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A Compact and Low-Phase-Noise K«a-Band
PHEMT-Based VCO

Belinda Piernas, Kenjiro Nishikawa, Member, |EEE, Tadao Nakagawa, Member, |EEE, and Katsuhiko Araki

Abstract—A low phase-noise K a-band monolithic voltage-con-
trolled oscillator (VCO) designed using thenegativeresistance con-
cept isreported. A circuit fabricated using the three-dimensional
monoalithic microwaveintegrated circuit technology exhibitsahigh
integration level; its size is a record at just 0.5 mm?2. On-wafer
measurements demonstrate alow phase noise of —102 dBc/Hz at a
1-MHz offset. The VCO delivers an output power of 11.8 dBm at
the center frequency of 28.3 GHz. The frequency tuning range is
morethan 3.8 GHz. Dependence of the circuit performance on the
bias conditionsis also reported and suggests that optimum phase-
noise characteristic can be achieved when biasing thetransistor to
optimize its transconductance and noise figure.

Index Terms—Three-dimensional (3-D) monolithic microwave
integrated circuit (MMIC) technology, broad-band operation,
phase noise, voltage-controlled oscillator (VCO).

I. INTRODUCTION

HE strong continuous development of wireless com-

munication systems has increased demand for compact,
low-cost, widely tunable, and low-phase-noise oscillators with
sufficient output power; it should be possible to directly use
them in single-chip transceivers. Among all these requirements,
the most critical one is the phase-noise performance. Stabi-
lization of the oscillation frequency with a dielectric resonator
(DR) has aready been demonstrated, even at millimeter-wave
frequencies, to be very effectivein achieving alow-phase-noise
characteristic [1]-{3]. This approach, however, does not permit
full monolithic integration and requires extreme carein placing
theresonator. Therefore, intermsof cogt, reliability, and integra-
tion level, fully monolithic self-oscillating voltage-controlled
oscillators (VCOs) are preferred.

In this paper, we report on the design, fabrication and perfor-
mance of a monolithic low-phase-noise K a-band VCO using
an ultralow-noise pseudomorphic high electron-mobility tran-
sistor (pHEMT) technology and the three-dimensional (3-D)
monolithic microwave integrated circuit (MMIC) technology.
Though HBT technology, and more specifically InP-based HBT
technology, is preferable from the viewpoint of low-frequency
noise[4], high electron-mobility transistor (HEMT) technology
is selected here because of its suitability for multifunctional
applications when integrated into single-chip. A commercialy
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Fig. 1. Circuit schematic of a K a-band VCO.

available 0.15-um ultralow-noise pHEMT technology devel-
oped by United Monoalithic Semiconductor S.A.S. (UMS) was
used to achieve the best phase-noise performance yet reported.

ThemonolithicpHEMT V CO deliversatypical output power
of 11.8 dBm at the center frequency of 28.3 GHz with atuning
range of more than 3.8 GHz. On-wafer phase-noise measure-
ment recorded —102 dBc/Hz at a 1-MHz offset. This K a-band
VCO's signa can be easily doubled for use in future V' -band
single-chip transceivers dedicated to high-speed wireless local
area networks (LANS), image data transmission, contactless ID
cards, and wireless vehicle and traffic information systems [5],
[6].

The dependence of performance on bias conditions is aso
examined and confirms our initial predictions on optimum
phase-noise performance.

[1. OSCILLATOR CONFIGURATION AND DESIGN

Fig. 1 shows the circuit schematic of the Ka-band VCO.
The design is based on the negative resistance concept using
a common-source series feedback element to generate the neg-
ative resistance. The active deviceisa4 x 30 pm pseudomor-
phic HEMT based on 0.15-z:m UMS PH15 ultralow-noise tech-
nology. The transition frequency fr and the maximum oscil-
lation frequency fi.ax Of this transistor are 110 and 180 GHz,
respectively. pHEMT size was optimized in order to achieve
low-phase-noise performance. The transistor used here realizes
anoise figure of 0.9 dB at 60% of /dss and 30 GHz. Gate and
drain biases of thetransistor were chosen to achieveagood com-
promise between noise figure performance and optimum g,,, of
the transistor. Biasing of the transistor near its maximum g,,
enables the device to maintain relatively constant output power
when the oscillation frequency istuned. M oreover, as suggested
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Fig. 2. Capacitance and (Q-factor of apHEMT transistor as a varactor.

by the results of Section V, this bias configuration corresponds
to optimization of the phase-noise characteristic.

