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Abstract—The monolithic integration of tunneling diodes (TDs) voltage-controlled oscillators (VCOs) are required for portable
with other semiconductor devices such as high electron-mobility communication products. A second very important issue is
transistors (HEMTSs) or HBTS, creates novel quantum functional - 4t the phase noise characteristic of free-running oscillators
nonlinear devices and circuits with unique properties: the negative - -
differential resistance and the extremely low dc power consump- based on tunnel dewcgs reported. up to now are slightly Wor§e
tion. In this paper, we present a family of InP-HEMT-TD-based than those reported with conventional technology. Systematic
voltage-controlled oscillators operating in the 4-6-GHz band theoretical investigation of phase noise mechanism of negative
suitable for wireless applications, along with an effective analyt- differential resistance (NDR) devices and experimental data on
ical treatment of the stability issues. Prototypes having different tunnel diode VCOs incorporating a phase-locked loop (PLL)

circuit topologies of HEMT-TD devices have been designed and . LS ) :
fabricated. The circuits generated an output power in the range system are not yet available. Significant research effort in this

of —11 to —18 dBm when operated at a bias current of 1.75 mA field is expected in the coming years. This paper introduces
at 500 mV. Phase noise characteristics and tuning capability of the relevant issues related to the design of VCOs by the use

?he circuit conftigu_ration havef fsegfaﬂﬁxpefmﬁma”y _detefmi_ne?- of three-terminal NDR-devices for low-power applications
€ maximum tuning range o Z an € maximum single H : 7
sideband-to-carrier ?atio %f —97 dBc/Hz at 200 kHz have begen along .Wlth a.n experimental demonstratl(_)n of the technology
achieved. capability. It is demonstrated that the unique features of such

Inde_x _Term_s—Microwgve voltage-pontrolled oscillator (VC), tCrLZSTo\?Jeg?vt;(i:aes Sgl?:éi tgﬁ dre(;itlzlng\?vgrozzségsrsj?rl]sggrqcﬁtxv Ig]
monolithic microwave integrated circuit (IC), quantum-well . o ’ i
device. reasonable high efficiency and with a fairly good level of phase
noise. Due to excellent maximum operative frequencies as
previously reported, the three-terminal NDR device appears as
a suitable alternative to conventional implementation of ultra

HE increasing demand for smaller, faster, and low-powésw power signal source.
consumption systems has created a remarkable opportuThis paper is organized as follows. The description of the
nity for innovative semiconductor devices, integrated circuigguantum microwave monolithic integrated circuit (QMMIC)
(ICs), and wireless systems. One of the new technologishnology, which is the basis of the developments presented
capable of to meeting such requirement is based on the incoere, is given in Section Il. In Section Ill, an effective analytical
poration of quantum devices (QDs) in the circuits [1]. QD#eatment concerning the mechanism generating instability
like tunneling diodes (TDs) have demonstrated the potentiitd undesired or spurious oscillations on the basis of a
for highest speed—lowest power consumption operation. Séunple equivalent circuit model is discussed. The guidelines
eral microwave circuits using QDs have been demonstratdar the proper use of such devices in microwave oscillators
bidirectional amplifier [2], mixer [3], [4], frequency multiplier and other negative resistance circuits are also given. Finally,
[5], and oscillator [6]. A fundamental building block thatin Section IV, the microwave performance of two different
has received high consideration since the earliest microwdegologies of ultralow-power VCOs is reported. The VCOs
system development is the sinewave oscillator. Solid-stagensisted of an InP heterojunction interband tunneling diode
three-terminal device-based oscillators were not optimized atdiTD) monolithically integrated with an HEMT forming the
tunnel diode oscillators represented a good choice. Howewveeterojunction interband FET (HITFET). In particular, the two
these circuits are not quite suitable for wireless produc¥CO prototypes were implemented by using the same HITFET
due to their high power consumption and large physicil common-drain and in common-source configurations. The
size. On the contrary, low-power consumption monolithiexperimental results are compared with respect to the tuning
capability, the output power, and the phase noise.

