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MMIC Applications of Heterostructure
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Jonathan H. LewisMember, IEEEMatteo Camprini, Gianfranco ManeSenior Member, IEEEand
Herb Goronkin Fellow, IEEE

~ Abstract—This paper deals with recent achievements in the systemsand circuitfunctionalities using unconventional devices.
field of an emerging technology termed the quantum monolithic A few emerging technologies are the outcome of this effort.
microwave integrated circuit (QMMIC). QMMIC consists of — Among others, single-electron FETSs [2], molecular electronics

a heterojunction interband tunneling diode and a high elec- . . .
tron-mobility transistor monolithically integrated to obtain a [3], and resonant tunneling devices [4] have received a lot of

new functional device. This technoiogy enables the realization attention by research institutes and industries. In particular,
of low-voltage, high-density, and high-functionality circuits. A resonant tunneling devices appear to be a technology closer
detailed description of the design and analysis techniques for to introduction into commercial products.

several circuits such as an amplifier, an oscillator, and a mixer, Tunnel diodes (TDs) have been used to demonstrate

along with the analytical treatment of the principle of operation - . "
are given in this paper. A number of prototypes implemented numerous applications and potential market opportunities,

in InP technology constitute the proof-of-concept of the unique iNcluding digital-to-analog converters, clock quantizers, shift
features of QMMIC circuit blocks for low-power wireless systems. registers, and ultra low-power SRAMs [5]. All these appli-
Index Terms—Linear mixer, low power, monolithic microwave cations derive.l.)enefit from the inherent _bi-staple behavior of
integrated  circuit (MMIC), quantum-well devices, RF the TD and utilize the negative differential resistance (NDR)
identification (RF ID), voltage-controlled oscillator (VCO). to increase the transition speed between the two stable states.
In the microwave realm, although TDs in theory promise
medium-noise amplifiers, low-noise converters, and low-cost
oscillators, these circuits have never achieved the high volume
T IS WELL known that the development of new applicationsf usage, which one would have expected on the basis of the
for information communication technology (ICT) is enabledlaims being made [6]. This is due primarily to the technolog-
by the introduction of new electronic systems. The ability ifcal and design issues, which still have to be solved.
developing such a systems is directly related to the availability of Enhancement in semiconductor growth techniques, in partic-
new high-performance technologies both in digital and analogar molecular beam epitaxy (MBE), has lead to an improve-
fields. Until now, in the digital circuit area, the increase in logitent in device quality and performances, and has introduced
gate and bit density has followed Moore’s law, which predictsraew families of tunneling devices. One of them is the family of
reduction by a factor of two in the minimum feature size everhe heterojunction resonant interband tunneling diodes (HITDs
year. A similar trend has been observed in analog systems ¢éorRITDs), which makes use of resonant interband tunneling
features such as cutoff frequency, output power density, atdough potential barriers. These devices are interesting because
low-power supply. In field-effect transistors, the reduction aif their high peak-to-valley current ratio (PVCR) and the large
the supply voltage and dynamic performance improvement hastage span of the NDR region. A recent advancement in this
been obtained by reducing the gate length to a dimension of 1€0ass of devices is the monolithic integration of the TD into the
nm. A natural and realistic question on dimension scaling $ructure of a three-terminal device, resulting in a novel NDR
whether this trend will continue indefinitely. There are a numbelevice. One of these new three-terminal device is called the het-
of technological challenges to be solved to allow conventionatojunction interband tunneling FET (HITFET) and its third ter-
silicon and 11I-V compound semiconductors to reach nanometainal can be used as a gate control [7].
dimension, as predicted by the SIA roadmap [1]. As operationA number of significant applications of tunnel-diode-based
frequencies and data transmission rates increase, these devitasolithic microwave integrated circuits (MMICs) has demon-
will reach an ultimate limit beyond which the conventiona$trated the potential for high-speed low-power consumption
scaling approach will not be adequate. A change in paradigreration. The main applications already implemented are
is being sought in the electron-device concept to enable nevixers [8], frequency multipliers [9], and oscillators [10]. The
TD has also been used to provide a proof-of-concept of new
circuits, such as the monolithically integrated bidirectional
Manuscript received August 8, 2002. amplifier [11], which reduces thg CII’(EL:IIt qomplexﬂy and in-
A. Cidronali, G. Collodi, M. Camprini, and G. Manes are with the Departmerftf€@ses the performances of RF identifications (RF IDs). Some
of Electronics and Telecommunications, University of Florence, 50139 Flapplications are enabled by HITD and HITFET technology,

I. INTRODUCTION

rence, ltaly. but many of the results presen in the r rch are valid for
V. Nair, J. H. Lewis, and H. Goronkin are with the Physical Sciences ResearchJ h y € .esu ts p ese ted the research are va d 0
Laboratory, Motorola Laboratories, Tempe AZ 85284 USA. all the technologies able to implement two- and three-terminal
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Substrate Si (100) Relaxed - n As i(,
2
.g |
The paper is structured as follows. In Section Il, the most a
common semiconductor structures for resonant tunneling S
diodes (RTDs) and RITDs are reviewed and a brief description S
of the physical models is given. Also presented is a modeling AlAs barrier
method suitable for both small- and large-signal applications. S , , . , ]
In Section lll, a description of the microwave signal sources 08 » ;-8
based on the HITFET along with a detailed treatment of design p carrier concentration (107" cm™)
issues and constrains is given. Applications to active antenna (b)

a_re_ brieﬂy discus;gd. Section IV disc_usses th_e quig_n OfFia. 1. (a) Peak current and PVCR as a function of the well width for the TD
bidirectional amplifier and describes its exploitation in anf Table I. (b) Peak current as a function of the doping for the TD of Table | in
RF-ID system. Finally, in Section V, a frequency convertéhe case of the AlAs and InAlAs barriers.

and its inherent linearity are shown. The exploitation of the

frequency-conversion properties for applications in enveloggyation system developed by Kane [14] and the kinetic model
detectorg aqd radiometry is also discussed in this section. ﬁj intraband tunneling which makes use of the Wigner function
the applications are supported by a complete set of expgfis)_[18]. As a consequence, experimental determination of de-
mental data, which aid in the assessment of the strengths gpd characteristics have to done to optimize the performance.
weakness of quantum monolithic-microwave integrated-circyify 1(a) reports the experimental results of this optimization.
(QMMIC) technology. This figure shows the sensitivity of peak current density and
PVCR with respect to quantum-well width. From the compatr-

Il. DESCRIPTION ANDMODELING OF TUNNELING DIODES  json of the two curves, an optimum value for the well thickness
A. Semiconductor Structures was determined to be 4 nm. Fig. 1(b) reports a further example

o[ the TD’sI-V characteristic optimization, namely, the depen-
fence of current density on the barrier composition and doping

. X . . Pthe p-type semiconductor. It is observed that the peak current
heterostructure materials, which are either Si or [11-V based. nsity is two times higher for InP, which has a lattice-matched
Tables | and Il, the semiconductor structures of state-of-the-art

