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Combination Dielectric Resonator, Power
Combiner, and Antenna

Suidong Yang and Vincent F. Fusc®enior Member, IEEE

Abstract—A rectangular dielectric resonator housed in a cutoff
parallel-plate waveguide is used both as a radiating element
and microwave power combiner. The resonator is excited by
using tuned electrically short monopole antennas to induce a
longitudinal electric operating mode. The resonator is then used
in conjunction with free-running oscillators in order to provide, e
via mutual injection locking, stable in-phase power combining.
Furthermore, the resonator is arranged such that one of its
faces radiates a portion of the power-combined signal. Since the
resonator is housed in a cutoff waveguide, the cross-polarization €

A

radiation from the antenna is suppressed. It was found that, for < b
a single element, a gain in the azimuthal plane of 5 dB could be
achieved and, for a two-element array, a gain of 7 dB was obtained Efield -

. . . for LSE,; mode
with better than —25-dB cross polarization for each case. The Hfield  ——»

oscillator power-combining efficiency for a single-element an-
tenna (two oscillators) was 91%, and the spatial power-combining
efficiency for a two-element antenna array, (four oscillators) was
found to be 90%. In addition, it is shown that the presence of the
dielectric inserts in conjunction with coupled oscillator dynamics
provides moderate overall oscillator phase noise improvement.

Fig. 1. LSE,, mode in NRD waveguide.

Index Terms—Dielectric resonator, spatial power combiner.

. INTRODUCTION

IELECTRIC waveguides, especially nonradiative dielec rdiated power

tric (NRD) waveguide, have advantages in the applice
tion of millimeter-wave integrated circuits [1]-[3]. Basically, partial reflection total reflection
the NRD waveguide, shown in Fig. 1, resembles a modification ,
of the structure of Tischer'& -guide [4]. Fig. 2. Resonator elevation.

The typical NRD waveguide, shown in Fig. 1, supports hybrid
modes that have longitudinal electric- or magnetic-field compthie monopoles inserted into the dielectric block (which, in our
nent along the propagation directianwhere the waveguide is paper, is made to have finite length in thalirection) and their
assumed for the present to be infinitely long. These modes crbsequent connection to free-running oscillators enables effi-
be categorized into longitudinal electric modes (LSE modes)ent microwave power combination to be realized. In addition,
and longitudinal section magnetic modes (LSM modes). It isutual coupling between oscillators by virtue of the principal
known that thd.SE;y mode is the lowest frequency zero cutofinode excited by the choice of configuration used ensures that
mode, thel.SE;1, LSM1o, LSM;; modes are the higher orderthe oscillators become frequency-locked together. Furthermore,
modes, and they all possess the characteristics of supprestirggpresence of multiple coupled oscillators and the dielectricin-
transverse radiation [1]-[3]. The lowest order madd\/;5 has sert forming the resonator block act to improve oscillator output
maximum electric field along the center of the dielectric mastability without the need for individual separate dielectric-res-
terial and can be excited by inserting a short monopole placedator oscillator (DRO) stabilization of each oscillator. In our
along they-direction into the dielectric material of Fig. 1. Inpaper, the load for the power combiner thus formed is free space
this paper, it is shown that, with careful choice, the positions eince the dielectric face positionedzat= 0 in conjunction with
the upper and lower metal plates, as shown in Fig. 2, also serves
the additional purpose of operating as an antenna element.
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TABLE |
GUIDE WAVELENGTH VERSUSDIELECTRIC WIDTH b AND HEIGHT a
Given NRD width calculated A /A, calculated A, /A, single-mode operating
b/A, for g, =2.56 for €, =2.56 NRD height a/A,
0.30 0.99 0.84 0.42
0.37 0.98 0.74 0.37
0.40 0.96 0.73 0.36

and vertical dielectric boundaries with air, the guide wavelengtioundaries for resonance along thdirection. In our paper, we

in the dielectric is determined [1]-[3] as selected: = ;0 = 22.2 cm and neglected end fringing effects.
The top and bottom metal plates were allowed to extend 30 cm
)\0 . .. . . . . .
Agn = ) (x in the positive and negative-directions, respectively (Fig. 1).

