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Abstract—A uniplanar leaky-wave antenna (LWA) suitable literature on printed LWAs at millimeter-wave frequencies [1],
for operation at millimeter-wave frequencies is introduced. Both [3], [7]. In fact, such antennas are particularly appealing at these
unidirectional and bidirectional versions of the antenna are pre- frequencies since they become physically short while still pro-

sented. The proposed structure consists of a coplanar waveguide .. . . . .
fed linear array of closely spaced capacitive transverse slots. viding high gain. Another salient feature of these antennas is that

This configuration results in a fast-wave structure in which the they employ a single series feed which results in reduced spu-
n = 0 spatial harmonic radiates in the forward direction. Since rious radiation and conductor losses when compared to arrays
the distance,d, between adjacent elements of the array is small fed by lossy and bulky corporate fed networks. This is particu-
d < Ao, the slot array essentially becomes a uniform LWA. A |11y annealing at millimeter-wave frequencies where conductor

comprehensive transmission line model is developed based upon . - - .
the theory of truncated periodic transmission lines to explain losses increase dramatically. At the same time, a wide VSWR

the operation of the antenna and provide a tool for its design. Pandwidth can be achieved as opposed to series fed resonant an-
Measured and simulated radiation patterns, directivity, gain, and tennas, which are notoriously narrowband in this regard.

an associated loss budget are presented for a 32-element antenna

operating at 30 GHz. The uniplanar nature of the structure makes

the antenna appropriate for integration of shunt variable capac- Il. PROPOSEDSTRUCTURE
itors such as diode or micro-electromechanical system varactors .
for fixed frequency beam steering at low-bias voltages. A. Geometrical Layout

Index Terms—Beam scanning, coplanar waveguide (CPW), inte-  The proposed leaky-wave structure is shown in Fig. 1. As
grated-circuit antennas, leaky-wave antennas (LWAs), millimeter- shown, the antenna is essentially a coplanar waveguide (CPW)
waves, slots. transmission line loaded with radiative, transverse, series slots.

Unlike the microstrip LWA, which exploits the&ontinuous
|. INTRODUCTION leakage of the (fast) first higher order TE mode, this structure

ECENTLY, printed leaky-wave antennas (LWAS) havebelongs to the farr_nly of pgnodlcally loaded travellng-vyave
. T 7 structures [14]. It is a basically fast-wave structure with a
attracted much attention due to their high directivity

broad VSWR bandwidth performance, and frequency scanni%ﬁrmd'c'ty gfd : )“’/h‘)' 2ue to this sr_nﬁll a??al p?rlod, the slot
capabilities. Antennas with dielectric and metal gratings hage oy ¢an be t oug t. ot as essentiallyiaiform leaky-wave :
| anE}nna [14]. A distinction should be made between this

e

been studied extensively in the past and have attracted renewe L
nna and slow-wave periodically loaded structures such as

inquiry [1]-[3]. In particular, there has been significant interes}. . ; . .
in the microstrip LWA, which utilizes a higher order radiativ 3|electr|c grating antennas or image guide fed arrays [1], [15]

. X ; . .116]. In contrast to slow-wave structures which have a bound
microstrip mode [4]-[8]. Since Menzel [9] first reported thli — 0 spatial harmonic and radiate the = —1 harmonic

leaky-wave structure, which was subsequently mvesugat?o%vard the backfire direction, this proposed structure is basi-

_by Oliner .[10]’ many mlcr(_)_strlp_ leaky-wave antenna deslgncSaIIy fast and radiates the = 0 spatial harmonic toward the
incorporating various modifications have been explored. Tl?e

microstrip LWA, however, has some notable drawbacks whi ﬁrward direction. Much .I|ke the Honey array .(|nduct|ve g”d)i

: . . . e proposed structure is a fast-wave radiating structure with
include the requirement of special feeds to guard against t € iodicity d < A that supports leaky waves which radiate
excitation of the dominant (slow-wave) microstrip mode [9]p y ° P Y

[11],[12]. In addition, the integration of shunt elements forbeal[%4]' However, unlike the Ho_ney array which has an inductive
surface impedance that excites TE leaky-waves, the proposed

steering at a fixed frequency becomes problematic in microstnP o . T
. - . ray has a capacitive impedance which supports radiating TM
technology, especially at millimeter-wave frequencies, due fo

the need for via holes through the substrate [13]. On the otH%?ky waves.

