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Active Antenna Array Lumped Ring Configuration
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Abstract—Coupled active antenna oscillator arrays are used for
@ Van der Pol Oscillator
«—>

power-combining at microwave and millimeter-wave frequencies.
It is known that relative phase determined by element separation Antenna 1 2

distance ultimately determines the array operational mode and, L7 Mutaal Coupling Signal
hence, far-field radiation characteristics. Separately, it is known 5002
that coupled oscillator modal stability is achieved by coupling [ ) v,
oscillators through lumped capacitive elements. In this paper, V. L I Tl
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across the oscillator loads) and radiative coupling are employed
concurrently is investigated. The arrangement takes the form J
of a ring of coupled oscillators used to excite a 2 2 antenna o o d
array. The effect that these couplings have on array behavior are ' ' A
evaluated using time-domain analysis and analytically derived v, o
equations. Experimental results for far-field radiation patterns m N I ale D

are discussed in relation to coupled oscillator dynamical behavior. \¢3/ = If = @

These suggest that the theoretical predictions are valid, offering a T
robust design tool for studies of larger power-combining arrays.

Van der Pol Osc. 1, T ,."‘

#3 #4

Index Terms—Antenna arrays.
Fig. 1. Ring oscillator electrical arrangement.

I. INTRODUCTION

HE growth in the requirement for RF power sourceadapted Van der Pol oscillator model [7, Fig. 1]. The predicted

at microwave frequencies for low-cost spacial powetynamical behavior of this model suggests a dominant in-
combining in personal communications and radar systems lpsise mode preference for identical or similar oscillators.
been considerable [1]-[3]. Recent work has involved the useTtis finding establishes the basic utility of the ring-coupled
active antenna power-combining techniques to produce higlescillator configuration as a multiport power source in an
output powers [4], [5] from low-power sources. in-phase power-combining array.

This paper introduces a system of oscillators placed inA modified time-domain analysis [8] incorporating the free-

a ring configuration whose output ports are coupled witpace coupling between the antenna elements shows that the
capacitorsC' and microstrip patch antennas that act as theclusion of radiative coupling does not destabilize the dom-
oscillator loads (Fig. 1). The coupled oscillators behave $®ant mode established by the capacitive coupling network.
as to injection lock each other into a stable in-phase modghis is unlike active antenna arrays controlled only by mutual
giving spatial combination in the array far field. For the arrayoupling, where mode stability is very dependent on the
architecture considered in this paper, two methods of couplingupling characteristics [9].

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 consider
reduces corporate feed requirements when thex 22
array discussed here is used as a building block in
larger array. N

In this paper, an analysis is presented for the ring osc evice 1S
lator system. Here, each oscillator is approximated by an

Il. THEORETICAL CONSIDERATIONS

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

ere, the nonlinear current souré¢erepresenting the active

i=—aV +b|V*V (1)
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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]

Vit +

Ry,

av. 1 @)
Peak

Iinj :L+0E+ I /
Amplitude (V)

where I;,; represents the injected current from both the (osc.14)
lumped and mutual coupling networks. Equation (2) is rear-
ranged to form

av

Ling

2 woV 2
— —1 - A9)] =
g7 +w0/th+ 0 1+ Rp(—a+bA%)] C (3)
Time (ns)
where
Fig. 2. Dynamical response.
V = Aedlert+e) 4)
1
2
=— 5
Wi =15 (5)
Q =w,RC. (6) —ARGri + Mg cos (91 — o — Y] 9)
By inserting (4)—(6) into (3) and following the solution g,
procedure in [12] after equating real and imaginary parts for gz Twr — Wk
the kth oscillator, the decoupled amplitude and phase dynamics
are formed for the ring-coupled oscillator configuration = 3. Dy, sin (6 — o1,
d Ay 4 IRinik
i R &Ak[l + Rrp(—ar + bpAD)] = fngk (7) N
dt 2Qy, 20 .
dor, Lin + ZAI[GMSIH(W — k) + Brico{pr1— k)
PR Y WA =
where g1 and Ir;,:; are the real and imaginary compo- .
Fonk gk ginary P — A Bra+Ausin(er — ox + )] (10)

nents of the injection current respectivedy;. is the oscillator

Q-factor, Cy, is the Van der Pol capacitancBy; is the oscil-

lator load,wy, is the injection-locked frequency ang, is the

free-running oscillator frequency. External injection-lockingyhere D;.¢i(«zt+¢+) represents the injection-locking element
can be allowed at the loadi() of each oscillator. Other from an external source to thieth oscillator. The terms\,
injection-locking currents are provided by the unsynchronizeghq +,, are the magnitude and phase coefficients of the
oscillator induced currents flowing through the lumped coyyytyal coupling signal between thén and kth oscillators,
pling impedances and/or by the phase delayed mutual coupliggpectively. The inclusion of the terms i, enables a single

between array elements. Therefore, lumped coupling elemgat;jator to be injection locked and its effect on the whole

