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Abstract—A novel reconfigurable leaky-wave/patch microstrip )
aperture is introduced and characterized. The structure consists =

of a long leaky-wave microstrip antenna that has been segmented
into several smaller patch antennas. The multimode structure
can be reconfigured into a patch antenna anywhere along the ~  § ™+
aperture of the leaky-wave antenna with two degrees of freedom. .
p-i-n-diode switches are utilized to switch between the different ~ Wave
aperture configurations. The structure’s unique field profile is Aray
utilized to minimize insertion loss in the leaky-wave mode and

also to maximize isolation between the different aperture ports.
Radiation patterns demonstrate excellent radiation characteristics gﬁ
consistent with standard leaky-wave and patch-antenna patterns. yo—>2
The reconfigurable leaky-wave/patch concept is applied to realize

some unique multimode array configurations offering wide scan Fig. 1. Schematic of reconfigurable leaky-wave/patch-aperture array.
coverage and enhanced flexibility over traditional phased-array
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systems. To this end, we recently proposed in [4] a reconfigurable
Index Terms—teaky-wave antenna, patch antenna, phased leaky-mode/multifunction patch-antenna array structure, as
array, reconfigurable aperture. shown in Fig. 1. In this scheme, long leaky-wave apertures

form a linear array along the-axis and can be frequency
scanned with high gain~12 dB). Using conventional or
) o microelectromechanical system (MEMS) switches, each of the
T HE emergence of the wireless communications era h@$ky-wave apertures can be segmented into several smaller
broughtabout an explosion in the number of antennas bgfhich-antenna apertures, with the mode of operation controlled
on the ground and in orbital space. The need to reduce bg{ithe state of the switches. The switches act simply as short
the antenna size and number of antennas has accordingly 8&suits when turned on and as open circuits when turned
come more important, particularly in payload situations whetgs  This unconventional, but versatile system presents a
space comes at a premium. This is particularly true in the casgmber of advantages over traditional phased-array systems.
of radar and defense applications, where multiple frequengyst the combination of the patch and leaky-wave apertures
bands are common. One alternative to using multiple individu.@,lovides multiband frequency coverage with a wide variety of
antennas is to use broad-band phased arrays. However, @®flation characteristics. For example, the individual resonant
today’s most advanced phased arrays do not exhibit eno”&ﬂches can be designed to operate at multiple frequency
bandwidth to completely support a multitude of applicationgands with moderate gain about broadside, while the high-gain
by itself. It is highly desirable, therefore, to develop topolopaky-wave apertures provide moderate bandwidth about the
gies and techniques where a number of antennas that cover gifyation angle. Collectively, the radiating apertures provide
ferent frequency bands and/or serve different functionalities Ca{yre flexibility and wider frequency coverage than traditional
share a single physical aperture without sacrificing system p@kased-array systems. Second, the aperture itself is relatively
formance. One such approach that has garnered increased;giple to implement and construct, utilizing only a moderate
tention in the literature recently is the reconfigurable apertufgmber of switches in contrast to other proposed configurations
approach [1]-{3]. [5], [6]. Systems that rely on an excessive number of switches
will inevitably suffer from poor efficiency and integration
issues. Additionally, the uniplanar nature of the reconfigurable
Manuscript received December 19, 2000. This work was supported QPerture enables the aperture to be conformably mounted to
the Defense Advanced Research Projects Agency/SPAWAR under Cont@attly flat surface. Finally, both the leaky-wave and patch-an-
N%GOgé;Cé%QéBﬁ?éBHan and T. Itoh are with the Microwave Electroni(:tsenna structures o be used in our reconfigurable aperture
Lab'oratolry, Uni.versily gf Califorﬁia at Los Angeles, Los Angeles, CA 90098/€ unidirectional radiators exhibiting moderate to high gain
USA. [7]. This improves the overall efficiency of the system and is

Y. Qian was with the Microwave Electronics Laboratory, University oEartiCma”y attractive for target tracking applications. In [8]
California at Los Angeles, Los Angeles, CA 90095 USA. He is now with th