. . . : arrier layer like InAlAs, compared to InP, which has a wider
TDs implemented in InP and Si technologies are reported. Rrrier layer like AlAs, which is not lattice matched. A sim-
the case of Si, the semiconductor structure is based on '

relaxed SiGe buffer that is commonly referred to as a virtul optimization for the RF performance is not feasible due to
substrate y a mplexity of physical processes involved. However, from a cir-
' ._cuit design point-of-view, a set of characteristic figures-of-merit

. In the case of the §tructure delmeated in Table I.’ an Opt.'m' ased on the conventional equivalent circuit of TDs can be in-
tion of the geometrical and doping parameters is required

reach the best tradeoff between peak current and the PVCR. %g uced as foII(.)v.vs. to select the proper device structure.
physical mechanism behind the dependence of the PVCR frofnCurrent sensitivity:

the well thickness and barrier composition can be described

only qualitatively byab-initio models. For example, see the co- B=8,+ 1

herent model for interband tunneling based on the two-band - % 14 w?C},R.R,;

The semiconductor structures of TDs used for practic
high-speed or microwave applications are mainly based

1)



CIDRONALI et al. MMIC APPLICATIONS OF HETEROSTRUCTURE INTERBAND TUNNEL DEVICES 1353

IS

wheref, represents the ratio of power to dc current at zero
bias, C;, and R; are the junction capacitance and resis-
tance at the operation bias voltage, respectively, Ands

the series parasitic resistance.
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wherel is the bias current. The main contribution to the

device noise is shot noise, which is proportional to the currefiy. 2. DC current—voltage characteristics of a TD showing the NDR region.
prop

flowing through the junction. The solid line is experimental data and the dotted line is simulation.

» Negative-resistance cutoff frequency:
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whereR, is the maximum magnitude of the NDR. 0 0
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fro = 5 \/LSC]-U (R.Cj)* @ £ 1000 f1- data
------- simulation
wherelL;, is the series parasitic inductor. 1500 f ‘ ‘ ‘ ‘
» Speed index: 0 1 2 3 4 5 6
Frequency (GHz)
_Ir 5
T= Cj’n (®) Fig. 3. RF characteristics of the TD of Fig. 1 showing the real part of the

impedance as a function of frequency when biased at different voltages (from

: 0.05 to 0.65 V). The solid lines are experimental data and the dotted lines are
Whel"elp IS thg peak current. simulation results from the new model (Section II).
* Maximum oscillator power:

3 strong nonlinearity in the dc current—voltage-{) characteris-
Pom = 15 Vo = Vp) (Ip = L)) (6) tics, as well as frequency dependence of the impedance at dif-
) ferent voltage biases. Figs. 2 and 3 illustrate these behaviors for
where the indexesy” and “p” denote the valley and peak an HITD. The real part of the impedance is negative at lower
values for currents and/or voltages. frequencies when the diode is biased in the NDR regime (from

In terms of the above-mentioned figures-of-merit, the ma o5 10 0.65 V). This impedance is obtained from two-gbgia-
differences between Si- and Ill-V-based diodes lie in the ifymeter measurements of the diode.

herent higher PVCR obtained in the Ill-V semiconductor struc- a simple circuit, as shown in Fig. 4(a), allows modeling of

tures. Even though an absolute maximum ratio of 144 has bggB small-signal behavior of the device for a given bias. The re-
reported [12] for Ill-V-based materials, values in the range @fstancer,, called the dynamic resistance, is negative when the
30-50 are more typical for 11l-V interband semiconductor strugjigde is biased in the NDR region and is positive otherwize.
tures [4]. On the other hand, silicon devices hardly reach theihe capacitance of the diode aRd s a parasitic series resis-
value of four for interband structures and even worse for the iggnce. This model is not adequate when TDs are coupled with
traband TDs. The higher PVCR of lll-V TDs results in higheginer semiconductor devices to perform three terminal func-
output power and higher frequencies of operation. The point@fns_This family of devices, such as HITFET, requires sim-
strength for Si TDs is the compatibility with the standard CMOSjation of the dc and RF characteristics simultaneously. The RF
processes and the adaptability for mixed-signal circuits. Appliroperties of three terminal devices depend upon the distribu-
cations in this area are expected to emerge in the next few yeatss of dc voltage drops across the two terminals of the diode
As seen in (2), noise figure is proportional to the fadijlo,  and the three terminals of the transistor. In order to overcome
which is material related. Common values for that parameter gfgse limitations, a comprehensive dc/RF model for TDs that
2.4 for GaAs and 3 for Si, while a value of 1.36 can be achievgdes a voltage-controlled current source (VCCS) to model the
for refrigerated InAs [13]. The bias sensitivity parameftgnis  giode properties has been developed [19]. This model is more

slightly higher for GaAs than Si. Typical values 0f 10and 8"V han just a data-based large-signal RF model of a TD, as it is
were reported for GaAs and Si, respectively [13]. compatible with dc simulations. Significant physical insight into
TD operation in analog circuits has been provided using this
model. The basic idea behind the model, the use of a depen-
A general model to describe TDs implemented using differedéent current source, has been presented by Mizutz and Tanoue
technologies will be introduced in this section. All TDs shovor digital applications [20]. Mizutzt al.describes a piecewise

B. Comprehensive DC and RF TD Model
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cd 1=f(Va-Vb)

During RF simulationR,, Cy4, and the VCCS combine
< cd to produce the appropriate diode impedance. The dynamic
resistanceR, of the small-signal model is replaced by the
! [ VCCS. This substitution is possible and is successful because of
O R=1 Rohm the experimental observation of an excellent agreement between

the resistance$,; obtained from RF measurements and the
same derivative from the dd/ characteristics. Fig. 3 shows the
B comparison between the experimental data and the simulation
results of the RF impedance-frequency characteristics of the
TD of Fig. 2. The simulation and experimental data agree
quite well over the entire bias range of the TD, in the NDR
(@) (b) region, as well as out of it, and involving a wide change in
Fig. 4. (a) Small-signal RF model of a TD. (b) Comprehensive dc/RF mod#le impedance values.
of a TD. It has to be highlighted that the comprehensive dc/RF model
does not account for the bias dependencé&gpfand C,. The

linear model for the current source that completely ignores tNgrations in these parameters, in HITD, are much smaller than
bias dependence of the RF properties within the NDR regidR0Se infla, as seen in Fig. 5. The capacitance varies by approx-
This model may be sufficient for digital applications where thinately 15% over the bias range of interest. The model can be
TD switches across the NDR region rather than being biased#Proved by introducing a bias-dependent capacitance to take
it. It is, however, not suitable for analog applications where t{giS into account. The model also requires tabe at least ten
diode is biased within the NDR and, hence, the details of tHgeS Smaller tha,. Typically, for diodes that show good per-
NDR region are important. The new model developed in [19] ermgnc_e, this requirement is easily met. If that is not the. case,
designed for analog RF and microwave applications. This modien itwillbe po§5|ble to obtain the correct dc behavior by fitting
has been implemented in the Agilent Advanced Design Systé'ﬂ? VCCS function to a set of data deembedded from the effects