Ep — (Qn)\o/27r)2
[ll. SINGLE-ELEMENT CONSIDERATIONS
Here, ), is the guide wavelength in the dielectrig, is the By inputting signals from two suitably tuned short monopoles
free-space wavelength, the relative permittivity of dielectric, mounted through the upper metal plate of the resonator, a partial
andg,, is thenth solution of the following characteristic equa-standing wave was excited and power combination was realized.

tions: By terminating the dielectric slab in thedirection (Fig. 2) itis
possible to construct a resonator.
n qnb 27\ 2 The power carried by the dipoles is absorbed with the correct
Ztan | = ) —/(e.—1) | — | —¢2 =0, for evenn ; . . . .
- Ao phase relationship for reinforcement by the induced wave as it

(2a) moves both in the positive and negativelirections. The back-
5 ward wave is reflected into the dielectric by the earthed metal
B o <qnb>+\/(€1j_1) <2_7T> 2 =0 for oddn. Plane, and the radiating power is produced from the forward
Ao " ’ wave (Fig. 2). Any mismatch between the forward wave and
(2b) free space that happens at the output plane of the dielectric an-
tenna can be minimized by connecting a transformer waveguide
For given dielectric constant,., free-space wavelength, tothe resonator [7] or by using a matching flange along the open
and sizeb, (2a) and (2b) allow\,,, to be determined from face of the waveguide.
(1). Single-mode operation in thedirection is determined by  The air gap between the back earth plane and one end of the
heighta so that the higher order modes are cutoff; the conditiatielectric block is made variable using a short circuit. Its dis-

for this to occur [3] is expressed by (3) as tance from the near face of the dielectric block is initially se-
lected to be equal to half of the dielectric heighin order to
Aoy Agl > 2a > Ay, (3) cutoff radiation effectively along the backward direction and to

minimize the earth plane influences on the LSE mode opera-

where ., and A,; are the guide wavelengths of the fundation. In Fig. 2, since the resonator element is approximately one
mental and second-order modes, respectively. The free-spguaie wavelength long, monopole two when placed in the upper
wavelength is included in (3) to ensure suppression of radiatextal plate must have a 18phase delay introduced in series
waves in thez-direction within the parallel-plate waveguidewith its connection to oscillator 2 relative to the connection of
structure. Itis this property that gives the arrangement low crasmnopole 1 with respect to oscillator 1. For now, we have as-
polarization when the exposed dielectric face in Fig. 2 is allowedimed that both oscillators are operating in-phase. This arrange-
to radiate into free space. ment is necessary in order to phase the excitation sources such

For an NRD waveguide using polystyrene as the dielectiisat power combining occurs in the leaky cavity formed by the
inserte, = 2.56 at A, = 30 cm (RF frequency at 1 GHz), the structure in Fig. 2 [5].
guide wavelengths of the fundamental and second-order mode$he relativeE, electric-field amplitude distribution in the
solved using (2a) and (2b) are listed in Table | for different—y-plane at: = 3 mm is shown in Fig. 3 and is compared with
dielectric widthsb. The required minimum dielectric height results predicted from HFSS [6] together with measured data
is obtained from (3); hence, we select= b = 0.37 A, = obtained using a short balanced dipole placed 3 mm from the
11.1 cm. front face of the open dielectric place and parallel toykexis.

As discussed below for in-phase power combining, the lengBoth sets of results have been normalized to unity at the center
of the resonator should be chosen to be an integral numberbthe dielectric face: = 0 (Fig. 1). To perform this experiment,
half guide wavelengths in order to satisfy the wave propagatiarsingle source was equally split and fed directly to probe 1 and
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Fig. 4. In situmeasured monopole return loss.

Fig. 3. Simulated (-) and measured ) field distribution on the output face
of the resonator block. i L. . . .
order to form constructive power combining in the dielectric re-

gion and 2) suitably phased excitation between adjacent dipoles
an additional 180phase shift was introduced into the feed tghould act to perform destructive combining.
probe 2. To test the principle for a single resonator, the following ex-

As shown above, both the predicted results from HFSS apdriment was performed. For the different two-monopole exci-
the measured data obtained by a short dipole antenna probe itation cases, the measured relative electric-field intensity (nor-
cate that the electric field reaches its highest value at the cernt@lized to case (ii) in Table II) at the center of output window
of the dielectric block, the electric field at the edge of dieleglane ¢ = 0, y = 0, » = 3 mm) are summarized in Table II.
tric blockz = +5.55 cm is 3 dB less than that at center posi- Here, the quotedZ, component was obtained by using a
tion. In the free-space region inside the waveguide, measuregiagle source fed to each monopole via a power splitter. This
z = —3 mm on either side of the resonator|at = 5.8 cm, data shows that destructive power combining is occurring at
the measured electric field was reduced by more tha dB —27 dB relative to the constructive configuration. The power-
when compared with the field simulated in the dielectric blockcombining efficiency obtained is about 91%. When the single
In addition, the measure#f,, component was 25 dB less tharoscillator used in Table Il was replaced by two free-running os-
the £, component, which supports the cutoff waveguide corillators, each producing the same output power, the power com-
cept suggested above. bining results in Table 11l were obtained using the same normal-

