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ABSTRACT: Mutually coupled active oscillating patches integrated in an array offer beam scanning capabilities. In this paper two-element active patch arrays have been investigated. The radiation patterns have been calculated by using the cavity model, simple Green’s function model and a rigorous commercial electromagnetic simulator. Two modified active rectangular patches with a Gunn diode were integrated in arrays in E and H plane. The calculated and measured results for these two active arrays have been compared. Beam scanning capabilities have been demonstrated for both arrays. All three models predicted reasonably well the radiation patterns in the whole steering range. A thin dielectric slab was placed in front of the H plane array to achieve stable operation. The influence of the dielectric slab position on even and odd array operating modes has been demonstrated. 
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1 INTRODUCTION

The development of active oscillating antennas has been influenced by the advantages that the quasi-optical techniques offer in the microwave and millimeter wave fields. The quasi-optical power combining techniques introduced in [1] allow power combining of a large number of solid state microwave oscillators in free space. To achieve power combining, the oscillators have to be associated with radiating elements. When the antenna as a resonant element becomes an inseparable part of the oscillator, usually determining its operating frequency, we speak of spatial oscillators or active oscillating antennas. The oscillators have to be mutually injection locked to assure power generation at the same frequency. Mutual injection locking can be achieved through radiation coupling between the oscillators or, if this coupling in not strong enough to assure stable operation, by placing the spatial oscillators in an open cavity resonator. 

An array of active oscillating antennas offers potentials for beam scanning applications [2]. By changing the oscillating frequency of a single oscillator in the array within the locking range, the frequency of the signal radiated by the array remains unchanged but only the phase of the signal radiated by that element is changed. Changing the phase of the signal radiated by the elements of an antenna array changes its radiation pattern. 

Active oscillating antennas are usually built by integrating active elements such as Gunn diodes, bipolar transistors or FETs with a microstrip patch antenna [3], [4]. Although transistors have higher dc to RF power conversion efficiency and in some cases better noise performance, oscillating antennas with active one-ports are simpler to manufacture in comparison to other designs, and have simpler bias networks resulting in reliable and compact active antennas. Small antenna dimensions are important when active antennas are integrated in an array because narrower inter-element spacing can be achieved.

2. ANTENNA MODELLS AND COMPUTATIONAL METHODS

The radiation patterns of the active arrays have been calculated by using the cavity model for the rectangular patch, the simple Green’s function model, and the IE3D electromagnetic simulator from Zeland Software, Inc. In all three cases it was supposed that the ground plane is infinite. In none of the simulations were included the parameters of the Gunn diodes. The Gunn diode parameters can mainly influence the resonant frequency or the input impedance matching, but their influence on the co-polarization radiation patterns should be negligible. Also the influence of the dc bias line was neglected.

2.1 Cavity model

The patch antenna is modeled as a resonant cavity bounded with electric walls on the top and bottom (patch and ground plane) and with magnetic walls on the sides. From the field distribution of cavity resonant modes the equivalent magnetic current sources along the radiating edges are calculated. The far field radiation patterns are then calculated from the equivalent magnetic current sources [5]. 

In the considered case a modified rectangular patch antenna with a rectangular opening was used. As both radiating edges of the rectangular patch were not affected by the modification and the dc bias line was connected to the non-radiating edge a simple rectangular patch was assumed for calculation purposes. The two element array was taken into account with the array factor. Radiation pattern calculation has been repeated for the real case with different patch excitation amplitudes corresponding to the measured ones.

2.2. Simple Green’s function model
The spectral domain Green’s function for the grounded dielectric slab has been used to compute the electric field on the patch. A cosine current distribution on the patch has been assumed, so there was no need for calculation of the patch currents by using the method of moments. The far field is calculated by using the equivalence principle according to which the far field is proportional to the Fourier transformation of the electric field at the uppermost dielectric boundary. The Green’s function is calculated by using the numerical procedure G1DMULT [6]. 

2.3 IE3D electromagnetic simulator
The IE3D is a frequency domain moment method based full wave electromagnetic simulator [7]. In calculating the array radiation patterns the actual shape of the patch with rectangular opening has been considered. Consequently, the exact current distribution on the patches was calculated. 

3 ANTENNA ARRAYS

3.1 Modified patch antenna

The modified rectangular patch antenna proposed in [8] and [9] has been used as the array building element. The Gunn diode was integrated in a rectangular opening inside the patch. This modification was introduced to overcome the problems emerging from the disturbance that the active element introduces in the current distribution on the patch. As a result of this disturbance higher modes can be excited contributing to higher cross-polarization levels. With increasing frequency the active element cap dimensions become not negligible comparing to the wavelength. The active element sees distributed impedance along the package cap and thus proper impedance matching is not easily achieved. By integrating the active one-port in a rectangular opening in the patch the antenna feeding point and the input impedance are better defined resulting in better oscillator performances. By choosing the opening position and size, the optimal loading conditions for the active one‑port can be achieved.

