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A Retro-Directive Antenna Array With Phase
Conjugation Circuit Using Subharmonically
Injection-Locked Self-Oscillating Mixers

Shih-Chieh Yen, Student Member, IEEE, and Tah-Hsiung Chu, Member, IEEE

Abstract—In this paper, a novel phase conjugation circuit and
its application to retro-directive antennas are presented. The
phase conjugation circuit uses a balanced circuit structure with
subharmonically injection locked self-oscillating mixers oscillating
at w. In the operation, an input signal at w/2 is converted to its
conjugated signal with no external source required for LO signal
pumping, and the output signal frequency is locked at the same
frequency of the input signal. The developed phase conjugation
circuit is implemented with active antennas to become a retro-
directive antenna array. Both the theoretical and measured results
of phase conjugation and retro-directive performance are shown
in good agreement.

Index Terms—Injection locked oscillators, phase conjugation,
retro-directive antennas.

1. INTRODUCTION

RETRO-DIRECTIVE antenna has the unique charac-
teristic that it retransmits incident signals backward in
the direction of the sources. Although the direction of arrival
techniques may have this performance [1], [2], they may re-
quire complicated digital signal processing, giving restrictions
on high-frequency and high-speed applications. The main
feature of a retro-directive antenna is to have its retransmitted
signal and incident signal to be a phase conjugation pair at the
microwave frequency. It can find applications [3]-[7] in aircraft
carrier landing system, automatic tolls, cargo tracking, collision
avoidance, intelligent cruise control, and channel markers.
To illustrate the basic concept of phase conjugation, an inci-
dent wave E; is expressed as

B = A(f)ej[“”"’(’_’)] (1)

where 7 is a position vector, w is the angular frequency, and ¢(7)
is the position-dependent phase term. Its phase-conjugated wave
becomes

E, = A(F)edWt=eM], )

This indicates that the incident wave and its phase-conjugated
wave have the same wavefronts but propagate in opposite direc-
tions, provided that the environment is reciprocal.
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Fig. 1. Retro-directive antenna array using heterodyne array structure.

One well-known retro-directive antenna structure is a hetero-
dyne array [5], [8], as shown in Fig. 1. For the nth element, if
the incident signal to the mixer is

Vi = Ayed @0 3)
and the external LO signal is at the double frequency 2w as
vio = Aed(20t+0) 4)

where A and 6 are its amplitude and phase angle. The mixer
output signal is then proportional to the conjugation of the inci-
dent signal with —¢,, phase term as

Vo = CVi nV1LO = cA, Aed @tH0—dn) — cAejel/,zn 5)

where c is a constant to account for the mixing product. There-
fore, as the LO signal is pumped in equal amplitude and syn-
chronized phase for each element, the retransmitted wave be-
come phase conjugated to the incident wave.

This heterodyne array approach has been popularly applied in
the areas of millimeter-wave and quasi-optics; however, it may
have the following limitations. First, an external LO pumping
signal is required. Secondly, it only allows single frequency op-
eration, because the output signal frequency changes in the op-
posite direction of the input signal frequency. Thirdly, its mixer
needs to have good isolation between incident signal and output
signal, since they are at the same frequency.

In this paper, a novel phase conjugation circuit is presented
to solve these limitations. Using a balanced circuit structure
with subharmonically injection locked self-oscillating mixers
(SILSOMs), no external LO source is required and the output
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Fig. 2. Block diagram of a basic retro-directive antenna element.

signal is locked at the same frequency as the input signal. With
the oscillator locking characteristics, frequency modulation
operation is also possible. A retro-directive antenna array
is then designed by loading the proposed phase conjugation
circuit with active antennas. Measurements of the bistatic
retransmitted radiation pattern are conducted to illustrate its
retro-directive characteristics.

Section II describes the design principles and basic formula-
tions. Details of circuit implementation are given in Section III.
In Section IV, numerical and experimental results of a two-ele-
ment phase conjugation circuit and retro-directive antenna array
are presented. Conclusions are given in Section V.

II. DESIGN AND FORMULATIONS
A. Design Principles

The proposed retro-directive antenna array basically uses the
heterodyne array concept but with a novel design on the phase
conjugation circuit to tackle the limitations of heterodyne array
described in the previous section. The basic components of the
phase conjugation circuit are mutually coupled subharmoni-
cally injection-locked oscillators (SILOs) [9]. As the oscillator
is well biased, the SILO also becomes a mixer itself due to
the transistor nonlinear effect. In other words, the oscillator
behaves as a SILSOM. By using a balanced circuit structure
with SILSOMs having in-phase coupling at the fundamental
frequency, good isolation between the incident and output
signals can be achieved.

