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Short Papers

An Active Integrated Retrodirective Transponder for
Remote Information Retrieval-on-Demand

Ryan Y. Miyamoto, Yongxi Qian, and Tatsuo Itoh

Abstract—A retrodirective transponder based on a novel compact phase-
conjugating mixer with conversion gain has been developed. The active cir-
cuit uses one port for both incoming and outgoing signals, enabling a reduc-
tion of circuit size, and the balanced structure provides suppression of un-
desired signals. By using a modulated local oscillator, the circuit can mod-
ulate the received signal in order to retransmit local information to the re-
mote site. A microstrip antenna is integrated with the phase conjugator and
the whole system was fabricated on a single substrate, enabling a one-card
system. A four-element prototype array with0.5Aq array spacing demon-
strated excellent measured retrodirectivity. Additionally, a simplified bi-
nary-phase-shift-keying signal transmitted by the array is recovered suc-
cessfully at the source location, demonstrating great potential for remote
tagging and wireless sensor applications.

Local Oscillator : 2fin

Index Terms—Active integrated antenna, mobile communications, phase

conjugator, retrodirective array, transponder. ) ) . ) .
Fig. 1. Phase conjugation using heterodyne mixing.

I. INTRODUCTION lower sideband product has the same frequency as the RF, but with con-
Ease of deployment, low cost, and high efficiency are highly ddugated phase. When combined with an antenna and placed in an array,

sired characteristics for next-generation wireless communication sy Phase-conjugated signal from each antenna element will be reradi-
tems. The active integrated antenna approach is of great promiseq - toward Fhe source direction, as shown "_1 Fig. 1. The ph.ase-conju-
providing some of these traits. Using this approach, transmitting afgtion technique has several advantages. First, phase conjugators can

receiving systems are improved by using high-efficiency amplifiers §f°Vide conversion gain by using active devices for the mixer circuitry.
mixers [1], [2]. At the same time, the communication link betwee§econdly, it is simple to apply modulation to the retransmitted signals,

these systems can be improved by adapting phased-array systems g[lltawing t_he_ transmissic_)n of i_nformaFion. In this method_, itis imp_or-
as the retrodirective array [3]-[14] for communication purposes. tant to eliminate undesired signals, i.e., nonphase-conjugated signals

Retrodirective arrays have the unique characteristic that they reré]-_[S] since they are transmnltted to the d|rect.|on that follows Sn_ell’s
diate an incoming signal back toward the source with paori knowl- law. Especially bt_erensome in the phase-conju_gatlon approa'clj is that
edge of the arrival direction or reliance on sophisticated digital-signdi1€ !F frequency is the same as that of the RF signal, making it impos-
processing algorithms. These unique features make the retrodirecﬁbtge to separate the FWC_’ signals W't_h a f||_ter. For this reason, hybrids
array an attractive candidate for advanced digital mobile communic¢d€ u_sually used 1o eliminate undesired ggnal_s. L
tion systems where high link gain and self-beam-tracking are desired. NS Paper presents our recent advance in retrodirective arrays,
A retrodirective array can efficiently be used in a mobile communic?i‘fh'ch are partl_cularly_ advantageous for RF _tag appllcatlc_)ns and
tion system such as from a ground station to moving vehicles, aircraﬂgfno_te |nformat|on retrlevgl-on-d_en_]and. Adoptlng active de\{lces,_ the
or satellites. circuitry provides conversion gain in addition to phase conjugation.

There are two major approaches to perform this retrodirectivity. Tﬂ—@e circuit also fL_mctlons as a modulator. Applylng a modulated_ I_‘O
first is the Van Atta array. The Van Atta array consists of one set éfgnal, the Qata is transferred to the_ IF signal throu_gh the mixing
antennas with connections between pairs of antennas that are equfdicess, which can then be retransmitted. In our design, the RF and
tant from the center of the array. The signals received by an array re>/gnals share one port, resulting in reduced system size. The novel

transmitted by the other array, but with the order of elements fIipped"i’((}tIVe circuitry architecture is simple and extremely compact, enabling

achieve proper phasing [3]. Unilateral active devices are typically usbtf @y spacing small enough to avoid grating lobes. The entire cir-

in order to retransmit amplified or modulated signals. The second teGitry was fabricated on the same substrate as the antennas, enabling a

nigue for achieving a retrodirective array is by using phase-conjugatiﬂa[e'cz_ird t_ra_nsponder. A prototype four'-element array shows excellent
mixers [4]. Phase conjugation with heterodyne mixing is a simple afig rodirectivity. Further, a modulated signal transmltted by the array
effective technique for achieving retrodirectivity using a local-oscilV@S successfully recovered at the source location. At microwave

lator (LO) signal at twice the RF frequency [5], [6]. In this scheme, thféequer_mles, the pointing error caused k_)y_frequency shift of Fhe I,F
signal is small enough. These characteristics make the retrodirective
array a good candidate for future remote tagging and wireless sensor

Manuscript received September 20, 2000. This work was supported by #gplications.

