
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 43, NO. 7, JULY 1995 1673

A Microwave Noncontact Identification Transponder

Using Subharmonic Interrogation
Carl W. Pobanz, Student Member, IEEE, and Tatsuo Itoh, Fellow, IEEE

Abstract-This paper presents the design and analysis of a

novel microwave radio (lW/ID) transponder that has been de-

veloped for remote identification of personnel and articles, such

as in “wireless key” entry systems. Based on a subharmonically

pumped quasi-optical mixer, the transponder is activated by a
C-band interrogation beam to upconvert and radiate a digitally
modulated identification tone at two X-band frequencies. These
response signals are nonharmonically related to the interrogation

signal. The frequency conversion process is analyzed using a
Volterra series model that inclndes the effects of self-bias current,
coupled with a scattering metric that is directly useful in radio

link calculations.

I. IN~ODUCTION

T HE need for automatic identification of articles and

personnel has grown rapidly in recent years with the

increased use of computerized systems for security and control

tasks. The primary limitation of traditional schemes such

as magnetically encoded cards, namely the requirement of

physical contact between the card and reader, has provided

impetus for the development of noncontact schemes where

identification can be made at a distance. Noncontact iden-

tification schemes using radio frequencies (RFflD systems)

have several advantages over comparable optical systems, such

as better penetration of obstructing materials (e.g., clothing,

soot) and easier electronic manipulation of the identifying

signals. Microwave frequencies in particular are attractive

due to relatively low radio noise and interference levels,

wide available bandwidth for high-speed data transfer, and

physically small efficient antennas [1]. In a typical system,

transponders (ranging from electronic ID badges to anti-theft

tags) are read, or interrogated, by a microwave beam that

causes them to emit a coded response. The response signal

contains information that allows the interrogator to detect and

identify the transponder in view: Various types of response

signals are in use, including simple back-scatter with modula-

tion in amplitude [2], phase [3] or both (i.e., SSB) [4], or with

a controlled time delay [5]. In these systems the transponder

responds on the same frequency as the interrogation signal,

so the modulation imposed on the response serves both to

transmit information from the transponder and to distinguish

it from background clutter. Other transponders generate a

harmonic [6], [7] or subharmonic [8] of the interrogation

Manuscript received May 30, 1994; revised January 31, 1995. Thk work
was supported by the Joint Services Electronics Program (JSEP) Contract
F49620-92-C-O055 and the U.S. Army Research Office Contract DAAH04-

93-G-O068.
The authors are with the Electrical Engineering Department, University of

Catifomia, Los Angeles, Los Angeles, CA 90024 USA.
IEEE Log Number 9412076.

Fig. 1. The microwave noncontact identification card.

signal; this can be accomplished inexpensively using a diode

or other nonlinear device and provides a response signal that

is unique among the incidental backscatter from the linear

objects in view.

In this paper we present a transponder in the form of an

ID card (Fig. 1) that is interrogated at frequency o+, from

which it upconverts a locally generated data signal at Ud

to the response frequencies 2w~ + tid which are radiated: A

6-GHz interrogation beam illuminating the card will produce

scattered responses at 11.990 and 12.010 GHz when the

transponder’s data carrier is preset to 10 MHz. The transponder

is compatible with interrogation frequencies in the range

4–7 GHz, which includes the 5.8-GHz ISM band. The data

carrier @d, hence the response signal, is ASK modulated with

the identification code for the card-on the prototype, an 8-bit

code, which is easily expandable to over 32 bits, was used.

The advantages of this scheme include the creation of new

microwave frequencies an octave apart from the interrogation

signal, away from interference in the interrogation Iband,

without the need for a microwave oscillator on the card.

Unlike in harmonic-generation transponder systems, these

frequencies are not harmonically related to the interrogation

signal; therefore the problem of false detection resulting from

an interrogator receiving reflections of its own transmitted

harmonics is avoided. The carrier tone wd and the data

sequence can be used independently or jointly to identify a

card, where for instance a card group is identified by virtue of

a common data carrier frequency. In an access control system,

simple card readers could be used where only the card group,

hence Ud, need be determined such as at a building entr~ce>

supplemented by readers located near internal doors thzzt can

detect the ASK code and obtain the detailed identity of the
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card. This scheme allows cards from different groups to be

interrogated simultaneous y without mutual radio interference.