MicrowaveSys Division, Microsemi Corporation, Santa Ana, CA 92704 usA2Nd [9], we demonstrated the viability of this unique phased
Publisher Item Identifier 10.1109/TMTT.2002.801313. array through several topologies based upon the reconfigurable
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Qb&‘d at 8.75 GHz. The use of shorting vias as the mode suppressor

results in the characteristic leaky-wave pattern, with the
backfire beam better than 12 dB down from the main beam.
315 In contrast, the leaky-wave antenna utilizing transverse slots
exhibits undesirable traits, showing a reflected backfire beam
that is 8 dB down from the main beam. This degradation results
from the reflection of the leaky-mode wave as it encounters
Fig. 2. Comparison of measured leaky-wave radiation patterns using differéh? open circuit at the end of the microstrip line. Although this
mode suppressors. reflection is evident in both leaky-wave patterns, the effect is
much more pronounced and acute when transverse slots are

. . . . Psed as the mode suppressor.
leaky-wave/patch concept. In this paper, we aim to illuminateé . , .
'rl'o explore the issues associated with the patch-antenna aper-

and explore the inherent design issues associated with (t)lhjre a single reconfigurable leaky-wave/patch aperture is built
d fi ble leaky- /patch ture. ’ o A . : !
proposed recontigurable feaky-wave/palch aperture as shown in Fig. 3, and all p-i-n-diode switches (Agilent Tech-

nologies HPND-4005) are turned off. The structure is built on a
31-mil (0.7874-mm) substrate with a dielectric constant of 2.33.
Before we examine the reconfigurability of the shared apdrorts 1 and 2 correspond to the leaky-wave antenna ports de-
ture, we must first ensure that each of the respective antengigfied to operate between 8-10 GHz. The leaky microstrip line
operates correctly in its isolated state. For the leaky-waigsegmented into patch antennas that are probe fed to operate at
antenna, this first means proper excitation of the desired fikst8 GHz. For simplicity, these ports are denoted as ports 4-8,
higher order leaky mode. A slotline-fed structure should ideallgspectively. This first prototype should be distinguished from
excite a pure odd leaky mode, but the radiation efficiency wée one presented in [8], where the patch apertures were placed
found to be inferior to a coplanar stripline (CPS)-fed approach the end of the leaky-wave antenna,; in the old structure, most
[10]. CPS feeding, however, requires either a microstrip- of the leaky-wave field has vanished due to radiation by the time
coplanar waveguide (CPW)-based transition to realize tHee wave arrives at the patch ports.
required 180 phase shift. The frequency dependence of theseln order to properly excite the patch antenna to resonate along
baluns causes a substantial portion of the even mode toitsdengthL rather than the widthV, the probe location must be
excited, especially when a broad-band design is requiredrefully chosen to give a 5Q-impedance match. For an iso-
This issue can be addressed by utilizing a broad-band rated patch antenna, this value can be determined through var-
crostrip-to-CPS balun, which we previously reported in [11] tmus well-known techniques [14], [15]. Based on the symmetry
demonstrate nearly 70% bandwidth in a back-to-back configf the patch antenna, four possible probe-feed locations exist
uration. To ensure suppression of the undesired fundameritala 5042 impedance match. By noting that a null exists in the
even mode, two mode suppressors, as originally proposeddanter of the leaky-wave field profile, we can ensure maximum
Menzel in [12], in the form of transverse slots and shorting viasolation between the patch-antenna ports and the leaky-wave
are investigated. Finite-difference time-domain (FDTD) optport by placing the feed to the patch-antenna port in the null of
mizations are employed to determine optimal size and spacihg leaky mode. Another consideration to account for is that the
of each of these mode suppressors placed along the center ofttehes see an effective lendtky that is longer than the phys-
leaky microstrip line [13]. The use of either mode suppressimally etched patch length. The added length arises predomi-
results in broad-band leaky-mode excitatieri§%). However, nantly from the loading effects due to adjacent patch antennas,
the use of shorting vias less perturbs the current flow of the firshd is significant enough to shift the operational frequency of
higher order leaky mode while providing better suppressidghe patch antenna by up to 10%. Therefore, the positioning of
of the fundamental microstrip mode than transverse slots. Time probe feed must be made with respedtig and not simply
advantage of using shorting vias is clearly seen in Fig. 2, wheke The shift in operating frequencies can be seen in Fig. 4. In
we compare the measured radiation patterns of a leaky-wdkis return-loss plot, the measured operating frequencies of the
antenna utilizing transverse slots to one utilizing shorting viggtch antennas have shifted down from the design frequencies

