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Abstract—This paper reports on the excellent performance high in field-effect transistors (FET's) and HEMT's, which
of ‘j’"-band moél?j'_lthlc high e'eﬁtfqn-mﬁblllty transistor (('j"EMTb)_ have been used in conventional oscillators. From the viewpoint
oscillators, and discusses oscillation characteristics on drain bias. 3 ; ) ;

With regard to output characteristics, double-hetero (DH) HEMT of th”e low fl;equency EOISe‘ HE:)Tl'T‘(are pr(;aferable dec\illces flor
(especially with a high-density Si-planar doped layer) are su- oscillators because they are_ _u -type devices an ,are ess
perior to single-hetero (SH) HEMT’s. A monolithic microwave affected by the surface conditions. However, HEMT’s have
integrated circuit (MMIC) oscillator has been developed with a superior high-frequency performance compared to HBT's
planar doped DH HEMT and has achieved the peak output power \yhich indicates that monolithic HEMT oscillators are more

of 11.1 dBm at a 55.9-GHz oscillation frequency. Phase noise _ . . - o .
of —85 dBc/Hz at 100-kHz offset and—103 dBc/Hz at 1-MHz suited for multifunction applications when integrated on

offset have been achieved at a drain voltage of 5.5 V and a gate@ Single F:hip. In addition_: Zhangzt al. reported that the
voltage of 0 V. These characteristics have been achieved withoutphase noise of HEMT oscillators is superior to that of HBT
any buffer amplifiers or dielectric resonators. This study has oscillators because the up-conversion factor of HBT oscillators
revealed that the phase noise decreases as drain voltage increase$e much larger than that of HEMT oscillators, even though the

This phenomenon is caused by lower pushing figure and lower . . .
noise level at a low-frequency range obtained under a high drain low-frequency noise of HBT's is substantially lower [4].

voltage. Itis because the depletion layer in the channel is extended ~Many ways to improve oscillator phase noise have been pro-
to the drain electrode with increase of drain voltage, resulting in posed. There have been several successful developments using

the small fluctuation of the gate-to-source capacitance. We also djelectric resonators assembled on monolithic microwave in-

investigate low-frequency noise spectra of AlGaAs/InGaAs/GaAs tegrated circuits (MMIC’s) or off-chip [5], [6]. The problem
DH HEMT's with different bias conditions. The low-frequency . 9 . . e p_ P p_ .
noise decreases for more than 3 V of the drain voltage. A unique " these oscillators is the difficulty in placing a dielectric

mechanism is proposed to explain this phase noise reduction at resonator in plane. Phase-locked oscillators (PLO’s) have good
high drain voltage. phase-noise performances near carrier frequencies. However,
Index Terms—Drain bias, HEMT, MMIC's, phase noise. PLO’s need several integrated circuits (IC’s) like divider IC’s,
thus, these oscillators become big and manufacturing costs
are relatively high. Fundamental monolithic oscillators are
|. INTRODUCTION preferred for one of solutions to smaller size and lower cost.
SCILLATORS are key components for microwave Meanwhile, the mechanisms that generate the phase noise
and millimeter-wave communication systems requiringf the oscillators have been investigated by many researchers.
low phase-noise characteristics as well as high outpMigjor factors that decide phase-noise performance are a push-
power. Recently, demand for millimeter-wave communicatiang figure and an up-conversion factor [4], [7]-[13]. There
systems is increasing, along with development of millimetehave been many papers published regarding up-conversion
wave local area networks (LAN’s), collision-avoidancef the low-frequency noise due to nonlinearity. Verdir
radar, etc. [1]-[3]. Fundamental oscillators are preferredl. investigated dependence of the up-conversion factors on
for such systems because they are of a small-size ag@te—source voltage [7]. Although these researchers suggest
are less costly. Metal-semiconductor field-effect transistoyery important points, there are few reports among them on
(MESFET's), High electron-mobility transistors (HEMT's),the dependence of the phase noise on drain biases.
and heterojunction bipolar transistors (HBT’s) are widely In this paper, a comparison of the oscillation performance of
used as active devices for microwave and millimeter-wa@veral GaAs pseudomorphic high electron-mobility transistor
applications. However, the low-frequency noise is relativeipHEMT) based oscillators are performed Wtband. As a
result, excellent performances are obtained in the oscilla-
Manuscript received October 29, 1997; revised February 23, 1998.  tors using AlGaAs/InGaAs double-hetero (DH) pHEMT's.
The authors are with the High Frequency and Optical SemiconducRfeasured phase-noise performance is comparable with InP
Division, Mitsubishi Electric Corporation, Itami, Hyogo 664, Japan (e—malIHB.I._based monolithic oscillators. A phenomena in which
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In addition, we discuss the relation between the intrinsic 0 R A D
HEMT device physics and their phase-noise performance, then -1.5 -1 -0.5 0 0.5
propose a unique mechanism of the reduction in the phase Gate to source voltage (V)

noise at a high drain bias. (b)