. INTRODUCTION
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realized in many different material systems. The basic device
characteristics of all of them, however, are similar. HITDs allow
the highest peak—valley current ratio and an excellent cut-off - , .

. Flg. 1. |-V characteristic of the HITFET, = 0 to —8 V in steps of 100 mV.
frequency and HFET on lattice-matched structure on InP offer

high-frequency operation at low voltages. 8 55

Vds [V]

The semiconductor layer structure of the HITD and HEM? 1 e R ey ““*j:
which give rise to the QMMIC technology adopted here it "} /v'* oo PP g )
shown in Table I. It is grown by the MBE technique anc ef\ - ,9/—8”’:' jo
wafers are selectively etched to obtain the two devices. Th@ s-_ I
can be realized in an integrated version, realizing the HIT )\\ e . iy»v/""y S
directly on the drain contact of the HEMT obtaining a vertica 4 /}” \& el /;/»—V’*‘“"/ v &
monolithically integrated transistor like the one in [6]-[9]. 3_’ T e 75
Although in principle the HITD can be placed directly on eithe
the gate or the source electrodes, these solutions give a diffic e I L Y

-05 04 -03 -02 -01 00 041 0.2 0.3 04 05

Vg [V]

control of thel-V characteristic, making them not suitable for
practical circuit applications and will not be considered furthe
The solution adopted in this work consists of interconnectin
the o evices, 1. he HITD and the HEMT, as it s corl9,Z, DIam HTFET s efectoncosticentassee omne sourcetemna,
ventionally made for two or more elements of the same circuitiangle) configuration at 6. 2 GHA; =500 mV, as a function of the gate
The result is a novel NDR device having three terminals callg@ntrol voltages.
HITFET. The third terminal is used as gate control [6]. The inte-
gration of the HITD in series to the drain electrode realizes thgnch-off voltage due to the increase in drain-source resistance
drain-HITFET. Without any further specification, in this papeof the HEMT that is in series with the HITD. The HEMT also
the HITFET’s drain voltage is defined as the voltage applied totroduces reactive components that modify the self-resonant
the anode of the HITD, while its cathode is connected to tHieequency slightly. At the gate bias voltage¥ofy = —0.8 V,
drain of the HFET. the characteristic becomes strongly discontinuous and the NDR
The HEMTSs used in this study operated at/ah, of about vanishes completely. The increasing value of the drain-source
200 mA/mm atV,, = 2.0 V. They achieved cut-off frequen- resistance associated with the HEMT device, which is in series
cies in the range of 70 GHz. The HITDs have shown very highith the HITD, moves the onset of the HITFET NDR region
current densities (50-60 KAm?) and peak-to-valley ratios be-to a higher drain voltage. The overall effect is a reduction
tween 10 and 15 [7]. Analysis of microwave performance shows$ the peak—valley voltage range. As the NDR voltage range
a maximum frequency of oscillation to be around 60 GHz fatecreases, the negative differential resistance approaches zero
a 2.5x 2.5 um? diode. Since the HITFET operates as a threeand the HITFET is no longer functional.
terminal voltage-controlled NDR, the maximum operative fre- In Fig. 2, the dependence of reflection coefficidntof
quency is not related to the power gain but to the NDR cut-othe drain-HITFET as seen from the source terminal, i.e., in
The devices used in the design of the prototype circuits exhiltleBmmon-drain configuration, and from the drain terminal, i.e.,
ited a maximum frequency of about 30 GHz at the bias point of common-source configuration, is plotted as a function of the
Vd =500 mVandVg =0V. gate control voltages. The measurBds greater than 1 due
The current—voltage characteristics of a drain-HITFET i® the NDR associated with the diode. The two configurations
shown in Fig. 1. The bias voltage spans from 0 to 1 V whilexhibit a slight difference in the magnitude of roughly 1 dB,
the gate control voltage spans from 0-t®.8 V (at steps of and this is due to the effect of the HEMT capacitance between
100 mV). The shift of the NDR region toward higher drain biathe gate and source which is responsible for a signal leakage
voltage is observed as the gate bias magnitude is increagbdt is more effective in the common-drain configuration. In
For gate voltages close to 0 V, an increase in the magnituidet, it is possible to tailor the size of the HITD or, equivalently,
of the NDR region is also observed. This results in a cut-af increase the peak current by increasing the doping profile
frequency decrease as the gate bias changes from 0 V tm arder to reduce the NDR magnitude. A higher valuel'of
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could be achieved at the expense of an increased parasitic | ! <
junction capacitance and reduced cut-off frequency. A proper : ! $
choice of the NDR is necessary to meet the requirement of ! | HITFET
high-frequency operation and a high value that provides ! HFET | [ Rd Cd
enough margins to satisfy the oscillation condition. The phase gafe [ | § =
swing of " depends mainly on the variation in the drain-source | :
to channel capacitance. The effect due to the HITD junction Lo :
capacitor is minimal since it is an order of magnitude lower.
source Rds Cds
b et
lll. ANALYTICAL TREATMENT OF THEHITFET STABILITY 4
The HITFET-based VCOs are implemented by introducing source
a lumped element resonator in the two possible configurations: @) (b)