To input microwave power into the resonator antenna, tfigation method shown in Table II.
input impedance of the short m0n0p0|es used in F|g 2 mustThiS time when the oscillators acquire frequency entrainment
be matched to the leaky-cavity resonator impedance. TR Vvirtue of mutual locking [10]-{12], they do not run exactly
electrically short monopole antennas used to couple powerilﬁphase due to the static phase error that exists between them.
this mode were designed according to the procedure givenGansequently, a reduced power-combining efficiency of 72% is
[8]. In our experiments, the diameter of monopole was fixe@Ptained in this scenario.
at 0.006, and the length of monopole was 0.2§. The During the experiment, a typical locked signal bandwidth of
return loss for the monopole when inserted into the dielect®&3 MHz was observed and harmonic components were seen to
was measured. Fig. 4 shows the measured return loss vel@idetter than-20 dB relative to the locked center-frequency
frequency. Due to the presence of the back plate in Fig. 2, @mponent.
becomes approximate when applied to the calculation of the
z-dimension of the resonator. Therefore, due to extra fringing
fields at the rear of the resonator and also at its front face, the IV. DUAL ELEMENT
actual structure was re_sonant at 998 MHz, as shown in Fig. 4By arranging two resonators side by side, an array can
As seen here, the typical value of return loss at 998 MHg, f5:meq. “as shown in Fig. 5. Here, the coupling between
was —19 dB, the estimated loade@ of the structure when ,,,,h01es 1 and 4 is given in Table IV as function of element
operating into free space was ten. separation; also given is the locking bandwidiiof the system.

In addition, the measured mutual coupling between adjacexy can be seen ay )\, > 0.1, the coupling is less than10 dB
monopoles placed in a single dielectric block at resonancegigd the locking bandwidth is less than 0.14 MHz. The levels of
—10 dB, and is capacitive as required for single-frequency egoupling in Table IV are comparable with those reported in [3]
trainment of mutually injection locked oscillators [9]. for a double-stripH -guide structure.

As a result of the above discussions on power-combining re-It was found that when the array elements are placed very
quirements, we come to conclusion that: 1) the relative phaslese togetherd/), < 0.02), the resonant bandwidth was re-
of the excitation signals on adjacent monopoles must b&ih80 duced and excitation of higher order modes becomes a distinct
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TABLE I
Input conditions at dipole 1 and dipole 2 Relative E,
(input signal amplitude( relative phase))
(i) 0.0 dBm (0° at dipole 1); 0.0 dBm (0° at dipole 2) -27.0dB  (destructive)
(i1) 0.0 dBm (0° at dipole 1); 0.0 dBm (180° at dipole 2) 0.0dB (constructive)
(iii) ~-50 dBm dipole 1;0.0 dBm at dipole 2 -5.6dB
(iv) 0.0 dBm at dipole 1; -50 dBm dipole 2 -5.6dB

TABLE Il

Input conditions at dipole 1 and dipole 2

(input signal amplitude (relative phase)) Relative E,
0.0 dBm (0° at dipole 1); 0.0 dBm (0° at dipole 2) -27.0dB
0.0 dBm (0° at dipole 1); 0.0 dBm (180° at dipole 2) 0.0dB
-50 dB dipole 1;0.0 dBm at dipole 2 -4.6 dB
0.0 dBm at dipole 1; -50 dBm dipole 2 -4.8 dB
I < 90 cm =I

Fig. 5. Two-element array.
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Fig. 6. Measured near-field electric field for two elements.
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Fig. 7. Typical output spectrum for different oscillator configurations
(RB = 100 kHz, VB = 100 kHz, center frequency = 998.6 MHz,
frequency span = 5 MHz). Curve (a) is for four-oscillator operation. Curve
(b) is for three-oscillator operation. Curve (c) is for two-oscillator operation.
Curve (d) is for one-oscillator operation. The vertical scale is 10 dB/div.

The frequency locking range for four-monopole excitation
was found to be 0.16 MHz at an array element separation dis-
tance ofd = 0.045 A, at which position the relative phase
differences between monopole pairs (1, 2) and (3, 4) were mea-
sured to be 180 while between monopole pairs (1, 4) and (2,
3), they were zero.