Fig. 2. (a) Dependence of the drain current on the gate-to-source voltage
Il. DEVICE FABRICATION AND CHARACTERISTICS when biased at a drain voltage of 5 V. (b) Dependence of the transconductance

Fig. 1 shows a cross-sectional view of an AIGaAs/InGaA°§‘ the gate-to-source voltage when biased at a drain voltage of 5 V.
pHEMT employed in the monolithic oscillators. There are
three different kind of HEMT’s fabricated: two DH HEMT'’s tance among the three types of HEMT'’s, but sensitivity to the
and a single-hetero (SH) HEMT. The DH HEMT'’s havejate bias is large. In the case of the DH HEMT's, the sensitiv-
double Si-planar doped layers in an AlGaAs and a GaAs lay#y. of the transconductance to the gate bias is fairly small and it
The double Si-planar doped layers in the GaAs layers have tRgelatively high over the entire gate bias range. The maximum
same carrier density of & 102 cm~2. However, the densities value for the SH HEMT is 650 mS/mm. The maximum
in the AlGaAs layers are different; one i$510*2 cm™2, the transconductance of the DH HEMT with the higher density
other is 3x 102 cm~2. The SH HEMT has a Si-planar dopedplanar doped layer is 500 mS and that of the DH HEMT with
layer with a sheet carrier density of $ 10'2 cm~2 in the the lower density planar doped layer is 425 mS/mm. The DH
AlGaAs layer. Table | summarizes the carrier densities. TH#EMT with the higher density planar doped layer exhibits a
gate length and width are 0.2 and ®n, respectively. The gate—drain break down voltage of 9 V under the condition
gate electrode is defined by a photo/electron beam (EB) hybfitithe gate leak current of 0.1 mA/mm. The lower density
exposure system with double-layer resist layers [14]. ThHREMT has a gate—drain breakdown voltage of 11 V and the
process has excellent wafer throughput because it utilize$Sd HEMT exhibits a gate—drain breakdown voltage of 8 V.
step-and-repeat exposure procedure instead of EB lithography
in fabricating the wide head of the T-shaped gate structure. [ll. DESIGN OF OSCILLATORS

Fig. 2 shows the dependence of the drain current and thq:ig_ 3 shows a circuit diagram of &-band monolithic

transconductance on gate voltage. The DH HEMT with thesgijjator. The circuit configuration of the oscillator is a series

higher density has a higher maximum drain currehf.(),  feedback type with source inductors constructed by microstrip
while the lower doped DH HEMT has almost the same drajphes 1. andI'; shown in Fig. 3 are defined as [15]

current capability as the SH HEMT. The pinchoff voltage of
the DH HEMTSs is about-1.4 V and that of the SH HEMT is

1
| Il > || )
about—0.8 V. The SH HEMT has the maximum transconduc- d
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Fig. 3. Circuit diagram of the monolithic oscillator.

Fig. 4. Microphotograph of the fabricated monolithic oscillator.

TABLE I
PARAMETERS OF ADH HEMT
— POWER
POWERMETER SENSOR
Boonton
Parameters Parameters 4220
R [ohm] 15 Y 0.18 SPECTRUM [
ANALYZER
. Tektronix
R4 [ohm] 2.3 Voi [V 0.53 Model2784 10 :|
10dB

Voo [V] 053 DIRECTIONAL
R, [oh 2 0
glohm] 3 P SINGLE-ENDED COUPLER

MIXER
R;[ohm]  2.65 Cgso [PF1  0.095
of-] 9.1 ngO [pF1  0.02 %
I [nA} 205 T [pS] 0.57 FULLBAND
ISOLATOR
1 mA 10.2 PROBE-HEAD
dss [MA] (COAX) '_—%]
MMIC
Oscillator C
1 WG/COAX ADAPTER
Ang(l'in) = Ang(r—d) (2) Fig. 5. Measurement setup f&f-band oscillator.