. . . . : . ..~ Since this new structure is entirely planar and CPW based, it
hand, the alternative solution of integrating series devices wit o -
; . P . offers several distinct advantages at millimeter-wave frequen-
the microstrip LWA can lead to prohibitively high control . . .
voltages [8] cies. Compared to the microstrip LWA, the proposed structure
9 ' . features a simple feed and the convenience of incorporating
Although, much work has been reported on printed LWAS a . : i
. . o . Shunt devices without the need for via-holes and features a
microwave frequencies, very little information can be found in. : :
simple feed. This latter feature makes the structure appealing
for periodic integration with shunt elements such as semicon-

Manuscript received June 6, 2001; revised September 20, 2001.  dyctor varactors and micro-electromechanical system (MEMS)
The authors are with the Edward S. Rogers Sr. Department of Electrical an

Computer Engineering, University of Toronto, Toronto, ON M5S 3G4, Canadg.ﬁas_e S_hifters [17] for fixed.-frequengy scan.ning along the
Digital Object Identifier 10.1109/TAP.2002.804259 longitudinal plane [8], [13]. With shunt integration of devices,
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Fig. 1. Antenna configuration and dimensions at 30 GHz.
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Fig. 2. Periodically loaded transmission line. ®©
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the corresponding control dc bias can be maintained at lcg
levels. Most importantly, this antenna features a simple feex’
unlike the feeds of the microstrip LWASs, which require specie
precautions to guard against the excitation of the domina
microstrip mode [8], [11], [18]. In addition, the transverse
dimension of the proposed array is narrow. As a result, pen
beams could be formed in both principle planes by placir 0 \ . \
multiple LWAs in parallel, as has been demonstrated wit T T 0 T n
microstrip LWA designs [5]. Likewise, low-cost, low-profile 2 Bd (radians) 2
millimeter-wave switched beam arrays can be envisioned.

Fig. 3. k,—3 Brillouin diagram.

B. Principle of Operation

L o oo the first passbandsgd = 0) is defined by a cutoff frequency
The LWA proposed in this paper, is axially periodic. The gens,

eral Floquet-mode theory for periodically loaded LWAs is prgg_wen by
sented in [14]. In this section, however, the specific geometry of q
the proposed structure is examined based on a transmission line (kd). = arctan <1 _ q2> @)
model describing the fundamental Floquet mode, with emphasis
on the underlying physical mechanisms involved. Intuition int¢hereq = (X/(2Zo)). On the other hand, at the bandpass
the properties of the antenna is gained through the study of ideégpes whergld = =+, the dispersion relation of (1) implies
transmission lines, periodically loaded with series capacitanc#at the propagation constants of the intrinsic and loaded lines
as shown in Fig. 2. The ideal loaded transmission line systdiacome equal
shown in Fig. 2 exhibits the following dispersion relation:
Bd=kd=+m ©))
cos(fd) = cos(kd) + X sin(kd)/2Z, 1)

