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Ring-Coupled-Oscillator Sequentially Rotated
Active Antenna

Suidong Yang, Vincent F. Fusc8enior Member, IEEEand Denver E. J. HumphreMember, IEEE

Abstract—in this paper, an active four-element patch antenna, |l. RING COUPLED-OSCILLATOR DESIGN AND SIMULATION
backed by four GaAs monolithic-microwave integrated-circuit . L . . L
(MMIC) 4.4-GHz oscillators, self-locked by mutual coupling Fig. 1(a) shows the monolithic-microwave integrated-cicuit
through a lumped capacitive ring MMIC network, has been (MMIC) oscillator designed to operate at 4.4 GHz and its
designed, fabricated, and tested. The sequentially rotated ar- electrical schematic circuit is given in Fig. 1(b). The oscillator

rangement given here when augmented with a lumped capacitive . . _ : .
coupling network suggests that in-phase oscillator entrainment was fabricated as a MMIC using the GEC-Marconi Materials

is guaranteed so that spatial power combination by the antenna Technology (GMMT) F20 process [12] and was designed to

array occurs with circular polarization characteristics. be biased from a single 1.2-V dc supply. As reported in [9],
Index Terms—Antenna array, injection locking, microwave os- complete oscillator behavior can be approximated by a Van
cillators, MMIC, spatial power combining. der Pol oscillator model [13]. In order to combine the outputs
from the four oscillators together, a MMIC lumped-capacitive

I. INTRODUCTION ring coupling network has been developed, which is shown in

Fig. 1(c). Here, the coupling through the lumped capacitive

I HE growth in the requirement for RF power sources at Mizoy vork is designed to dominate the oscillator entrainment

. crowave frequepmgs for low-cost spatial power combmmkg( cess, and ensure, at the center of the mutual locking range,
in personal communications and radar systems has been cons|

) . _In-phase power combining, as described later in this paper.
erable [1]-[3]. Coupled active antenna oscillator arrays, whi P . g bap
L : . e mutual coupling through free space between the antenna
can be injection locked to form electronic beam-scanning ar-

rays without phase shifters, have been realized in spatial powré"‘rc—jlatlng elements in the array is also con&dgred and is found
have only a second-order effect on oscillator frequency

combining technology at microwave and millimeter-wave spé\?c . h d in th f the | d
tial frequencies [4]-[7]. It is also known that coupled-oscil® operation when operated In the presence of the lumpe

lator modal stability can be improved by coupling the oscill£aPacitive coupling network. . .
tors through lumped resistive or capacitive elements [8], [9], The four separate MMIC feedback oscillators shown in
A four-element four-coupled-oscillator-fed sequentially rotatedi9- 1(2), capacitive coupling network shown in Fig. 1(c), and
circularly polarized array consisting of rectangular patch el@tenna assembly shown in Fig. 2(b) were brought together
ments excited with amplifier enforced unidirectional feedintjto a larger module, as shown in Fig. 2(c). Here, the individual
was presented in [10] and an earlier three-element variant WAMIC oscillators are coupled together using the 10-pF chip
presented in [11]. The configuration to be discussed in this pag@pacitive ring MMIC bonded using 2-mm-long gold wire of
is much simpler to implement since it does not require addition2b-m diameter, and the bond-wire inductance was estimated
RF circuitry to enforce unidirectional signal flow, as this is noto be approximately 0.2 nH.
a requisite for stable operation of the system proposed here. Measured characteristics for the individual oscillators are pre-
In this paper, we show how a sequentially rotated patch agented in Table I. In total, 50 oscillator chips were tested, which
tenna consisting of linearly polarized circular patch-antenna @ésulted in the tolerance spreads cited in Table 1.
ements can be realized in order to produce in-phase microwavero accommodate the Spreads in power and frequency char-
power combining at circuit and at spatial levels with circulagcteristics obtained within the batch tested, coefficienssd
polarization characteristics. The arrangement suggested shquidquired for (1) were extracted to accommodate a negative
considerably reduce corporate feed requirements when the 2,nquctance(v), which would yield a nominal mean value of
2 antenna discussed here is used as a building block in a Iar@ﬁfput power of 4.3 mW obtained for a dc voltage of 1.2 V, as

array. shown in Table I. Simulated, C values were chosen to match

the oscillator resonant frequency, and these values were then
Manuscript received November 23, 1999; revised January 18, 2001. Thiged in the theory presented below.
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Fig. 1. Circuit components used in an active antenna element. (a) Self-biased 4.4-GHz oscillator. (b) Self-biased oscillator schematidie)coapkag
MMIC ring network layout.C; = C> = C3; = Cy = 10 pF.

