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Abstract—This paper presents novel single-layer waveguides
for challenging design of high-gain, high-efficiency, and mass-
producible planar slotted arrays for millimeter wave. The key
feature of three types of waveguides as well as state-of-the-art
performance of arrays using these are surveyed. A model antenna
realizes 35-dBi gain and 64% efficiency at 60.2 GHz.

Index Terms—Millimeter-wave array, mm-wave array, TEM
node waveguide array.

I. HIGH-GAIN APPLICATION OF

MILLIMETER-WAVE ANTENNAS

T HE variety of radio systems with high-frequency and
high-gain antennas at present and in the near future

are summarized in Fig. 1. These include high-speed wireless
local area network (LAN), automotive collision-avoidance
radar in 60–80-GHz bands, 20-GHz-band entrance radio relay
systems for connecting mobile base stations, and various
types of millimeter-wave subscriber radio systems [1], [2].
A unique program of communications and broadcasting en-
gineering satellite in Japan (COMETS) has several systems
covering 20–50-GHz bands. In the design of high-gain planar
antennas, the loss in feeding lines determines the antenna
efficiency, while the choice of radiating elements as well
as the waveguiding structure affects the manufacturing cost.
It is roughly estimated that the efficiency of microstrip or
triplate line arrays with 35 dBi would be lower than 30%
in, for example, 60 GHz [3]. Since the loss is negligible
in the waveguide, and slots are cost effective, a slotted
waveguide array is a leading candidate for high-gain flat
antennas. However, slotted-waveguide arrays have never been
used commercially, with the few exceptions of military or
professional applications. The key problem has been the
highest manufacturing cost of the waveguides. Authors have
developed several types of single-layer waveguide arrays in
12- and 20-GHz bands which realize high efficiency and mass
produceability [3], [4]. This paper extracts the advantages
and the drawbacks of these waveguides in terms of antenna
efficiency and manufacturing cost. The latest challenges for
millimeter-wave applications are also demonstrated for con-
firming the potential in high frequency. Fig. 1 also includes
the state-of-the-art efficiency of slotted waveguide arrays as
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functions of the gain and frequency. The efficiency at 35-dBi
gain is about twice as high as that of other types of arrays [1].

At first, single-layer waveguides are classified into three, in
terms of modes in the waveguides. Then, the design, excellent
characteristics, as well as the difficulties of arrays using each
single-layer waveguide are presented.

II. SINGLE-LAYER WAVEGUIDES

Fig. 2 presents varieties of single-layer waveguides which
are suitable for mass production. Parallel-plate waveguides op-
erating in TEM wave excitation are already commercially mass
produced in the form of radial-line slot antennas (RLSA’s) for
12-GHz DBS reception, as shown in Fig. 3(a) [3]. The parallel-
plate structure [5]–[7] is oversized and has no sidewalls; it
assures the lowest transmission loss among the three. This
becomes the important advantage even in high-gain range,
where other types of planar structures suffer from serious
conductor loss. Furthermore, it is the most simple structure
without a wall, and is the leading candidate for the cost-
effective waveguide arrays. One difficulty of TEM waveguides
is that the scattering from slots, which excites higher modes,
must be taken into account in the design or must be suppressed;
this implies that the design flexibility is slightly sacrificed.
Single-mode waveguides in Fig. 3(b) are excited in-phase by
junctions, as shown in Fig. 4(a). They are also commercialized
for mobile direct broadcasting from satellite (DBS) reception
[4], [8], [9]. This structure consists of only two components,
i.e., a slotted plate and a base plate with corrugation. Single-
mode waveguides bring us design flexibility, although it is
more expensive than an oversized one. A drawback as applied
for high frequency is that the electric contact between the
bottom plate and the slot plate should be perfect [1]. A cost-
effective process for this contact has never been established.
Single-mode waveguides with alternating phase excitation,
shown in Fig. 3(c), may be regarded as the mixture of (a) and
(b) [10]. Adjacent waveguides are fed out of phase by 180
through T-junctions, shown in Fig. 4(b), which are compared
with the junctions in Fig. 4(a). Noteworthy is that the
electrical contact between the narrow walls and the slot plate
is not necessary for the alternating phase waveguides [1], [10].
Thus, reduction of loss as well as cost for fabrication would be
expected. A test antenna was fabricated and the basic operation
without the electric contact has been confirmed.

The above observation for three types of single-layer
waveguides is summarized in Fig. 2, in terms of mass
producibility and designability.
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Fig. 1. High-gain applications in millimeter wave.