Fig. 2 shows the basic block diagram of a retro-directive an-
tenna element. It is constructed by using a quadrature hybrid
with two SILSOMs coupled in-phase at the fundamental oscil-
lating frequency w [10]. This then forces two SILSOMs to os-
cillate coherently. The LO oscillating signals are given as

1 _ (2 _

j(wi+6
ne = o = Aroed )

(6)

where the superscripts (1) and (2) are used to specify the two
SILSOMs.
As an input signal at the subharmonic frequency w/2

Vinj = Ainjej(Wt/Q-Hb)

(N

Phase conjugation circuit

is injected through a quadrature hybrid, the signals to the SIL-
SOMs become

W _ Aini j(ot/2+6-7/2)

(8a)

Vinj /2

(2) _ Aiﬂj ej(wt/2+d>—7r).

Vinj /2

(8b)

These two signals are then mixed with LO signals to give the
output signals

Ainj j(wt/249-/2)

1/51) =C1

Ain' 1 _
+ czﬁALoe](m/He ¢+7/2) 4 hot.  (9a)

V@) = ¢y Aind giCot/2+0-m)

+ CQ%ALoe](wt/2+9¢+w) + h.o.t.
where ¢; and ¢y are coefficients of the first-order and the
second-order responses, respectively, and “h.o.t.”” accounts for
the higher order terms.

Therefore, the output signals at port 1 and port 2 of the
quadrature hybrid are

(9b)

Vo,portl = CQAinjALOej<wt/2+9_¢) + h.o.t.

Vo,port2 = ClAinjej(wt/2+¢_37r/2) + h.o.t.

(10a)
(10b)

respectively. Here, the separation of two signals v, port1 and
Vo port2 at the same frequency is achieved by using the balanced
circuit structure. In other words, the dominant odd-order terms
(the first-order terms) are terminated at port 2, whereas the dom-
inant even-order terms (the second-order terms) contribute to
the output signal as

~ 70 . *
Vo = Vo portl — CZALOeJ Vinj' (11)

In (11), the output signal is proportional to the phase conjugation
of the input signal and |c2Aro| is the conversion gain of the
phase conjugation circuit. Note, (10a) and (10b) show that the
good isolation of the input signal v;y; at the output (or port 2)
depends on the balanced structure of quadrature hybrid.
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Fig. 3. Block diagram of a 1-D retro-directive antenna array.

Loading a receiving antenna and a transmitting antenna with
amplifiers at port 1 through a circulator, a basic retro-directive
antenna element is constructed as shown in Fig. 2. The receiving
and the transmitting antennas are arranged in orthogonal polar-
izations to have a better isolation of input and output signals.

One can then extend the proposed structure as a one-dimen-
sional (1-D) retro-directive antenna array shown in Fig. 3 with
all the SILSOMs coupled in-phase. For an /V-element retro-di-
rective antenna array, the output signals are given as

*

Vo,1 Vinj1
*
Vo,2 .o | Vinj,2
= cpAr0¢’ (12)
*
Vo,N Vinj,N

As shown in Fig. 3, an incident wave from the incident angle
f; with vertical polarization can be retransmitted back to the
original direction 6,. = 6; with horizontal polarization.

B. Practical Considerations

The design equations given in (6)—(12) are derived under ideal
situations. In practice, as the in-phase coupled oscillators are
locked by injection signals, the oscillators are not in the same
phase as (6) but with relative phase values among them. From
[11]-[14], an injection-locked oscillator can be described by
Adler’s equation as

dé,
dt

EWo Ainj .

— 20 A, sin (6, —

Ginj) (13)

= wo

where () is the quality factor and w, is the oscillator free-running
frequency. A, and 6, are the amplitude and the phase of the
oscillator output signal. A;,; and 6;,; are the amplitude and the
phase of the injection signal. The frequency detuning is Aw, =
W, —Winj, and € is the coupling coefficient of the injection signal
to the output signal.

