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Active Antenna Array Lumped Ring Configuration
Denver E. J. Humphrey,Member, IEEE, and Vincent F. Fusco,Senior Member, IEEE

Abstract—Coupled active antenna oscillator arrays are used for
power-combining at microwave and millimeter-wave frequencies.
It is known that relative phase determined by element separation
distance ultimately determines the array operational mode and,
hence, far-field radiation characteristics. Separately, it is known
that coupled oscillator modal stability is achieved by coupling
oscillators through lumped capacitive elements. In this paper,
an arrangement whereby lumped capacitive elements (placed
across the oscillator loads) and radiative coupling are employed
concurrently is investigated. The arrangement takes the form
of a ring of coupled oscillators used to excite a 2� 2 antenna
array. The effect that these couplings have on array behavior are
evaluated using time-domain analysis and analytically derived
equations. Experimental results for far-field radiation patterns
are discussed in relation to coupled oscillator dynamical behavior.
These suggest that the theoretical predictions are valid, offering a
robust design tool for studies of larger power-combining arrays.

Index Terms—Antenna arrays.

I. INTRODUCTION

T HE growth in the requirement for RF power sources
at microwave frequencies for low-cost spacial power

combining in personal communications and radar systems has
been considerable [1]–[3]. Recent work has involved the use of
active antenna power-combining techniques to produce higher
output powers [4], [5] from low-power sources.

This paper introduces a system of oscillators placed in
a ring configuration whose output ports are coupled with
capacitors and microstrip patch antennas that act as the
oscillator loads (Fig. 1). The coupled oscillators behave so
as to injection lock each other into a stable in-phase mode,
giving spatial combination in the array far field. For the array
architecture considered in this paper, two methods of coupling
exist concurrently:

1) spatial mutual coupling [5] between antenna elements;
2) lumped element capacitive coupling [6] between oscil-

lator elements.

The advantage here is that the arrangement considerably
reduces corporate feed requirements when the 22
array discussed here is used as a building block in a
larger array.

In this paper, an analysis is presented for the ring oscil-
lator system. Here, each oscillator is approximated by an
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Fig. 1. Ring oscillator electrical arrangement.

adapted Van der Pol oscillator model [7, Fig. 1]. The predicted
dynamical behavior of this model suggests a dominant in-
phase mode preference for identical or similar oscillators.
This finding establishes the basic utility of the ring-coupled
oscillator configuration as a multiport power source in an
in-phase power-combining array.

A modified time-domain analysis [8] incorporating the free-
space coupling between the antenna elements shows that the
inclusion of radiative coupling does not destabilize the dom-
inant mode established by the capacitive coupling network.
This is unlike active antenna arrays controlled only by mutual
coupling, where mode stability is very dependent on the
coupling characteristics [9].

II. THEORETICAL CONSIDERATIONS

An active antenna element can be modeled by a Van der
Pol type model [10], [11]; the model described in this paper is
that presented in [10]. In this paper, we have made the antenna
element the output load for the Van der Pol oscillator (Fig. 1).
Here, the nonlinear current sourcerepresenting the active
device is

(1)

where is the oscillator output voltage across the load.
Coefficients and are positive constants, evaluated by fitting
the simulated current flowing into the load port of a single
isolated oscillator as a function of the magnitude of a virtual
voltage source connected at this port with the load removed.
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The model shown in Fig. 1 can be analyzed using Kirchoff’s
laws to form a Van der Pol equation [7]

(2)

where represents the injected current from both the
lumped and mutual coupling networks. Equation (2) is rear-
ranged to form

(3)

where

(4)

(5)

(6)

By inserting (4)–(6) into (3) and following the solution
procedure in [12] after equating real and imaginary parts for
the th oscillator, the decoupled amplitude and phase dynamics
are formed for the ring-coupled oscillator configuration

(7)

(8)

where and are the real and imaginary compo-
nents of the injection current respectively, is the oscillator

-factor, is the Van der Pol capacitance, is the oscil-
lator load, is the injection-locked frequency and is the
free-running oscillator frequency. External injection-locking
can be allowed at the load ( ) of each oscillator. Other
injection-locking currents are provided by the unsynchronized
oscillator induced currents flowing through the lumped cou-
pling impedances and/or by the phase delayed mutual coupling
between array elements. Therefore, lumped coupling element
is written in terms of real and imaginary components (assumed
to have the form of a conductance and a susceptance ),
while the interelement mutual coupling, as described by York
[13, eqs. (13), (14)], is expressed in terms of magnitude and
phase. Under these conditions, (7) and (8) are rewritten as

Fig. 2. Dynamical response.