The feedback element that generates instability in the VCO
consists of ashort stub in parallel with asmall capacitance. The
short stub employs a 70-2 transmission line to obtain both com-
pactness and high inductance. A 60-2 transmission lineis used
at the gate side to establish the required negative conductance
and meet the oscillation condition [7]

1
Arg (T.) = Arg <F1 ) . (2

The resonance circuit on the gate side consists of atransmission
line in series with a variable capacitance to provide frequency
tuning. The variable capacitance is implemented by a common
drain—source transistor whose capacitance is controlled by the
gate voltage. The gate width of this pseudomorphic HEMT
is 300 um. Fig. 2 shows the simulated capacitance and the
corresponding Q-factor for the pseudomorphic HEMT varactor.
The capacitive tuning range with a control voltage range of
—1.5-0.6 V is roughly 2.3:1. In addition, the @Q-factor at
the control voltage of —1.5 V is 27 at 30 GHz. The conven-
tional approach to implementing the variable capacitance is
to use a varactor diode such as a Schottky varactor diode.
However, varactor-tuned oscillators suffer from a relatively
higher phase noise than fixed frequency oscillators due to
the series resistance of the former. Moreover, the required
varactor control voltage range to cover the entire frequency
tuning bandwidth of the VCO is quite large. Fig. 3 shows
the dependence of the simulated frequency tuning range on
the characteristic impedance of the resonance transmission
line. The corresponding line width of the resonator is also
plotted in this graph. The control bias range of the varactor is
—2-1 V. The tuning range of the VCO linearly increases with
the decrease in the characteristic impedance of the resonator. A
70-€2 transmission line with aline width of 12 ;;m was chosen
to realize both wider frequency tuning range and compactness.
The loss and effective dielectric constant of the 70-€2 line are
0.19 dB/mm and 2.74, respectively.
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Fig. 3. Tuning range of the VCO versus characteristic impedance of a
resonator.

Fig. 4. Microphotograph of the K a-band VCO.

In order to reduce the chip size, the output matching circuit
aso employs a 70-2 transmission linein parallel. All transmis-
sion lines have a meander shape (see Fig. 4). The drain biasing
circuit of the oscillating transistor is designed as an integral part
of the output matching network. Gate bias of the transistor is
provided through a small-size, high-impedance resistor.

I11. VCO FABRICATION

Fig. 4 shows a microphotograph of the fabricated K a-band
VCO. In order to realize a high-performance active device that
aso offersahigh integration level, the proposed V CO was fab-
ricated by combining the UMS PH15 process and the NEL 3-D
interconnection process [8] that was developed by NTT Labo-
ratories. This approach, first proposed in [9], offers ahigh inte-
gration level and high design flexibility; it providesthe designer
with the freedom to choose the active device process according
to the performance and cost requirements.

The 3-D interconnection process is used to overlay UMS
PH15 devices (transistor, resistor, and MIM capacitor) on a
GaAs substrate. The 3-D interconnection process consists of
four 2.5-um-thick polyimide layers and four gold metal layers
interfaced with the polyimide layers. The gold metal layers are
1 m thick except for the top-level gold metal layer, which is
2 pm thick to benefit from lower loss. These gold metal layers
implement the thin-film micro-strip (TFMS) transmission lines
used to interconnect the devices of the UM S PH15 process and
the passive structures and provide easy access lines for bias
circuits.
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Fig. 5. Measured output power and oscillation frequency of the VCO versus
the control voltage V' ¢ applied to the varactor.
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Fig. 6. Close-in spectral measurement of the VCO: Ve = —0.5 V.

The conductor layer of the UMS PH15 process, generally
used for device interconnection, serves here as a ground plane
for the 3-D interconnection process.

Narrow line width, tight spacing, and stacked structure are
the key points of the 3-D MMIC technology. The realization of
these features means that the proposed VV CO achieves the very
small chip size of 0.5 mm?Z.

IV. EXPERIMENTAL RESULTS

The VCO has been characterized on wafer, using an Agi-
lent 8565E spectrum analyzer, in terms of oscillation frequency,
output power, and phase noise.