The rectangular microstrip patch dimensions were 10.2 mm x 15.3 mm with a 4 mm x 5 mm rectangular opening. The patch was fabricated on a 0.54 mm thick substrate with εr=2.18. Packaged 50 mW Gunn diodes (MA49106) were embedded in both the modified rectangular patches. The transformation of the Gunn diode active impedance to the patch input impedance is accomplished by placing the diode at the center of the rectangular opening edge as shown in Fig.1. Both patches were excited in TM01 mode. The dc bias for the Gunn diode is provided by a high impedance microstrip line connected at the center of the non-radiating edge of the patch. Frequency tuning is obtained by changing the Gunn diode dc bias voltage. The rectangular opening lowered the resonant frequency of the patch and decreased the patch resonator Q. Lower Q allowed a wide frequency tuning range. The Gunn diode found a suitable impedance match for oscillations at a frequency somewhat higher than the patch resonant frequency. This discrepancy can be ascribed to the Gunn diode parasitics. Nevertheless, operation at a frequency somewhat out of the patch resonance did not deteriorate the cross-polarization levels. The changing of the bias voltage has a negligible effect on the co-polarization and cross-polarization radiation patterns of a single active antenna [9]. 

Two of the modified patches were integrated in active arrays coupled in E and in H plane. To achieve mutual injection locking the oscillating frequencies of the active patches were adjusted by changing their dc bias voltages. Both active antennas have a tuning range of about 300 MHz, but due to the Gunn diode production tolerances the two tuning ranges overlapped for 200 MHz. Mutual injection locking has been obtained mainly through radiative coupling. As this coupling is weak the locking range was for both arrays about 50 MHz. By changing the dc bias voltage of one of the active patches within the locking range the phase of the signal radiated by that patch changed from –90° to +90° in reference to the synchronization signal. So beam scanning has been obtained. The maximal obtainable scan angle is determined by inter-element spacing in the array and by the phase locking range.

3.2 E plane array
[image: image1.wmf]
The two active oscillating antennas were coupled in E plane and placed 0.63 ( apart (Fig. 1). The active patch orientation in the array introduced an additional phase shift of 180° between the signals radiated by the two patches. Radiation coupling was strong enough to assure stable operation of the array. The operating frequency was 9.68 GHz. By changing the dc bias voltage of one of the active patches a symmetrical beam scanning of ±20° around broadside has been obtained. Because of the slight asymmetry of the main beam in both the steered cases, the main beam position was not determined by the direction of the maximum but rather as the point symmetrical to the beam 3 dB points. So the center of the beam is 1 dB bellow maximum. The measured cross-polarization levels in the whole scanning range in the main beam direction were bellow –20 dB. The measured EIRP of the E plane array was about 700 mW. A combining efficiency of 109% for broadside radiation has been obtained while for the steered cases the combining efficiency is around 84%. The combining efficiency of over 100% can be explained by the fact that the Gunn diodes find better impedance matching when the active antennas are integrated in an array. In the steered cases the combining efficiency decreases because part of the power is radiated through the side lobes, which in the considered cases are quite high due to the array inter-element spacing larger than half wavelength.
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The comparison between measured and calculated radiation patterns for broadside radiation, -20°, and +20° steered cases is shown in Figs. 2, 3, and 4. Calculated results were obtained by the models and methods described in section 2. As it can be seen from the figures, the co-polarization radiation patterns agree well with measurements. The main beam and null positions are well predicted, but none of the methods predicted the main beam asymmetry. This asymmetry could be ascribed to the finite and relatively small ground plane and heat sink in the real case. As it can be expected the computed cross-polarization levels in E plane are very low and are not plotted on the Figs. 2- 4.

3.3 H plane array
The inter-element spacing for the H plane array was 0.76 ( (Fig. 5). The larger spacing in this case is due to the patch shape. With the increased spacing the radiation coupling became weaker resulting in unstable oscillating array operation and loss of synchronization. To obtain stronger but still mainly radiative coupling a 2.3 mm thick dielectric slab was placed in front of the array. The dielectric slab affects the magnitude and phase of the coupling coefficient as well as the operating frequency and impedance matching at the patch - Gunn diode interface. The operating frequency of the H plane array was 9.50 GHz. Again beam scanning capabilities have been demonstrated. By changing the dc bias of one of [image: image3.wmf]the patches a scanning from 
-18° to +12° has been achieved. The asymmetrical beam scanning around broadside can be attributed to the difference in the power radiated by each active antenna. This difference obviously becomes more evident when the coupling is weaker. The cross-polarization levels in the main beam direction were bellow –12 dB. The measured EIRP for the array was 600 mW with a power combining efficiency between 77 and 81% in the steered cases and 106% for broadside radiation. 
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The increased magnitude of the coupling coefficient due to the dielectric slab in front of the array assures stable mutual coupling, while the coupling coefficient phase determines the operating mode of the array and with it the radiation pattern. As all two-element systems this array can operate in even and odd mode. In the even mode the oscillators work in phase and the radiation pattern has a maximum at broadside. In the odd mode there is a phase shift of 180° between them and the radiation pattern has a null in the broadside direction. 

