2476

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 12, DECEMBER 2003

A 16-Element Two-Dimensional Active Self-Steering
Array Using Self-Oscillating Mixers

Grant S. Shiroma, Student Member, IEEE, Ryan Y. Miyamoto, Member, |EEE, and Wayne A. Shiroma, Member, IEEE

Abstract—A 16-element two-dimensional (2-D) retrodirective
array using self-oscillating mixers (SOMs) is presented. SOMs
allow for easier implementation of larger 2-D arrays by elimi-
nating the complex local-oscillator (LO) feed structure. A 4 x 4
element retrodirective array using SOMs is demonstrated at an
LO frequency of 7.68 GHz. Each element is phased locked at the
LO frequency with an accompanying RF freguency isolation of
17.9dB between adjacent horizontal elementsand 22.2 dB between
adjacent vertical elements. A —10-dBm external injection-locking
signal isapplied to reduce the phase noise of the 16-element array
to —68.2 dBc/Hz at 10-kHz offset. Retrodirectivity is observed
inthe¢ = 0°,¢p = —45°, and ¢ = —90 plane for scattering
anglesof @ = —15°,8 = 0°,and 8 = +30°.

Index Terms—Antenna arrays, beam steering, microwave
antenna arrays, phased arrays, retrodirective array, self-
oscillating mixer (SOM).

|. INTRODUCTION

ETRODIRECTIVE arrays have attracted a great dedl

of interest for their self-steering capability in wireless
communications and solar power satellite systems (SPSs) [1].
These arrays have the unique property in that when the array
is interrogated, the array automatically points its beam toward
the interrogator. In contrast to conventional beam steering
in a phased-array antenna, a retrodirective antenna is self-
steering and does not require any phase shifters or digital
signal processing. While a number of one-dimensional (1-D)
retrodirective arrays have been recently demonstrated, very
few two-dimensiona (2-D) arrays have been published due
to the added design complexity.

The Van Atta architecture [2] is the traditional method for
realizing a retrodirective array, but 2-D retrodirectivity is diffi-
cult to achieve since elements from opposite sides of the array
must be coupled through a complicated network of overlapping
lines. 2-D retrodirectivity was demonstrated using four-wave
mixing [3], but this architecture required four diode grids and
two pumping sources.

The heterodyne technique [4] is another method for realizing
retrodirective arrays. As shown in Fig. 1, thistype of array em-
ploys mixers coupled to each antenna element. The mixers are
designed so that an incoming RF signal of frequency frr mixes
with a local oscillator (LO) at twice the RF frequency 2 fgrr.
The resulting IF signal is a phase-conjugated duplicate of the

Manuscript received April 18, 2003. This work was supported in part by the
National Science Foundation.

The authors are with the Department of Electrical Engineering, University of
Hawaii at Manoa, Honolulu, HI 96822 USA.

Digital Object Identifier 10.1109/TMTT.2003.819779

T~ =f

T~ foe =i
Incoming RF I T j Outgoing IF

+30 +lo 0

YYYY

+20

Local Oscillator
flo =26k

e e —— 4

Phase-Conjugating Circuitry

Fig. 1. Schematic of a phase-conjugation retrodirective array. The LO is
provided from a corporate-fed transmission-line network.

incoming RF source wave and reradiates in the direction of the
source.

For a phase-conjugating array to achieve retrodirectivity, the
L O applied to each element must have the same phase. The con-
ventional way of achieving thisisto carefully design acorporate
feed network so that the path lengthsto each mixer areidentical.
However, feed networks become quite complicated for large
1-D linear arrays and severely limit the size of 2-D arrays; in
fact, only one 2-D phase-conjugating array has appeared in the
literature [5].

For efficient mixing, providing enough L O power to each el-
ement from asingle sourceis challenging. Although a spatially
fed LO [6] can eliminate the complex feed network, the amount
of LO power delivered to the mixer is limited.

A solution to complex LO feed networks and LO power re-
quirements is to eliminate the external LO source by basing
the individual phase conjugating elements on self-oscillating
mixers (SOMs). A retrodirective array can then by realized by
phaselocking the SOM elements at the L O frequency whileiso-
lating them at the RF frequency.

Although the idea of an SOM-based retrodirective array was
proposed in [7], the first such array was demonstrated in [8],
but this array radiated its LO in addition to the retrodirected
IF signal and its usefulness was, therefore, limited. This paper
presents the first 2-D SOM-based array that was specificaly
designed for retrodirective applications.
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Fig. 2. Schematic of a phase-conjugating element using a SOM.