Is written in terms of real and imaginary components (assumspray to be evaluated if required. This is presently the subject
to have the form of a conductancg,; and a susceptandgy;), of further investigations

while the mterelemen.t mutual coup.I|ng, as descrlbeq by York Two numerical methods exist whereby the behavior of the
[13, eqgs. (13), (14)], is expressed in terms of magnitude agd

hase. Under these conditions. (7) and (8) are rewritten as Scillator arrangement can be estimated. The first method is
P ' ttions, (7) (8) W to solve (9) and (10) using Runge—Kutta methods [14]. This

dA

Wi 2
— A1 A—az AT
7 + 20, k[l + Rorn(—ar + b Ay)]

Q—C'k Dk COS (9k — (pk)

N
+ ZAI[GMCOS(W—wk) — Bygsin (@1 — ¢r)

=1
Ik

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 Oscillator Model
dAk Antenna Model
— =0 (11)
d: dt 75pHJ§)1pF
and: J 500 é
¥k _y, 12 T
dt utually Coupled |~ | Attenuator &1
—3 Input Signals 3 7777 e
. . . — (Received) _<2> Circulator Time delay
By substitution of (11) and (12) into (9) and (10) and
. " Mutually Coupled
equating these to zero, the quantitidg, ¢x, and wy can Ly spier Attenuator & Output Signals
be found by least-squares optimization such that a solution Time delay (Transmitted)
residual value of less that 0.0001 exists.
Thus, the steady-state entrained frequeagy the individ- %“;:‘QZ‘IZ;&

ual peak amplitudesi,, and the relative phases (with regard
to the first oscillator)y; can be calculated. Fig. 3. Mutual coupling array model.

Illl. TIME-DOMAIN SIMULATION TABLE |
. i . i MEASURED MUTUAL COUPLING BETWEEN ANTENNA ELEMENTS
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.oss ~-87.910 0.061 £-153.260 0.030 £116.930
model of the 1-GHz microstrip patch antenna as suggested

812 = s21 813 = s31 514 = s4l

by Richards [15] and characterized for operation at the Van =23 = =32 w24 = =iz
der Pol circuit resonant frequency is implemented, Fig. 1. 0.009 £-117.770 | 0.062 £-156.690
In addition, the radiated mutual coupling introduced between Pryg—

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

0.089 £-81.090

equivalent simulation elements [8]. In addition, on receive, the

E (drt) = A = ¢ (13) combined mutually coupled signals from the other antenna
" kodi elements are summed using a combiner connected to port
3 of the circulator. This, is in turn, connected to the Van
and for phase der Pol [7] oscillator model. Thus, a system exists whereby
both coupling mechanisms can be represented by equivalent
P(diy) = kodpt + ¢ (14) circuit models.

For the array considered in this work, the parametérs
, , ) . and¢ in (13) and (14) are calibrated to the actual array by
wherek, = wp /c, cis the speed of lightd,, is the separation ging the actuals-parameter measurements made between

d|st§1nce between elementsand [, ¢ IS a fitted constant antennas ak/2 element spacing [16]. For example, in Table 1,
(typically having a value of 0.12), angd is an added phase o . .
term used to account for near-field effects between elements 1 and @, = 0.191 (sinced;s = A/2 and

; 13| = 0.061) and similarly$ = 0.466 rad.

For the purpose of the simulation, radiative coupling | Simulation of the array spaced at a known antiphase sep-
implemented by incorporating a circulator as an apparerfi2 50- ~ ray space P ep
fation and no capacitive coupling showed that the starting

load for the patch antenna (Fig. 3). This enables the provisi8 ) ) .
for simultaneous transmission and reception of mutual copfases and magnitudes of each oscillator are unsynchronized

pling signals to and from the other elements in the arra nd, after about 150 ns, they settle to the antiphase mode.

In this model, mutual coupling between array elements f&0wever, with the capacitive ring network applied, in-phase
incorporated in both E and H-planes. operation occurs. Here, the capacitor network provides a

For a 2 x 2 array each element requires three couplinggthway for clockwise and anticlockwise ac currents around
signals to be added and recovered, one for each of #he ring. Initially, the flow in one direction dominates with the
other antenna elements relative to the element affected by tggult that over time each oscillator will receive an injection-
mutual coupling signal considerations. Hence, the transmitt@gking signal from its nearest neighbors. From Kurokawa
output signal, i.e., port 2 of the circulator, is split usingl7], this modifies oscillator output power and relative phase.
ideal power splitters (Fig. 3). These signals are then weightBstentually, the opposing currents balance as the oscillators
using (13) and (14) and implemented using appropriate circuitecome synchronized and in-phase operation ensues.
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: " - TABLE I
e Com : ; i AMPLITUDE/PHASE RESPONSE OFCOUPLED OSCILLATORS
“oaxial Antenha i .
| Port i ' '
o I P2 BN : TN Measured Time Domain Analytical
Oscillator 2 Pim = 7.71 Simulation Calculation
dBm Pn/Plm, deg | Pn/Plm, deg | Pn/Plm, deg
____________________________________ Oscillator 1.00, 0 1.00, 0 0.87, 0
e =1
Oscillator | 0.98, 8.1 0.99, 2 0.86 7.6
Oscillator 3 Oscillator 4 N =2
; ; Oscillator| 1.02, 52 1.02, 53 0.89, 52
N =3
Oscillator 1.19, 9 1.19, 2 1.04, 7.6
Fig. 4. Oscillator physical arrangement. N4
Predicted
—HHT Measured 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