In the following, a two-element retro-directive antenna array
is taken as an example for the simplicity of illustration. The
injection signals for each element are
Ainj ej(wt/2+¢)

Appyed @H/24+6-6)

(14a)
(14b)

with a phase difference £. The four subharmonically injection-
locked oscillators are under the nearest neighbor coupling con-
dition; hence their phases should satisfy

Vinj,1 =

Vinj,2 =

oV oy wl? [ea? 1) p@)
e A2
t4Xinj . ] (1)_
i (q>1+91 2¢)] (15a)
1
> oy w? [eal? @) p(1)
i —Awl —E FSID ((pc—i—gl —01 >
(1)
ey 2) _ o)
+FSIH(¢C+01 —192 )
1
e A2
14 4inj . ) (2)
+ FCh (¢1+91 2¢+7r) (15b)
dos” o ws) [eA? 1) _ p2
i =’ = S | (e - %)
(2)
ecAy’ 1) @
+F81n(¢c+92 _92 )
2
+ — i (@i+9§”—2¢+2§) (15¢)
AW
doy” ey [ecAy) @) _ 4
i A5 [T (e 7 -07)
A2
t“3nj . (2)
gZ) sin ( ®; + 6, —2gb+2§—|—7r)

(15d)
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Fig. 4. Phasor diagrams of (a) the phase conjugation circuit under ideal situation, (b) the results as a phase shift A¢ in injection signal #n;, and (c) conventional

heterodyne circuit for comparison.

e. and ®. are the coupling coefficient and coupling phase be-
tween SILSOMs. ®. is designed to be zero for the in-phase cou-
pling. ¢; and ®; are the coupling coefficient and the coupling
phase of the subharmonic injection signals and the SILSOMs.
The subscripts specify the elements of the antenna array, while
the superscripts specify the two SILSOMSs in each antenna ele-
ment as shown in Fig. 3. All four oscillating phases are shown
affected by the adjacent oscillating signals and the subharmonic
injection signals. Taking (15a) as an example, the first term in
the square bracket is the contribution of the coupling signal from
1/22(% 1> which is at the fundamental frequency. The second term
in the square bracket is the contribution of the subharmonic in-
jection signal, which is now expressed as the square of vip;j 1
due to the second-harmonic relation. The frequency detuning is
A = o)

Assuming ‘the amplitudes and free-running frequencies of all
four oscillators are the same, one can numerically solve the four
mutually coupled nonlinear (15) and substitute the results into
(6) and (10a). The output signals of the phase conjugation circuit
are given as

- 2winj .

-g(1)

(2)
el

+ el

Vo1 = caAimjAroe /279 +h.o.t.

(16a)

o (1) 6(2)
el 4 eifs
) +thot
(16b)
Here, the phase distortion is assumed to be insignificant so
that the first-order term is negligible. Under this assumption,
ig(1) i9(2) . . '(9(1)+0 2))/2
(e?1 4 €2%17)/2 is approximately equal to e/{f1 T017)/=
Hence, (16) becomes

j(wt/2—
Vo2 = CaAinj ALoed /2704

wt/2—p+(61)+617) /2] (17a)

(17b)

The phasor diagrams to illustrate the signals in the phase
conjugation circuit consisting of two SILSOMs under the ideal
situation are shown in Fig. 4. Fig. 4(a) shows the phasor dia-
gram of the injection signal v4,;, LO signals I/IEg and 1/&%, and
output signal v, based on (6)—(11). Note the subharmonic and
the fundamental signals are operated at different frequencies;
hence their phasors shown in the same diagram are based on
this understanding and made for illustration purposes. Fig. 4(b)
shows that a phase shift A¢ in the subharmonic injection signal
Inj gives a phase shift 2A¢ in the LO signals ygé) and I/L%)
due to the locking phenomenon. Consequently, the phase shift
in the output signal v/ at the subharmonic frequency is Ag,
which is the same as the injection signal. In other words, the

Vo1 = caAinjAroe’!

i (1) g(2)
Vo2 = CQAinjALOe][Wt/Z_‘f"i'(az +65 )/2+f].

12
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Fig. 5. Phasor diagrams of a two-element phase conjugation circuit under ideal situation. (a) Four in-phase LO signals. The mixing operations in (b) the first

element, (c) the second element, and (d) the resulting output signals described by (12).

frequency and phase variation of the output signal follow the
incident signal for the SILSOM operation. In the conventional
heterodyne circuit given in Fig. 1, the phase shift A¢ in the input
signal, however, has no effect on the LO signal v,o. The phase
shift in the output signal is then — A ¢, as shown in Fig. 4(c). This
indicates that the frequency and phase variation of the output
signal change oppositely to those of the incident signal as for a
conventional mixer operation.

Figs. 5 and 6 further illustrate the phasor diagrams of a two-el-
ement phase conjugation circuit under ideal and practical situa-
tions. Fig. 5(a) shows the signals of four in-phase locked oscilla-

tors given by (6). The mixing operations in the first and second
element are shown in Fig. 5(b) and (c), respectively. ¢ is the
phase difference of two incident signals. The resulting phase
difference of the two output signals becomes —¢, as shown in
Fig. 5(d), which is in consistence with (12).