Fig. 2. Single-layer waveguides for planar arrays.

III. SINGLE-MODE WAVEGUIDES

A. Single-Mode Waveguide In-Phase

The single-mode waveguide with co-phaseal excitation is
the most popular structure, except that the feeding waveguides
are also in the same layer as those for the radiating waveguides.
The unique power-dividing element of junctions, shown
in Fig. 4(a), realizes this simple structure as well as mass
productivity [4]. The slot and waveguide design techniques are
already mature in 12-GHz bands. Various antenna functions
have been reported successfully, such as circular or linear
polarization, boresite or tilted beams, and two beams antennas
[1], [4], [9], [11]. The waveguide has the negligible conducting
loss and provides the way to high-efficiency antennas even
in high-gain and high-frequency use. Challenges for higher
frequency and excellent efficiency include the followings.

1) Entrance Radio Relay Systems in 22-GHz Band:A two-
dimensional slot array is fabricated for experiments in 22-GHz
band. A radiating waveguide is an array of resonant shunt
slots on the broad wall and is designed to realize uniform
distribution on the aperture [12]. The size of the array is
presented in Fig. 3(a). The electrical contact between the slot
plate and the narrow walls is realized by a time-consuming

(a)

(b) (c)

Fig. 3. Single-layer waveguide arrays. (a) RLSA. (b) Single mode (in phase).
(c) Single mode (alternating phase).

brazing technique. The peak gain of 35.9 dBi is obtained and
the antenna efficiency is 75.6% at 22.15 GHz. This efficiency
is about two times higher than those of other planar arrays in
this frequency and gain range [1].

2) 60-GHz-Band Single-Layer Waveguide Arrays for Car
Collision-Avoidance Radar:A 35-dBi test antenna at 60 GHz
has the size of about 105 mm120 mm 5 mm, 600 resonant
shunt slots on 24 waveguides of 3.22 mm1.88 mm [1]. The
typical size of slot is 3 mm 0.3 mm. Relatively large reflec-
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(a) (b)

Fig. 4. Power dividers for single-layer waveguide. (a)�-junction. (b) T-junction.

Fig. 5. Two types of laser welding for test antennas.

tion of 5 dB was observed at 59.7 GHz. The highest gain of
35 dBi and the efficiency of 64% were observed at 60.2 GHz.
This efficiency is very high and is, again, about two times
larger than that predicted for other types of antennas [13].
3) Leaky-Wave Antennas for Satellite Mobile Communications
in COMETS [14]: Circularly polarized leaky-wave antennas
with a large-beam tilting angle of about 46are manufactured
for mobile reception of satellite signals in 21-, 31-, and
46-GHz bands. It has the size of about 110 mm95 mm

5 mm. Typical gain and efficiency of antenna is 23.8 dBi
and 63% at 21.0 GHz, 26.3 dBi and 54% at 30.8 GHz and
30.2 dB and 51% at 46.9 GHz, respectively.

Serious difficulty of co-phase waveguide () is the real-
ization of an electrical contact between the slot plate and the
narrow walls. To demonstrate the importance of the contact,
two types of laser welding contacts are tested in 22-GHz-
band antennas. The center column in Fig. 5 shows the area of
welding in co-phase waveguide arrays by bold lines. Complete
welding indicates the model with all the walls welded, while
the localized welding is that with only the periphery of the
aperture as well as the power-dividing waveguide welded;
the latter is much attractive in terms of mass productivity.
Fig. 6(a) shows the measured phase distribution over the
aperture of complete and localized welding models. Small-
beam tilting design, about 6in -direction, accounts for
linearly tapered distribution. The aperture phase of the latter
is seriously deformed from the uniform one observed for the

former. Fig. 7(a) compares the antenna gain for two antennas.
The antenna with localized welding is losing gain and a bit
frequency shifted. These suggest that the mechanical contact
is not sufficient for the co-phase waveguide walls.

B. Single-Mode Waveguides With Alternating Phase

The alternating-phase waveguides dispense, in principle,
with the electric contact between the slot plate and the narrow
walls. This is of great advantage in mass production. Two
more antennas with almost the same dimension as the co-
phase ones are fabricated to evaluate the importance of electric
contact. Test antennas with complete and localized welding
are shown in the right column of Fig. 5. The aperture phase
illumination and the antenna gain are presented in Figs. 6(b)
and 7(b), respectively. As is expected, the gain as well as the
phase illumination remains unchanged even if the narrow wall
contact is omitted [1], [10].