Multidisciplinary University Research Initiative on Low-Power/Low-Noise

Electronics monitored by the Army Research Office under Contract
DAAH04-96-1-0005. Il. PROPOSEDWIRELESS SENSORSYSTEM

The authors are with the Electrical Engineering Department, Univer- . . . . .
sity of California at Los Angeles, Los Angeles CA 90095 USA (e-mail: It is known that a microwave mixer can serve as a phase conjugator

hypeyoyo@ucla.edu). when the LO frequency is twice that of the RF signal. This phase con-
Publisher Item Identifier S 0018-9480(01)07593-7. jugation using a microwave mixer is described in (1). When the LO fre-

0018-9480/01$10.00 ©2001 IEEE



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 9, SEPTEMBER 2001 1659

4 FET mixers 20 T T T T
IF (6.01 GHz) 90 deg. at RF freq. { , X | .
180 deg. at LO freq. : 1 1 1 ]
<4 LO 12 GHz 1 : : : :

antenna 104 ------ P ro----- Z--m-- D
— __—/'__—Iv ] ]
RF (5.99 GHz) 1 ; : : !

0.: _______ Lommm o m o Lom o e e = = L _ | Gain

(a) o 1 X : A RF-IF Isolation

© T ' 1 1 '
— —0-1/2 ¢4« T30 A P S .- e N - 2]
190 deg. Phase Con;. ) ! ! ! .
Antenna — 42— ] s ! . e
g—— 20 - - - - - ;"‘_ C b R 3 ‘..‘!_' ______
— 1 |4 PR PPTe L | o
0e— 0 ] i PRI . S
. | [ 1 Tea, i
—E Phase Con;. By e
e ~— 5.975 5.985 5.995 6.005 6.015 6.025
(b) RF Frequency [GHz]

Fig. 2. Schematic of the newly proposed phase conjugator. (a) Circl

schematic. (b) Phaser diagram. ﬁ'fg. 3. Measurement results.

quency is twice the RF frequency, the lower sideband signal is mere
the phase conjugation of the received signal

Vir =Vrr cos(wrrt + 65) - Vi,o cos(wrLot)

1 .
:§VRFVLQ |:('0S ((wLO — wnp)t - en)
+ cos ((wLo + wrr)t + 9n):| 1

The higher sideband signal and LO leakage can easily be removed sii
the frequency is far apart from the phase-conjugated signal. Howev:
since the RF and lower sideband signals have the same frequency, i
impossible to filter out the RF leakage. In our design, the use of bai-
anced structures provides effective cancellation of undesired signgig. 4. photo of the prototype four-element array.
Another advantage of this approach is that, by employing active de-

vices for mixing, conversion gain can be obtained in addition to ph
conjugation, reducing the number of components.

a3& readily distinguished from the returned RF signal. The signals going
. A . toward the output port are tapped off through a directional coupler to a
. TEe schen;gtlczothLle new _tt)arllancted quafl-optlcafl pflﬁsel_((:)cmj_ug%'t&gctmm analyzer. In this scheme, it is important to reduce RF leakage
IS Shown In F1g. <. The circult has two ports, one for the SI9N&ice the RF and IF are at the operating frequency of the patch antenna

that is applied in-phase to the two channels and the other port, whg d the RF leakage can be retransmitted. The circuit achieves measured

is shared by the incoming RF and outgoing IF signals. The LO sig - - . )
is applied to the drains of the FETs while the RF signal is applied ir:}_gl:/”: isolation of 28 dB and conversion gain of 7 dB at the output port.

the gates and the IF (phase-conjugated) signal is extracted from 1g. 3 shows the circuit performance over the frequency range from