shorting vias
= = w transverse slots

225
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Fig. 4. Return loss of patch-antenna ports. Each curve corresponds to &
different patch-antenna port.
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the same aperture. Intuitively, one would think that a system of
several antennas sharing the same physical aperture would have
no sense of isolation whatsoever. However, the reconfigurable
aperture utilizes the unique field profiles of the leaky-wave and
patch apertures to provide isolation between the different ports
in the various modes of operation. The minimum isolation
values between the different ports in the first reconfigurable
aperture are summarized in Table II. In Table II, thth row
represents the output port, while thth column represents the
; input port. The scattering parameters represent the minimum
- isolation across the operating band of the input port. For
example,Ss2 represents the minimum isolation between ports
5 (5-GHz patch port) and 2 (leaky-wave port 2) across the
ot operating band of the leaky-wave antenna port 2. The shaded
225 N T e H-CoPol 315 cells of Table Il indicate measurements where the p-i-n-diode
= = H-XPol switches were turned off. The results show generally good
isolation values between any two aperture ports. The minimum
isolation between the two leaky-wave ports is better than
Fig. 5. Radiation patterns of port 6 patch antenna taken at 5.73 GHz. ~ 15.0 dB. This isolation is provided by the radiation of the leaky
mode as it propagates along the microstrip line to the output

leaky-wave port. The smallest isolation values are provided

due to the patch loading effect. The patch loading effect is alg@qyeen the leaky-wave ports and the closest corresponding
evidentin the radiation patterns of the patch antennas, as seefnh_antenna portS(, = —12.4 dB andSs, = —10.5 dB).

Fig. 5. For brevity, only radiation patterns for the 6-GHz patch, engyre isolation better than 15.0 dB between the leaky-wave
are shown. The patch loading effect results in a small ripple jp, 4 patch-antenna ports, a good rule of thumb is to place the
the E-plane of the radiated far-field. Nonetheless, the Char"’\&étch-antenna ports at leaX, (at 8.75 GHz) away from the

teristic broadside radiation patterns of the patch antenna are ﬁﬁiﬂut to the leaky-wave antennas. With only this caveat in mind

well defined, with backlobes below18 dB and cross-polariza- s first prototype demonstrates that the patch antenna can be

tion better than-27 dB. Table | summarizes the radiation Charp‘)laced almost anywhere along the length of the leaky-wave

acteristics for the remaining patch antennas. The results shg¥enna without much sacrifice in the performance of either the
excellent radiation characteristics at all frequencies, exceptléﬁky-wave or patch-antenna apertures.

8 GHz. For this frequency, the peak radiation no longer occurs

at broadside, but rather at#&nd 135, resulting in large cross-
polarization. I1l. TwoO-DIMENSIONAL RECONFIGURABILITY
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An important parameter in any transmitting or receiving The symmetry of the patch antenna suggests extending the re-
system is the isolation between the different ports. This requianfigurable leaky-wave/patch-aperture concept to two dimen-
ment becomes more paramount in the case of the reconfiguragitens. Such flexibility would enable two-dimensional reconfig-
aperture, where one or more antennas are physically shanmgble arrays like the one shown conceptually in Fig. 6. To this
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Fig. 8. Enlarged view of central patch section. Diode positions are indicated
by the dots and their orientation by the diode symbols.

Fig. 6. Proposed two-dimensional reconfigurable leaky-wave/patch cross

structure.

Port 3

Port 1

Port 5

—

of freedom. This extends the functionality of the reconfigurable

leaky-wave/patch concept, and can potentially be used to form
a full two-dimensional reconfigurable leaky-wave/patch phased
array.