(9)

(10)

where represents the injection-locking element
from an external source to theth oscillator. The terms
and are the magnitude and phase coefficients of the
mutual coupling signal between theth and th oscillators,
respectively. The inclusion of the terms in enables a single
oscillator to be injection locked and its effect on the whole
array to be evaluated if required. This is presently the subject
of further investigations.

Two numerical methods exist whereby the behavior of the
oscillator arrangement can be estimated. The first method is
to solve (9) and (10) using Runge–Kutta methods [14]. This
yields useful start-up information.

Using this procedure, the simulated start up procedure for
a 1-GHz identical oscillator ring is shown in Fig. 2. Here,
steady-state operation is achieved for all oscillators after 70
ns. It is important to note that for the identical oscillator
scenario, the start up time can be calculated since the steady-
state entrained frequency is known and can be accurately
evaluated in (10). For nonidentical oscillators, the entrained
frequency is both unknown and variable during start up.
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The second method used determines the steady-state output
behavior of the system. At steady state

(11)

and:

(12)

By substitution of (11) and (12) into (9) and (10) and
equating these to zero, the quantities, , and can
be found by least-squares optimization such that a solution
residual value of less that 0.0001 exists.

Thus, the steady-state entrained frequency, the individ-
ual peak amplitudes , and the relative phases (with regard
to the first oscillator) can be calculated.

III. T IME-DOMAIN SIMULATION

The Van der Pol circuit model [7] has been implemented in
a time-domain simulator [8] in order to determine the model’s
modal stability behavior over time. Here, a lumped antenna
model of the 1-GHz microstrip patch antenna as suggested
by Richards [15] and characterized for operation at the Van
der Pol circuit resonant frequency is implemented, Fig. 1.
In addition, the radiated mutual coupling introduced between
the coupled patch antennas introduces a time delayed and
attenuated signal [13]; this is applied to each antenna across
the array.

The radiative coupling equations are for magnitude

(13)

and for phase

(14)

where , is the speed of light, is the separation
distance between elements and , is a fitted constant
(typically having a value of 0.12), and is an added phase
term used to account for near-field effects.

For the purpose of the simulation, radiative coupling is
implemented by incorporating a circulator as an apparent 50-
load for the patch antenna (Fig. 3). This enables the provision
for simultaneous transmission and reception of mutual cou-
pling signals to and from the other elements in the array.
In this model, mutual coupling between array elements is
incorporated in both E and H-planes.

For a 2 2 array each element requires three coupling
signals to be added and recovered, one for each of the
other antenna elements relative to the element affected by the
mutual coupling signal considerations. Hence, the transmitted
output signal, i.e., port 2 of the circulator, is split using
ideal power splitters (Fig. 3). These signals are then weighted
using (13) and (14) and implemented using appropriate circuit-

Fig. 3. Mutual coupling array model.

TABLE I
MEASURED MUTUAL COUPLING BETWEEN ANTENNA ELEMENTS

equivalent simulation elements [8]. In addition, on receive, the
combined mutually coupled signals from the other antenna
elements are summed using a combiner connected to port
3 of the circulator. This, is in turn, connected to the Van
der Pol [7] oscillator model. Thus, a system exists whereby
both coupling mechanisms can be represented by equivalent
circuit models.

For the array considered in this work, the parameters
and in (13) and (14) are calibrated to the actual array by
fitting the actual -parameter measurements made between
antennas at element spacing [16]. For example, in Table I,
between elements 1 and 3, (since and

) and similarly rad.
Simulation of the array spaced at a known antiphase sep-

aration and no capacitive coupling showed that the starting
phases and magnitudes of each oscillator are unsynchronized
and, after about 150 ns, they settle to the antiphase mode.
However, with the capacitive ring network applied, in-phase
operation occurs. Here, the capacitor network provides a
pathway for clockwise and anticlockwise ac currents around
the ring. Initially, the flow in one direction dominates with the
result that over time each oscillator will receive an injection-
locking signal from its nearest neighbors. From Kurokawa
[17], this modifies oscillator output power and relative phase.
Eventually, the opposing currents balance as the oscillators
become synchronized and in-phase operation ensues.
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Fig. 4. Oscillator physical arrangement.

Fig. 5. E-plane measurement and simulation.