(ADS) simulation tool to facilitate the simulation of QMMIC of the Rs. Another limitation of the model is the necessity of ob-
circuits. taining an accurate curve fit to the @” data. The smoother the

Fig. 4(b) shows the dc/RF model implemented in ADgweasured déV characteristics, the better the curve fit. This is
formalism. The current is a function of the voltage differencenOt always possible because the NDR region of the TD is often

between the nodesandb. This voltage is equal to the voItageunStable'

drop across the @ resistance for any external applied bias, thus o

giving a self-consistent solution for the current. A polynomial fit: DC/RF Model Applications

to the dc current—voltage characteristics is used as the functiois stated previously, the HITFET device is created by in-
f(V,-W). R, and Cy have the same physical meaning as itegrating TDs and FETs. The TD can be either connected to
the small-signal model (Fig. 3) and are determined from the drain, source, or gate terminal of the FET creating different
small-signal measurement at a single bias in the NDR regidppes of HITFETs. To simulate the HITFET, the dc/RF model
This model represents both the dc and RF properties of the diadehe TD is used in conjunction with FET model. This simu-
with a high degree of accuracy. For dc simulation, the functidation approach is used to investigate the relative advantages of
f(V,=V,) is a good representation of thd” characteristics the HITFET compared to the FET alone. The broad conclusions
since it is obtained from a fit to the dc data. The actualf this analysis are valid irrespective of the exact transconduc-
simulated current, however, is slightly different due to th&nce, gain, threshold voltage, or other properties of the under-
presence ofR; in the model circuit. However, ifR; < Ry, lying FET. The dc/RF model also allows the investigation of the
which is typically the case, then the model is accurate foptimum FET and diode characteristics that produce the best
dc simulation. Fig. 2 shows excellent agreement between tHETFET, as well as the matching requirements between the two
dc IV data and the results of the model simulation. For trgevices.

diode consideredRz, is 2.50 and is much smaller thaR, In asource-HITFET, the TD is connected from the source ter-
at any bias. minal of the FET to the ground. As previously underlined, not
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Fig. 6. Simulation of dc drain current versus drain voltage of a source HITFET Froquency (GHz)

at different gate biases as shown. Also shown are characteristics of the FET alone
(dashed lines) at gate biases frer.5 (top curve) to-2.5 V in equal intervals. Fig. 8. Simulation of the gai521 of a gate HITFET and an FET alone at
different gate biases. The gate biases of the HITFET are clearly marked. The

FET only characteristics are also simulated at the same gate biases; the lowest
curve is at—0.9 V and the highest is at0.1 V. The drain bias is 2 V.

In conventional FET amplifier circuits, the devices are biased in
their saturation regime. The analysis shows that, if the FET is
in the saturation regiméf; > 1 V), then the TD is out of its
NDR region (Fig. 6) and acts simply as a resistor pulling down
the gain. The simulation of,; at a drain bias of 2 V (figure
not shown) shows that the source HITFET has lower gain than
the FET alone at all gate biases. It can be concluded from sim-
Frequency (GHz) ulation that the source HITFET thus has limited flexibility and
advantages compared to the underlying HFET alone.
Fig. 7. Simulated gait$>; of a source HITFET and FET versus frequency for - A second embodiment is a gate HITFET in which the TD is
different gate biases. connected from the gate to the source of the FET (see inset of
Fig. 8). The same terminal is used to bias the TD as well as the
only thes-parameters, the gain, and other RF characteristicsgéte of the FET. The simulation (not shown) showed that the
the HITFET depend upon the exact biases across the diode BIWFET drain current versus drain voltage characteristic is al-
the FET, but also théV’ characteristic of the global device ismost identical to that of the FET only. This is expected because
affected by the interaction among them. Fig. 6 shows the sififre diode voltage does not alter the voltage at the gate, drain, or
ulated dc drain current versus drain bias characteristics of €urce of the FET. The RF characteristics of the gate HITFET,
source HITFET at different gate biases. Due to the presencenefvever, do exhibit the effect of the NDR of the TD. Fig. 8
a TD in the source, the HITFET exhibits NDR characteristicghows the gairby; of the gate HITFET and the FET alone at
(as seen for gate biases froni to —2 V). At lower gate biases different gate biases. The drain bias is 2 V and the FET is in
(—=1.75 and-2 V), the FET drain current is smaller than thets saturation regime. The gate HITFET exhibits a higher gain
peak current of the diode. At these gate biases, the TD actst@gn the FET alone for gate biases when the diode is in its NDR
a simple resistor, there is no NDR, and the HITFET acts as gijime. TheS;; of the gate HITFET is also high (figure not
FET. The simulation shows that a proper matching of the FEshown). This enhancement is attributed to a resonance in the
saturation current and the diode peak current is required for #ge—source loop of the HITFET due to the negative impedance
HITFET to show NDR. Fig. 6 also shows the characteristics gf the TD. This device is an ideal candidate for applications such
the FET alone. The effective gate—source voltage in a sougggoscillators and mixers. Other MMIC circuits, such as ampli-
HITFET is different from the voltage at the gate terminal due thers, using gate HITFETs have also been designed by having
presence of the diode between the source and ground. Herggtable matching circuits to stabilize the device while still ben-
the FET only characteristics are shown for slightly lower gatgiting from the higher gain.
biases (from-1.5 to —2.5 V). Fig. 6 shows that the HITFET  |n the following sections, detailed discussion of RF applica-

exhibits NDR around the drain bias of 0.6 V. At these biasegons of the HITD and HITFET, including the drain HITFET,
the FET is in its linear regime. Fig. 7 shows the simulated gaiite presented.

So1 of the same source HITFET and FET at different gate bi-

ases where the drain bias is 0.6 V. At specific gate and drain bi- ||| HITD aND HITFET MICROWAVE SIGNAL SOURCES

ases, the HITFET displays a substantially higher gain than the ) ) _

FET alone. This higher gain, however, is very bias dependdit P€Sign Considerations Quantum Voltage-Controlied

(gate and drain) and has a very narrow voltage range in whigfcillator (QVCO)

it is high. This suggests that the source HITFET is more suit- The InP HITFET allows implementation of efficient and
able for applications like oscillator rather than amplifiers whengtra low-power QVCO. The key property of such a device
a flat gain profile is required to prevent distortion of the signais the tuning of the NDR by the gate voltage, which acts as a

Gain S21 (db)




1356 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 4, APRIL 2003

Drain 10.0 0
- L
7.5 58888550080 00-68-58
—-20
5.0 L %
HITD m
% 2.5 B/B/B’B/E—E‘E‘BHW 40 g
e —_— > —
= 0.0 %
—60 Q
Gate 2.5 L
HEMT
S 5.0 T T T T T T T l T 80
-0.6 -0.4 -0.2 0.0 0.2 04 0.6
Source
VgVl

Fig. 9. Drain—HITFET schematic. ) ) . .
Fig. 11. Drain—HITFETs reflection coefficient (as seen from the source

terminal) as a function of the gate control voltages (frequeacy.2 GHz,
Vd = 500 mV).

peak and valley voltages to higher values. The overall effect is
a reduction in the peak-to-valley voltage until the HITFET is no
longer functional. The HEMT also introduces a reactive com-
ponent that modifies the self-resonant frequency slightly. The
microwave characteristics (i.e., the dependence of the HITFET
in terms of reflection coefficierit) seen by the source terminal
as a function of different voltage biases are shown in Fig. 11.
The measured is higher then zero due to the NDR associated
to the diode.