Fig. 6(a) shows the four non-in-phase oscillating signals
given by (15). The LO signals of the first and second elements
shown in Fig. 6(b) and (c) are slightly different in phase.
In consequence, the phase difference of the output signals
becomes 9§1) + 9§2) - 9;1) - 952) /2 — &, as shown in
Fig. 6(d), rather than —¢, given in Fig. 5(d). In other words,
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Fig. 6. Phasor diagrams of a two-element phase conjugation circuit under practical consideration. (a) Four non-in-phase LO signals. Mixing operations in (b) the
first element, (c) the second element, and (d) the resulting output signals described by (14)—(17).

when the four phase terms 6%1), 99, 6%1), and 9%2) are not
identical, the phase distortion in the output signals will be ob-
served. In addition, for the phase conjugation operation shown
in Figs. 4-6, since the LO signals are locked to the injection
signals, the phase distribution among the output signals is in
a reversed order as the injection signals in the space domain,
but the phase variation in time domain is preserved. For the
conventional heterodyne array, both the phase distribution in
space domain and phase variation in time domain are reversed
by using external LO signals.

III. CIRCUIT IMPLEMENTATION

This section is the detailed description of the circuit design of
a two-element retro-directive antenna array. More elements can
be added to be a 1-D retro-directive antenna array as shown in
Fig. 3.

A. Phase Conjugation Circuit

Fig. 7 shows the circuit schematic diagram of a two-element
phase conjugation circuit using NE32684A high electron
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Fig. 7. Circuit schematic diagram of a two-element phase conjugation circuit.

mobility transistor (HEMT) devices. The series feedback at
source terminal is to provide negative resistance [15]. The
short stub gives a dc return path, and the open stub makes
the source terminal in series with a desired impedance to
allow the transistor unstable near the designed frequency. A
quarter-wavelength coupler at the gate terminal is a dc-blocking
element as well as a bandpass filter to filter out the LO signal.
The tuning varactor diode is Philips BB131. The SILSOM
signal is designed to oscillate at 5.8 GHz with the subharmonic
injection signal at 2.9 GHz.

To enhance the second-order nonlinear term of the SILSOM
output signal and maintain enough gain of the HEMT for os-
cillation, optimum values of bias voltages Vg and Vpp are
selected to give a maximum conversion gain |caAro| In the
measurement, the SILSOMs are biased at Vgg = —0.3 V and
Vpbp = 2V, and the oscillator free-running frequency is tuned
by Vtune through a variable resistor. The in-phase coupling net-
work is constructed by transmission lines loaded with resistors
[16], [17]. The input and output matching circuit are designed
with open stubs at the subharmonic frequency. The 90° branch
line couplers are used to separate the first-order terms and the
second-order terms of the SILSOM output signals based on (11).

Fig. 8(a) shows the developed two circuit boards of the phase
conjugation circuit using 1-mm-thick FR4 substrate. The left
side is the radio-frequency (RF) unit and the right side is the dc
bias and control unit.

B. Retro-Directive Antenna Array

In the implementation of the retro-directive antenna, proper
amplifications of the received signals and retransmitted signals
are considered in order to lock the SILSOMs and compensate
the conversion loss of the phase conjugation circuit. Half-wave-
length patch antennas loaded with two-stage amplifiers are de-

O T T 5 e e m

Transmitting active
antenna

lllumination
antenna

(b)

Fig. 8. Photographs of a two-element (a) phase conjugation circuit and
(b) retro-directive antenna array inside an anechoic chamber.
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Fig. 9. Measured results of the locking bandwidth and conversion gain of the
two-element phase conjugation circuit.

signed not only to provide about 15 dB power gain but also to in-
crease the isolation between input and output signals. The trans-
mitting and receiving antennas are in an orthogonal-polarized
arrangement with about 15 dB isolation. The patch antennas are
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fabricated on 1.6-mm-thick FR4 substrate with 0.4-wavelength
spacing. Fig. 8(b) shows the pictorial view of the two-element
retro-directive antenna array inside the anechoic chamber. Two
DiTom D3C2040 circulators are used to separate the transmit-
ting and receiving signal paths.

IV. RESULTS

A. Phase Conjugation Circuit

The measurement results of locking range and conversion
gain of the two-element phase conjugation circuit with different
input power levels are shown in Fig. 9. Since the LO signal level
varies slightly within the locking bandwidth, the conversion
gain varies in pace with the LO signal level. The gray area is
the region of the measured conversion gain within the locking
range. It shows that as the input power level increases, the
locking bandwidth increases and the conversion gain decreases.