In Fig. 7, the theoretical peak gain as well as the measured
gain of alternating phase waveguide is lower than that of co-
phase waveguide arrays by about 0.5–1 dB. This degradation
for alternating phase ones is due to the grating lobes of about

25 dB appearing in diagonal planes. They are associated
with the slot arrangement, not periodic, but symmetrical with
respect to narrow walls, as shown in Fig. 3(b). This gain
reduction may be eliminated by the beam tilting in -
direction or the use of dielectric material filling the waveguide.
The beam tilting in -direction or the use of dielectric ma-
terial filling the waveguide may eliminate this gain reduction.
The predicted aperture efficiency is compared in Fig. 8 as
functions of the dielectric constants for the beam tilting of
8 in -direction. The gain reduction is only 0.3 dB, even
for empty waveguide ( ).

Another interesting feature of alternating phase waveguide
is that narrow walls can be reduced, in principle, at the center
frequency [2], [15]. Fig. 9 shows the possible configurations
of waveguide with reduced narrow walls. If the frequency
changes from the design, the null position of the fields moves
away from the original wall position. Then the slot excitation
changes and gain reduction occurs. A simple calculation
was conducted to evaluate the bandwidth narrowing effects
for them where the coupling windows in T-junctions are
regarded as the magnetic currents radiating into the oversized
waveguide with reduced narrow walls. The slot excitation
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(a) (b)

Fig. 6. Measured aperture phase distribution of co-phase waveguides. (a) Localized welding. (b) Complete welding.

(a) (b)

Fig. 7. Gain reduction of single-layer waveguide array due to imperfect electric contact at narrow walls. (a) Co-phase waveguide arrays. (b) Alternating
phase waveguide arrays.

Fig. 8. Efficiency reduction of alternating phase waveguide arrays due to
grating lobes.

is assumed to be proportional to the magnetic field at the
slot position of interest. Fig. 10 illustrates the field amplitude
distribution of highly reduced model of Type 1/8. As the
frequency shifts from 22.3 GHz, for which all the windows

Fig. 9. Alternating phase waveguide with reduced narrow walls.

in T-junctions are designed to be in co-phaseal, the null
of standing wave deviates from the initial wall positions.
The slot excitation reflects this perturbation of standing wave
distribution and uniform illumination breaks down. This results
in bandwidth narrowing of the predicted antenna gain, as
shown in Fig. 11. The 1-dB down bandwidth for Type 1/8 is
about 3% for 24-dB antennas. Nevertheless, the wall reduction



796 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 6, JUNE 1998

Fig. 10. Amplitude distribution in the waveguide with reduced narrow walls (Type 1/8).

Fig. 11. Bandwidth narrowing of arrays with reduced narrow walls.

in an alternating phase waveguide would be attractive in
cost reduction of the antenna if the bandwidth requirement
is satisfied.

IV. PARALLEL -PLATE WAVEGUIDE

The possibility of high-gain planar antennas for commercial
use was first opened up by the RLSA in 12-GHz band by
Takahashiet al. [3], Goto and Yamamoto [5], and Andoet
al. [6]. It is a kind of parallel-plate waveguide with a TEM
wave and is, at the same time, an oversize waveguide for the
scattered or reflected from slots. Therefore, sophisticated slot
design, so as not to perturb the dominant TEM traveling-wave
operation, has been intensively established. This structure
dispenses with narrow walls as well as electric contact. Thus, it
seems to be the most promising candidates for millimeter-wave
application. The simple scale-down of the lower frequency
antenna provides us with millimeter-wave antennas with the
comparable efficiency in principle, provided that the fabrica-
tion accuracy should be assured. It seems trivial, but should be
emphasized in contrast with that other planar structure such as
a microstrip line, triplate line, and suspended line, which would
suffer from serious degradation in millimeter wave due mainly
to conductor loss. The key difference between these lines and
waveguide is that the substrate thickness of the former must

TABLE I
DESIGN PARAMETER OF RLSA’S FOR LAN

Fig. 12. Predicted and measured radiation patterns of 60-GHz RLSA’s
(high-gain type B). Solid line: Co-pol. Dashed line: Cross pol.

be kept smaller than that of the latter, so as to suppress the
unwanted radiation from the feeder. Smaller thickness results
in an increase of conductor loss.

Several RLSA’s are fabricated in 60 GHz. Another unique
concept of a through-hole antenna constructed on the substrate
is also proposed to realize the mass production of TEM wave
antennas [14].