which is the well-known Bragg condition. It is apparent from
wherekd = phase delay of interconnecting transmission lingig. 3, that the relative size of the bandgap becomes narrower
segmentsZ, = characteristic impedance of interconnectingvith increased frequency. This is to be expected since the ca-
transmission line segmenf$d = phase delay per periodic unitpacitive series reactance diminishes with increasing frequency,
cell,andX = 1/(wC) is the reactance due to the series loadinand the behavior of the structure approaches that of the intrinsic
capacitor. This dispersion relation can be examined graphicaligloaded transmission line of characteristic impedaficand
by means of the Brillouin diagram, shown in Fig. 3 for represepropagation constait The dotted line in the Brillouin diagram
tative line and capacitive loading parameters. As expected, tbfFig. 3 marks the transition between slow and fast-wave prop-
diagram corresponds to a high-pass structure since the largeagation relative to free spacé,(= £) in the first Brillouin
actance of the series capacitors impede propagation at low fzene. As shown, for sufficiently small phase delays within the
guencies. Furthermore, the stopands are characterized byfitst passband, the corresponding periodic wave=(0 Floquet
cutoff condition3d = nw where n is an integer. A simple mode) becomes fast compared to free space (.&:,k%,) and
trigonometric manipulation of (1) indicates that the bottom dhe array becomes leaky.
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An approximate, but very intuitive approach to understanding a far-field null along the endfire direction. This was done
the propagation characteristics of the antenna structure, is to exerder to reduce scattering from the substrate edges and pro-
amine a relevant limiting case. Consider (2) for the special cadiece cleaner patterns. Due to the electrically thin substrate used,
of X < Zo with the additional simplifying assumption that thehe same condition results in a null for the coupled ,T&r-
interconnecting lines are short, i.&d < 1. In this case, the face-wave power pattern along the endfire direction (for thin
interconnecting lines can be modeled as inductafidgsvhere substrategiry, = k,), further reducing scattering from the
L is the per-unit length inductance of the unloaded transmissisabstrate edges. In addition, the interelement spadingas
line. These inductances appear in series with the loading capselected to achieve a 4angle of emergence for attainable ca-
itive reactancesy. This simple model suggests that at cutoffpacitive slot widths which were practically limited to a@n by
the reactancé&’ cancels out the inductanéel, and the effective the photolithographic etching facilities available to the authors.
propagation constamtvanishes. In this case, a very simple mafhis yielded an interelement spacitig= 2.093 mm at 30 GHz.
nipulation of the dispersion relation of (1), for small arguments,
immediately reveals the following approximate expression f& Choice of Feed-Line Characteristic Impedarite

B around the bottom of the passband: As previously explained, the series capacitive loading de-
e 5 4 creases the effective inductance of the loaded line and there-
p= (1 = (we/w) ) fore, also reduces the effective characteristic impedance (Bloch

where the cutoff frequency is given by, = 1/,/(L(Cd)). !mpedance). The exact expression of the Bloch Impedance of
In essence, the series capacitors reduce the effect of theth loaded line shown in Fig. 2 is given by
terconnecting series inductanceéd. This results in a reduc- ) < 5 kd
tion of the effective propagation constaftand establishes a 7t _ +Z, (Sm(kd) — 7z, ¢08 (7)) ©)
fast-wave propagation compared to the unloaded line. Under the B < sk \ 2

1- (cos(k'd) - w)

leaky mode of operation, the beam emerges at an @pgfeom 27,

broadside according to the relation ) o ) _ )
The ratio X/Z, is fixed by the dispersion relation once the

6., = arcsin(8/k,). (5) angle of emergence is selected. Therefore, it is obvious from

. . . (6), that the Bloch impedance rises as the feed-line character-
This relation represents the transverse phase matching condi

b h X tth 0 Beaand G impedancé’, is increased. In Section Il, it was established
etween the propagation constant of the emerging bigzam that the loading capacitors decrease the series inductance of the

