1276 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 47, NO. 8, AUGUST 1999

Millimeter-Wave Tapered-Slot Antennas on
Synthesized Low Permittivity Substrates
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Abstract—This paper presents 30-GHz linear-tapered slot an-
tennas (LTSA) and 94-GHz constant-width slot antennas (CSWA)

on synthesized low dielectric constant substrates{ = 2.2). Thé ginoe the membrane dimensions are large and the mechanical
performance of tapered-slot antennas (TSA) is sensitive to the

effective thickness of the substrate. We have reduced the effective Stability of the Su.Spended membrane is cor_npromised. Other
thickness by selectively machining holes in the dielectric sub- researchers (Vowinkeét al. [5]) have selectively removed
strate. The machined substrate antenna radiation patterns were large portions of the dielectric inside the slot area of the TSA
significantly improved independent of the machined hole size or wjth good results.

lattice as long as the quasi-static effective thickness remained A other method commonly used at millimeter-wave fre-

the same, even if the hole/lattice geometry is comparable to a .. . . o .
wavelength. The method was applied at 94 GHz on a CSWA with GUencies is the integration of the radiating antenna on a thin

excellent radiation pattern improvement, making it suitable for  (4—8 mil) low dielectric substrate witl, = 2.2 backed by

f11.6 imaging array applications. a thick foam substrate with a dielectric constant of less than
Index Terms—Artificial substrates, micromachining, tapered- 1-1 [6], [7]. While this is excellent at 20-100 GHz, the thin
slot antennas. dielectric substrate will interefere with the radiation patterns

of TSAs at frequencies greater than 100 GHz. Therefore, it
is advantageous to develop a technique to further reduce the
dielectric constant of the dielectric support substrate.
APERED-SLOT antennas (TSA’s) have been developedin this work, an array of closely drilled holes is used to
by Gibsonet al. [1] and Yngvessoret al. [2], [3] for remove a portion of the underlying substrate, thereby resulting
phased-array and focal-plane imaging systems. The perfir-a lower quasi-static (effective) dielectric constant substrate.
mance of a TSA is sensitive to the thickness and dielectrithis technique has been applied successfully using microstrip
constant of the antenna substrate.effective thicknessyhich antennas [8]. The volume of the dielectric removed can be
represents the electrical thickness of the substrate, has bpestisely controlled (between 0-100%) and determines the
defined ast.;; = t(/e; — 1). One accepted range of theeffective dielectric constant of the substrate. In this application,
effective thickness (determined experimentally) for good opround 40-50% of the substrate is removed to maintain good
eration of a TSA is given as 0.085 < t.rs < 0.03, [2]. mechanical properties.
For substrate thickness above the upper bound of effective
thickness, unwanted substrate modes develop that degrade the
performance of the TSA, while antennas on thinner substrates II. 30-GHz DESIGN AND MEASUREMENTS
suffer from decreased directivity.
The upper bound on the effective thickneéss; < 0.003A, A. LTSA Design
necessitates mechanically thin substrates for millimeter-wave, nonoptimal linear TSA (LTSA) design, shown in Fig. 1,
applications, even if low dielectric constant materials are Usgfl.s chosen for the 30-GHz experiments. The LTSA was
For example, a maximum thickness of 2@n (8 mils) is designed to be X%, long with a 12 taper angle, which
allowed for @ 94-GHz TSA integrated on an= 2.2 dielectric oq,ts in nearly one\, aperture. The slotline feed was
substrate. This results in a mechanically fragile substrate. 200-300um wide. The substrate is 1.27 mm (50 mils) thick
One way of improving the mechanical stability is to increasgr;qriod, with a relative dielectric constant ef = 2.2.
the thickness of the substrate and then selectively remoygee gifferent substrates were investigatediid substrate
parts or nearly all of the un_derlylng dielectric material. IBig hole substrateandsmall hole substrateéThe big hole and
nearly all of the substrate is removed, the TSA can Re,. nole patterns, shown in Fig. 2, were machined in @ 45
suspended on a thin dielectric membrane with an effectiyg,ieq rectangular lattice with an automated milling machine.
dielectric constant of, = 1.05 [4]. This is easily implemented g i hole substrate was chosen to be a large fraction of a
at submillimeter-wave frequencies (300-3 THz), but is n%avelength withD = \,/3 (3.18 mm) andW = \,/2 (5.08
as practical at millimeter-wave frequencies (30-300 GHQm)_ The small hole pattern was chosen with= \, /8 (1.27
Manuscript received July 1, 1998; revised June 10, 1999. mm) andD = X, /5 (2.03 mm). Previous measurements at 10
The authors are with the Radiation Laboratory, Department of Electricghd 30 GHz have shown that the lattice choice (rectangular,
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Fig. 1. The LTSA on a 1.27-mm-thick RT/durioid,{ = 2.2) substrate. The
pads on the end of the antenna are for low-frequency signal pickup.