IV. EXPERIMENTAL CONFIRMATION

In order to confirm the theoretical predictions, four noniden-
tical 1-GHz oscillators previously designed in [6] were used to
excite the 2 2 array. Separate monolithic integrated circuit
(MIC) feedback oscillators [6] built on RT-Duroid [18] were
brought together into a larger module (Fig. 4) and coupled
using 8-pF chip capacitors connected to separate copper pads
in order to equalize reactive phase delays. Each antenna
(constructed on 1.6-mm thickness, material) was
matched for 50- operation at 1 GHz; so chosen for ease of
experimental confirmation. The normalized-plane predicted
and measured patterns are shown in Fig. 5. The predicted
pattern is obtained by measuring the individual power levels
of each oscillator first separately, then in pairs, and finally,
with all four combined. For each measurement pair, a vector
diagram was constructed. From these diagrams, consideration
of the parallelogram law yields the amplitude and phase
relationships between each of the oscillators in the network.
Table II shows this result.

Here, the oscillators are unbalanced due to physical differ-
ences in the active devices. This ultimately leads to deviations
from the perfect in-phase mode condition predicted for iden-
tical oscillators.

The data in Table II is used in a passive array-factor
calculation, together with the antenna far-field radiation pattern

TABLE II
AMPLITUDE/PHASE RESPONSE OFCOUPLED OSCILLATORS

measurement for an actual single-patch antenna in order to
construct the array radiation pattern, Fig. 5. The resultant
pattern match illustrates that in-phase power combining is
occurring and that apart from edge-diffraction effects, the
maximum deviation between the measured and theoretical
patterns is 2 dB.

It should be noted that oscillator 3 was detuned relative
to the other oscillators in order to ensure an entrained array
frequency. This modifies the array factor from the ideal
cophased situation since a phase error is induced. However,
the overall effect on the resultant radiation pattern prediction
is minimal. Hence, similar but nonidentical oscillators can
be employed in this array architecture without compromising
in-phase power combining functionality.

In addition, it is observed that without the presence of
the capacitive ring coupling network a single entrained
frequency could not be obtained for the array presented
here. That is, a stabilized spatial power combining system
could not be established on the basis of mutual free-space
coupling inducing locking at approximately half-wavelength
array-element separations.

Amplitude normalized time-domain simulation results for
the nonidentical oscillators used in the experiment show
good correlation to the experimental results (Table II).
The actual Van der Pol model parameters used are
shown in Table III for the nonidentical oscillators used
in the experiment.

When the distributed mutual-coupling mechanisms are re-
moved from the time-domain simulation and when the mutual-
coupling terms are neglected from (9) and (10) for the non-
identical oscillator arrangement, all models produce similar
results (Table IV). Here, simulated powers are normalized to
oscillator 1 (7.71 dBm) predicted by the time-domain model
with the mutual coupling on.

From these results the presence of the lumped capacitive
coupling elements appear to ensure that the array always
starts up and stays in an approximately in-phase power-
combining mode and that the free-space coupling has only
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TABLE III
VAN DER POL MODEL PARAMETERS

TABLE IV
NORMALIZED TIME-DOMAIN SIMULATED OSCILLATOR OUTPUT RESPONSES

a small effect on the overall operation of the lumped-
coupled array.

Simulated results for an array of identical oscillators (ar-
bitrarily chosen for as oscillator 1 in Table III) results in a
perfect in-phase condition.

V. CONCLUSIONS

It was seen that the problem of guaranteeing in-phase spacial
power combining in an active array while simultaneously
reducing the corporate feed requirements of a passive ar-
ray, can be resolved by using a ring-coupled oscillator as
a synchronized multiport power source. Here, oscillators are
coupled using lumped elements to ensure that the likelihood
of in-phase frequency entrainment is greatly enhanced when
compared to the situation where only spatial mutual coupling
between antenna elements exists. Here, the interinjection lock-

ing process will not ensure frequency entrainment on the basis
of free-space mutual coupling alone.

A mathematical model has been presented that can be
implemented and solved for the array to provide dynami-
cal information by virtue of direct numerical simulation of
the system dynamical equations. A circuit model permit-
ting direct time-domain simulation of the array was also
given. Both provide good agreement to experimental obser-
vations.

Identical oscillator elements always obtain the in-phase
solution, while nonidentical oscillators are seen to lock into an
approximately in-phase condition, thereby ensuring efficient
spacial-power combination.

Further work is being carried out in order to determine the
beam steering capability of the coupled-oscillator active-array
configuration.
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