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Abstract—This paper describes the design, fabrication, and mutual locking of the oscillators. Thus, the element spacing
testing of a seven-elementS-band phased array, in which the \as constrained by the necessary coupling strength. In another
beam is steered by means of a coupled-oscillator technique. Severbxperiment, the coupling was accomplished by connecting the

monolithic-microwave integrated-circuit-based voltage-controlled diati | ts b . tip i 61. This al dered
oscillators were coupled via microstrip transmission lines in such radiating elements by microstrip lines [6]. This also rendere

a manner that they mutually injection locked and, thus, oscillated the coupling dependent on the element disposition. In the
as an ensemble. The output of each oscillator was connected toapproach described here, the coupling is achieved through
a microstrip patch array element and the seven elements were mjcrostrip transmission lines between the oscillator resonators.

disposed in a line on a Duroid substrate. The resulting antenna the RE outputs connected to the radiating elements are
was characterized in benchtop tests, revealing the relative phase. lated f th illat d thei t by buff
behavior of the oscillators, and in range tests, producing far-field 1Solated from the oscillators (and their resonators) by buffer

pattern cuts. Patterns showing beams steered to several angles@mplifiers intrinsic to the monolithic microwave integrated
were obtained by applying appropriate tuning voltages to the end circuits (MMIC’s) that were used. Thus, the element spacing

oscillators of the array. is independent of the coupling and can be chosen for optimum
Index Terms—Coupled oscillators, injection locking, phased Performance of the radiating aperture. This is the primary
arrays. difference between our work and that of our predecessors.

The theory provides the relationship between coupling phase
(the phase shift through the coupling network between nearest
neighbors) and the ensemble frequency and locking range,
OME YEARS ago, it was suggested that an array of cogelationships which were observed experimentally during the
led oscillators can be used to control the phase distributidevelopment of the present seven-element array. Moreover,
across the aperture of an array antenna in such a manner agéotheoretical results were shown to accurately predict the
effect steering of the beam without the use of phase shifters [bgam-steering behavior of this array.
One merely detunes the end oscillators of the array antisymAt is important to distinguish from the outset between arrays
metrically to effect the steering. The behavior of such array$ oscillators withstrong coupling to nearest neighbors such
of oscillators has been described in detail using a coupled astthose considered by Nogt al. [7] and the present array
of nonlinear differential equations [2], [3]. These equations at# oscillators withweakcoupling to nearest neighbors. In the
derived by first describing the behavior of an individual oscilstrong-coupling regime, the neighboring oscillators influence
lator with injection locking in the manner of Adler [4] and therboth the phase and amplitude of the oscillation, leading to en-
allowing the injection signals to be provided by the neighboringemble modes with both phase and amplitude variations across
oscillators in the array. More recently, an alternative descriptiehe array. The stability of these modes has been investigated in
was developed by Pogorzelskial.[5] in which the phase dis- detail theoretically and verified experimentally [7]. The lowest
tribution across the array is represented by a continuous fugeder mode is the one desired for spatial power combining in
tion governed by a partial differential equation of diffusion typehat it has uniform amplitude and linear phase, and Nogil.
This formalism provides considerable insight concerning the g7 suggest a clever method of assuring dominance of this mode
lationship between the phase distribution and the tuning of thg inserting resistors in the coupling lines. In the weakly cou-
oscillators. pling regime, this lowest order mode dominates because the dy-
One result of the above theoretical treatments is a detaileaimic behavior of the amplitude is dominated by the saturation
understanding of the beam-steering scheme proposed by Yofkhe oscillator and is not significantly influenced by the signals
and demonstrated in four-elemenf-band arrays by Liao coupled from the neighboring oscillators. Thus, in the present
and York [1], [2]. Their approach made use of the mutualeak-coupled case, as indicated by York [2], “the amplitudes of
coupling between the radiating elements of the array to achiee oscillators will remain close to their free running values
and the phase can be controlled via tuning of the end oscillators.
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wave was minimized. Minimum energy storage implies minimal
Q (for a fixed loss). However, the actual termination of the line

is modified by the value of the series coupling resistor, which is,
in turn, set by the desired coupling strength. Moreotgis a
function of the resistive loss as well as stored energy in the line.
Thus, a matched termination does not necessarily correspond to
minimal Q. Nevertheless, the present arrangement lowergthe

of the coupling line by roughly two orders of magnitude, which

is considered sufficient for applicability of the theory.