The second prototype is also built on an RT/Duroid substrate
with a dielectric constant 2.33 and a thickness of 31 mil. The
multiport aperture is a five-port device, with ports 1-4 desig-
nated as the rotationally symmetric leaky-wave ports and port
5 as the probe-fed patch port. An enlargement of the central
patch region is shown in Fig. 8. Eight p-i-n-diode switches sep-
arate the central patch structure from the four leaky-wave arms.
Since shorting vias are used in each of the leaky-wave mode
launchers, each of the leaky-wave arms is intrinsically grounded

Port 4 at dc. Due to the arrangement of the p-i-n-diode switches, only

two leaky-wave ports can be turned on at any instant. For ex-
ample, when a positive bias is fed through the patch-antenna
port, all the vertically placed p-i-n-diode switches turn on, while
the horizontally placed p-i-n-diode switches are off. The oppo-
site occurs when a negative bias is fed through the patch-antenna
port. When a ground bias is present, all switches are off and
the aperture operates in the patch mode. As we shall see later,
this arrangement intrinsically isolates any two leaky-wave arms
, , _ that are perpendicular to each other. The p-i-n-diode switches
Fig. 7. Mask of multiport reconfigurable leaky-wave/patch cross structure.that separate the central patch-antenna structure from each of
the leaky-wave arms are deliberately placed along the edges of
end, a second reconfigurable leaky-wave/patch-aperture prdtwe leaky-wave antenna, where the leaky-mode field profile is
type is built, as shown in Fig. 7. In this scheme, two reconfignaximum. This arrangement ensures minimal insertion loss of
urable dual-feed leaky-wave antennas are placed perpendictharleaky mode when the switches are turned on. Additionally,
to each other. The intersection of the two dual-feed leaky-watlee metallization surrounding each p-i-n-diode switch has been
antennas forms a probe-fed patch-antenna structure, with thetegsered at the leaky-wave side of the p-i-n-diode switch. This
sulting system forming the basis for a multiport antenna apés-done so as to improve the isolation across each p-i-n-diode
ture. This reconfigurable cross aperture serves two main pawitch, while simultaneously minimizing the loading effects of
poses. First, the structure expands upon our original reconfie surrounding metallization on the central patch antenna. In
urable aperture concept by employing five distinct antennas tluaitler to preserve the current profile along the edges of the patch
are all physically sharing the same radiating aperture. To the aperture, no tapering is done on the patch side metallization of
thor’'s best knowledge, this is the greatest number of antenrtlas p-i-n diodes.
ever demonstrated to all physically share the same radiatingAn investigation of the radiation patterns of the cross aper-
aperture. Second, the cross aperture will demonstrate that elarh demonstrates the effects of the p-i-n-diode switches. When
patch antenna can be reconfigured and shared with two degraiésf the central p-i-n-diode switches of the cross aperture are

)

Port 2
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Fig.9. Effectof p-i-n-diode switches on one leaky-wave arm of cross apertufgg. 10. Measured return loss of leaky-wave arms of reconfigurable cross
structure.

TABLE I
CROSSAPERTUREISOLATION . .
uration is between any leaky-wave port and the patch-antenna

1 2 3 4 5 port since the separation distance is the shortest between these
NA | -15.0 | -20.0 | -20.0 | -14.6 two ports. Nonetheless, we see that across the operating band
-15.0 ¢+ NA | -20.0 1 -20.0 : -14.6 of the leaky-wave arms and in the resonant frequency of the

-20.0 i -20.0 : NA {-150 -20.3
-20.0 : -20.0 : -15.0 i NA | -20.3
-10.1 | -10.1 { -20.8 ;| -20.8 | NA