common-source (CS) or common-drain (CD). The schematigg. 5. (a) Schematic representation of the HITFET. (b) Equivalent circuit
of the two Conﬁgurations are shown in F|gs 3 and 4, respéaod(-ﬂ adopted for the analytical treatment of the stability.
tively. In both, the topologies the HITFET is tuned by an ex-

ternal control voltagd”_T', while a simpleL.C resonator fixes sponding drain current was 1.7 mA. The complete model pa-
the oscillation frequency. o _rameters arek, = 6.4 Q, L, = 0.187 nH, Ry, = 17.3 €,
The insertion of externalimpedance in series to a tunnel diogde _ () o pF, R, = 190 ©, andC, = 0.11 pF. In the Laplace
faces a number of problems in terms of low frequency and sh@gmain, the voltage-Kirchoff law of the circuit in Fig. 5(b) is
circuit stability [10], [11], which are discussed below with thq/d(s) = Zu(s) - I4(s). The HITFET is short-circuit stable if
help of a simple but effective analytical treatment. For this pughe impedanceZ (s) has no zeros in the right half of the

pose, the drain-HITFET represented in Fig. 5(a) is modeled ggne. After mathematic manipulation, the impedance can be
shown in Fig. 5(b). The model has been derived under the @pressed as

sumption that the HEMT within the HITFET, as the effect of

the series connection with the HITD, is biased at a drain-source

voltage of a few tens of millivolts; this makes the transconduc- Zy(s) = (—LsR4CqR45sCys)
tance negligible with respect to the HEMT output conductance.
The drain-gate and_gate—_sourc_e capacitances are also neglev(\:/}?éjreD(s) = (1 = RuCus) (1 + RaCuss). It tums out that
because they are in series with a @Kate resistance. Thethe stability condition can now be imposed di(s) which can
HITDs used in the circuit had an area of X2.5 um and the be written >i/n the form P

HEMT had two gate fingers of 2@m unit width. The oper-

ating bias voltages wer€ég = 0 VandVd = 0.5V for the

gate and the drain of the HITFET, respectively, and the corre- N(s)=s4ay-5>+ a1 -5+ ao. )

N(s
D(s)

~—

1)
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'I_'he polynomial coefficients; are evaluated by_the inherent L=18nH ' L=15nH
time-constants and the self-resonance frequencies ofthedev 20—
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From the analysis of (2), it is possible to write the necessary and eax

LOG |
10
dB/

sufficient conditions for the HITFET short-circuit asymptotical
stability as

as >0

a] — @ >0
a2
ag >0. (5)

SPAN 12.80 GHz
S

CENTER
#R WP 256 msec

VBW 3090 kHz

Once the equivalent circuit parameters are evaluated, (5) deter-
mines whether the stability of a particular device is critical qr.