e It has been established that, for the parallel resonance of
DEVELOPMENT the present MMIC, the appropriate coupling line length is

one wavelength [3]. However, because of the unknown phase
shift inherent in connecting the lines to the MMIC, it was
found useful to arrange for variable line length. Therefore, the
inter-connecting (coupling) lines were meandered in a U shape
such that they could easily be made to be full wavelength or
half-wavelength or anything in between by moving the shorting
bar along the U-shaped portion. With detailed measurements
and modeling it should be possible to ascertain the proper
line length and fabricate it without adjustment, and this may
ultimately be the preferred method of manufacture. However,
this was beyond the scope of the present effort. The U-shaped
lines were a simpler solution for the present experimental array.
(One might be concerned about the presence of two parallel
lines over a portion of the path, but, at a single frequency, this
is equivalent to a single line cut and terminated so as to have
the same scattering parameters.) Once the optimal positions for
the shorting bars were determined, the original lines were cut
at each end of the bars to remove the excess line. Technically,
this cutting operation changed the coupling phase to a slightly
nonoptimal value, but the array locking range remained quite
acceptable. Two discontinuities are introduced in each line by
the difference in impedance between the lines and shorting
bar, and this affects the impedance match at the oscillators.

aperture and the characterization of the resonsiffand However, as discussed earlier, this match was not optimal in
elements. Finally, we describe the experimental measuremgf present array regardless.

Fig. 1. Seven-element oscillator array.

Fig. 2. Close up of one oscillator of the seven-element oscillator array.

of the antenna patterns under various scan conditions. Fig. 4 illustrates a representative portion of the seven-element
array. The layout includes a printed common-ground intercon-
Il. FABRICATION AND BENCH TESTING OF THEARRAY nect trace beneath the MMIC with several through connections

A commercial MMIC VCO suitable for operation at a nomio the underside ground plane. The board also features coaxial
inal 2.5 GHz was selectedind a number of preliminary char-CONNECtors so that each of the Qs_cillators could either be m_oni-
acterizations were performed to ascertain its suitability for tf@réd or influenced by external injection and a common tuning
present application. Using the selected VCO, a seven-oscilla¥g#tage bus so that only a single precision tuning supply was
linear array was fabricated. This seven-element array is sholgfded for test. Tuning of the individual oscillators was accom-
in Fig. 1 with an enlargement of the center oscillator shown plished via ten-turn potentiometers connecting each oscillator
Fig. 2. A partial schematic is illustrated in Fig. 3, which include!® the bus. Note that the coupling lines have a gap halfway be-
an end oscillator and the oscillator adjacent to it. The rest of tiéeen the oscillators. This was to provide for a blocking capac-
circuit continues in a like manner to the far end. itor, which, in fact, was not used. The blocking was actually

The theoretical treatment is based on the assumption that 8&°mPplished via capacitors at the ends of the lines because the
Q of the coupling circuit is much lower than that of the oscillaPOrtion of the lines containing the gap were ultimately removed
tors. To achieve this in our implementation, we terminated tffgom the circuits by cutting the line as described above.

1002 coupling lines using 108 chip resistors, as shown in  The oscillators, tested one at a time with no coupling, have
Fig. 3. This was intended to reduce reflections from the endstf tuning curves illustrated in Fig. 5. The frequency spread

the line so that energy storage on the line in the form of standiffgm maximum to minimum for all seven oscillators is a nom-
inal 4.5%. The entire group of seven curves are plotted so that

lThe authors gratefully aCknOWIedge the assistance of Prof. R. A. YOrk, Urthe Spread may eas”y be Observed. Coupllng the OSCIIIatorS and
versity of California at Santa Barbara, and P. F. Maccarini, University of Ca

lj- . . 4 o
fornia at Santa Barbara, in selecting the Pacific Monolithics [PM2503] MMIéun'ng oneata t'me_y'elds a 2.6-GHz breakpoint in the shgpe of
for the experiment and designing a preliminary board layout. the curves. The tuning curves for the seven coupled oscillators
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Fig. 3. Partial schematic of the seven-element oscillator array.
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Fig. 4. Partial layout of the seven-element oscillator array.