patch antenna, isolation is measured to be better than almost
15 dB for the horizontal arms. This isolation is again possible
because of the unique field profiles of the propagating wave.
When the input signal is injected from the leaky-wave port, the
turned off, each leaky-wave arm has its effective radiating apdirst higher order odd mode of the microstrip line is launched.
ture length cut in half. This causes a strong reflection of tt&ince a null exists along the center line of the microstrip line
leaky mode, since the wave encounters an open circuit at the fistthe odd mode, very little of the leaky mode is received at the
pair of p-i-n-diode switches. As a result, a significant reflectgoiatch port if the patch feed is placed along the null of the mi-
backfire beam+6 dB) is present in the radiation patterns of therostrip line. Conversely, when the input signal is launched from
leaky-wave antenna. When the appropriate p-i-n-diode switchte patch port, all switches are off and the even resonant patch
are turned on, the effective length of each leaky-wave arm is raede is intrinsically prohibited from propagating back to the
stored in its entirety, more energy is directed into the forwatdaky-wave ports. Any leakage of the patch mode is further sup-
main beam of the leaky-wave antenna, and the reflected bapkessed by the vias of the leaky-mode launcher, which enforce
fire beam is greatly reduced-(7 dB). The operation of the a short circuit along the center line of the microstrip. For the
p-i-n-diode switches is further demonstrated in Fig. 9, whexertical arms, the patch port is no longer in the null of the leaky
the input return loss for one leaky-wave arm of the cross apenode and, consequently, the minimum isolation is poorer, being
ture is shown. When the switches are turned on, the input baddy better than about 10 dB for ports 1 and 2. It should be noted
width at the leaky-wave portincreases from 8% to 13% (voltagleat these isolation values represent the intrinsic isolation of the
standing-wave ratio (VSWRX 2). Additionally, the nulls in antenna aperture itself. In system configurations where isola-
the plot are visibly deeper, indicating the input match for thigson requirements are much more stringent, additional switches
leaky-wave port has improved noticeably. or filters can be utilized at the input ports for better isolation.
The isolation between any two ports is recorded and presented he reconfigurable cross aperture demonstrates the mul-
in Table Il for the reconfigurable cross aperture. When a podimode/multifunction characteristics of the reconfigurable
tive or negative turn-on voltage is applied to the patch-antenleaky-wave/patch-aperture concept. Each of the leaky-wave
port, all the diodes in one direction (either horizontal or vearms provides moderate bandwidth of about 13% when the
tical only) are turned on, and we measure the isolation betwedindes are switched for leaky-mode operation, as seen in
two opposite arms. Similar to our first structure, we have bettEig. 10. An inherent trait of leaky-wave antennas is the ability
than 15-dB isolation since most of the excited leaky mode tig frequency scan the tilted main beam with relatively high
radiated by the time the wave arrives at the output leaky-wagain (~12 dB) about the elevation angle. This is demonstrated
port. This level of isolation should improve as the length of tha Fig. 11, where 25 of scan coverage is achieved about the
leaky-wave aperture is increased. Meanwhile, we expect betdgvation angle within the operating band of the leaky-wave
isolation between perpendicular arms, since the p-i-n-diode camtennas.
figuration utilized never allows a conducting path between per-When a ground bias is fed through the probe-fed patch port,
pendicular arms. This is exactly the case, as isolation is bettdirof the p-i-n-diode switches are turned off and the multiport
than 20 dB in the operating band of the leaky-wave antenna lagtenna operates solely in the patch mode. This is demonstrated
tween perpendicular arms. Finally, the most susceptible config-Fig. 12, where we have achieved an input match-&8 dB




1882 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 8, AUGUST 2002

90 90

XS

135 42K~ =10 N 45

351-30 \-25 1-20 -15"- -5
0 180 g vi 0
LY RN A

* 8 ~

K oo .

AN
~ t3 3 ~
WEN
A2y

L 3 (1

1
W

e 8.25 GHZ

=== 875 GHz 225 e H-COPoOI 315
,,,,, === E-CoPol

270 270

Fig. 11. Frequency scanning with each leaky-wave arm of reconfiguralffgg. 13. Measured radiation patterns of reconfigurable cross structure in patch
cross structure. mode.