In general, it is possible to tailor the size of the HITD or,
equivalently, increase the peak current in order to reduce the
NDR in absolute value. This action should produce a higher
S S S RS SN S S S S S value of I' at the expense of an increased parasitic junction
0 01 02 03 04 05 06 07 08 09 1 capacitor and a reduction of the cutoff frequency. A proper
selection of the NDR is advisable to meet the requirement of
high-frequency operation andlavalue that ensures a proper
magnitude margin in the oscillation condition.
control voltage. As discussed in Section Il, the interconnectionThe main contribution to the phase swinglofs due to the
between the HFET and HITD can be obtained through amgriation of the drain—source to channel capacitances, which are
of the three terminals of the HFET, but the most suitabkn order of magnitude higher than the HITD junction capacitor.
configuration for the present application is with the HITD One of the main tasks in the design of HITFET-based cir-
placed on the top of the drain electrode, namely, a dratuits is the analysis of the HITFET short-circuit stability. A
HITFET (Fig. 9). Some technological solutions integrate basic tool for such a study is a small-signal linear model of
tunnel device directly on the draimncontact of the HFET the HITFET. The model has been derived under the assumption
obtaining a vertical monolithically integrated transistor [19}that the HFET within the HITFET is biased at a drain—source
In this study, a more conventional approach has been followedltage of a few tens of millivolts. This makes the transconduc-
so the two devices are interconnected as different elementgarice negligible with respect to the HFET output conductance.
the same circuit. In particular, the HITFET consist of a2 The equivalent circuit is shown in Fig. 12. The active region of
25 um high electron-mobility transistor (HEMT), while thethe diode is represented as a negative resistaifég in par-
HITD is a 2.5 x 2.5 um?. The employed HITDs show very allel with a capacitancé€,. The drain-to-gate capacitance and
high current densities (50-60 kA/@yn peak-to-valley current the source-to-gate capacitance of the HEMT are neglected and,
ratios between 10-15, and a maximum frequency of oscillatittmerefore, the drain-to-source impedance of the FET is the par-
around 60 GHz (for the 2.5 2.5 um? diode size) [22]. The allel connection of the channel resistariég and the channel
1V characteristics of the HITFET are shown in Fig. 10. capacitance’y;. The parasitic effects are taken into account

The bias voltages span in the range from 0 to 1 V for the draty adding a series resistanég and a series inductande,
and from 0 to-0.8 V for the gate. The NDR region shifts towardFig. 12).
higher drain-bias voltage as gate-bias magnitude decreases. Fér device is short-circuit stable if no current can flow in the
gate voltage close to 0 V, an increase in the magnitude of tbiecuit when no input voltage is applied. It is clear that, if the
NDR region is also observed. On the other hand, when the g8 FET is short-circuit unstable, it can oscillate when the bias
bias is sette-0.8 V, the characteristic becomes strongly discometwork (represented by an ideal or real voltage source) is con-
tinuous and the NDR region vanishes completely. This is dnected to the drain. The stability may be evaluated applying
to the increasing value of the HEMTs equivalent channel resitie method described in [23]-[25] to the impedariffe) of
tance which, being in series to the HITD, shifts the HITFEThe low-frequency equivalent circuit shown in Fig. 12(s)

| [mA]

Fig.10. I\V characteristic ofthe HITFET fdr'g = 0, —0.8-V step 100 mV.
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Fig. 13. HITFET-based VCO circuit schematic. Fig. 14. VCO'’s output frequency and power as a function of the tuning
voltage.

must have no zeros in the right-hand-side half of shplane
as follows: —0.5t0—-0.1 V in which the frequency changes quickly, which

. is due to the parabolic shape in the reflection-coefficient phase
1 associated with an almost constant value of the magnitude. For

+5Cqs . . . L
a higher level of tuning voltage, the reflection coefficient has a

(7) linear behavior in magnitude and phase.
) ) _ ) ~ The power level is approximately-12 dBm, which leads
This method is also useful to investigate the effects of a variatigh 5, efficiency of around 9%. Roughly constant value of the
of the ph_ysical structure of the device or, equivalently, due to FI@,@ the HITFET. Since the diode bias point is approximately
connection of an external lumped element (see the Appendionstant during the tuning, the voltage and current dynamics

are determined by th&V shape, which governs the saturation
mechanism. The power level of the VCO is constant since the
The experimental results for a voltage-controlled oscillatoeflection coefficient is positive and the oscillation condition
(VCO) based on the consideration described in the Appendsx satisfied.
will be illustrated below. The operation frequency is in the The phase-noise performance of the oscillator has been
2.7-GHz band. The topology of the prototype is representedeéstimated by use of a spectrum analyzer (see Fig. 15). At
Fig. 13. It is composed of the HITFET in a common sourc&00-kHz offset frequency, a single-sideband noise-to-carrier
configuration and a simple off-chipC resonator L, Cr) to ratio (SSCR) of—104 dBc/Hz has been obtained. The current
achieve the selected frequency. The circuit is controlled by drawn by the circuit for a tuning voltage ranging fron0.5 to
external tuning voltag&r. The design method adopted here i8.5 V was between 1.7-1.85 mA. The dc power consumption
the one commonly used in reflection oscillators: the HITFEWas approximately 85Q;W. This value, to the best of our
is considered as the negative resistance element, which nmustwledge, is the lowest dc power consumption for a MMIC
resonate with a proper load to obtain the oscillation. The chipV&CO operating in this frequency range. This feature enables
biased at 500 mV thorough the HITD’s anode while the tuningpplications in the area of RF-ID tag for identification or
potential is applied to the HEMT's gate through aQ-lesistor. distributed remote sensor networks, where the low-power
The tuning characteristic of a free-running VCO for a wideonsumption and the low data rate are common required
range of tuning voltages is reported in Fig. 14. A frequendgatures. Moreover, the extremely low-power supply makes
swing in the 2.741-2.745-GHz range with a nearly constathitis technology interesting for batteryless solar-cell-powered
power level has been observed. The graph shows a range freepipments.

ds

Z(s) = (sLs+Rs)+ (_LRd +st> 71+ <

B. QVCO Prototypes and Experimental Results
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Fig. 17. BDA topology. (a) Simplified schematic. (b) Basic operation

principles.