Further, with the addition of simple circuitry allowing the data

carrier frequency to hop through a random sequence of n

tones, numerous transponders could transmit their ID codes

simultaneously in a dynamic frequency-division multiplex

scheme, to be received by a multichannel or IFM-type receiveq

with only four adequately spaced tones, such a system could

accommodate several thousand transponders taken several at

a time. Subharmonic interrogation is advantageous in that the

benefits of operating at the higher frequency are accrued at

the receiver (higher antenna gain, lower antenna noise, wider

bandwidth) while requiring a high power source only at the

lower frequency, which also makes the approach attractive for

future millimeter-wave ID applications.

II. THE TRANSPONDER CIRCUIT

The transponder is based upon a quasi-optical structure

first proposed by Stephan and Itoh for imaging arrays [9]

and telemetry applications [10]. This structure consists of

an antiparallel Schottky diode pair mounted at the terminals

of a planar bowtie (triangular dipole) antenna (Fig. 2). The

broadband nature of this structure allows it to receive the

interrogation signal and transmit the response an octave apart,

Since the ideal antiparallel diode pair has only odd terms in

its nonlinear Z-U curve, it generates only odd order mixing

products in response to a multitone input; aside from the linear

scattering of the interrogation signal, the dominant radiated
product is the desired third-order term at 2wi + OJd.All even

order currents, including the second harmonic 2w; and dc,

circulate only in the diode loop.

Generation of the transponder’s data signal requires dc

power, which must either be provided by an energy source

on the card or extracted from the interrogation beam. In either

case, detection of the interrogation signal is required to activate

the card from a standby state, Ideally, the rectified dc current

circulating in the mixer diode loop could be blocked with se-

ries capacitors and coupled out to power the transponder; both

diodes would then be in series to provide improved dc output

voltage compared to a single detector diode. However, for the

low-frequency data signals used in the prototype, the required

dc coupling network was judged to be impractical. Rather, a

slot antenna is cut into the ground plane of the card, coupled to

a microstrip line on the other side. The slot dimensions (length

l~g, width 0.025~ at 6 GHz) were chosen to obtain a broad-

band low impedance, occurring around the second resonance,

at the plane of the slot. A A/4 microstrip line impedance-

matches the slot to a Schottky diode to form a C-band receiver

with a wide, bidirectional beam comparable to that of the

bowtie. The detected dc signal activates the transponder from

a power-conserving standby state. Low-power CMOS (74HC)

was used in conjunction with discrete transistors on the pro-

totype to generate a modulated, crystal-controlled 9.83 MHz

data signal; standby and operating currents were 25 PA and

1 mA, respectively, from a +1.5 V silver oxide battery.

Reducing the standby current to 1 VA could increase the 1–2

year battery life to 10 years, when interrogated 1 min. daily.
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Fig. 2. (a) Elements of the transponder card. (b) Operational block diagram,

showing the received and transmitted signats.

This could be effected by integrating the transponder circuitry

into a single ASIC, which would allow far more sophisticated

and programmable ID coding, and would open the possibility

of obtaining power from the interrogation beam. In Fig, 3

the necessary interrogation EIRP is shown for a hypothetical

transponder with various dc power requirements, given a

6-GHz slotidipole receiver with q = 209Z0RF-DC conversion

efficiency. For transponders requiring low dc power, on the

order of microwatt, beam powering is clearly practical even

at significant range (>3 m). As the power extracted from the

beam is the product of incident beam intensity and effective

( xq) receiving aperture area, the dc power requirement trans-

lates to a minimum beam intensity that must be present during

interrogation. If this minimum intensity exceeds the accepted

limits of safe exposure to RF, the beam-powered transponder

cannot be safely used for personnel ID at any range. Superior

range is always obtained using a power conserving battery-

powered card, minimizing the need for high-power RF sources.

In Fig. 4, the transponder is under interrogation from a

test system at a distance of 5 ft. (1.5 m); the transmitted
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Fig. 3. Maximum usable rage oftransponder versus intemogation EIRP, for
severat dc power requirements. Hypothetical beam-powered transponder has
a 6-GHz dipole receive antenna, 20% RF-DC conversion efficiency. Safety
limit is US-ANSI 1 mW/cm2.