The resonance circuit consists of a microstrip line and a 15
metal-insulator-metal (MIM) capacitor. A quarter-wavelength
high-impedance line is used for a gate bias circuit. In addition,
an RC circuit is incorporated as a filter in order to avoid
undesirable low-frequency oscillator. The gatewidth of the
HEMT is 80 xm. A small-signal circuit simulation is per-
formed in order to examine the condition for oscillation. Cold
modeling is applied to obtain the small-signal parameters of
the HEMT [16], and the Materka—Kacprzak model is used as
a large-signal model of the HEMT. Device parameters used in
designing are shown in Table II.

Fig. 4 shows a microphotograph of a fabricated monolithic
oscillator. The chip size if 1.3 mm 1.4 mm and the substrate
thickness is 10:m. MIM capacitors adopt an SiN passivated Drain voltage (V)
layer of a thickness of 1508. The passivated layer of therig. 6. Dependence of the measured output power performance on the drain
HEMT is as thin as 100@ to reduce the effect of parasitic voltage. The gate bias is 0 V.
elements.
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reading from the spectrum analyzer. Fig. 6 shows the depen-

dence of the output power of each HEMT oscillator on the
Fig. 5 shows a measurement setup for measurementdodin voltage. The range of the drain voltage is 3-5 V. The

fabricated oscillators. Phase-noise values are obtained by dimmatput power of the DH HEMT oscillator is superior to that of

IV. OSCILLATOR CHARACTERISTICS OFHEMT'S
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the SH HEMT: much more than 6 dB over the drain voltage . 100kHz offset 3
from 3 to 5 V. The maximum output power of the DH HEMT & —° F E
oscillator with the higher density Si-planar doped layer is 12.4 S 70 F ]
dBm at a drain voltage of 5 V. The output power of the low- %, . 3
density DH HEMT oscillator is 0.5-1.0 dB lower than that of @ -80 | -
the higher density DH HEMT oscillator. g s 1MHz offset ]

voltage. For both offset frequencies, phase-noise shift versus s
drain voltage of the SH HEMT oscillator exhibits the similar EPTe ) T B P PN B I
curve of the output power. The phase-noise levels are achieved .03 -025 -02 -0.i5 -01 -005 O 0.05

as—80 dBc/Hz at 100-kHz offset and101 dBc/Hz at 1-MHz
offset, both at a drain voltage of 4.5 V, which is the same bias
point as the one when maximum output power is obtaineidy. 9. Measured phase-noise performance at drain voltages of 4 and 5.5 V.
The phase noise of the SH HEMT oscillator decreases as the

drain bias increases. However, the phase noise increasesther hand, the output power at a drain voltage of 4 Vis 1 dB
drain voltage of more than 4.5 V, while the output powedower than that of the one at the drain voltage of 5.5 V. Fig. 9
decreases. The phase noise of the high-density DH HEMMows the phase noise performance at 100-kHz offset and 1-
oscillator is—72 dBc/Hz at 100-kHz offset and102 dBc/Hz MHz offset. Phase noise is improved more than 10 dB at the
at 1-MHz offset, both at a drain voltage of 5 V. In the highhigher drain voltage (5.5 V). The phase noise is also improved
density DH HEMT oscillator, the drain bias versus phase-noiss the gate bias becomes positive. This corresponds with the
performance is not conspicuous compared with the other typgeenomenon in which the pushing figure becomes small as
of HEMT materials. The phase noise of the lower doped Dthe drain voltage increases. Fig. 10 shows the dependence of
HEMT oscillator is improved as the drain bias increases. Thige oscillation frequency on the gate bias (pushing figure).
phase noise 0f~82 dBc/Hz at 100-kHz offset and-101 The pushing figure becomes smaller at higher drain bias; 20
dBc/Hz at 1-MHz offset has been achieved when biased MHz/V at a gate bias of 0 V and a drain bias of 5.5 V.