IV. BIDIRECTIONAL AMPLIFIER (BDA) FOR
RF-TAGGING SYSTEM

A. Circuit Topology and Features

The first proposal for an amplifier, possibly unilateral, based
on an NDR device was made by Van der Ziel [27] at the be-
ginning of the 1980’s and was mainly oriented to low noise ap-
plications. At that time, the unavailability of suitable devices
in an integrated circuit (IC) process prevented the exploitation
of this proposal in a MMIC. Only in the late 1990s, thanks to
the availability of such a device, was it possible to develop this
Fig. 16. Frequency spectrum of an active antenna usinga 5 pm? basic idea'_ In particular, Ando and.Cappy [28], makirjg use of
diode. Bias voltage is 0.37 V and current 2.11 mA. The antenna oscillaffyree-terminal NDR compound devices, developed this concept

at 1.4744 GHz with a power output 6£8.83 dBm giving 16.7% dc to RF tg a useful topology configuration by integrating RTDs with
conversion eff|C|ency. FETS

This section is dedicated to the implementation technique of
C. Active Antennas an innovative amplifier topology called a BDA and its possible
application in a tagging system. MMIC circuits based on this

Active antennas represent an important application of TDs @Pology have been built and the principle of operation has been
signal sources. The intrinsic property of TDs to exhibit NDR angémonstrated [11]. It makes use of a lumped-element direc-
RF negative resistance when biased appropriately could be ué@gal coupler with arbitrary impedance terminations, as shown
to improve the performance of such an antenna. TDs have higHéF'g- 17.
operating frequencies and better noise performance comparedhe use of the TDs in the BDA differs from previously pro-
to Gunn and IMPATT diodes. In addition, tunnels diodes cappsed amplifiers that also use TDs. It should be noted that the
be operated with very low power consumption. These featurB@BA combines the negative resistance characteristics exhibited
make these devices very attractive for active antenna applicatidhan HITD biased in the NDR region, with a directional cou-
(see Fig. 16). In particular, HITDs simplify the implementatiofler, in order to obtain a symmetrical and reciprocal system. The
of such antenna for low-power output applications such as céMo main features of the BDA are symmetry and reciprocity of
lision-avoiding radar or wireless tag. The principle of operatioifie associated scattering matrix and gain at extremely low dc
of this category of antennas is directly related with the inhepower consumption. These features make the BDA an enabling
ently oscillating behavior of the TD due to the RF NDR. Thé&lectronic function for an RF-ID tag.

RF NDR is employed for signal generation using the antennaThe principle of operation is sketched in Fig. 17(a) and (b),
like an element of the resonant circuit. A detailed discussion where the HITDs are represented by their equivalentimpedance
applications of TDs in active antennas can be found in [26]. with a negative real part. Defining, as the directional-coupler
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Fig. 18. (a) BDA schematics. (b) Odd-mode equivalent circuit. (c) Even-mode equivalent circuit.
impedance seen by the HITD ait}, as the diode negative dy- ©ODD MODE EVEN MODE

namic resistance, a simple calculation shows that the BDA g
is

gain= Te’(7/2) (8)

1)+1/50
Y(2,2)+1/50

wherel is the reflection coefficient seen by the diode towars
the directional coupler.

Equation (8) shows that the amplifier gain depends on tl
matching between the system impedance and the diode ne
tive resistancél . The value can be selected by adjusting eithe freq (-1.000THz o 1.000THz) req (-1.000THz to 1.000THz)
the diode characteristic or the directional coupler characteristic
[30]. This allows designers to use the characteristics impedarii 19- Polar plots for the odd- and even-mode circuits. The number of

. . . . cpunterclockwise encirclement gives the stability condition of the circuit.
as a design parameter. A main issue regarding the BDA is its
stability. Any negative-resistance-based circuit may present un-
wanted oscillations [13], [24]. Due to the fact that not all valuestability of this circuit, the even- and odd-mode analysis ap-
of gain may be implemented in a stable operation mode, theach for a symmetrical network and associated equivalent cir-
design method has to take into account the study of the circaitits can be followed. Fig. 18(b) and (c) shows the circuits for
stability. the odd- and even-mode excitation, respectively.

The circuit analysis theory shows that any stable network The design proceeds by analyzing the input impedance for
must have an equivalent-circuit admittance with no zeros in theth even and odd circuits, and selecting the valuéyfwhich
right-hand-side half of the complex plase= « + jw. The ensure gain and stability. The results of such an analysis for
problem of evaluation of the BDA's stability then reduces t&'1 = 50 Q andZ2 = 90 2 are reported in Fig. 19. In this case,
determining the roots of the associated input admittance, ftie theoretical small-signal analysis shows a gain of 6 dB at the
lowing the well-known Nyquist's criterion [13]. This criterion center frequency of 5.8 GHz. The number of encirclements is
relates the number of times the locus of the input impedancetafd for both the modes, and it may be shown that this is a con-
a network encircles the origin to the number of polB$ ininus  dition for which N = 0, whereN is the number of zeros with
the number of zeroX) with « > 0. To this end, it is necessarya positive real part. Thus, this analysis shows that the BDA is
to verify the stability of the network for the designe® and, stable. The prototype is realized in coplanar technology [see
consequently, gain. Analysis can be done on the base of a cdtig. 20(a)]. The entire design has been carried out using the Mo-
plete lumped-element directional coupler circuit [see Fig. 18(ajjentum tool within the Agilent ADS package. This approach
whose design formulas are reported in [30]. To investigate th#iows careful design of the dimensions of any element, and en-
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Fig. 21. Schematic representation of the RF ID based on the BDA.
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Fig. 20. (a) BDA circuit. (b) Measurefl12 (circles) andS21 (squares) of the
BDA. The proposed solution considers the reflective scheme
(Fig. 21) composed of a RX-—TX patch antenna, the BDA and

ables the consideration of any electromagnetic (EM) coupliri‘?(?h'gh sensitivity detector, and a control unit. It is possible to

between different parts of the circuit, giving a further compac ent_lfy the two op_eratlon mode_:s. In th? receving mode, the
Circuit acts as a direct conversion receiver. In this mode, the
arrangement [30], [31].

The measurement of bot$il2 and S21 are also reported in incoming signal is first filtered to proper bandwidth using a

. . . ndpass filter network (not shown) to reduce the interference
Fig. 20(b). The measurement shows a gain approaching 5 (.%%d then amplified by the BDA.

which is slightly lower than the target value due to the loss i he BDA ks in the t it directi N detect
the passive part, which were underestimated during the desi |:|_ 1€ BLAWOrKS In the transmit diréction as antenna detector
its gain can be adjusted to the desired coverage range. The

stage. However, the good bandpass behavior and the recipro ; be imol ted by a TD thanks to its inh t
demonstrate the validity of the approach. The amplifier is bias grector may be implemented by a anks to 1s inheren
at 400 mV and drain 1 mA of dc current. ow-level sensitivity, low1/f noise, and the low impedance