[ll. COUPLING THEORY the oscillator behavior including the load impedance presented
The nonlinear conductance for each oscillator representit the atntenna (this aspect is described in more detail later in
each active device [4] is S section). - . : .
. The characteristic equation of the coupled-oscillator array in
G(V) = -, yAve 1) Fig. 2(a) can be analyzed using Kirchoff’s laws to form a Van

der Pol equation [9], which can be used to describe the char-

whereV is the oscillator output voltage across the load andacteristic dynamical behavior of the capacitively coupled-oscil-
is the nonlinear current coming from the device. Coefficientator ring

a and b are positive constants, evaluated by fitting the simu- Vo1 v

lated current flowing into the load port of a single isolated non- Lipyj=1+C—+ — / Vdt+ — (2)
linear SPICE oscillator model as a function of the magnitude dt L R

of a virtual voltage source connected at this port with the Io%erelinj represents the injected current due to the lumped and

removed [4]. For our device, the nominal valuesi@indb are 151 coupling networks. Equation (2) is rearranged to form
a = 2.32 x 1072 andb = 3.82 x 10~2. The required value for

the Van der Pol model capacitan€e(5.45 pF) and inductance JdV 9 woV 2 Lin;
L (0.24 nH) are estimated from a full nonlinear simulation of tw, [ Vit + Q [1 +Ri(—a+b4A )} - ©)
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Fig. 2. Active ring oscillator configuration. (a) Schematic. (b) Top. (c) Bottom.
where Q=w,R;C. (6)
V = Aciwrtt+e) ) By inserting (4)—(6) into (3) and following the solution proce-
) 1 dure in [3] after equating real and imaginary parts for iie

Yo =T0 (5)  oscillator, the decoupled equations for the amplitude and phase
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TABLE |
DC PUSHING CHARACTERISTICS
Vde (V) 0.8 1.0 1.2 1.4 1.6 1.8 2.0
P (dBm) | -13+0.5] 0.7£0.1 | 4.340.1 6.7+0.1 | 8.1+0.2 | 8.9+0.2 | 9.5+0.2
f (GHz) 4.411 4.413 4418 4.423 4.427 4.429 4.431
+0.018 | £0.015 | £0.017 +0.019 | +0.021 | £0.021 | +0.023
Idc (mA) | 19+1 21+1 22+1 231 2441 25+1 26+1
O e 2.2 2.5 2.6 3.4 4.6 6.7 8.8
dynamics are formed for the ring-coupled-oscillator configura- 4.0
tion
Pout
dAy | wi Trinji Osc. 1-4
il —A[l Rix(—an blA?}: inj 7 a8
dt+2Qk k|14 Lk( k1 Ok k) 20, (7) (dBm)
dox I1injk 1.0
— t WL W = 8
TR Y WAL 00
where! pin;x and iy, are the real and imaginary components 0 Time (ns) 50 100

of the injection current, respectivel(;. is the oscillator@)
factor, Cj, is the Van der Pol capacitancé&; is the kth
oscillator load,wy, is the injection-locked frequency, angj,
is the free-runningith oscillator frequency. External injection The steady-state output behavior of the system occurs when

Fig. 3. Time-domain simulation results for ring oscillator.

locking is permitted at the load?;) of each oscillator. Other

injection-locking currents are provided by the unsynchronized a4k =0 (11)
oscillator induced currents flowing through the lumped coy, dt
pling impedances and/or by the phase-delayed mutual coupling dey,
between array elements. Therefore, the lumped coupling 7 (12)

element is written in terms of real and imaginary components

(assumed to have the form of a conductathg and a sus- From these equations, the steady-state entrained frequency
ceptanceBy;), while the inter-element mutual coupling, aghe individual peak amplitudesl;, and the relative phases
described by York and Compton [14], is expressed in terms ¢fth respect to the first oscillatog,. can be calculated by

magnitude and phase. Under these conditions, (7) and (8) &@st-squares optimization. Numerical simulation of (11) and

rewritten as

dA;
—_ —A
+2Qk k

N

ZCk =1
Ik

Gricos(r — ¢i)

W“rwr — Wk

1

=—|D (6r —
2Aka kSlll k (pk

Grsin(o —
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er + )

(10)

(12) show that frequency entrainment of the four capacitively
coupled oscillators forming the oscillator ring can be obtained.
Consequently, this implies that in-phase power combining via
this approach is a possibility.