Il. PHASE-CONJUGATING CIRCUIT BASED ON SOMs

The SOM and diplexer make up the unit cell shown schemat-
icaly in Fig. 2. The circuitry is designed such that oscillation
occurs at twicethe RF frequency. Thiswill allow the lower side-
band of the second-order mixing product to be the phase con-
jugate of the RF signal. Since the size of the unit cell must be
less than A, /2 at the RF frequency to avoid grating lobes, the
antennas are mounted on a separate layer and connected to the
phase-conjugating circuit through avia

Phase locking of individual SOM elements is achieved
by strongly coupling the source of each transistor through
microstrip lines. For horizontal elements (i.e., elements parallel
to the transistor’ s source leads), the length of the coupling line
connecting each transistor’s source lead is chosen to obtain a
negative resistance at the desired oscillation frequency, while
not exceeding the maximum unit-cell size. Vertical elements
(i.e., elements parallel to the transistor’s gate and drain |eads)
are coupled by alength of microstrip line that isamultiple of a
wavelength at the LO frequency, while not exceeding the max-
imum unit-cell size. If the elements of the array are oscillating
in phase, a virtual open is present at the periodic boundary.
This alows the unit cell to be simulated by representing the
microstrip linesthat cross the periodic boundary as open-circuit
stubs.

The unit-cell design approach isbased on the assumption that
al of the elements oscillate in phase [9]. However, in an array
containing multiple elements, it is possible for other modes of
oscillation to occur. A method of analyzing different oscillation
modesof a1-D array of strongly coupled oscillatorsis presented
in[10]. Suppression of the unwanted modesisachieved by intro-
ducing aresistor at the midpoint of the lines coupling adjacent
elements. A similar problem where adjacent horizontal elements
would lock 180° out-of-phase was encountered during initial
measurement of the prototype. By simulating a high-impedance
voltage source at the LO frequency that is connected to the
source of the transistor of each phase-conjugating element, we
can obtain the voltage standing wave along different points of
the coupling lines. If the sources are configured so that both the
in-phase and 180° out-of-phase modes of oscillation are ssimu-
lated, the results can be compared and a solution to attenuate
the out-of-phase mode can be found. Introducing a resistor on
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Fig. 3. 4 x 4 element phase-conjugating circuit using SOMs.

the horizontal coupling line before the intersection of the ver-
tical coupling line, as shown in Fig. 2, does little to affect to
the in-phase mode since it is at the virtual open point. However,
simulation shows that a resistor at this position attenuates the
180° out-of-phase mode.

Whiletheelementsof thearray are strongly coupled at theLO
frequency, a retrodirective array requires that each element be
isolated at the RF/IF frequency. Single-stub RF bandstop filters
are employed on each side of the transistor on the horizontal
coupling lines to provide isolation between adjacent elements
at the RF/IF frequency.

The oscillation frequency of the SOM is determined by opti-
mizing the length of the open-circuit stub attached to the tran-
sistor’s gate in conjunction with the matching network at the
drain to achieve a negative resistance of —150 € in accordance
to the one-third rule [11].

For the mixing operation, the RF and IF is applied and ex-
tracted from the drain of the transistor. A diplexer comprised
of single-stub bandstop filters is inserted to reduce unwanted
L O radiation by isolating the antenna port from the LO termi-
nation. At the LO freguency, the output port of the SOM only
seesthe 50-€2 load, while only the antennaisvisible at the RF/IF
frequency.

The prototype 16-element phase-conjugating SOM array
is shown in Fig. 3. The circuit is fabricated on an RT duroid
5880 substrate (thickness 0.7874 mm, =, = 2.2). The active
devicesare Agilent ATF-36077 ultra-| ow-noise pseudomorphic
high electron-mobility transistors (bHEMTSs). Gate and drain
biasing is applied through chip inductors, while chip capacitors
provide dc blocking. Subminiature A (SMA) connectors are
mounted on the ground plane side of the substrate through
drilled holes to allow a connection to the RF/IF port of the
diplexer. This configuration simplifies testing of individual
phase-conjugating elements. An SMA connector is also
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Fig. 4. LO spectrum generated by the SOM circuit.

mounted to one element at the edge of the array in place of the
LO termination to serve as an external injection locking port.
Unwanted modes of oscillation are suppressed by inserting a
50-2 resistor on the horizontal coupling line, as depicted in
Fig. 2. Thisresistor value was chosen based on availability, but
any reasonable value should be appropriate since the in-phase
mode is unaffected by this resistor. All vertical coupling lines
were dc grounded to negate the effect of the mode-stabilizing
resistance on the transistor biasing.