Gate-to-source voltage (V)

a drain bias voltage of 5 V. An oscillation spectrum is shown in Fig. 11 for the same
bias voltage. A good spectrum is obtained. This output power
V. OSCILLATION PERFORMANCE AT HIGH DRAIN BIAS provides the best performance among the oscillators without

The measured data indicated in Fig. 7 suggest that {RRY Puffer amplifiers around’-band [17]. In addition, the
oscillators exhibit better noise characteristics at higher drai@se noise is comparable with that of HBT-based oscillators

voltage. We carried out a comparison of the characteri[él—s] and oscillators with dielectric resonators [5], [19], [20].
tics (output power, phase noise, and pushing figure) of the

oscillator with the lower doped DH HEMT oscillator. The VI. FACTORS OF PHASE-NOISE REDUCTION

dependence of the output power on the gate—source voltage is AT HIGH DRAIN BIAS

shown in Fig. 8 at a drain voltages of 4 and 5.5 V. Output There are several reports that the phase noise is minimized
power of more than 11 dBm has been obtained over the gateder a certain gate bias. The pushing figure is related to the
bias from 0 to—0.25 V at a drain voltage of 5.5 V. On thephase noise, but the phase noise does not become minimum
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even if the pushing figure becomes minimum. Verdieml. (b)
reported that they introduced the distributed effects of morgy. 13. Dependence of the extracted parameters on the drain voltage. (a)
than two noise sources and considered correlation betwégte capacitance. (b) Transconductance.
them to explain this phenomenon [7]. They report dependence
on gate voltage, but there has been no report on the dependence . .
on drain bias. In this section, the dependence of phase noragWs the gate-to-source capacitance and the gate-to-drain
on the drain bias is investigated. capamt_ance_z _e>_<tracted from the_mgaSLﬁqnhrameters. During
extraction, initial values of extrinsic parameters are calculated

using S-parameters measured under the cold bias state and
initial values of intrinsic parameters are extracted from the

The depletion layer under the gate electrode is extendemasuredS-parameters under the hot bias state (operating
to the drain electrode, as shown in Fig. 12. The shape bi@s point). Then, the initial values are fitted to the measured
changed by the drain voltage. The drain voltages that gieparameters. The calculated data show that the gate-to-
the depletion layerA and B are defined asvD(A) and source capacitance increases as the drain voltage increases.
VD(B), respectively. The voltage df D(A) is smaller than This increase of the gate-to-source capacitance means that the
that of V.D(B). The depletion layer near the source electrod#epletion layer is extended to the drain electrode. In Fig. 10,
is thinner wherd D(B) even at the same gate bias because titeis shown that pushing figure at a drain voltage of 5.5 V
depletion layer is hauled toward the drain electrode. Fig. 18 much smaller than that at a drain voltage of 4 V. It can

A. Gate—Source Capacitance
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that should be taken in consideration. A number of carriers
can be generated by the weak impact ionization. In addition,
it can be considered that the noise source created by the impact
ionization may affect other noise sources.

MSW @8]

{hpl 3848R 5 Apr 1937 14:18:18 - 14:18:41
T T Ty T —
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VII. CONCLUSION

V-band high-power low-noise fundamental monolithic os-
cillators have been successfully developed. Comparison of
oscillation performance is carried out among several HEMT
structures, one SH structure and two DH ones. The output
power of the DH HEMT oscillator is superior to that of the SH
HEMT oscillator. The phase noise of the DH HEMT oscillator
with lower density Si-planar layer is85 dBc/Hz at 100-kHz
offset and—103 dBc/Hz at 1-MHz offset with the high output
power of 11.1 dBm at a drain voltage of 5.5 V. The measured
phase noise is comparable with the one of the HBT-based
monolithic oscillators.

be considered that phase noise is improved by the change ofe phase noise decreases as the gate-to-source voltage
the shape of the depletion layer depending on drain biasijpreases and decreases as the drain voltage increases. The
conjunction with the dependence of oscillation frequency Qfppletion layer is extended to the drain electrode, then the
the gate bias. Meanwhile, the change of the transconductagggsitivity to the gate-to-source voltage becomes low at the
is small at drain voltage of more than 4 V. This fluctu_atlon °rf1igher drain voltage. This is one of reasons why the phase
the transconductance has less effect on the phase noise becg§ige decreases as the drain voltage increases. The other
the fluctuation mainly affects AM noise [12]. reason is considered that weak impact ionization occurs at a
) _ certain drain voltage because the measurgftinoise spectrum

B. Dependence df/ f Noise Spectrum on Drain Voltage  gecreases and the slope of the spectrum changes at higher drain

The spectrum of / f noise is one of the factors that deterbias (more than 3 V). In addition, it may be considered that
mine the phase-noise characteristics of oscillators. Measulfege noise source generated from the weak impact ionization
ments ofl / f noise are widely used for investigations of phasd¥as some correlation to the other noise sources.
noise performances in HBT- and HEMT-based oscillators. In
these investigations, the dependence 4f noise performance ACKNOWLEDGMENT
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