Fig. 4. Experimental interrogation test system.

power is 200 mW into a +15.5 dBi pyramidal horn (+38 dBm

EIRP). An HP 8562A spectrum analyzer is used as a receiver,
operating in zero span mode at the response frequency with

a l-MHz bandwidth. Fed by a +22 dBi pyramidal horn

connected to a preamplifier, this system has a sensitivity

of – 105 dBm. Fig. 5 shows the scattered response signal,

exhibiting adequate signalhoise ratio for noncoherent demod-

ulation of the 8-bit ID code.

1675

(b)

Fk. 5. (a) Spectrum and (b) demodulated upper sideband of resuonse sifmal,
fo; a 6.00387~-GHz interrogation; transponder’s ID code is “101 10101 .“

III. QUASI-OPTICAL MIXER DESIGN AND ANALYSIS

A. Mixer Design

The quasi-optical mixer comprises two diodes connected in

antiparallel at the terminals of a bowtie antenna, illustrated in

Fig. 6. An equivalent nonlinear circuit, Fig. 7(a), was analyzed

using the harmonic balance technique to determine the effect

of the embedding impedances presented to the diodes by the

bowtie antenna and the data signal generator. A 90° flare
angle was chosen for the bowtie, to approximate a self-

complermentary antenna and minimize the variation of the

feedpoint impedance Z. with frequency. The experimental

data of Brown and Woodward [11] was used to estimate

this impedance, and the effect of the card substrate material

(31 mil RT/Duroid 5870, G = 2.33) was neglected. A

Hewlett-Packard HCSH-5530 matched Schottky diode pair in

a beam-lead T package was used (measured lS = 11.8 nA,

q = 1.08, R, = 5 Q, CjO = 0.1 pF, Lb = 0.1 nH). With the
available 6-GHz input (interrogation) power set at –20 dBm

and a 1O-MHZ, —10 dBm data signal present, the conversion

loss L. of the quasi-optical mixer was analyzed for various

bowtie antenna lengths. L. is defined in the transducer sense

as the ratio of the third-order response signal power ( 12 GHz +

10 MHz, SSB) dissipated in the bowtie radiation resistance to
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Fig. 6. Layout of the quasi-optical mixer, showing diode mounting and spiral
feed-through inductors for data slgnsd.
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Fig. 7. Equivalent m-cults for the quasi-optical mixec (a) harmonic balance
simulation (nonideal diodes); (b) approximate Volterra series analysis,

the interrogation power available from the bowtie. The results

indicate an optimum bowtie electrical length of 120–140°

at 6 GHz, as shown in Fig. 8. The prototype employed a

200° long bowtie, allowing good performance over the range

4–8 GHz.

B. Mixer Analysis

In normal operation, the signals applied to the quasi-optical

mixer are relatively small—the data signal is on the order

of – 10 dBm, and the received interrogation signal may be

significantly smaller for typical interrogation distances. The

situation is equivalent to a subharrnonically pumped mixer,

operating as an upconverter, with a large-signal RF input and

small-signal LO. This makes approximate analysis difficult

using a simple time-varying circuit model (conversion matrix),

as such an approach would predict zero output at the desired

third order response frequencies. An alternative approach is

to model the mixing operation as a weakty nonlinear process,

treating it more like small-signal multitone intermodulation

[12]. A Volterra-series approximation to the current flowing

in the mixer circuit can then be found, resulting in a closed
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Fig. 8. Mixer conversion loss versus bowtie antenna length (bowtie ffare
angle = 90° ) from harmonic balance circuit analysis.

form expression for the transponder’s conversion loss accurate

enough for use in system link budget calculations.

Starting with the diode-pair conductance curve expanded as

a power series

i = glv +gzvz +g3zJ3 +g~v~ +g57J5 + . . . (1)

we seek to obtain the third-order current components at the

desired response frequencies 2tii kwd as a function of the two-

tone excitation. For the ideal antiparallel diode pair, the well-

known conductance equation i = 213 sinh (ow) contains only

odd terms, with the coefficients g. = 21. (cw)n /n!. The pres-

ence of weak rectified current flowing in the diode loop will

affect this smatl signal characteristic, creating a self-bias effect

described in the Appendix. We proceed using the method of

nonlinear currents [13], where the terms in (1) are interpreted

as current sources with nonlinear dependence on the voltage v

across the diode pair (gl remains a linear conductance). These

are then rearranged such that each source contains only mixing

products of the same order, as shown in Fig. 7(b), which makes

the equivalent circuit linear. The higher-order currents are still

nonlinearly dependent on lower-order voltages, but can be

found recursively starting with the first-order voltage. This

linear response is found by inspection to be

“(’)=~(d+l)vde’wd’+~(d+ike’w’t
(2)