The experimental arrangement to measure the phase relation
of the input and output signals of the two-element phase conju-
gation circuit is shown in Fig. 10. An HP8510C vector network
analyzer with HP8511 four-port test set is used to measure the
four corresponding input and output signals for each element.
In the measurement, an HP11667B 3-dB power splitter equally
divides the RF out signal to the two-element phase conjuga-
tion circuit. An adjustable phase shifter is used to give different
phase differences for the two input signals. The input signals
are directed to the a; port and as port of the HP8511 through
directional couplers. The output signals from each element are
then connected to the b; port and bo port. An HP8562A spec-
trum analyzer is used to monitor the locking characteristics of
the output signal from the SILSOMs.

The calculated and measured results of the phase relation of
the input and output signals are shown in Fig. 11. The simula-
tion results are calculated based on (14)—(17). The coefficients
in each equation of (15), for example, wgl gcAgz)/2QA§1), are

determined from the measured locking bandwidth for each as-
sociated coupling. It shows that at the low injection signal power
level, the input and output phase differences give a quasi-linear
relation with the slope about —1, as shown in Fig. 11(a). This
closely corresponds to the ideal situation of phase conjugation
as illustrated in Fig. 5. Note that the two gaps in the measured re-
sults or the slightly curved lines in the calculated results shown
in the regions around —90° and 90° are due to the unstable
locking of the oscillators at these phase angles.

As the injection signal power level increases, the nonlinear
effects on phase distortion are observed as shown in Fig. 11(b).
The explanation of this phenomenon was illustrated in Fig. 6.
As the injection power level increases further, the assumption
of insignificant distortion is not satisfied and the first-order and
higher order terms in (16) are not negligible. In addition, the sat-
uration of the second-order term may give the harmonic relation
in (15) differently. These then lead to more prominent discrep-
ancy between the calculated and measured results, as shown in
Fig. 11(c).

Figs. 9 and 11 show that the locking range becomes wider by
increasing the input power level; however, the conversion loss
and phase distortion are deteriorated. There is then a tradeoff
between these parameters, which are described by (14)—(17).

B. Retro-Directive Antenna Array

To measure the bistatic retransmitted radiation characteristics
of the developed retro-directive antenna array, the experimental
arrangement is shown in Fig. 12. The incident wave comes from
a vertically polarized illumination antenna at a fixed incident
angle. The two-element retro-directive antenna array is located
on a computer-controlled positioner. Its retransmitted radiation
pattern is then measured by a horizontally polarized measure-
ment antenna in the far field.

In the measurement arrangement, both the illumination and
measurement antennas are TECOM 201085 dual-polarized an-
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Fig. 11. Measured and calculated results of the phase relation for the input and
output signals with input power levels at (a) —10, (b) —5, and (c) 0 dBm.

tennas with the unused ports terminated. The illumination an-
tenna is about 40 cm from the test retro-directive antenna array,
whereas the measurement antenna is at about 6 m in the far field.
The illumination antenna is located on a plexiglass arm, which is
attached on the rotating positioner to give a fixed incident angle
6; during the measurement. A pictorial view of the illumination
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/

Measurement antenna
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\V
N
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analyzer analyzer P

IT

IEEE 488 bus

Fig. 12. Experimental arrangement for the retro-directive antenna array
measurement.

antenna and the test retro-directive antenna array is shown in
Fig. 8(b). A personal computer is adopted to control this mea-
surement system via an IEEE-488 bus to perform positioner ro-
tation, spectrum monitoring, and data acquisition.

The measured and calculated results at six different incident
angles, from —30° to 45° with 15° spacing, are shown in
Fig. 13. In each figure, the direction of the incident wave is
indicated by an arrow. In the measurement, the responses of
room clutter and the direct coupling between illumination and
measurement antennas are subtracted in the calibration process.
The calculated results of bistatic-retransmitted patterns are
based on the calculated phase conjugation response given in
(11). The measured results are shown in good agreement with
the calculated results. The slight discrepancy in the radiation
pattern near +90° is from the finite ground plane of patch
antenna.

V. CONCLUSION

In this paper, a novel circuit structure for phase conjugation
is presented with analysis and numerical and experimental re-
sults. With the use of the balanced circuit structure of SILSOMs,
no external LO signals are required and the output signals are
operated at the same frequency of the input signals. In addi-
tion, the proposed phase conjugation circuit not only reverses
the phase distribution in space domain but also preserves the
frequency and phase variation in time domain. This character-
istic makes it suitable for the frequency modulation and phase
modulation operation. The developed phase conjugation circuit
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Fig. 13. Measured and calculated retransmitted radiation patterns of the retro-directive antenna with illumination antenna at the incident angles of (a) —30°,
(b) 15°, (c) 0°, (d) 15°, (e) 30°, and (f) 45°.
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