Normalized radiation intensity (dB)

Fig. 2. Hole patterns machined into the substrates of the 30-GHz TSA'’s. The
larger pattern has a hole diamet®r of 3.18 mm (125 mils) and a spacing
W of 5.08 mm (200 mils). The smaller pattern has a hole diameter of 1.27

mm (50 mils) and a spacing of 2.03 mm (80 mils). The dashed box represents
the unit cell.

TABLE |
COMPARISON OF THE3- AND 10-dB BEAMWIDTHS
FOR THREE DIFFERENT 30-GHz TSA SBSTRATES

3-dB 10-dB
Antenna E-plane | H-plane | E-plane | H-plane
Solid substrate 17 54 66 67
Big/small hole 25 26 42 43

Normalized radiation intensity (dB)

The machined substrates were chosen to have the same
effective relative dielectric constant. The effective dielectric
constant is a quasi-static value given by the volumetric average
dielectric constant of the machined substrate and.is =

Angle (deg)
(7/2)(D/W)? + €.[1 — (n/2)(D/W)?], whereD and W are )
defined in Fig. 2.
For RT/duroid, withe, = 2.2, the effective dielectric Fig. 3. Measured 30-GHz far-field antenna patterns for (a) the solid substrate

. . d (b) the big hole LTSA.
constant. s is equal to 1.46 for the two machined substrates (b) the big hole

shown in Fig. 2. For a 30-GHz TSA integrated on 1.27-mm (50

mils)-thick substrate, this reduction in the effective dielectrivas AM modulated at 5 kHz and radiated by a standard gain
constant changes the value of;;/), from 0.061 for the horn. The detected low-frequency signal (5 kHz) at the diode
solid substrate to 0.026 for the machined substrates, plactegminals was delivered to a lock-in amplifier. The amplified

the effective thickness just within the performance limits ofignal was then read by a computer, which controlled the
Yngvesonet al. [2]. antenna mount positioner.

The 30-GHz far-field radiation patterns of the solid substrate
and the big hole substrate antennas are shown in Fig. 3. There
The normalized radiation patterns of the antennas weMas significant improvement in the far-field patterns of both
measured in an anechoic chamber. The thin leads and the £- and H-plane with the machined substrates. Note the

pads on the slot end of the antenna (Fig. I) were designigaver cross-polarization levels in the- and H-plane patterns

to allow pickup of low frequency signals from a zero-bia$or the machined big hole antenna. No directivity values are
Schottky diode (Metelics MSS20141-B10[@;, = 0.8 pF) quoted since the 45-plane copolarization and cross-polarization
placed over the slot line of the antenna, one quarter ofpatterns were not measured. The big hole and the small hole
guided wavelength from a capacitive RF short. The RF sourt&As gave very similar patterns to withia 1° and +1 dB

B. 30-GHz Measurements
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Fig. 4. Measured 30-GHz (al{-plane and (b)E-plane far-field antenna Fig. 5. Measured 24 (gray), 30 (dash-dot), and 36 GHz (solid)H(alane

patterns for the big hole (gray) and small hole LTSA (black). and (b) E-plane far-field copolarization antenna patterns for the big hole
LTSA.

.(Fl.g' 4). This indicates that the |mpr0v$mr:anth|r: pj:rfor-mdancaere in opposite phase to the slot-antenna currents and result
IS mdepend(_ant of hole geometry even i the holes/periods a6 arference-like patterns at large measurement angles [11].
a large fraction of a wavelength. This further suggests that thiq g hole antenna results in symmetrical patterns at 30 GHz

effect is purely a quasi-static reduction of the substrate dielegsq for a 10-dB taper in an imaging lens system, the antenna
tric constant and not a mode-suppression/photonic bandgan fit an £/1.25 lens.

mechanism typically seen in high-dielectric constant substratesy comparison of the measured 24-, 30-, and 36-GHz far-