.90 to the other oscillators in order to ensure an entrained array
0 frequency. This modifies the array factor from the ideal
cophased situation since a phase error is induced. However,
Fig. 5. E-plane measurement and simulation. 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
IV. EXPERIMENTAL CONFIRMATION in-phase power combining functionality.

In order to confirm the theoretical predictions, four noniden. N addition, it is observed that without the presence of
tical 1-GHz oscillators previously designed in [6] were used §¢ capacitive ring coupling network a single entrained
excite the 2x 2 array. Separate monolithic integrated circuif©duency could not be obtained for the array presented
(MIC) feedback oscillators [6] built on RT-Duroid [18] wereN€re. That is, a stabilized spatial power combining system
brought together into a larger module (Fig. 4) and coupléi?“'d_ not be gstabhshed on the ba}S|s of mutual free-space
using 8-pF chip capacitors connected to separate copper pgeiPling inducing locking at approximately half-wavelength

in order to equalize reactive phase delays. Each anterff2y-€lement separations. o .
(constructed on 1.6-mm thickness, = 4.55 material) was  Amplitude normalized time-domain simulation results for

matched for 5G2 operation at 1 GHz; so chosen for ease dhe nonidentical oscillators used in the experiment show
experimental confirmation. The normalizétplane predicted 900d correlation to the experimental results (Table I).
and measured patterns are shown in Fig. 5. The predictEde actual Van der Pol model parameters used are
pattern is obtained by measuring the individual power levelown in Table lll for the nonidentical oscillators used
of each oscillator first separately, then in pairs, and finall{} the experiment.
with all four combined. For each measurement pair, a vectorWhen the distributed mutual-coupling mechanisms are re-
diagram was constructed. From these diagrams, considerafio@ved from the time-domain simulation and when the mutual-
of the parallelogram law yields the amplitude and phag®upling terms are neglected from (9) and (10) for the non-
relationships between each of the oscillators in the netwofentical oscillator arrangement, all models produce similar
Table 1l shows this result. results (Table IV). Here, simulated powers are normalized to
Here, the oscillators are unbalanced due to physical diff@scillator 1 (7.71 dBm) predicted by the time-domain model
ences in the active devices. This ultimately leads to deviationéth the mutual coupling on.
from the perfect in-phase mode condition predicted for iden- From these results the presence of the lumped capacitive
tical oscillators. coupling elements appear to ensure that the array always
The data in Table Il is used in a passive array-factstarts up and stays in an approximately in-phase power-
calculation, together with the antenna far-field radiation pattecombining mode and that the free-space coupling has only
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TABLE 1l

VAN DER PoL MODEL PARAMETERS

Oscillator | Oscillator | Oscillator | Oscillator
1 2 3 4
a 21.8962 21.8962 19.3624 20.9657
b 49.4249 50.7411 41.9262 34.8669
C (nF) 105.00 105.00 51.80 105.00
L (pH) 0.214 0.214 0.436 0.214
R, () 50 50 50 50
Frequency 1.061 1.061 1.059 1.061
(GHz)
TABLE IV

NORMALIZED TIME-DOMAIN SIMULATED OSCILLATOR OUTPUT RESPONSES

Oscillator | Oscillator | Oscillator | Oseillator
Plt = 7.71 1 2 3 4
dBm Pn/Plt,deg | Pn/Plt,deg | Pn/P1lt,deg | Pn/Plt,deg
Coupling ON | 1.00, 040.99, 241.02, 53 ]1.19, 2
Time Domain
Coupling OFF | (.99, 0|(0.98, 22 |1.02, 64| 1.18, 8
Time Domain
Coupling ON | 0.87, 0(0.86, 7.6]0.89, 52 |1.04, 7.6
Analytical
Coupling OFF | 0.86, 0]10.85, 7.6}0.89, 52(1.03, 7.6
Analytical

a small effect on the overall operation of the Iumped—[g]

coupled array.

Simulated results for an array of identical oscillators (af10]
bitrarily chosen for as oscillator 1 in Table Ill) results in a

perfect in-phase condition.

V. CONCLUSIONS
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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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