(typically 10-10092) at zero bias {1 in Fig. 22). The con-
o trol unit verifies the detected baseband signal and, upon posi-
B. RF-ID Application tive identification, the circuit switches to its second state, the
As highlighted above, the BDA is an enabling electronic fundackscattering mode. In the receiving mode, the absorbed dc
tion for the RF-ID tag. The proposed tagging system is a partigewer is almost all due to the BDA (if the power consumption
ular kind of short-range microwave link (SRML), arranged opf the control unit is neglected). At typical power consumption
the basis of a picocell on the order of a few square meters. Eaxtd.1 mW for a 6-dB gain circuit, the tag can provide one year
cell is equipped with an RF antenna, usually mounted in tle continuous operation if the system is powered by a 1-Ah bat-
center of the cell in a convenient location, which allows intetery. A channel study, carried out for an indoor communication
ference and obstacle fading strength. Each antenna is connestgdiem using the above-mentioned data, predicted a diode sen-
to a “reader,” which controls the communications between tisdivity of —52 dBm for a 7-m range of coverage at 5.8 GHz.
tag mounted on the host and the antennain the middle of the cellln the backscattered mode, the BDA is terminated at the an-
This equipment is usually referred to as a transceiver (TX—RXgnna at one port and to the TD at the other port. The circuit
The reader sends out a signal (via the antenna) to the tag, whschematic is the same as that in Fig. 21. In this mode, the diode
lets the tag know that it should begin communication. The tagdriven by a two-state sign&l2 andV 3 in Fig. 21. Inthese two
returns a unique ID number, which is used to identify the host. states, the diode assumes different impedance values so that the
the case of read/write tags or smart tags, additional informatieflection-coefficient amplitude is constant and the phase dif-
may be transmitted by the tag (e.g., any ambient-related inféerence swing is 180This allows a variable backscattered gain
mation) and the reader may send back updated informationitdependent of the diode states and a superimposed phase mod-
be encoded on the tag/smart card. ulation on the transmitted signal [11].

Fig. 22. Reflection coefficients exhibited by the TD in different bias voltages.
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Fig. 23. Simulated data signal (right-hand-side axis), incoming signfig- 24. Approximation by a third-degree polynomial of the intrinsic diode
(left-hand-side axis) and reflected signal (left-hand-side axis) for an RF-ID tdgV" characteristic around zero bias. The fitting standard errorige — 5.

data link in the backscattered mode. Symbols: data; continuous curve: fitting.
Fig. 23 reports the simulated Flme-dqmaln rgpresenta‘uon of Is(t) 9t Ze(o N
the proposed RF-ID tag’s meaningful signals, in the backscat- ¢ ViQ)

tering mode, for an operation at 5.8 GHz and for a data rate
of 100 MHz. The data signal consists of the voltage applied
to the HITD in order to obtain different load conditions and,
in turn, different phase reflection. The incoming signal is thgg. 25. Time-varying nonlinear equivalent mixer circuit.

one received by the antenna connected to a port of the BDA

and acts as the carrier for the data link. The reflected signal is . ) )

the voltage waveform scattered by the same antenna. ThiS§$ond-degree nonlinearity allow inherently good performances
amplified twice by the BDA; moreover, an almost gthase " terms of third-order intermodulation (IM3). _

shift is applied depending on the state of the terminating diode. € linéar behavior of a mixer can be well explained by de-
For the sake of comparison, in Fig. 22, the incoming Signai:rlblng the conversion mechanism of an HITD-based mixer

is magnified 20 times in order to reach a level comparabfld using the large-signal-small-signal analysis together with

with the reflected signal. In the “high” state, the two wavethe conversion matrices. The basic assumption is the following:

forms are almost in-phase, while in the “low” state, they af! e HITD is driven by the local oscillator (LO) signal without

180 out-of-phase, resulting in an elementary binary phase-sHif°!Vind the negative dynamic region. The intringic charac-
keying (BPSK) modulation. The reflected signal envelope [gristic of the HITD is calculated using a procedure based on the
constant after a transient of 3-4 ns. which is in compliancﬁ@sumption that diodes having different cross sections should

with most applications in the range of 100 Mb/s. ave the same peak VOIta@,@,' ) )
The intrinsicIV characteristic around zero, obtained from

the measured extrinsic device data after the extraction of the
series parasitic resistandégs, is approximated through a min-

V. FREQUENCY CONVERTER imum square-curve-fitting procedure using a polynomial equa-
tion up to the third degree in a symmetric range with respect to
A. HITD-Based Mixer V = 0V (see Fig. 24) as follows:

Freqguency conversion is another electronic function that takes
advantage of HITD technology. Some interesting applications I(V)=a+bV +cV?4+dV3. 9
of the HITDs in the field of frequency conversion are subhar-
monic mixers [32] and frequency multipliers [9]. In this secThe fitting shows a factor 4 difference between the second- and
tion, the main focus is on the linearity of the mixer implementeghird-order coefficients, as expected for a quasi-squareflaw
using TDs and other important application such as envelope deA further assumption is that the nonlinear capacitance varia-
tectors for microwave imaging and atmospheric radiometry. tion of the HITD with respect to input voltage can be neglected
particular, the HITD can be considered as an enabling device feased on the experimental observation that the main contribu-
these electronic function due to the quasi-square-law behauion is related to the geometrical capacitance [34], [35]. The
of the I'V characteristic arountl = 0 V. mixing operation is analyzed by using the equivalent circuit
It is well known that mixing circuits base their functionalityshown in Fig. 25, where the impedanZe (w) represents the
on the nonlinear behavior of the devices. It is also well knoweambedding network and includes the series parasitic regtstor
that a nonlinearity of theth degree generatesh-order mixing The equivalent two-tone excitation and the LO sighaland
products. As a consequence, electron devices showing nonkii, respectively, are given as
earity of thenth degree generateth-order mixing products
[33]. This relationship between the order of the nonlinearity and
order of the mixing products is an important factor in the mixer Is(t) =1Is [Sin (wp +w1)t +sin (wp + ws) t]
design. In particular, the use of devices having approximately  Vio (¢t) = Vp cos (wpt) . (10)
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The qualitative description of the power of the IM3 componen
and the conversion loss requires the calculation of the conve
sion matrixYj [33]

L1 L2

3 2 3 2 O i -1
b+ 3 dvs cVp 1 avi o . I
A 11
3 5 3 5 O 20 N ¢
1 avs cVp b+ 3 dvg RF L c2 L HITD2 I

The calculation of the IM3 component requires the evaluatio
of the third- and second-order components of the current sour
generatods. Once these current components are determined,
the linear conversion matrix analysis can be used to find thi§- 26. Single balanced mixer circuit topology.
voltage across and the current in the embedding impedance At