. . . . .7. E le of low-f table VCO output spect
not. The conditions in (5) are also useful if we want to investi-* xample oriowrirequency unstable output spectrum
gate the stability issues with respect to variations of the equiva- o
lent circuit parameters or when a particular network is added8SeL = 1 nH demonstrates the accuracy of the analysis, since

Fig. 7 reports the typical spectrum that arises from a low-
A. Effect of Series Inductor frequency unstable HITFET if a resonator at the frequency of

- L o 6 GHz is connected to the device with the objective to obtain
In circuits of practical interest, it is significant to assess the _. N . .
single-tone generation: the intermodulation and the frequency

mfluence of aseres choke mdgctor that_ls normally required ift of the main spectral content are the results of a described
bias the device. It can be easily taken into account by subst

. S ) fect.
tuting L, with L, = Ly + L in the above treatment, whefe
is the additional series inductor. In a state-of-the-art InGaAé- . :
. . Effect of a Series Resistor
InAlAs HITFET, the capacitors”; and Cys have very close ) ) o
values; moreovef?, for a well-designed device has to be much This case represents the practical situation of an uncer-
higher thanR,, and R, therefore the following further condi- f@in ohmic loss evaluation or the presence of a resistive load ter-

tions are usually fulfilled: mination. Equivalently to the previous cask; is replaced
with R, = R, + R;, where R; represents the additional
RyCyq — RysCys > 0; Ry > Rs + Rys. (6) resistance in the network. If the first condition of (6) is verified,

the insertion of the series resistance increases hegtland
In the hypothesis that the HITFET itself (i.e., with = 0) «a; while decreasingi,. The circuit is then stable untibg
is short-circuit stable, only the second condition of (5) can l@ecomes negative; this occurs whgn > R; — Rgs — Rs;
changed by the presence of an additional series inductor. Thethe devices under consideration, this value is Q6 This
critical value ofL, is given by that equation: if. is further in- condition leads to a growing exponential functions solution for
creased, the circuit becomes unstable and the frequency of @ime-domain device current, which is a kind of instability like
cillation decreases for increasing values/ofThe calculation, the one discussed in [10] and [11]. Fig. 8 shows the transient
comprising a load termination of 80, leads to a critical value simulation of the output signal with a series resistance of
of . = 1.39 nH. The output spectrums obtained through trari-80 2. The waveform is the periodic repetition of a growing
sient CAD simulations with different values &f. are reported exponential limited by the extent of the NDR region. The
in Fig. 6. The simulations make use of previously developddndamental frequency is 133 MHz and its spectrum content is
nonlinear models of the HITD and HEMT [3]-[7]. The addi-broadly spread over a large frequency range. In conclusion, if
tional series inductor values were, respectivély-1, 1.3, 1.5, the resistive termination is not designed in accordance with the
and 1.8 nH. The absence of a significant spectral content in tiscussed guidelines, the resulting VCO can show this behavior
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superimposed to the sinusoidal oscillation, and the overall
effect is a strong degradation of the phase noise performan,ge_. 9. Chip photograph of the common-source HITFET-based VCO
In addition, the NDR region is decreased with the insertion gi’gtotype N ’
a series resistoR;; eventually it completely vanishes with an

increasing value of?;. This limits the maximum value aR;. configuration. The photo of the prototype “A” fabricated chip is

It can also be demonstrated that, if both a series reS|stBnceshown in Fig. 9. The overall chip size is around 46850 um?.

and series inductak, are introduced, the circuit is more stable The design method adopted is the well-known technique

forreshelzi?el;u\:a\:\lljheesncifrfec g::?ﬂit\'g;grﬁggJ::Set;g?eufﬁzngscmgicommonly used for reflection oscillators. The HITFET is
fpre en,c is not affected by the resistaree hsidered to be the negative resistance element, which must
quency y ! resonate with a proper load to obtain the oscillation. To achieve
; this, the reflection coefficientI{:“) of the LC resonator and
C. Effect of a Parallel Capacitance With the HITD T o
_ P _ _ _ reflection coefficient [™TFET) of the HITFET must obey the
This case represents the incorrect evaluation of the dioggyation

