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ABSTRACT

Conventional mechanical steering of electromagnetic beams is unsuitable for ait/space-borne
(sub)millimeterwave transmitters due to size, weight, and power consumption restrictions. Electronic beam steering
offers small size, light weight, low driving power, rapid scanning rates, and the high reliability required for space
missions. Quasi-optical discrete beam-steering was demonstrated using PIN diode-switchable arrays to change
reactances across the transmission aperture. E-plane and H-plane beam-steering angles of (+10°, -12.5°) and +20°
were observed at 3IGHz, respectively, with losses less than 6dB. Millimeterwave discrete beam-steering grids are
proposed using MEMS see-saw-bar switches to reduce losses.

INTRODUCTION

Many of NASA's radio astronomy and remote sensing missions' require transmitters and receivers that operate in
the (sub)millimeterwave regions. These energy regions are important for the investigation of the earth's atmosphere
{1] and for studying the emission spectra of distant celestial bodies. For example, (sub)millimeter waves can detect
chemical species’ that contribute to the destruction of the stratospheric ozone layer. In astronomy, these frequencies
are used in the study of planetary atmospheres, cosmic background radiation, and galactic radiation [2-3]. Satellites
and spacecraft require small, light-weight, low driving-power radar and communication transceivers to perform
observations and transmit data.

Recent studies [4-6] propose "quasi-optical” power combiners that produce (sub)millimeter waves. Quasi-optical
systems consist of solid-stale devices integrated into periodic grids mounted on dielectric substrates. Unlike
traditional RF circuits or metal waveguides, the electronic components in quasi-optical systems are separated in free
space and the waves propagate and combing in free space [7]. The total power output of the grid amay is equal to the
combined powers of the phase-coupled devices. Fig. 1 shows a guasi-optical transmitter scheme, Several of the
components have been demonstrated, including power oscillators, mixers, amplifiers, and phase-shifters {8].

Fig. 1. A complete quasi-optical transmitter. The LO power is generated by a grid oscillator. The beam controller
directs the radiation beam.

' ISO (Infrared Space Observatory); SWAS (Submillimeter-wave Astronomy Satellite); SMMM (Submillimeter
Moderate Mission); LSI (Lunar Submillimeter Interferometer); SIRTF (Space Infrared Telescope Facility).

? ¢.g., hydrogen chloride; hydrogen fluoride; atomic oxygen; chlorine monoxide; hydroxyl.
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DESIGN

The transmitted beam ofFig. 1 can be stecred by applying voltage-controlled, linearly progressive phase delays
across an array aperture. Phase shifting of the electromagnetic wave is accomplished by passing the wave through a
reactive (i.e., inductive or capacitive) element, Fig. 2 shows the metal mesh equivaients of an inductor and capacitor
as they would appear to a vertically polarized electromagnetic wave travelling in free space. As the incident wave
intersects the metal surface, currents are produced on the metal in the direction of the electric fields. The current
undergoes a capacitive effect when it travels between two parallel horizontal meshes, and an inductive effect as it
travels along a vertical mesh. The inductor produces a positive phase shift and the capacitor produces a negative
phase shift when shunted in a transmission line. The equivalent transmission-line elements are also shown.
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Fig. 2: For (a) vertically polarized E-fields, (b) a capacitor is presented when the waves propagate through two
horizontal metal meshes, and (c) an inductor is presented when the waves propagate through a vertical metal mesh.

A metal grid periodically loaded with PIN diodes can provide the lincarly progressive phase shifts required to
produce beam steering. Fig. 3(a) illustrates a 4-layer quasi-optical PIN diode-switchable beam steerer. The diodes
act as switches to change the reactance from capacitive when a switch is open to inductive when a switch is closed.
The switches can be configured to provide linearly progressive phase shifiing across the cascaded arrays and
produce beam steering in the far field region.
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Fig. 3: (a) a four-layer 4x4 PIN diode-switchable beam steerer, (b) the unit cell design, and (c) the equivalent circuit

for the unit cell. ON states of the PIN diodes produce inductive, or positive, phase shifts. OFF states produce
capacitive, or negative, phase shifts. Linearly progressive switching produces beam steering,

Puff, a CAD tool for microwave circuits, was used to determine the values of capacitive and inductive reactance
necessary to produce the required phase shifts while maintaining acceptable power loss. Four cascaded layers were
simulated at 3 GHz, resulting in an overall phase shift of +/-90 degrees and a power loss of —0.7 dB. The physical
dimensions of the unit cells were determined using well-known closed-form formulas {9] that relate the unit cell
geometry of a metal mesh to its reactance. These resulis were verified using MoM, a software program that also
relates mesh geometry to reactance. Results from MoM agree with the closed form formulas to within 5%,
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3-GHz PASSIVE BEAM-STEERERING GRIDS

A binary, or two-sided, passive grid was built of one-half inductive and one-half capacitive unit cells (Fig. 4(a))
to verify the concept of phased-array beam steering. For a vertically polarized plane wave, the inductive half of the
array produces a positive phase shift, and the capacitive half produces a negative phase shift. This relative phase
shift deflects the beam away from the inductive side of the array. Four layers were cascaded to increase overall
phase shifting, Simulations indicated minimum power loss for a separation distance of A/4 between layers.
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Fig. 4: (a) 3-GHz 4x4 passive binary phase shifier; (b) experimental sctup.

The above configuration was tested by sending a 3-GHz azimuthally-polarized beam through the array and

measuring the E-plane co-polar radiation pattern versus angle (Fig. 4(b)). Electromagnetic absorber surrounded the
assembly to isolate the beam and minimize refiections from the environment.

Fig. 5(a) shows the 3-GHz radiation patterns for 1 and 4 layers. Peaks occur at approximately +20 degrees from
the nommal, indicating beam steering. According to theory, multiple layers should provide greater beam steering;
however, no increase in beam steering is observed for 4 layers. Fig. 5(b) shows a frequency scan of the absorber
frame with the beam steerer removed. This figure shows that the depression in the center of the radiation pattern
decreases with increasing frequencies, suggesting that beam diffraction occurs about the hole in the absorber. Fig.
5(b) shows no peak deflection in the absence of the beam steerer, confirming the beam steering seen in Fig. 5(a).
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Fig. 5: (a) 3-GHz beam steering for 1 and 4 layers; (b) beam diffraction versus frequency.