1) 60-GHz-Band RLSA for High-Speed Wireless LAN Sys-
tems: Two types of circularly polarized RLSA’s are manu-
factured. Both have the similar structure shown in Fig. 3(c).
Slots in the aperture consist of many slot pairs, each one
of which has two slots oriented perpendicularly and spaced



ANDO et al.: NOVEL SINGLE-LAYER WAVEGUIDES FOR HIGH-EFFICIENCY MILLIMETER-WAVE ARRAYS 797

(a)

(b)

Fig. 13. A conical beam RLSA for 60-GHz wireless LAN (type A). (a)
Concentric array RLSA with coaxial feed. (b) Test antennas for wireless
LAN (photo).

radially by a quarter-wavelength guide. One pair is a unit
radiator of a circularly polarized wave for radially outward
traveling-wave excitation by a coax to a radial-line adapter.
These slot pairs are arrayed spirally for a pencil beam or
concentrically for a conical beam. The design parameters are
listed in Table I. One is a 10-cm-diameter high-gain RLSA
with a pencil beam, as shown in Fig. 3(c). This is made
by simply placing the conducting sheet above the top plate
with etched slots, with the foaming spacer put between them.
Radiation patterns are presented in Fig. 12. A gain of 33 dBi
and the efficiency of about 51% was measured. The reflection
at the feed point and the alignment error of the plate should
be eliminated for enhancing the efficiency up to 70%. Another
example is a 25-mm-diameter RLSA with a conical beam, as
shown in Fig. 13 [16]. It has slot pairs arrayed not in spiral,
but in concentric arrangement. The Teflon substrate with a
thick ground conductor is adopted and the slots are etched
on the top conductor, while plating shorts the periphery of

Fig. 14. Measured radiation patterns of three C-turn RLSA’s.

Fig. 15. A post-wall waveguide for TEM wave array.

Fig. 16. Attenuation and waveguide width realizing effective width of
2.15 mm.

the aperture. The dielectric constant is 2.2. Fig. 14 presents
the comparison of the predicted and measured patterns. The
agreement is reasonable, except the wide angular regions due
to errors in near-field measurement technique. Though the
VSWR was not good at the center frequency, the discrepancy
between measurement and prediction was no more than 2 dB
in gain, which suggests the high potential of RLSA’s in terms
of loss in millimeter-wave frequency. Accurate discussion of
the antenna gain is left for further study.

2) Post-Wall Waveguide in Substrate:The authors have
proposed a single-layer feed waveguide to excite a plane
TEM wave for parallel-plate slot arrays, as shown in Fig. 15
[14]. Instead of conductor walls, densely arrayed through holes
are accommodated in the substrate. As the density of through
holes becomes higher, they can be regarded as the equivalent
narrow walls. Propagation constant of the post-wall straight
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Fig. 17. Measured aperture field distribution of post-wall waveguide.

TABLE II
DESIGN PARAMETERS OF POST-WALL WAVEGUIDE IN 40-GHz BAND

waveguide has been calculated by using Galerkin’s method-
of-moment analysis as a function of the spacing. At 74 GHz,
the post diameter of 0.3 mm and the dielectric constant of
2.17 are assumed for calculation. Fig. 16 demonstrates the
results where larger post spacing corresponds to larger loss. It
also shows that as the spacing increases, narrower waveguide
width is required for realizing the equivalence to a solid-
wall waveguide with 2.15 mm. The unit component named
as periodic-wall junction is designed and arrayed in series
to constitute a TEM wave exciter into the substrate. Test
waveguide, as shown in Fig. 15, is fabricated in 40-GHz band
using the parameters in Table II. Fig. 17 shows the power-
dividing characteristics measured over the parallel plate along
the feed waveguide. Inner field is picked up through slots
etched on the top plate. Sufficiently uniform amplitude and
phase illumination is observed, and TEM parallel-plate mode
excitation is confirmed. This structure can be mass produced
by through-hole techniques in the substrate.

V. CONCLUSIONS

Three types of single-layer waveguides are introduced for
the planar slotted arrays. Excellent efficiency was demon-
strated for single-mode co-phase arrays. RLSA’s using over-
sized waveguides are designed for 60-GHz LAN, and low-loss
characteristics are suggested. A noble structure called the
post-wall waveguide is also proposed for TEM wave excita-
tion. Alternating-phase waveguide arrays using single-mode
waveguides have an attractive advantage: electric contact
is not required at the interface between the slot plate and
the waveguide narrow walls. Narrow-wall reduction is also
possible for narrow-bandwidth applications.
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