From comprehensive simulations, it was found that, when the
lumped ring capacitance was below 1 pF, the oscillators do not
phase lock to each other, while f6k;,, = 10 pF, they run
in phase with identical amplitudes. For simulation purposes,
0.2-nH bond wire inductances were included in series at each
of the capacitor connection points, as shown in Fig. 2(c). Under
locked conditions, the static phase-locking error between oscil-
lators was observed by time-domain simulation [14] to be less
than 10 when examined at times greater than 70 ns from switch
on. Fig. 3 shows the overall transient amplitude response for the
in-phase locked cas€¥{;,, = 10 pF). Here, all oscillators are
running with identical amplitude characteristics. Thus, the pre-
dicted dynamical behavior of this model suggests a dominant
in-phase mode preference for identical or near-identical oscil-
lators. This finding establishes the basic utility of the ring-cou-
pled-oscillator configuration as a multiport power source in an
in-phase power-combining array.

A time-domain analysis on HP MDS [15], which incorpo-
rates HP HFSS [16] derived free-space coupling between the
antenna elements in the form ofZamatrix, derived from sim-

where D;ei(wrtté:) represents the injection-locking signallated port-to-portS-parameters, shows that the inclusion of
from an external source to thigh oscillator and its effect on free-space mutual coupling has a very minor effect on the mode
the whole array can be evaluated if required.

formed in the presence of the capacitive ring elements. Its only
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Z, Z, Z. Z,

Fig. 4. Network model of array couplingZgnt = 55 — 70.002 Q, Z¢ = 10 4 52270 2, Z¢1 = 1000 + 52270 Q).

effect appears to be the reduction of the entrained frequency of
the locked system by a few megahertz. Further, its presence does
not destabilize the dominant in-phase locked-oscillator mode
established by the capacitive coupling network.

In order to employ HP MDS in this role, it is necessary that
a circuit-based mutual-element-coupling model for the antenna
structure proposed in the following section be established. Since
the simulated mutual couplings through free space between any
two of the circular radiating elements in Fig. 2(b) are symmetric,
a simplified equivalent electrical circuit representing both the
lumped and mutual coupling for the antenna array can be devel-
oped, as shown in Fig. 4. This circuit is used as the load for the
lumped coupled ring oscillators shown in Fig. 2(a). ¢ o0t L0 0ErEaE
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IV. ANTENNA HEAD DESIGN Fig. 5. Output signal from antenna.

Each antenna (constructed on 1.6-mym= 4.55 printed cir- i On Phi=0°, 90° cuts
cqit board) was chose_n in order to facilitate symmetricql coug i %"" S
pling to be a 4.4-GHz circular patch antenna operating at its fur 2-% N : N
damental mode, spaced by 0\8, and matched using an inset mefsured
microstrip feed to 5@2. The simulated return loss for each el-
ement of the active antenna array was better tha dB. Ex-
perimentally, a return loss 6f16 dB at each antenna port was 428 % 20 6 % % e s o
achieved at 4.4 GHz with a bandwidth of 250 MHz, the mea- poterenaedenrses

\

.20

10

simulated

nomalized radiation

sured( factor of the completed assembly is 18 and the simu On Phi=45°, 135° cuts
lated antenna gain is 5.6 dBi. o oy !
The structure of the antenna is shown in Fig. 2. Each argw /f \%&
tenna is connected to one of the outputs of the ring-coupled ne s S gimlated y A\7C;<

work with progressive 90phase delays by adding line lengths 3
to ensure required circular polarization action via sequential rc 2

B3-30

tation [17]. Simulated far-field patterns predicts a bore-sigh &

axial ratio 1.5 dB for the antenna (measured 2.8 dB) and 3-d %6 = o

axial beamwidth in the principle planes“4@easured (45im-

ulated), diagonal planes 3(0° simulated). Fig.6. Simulated and measured antenna far-field radiation patterns-06°,
45°,90° and135° cuts (Vdcl = 1.20V, Vde2 = 1.21V, Vde3 = 1.21V,
Vded = 1.22 V).
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V. ACTIVE RING SYSTEM