are illustrated in Fig. 6. The tuning curves are nearly straig@t45 GHz. (The curves end because the oscillators ceased to
lines below 2.6 GHz, and discontinue below approximatefynction below this lower frequency.)
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Beginning with [5, eq. (1)] for the present case of nearest

2.00 — neighbor coupling

p Ao i+1
d_tZ = Wtune,i — ;1 AWlock,ij Sin(q)ij + 91 - 91) (1)
1.60 ; I T T T T ] J;#Z

0.00 4.00 12.00 16.00

8.00
Tuning Voltage (Volts DC) in Which wi e ; is the free-running frequency of oscillatér
Awieck, i5 IS the inter-oscillator locking range;; is the cou-
Fig. 5. Tuning curves of the uncoupled oscillators. pling phase, and; is the phase of oscillatar we expand the

sine function to yield

46 i+l
3.20 — d—tz = Wiune, i — Z Awlo‘zk, ij [sm(@“) COS(QZ‘ — 91)
j=i1—1
J ji
+ cos(®;; ) sin(6; — 9]')} .
2.80 —| (2)
N |
5 P Now, assuming that the phase differences are small as was done
3 240 Note breck peint at in deriving the linearized continuum model [5], this equation
2 becomes
g
& 8 i1
db; & ,
200 | d_tz = Wtune, i — J;l AWlock, ©j [Sln((bij)
i
| + cos(®4;)(0; — 9;’)} )
e K ’ ‘ ' i ’ 4 For a uniform array, this becomes
0.00 4.00 8.00 12.00 16.00
Tuning Voltage (Voits DC) i+l
db; .
= Wi = Y Awioa | sin(®) + cos(@)(6; — 6;)]
Fig. 6. Tuning curves of the coupled oscillators. j=i—1
i

4

The locking range exists in the straight (linear) portion of the )
tuning curve below 2.6 GHz. Locking was not achieved aboYer all i. Defining the relative phasg; by
the 2.6-GHz breakpoint. Line-length adjustment via shorting
bars permitted two theoretically predicted behaviors to be 0; = wrett + ¢ (5)
observed and, thus, confirmed during this investigation. First,
when the coupling lines are an odd multiple of a quarter-wavand Selectin@ure; = (Wiune,:); i-€., the average of the tuning
length in effective length, the locking range of the array i§equencies over the array, we have
reduced to zero and no locking is possible. Second, when t g

coupling lines are an even multiple of a quarter-wavelength R = = wiyne i — (Weune, i)
effective length, the ensemble frequency is equal to the tuninﬁt

L . - i+l
fre_CIuency of the |nd!V|duaI oscnlato_rs, yvhereas |_t dlffer_s f_rom _ Z Awoc [Sm(@) + cos(®) (¢ — (/)j)]
this value for other line lengths. This difference is maximized Parnl]
at odd multiples of a quarter-wavelength. These phenomena j#i

can be understood theoretically as follows. (6)
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Fig. 8. Calculated performance of the singléband patch radiator.

This equation can now be expressed in the form is controlled by the tuning. It is believed that the inability to
1 achieve the full 90phase difference between adjacent oscilla-
dei - X - tors was due to the limited tuning range available. That is, be-
= une, ¢ une, ¢ - A oc r — @y 7 . '
dt (wt i~ e, >) ;1 “roai(i = ¢5) (1) fore 90’ was reached, one or more oscillator outputs decreased
J;;éi in amplitude to a level at which they no longer patrticipated in
the interaction.

where
(@rume, i) = (Weune, i) + Awlock sin(®) 8) I1l. DESIGN AND FABRICATION OF THE RADIATING APERTURE