0= - = 3 P LR R Interch bl
5 M\//—\WT’YT\/\\ P / I;":erdc ;:t%::rke Leaky Wave Antenna Array
Y V N/ ; e ,

— -10 : “l"‘:
m F .
S a5 " ¥
@ f N g
3 20} z
£ i g
2 25 ¢ H
Q F »
o N 3

=30 | <

E = = = diodes off
-35 F diodes on ||
‘405- — e — 7 — 8 — ; — 70 Fig. 14. Array structure used to demonstrate beam-steering capabilities of
leaky-wave/patch aperture.
Frequency [GHz]
Fig. 12. Return loss of patch-antenna port of reconfigurable cross structure. 90
5
at the resonant frequency. Due to the combined loading effect
. . . . 135 -10 45
of the p-i-n-diode switches and the surrounding leaky-wave an .5
tenna metallization, the resonant frequency has shifted fron .
the design frequency of 8 GHz to 7.77 GHz. Despite the shift 20 “
in frequency, the measured radiation patterns in Fig. 13 of the =25 "/ \
patch antenna are consistent with conventional patch pattern D Q"/)
despite showing a ripple in th&-plane due to the aforemen- \\‘“‘
tioned loading effects. The resonant patch antenna offers broagg, A\ | 4435130125120 115 |10 f5
side coverage with moderate gain, with backlobes better tha '/9“
—15 dB. 77" X
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IV. PHASED-ARRAY CAPABILITIES AN ‘w

We have already seen the flexibility of the reconfigurable V7
leaky-wave/patch-aperture system. The combination of the
frequency scannable leaky-wave antenna in conjunction witt
the broadside resonant patch antenna allows for exceller
coverage about the elevation angle. The flexibility of the 270

reconﬁgu_rf’]‘ble Ieaky-wave/patch aperture is further enhanqg&l_ 15. Beam steering in elevatédplane of leaky-wave array about azimuth
by the ability to phase scan both the leaky-wave antennas abaige.
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gated. Radiation patterns in each of the different states of the
reconfigurable aperture are comparable to standard leaky-wave
and patch radiation patterns. Each of the leaky-wave arms offers
high gain, moderate bandwidth, and frequency scanning about
the elevation angle, while the patch antenna offers broadside
coverage and moderate gain. Combined together, the reconfig-
urable leaky-wave/patch aperture is a multimodal system that
can operate at multiple frequency bands and provide excellent
scan coverage at a reduced weight and size when compared to

-25 1-20 |15 |10 {5
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270
[3]
Fig. 16. Beam steering about broadside utilizing patch-antenna array. [4]

the azimuth angle and the patch antennas about broadsidé!
To demonstrate these abilities, a third and final test structure,
as shown in Fig. 14, is built. In this scheme, four leaky-wave [6]
antennas form a linear array with an element spacing of
d 0.79X spacing. The ends of the leaky-wave antennas(
have been reconfigured into a patch-antenna array. For this
proof-of-concept demonstration, an interchangeable feed[8]
network consisting of microstrip delay lines will be used to
demonstrate the phase-scanning capabilities of the reconfig-
urable leaky-wave/patch-aperture array. The broad radiatiori]
pattern of the leaky-wave antenna’s elevatBeplane lends [1q
itself as an excellent antenna array element candidate. When an
equal-phase feed network is employed, the leaky-wave arra[Xll
forms a narrower main beam with a38-dB beamwidth and
sidelobes remaining at least 15 dB down from the peak. By12]
using a progressive phase shift, we can phase scan the mzﬂg]
beam to obtain a Fobeam steer about the azimuth angle while
keeping sidelobes better than 12 dB down from the peak, as
seen in Fig. 15. The same beam scanning capabilities are altlgq
available through the patch-antenna array. The radiation pat-
terns of the patch array using a progressive phase feed netwarls]
are shown in Fig. 16. The patch array can be steerédhB6ut
broadside while maintaining sidelobes that are at least 14 dB
down from the peak. Finally, by employing the appropriate
180 phase shifts, difference patterns for radar applications can
be obtained by both the leaky-wave and patch arrays.

V. CONCLUSION

A reconfigurable leaky-wave/patch microstrip aperture
presented and characterized. Inherent design issues assoc
with the aperture such as leaky-mode excitation and reflectic
patch loading, and aperture port isolation have been inve<.

platforms utilizing multiple individual antennas.
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