which, along with the complex-conjugate negative frequency

component forms a real signal. The equivalent circuit of

the mixer can be simplified further by assuming resonance

between the diode capacitance and the antenna inductance

(approximately valid for the optimum length bowtie), so
that the diode-pair embedding impedances at the three

frequencies of interest (interrogation Ri, data signal Rd,

response R.) are purely real. Only the data signal sees Rd,

as the inductors are essentially open at 6 and 12 GHz. The

real third-order current component at the desired response

frequency is now readily found

i3(t) = :
93

4 (Rigl + l)2(R~g1 + 1)
1~’vdl COS (b, + ti~)t.

(3)
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Flowing in the bowtie antenna, this current produces the

radiated response power

P. =
i;Rs

2(R3g1 + 1)2 “
(4)

Expressing the interrogation and data signal voltages in terms

of their available powers P. and Pd, respectively, we obtain

the expression for the transponder’s conversion loss Lc

~c=_=(Rdgl+l)2(Rigl +l)4(R~gl+l)2

s 144, RdR~R,g;PdP.

= KPT”l . (5)

Lumping all of the parameters that are fixed for a given

transponder (diode parameters, data signal power, circuit im-

pedances) into the constant K shows that, for small signal

conditions, conversion loss of the quasi-optical mixer varies

inversely with the power received from the interrogation beam.

This is a direct consequence of the third-order origins of the

response signal.

C. Conversion Loss/RCS

In expressing the conversion loss of the quasi-optical mixer,

attention must be paid to the fact that input and output signals

are coupled via directive antennas to the free space radiation

-601
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-100-
I multipath [ ‘..---------------------------------------------------

-105 dBm
-llo - receiver sensitivity

.l,o~..
0.0 1.0 2.0 3.0

Distance to transponder (meters)

Fig. 11, Response signal power received by interrogator versus distance to

transponder.

fields, and as a result no well defined circuit ports exist for

power measurements. Incident and scattered field intensities

can be measured accurately however, using established radm

cross-section (RCS) measurement techniques; it is therefore

natural to use a scattering-type metric for evaluating the

transponder’s performance. A typical RF/ID system radio link

is shown in Fig. 9, where the transponder is modeled as

receiving and transmitting antennas, with gains G. and Gt,

respectively, connected by a unilateral conversion loss Lc ~~The

scattering properties of the transponder can be expressed by

defining a conversion radar cross-section (CRCS) 6, equiva-

lent to the conventional RCS but with nonequal incident and

scattered frequencies, corresponding to the interrogation and

response signals. Applying the Friis transmission formula [14]

to the link results in the relation

(6)
47r LC

.,

Although the individual antenna gains and mixer conversion

loss cannot be measured separately in an integrated quasi-

optical circuit, their ratio in (6) can be measured. In this sense,

the CRCS is closely related to the isotropic conversion loss

Li~O = LC/Gv defined by Stephan for quasi-optical mixers

[9], with the difference that the mixer output (the IF) in the

scattering case is not available at a mixer circuit port but rather

is re-radiated to the far field with gain Gt. The CRCS is

directly measurable, as in Fig. 10, which shows the E and

H plane cuts of the transponder’s back-scattering pattern. The

card has a nearly omnidirectional response in the H plane,

which encompasses the most important interrogation angles

for a card held upright by a person. Response degrades above,

below, and (at longer ranges) directly to the sides of the card

due to the pattern nulls of the mixer bowtie and interrogation-

detection slot, respectively.

For link calculations, where the response power back-

scattered to the interrogator must be known, the CRCS is used
directly in the radar equation. As the transponder’s conversion

loss L. was found to vary inversely with received interrogation

power, the radar equation takes the interesting form
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This I/TG range behavior contrasts with the l/r4 characteristic

of a range-independent RCS and was evident in experimental

measurements (see Fig. 11). This limits the range of the

subharmonically interrogated transponder, although the max-

imum range using the test system described earlier is 10 ft.

(3 m). Increasing the EIRP, or using an optimum-bandwidth

receiver could increase this range to over 15’ ft. (5 m). For

fixed-frequency operation, additional tuning could be added

to the mixer to further reduce conversion loss. Fig. 12 shows

the variation of CRCS, hence conversion loss, with received

interrogation power. Theoretical results from both harmonic

balance simulations and the approximate Volterra-series ex-

pression are plotted along with experimentally measured data.