the propagating periodic wave on the loaded transmission I'fﬁ?erconnecting lines. Consequently, in order to maintain a rea-
p. sonable Bloch impedance level in the rangé®f2, a high un-
loaded characteristic impedangg = 124 Q was selected. The
124 ©Q CPW interconnecting line has been chosen with a cen-
The design process is outlined in this section. A specifttal conductor strip width of 30@m and a gap width of 400m
example is considered for an emerging beam & #bm (see Fig. 1). It is perhaps interesting to point out that one of
broadside, at an operating frequency faf= 30 GHz. The the benefits of using a CPW medium is highlighted by the need
corresponding substrate is assumed to be gaf4hick Rogers to realize such high characteristic impedances on an electrically
RO3003 laminate with a relative permittivity, of 3.0. The thin substrate at 30 GHz. Indeed, a corresponding microstrip re-
substrate is deliberately chosen electrically thin in order #dization would result in relatively narrow lines (7&n), which
avoid strong excitation of substrate modes. Inevitably, this leagiscording to HP-Linecalc result in a per unit length attenuation
to bidirectional patterns which may or may not be desirabless (decibles per wavelength) that is 1.7 times higher than that
depending on the specific application. In order to providef the chosen CPW line.
maximum design flexibility, a unidirectional version of the _ _
proposed LWA is discussed in Section V. C. Final Unit Cell Layout
Now that the phase constafif characteristic impedance of
the unloaded lineZ, and interelement spacing have been
The attenuation along the leaky-wave structure, owing to rehosen, the required capacitive loading can be calculated from
diation, is not known at the early stages of the antenna desitlme dispersion relation of (1). The required reactance was found
However, it can be assumed that the leakage is gradual, and flube X = 188 2. This reactance translates into a required
the attenuation constant is small. This is a desirable condititmading capacitances 6t = 0.0282 pF per slot at 30 GHz.
which corresponds to an effective illumination of all the ele- Aswas observed in [2] for parallel-plate waveguide fed slots,
ments in the array and, therefore, a narrow beam for an electhie angle of emergence in a LWA is almost independent of the
cally long structure. Under this assumption, ordinary uniformotal number of slots. This implies that the phase constant is
linear array theory can be employed for the initial stages of tladso approximately independent of the total number of slots.
design. The element pattern of the array corresponds to the radierefore, an approximate method based on the use of a single
ating capacitive slots which are transverse and, therefore, radiaté cell in isolation was adopted to determine the required slot
with an electric field polarization lying along the array axis. dimensions for achieving the desired loading capacitanter
Simple criteria were adopted for choosing the interelemeatbeam pointing direction of 45at 30 GHz. For this purpose,
distancel. The interelement distance was chosen such that thétB-momentum was used to extract an equivalent circuit of a

Ill. DESIGN OF THEUNIT CELL

A. Choice of Interelement Spacing
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Fig. 4. Unit cell dimensions at 30 GHz. Number of Unit Cells

Fig. 5. Complex propagation constant versus number of unit cells in array.
unit cell in isolation and optimize the geometrical parameters

to achieve the required loading capacitanterhe determined Typical Values at 30 GHz:
unit cell dimensions are shown in Fig. 4. The exact equivale qh R1=3.03Q
circuit for the isolated unit cell is not shown here for brevity. Ir o i C1=0.0524 pF
. . . . . radiation resistance R2=35.16 Q
the next section, however, a similar equivalent circuit for the ur
cell embedded in an infinite periodic environment is explicitl /5'°;apa°"f:°e C2=0.0141pF
shown. kd : 1 kd
° oV | | Vo °
Ry C4 Cy Ry
IV. EXTRACTION OF A TRANSMISSION LINE MODEL AND radiation resistance —— < R, Z,
CORRESPONDINGANALYSIS - )
C, «— parasitic capacitance

In this section, analysis techniques for truncated perioc Zo

structures are applied to the proposed structure of Fig. 1 an | ' - I |
useful transmission line model is extracted. The transmissiinterconnecting tx. line section  slot equivalent circuic ~ interconnecting tx. line section
line model is utilized for finalizing the LWA array design,‘ J
including the selection of the number of unit ceNsand the

corresponding analysis of the far-field patterns and VSWRg- 6. Equivalent circuit for unit cell in array environment.

input impedance characteristics.

unit cell

) o ) .. based solely on a single isolated unit cell. On the other hand,
A. _Extractlon of a Transmission-Line Model for the Periodic i attenuation (leakage) constant converges for a much larger
Unit Cell number of unit cells. For this particular geometry, more than

The analysis of a single isolated unit cell is inadequate f&5 elements were required to achieve convergence.