: . - 5t0 6.025 GHz. The conversion gain is above 5 dB over the range
same port. S'r?Ce the LO ar}d RF S|gnals, whose frequencies arez{ﬁl& the RF/IF isolation stays below 20 dB within a 30-MHz bandwidth.
apart, are applied from the different sides of the FETs, no couplers are
needed. This fact significantly reduces the circuit size and complexity.
The channels are identical except for & pbase delay line at the RF
frequency. This delay line is used for cancellation of the returned RFThe phase conjugator introduced in the previous section will func-
signal at the RF/IF port for isolation. Since the LO frequency is twicion as a transponder when it is integrated with an antenna. Addition-
that of the RF frequency, the LO from the two channels will experienagly, an array can be established by combining phase conjugators in
a 180 delay when combined at the RF/IF port, therefore, also cancelingder to enhance the directivity. Since each element has a phase-conju-
the LO to provide good LO isolation. The RF signal is applied into thgating circuit, the array will serve as a retrodirective array when the LO
mixers quadrature out-of-phase. Therefore, the returned RF (nonphasgnal provided to each element is properly synchronized. A prototype
conjugated) signals from the two channels end up canceling each ottoerr-element retrodirective antenna array based on the proposed phase
at the RF/IF port. At the same time, the IF signals are phase conjugatedjugator has been fabricated and is shown in Fig. 4. The array uses
and combined in-phase with conversion gain. This improves the RFBFGHz microstrip patch antennas with approximately 2.5-cm spacing
isolation, reducing undesired radiation from the array. corresponding to approximately 1/2 free-space wavelength. The an-

A prototype mixer circuit was fabricated on a Rogers RT/Duroitennas use inset feeds to obtain a input impedance. Each antenna uses
6010 substrate (25-mil thickness, = 10.2). The heterodyne mixers only one feed shared by both the receiving and transmitting signals.
used NEC NE76038 GaAs MESFETSs. The circuit performance waAstive circuitry is integrated for phase conjugation and amplification.
first tested by using a subminiature A (SMA) connector at the RF/IFhe 12-GHz LO signal is applied to each element in-phase through the
port instead of an antenna. Two synthesizers were used to providetbgporate feeding network. The total size of the array card is approxi-
RF (5.99 GHz~-30dBm) and LO (12 GHz, 10 dBm) signals. By usingmately 7.5 cmx 11.5 cm. The array serves as a retrodirective array in
slightly different frequencies for the RF and IF signals, the IF signal céine azimuth plane. Since the array has four elements, this system will

Ill. CIRCUIT OVERVIEW
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without being combined. Additionally, due to the retrodirectivity, the

peak of the array factor should be in the direction of the source loddg:- 6. Monostatic radar cross section of the array.

tion. The directivity can be written as follows [15]:

as possible in order to reduce the angular dependency of the monostatic

r -1 . o o
sin <£kd(cos(7’ — cosb: )) radar cross section and the beam-pointing error. The beam-pointing
I |1 /" . error is the deviation of the main beam from that of the array factor
Dy=—=|= sin 6d6 . L
Uy 2 Jo N, ) pattern. The total array radiation pattern is given by the product of the
—kd(cos @ — cosbin) o o
2 element and array factor directivities. The product of the two directivity