The offset between the theory and measurement is mainly

due to the unrealistic assumption of isotropic transponder

antennas in the models. However, if the harmonic balance

simulation is assumed accurate, the actual antenna gains can be

deduced from the measured data. Since the mixer compression

point depends only on the input level, the observed offset

in these points on the simulation and measurement curves is

attributable directly to transponder receiving gain G., which is

evidently – 5 dBi at boresight. From (7), the power scattered

by the transponder varies with the product G~Gt, therefore the

offset in dB between the linear portions of the two curves is

equal to 2G, + Gt. This indicates that the transponder radiates

the 12 GHz-centered response signals with gain Gi = + 2 dBi.

IV. CONCLUSION

The practicality of an inexpensive microwave identification
transponder was demonstrated, emphasizing the advantages

of the subharmonic interrogation approach. An approximate,

analytical model was derived for the frequency conversion and

scattering functions of the quasi-optical circuit, which can be

used in system calculations for this and similar transponders.

Suggestions were made for future development that could

make the transponder a commercially viable identification

device.

APPENDIX

In describing the antiparallel diode pair as a mixing element,

it was noted that all even-order currents including dc (rectified

Fig. Al.

o 50 mv / div

Measured dc i-v curves of antiparallel diode pair in the bowtie

mixer for several incident RF power levels, illustrating “effect of self-bias
current.

RF) flow only in the diode loop and so were neglected in the

expression for the conductance seen external to the pair. It

was found experimentally that loop dc currents arising from

small applied RF signals caused a significant bias offset in

the diodes. This is evident in Fig. Al, which is the measured

dc i-v curve of the diode pair in the bowtie mixer, while

under illumination from a 6-GHz source at various incident

intensities (RF power levels are for an isotropic receiving

antenna). This can be explained via the expression for diode

loop current, iC = lS (cosh w – 1), [15] which in the presence

of an applied RF signal v = V~ cos wt becomes

iC = ls(cosh (a.VL COS Wt) – 1)

= 1s{–1 + Io(avL) + 212( CI!VL) cos2wt

+ 214(avL)cos4wt + ~. } (Al)

where the ln are the modified Bessel functions of the first

kind. The first two terms represent a rectified dc current, the

self-bias current 10 = 1. {10 (QVL ) — 1}. This current flows in

the loop, where it forward-biases each diode to a voltage VO

given by the ideal diode equation, VO = (l/a) in (lo(aV~)).

A small signal voltage v applied to the diode pair in its biased

state will appear superimposed on the dc bias voltage VO. The

resulting current, which flows in the circuit external to the

diodes, is given by

2 = l,(emtv~+”) _ ~a(VO–V) )

= 213effv0 sinh au. (A2)

Inserting VO yields

i = 21 Jo(aVL) sinh cw (A3)

which is the small-signal i-v characteristic of an ideal an-

tiparallel diode pair under self-bias conditions, i.e., in the

presence of a larger signat voltage. The voltage VL represents

the larger of the two signals applied to the mixer, which will

generally be the transponder’s data signal (– 10 dBm). This

assumes negligible voltage drop across the signal source and

diode series resistances, a fair approximation given the small

linear conductance of the diode pair. This equation is plotted in

Fig. A2 for the same RF illumination as the measured curves,

using the –5 dBi estimate obtained earlier for the 6-GHz
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Fig. A2. Theoretical i-v curves (A3)of antiparallel diode pair under same
RF illumination as in Fig. Al. A 6-GHz bowtie antenna gairr of –5 dBi is
assumed.

bowtie gain, showing good agreement. Expanding (A3) in

its Taylor series yields the corrected conductance coefficients

gm = 2~3(~V)n~O(~VL)/n! (n odd). It is interesting to note
that use of these coefficients, which are now functions of the

applied voltage, in the Volterra analysis gives good agreement

with the harmonic balance simulation results in Fig. 12<ven

with fairly large data signal powers. The nonlinear relation

between data signal power and conversion loss is also correctly

accounted for, which is missed otherwise [see (5)]. The effects

df bias-point offset can thus be included in the Volterra series

analysis, which generally does not consider dc current terms,

improving the accuracy of the method for larger excitations.
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