the determination of the leakage constanbf the antenna, Fig. 5 was utilized to determine the required number of unit
due to mutual coupling and edge effects. However, for largeells, IV, for the overall LWA. The length was chosen such that
arrays of unit cells, edge effects become less significant a@8% of the incident power is radiated prior to reaching the an-
the propagation constaft attenuation constant, and Bloch tenna termination. Given that = 0.048 for larger arrays ac-
impedance’ g, approach that of an infinite array. In other wordsgording to Fig. 5, the needed number of elements was found to
the majority of the slots experience the same electromagndie N = 32.
environmentand therefore, it becomes quite reasonable to modeéDnce the number of cells was determined, the two-port
the slots with identical equivalent circuits. The transmission-lirgharacteristics of the entire 32-element array were utilized to
equivalent circuit for the periodic unit cell was extracte@xtract the ABCD parameters of the embedded periodic unit
from the propagation characteristics (propagation constaogll based on simple transmission theory of cascaded two-ports.
attenuation and Bloch impedance) of entire arrays with variosom these ABCD parameters of the periodic unit cell, the
numbers of cells. Specifically, the propagation characteristicerresponding two-port equivalent transmission line circuit
were computed from the two-port network representation of aras extracted as shown in Fig. 6. The transmission lines to the
N-element array obtained from HP-momentum simulations lefft and to the right of the slot equivalent circuit represent the
the design frequency of 30 GHz. The results are describedierconnecting CPW lines. Furthermore, the slot rcapacitance
Fig. 5, which shows the propagation constant and attenuatisrrepresented by the series branch capacitgrswhich are
constant as a function of the number of unit cells in the arragsponsible for increasing the phase velocity of the periodic
(up to V = 32). As shown in Fig. 5, the propagation constanstructure. On the other hand, the smaller shunt capacit@nce
(B, converges very quickly with increasing number of cellsepresents the parasitic capacitance between the slot plates and
This verifies the assumption tha can indeed be predictedthe CPW ground plane, which tends to slow down the periodic
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air side

dielectric side

H-Plane

Fig. 7. Principle planes of the proposed antenna structure.

0
by both the series and shunt resistafgeand R. It is perhaps — HP Momentum

wave. Finally, the radiation (leakage constant) is representec

=5[ | ==~ TL-Model

worth noting that this equivalent circuit differs from that of
an isolated unit cell predominantly in terms of the resistive g-10r
components. Y

L
ol

B. Analysis of Radiation Characteristics Based on the
Transmission Line Model

e Magnitude
0
o

The developed transmission line model has been utilized toZ-25
quickly predict the radiation characteristics of the designedg_so_
32-element leaky-wave array. The far-field patterns were
generated from slot excitations predicted using the developec -35-
transmission-line equivalent circuit.

From these slot currents, the far-field patterns were generatec ~*Pg4 15012090 -60 -30 0 30 60 90 120 150 180

using the ordinary array factor Elevation (degrees)
32 ) ] Fig. 8. E plane: HP-momentum versus TL-model.
Array Factor = Z I,ef(nDkodsin (7)
n=1

the transmission-line model and providing a rapid vehicle for
where I,, is the current at theith unit cell as predicted by predicting the general radiation characteristics of the array.
transmission line theory anth — 1)k,dsin 6 is the spatial The mainlobe characteristics, as well as the level of the back
progressive phase shift for an observation artgl®Vith this lobe are accurately predicted. The slight discrepancies in the
array factor, an element factor corresponding to a slot antersidelobes can be ascribed to edge effects that are not accounted
printed on a dielectric substrate was employed as determirfedby the transmission line model, since it consists of identical
by spectral-domain analysis techniques [19]. It is worth notingnit cells.

that the simple transmission line model developed, based orfmhe computed propagation and attenuation constants are
the cascade of 32-unit cells (shown in Fig. 6) accounts for tkhown in Fig. 9 over a frequency range from 27 to 40 GHz based
fact that the structure is of finite length and is terminated iboth on the transmission-line model and on direct HP-mo-
a short. Therefore, both forward and reverse traveling Blochentum simulations. First, note that the transmission-line
waves are represented in the model through standard theorynafdel does a very good job in predicting the propagation
truncated periodic structures [20]. To facilitate the discussion obnstants over a wide range of frequencies. The attenuation
radiation patterns throughout the rest of this article, the principtenstant is also very well predicted, except in the slow-wave
radiation planes of the designed array are explicitly shown fegion where a residual attenuatiomgft, = 0.03 remains. As