(10]. field radiation patterns for the big hole antenna is shown in
The 3- and 10-dB beamwidths for all three antennas agy. 5. The backside radiation pattermg| > 90°) were below

summarized in Table |. Notice the fine structure (or ripple) in15 dB. The peak cross-polarization levels were beldl.5,

the measured patterns at angles ab&€°. This is believed —10.5, and-8.5 dB at 24, 30, and 36 GHz, respectively. The

to be an interference pattern from the measurement setup aogtesponding patterns of the small hole LTSA are virtually

the edge of the TSA substrate. Recently, Sugawaed. have identical and are not shown. As the frequency increases,

shown that TSA patterns are very sensitive to currents induake beamwidth decreases, the sidelobe levels increase, and

on the edge of the finite-width substrate. These edge curretits patterns degrade as the effective thickness increases (as
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Fig. 6. (a) Front-side conductor pattern and (b) back-side hole pattern for
the CWSA 94-GHz antenna. The antenna aperture is approximagelgnd

the length is approximatelyM,. The hole diameter is 389m and the unit
cell width is 610pum.

|
|

0
Angle (deg)

expected). Note that even at 36 GHz wilh = ),/2.5 @

andW = A,/1.6, the big hole TSA gave virtually identical

patterns to the small hole TSA with = A,/6.3 and W =
Ao/4.

100

I1l. 94 GHz DESIGN AND MEASUREMENTS

A. 94-GHz Design

A constant width TSA design, provided by Dr. E. Moore,
Millimetrix Corporation, was used for the 94-GHz experiments
(Fig. 6). In order to obtain an effective thickness wff <
0.03), at 94 GHz, the solid substrate thickness must be less
than 200.m, resulting in a mechanically unstable substrate.
Increasing the thickness to 38dm (15 mils) improves the
mechanical stability to a practical level. We compared 380-
pm-thick solid substrate antennas to antennas machined with
a hole pattern, shown in Fig. 2, having a diameter of 380
(A/9) and a spacing of 61@m (A,/5). In retrospect, these
dimensions were chosen to be unnecessarily small and can
easily be enlarged by a factor or two to three. The machining )
removes approximately 40% of the substrate and again results
in an effective dielectric constant of 1.46. The eﬁectiv@ig' 7. Mea_sured 94-GHz solid (a) substrate and (b) machined substrate

. . antenna far-field CSWA patterns.
thickness of the antenna is reduced from 0.058 to 0.025, again
just within the acceptable limits.

Normalized radiation intensity (dB)

100

Angle (deg)

the finite width (0.3,,) conductor half plane. The machined

B. 94-GHz Measurements CWSA results in an averagelO dB beamwidth of 35and fits

The 94-GHz measurements were performed on a bench %g{f/lﬁ Ie_ns Imaging system. It 1S expecte_d tha.‘t the antenna

. . terns will change when placed in a 2-D imaging array, and
with absorber placed around the perimeter of the bench. The . . C

; : his is subject to current investigation in our group.

measurements were performed with an experimental se{up
similar to the 30-GHz setup except with an AM modulated
94-GHz Gunn diode source. An alpha diode (DMK2784-000, IV. CONCLUSIONS

C, = 0.04 pF) placed across the slot was used to detect theWe have shown that selective machining of a thick dielectric
modulated signal. A SNR of greater than 20 dB was achieveslibstrate results in a simple method for reducing the effective
The 94-GHz far field antenna patterns for the solid substratéckness of TSA’s. In contrast to earlier measurements on
and the machined CWSA are shown in Fig. 7. The CWSHigh-dielectric constant substrates, if low-dielectric constant
showed excellent pattern improvement for the machined casebstrates are used, the improved far-field radiation patterns
with low cross-polarization levels<(13 dB). The sharp-10 are not sensitive to hole geometry or lattice choice (as long as
dB sidelobes are believed to be due to the edge currentstbe quasi-static effective thickness remains the same) and can
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be easily scaled with frequency from 10 to 94 GHz. A 94-GHp4] T. M. Weller, L. P. B. Katehi, and G. M. Rebeiz, “High-performance
constant width TSA on a thick machined substrate:é 2.2) microshield line componentsfEEE Trans. Microwave Theory Tech.
! . . . vol. 43, pp. 534-543 Mar. 1995.
was successfully fabricated, showing mechanical stability and
practical radiation performance for imaging array applications.
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