The influence of the thin dielectric slab on the array operating mode has been observed. When the slab is placed at the distance of 24.9 mm, a sum pattern has been measured (Fig. 6). With the same dc bias of the Gunn diodes and the slab at the distance of 17.3 mm a difference pattern with a null at broadside has been obtained (Fig. 7). The calculation predicted both modes. Beam scanning has been achieved for both positions of the dielectric slab. The calculated and measured patterns for the steered directions of -18° and +12° for the slab position at 17.3 mm are shown in Figs. 8 and 9 respectively.

The cavity model predicted reasonably well the position of the main beam but the position of the side lobes was shifted toward larger angles. The simple Green’s function model and IE3D simulator have taken into account the influence of the dielectric slab on the radiation patterns. The numerical procedure G1DMULT used in the simple Green’s function model gave the possibility to efficiently calculate the Green’s function and take into account the thin dielectric slab in front of the array. The simple Green’s function model and IE3D predicted the main beam shape and the nulls very accurately. However, the calculated side lobe levels are below the measured ones. This can be explained by the following: In the idealized case, used for calculation, part of the radiated energy is trapped in the parallel plate waveguide between the infinite ground plane and the dielectric slab in front of the array. In the real case this energy is radiated through the side lobes contributing to the increase of their levels. The cross-polarization levels calculated with IE3D predict the measured cross-polarization level behavior but their levels are 5 to 10 dB below the measured values. 
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4 CONCLUSION

Three simulation models were used to calculate the radiation patterns of two element active patch arrays coupled in E and H plane. For the active array in E plane the radiation coupling was strong enough to assure stable operation. The power combining efficiency varied form its maximal value for broadside radiation to minimal values for the two steered cases. In the steered cases a significant amount of the power is radiated through the side lobes which are quite high because of the array inter-element spacing larger than half wavelength. Symmetrical beam scanning around broadside was obtained. All three models predicted very well the main beam position and radiation pattern null location. The calculated beam-width for broadside radiation is slightly larger in comparison to the measured one.

A thin dielectric slab was used to increase the mutual coupling between the active antennas in the H plane array in order to achieve stable operation. With the same dc bias on the active elements the array operated in even or odd mode, depending on dielectric slab position in front of the array. The asymmetrical beam scanning around broadside in this case can be attributed to the difference in the powers radiated by the two active antennas in the array. The simple Green’s function model and IE3D simulator accurately predicted the main beam shape and radiation pattern null positions. The cavity model gave less accurate but rather satisfactory results considering its simplicity. For both arrays the discrepancy between calculated and measured radiation patterns increase when approaching ±90°. This is due to the infinite ground plane assumption in all models used for calculation. 
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OSOBINE ZRAČENJA AKTIVNOG MIKROTRAKASTOG ANTENSKOG NIZA OD DVA ELEMENTA: USPOREDBA PRORAČUNA I MJERENJA – Aktivne oscilirajuće mikrotrakaste antene koje su združene u antenski niz i međusobno sinkronizirane omogućavaju elektroničko zakretanje glavnog snopa zračenja. U ovom su radu razmotreni antenski nizovi od dvije aktivne mikrotrakaste antene pravokutnog oblika u koje je ugrađena Gunnova dioda. Dijagrami zračenja računani su pomoću modela rezonantne šupljine, jednostavnog modela na osnovi Greenove funkcije te pomoću komercijalnog programskog alata za proračun elektromagnetskih polja. Aktivne su mikrotrakaste antene združene u antenski niz u E i H ravnini. Za ova dva niza izvršena je usporedba proračunanih i izmjerenih vrijednosti dijagrama zračenja. Kod oba niza postignuto je elektroničko zakretanje glavnog snopa zračenja. Raspon zakretanja snopa određen je veličinom međusobne sprege i razmakom elemenata u antenskom nizu. Sva su tri modela prilično dobro predvidjeli dijagrame zračenja u cijelom području zakretanja snopa. Kako bi se postigao stabilan rad i pojačala sprega među oscilirajućim antenskim elementima, ispred niza u H ravnini postavljena je tanka dielektrična ploča. Razmotren je utjecaj dielektrične ploče na rad aktivnog antenskog niza u parnom i neparnom modu.
Ključne riječi: aktivna antena, mikrotrakasta antena, zakretanje snopa, aktivni antenski niz
Fig. 1. E plane active patch array
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Fig. 5. H plane active patch array





Fig. 3.	E plane array calculated and measured radiation patterns for relative phase -90°





Fig. 2.	E plane array calculated and measured radiation patterns for broadside radiation





Fig. 4.	E plane array calculated and measured radiation patterns for relative phase +90°





Fig. 9.	H plane array calculated and measured radiation patterns for relative phase -90°





Fig. 8.	H plane array calculated and measured radiation patterns for relative phase +90°





Fig. 6.	H plane array calculated and measured sum radiation patterns for broadside radiation





Fig. 7.	H plane array calculated and measured difference radiation patterns for broadside radiation
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