junction capacitance. Adding a parasitic contributidp, we

obtainC,; = C4 + C,. In this case, the stability is critical only PHITFET  pLC _ )

for very low values of(:‘d, therefore if the HITFET itself is

stable (i.e., the conditions of (5) are verified 6, = 0), it ~All the prototypes are biased at 500 mV through the HITD's

can be demonstrated that stability conditions are not changétpde while the tuning potential is applied to the HEMT's

by C,. The most relevant effect associated with this case isgate through a 1-R resistor. The current drawn by the circuit

reduction of the diode negative resistance cut-off frequency. at the drain for a bias voltage of 500 mV and for a control
voltage in the range from-0.5 to 0.5 V is in the range of 1.7

D. Effect of a Parallel Capacitance With the HEMT to 1.85 mA, with a corresponding dc power consumption of

As in the previous case, this case considers an incorrect e&f0Ut 850uW. This value, to the best of our knowledge, is the

mation of the drain-source capacitance; moreover, it gives alS¥/eSt dc power consumption for a MMIC VCO operating in

a guideline for the correct choice of the HEMT size. IntrotiS frequency range. This feature enables applications in the
ducing Cys = Cyu. + C, and supposing that the condition'62 of RF-TAG for ID or distributed remote sensor networks

Ra > Rus + R, is always true, it is possible to identify threeWhere the low power consumption and the low data rate are

different situations on the basis of the valugiof DefiningC,,  common required features. Moreover, the extremely low-power
andC.. as the zeros of, — (ao/a2) = 0, we obtain the fol- supply makes this teqhnology mterestl_ng for batte_ry—_less
lowing situations. solar cell powered equipments. The_ tuning c_hara_\cterlstlc of
1) Ry < (L+/Cq(Ras + R.)): the circuit is stable only if the free-runnlng VCQ prototype “A” is shown in Fl_g. 1Q for
there are real zeros far — (ap/as) = 0 andC.y < a wide range of tumng voltage. A frequency swing in the
Con < Cly. 6.1-6.2-GHz range with a nearly constant power level has
2) (Ls/Ca(Ras + R,)) < Ry < (L,/C4R,): the circuit is been observed. The graph shows a range betwed and
stable only ifCyy, < C.», beingCuy < 0. —-0.1Vin WhICh the frequency chang_es sharpl_y. This is due
3) (L./CuR,) < Ry: the circuit is always stable to the com_bmed ef_fe_cts of the parabolic shape in the phase of
s s ’ ' the reflection coefficient and the presence of the lump€&d
resonator. For a higher level of tuning voltage, the reflection
IV. HITFET-BASED VCO: EXPERIMENTAL RESULTS coefficient has a linear behavior in magnitude and phase, and
Three prototypes of HITFET-based VCOs have been diis produces a linear frequency swing, as shown in Fig. 10.
signed in accordance with the guidelines discussed above. T resulting tuning range is 150 MHz. The power output is
prototype “A” is implemented in the common-drain configuabout—16 dBm, which leads to an efficiency of around 3%.
ration and the prototypes “B” and “C” in the common-sourcgor this calculation, the losses of the measurement test-set
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Fig. 13. Output spectrum of the prototype “B”: the SSCR-i87 dBc/Hz at
Fig. 11. Output spectrum of the prototype “A”: SSCR4405 dBc/Hz at 5 230 kHz.
MHz.