(2) has apeak off the peak of the array factor when a nonisotropic element
is used [9]. Using omnidirectional antennas, increasing the number of
where#;, is the incoming angle. In our case, the number of elemengtements or enlarging the array aperture size can reduce this error. A
is four and the array spacinbis approximately\; /2. The directivity patch antenna normally has a broad beam and is good for beam-steering
is approximately 4.2 (dimensionless) around the broadside and higheiays. The monostatic radar cross section of the array is shown in
at sharp angles (far from broadside). Thus, the reinforcement of thig. 6. The measured results agree reasonably well with the theoret-
communication link is a factor of more than 16 at any incoming angleal predictions based on the measured element pattern.
compared to the single-element transponder. The radar cross-section@ihe bistatic radar cross section of a retrodirective array is given by
measurement setup is shown in Fig. 5. In monostatic measurement, the
transmitting and receiving antennas are co-located. In bistatic measure-
ment, the transmitting antenna is fixed at one angle and only the re-
ceiving antenna is moved. The array was illuminated with a 5.99-GHz . o .
wave by a pyramidal horn antenna fed by a signal source located 3—8-6 array has an element spacing of 2.5 cm, which is appro_xmately a
proximately 2.5 m away from the array. The array is drivenby a 12-G If-wavelength _at the RF freql_Jer_wcy_. The small array spacing aIIo_ws
LO signal, resulting in an IF signal of 6.01 GHz. By using slightly dif_’[he array Fo. avqld scan angle I|m|tat|ons.due to grating !obes, which
ferent frequencies for RF and IF signals, the system may use the sdifigome visible in arrays with array spacifig> Ao/(1 + |sin fin ),
polarization for uplink and downlink. A second horn antenna Iocated‘é(per%)iu is the incident angle of the_lncomlng signal. At the_same
varying angles for the radar cross-sectional measurement receives {RE" the array factor pattern has low S|dglobes—(10 dB). Rad!atlon .
retrodirected signals il -plane. The received signal is sent to an ppatterns of the array were measurec_zl atdl_fferent source dlrectlong. Fig.7
8562A-spectrum analyzer in order to measure the power. shows the bistatic radar cross section Wlth_the source at proadélde ©
Due to the retrodirective nature of the array, the peak of the array OO gnd +4,50)' They are cpmparable with the thgoretlcal results,
factor will always be in the direction of the source. The received sign‘ﬁ{ ich is obtained _by.multlplylng the array pgt_tern with the m_easured
power at the source point depends on the element directivity and ch antenna radiation pattern. Retrodirectivity of the array is clearly

array directivity in the main peak direction. Therefore, the monostat?@serVEd'the th”at no gfa“”q lobe is observed in all three cases. This
radar cross-sectional pattern of a retrodirective array is merely given'B)ﬂue to the small array spacing.

the square of its element directivity multiplied by the array directivity
in the source direction. The monostatic radar cross section is given by IV. INFORMATION RETRIEVAL FROM THE ARRAY

)\2
O—bista,tic(ew 0111) = HGUDO (97 Hin)De(ein)De(e)- (4)

5 Using a modulated LO signal allows the retrodirective array to send a
Tmonostatic (fin) = Do(6in)GeDe (fin) ®3) unique identification (ID) code or other information back to the source
location. Note that the LO signal can be modulated and it should not
affect the phase-conjugating process since it is applied to each element
X X . in-phase. In this case, the information on the LO signal will be passed to
Ge  conversion gain of the mixer; the IF product through the mixing operation. One important factor is the
D antenna element gain. o bandwidth of the modulated signal. Since the carrier is at microwave
Since the source point always “sees” the peak of the radiation patt§fyency, a small frequency shift due to modulation should not affect
the array should not give any null in the monostatic radar Cross-Sga retrodirective performance of the array. The shift of the main beam

tional pattern. This is one of the fundamental advantages of retrodireg;s g 4 frequency change in the array is given by (5) [6] as follows:
tive arrays. Since the monostatic radar cross section strongly depends

on the element pattern, the choice of antenna is important. For max- sinfin  fro — fin
imum coverage, the antennas in the array should have as low directivity sinf. Fin )

where
Dy directivity of the array;
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incoming angle;

scattering angle;

LO frequency;

frequency of the incoming signal.

the source located at30°. Angular errors are sufficiently small even
when the bandwidth of the signal is as wide as 100 MHz. For simplicity,
the LO signal is modulated with a 1-kHz binary-phase-shift-keying
(BPSK) signal in this demonstration. The returned signal from the array
was demodulated at the source point by using a synchronized 6.01-GHz
source. The baseband signal is then successfully recovered at the source
location. By further improvement in modulation schemes, the system
should also be useful in advanced applications requiring higher data
rates, such as remote information retrieval-on-demand.

V. CONCLUSION

In this paper, an active retrodirective transponder based on a novel
compact phase conjugator has been introduced. The four-element pro-
totype array fabricated on a single card demonstrates excellent retrodi-
rective performance. By sharing one port for both transmitting and re-
ceiving, the circuit size has been significantly reduced in order to keep
the array spacing less than one-half the free-space wavelength. The
balanced structure of the circuit provides good RF/IF isolation at the
output port. Employing active devices as the mixers, the circuit pro-
vides conversion gain in addition to phase conjugation. With an LO
signal carrying data, the data is transferred to the IF signal and the
transponder may then be used to put local information on the carrier
signal. This type of self-tracking system should find uses in advanced

For a typical modulation bandwidth, the beam squint due to the fredreless applications such as RF ID tags and remote information re-
quency offset should be negligible. Fig. 8 shows a beam squint witlieval.
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