1”"—‘\,«.4\_/—'-"——' e—'-“—\_w—"ﬂl

Y;=| ¢Vp b+ng1% Ve | (A1) T

the IM3 frequency. The third-order currentife (w) is " /94//‘%
0
Ips=—-[1+Y,Zps) 'Is s (12) o ///
whereZ_ 3 is the diagonal matrix of the embedding impedance N I ol A I~
at the third-order mixing frequency. The power dissipated in the y)/v/“
embedding impedance at the IM3 component is -30 4
,/7’712=1UQ
P,173 = 0-5|IE;71,3|2 Re{ZE;,Lg}. (13) [dBm] 0 F/]
The tent at IM3 depend & ch - T 4
power content a epends upon fh& character A
istics of the diode. In other words, a low degree of nonlinearity -60 F/ /ﬂ }f
results in a small conversion matrix. Hence, there are few con 70 A4
tributions to the dissipated power in the embedding impedanc:
that is directly dominated by the third-order nonlinearity. A -8079 ?éz:wq
minimization of this parameter is possible, in principle, by ad- 904
justing theVpeak, Ipeak pair through semiconductor bandgap IP3314dBm 11P3=26dBm
engineering during the HITD development. It is also possible -1007%

-20 15 10 5 0 5 10 15 20 25 30

to observe that a reduction of the embedding impedance i Prf [dBm]

required to minimize the IM3 component. IM3 also depends
on the embedding impedance. Fig. 27. HITD-based balanced mixer output power. IM3 (square) and IF

In the particular case of an HITD-based single balancédangle) forLO = 1.8 GHz, RF1 = 1.823 GHz, RF2 = 1.835 GHz,

. . . . V— 4 Ji p— =4 — K 1 ? i
mixer, the ports of the quadrature directional coupler, Whlt%ﬁ = 25 MHz, IM3 =15 MHz, P = 5 dBm, as a function o#2, ranging

. . . rora 10 to 70, step 10.

are connected to the diodes; could be designed for a selecte
system impedance (not necessarily equal td23Gble to re- . L

Y np ( . Y €q . .LO ports maintain the 50 characteristic impedance of the
duce the intermodulation (IM) product. The same consideratign

o . System.

allows an estimation of the transducer conversion l@ss )(

i ) . ) . The LEDC design follows the formulas introduced in [30].
for the .HITD baseq mixer. From the corversion matrix (11) Eet 7, be the characteristic impedances at the RF and LO ports
is possible to obtain

andZ, be the characteristic impedance at the diode ports. The
1 matching problems between the LEDC and nonlinear elements
= 4 |Yj1,o|2Re{ZE (wrr)} Re{Zg (‘UIF)}. (14) are _solved considering gvalu(_a &% close to the regl part of

the impedance of the diode biasedlat= 0 V. The inductor
G¢ only depends on the second-degree nonlinearity and ih2 in the LEDC absorbs the residual capacitive part of the
creases a%e (w) reduces. A tradeoff between IM3 ad&- is  diode’s impedance. As highlighted in the above discussions,
required. the terminating impedancg, significantly affects the mixer
A lumped-element directional coupler (LEDC) implementegerformance.

using discrete inductors and capacitors is the preferred config-The nonlinear analysis of the single balanced mixer shown in
uration for RF frequency applications [30], [36]. As a conse~ig. 26, with Z, as simulation parameter, has been carried out
guence, the LEDC circuit is designed considering that the char-order to show the effects df; on performance. The HITD
acteristic impedance for two out of the four LEDC ports hasalanced mixer was simulated using the dc/RF diode model
a value that arises from the tradeoff between the IM3 leveliscussed in Section Il. The simulations (Fig. 27) confirm the
conversion loss, and RF/LO isolation. In particular, the diodetheoretical behavior, showing a significant reduction of the IM3
impedance at the bias point depends on the parasitic resistafmes| with reduction ofZ,. A weaker reduction is observed
reactive component, and characteristic around zero. The RF &mdG . Moreover, the simulations highlight the dependence

Ge
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Fig. 28. Prototype chip photograph of the single balanced mixer prototypéd- 29. IF power as a function of LO power at different RF power levels.

implemented by LEDC and HITD. quares: measured data, continuous curves: simulations.
of the conversion loss on the diode peak current. For different © 1IP3=17.5dBm
LO levels and at a fixedZ,, the curves exhibit maximums, 0 =
which move slightly toward higher current values, as the peak 0
current increases. An increase in the peak current correspond IFS25MHiz ﬁa’
to a proportional increase of the second-degree nonlinearity. -20 ﬁ
. . . . [dBm]
This results in a reduction of the conversion loss [32]. A _30(@
further increase results in a mismatch between the LEDC and |
HITD pair, which leads to the reduction of the LO and RF 40
power dissipated in the diode. -50 b
This explains qualitatively the origin of an optimum value of . /f
the peak current f_or a given LO level. The unavoidaple loss in ’ /’ IM3=15MHz
the LEDC circuit increases the conversion loss, while the re- -70 / e
duction of the diodes’ series parasitics contributes significantly 50 R
to a conversion-loss reduction. In the prototypes design, the 20 15 10 50 5 10 15 20

values of the LEDC circuit element have been calculated using Prf [dBm]

Z1 = 50 andZ2 = 35. The diodes used in the circuit real-Fig. 30. IF and IM3 output power foRF1 = 1.825 GHz, RF2 =
ization have shown very high current densities (50—60 kA/cri)335 GHz, LO = 1.8 GHz, 5 dBm. The calculated IIP3 is 17.5 dBm.
and peak-valley ratios between 10-15. The selected peak &ﬂu_ares: measured data, continuous curves: simulations.
rent is 1.8 mA and the LO level is 5 dBm. The entire design,
which makes use of the coplanar technology, has been carriedhe set of harmonic-balance simulations uses the
out using the Momentum tool available within the Agilent ADSmall-signal EM simulation for the LEDC description in
package. conjunction with the HITD nonlinear model. The linear re-
This approach allows careful design of the dimensions eponse, which is the main characteristic of the proposed mixer,
any element, and enables the consideration of any EM couplirggults in a high value for both the 1-dB compression point and
between different parts of the circuit, making further compaatput third-order intermodulation product (l1IP3) parameters.
arrangement possible (Fig. 28). A close investigation of tli&g. 30 reports the IF level as a function of the RF power for
mixer operation illustrates that the optimization of the linearitg 5-dBm LO. The 1-dB input power compression point of the
performance by adjusting, may lead to a mismatch betweermixer was 7 dBm.
the LEDC and HITD pair. This results in a signal reflection The IIP3 has been evaluated using two RF signals at 1.825
that reaches the input ports, reducing the LO to RF isolaticemd 1.835 GHz, respectively, and results in 17.5 dBm under the
This can be improved by implementing a 18®upler. The LO level of 5dBm (Fig. 30). This is a value typically obtained in
large-signal performance of the prototype has been tested ugiogble balanced diode mixers. The same graph also reports the
an LO frequency of 1.8 GHz and an RF frequency of 1.83 GHamulated data; which show an evaluation of the I1IP3 less than
with different levels of LO and RF power. Fig. 29 shows théhe actual value. This lack of accuracy could be an effect of the
mixer performance in terms of IF output power with respect imaccurate description of the odd-order nonlinearity due to the
the LO level depending upon different RF power. A value dlifferences in the HITD prototypes and to a series resistance
5 dBmis an acceptable tradeoff between the IF power, linearitypderestimation.
and LO level. The comparison with simulation shows a fairly In Fig. 31, second-order spurious rejection behavior of the
good match between curves f6kr = 5 and 10 dBm, while mixerfor 2RF+ 2LO withRF = 1.83 GHz andLO = 1.8 GHz
the accuracy of the simulation reduces for 0 dBm, particulariy reported as a function of the LO power for different RF levels.
for a low LO level. They appear to be more than 20 dB below the IF output level,
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Fig. 31. Spurious respong@; 2) as a function of LO power at different RF
power levelsRF = 1.83 GHz,LO = 1.8 GHz. Fig. 33. Schematic block diagram of a simple radiometer system.
0 . . . .
in the power-to-dc-voltage conversion that is directly related to
5 the behavior of the HITD’'dV characteristic aroundd = 0 V.
In general, a passive envelope detector can also be implemented
103 s using nontunneling diodes (e.g., a low-voltage Schottky diode).
g =ast R A In this case, the performance of the system decreases, while
LedB] . the complexity of the circuits increases. The block diagram in
Fig. 33 illustrates the simple architecture of such detectors im-
20 || %= 10 dBm LO plemented using the HITD. The RF power is collected by an
©0-0-0-8dBmLO % antenna, filtered by a narrow- or wide-band filter, amplified by
8885 5dBm LO . e . . .
25 a low-noise amplifier (LNA), and mixed with an LO in order to
obtain the requested dc output.
30
-20 -15 -10 -5 [¢] 5 10 15
RF [dBm] VI. CONCLUSIONS