Fig. 7. The corresponding E plane patterns at 30 GHz obtain€ig. 9 shows, the dispersion relation exhibits high attenuation at
from the transmission-line equivalent circuit are compared tow frequencies{ < 28 GHz) due to the increased series reac-
the patterns from HP-momentum simulations in Fig. 8. Amnce of the capacitive slots. This corresponds to the stopband
shown, there is excellent agreement between the two, validatiegion of the lossless capacitively loaded transmission line case
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Fig. 10. Impedance matching network at antenna input.

shown in Fig. 3. Furthermore, the band edges are not as shiig. 10. The antenna was fed through a flange-mouhtezbn-
as for the lossless capacitively loaded transmission line duentector launcher at the edge of the substrate and was terminated
the presence of radiative losses modeled by the resistdticesn a short as shown in Fig. 1.
and R,, in Fig. 6. As the frequency is increased, a region of _
fast-wave propagation or leaky-wave operation is encounteréd. Measured Far-Field Patterns
Further increase in frequency causes the phase delay of th&he E plane far-field patterns of the test antenna measured at
interconnecting lines to increase and the series reactance of3be&sHz, are shown in Fig. 11. As expected, the antenna radiates
capacitive slots to decrease. This leads to an increase of #t@an angle from broadside toward the direction of propagation.
propagation constant which translates to a beam tending towgtgtthermore, the measured maximum cross polarization in the
the endfire direction with increasing frequency. Eventually, the plane is reasonable at approximatel§7.6 dB. Before the
antenna enters a region of slow-wave propagation whenk, rest of the patterns are shown, the reader’s attention should be
in compliance with the Brillouin diagram of Fig. 3. drawn to the fact that the measured beam pointing direction is
55° and not 48 as was designed and predicted by the simula-
tions of Fig. 8. A related discrepancy between the measured and
narrower simulated beamwidth should also be pointed out. This
issue was investigated extensively and it is believed that the ob-
As mentioned in Section Ill, a Rogers RO3003 substrate wiierved discrepancies are due to the fact that the actual slots have
a relative permittivity3.0 + 0.04, a loss tangent ofan§ = a capacitance that is higher than what simulations predict. This
0.000 12 and a half ounce copper metallization of Aih was increased capacitance can be attributed to the finite metalliza-
used to fabricate the designed antenna at 30 GHz. Due to tioa of 17 u,m, which cannot be easily modeled with a planar
symmetry of the structure shown in Fig. 1, it was decided natoment based solver such as HP-momentum. It can be argued,
to use air-bridges along the array. This was deliberately donetlvat this increased capacitance decreases the phase velocity on
order to demonstrate that excellent results can be achieved viite periodic line, leading to the increased angle of emergence
a simple fabrication process. It should be noted that, accordiagh5 from broadside. To overcome the difficulty of simulating
to simulation, the Bloch impedance of the loaded line at 30 GHize structure with finite metallization using HP-momentum, the
is about40 2 which was matched to th& (2 feed-line using developed transmission line model came in very handy. Specif-
a simple two-stage quarter-wavelength transformer as showndally, the capacitance}', in the transmission-line model of

V. EXPERIMENTAL RESULTS
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Fig.12. E-plane: Modified transmission line model vs. experiment at 30 GHz.

180

which exhibit a narrowband VSWR performance. Incidentally,
Fig. 11. Measured E plane pattern at 30 GHz. this measured VSWR bandwidth, which corresponds to 26%
for |S11] < —10 dB is larger than the best corresponding

. . . bandwidth of 20% reported for the microstrip LWA [12]. This
Fig. 6 was increased from 0.0524 pF to 0.0592 pF, in order {0, o 1 the fact that the bandwidth of the latter is hindered by

steer the emerging beam from the designed direction to the mgas special feeds needed to suppress the dominant microstrip

sured one. Th? corresponding simulated .E p!ane patterns @&de. It should be noted, that in this present work the recorded
compared against the measured patterns in Fig. 12. As seepdy,

o . . ; _ 6% bandwidth does include the 50 to 40 Q two-stage
this figure, this increase in capa_cnance also automatically r Jarter-wavelength transformer at the input of the array (see
covers the experimental beamwidth and the two patterns n . 10).

compare very well to each other. Therefore, it can be postulate

that the increase in beamwidth is simply a result of scannigg | oss Budget

toward the endfire direction, as standard uniform (or slightly ta-

pered) array theory for linear arrays would predict.