than in the CS-VCO since tHeC resonator inserted directly in

were deembedded. A relatively constant value of the outphie gate—source network. However, this has an important draw-
power is a direct consequence of th&/ characteristic of the back: the increase of the phase noise. In fact, the output signal
HITFET. The effect of the tuning on the bias drain currennhodulates the gate—source capacitance and in turn modifies the
is small, limited to few tens of microamperes. The powenstantaneous oscillation frequency. The adoption of a CS-VCO
level and consequently the efficiency could be improved kaflows decoupling the output signal from the control voltage
choosing a larger ac-coupling capacit@t. This option may to obtain a better phase noise as experimentally demonstrated
make (7) more stringent and could reduce the tuning randpy. the output spectrum reported in Fig. 13. At 230-kHz offset
The phase noise performance of the oscillator was estimafeain the center frequency, an SSCR-e87 dB¢/Hz was ob-
from spectrum analyzer measurements (see Fig. 11). At 5-MEned. Prototype “C: has drC resonator with a higher value
offset from the center frequency, a single-sideband-to-carrigt inductance than prototypes “B,” making the operative fre-
ratio (SSCR) of-105 dB¢/Hz was obtained. A study at systenquency lower, namely, 4.62 GHz.The remaining part of the cir-
level has shown that, for microwave data links which adoptauit is the same. The performance in terms of tuning range and
GFSK modulation with &7 = 0.5 and a modulation index of output power is similar to that of prototype “B” (see Fig. 14).
0.3, the measured phase noise enables a bit error rate (BERJloé main difference consists of higher output power of about
103, assuming a carrier-to-noise ratio at the receiver input efL1 dBm, which gives an efficiency of 9.3%. This latter param-
24 dB. The phase noise can be improved if the VCO is inserteter is supposed to be related to the lower operative frequency
in a PLL system. and to the lack of a design optimization for all the prototypes.

Prototype “B” operates at 6.37 GHz with a much more reéAlso, in this case, the improved phase noise figure is confirmed
duced tuning range, on the order of 2 MHz, and similar outpby the output spectrum measurement reported in Fig. 15. At a
power with respect to prototype “A.” The tuning characteristicenter frequency of 4.6255 GHz, it exhibits an output level of
is shown in Fig. 12. The reduced tuning range may be explained 0.5 dBm and produces an SSCR-7 dBc¢/Hz at an offset
by observing the topology of the two VCOs. The tuning contrdtequency of 200 kHz. At this point, a comparison with the prior
in the CD- and CS-VCO is obtained mainly by the interactioart and different technologies can be conveniently made. Fig. 16
between the HEMT source-to-gate capacitance and@es- sketches the comparison of the VCO performances presented in
onator. In the CD-VCO, this interaction is much more effectivihis work with the ones reported in literature for both Si and
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l1-V semiconductor technologies. The figure of merit (FOM) [5]

adopted for the comparison is the widely used

FOM = <@>2 __ (8)

The VCOs presented in this work rank in a very high posi- []
tion although the designs have been optimized neither for phase
noise nor for output power. The circuits take advantage of the
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extremely low power supply and satisfactory phase noise. The
circuit in [24] adopted a sophisticated synchronization scheme
while the one in [25] employed SiGe BiCMOS technology and
a PLL at 6 GHz to obtain an out-band phase noise value of
—110 dBmyHz at 1 MHz. The VCO in [22] used an original
configuration derived from the class-E amplifier and was opti-
mized for low-power supply applications. All the VCOs consid-
ered for this comparison operated with dc power consumption
at least ten times higher than the prototypes presented in this
work.

V. CONCLUSION

A MMIC InP-HEMT\HITD-based VCO circuits operating
in the 4-6-GHz bands has been presented. An effective anal-
éSiS treatment to determine low-frequency stability conditions

nd range of useful operations of drain-HITFET VCOs are dis-
cussed. Three prototypes implemented in common-source and
common-drain configurations have been fabricated and tested.
The two 6-GHz VCOs demonstrated an output power ranging
from —15to—18 dBm with SSCRs of 105 dB¢/Hz at an offset
frequency of 5 MHz and-97 dB¢/Hz at an offset frequency of
230 kHz for the common—drain and the common-source con-
figurations, respectively. The 4-GHz VCO exhibited an output
power of—11 dBm and an SSCR 6f98 dB¢/Hz at 200 KHz
away from the center frequency. The VCOs exhibited very good
phase noise characteristics and tuning capability. The unique
feature of the circuits is the ability to operate at very low supply
voltage. The dc power consumption of the circuits was only
about 850uW. This feature makes the prototypes suitable for
RF-TAG as well as for an ID beacon or as a signal source for
data links for remote sensor networks where the low-power con-
sumption and extremely low voltages are essential requisites.
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