Fig. 32. Conversion loss as a function of the RF power at different LO power The d_evelopment of TD-based de_wces for microwave ap_pI|—
levels.RF = 1.83 GHz,LO = 1.8 GHz. cations is fueled by the need for higher performance devices
that can enable new circuit functionalities. The QMMIC is not
at the same conditions for the LO and RF input powers, partic%c-mceived asa competing technology with respect to capable
larly in the case of the 5-dBm LO and 15-dBm RF; this spurio d well-established GaAs HBTs anq FETS, buta complemen.-
contribution is 40 dB lower than the respective IF level. Finall ary technology able to increase their performance. The possi-

the mixer conversion loss, shown in Fig. 32, is around 11 dB lr{“ty tp implement all the funqtlons that are n_ormally rgquwed
1IN a microwave transceiver using only HITDs is not envisioned.

the linear range. This performance, which is slightly higherthan , . ! .
the conversion loss of typical Schottky diode mixers, constituﬁens this paper, the methodology for the analysis and design of

. . ! a“number of building blocks like the frequency converter and
the main drawback of the proposed mixer and is due to the I?‘r’ée-runnin oscillators has been described. These circuits have
degree of nonlinearity presented by the HITDs. 9 : . ;
features that make them unique. The presented single balanced

mixer provides high linearity by using zero-bias TD devices.
This is of great importance in order to reduce the flicker noise

Another important applications of the HITDs in the fieldand the IM in low-IF system receivers. To the best of the authors’
of the frequency conversion are the passive envelope dete@@bwledge, the VCOs reported in this paper have the lowest re-
for atmospheric radiometry and millimeter-wave imagingorted power supply and fairly good phase noise. This solution
illustrated in [38]. allows their integration in all systems where the static energy

At the beginning of this section, HITDs have been referred provided to the system using unconventional ways such as a
to as enabling devices for such a system. Desired objectivest-antenna or solar cell. The efficiency and overall features are
like low power consumption, high sensitivity, low noise perforalso very attractive for low-power portable systems.
mance, low circuit complexity, high bandwidth, large dynamic Some challenges and limitation still face the research groups
range, and highly linear conversion from power to dc have bewrking in this area. First of all, it may not be possible
reached thanks to the features of the HITDs. In particular, tte implement all the standard building blocks involved in a
envelope detectors are based on the quasi-square law showeildnsceiver using QMMIC technology. For example LNAs,
the heterostructure single barrier tunneling (not resonant) digaewver amplifiers (PAs), and switches are hard to replace.

B. HITD-Based Mixer Envelope Detector
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However, it is important to note that QMMIC technology the solution for the current is given by growing ex-
can be used in conjunction with conventional MMIC building ponential functions. It can also be demonstrated that,
blocks. With the addition of a single epi stack and one mask if we include both a series resistance and a series in-
level, the wafer fabrication process for both QMMIC and ductor L,, the circuit is stable for higher values b6f
MMIC circuits can be simultaneously realized. It is possible than those obtained when only the inductance is added.
to monolithically integrate QMMIC and MMIC circuits on the However, when the circuit becomes unstable, the oscil-
same wafer. Therefore, from an RF design point-of-view, a lation frequency is not affected by the values of resis-
choice between QMMIC and MMIC technology does not have tance.

to be made. Designers can choose the technology (MMIC Ehse 3)Capacitance’ in parallel with the HITD.

QMMIC) best suited for a given building block and seamlessly If we add a capacitance in parallel with the tunneling
integrate it with other circuit blocks to realize highly integrated diode, we obtain a new equivalent circuit with

ICs.

The QMMIC building blocks can be used either for im- C:=Cy4+C. (A3)
proving the cost/effectiveness of conventional architectures,
following the so-called optimization approach, or for realizing If the HITFET itself is stable (i.e., conditions (A2) are
alternative and more effective architectures. This opens the verified for C = 0)), it can be demonstrated that sta-
door to a completely new approach: the “enabling technology bility conditions are not changed by the added capaci-
approach.” This approach improves the effectiveness of the tanceC.
systems taking advantage of the unique features of QMMI€ase 4)Capacitance” in parallel with the HFET.
technology, by introducing appropriate architectures whose In this case. we have
application is enabled by the features of that technology. An '
example of this is given in Section Ill; where a completely new Ci,=Cas+C. (A4)

ultra-low power RF-ID system architecture is enabled by the
use of a BDA. This is a new-concept circuit, which cannot be Depending on the value of the circuit parameters, the fol-
easily implemented by conventional technology, improves tit@wing three different cases have to be investigated.
operative range of RF-ID tags, and allows a drastic reducti@ase 1)
of the component’s count and, consequently, the cost.

Although a considerable research effort in this area is still Ry < {Ls/[Cd (Ras + Rs):| } (A5)
required to describe more circuit functionalities, to increase the
reliability, and to decrease the fabrication cost, it is believed that
the QMMIC is an emerging technology that can be exploited to
realize low-power communication products.

The circuit is nearly always unstable (see [23] for more
details).

Case 2)
APPENDIX
{LS/[cd(Rds + Rs)]} < Ry < [L./(CaR.)].  (AB)
Here, the effects on the short-circuit stability of an HITFET
due to the connection of an external lumped element to an The circuit is stable it is not increased beyond a crit-
HITFET are reported. Starting from the impedatif@) of the ical value (see [23]).
low-frequency equivalent circuit Case 3)
-1 -1
1 1
700 = R (—ro0s)+(taca) L/ (CaRs) (CaR)] < Ru. (a7
! @ (A1) The circuit is always stable.
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