The corresponding measured air and dielectric side H pl

A comprehensive loss budget is shown in Table I. The an-
aﬁ:éma directivity was estimated to be 11.3 dB by integrating the

patterns are shown in Fig. 13. The measured copolarizatio asured E and H plane far-field patterns using numerical inte-

plane patterns are compared against the patterns obtained fROROn- In o_rderto_ evaluate the antenna rad!atlon eff|C|_ency, the
the modified transmission line model in Fig. 14. The highegf)rrespondmg gain was also measured using the gain-transfer
cross-polarization levels arel2.3 dB and-10.8 dB on the air method and was found to be 9.2 dB.

and dielectric sides, respectively. This higher cross polarizationIn Table |, mismatch loss refers to the power lost due to reflec-

in the H plane, compared to the E plane, is predominantly due.tv?)nS E.lt the input terminals of the antenna. O_n the pther hanq,
ut line losses refer to the conductor and dielectric losses in

the fact that in addition to the structure being fast wave, the C S
feedline also becomes fast, and thus, radiative. Along the lon € 500 transmission line and the two-stage quarter-wavelength
! y ansformer (see Fig. 10). Furthermore, feed-line losses refer to

tudinal plane X Z cut in Fig. 7), the far-field contributions of . . .
the two opposite magnetic currents of the CPW feedline exacH] c_:ond.uctor and dlglectrlc losses due to the CPW. mtergon-
cancel out, thus leading to reduced cross-polarized fields in t'ﬂ cting lines of the unit cells along the array. Both the input line

; d feed-line losses were estimated using HP-Linecalc. For the

E plane. However, this cancellation along the E plane creafty . . . .
e of the feed-line loss calculation, Linecalc was first used to

two emerging cross-polarized beams in the H plane, on eitfé&> . :
side of thg sSbstrate F\)Nhich is apparent in Fig lF:)S estimate the attenuation loss per unit length of the raw CPW

interconnecting line (i.e., assumed matched). Subsequently the
transmission-line model of Section IV was utilized to account
for the reverse wave reflected off the short-circuit termination
The return loss of the antenna was measured from 24 dbthe array. The fact that this feed-line loss has been estimated
36 GHz using a HP8722C vector network analyzer. The cdp be only 0.4 dB is very encouraging and indicates that with
responding measurements are shown in Fig. 15 along with fhr@per design, there is no detrimental effect of the conductor
simulated results obtained from the modified transmission linesses to the performance of the array at 30 GHz. As Table | in-
model. As shown, there is reasonable agreement betweendtoates there is a 0.8 dB loss unaccounted for. This discrepancy
measured and simulated results. Furthermore, Fig. 15 confiro@ be attributed to experimental errors which include 1) uncer-
that the VSWR performance of the antenna is quite broadbatainty in the measured absolute gain based on the gain transfer
although the beam-pointing direction changes with frequeneyethod [21], 2) error in estimating the directivity from the mea-
In this sense, the antenna can be considered broadbandsured E and H plane patterns, and 3) errors in estimating con-
contrast to standard series fed resonant types of antenmastor losses using HP-Linecalc. The 0.8 dB discrepancy falls

B. Return Loss
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Fig. 13. Measured H plane patterns at 30 GHz.

within the cumulative error in estimating the directivity, gainE. Unidirectional Version of the Proposed LWA
and feed-line losses reported in Table I.