and Each oscillator in the array provides an output RF signal prop-
9) erly phased with respect to the others. To radiate this signal, one
must provide each oscillator with a properly designed radiating
In [5], it was shown that the steady-state ensemble frequerjtenna element. Each element must be properly impedance
of the array is equal to the average of the free-running frequé‘ﬁatched to the oscillator and must radiate the RF energy with
CieS Wiune, ¢ Of the oscillators. From (8), it is clear that wherg wide enough beamwidth to achieve wide-angle beam-scan-
the coupling phase is an odd multiplerof2, this ensemble fre- ning capability. The overall array antenna beam will then be
quency is shifted by one locking range. Similarly, from (9), wé result of the spatial power combining that takes place in the
see that under these conditions the effective array locking rarfgdiating aperture. A microstrip patch was selected as the ra-
is reduced to zero. Ideally then, the coupling phase should bedi@tor because of its low profile and small weight, as well as
even multiple ofr, resulting in maximal locking range and ndits capacity to be conformally mounted onto a curved surface.
shift in the ensemble frequency. This was the goal in adjustiddis choice also provides negligible mutual coupling between
the coupling phase in the experimental array. Note that if tie elements, a property that was confirmed by the agreement
coupling phase is an odd multiple of the oscillators lock with between the measured array pattern and that predicted theoret-
an additional phase difference ofi.e., their phases will alter- ically neglecting mutual coupling. A practical advantage of the
nate along the array. This behavior has been explained in defai¢rostrip patch is that all array elements can be fabricated on a
by Changet al.[3]. single slab of substrate material with a single chemical etching
Although the theory predicts a maximum differentiabe®0°  process, which can significantly lower the production time and
between adjacent oscillators only abdt80° was actually ob- COSt.
served. This was accomplished by adjusting the tuning bias up- . )
ward in voltage (and frequency) on one end oscillator and dowi: Microstrip Patch Element
ward in voltage (and frequency) on the other end oscillator, thusThe configuration of a single microstrip patch element is
maintaining a constant average tuning frequency. The oscilkrown in Fig. 7, where a square metallic patch is constructed,
tors, being locked to their neighbors, do not actually change ds+ a conventional chemical etching process, on a thin di-
cillation frequency. The result is that the array oscillator outpefectric substrate with a conducting ground plane situated
signals remain at the same frequency, but their differential phdsmeath it. The square patch, which was designed to resonate

A(I)logk = Awlogk COS(‘I)).
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Fig.9. (a) Seven-element phased-array antenna (top view). (b) Seven-elerg@Mwidth to demonstrate the beam scanning with adequate
phased-array antenna (bottom view).
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Fig.10. Measured return loss of one patch element of the seven-element ar,

at 2.50 GHz, has a dimension of 3.63 cm. It is designed by
using the Ensemble computer software, which employs an
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Fig. 11. Measured array pattern of the seven-element array with the oscillator
circuit replaced with a master oscillator and a seven-way power divider.

which can survive extreme temperature variations of more than
100°C. The square patch is excited at itsG0nput-impedance
location, which is 1.27 cm from the patch’s edge, by an SMA
coaxial probe.

The calculated radiation patterns of the single-patch element
in the two principal planesK- and H-planes) are given in
Fig. 8, where relatively wide beamwidths are demonstrated.
In the same figure, the calculated input impedance match, in
terms of return loss, is also given. It shows that the antenna
resonates at 2.505 GHz and has a 2:1 VSWR(-dB return
loss) bandwidth of about 35 MHz (1.4%).

B. Seven-Element Microstrip Patch Array
A seven-element array achieves sufficiently narrow

beam resolution. Photographs of the actual fabricated array
(top and bottom views) are shown in Fig. 9. The seven identical
elements are spaced uniformly with half free-space wavelength
spacing of 6.0 cm at 2.50 GHz. They are fabricated by etching
on a rectangular substrate panel of 6115 cm. The elements
are arrayed in théf-plane.

The measured input return losses of all seven patch elements
are very much the same, and a typical measured return-loss-
versus-frequency plot is given in Fig. 10. A resonant frequency
of 2.503 GHz and a bandwidth of 33 MHz were measured and
found to be very close to the calculated values in Fig. 8. The
radiation pattern of the seven element array, measured with a
conventional seven-way power divider, is shown in Fig. 11. By
using the conventional power divider, the radiation performance
ofthe array can be independently assessed without including the
effect of the oscillator circuits. These results indicate that the
seven-element microstrip array developed here is adequate for
tRE oscillator array demonstration.