The typical measured normalized relative electric-field distri-
bution along thec-direction on thez = 3.3 mm plane is shown
in Fig. 6 for different excitation configurations. Again, these
results were obtained using a single source and power splitter,
as described previously for the single-element case results pre-
sented in Fig. 3.

Here it can be seen that, as excitation is applied to all four
monopoles, power combining is occurring and in-phase signals
are available for power combining in the space in front of the an-
tenna array, i.e., constructive spatial power combining can now
occur.

The associated normalized frequency spectrums for each dif-
ferent oscillator configuration tested are shown in Fig. 7. As
can be seen from Fig. 7, the spectral purity of the output from
the resonator array is enhanced, owing to the power-combining

possibility; a similar finding was reported in [13] for a cylin-process leading to mutual locking over progressively narrower

drical dielectric resonator antenna.

locking bandwidths. Here, when the monopoles are excited by
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TABLE IV

d/a, 0.01 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

[Sy4l 0201 ]0.169 |[0.158 {0.138 |0.115 ]0.096 |0.068 |0.045 |[0.023

B (MHz) | 0.10 0.14 0.16 0.15 0.14 0.14 0.14 0.11 0.09

VI. CONCLUSIONS

A dielectric resonator serving the multiple purposes of mi-
crowave power combining, oscillator mutual coupling, oscil-
lator phase noise reduction, and antenna element has been de-
signed, fabricated, and characterized. Spatial power-combining
efficiency of 90% at a frequency of 998 MHz was achieved in a
two-element resonator array. The resulting anteisfeeld radi-
ation pattern exhibits approximately for a single-element 5-dB
gain and for a two-element 7-dB gain. In all cases, the mea-
sured cross-polarization levels were less than 25 dB. The struc-

M ture demonstrated here could be miniaturized for use at mil-
limeter-wave frequencies as a source in transmitter applications
where enhanced output power is required.

Fig. 8. Measured far-field radiation patterns on i -plane. (a)E, for a

half-wavelength dipole antenna. (1), for a single resonator. (ck, for a

1 x 2resonator array with element separationX,4(d) E.,. pattern for a single

element. ACKNOWLEDGMENT

) _ ~ The authors would like to thank J. Knox, The Queen’s Uni-
oscillators, these will mutually couple to each other and injegzsity of Belfast, Belfast, Northern Ireland, and A. Black, The

tion lock. In doing so, the presence of multiple coupled oscillgyueen’s University of Belfast, Belfast, Northern Ireland, for the
tors [14] and the dielectric resonators act to provide oscillat®{prication of the dielectric resonator and array.

stabilization by virtue of the reciprocal coupling network cre-
ated. Consequently, a reduction in phase noise occurs. Further
research on mutual coupling mode mechanisms and resultant
unloaded@-factor determination is needed to completely un-
derstand the frequency-locking mechanism and phase-noise im] H. Ma and L. Qi, “A new type NRD-guide receiving front-end

: ; : in Ka-band,” Int. J. Infrared Millim. Waves vol. 6, no. 10, pp.
provement obtained for the configuration presented here. 1779-1788, 1995,

[2] R.E. Collin,Field Theory of Guided Waves New York: McGraw-Hill,
1960, ch. 11, pp. 470-473.

[3] T. Yongeyama and S. Nishida, “Nonradiative dielectric waveguide for
millimeter-wave integrated circuits [EEE Trans. Microwave Theory

REFERENCES

V. FAR-FIELD RADIATION PATTERN Tech, vol. MTT-29, pp. 1188-1192, Nov. 1981.
[4] F. J. Tisher, “A waveguide structure with low losseasth. Electr. Ue-
Fig. 8 shows measured far-field radiatidfield patterns bertrag. (AEU) vol. 7, pp. 592-596, Dec. 1953. .
for the sinal dt | t ts di di th'£5] S. Yang and V. F. Fusco, “Cut-off dielectric resonator push—push active
or the single- and two-element arrangements discussed In thi antenna transmitter,” ig9th European Microwave ConMunich, Ger-

paper. For a VSWR of less than 1.514-dB return loss), a many, Oct. 1999, pp. 343-346.
single element has a bandwidth of 15%; its gain referenced to 461 Getting Started: A Radiation Problgrnsoft Corporation, Pittsburgh,

. . PA, 1997.
standard, /4 |ength deOle antenna [.See Fig. 8(a)] wa_s foundto [7] A. A. Sayyah and D. W. Griffin, “The dielectric resonator power com-
be 5.0 dB and a half-power beam width of’&@as obtained on biner oscillator: A new design for micro- or millimeter development,”
the principleE-plane [see Fig. 8(b)]. A half power beam width in IEEE MTT-S Int. Microwave Symp. Djd.998, pp. 1589-1592.