Fig. 2(b) and (c) shows the constructional details of the oschows measured and simulated antenna radiation patterns for
lator assembly working at the 4.4-GHz locked frequency. Thigrious polar pattern cuts when operated in the frequency en-
stable locked mode is seen to exist even when there is 0.5-4u&@ned mode.
power difference and 23-MHz oscillation frequency deviation, Finally, experiments on injection locking of the oscillators
i.e., within the expected manufacturing spread of the individuadere carried out by injecting a signal from a short dipole placed
oscillators, as in Table I. The frequency range over which tm®rmal to the array at the center of the array network. Due to the
oscillators could be locked by mutual injection was measuraaonopole-like radiation pattern from this element, it provides a
to be 12 MHz. Fig. 5 shows the measured and predicted outpuiform entrainment signal to each elementin the array, but does
spectrum for the array under consideration in this paper. Fign6t contribute significantly to the boresight radiation from the
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circular patch elements. The estimated injection power into theto] L. Dussopt and J. M. Laheurte, “Coupled oscillator array generating
OSCIHator group Was_6 dBm (the Output from each OSCIHator circular pOlarlZathn,”'EEE Microwave Guided Wave LeWOl 9, pp.

. . . . 160-162, Apr. 1999.
was set at approximately 4 dBrif bias~1.2 V). Using this in- [11] J. Birkland and T. Itoh, “A circularly polarized FET oscillator active

jection-locking scheme, the observed frequency-locking range  radiating element,” iHEEE MTT-S Int. Microwave Symp. Djd.991,

was increased from 10 MHz using oscillator mutual locking _ Pp. 1265-1268. _
[12] “F20 process,” GEC-Marconi Mater. Technol., Caswell, U.K.

alone to 20 MHz. [13] B. Van der Pol, “The nonlinear theory of electrical oscillatolBroc.
IRE, vol. 22, no. 9, pp. 1051-1086, Sept. 1934.
VI. CONCLUSIONS [14] R.A.YorkandR.C. Compton, “Measurement and modeling of radiative
coupling in oscillator arraysfEEE Trans Microwave Theory Tegkol.

An active injection-locked sequentially rotated antenna 5 4I-1|I‘3pl\F/|)‘D 433874444{ Miajr. 139?& Santa Rosa. CA
i i ; “ ,” Hewlett-Packard, Santa Rosa, CA.
array has been demonstrated in this paper. EXpe”mentéE'G “HP high-frequency structure simulator,” Hewlett-Packard, Palo Alto,

theoretical, and simulation evidence has been given for its = ca.

behavior. The antenna utilized four linearly polarized circularl17] J. Huang, “A technique for an array to generate circular polarization
microstrip patch-antenna elements with capacitive ring-coupled vAvgr_]slzeggllylrichlgfﬁg;Iesngstr?tilgl’:élélf Trans Antennas Propagatol.
self-biased MMIC GaAs oscillators as the active sources. As

a result of this experiment, it is evident that by using the array

suggested in this paper as a basic building block, a multi-MMIC

active antenna array could be constructed in order to prc)d"écu(ladong Yangwas born in Chengdu, Sichuan, China, in 1964. He received the

spatial power combining. In addition, for such an array, two-dk.sc. degree in applied physics from the National Defence University of Science
mensional (2-D) beam-scanning effects could be introduceah Technology, Changsa, Hunan, China, in 1984, the M.Phil. degree in laser

; RN ; ; technique from South-West Institution of Technical Physics, Chengdu, China,
by detunmg individual groups of rng oscillators and/or b n 1987, and the Ph.D. degree at the Open University, Oxford, U.K., in 1997.

frequency pulling a group of ring-coupled oscillators by the rrom 1987 to 1991, he was a Research Engineer involved with the study of
use of the dipole injection method introduced above. Howev&F-excited continuous-wave (CW) phase-locked:G&ser arrays and pulsed

; ; ; lasers at the South-West Institution of Technical Physics. From 1993 to
the dynam|cs of this arrangement are complex, espeC|aIIy Wt%?, he was with the Oxford Research Unit, Open University, Oxford, U.K.,

circular polarization is involved, and this aspect is a topic fQfhere he was involved with low-temperature low-pressure inductively coupled
further study. Such a structure may have potential as a buildiRg plasma in the application of semiconductor processing. In May 1997, he

block in applications such as low-cost spatial power combini jained the High Frequency Electronics Researc_h Group, The Queen_’s Universi;y
N . Ifast, Northern Ireland. His current research interests are waveguide transmis-
for personal communication and radar systems where Circul@h.line discontinuity-modeling, MMIC design, and on-wafer millimeter-wave

polarization is required. and semiconductor device-characterization measurement techniques.
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