justifies the classification of this antenna as a
groadband antenna [24]. The return loss of the type Ill antenna
S ot as good as that of the type Il antenna in the higher fre-

gﬁency region. The bandwidth of the type Il antenna is a little

as shown in Fig. 6, is observed to be better thd®) dB over a
frequency range extending from dc up to 18.6 GHz. The figu
also shows that the measured back-to-back feeding struct
demonstrated a return loss better thatD dB from 2.2 to 18.6
GHz. Lengthening the microstrip-to-balanced-microstrip-lin
transition improves this bandwidth. Parameters such as the
width, the radius of the via-hole, the chamfered angle, and t )
stub length can significantly influence the bandwidth of th 5s than that of the type Il antenna. Figs. 9 and 10 show the

transmission. The gaps should be as narrow as possible, gheé;\sured H plane{z plane) £, radiation patterns. The radia-

the radius of the vias should be large to give better bandwioqRn pattern_at th_e lower frgquency IS very 3|m|lgr to that of the
performance. corresponding single section antenna. The mainlobe movement

can be checked using the relatiamf,,, = 3/ko, whereb,,, is
the angle of the beam maximum measured from the endfire di-
V. DESIGNEXAMPLE AND MEASUREMENT rection for an ordinary microstrip leaky wave antenna [1], [3].
Fig. 7 shows a design example. The antenna substrate h&sam 8.2 to 10 GHz, for example, tlig, of the mainlobe di-
dielectric constant of 2.2 and a thickness of 0.508 mm. The @&sction rotates toward the endfire direction from 52815.2
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section 1 2 3 4 5 6 7 8 9
width(mm) | 14.6 | 13.6 | 12.7 | 11.6 | 10.7 | 9.7 8.8 7.9 7.1
length(mm) | 313 | 27.7 | 25.6 | 222 | 198 | 17.3 | 151 | 13.0 | 11.2
£=6.53GHz | (.2

£=699GHz | 0.6 | 0.2
f=7.48GHz 0.6 0.2 Evanescent mode

Jfi=8.11GHz 0.6 0.2
fs=8.79GHz 0.6 0.2
fi=9.58GHz 0.6 0.2
£=10.51GHz 0.6 0.2
f=11.59GHz 0.6 0.2
/o=12.91GHz 0.6 0.2

Fig. 7. Design example. The two parameters used to estimate power ratios at different frequency &2 andr, = 0.6.

—— Type ll
Type lll

(a) The orinigal multi-section microstrip leaky-wave antenna

!
i
i
|
|

-25

(b) Type I: taper the steps directly 30 4

-35

5 10 15 20

== Frequency (GHz)

Fig. 9. Measured return loss of type Il and type Ill tapered microstrip
(c) Type II: insert a tapered transition section Ieaky—wave antennas.

_\\\\ antennas (Fig. 7). The mainlobe direction of these two uniform

, microstrip leaky-wave antennas is seen to shift respectively by
Lo i 7 37.1° and 42.2 (swings down to endfire) from 8.2 t0 10.0 GHz.
- However, in the proposed tapered microstrip leaky-wave an-
(d) Type III: taper the steps linearly tenna, the mainlobe shifts from 44t 8.2 GHz to 22 at 10.0
GHz. The shift of the mainlobe direction is only 22,@vhich
Fig. 8. | Thlf;i?:ef;?éﬂorgisclrisset?itolé?i?(gif\lllvg‘; C;fr']%g:]an' :t?g)d;sczqtgﬁggﬁﬁé(g Teiﬁ obviously much less than that of a uniform microstrip leaky
?r:glsqu?(ljjirectly and the dott?ed lines show the Iendths ofyt%e original sectFi)oWéve antenna. The mainlobe direction swings down toward the
(c) Type Il antenna inserts additional tapered sections between each two adjaégtdfire direction by only 5:0from 10.0 to 15.0 GHz. Notably
original sections. (d) Type lll antennais tapered linearly and the original sectiophen the operating frequency is increased, the gain decreases
are shown in solid fines. from 12.1 dBi at 8.2 GHz to 6.9 dBi at 15.0 GHz because less
power flows into the tail sections. Moreover, the sidelobes grow
for a uniform microstrip leaky-wave antenna of the same sularger at higher frequency because of the backward radiation in
strate with width of 12.7 mm. For the one with width of 11.6revious sections. Similarly, the sidelobes of the type | antenna
mm, thed,,, of the mainlobe direction rotates toward the endfirare much larger than those of the type Il antenna. This kind of
direction from 74.1 to 31.9. The widths of these two uniform backward radiation from the previous sections influences the ra-
microstrip leaky-wave antennas correspond to Sections Il adition pattern more significantly when it occurs in sections far
IV respectively, of the proposed tapered microstrip leaky-wafeom the feeding end, that is, when the antenna is operated at the
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Type Il 0 —— Typell

——— Typelll

0 ——— Typel

90 -90

-180

@ (2)8.2 GHz

0 — Typell

Type Ill

—— 8.20GHz
——— 15.0GHz

90

-180

-180 (b) 15 GHz

(b)
Fig. 10. H planeX-zplane)E, radiation patterns (a) of two different types szln%eiiés Zil [‘)g!em;a ()(a)z ;)tlasn(ze)gﬁzra((él)ag? $5pca;t|t_|ezrns of two different types of
antennas (I & Il) at 8.2 GHz. (b) of type Il antenna at two different frequencies ' ' ’

(at 10 and 15 GHz).

V. CONCLUSION

higher frequency. Additionally, the mainlobe level is reduced at
the higher frequency and the numbers of sidelobes is increasedlhe study presents a design method for broadband tapered

Fig. 11 reveals that the radiation patterns of the type Il amicrostrip leaky-wave antennas from 7 to 16.4 GHz with high
tenna are very similar to those of the type Ill antenna. Therpewer gain. The measured data of the inverted balanced mi-
fore, this algorithm and design method can be used to approxiostrip line, and the back-to-back measurement of this feeding
mate effectively the linearly tapered microstrip leaky wave astructure, have respectively demonstrated a broadband band-
tenna which is hard to be solved analytically. The difficultiewidth from dc, and 5 GHz, up to 18.5 GHz. The measured re-
are caused by the nonuniformity of the wave in the tapered rsults also demonstrate this new algorithm approximates well the
crostrip profile. linear tapered microstrip antenna.
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