For proper operation of the SOM array, the SOMs haveto be
turned on at the sametime. Thisisachieved by using acommon
dc supply for al the SOMs. The transistors are biased at class
A. Thecircuitisoptimized sothat it oscillatesat 8.0 GHz. Fig. 4
shows the measured spectrum of the oscillation signal taken at
the external injection-locking port. The measurement showsthat
the SOM elements are phased locked with a fundamental oscil-
lation frequency of 7.80 GHz. Discrepancies between the simu-
lated and measured oscillation frequency is due to the insertion
of the chip resistor used for mode stabilization. While an ideal
resistor of zero length would not affect the in-phase mode, the
resistor used has a finite length that was not compensated for
in this prototype. At the fundamental frequency, an oscillation
power of 3.8 dBm is measured for asingle SOM element.

To evaluate the effects of external injection locking, the phase
noise of the oscillation signal ismeasured. Theinjection-locking
signal is applied at the edge of the array through the external in-
jection-locking port, while the LO leakage signal is monitored
through the RF/IF port at the opposite side of the 16-element
array. An HP 83650L signal generator is used as the injection
locking source since it is capable of providing a low phase-
noise signa of —80 dBc/Hz at 10-kHz offset. Fig. 5 shows
the phase noise of the oscillation signal without external in-
jection locking to be —11.7 dBc/Hz at 10-kHz offset. When a
—10-dBm externa injection locking signal at 7.680 GHz is ap-
plied, the phase noisereducesto —68.2 dBc/Hz at 10-kHz of fset,
as shown in Fig. 6. Besides reducing the LO phase noise, the
injection-locking signal could also be used as a source for fre-
guency or phase-modulation schemes.

Next, mixing performance is evaluated by applying an ex-
ternal RF signal tothe SOM circuit through adirectional coupler
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Fig. 6. Spectrum of LO with external injection locking.

[12]. The phase-conjugated | F signal is measured using a spec-
trum analyzer from the coupled port of the directional coupler.
At an RF frequency of f1.0/2, the measured conversion gainis
—20.6 dB. Low conversion gain is expected since the SOM was
only optimized for oscillation according to the one-third rule
without taking the mixing performance into account.

For an array of phase-conjugating elementsto properly func-
tion asaretrodirectivearray, each element must beisolated from
one another. The RF isolation between elements is measured
by injecting an RF signal into an element and measuring the
coupled signal at an adjacent element. At an RF frequency of
3.84 GHz, the RF isolation between adjacent horizontal ele-
mentsis 17.9 and 22.2 dB between adjacent vertical elements.

I1l. 2-D RETRODIRECTIVE ARRAY

A 4 x 4 array of radiating-edge fed patch antennas, shown
in Fig. 7, is fabricated such that the element spacing is equal
to the phase-conjugating array unit cell. At an RF frequency
of 3.840 GHz, the element spacing in the H-plane is 3.48 cm
(0.464 X,) and 2.90 cm (0.386 )\,) in the E-plane. RT duroid
5880 (thickness 0.7874 mm, ¢, = 2.2) is the substrate used
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Fig. 7. 4 x 4 element patch antenna array.
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Fig. 8. Coordinate system used for radiation pattern measurements.

for the patch-antenna array. SMA connectors are mounted on
the ground-plane side of the substrate through drilled holes to
allow aconnection to be madeto individual patch antennas. This
configuration allows testing and tuning of individual antenna
elements and facilitates easy interfacing with the phase-conju-
gating circuit.

Retrodirectivity is verified through bistatic and monostatic
radiation patterns. A —10-dBm external injection locking signal
at 7.680 GHz isapplied to reduce the L O phase noise. Applying
a RF signa at 3.839 GHz results in an IF signal of 3.841
GHz, thereby alowing both signals to be monitored on the
spectrum analyzer. Fig. 8 shows the coordinate system used
in the radiation pattern measurements. The array is placed in
the x—y-plane so that the E-plane is in the x—z-plane, while
the H-plane lies in the y—z-plane. In the bistatic measurement
setup shown in Fig. 9, the position of the RF transmitting
horn is fixed while the IF receiving horn is mounted on a
computer-controlled rotational arm that scans from 8 = —60°
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Fig. 9. Setup for measuring the bistatic radiation pattern.
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Fig. 10. Setup for measuring the monostatic radiation pattern.

to 60°. The bistatic radar cross section (RCYS) is given by the
following:

)\2
O—bistatic(ev 907 ¢>7 ¢>0) = ﬁGchatch(em ¢>o)
XDpatch(ev (z))Darray(ev 907 ¢>7 ¢>o) (1)
where 8y and ¢, arethe RF source angles, GG.. isthecircuit gain,

Dpaten iSthe element directivity, and Dy,sy iSthe directivity of
the array given by the following:

Darray (8,80, b, b0)
_ AF(6, 60,6, $0)I*
Uo (6o, ¢0)
4 |AF (9,60, ¢, do)I*

2

JIAF(¢,6o, ¢, ¢>0)[2 sin & d@’ d¢’
0

oy

In the bistatic measurement, the radiation pattern of the array
is fixed as the position of the RF source (i.e., o, ¢o) is fixed.
Thismeansthat theintegration of thearray factor Uy is constant.
Therefore, the directivity of the array simply depends on the
angle # where the I F receiving horn is located. The normalized
bistatic pattern is given by the following:

2
Dpatch(ea (z))
Dyt 9))
(3

where AF is the array factor. As the array factor has the max-
imum value at the incoming angle of the RF signal, the main

|AF (6. D)y, 4,

max(' AF(0,9)ls,

O—l/oistatic(97 (z)) [907450 =
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Fig.11. E-plane (¢ = 0°) bistatic radiation patterns for scattering anglesof § = 0°, 6 = —15°, and ¢ = +30° and monostatic radiation pattern.
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Fig. 12. H-plane (¢ = —90°) bistatic radiation patterns for scattering anglesof 6 = 0°,6 = —15°, and = +30° and monostatic radiation pattern.

lobe of the bistatic radiation pattern should point in the direction
of the source. Another common measurement is the monostatic
measurement, as shown in Fig. 10. In this measurement, the RF
and |IF antennas are collocated and moved together (6 = 6o,
¢ = ¢o) to measure the radiation from the array, thusthe IF re-
celving antennais alwaysin the direction of the main lobe. Both

the RF and IF horns are mounted on a computer-controlled ro-
tational arm and scanstogether # = £60°. The monostatic RCS
pattern is given by the following:

A
amonostatic(ev ¢>) = ﬁGCDIQ)atCh(97 (z))Darray(ea (z))

(4)
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Fig. 13. ¢ = —45° bistatic radiation patterns for scattering anglesof 8 = 0°, ¢

In the monostatic measurement, the radiation pattern varies as
8, ¢ changes. Thisimplies that the array directivity at the peak
is not constant, and it depends on the scanning angle, i.e., the
position of the RF and IF horns, 8, and ¢ [13], [14]. The nor-
malized monostatic pattern is given by the following:

D12)atch(97 (z))

U0(97 ¢))
max <

. 5
D12)atch(97 (z)) ( )
UO(Q’ ¢>)

Figs. 11 and 12 show the measured and theoretical bistatic
radiation patterns and the monostatic radiation pattern in the
E(¢p = 0°) and H(¢ = —90°) planes. The bistatic radiation
patterns are measured with RF sources at 6 = 0°, 6 = —15°,
and 6 = 430°. The theoretical patterns are obtained based on
(3) and (5). The measured bistatic and monostatic radiation pat-
terns confirm retrodirectivity in both of the principle planes. By
combining both E- and H -plane bistatic measurements, we can
confirm 2-D retrodirectivity.

The measured and theoretical bistatic radiation patterns and
monostatic radiation pattern in the ¢ = —45° plane, as shown
in Fig. 13, are unique only to a 2-D retrodirective array. The
measured bistatic radiation patterns with RF sources at 6 = 0°,
6 = —15°,and § = +30°, and the monostatic radiation pattern,
confirm 2-D retrodirectivity.

g

:nonostatic(ev ¢’) =

IV. CONCLUSION

A 16-element 2-D retrodirective array using SOMs has
been presented. A 4 x 4 retrodirective array using SOMs is
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demonstrated at an LO frequency of 7.68 GHz. Each element is
successfully phased locked at the LO frequency while 17.9 dB
of isolation between adjacent horizontal elements and 22.2 dB
of isolation between adjacent vertical elements is measured at
the RF frequency. A —10-dBm external injection locking signal
is applied to reduce the phase noise of the 16-element array
to —68.2 dBc/Hz at 10 kHz. Retrodirectivity is successfully
observed in the ¢ = 0°, ¢ = —45°, and ¢ = —90 planes
for scattering angles of 8 = —15°, 6 = 0°, and 6 = +30°.
Retrodirective arrays using SOMs do not require complex LO
feed networks, thereby allowing the redization of larger 2-D
arrays.
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