For many applications it is preferred to employ unidirectional
antennas. However, a slot antenna is essentially a bidirectional
radiator. The standard way of suppressing the radiation from one

As expected from the dispersion characteristic in Fig. 9, tlséde of a slot is to back it with a ground plane or a cavity. How-
main-beam scans as the operating frequency is swept. Within éver, one must be careful because in the former case a parasitic
antenna bandwidth (VSWR 2), it was experimentally verified TEM wave can be excited between the slot and backing ground
that the antenna scans from°2(from broadside) at 25.5 GHz planes, whereas in the latter case, spurious resonances can be in-
to 78 at 33.6 GHz. Furthermore, in the frequency range bé&oduced that limit the VSWR bandwidth. Recently, substantial
tween 26-34 GHz, the measured gain variatioft isdB from progress has been made toward the realization of highly efficient
an average level of about 10 dB. An examination of the far-fielshidirectional slot antennas and arrays. For example, excellent
patterns within this frequency range also reveals that there isegults have been achieved from ground plane backed linear slot
distinct pattern minimum at endfirg & 90°) throughout most arrays by suppressing the parasitic TEM mode using a phase
of this frequency range, despite the fact that an exact null weencellation technique [22]. Another effective method involves
imposed only at 30 GHz. the use of an electromagnetic band-gap (EBG) material at the

D. Frequency Scanning Characteristics



1502

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 50, NO. 11, NOVEMBER 2002

—  TL-Model.

= = = FBxperiment

18

m—  TL-Model.

= = = Experiment 0

180

air

dielectric

0

dielectric

air

Fig. 14. H plane co-pol. patterns: Experiment versus transmission line model at 30 GHz.

Return Loss (dB)

ey 26 28 30 32 34 36

Fig. 15.

Transmission Line Model |
v | - - - Experiment

Frequency (GHz)

Return loss: Experiment versus modified transmission line model.

back of the slot operating within its stopband to suppress the
back radiation [24].

In order to render this proposed LWA antenna unidirectional,
it was decided to exploit the feature that its transverse dimen-
sion is electrically short. This implies backing the LWA with a
narrow, butlong metallic trough, as shown in Fig. 16. The trough
can be thought of as a waveguide operated well below the cutoff
frequency of the dominant T mode. This ensures that trans-
verse resonances can be eliminated. Furthermore, since most of
the power is radiated from the structure before it reaches the
open end of the trough, any longitudinal resonances are elimi-
nated. The corresponding measured E plane patterns at 30 GHz
are shown in Fig. 17. As shown, this unidirectional version of
the proposed LWA works exceptionally well, suppressing the
back radiation below 20 dB. In addition, the measured return
loss shown in Fig. 18 does not show any evidence of spurious
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TABLE |
LOSSBUDGET

Directivity from Measured Patterns dB | 11.3

Measured Gain dB 9.2
Mismatch Loss dB 0.1
Input Line Losses dB 0.8
Antenna Feed-line Losses dB 0.4
Unaccounted Losses dB 0.8

Substrate Printed Antenna

AN

Array Axis

&
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Trou gh/p’{
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Fig. 16. Unidirectional design at 30 GHz.
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Fig. 17. Measured unidirectional E plane pattern at 30 GHz.
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Fig. 18. Return loss for unidirectional design.

for special, mode suppression feeds, thus, rendering the pro-
posed structure inherently broadband. Furthermore, the new
antenna permits the simple integration of shunt phase control
devices such as semiconductor or MEMS varactors for fixed
frequency beam scanning applications. The shunt integration
of devices would allow the dc control bias to be maintained
at low levels. In addition, the transverse size of the structure
is electrically narrow, which allows the compact integration
of several antennas side-by-side in order to form pencil or
switched beams.

A simple transmission-line model has been introduced to
understand the operation of the new antenna and facilitate its
design. Based on this model and refinements through method
of moments electromagnetic simulations, a LWA has been
designed at 30 GHz. The prototype antenna has been tested
successfully and points at an angle of $®m broadside while
exhibiting a VSWR< 2 bandwidth of 26%. In addition, the
antenna demonstrates a gain of 9.2 dB while suffering only
minimal conductor feed-line losses of 0.4 dB.

Inspired by this present work, a backward radiating version
of this leaky-wave antenna was subsequently reported by the
authors in [24].
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