IV. RANGE TESTING OF THEARRAY ANTENNA

integral-equation technique (method of moments). To have aHaving established that the seven-element oscillator array
comfortable bandwidth for the radiator, the dielectric substrateuld be mutually injection locked and could provide linear
was designed to have a thickness of 0.16 cm with a relatipease distributions suitable for beam steering and controllable
dielectric constant of 2.5. This dielectric substrate is made by detuning the end oscillators, a matched set of seven cables
the Rogers Duroid Teflon impregnated fiber-glass materiatas fabricated with which to connect the outputs of each of the
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Fig. 14. Experimental array pattern for 9°5&an.

seven oscillators to a corresponding microstrip patch elemerttenuators (pads) were inserted in each of the lines to equalize
in the radiating aperture. In preparation for the measuremethte amplitudes while maintaining equal phase change in each
each of the oscillators was tuned to 2.522 GHz measured withree. (Of course, a production array would be designed so as
spectrum analyzer (HP-8562A) and the voltage necessary totdoobviate the need for these attenuators and their inherent
this was recorded. However, it was found that the amplitudisss.) Having done this, the end oscillators were detuned by an
of the oscillator outputs were not equal. In fact, they varieimount necessary to create phase progressions corresponding
over a range of approximately plus or minus 3.5 dB. Therefor®, steering angles of 6.38.59, and 12.84 (phase differences
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between the end oscillators of 2487, and 240) and the 10

necessary tuning voltages recorded. The array was then placed
on the measurement range and patterns were measured using
each of the above four tuning voltage configurations.

In anticipation of the need for a reference signal to which to
lock the range receiver, provision was made to injection lock
the center oscillator of the array to a master oscillator (HP-
8648C), which would provide the necessary locking signal to
the receiver. Thus, the oscillator array and receiver were locked
to the same signal during the measurement. However, it was
found that the injection line to the center oscillator tank cir-
cuit loaded the circuit, thus changing its free-running frequency
to approximately 2.55 GHz. Nevertheless, when the injection  Measured Patem a0 e
signal was applied, the oscillator of course oscillated at the de- =7+ Measured Pattom o150 ag.
sired 2.523 GHz. According to the theory, the effect of this is
phase shift between the external injection signal and the out

of the center oscillator, but no effect is anticipated regarding theag 3 final check, the array was tuned for 6'28 scan and
relative phase of the center oscillator and the others in the arrgyé pattern was measured at roll angles i 180. Then the
The anticipated phase shift with respect to the injection signalig( pattern was reversed and plotted over th@&ttern. This
of no consequence in the measurement because the system gfigttively compares measurements with the anechoic chamber
depends on the coherence of the reference signal and not oRdigted 180 about the boresight. The comparison is a measure
absolute phase. of the degree to which chamber artifacts have affected the mea-
A uniform set of 10-dB pads was installed, one at the bagkrement accuracy. In the absence of chamber asymmetries, the
of each of the patch elements in the radiating aperture to elitwo patterns would overlay perfectly. The results of this test are
inate the effects of the mismatch due to operation slightly oshownin Fig. 16. Itis noted that chamber asymmetries are below
the patch resonance, and a set of measurements was taken. 208 above the-20-dB level.
mismatch is evident in the return loss of approximatelfydB These results show very satisfactory agreement between the
at 2.53 GHz shown in Fig. 10. Here, again a production arr@yeasured and predicted patterns and close alignment with the
would be designed for a good match at the operating frequeriigsired beam scanning. Based on these results, it is believed that
and no attenuators would be used. the array is performing in a manner consistent with utility in a
ﬁqmmunications application.

Amplitude [dB]

Angle [Deg.]

rl?ll?t 16. Comparison of patterns dt@nd 180 of roll and 6.38 scan.

The corresponding results are shown in Figs. 12-15
which the ensemble frequency and injection frequencies were
2.522 GHz. The chart associated with each graph shows the
free-running frequency to which each oscillator was tuned andA seven-elemens-band phased array based on the coupled
the voltage required to tune it. Also shown is the relative outpascillator beam-steering concept has been fabricated. We have
power level and relative phase of each oscillator under lockddscribed an experimental investigation of the behavior of this
conditions. These levels, read from the spectrum analyzarray in which several theoretically predicted characteristics of
and phases, measured with a network analyzer (HP-84108)ch an array have been verified experimentally. The array pro-
were used to computationally predict the pattern shown in lorngled an agile beam, which could be steered from boresight to
dashes for each scan angle. nearly 13 by merely adjusting the voltages applied to the tuning

V. CONCLUDING REMARKS
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