f A0 btained h inciol-ol fit. ial [8] D. Staimanet al., “New technique for combining solid-state sources,”
0 was obtained on the principle-plane aiter spacial com- IEEE J. Solid-State Circuitwol. SSC-3, pp. 1188-1192, Apr. 1964.

bining of the frequency locked & 2 array with element sep- [9] D. E. J. Humphrey and V. F. Fusco, “Active antenna array lumped
aration distance of 0.4, [see Fig. 8(c)]. The gain of antenna ~ 'ing configuration,” IEEE Trans. Antennas Propagatol. 46, pp.
. 1279-1284, Sept. 1998.

array referenced to.&/4 length dipole antenna was found to be [1; M. 3. Howes and D. V. Morgan, Eds., “Microwave devices, Nt
7.0 dB and cross-polarization levels were bele®5 dB [see crowave Solid State Oscillator Circuits New York: Wiley, 1976, ch.
Fig. 8(d)] for both single- and dual-element arrangements. The _ 3 P- 229. o _ .

. . . Ell] K. D. Stephan, “Inter-injection-locked oscillators for power combining
spatial power_ coupling efficiency of the two-element arrange- and phased arraydFEE Trans. Microwave Theory Techol. MTT-34,
ment was estimated to be 90%. pp. 1017-1025, Oct. 1986.



YANG AND FUSCO: COMBINATION DIELECTRIC RESONATOR, POWER COMBINER, AND ANTENNA 1521

[12] S.Nogi, J. Lin, and T. Itoh, “Mode analysis and stabilization of a spati: -
power combining array with strong coupled oscillatoEEE Trans.
Microwave Theory Techvol. 41, pp. 1827-1837, Oct. 1993.

[13] G.Drosso®tal, “The air gap effect on a microstrip-coupled cylindrical
dielectric resonator antenndlicrowave Opt. Technol. Lettol. 20, no.

1, pp. 36-40, 1999.

[14] H. C. Chang, X. Cao, U. K. Mishra, and R. A. York, “Phase noise i
coupled oscillators: Theory and experimerdEEE Trans. Microwave
Theory Tech.vol. 45, pp. 604-615, May 1997.

Vincent F. Fusco (S'82-M'82-SM'96) received
the B.Sc. (with honors), Ph.D., C.Eng., and FIEE
degrees.

He has been a Research Engineer involved with
short-range radar and radio telemetry systems, and
is currently Professor of high-frequency electronic
engineering at the School of Electrical Engineering
and Computer Science, The Queen’'s University
of Belfast, Belfast, Northern Ireland, where he is
also Head of the High Frequency Research Group
and Associate Dean of Research for Engineering.

. . . . ) His current research interests include nonlinear microwave circuit design,
Suidong Yangwas born in Chengdu, Sichuan, China, in 1964. He received th@tive antenna design, and concurrent techniques for electromagnetic-field

B.Sc. degree in applied physics from the National Defence University of SEl‘toblems. He has authored or co-authored over 200 papers in these areas, and
ence and Technology, Changsa, Hunan, China, in 1984, the M.Phil. degreg i3 550 authoreMlicrowave Circuits, Analysis and Computer Aided Design
laser technique from the South-West Institution of Technical Physics, ChengE’E‘nglewood Cliffs, NJ: Prentice Hall, 1987). He is a member of various URSI
Sichuan, China, in 1987, and the Ph.D. degree in low-temperature low-presi§gmittees and has acted as a consultant to the government and international
inductively coupled RF plasma in the application of semiconductor processifgmpanies.

at the Open University, Oxford, U.K., in 1997. Dr. Fusco is a member of the Institution of Electrical Engineers (IEE), U.K.,

From 1987 to 1991, he was a Research Engineer at the South-Wesitessional group E11. He was the recipient of the 1996 NI Engineering Fed-
Institution of Technical Physics, where he studied RF excited continuous-waygtjon Trophy for exemplary industrially related research.

(CW) phase-locked COlaser arrays and TEA-pulsed GQasers. In May
1997, he joined the High Frequency Electronics Research Group, Queen’s
University Belfast, Belfast, Northern Ireland. His current research interests are
waveguide transmission-line discontinuity-modeling, monolithic-microwave
integrated-circuit (MMIC) design, and on-wafer millimeter-wave and semicon-
ductor device-characterization measurement techniques.