Fig. 5 shows the measured oscillation frequency and output
power of the VCO versus the controlled voltage V ¢ applied on
the variable capacitor; the applied bias voltages were Vd =
2.5V and Vg = 0 V. The power consumptionis80 mW. Asal-
ready mentioned in Section |1, these biaseswere chosen to reach
the optimum g,,, of the transistor, thus leading to the relatively
constant output power of the VCO. Measured output power is
11.3 4+ 1.2 dBm on alarge frequency tuning range of 3.8 GHz.
Center oscillation frequency is 28.3 GHz with a corresponding
output power of 11.8 dBm. Fig. 6 shows the close-in spectral
measurement of the VCO at the varactor’s control voltage V¢
of —0.5 V. The connection cable losses were not calibrated for
these measurements. The self-oscillating oscillator exhibited re-
markabl e stability and low phase noise were observed, even at
Ve = —0.5 V where the frequency quickly grows with the
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Fig. 7. Measured output power and oscillation frequency of the versusthe gate
voltage V'g.
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Fig. 8. Measured output power and oscillation frequency of the versus the
drain voltage V'd.

controlled voltage of the varactor. Second-harmonic suppres-
sion of more than 15 dB was observed over the measured fre-
guency range and there were no parasitic oscillations. In this
bias condition, low phase-noise performance, —102 dBc/Hz and
—68 dBc/Hz, were measured at 1-MHz and 100-kHz offsets (cf.
Fig. 12).

Fig. 7 shows the dependence of the output power and oscilla
tion frequency of the VCO on the gate bias V"¢ measured with
Vd=2.5V and Ve = —0.5V. The measured voltage range of
the gate biasis —0.3-0 V. The output power quickly increases
when the gate bias varies from —0.3 to —0.15 V. The output
power dlightly changed above the value of Vg = —0.15 V.
The oscillation frequency deviation is about 400 MHz for the
measured gate voltage range. Fig. 8 shows the dependence of
the output power and oscillation frequency of the VCO on the
transistor drain bias Vd measured with Vg = —0.2 V and
Ve = —0.5V. Therange of thedrain voltageis0.5-3.75 V. The
maximum measured output power was 14.6 dBm and the power
control level of 7.9 dBm was obtained when varying the drain
bias Vd from 1.5 to 3.75 V. Frequency pulling occurs at drain
voltages under 0.5 V. For drain voltages V' d between 1.5 and
3.75V, the oscillation frequency deviationislessthan 230 MHz.

A comparison against state-of-the-art Ka-band VCOs (see
Tablel) showsthat the proposed VV CO exhibits competitive per-
formancein termsof phase oi se compared to HBT-based VCOs;
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TABLE |

STATE-OF-THE-ART K a-BAND VCOs

781

Technology Chip size Center Osc. | Tuning range Output Phase noise Phase noise Ref.
(mm?) Freq. (GHz) power @ Fc @ 100 kHz @ | MHz
Fc (GHz) (dBm) offset offset
(dBc/Hz) (dBc/Hz)
0.25 um MESFET 3 3825 0.5 12 75 95 [10]
0.25 um HEMT 35 29.85 23 11 -70 — [11]
0.2 pm Depletion 4 29.6 1.2 12 — _ [12]
HEMT
0.2 um PHEMT 3.2 38.45 24 <0 -63 — [13]
0.2 um PHEMT 225 33.75 0.35 9.4 _ — [14]
0.18 um PHEMT — 29.3 0.55 0 62 — [15]
0.15 um PHEMT 0.5 283 38 11.8 -68 -102 This work
GalnP/GaAs HBT — 36.75 1.1 23 -80 -107 [16]
AllnAs/InGaAs HBT 32 384 0.85 10 (with 82 -107 [4]
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Fig. 9. Measured dependence of the phase noise on the control voltage V'c. Fig. 10. Measured dependence of the phase noise on the gate voltage V' g.
its output power is among the highest values published. More- -80 . . I I , I
over, it also offers significantly better frequency tuning range 65 R -t
and chip size. £
@ -90f
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V. DEPENDENCE OF PHASE NOISE ON BIAS CONDITIONS o g5l
AND DISCUSSION S
. . . . o -100
In this section, we describe the measured phase-noise per- 8
formance and its dependence on bias conditions. The measured o -1051 .
bias conditions are those shown in Section 1V. 110 | | | | 1 |
Figs. 9-11 show the measured dependencies of the phase 05 10 15 20 25 30 35

noise on the bias voltages at a 1-MHz offset. Fig. 9 shows the
dependence of the phase noise on the control voltage Ve. Vid
and Vg are 2.5 and 0 V, respectively. The measured phase
noises are minimized to around —102 dBc/Hz over the voltage
range of —2 to —0.5 V. At control voltages over —0.5 V,
the phase noise increases with degradation of the varactor’s
@ factor. Fig. 10 shows the dependence of the phase noise
on the gate voltage V¢ with Ve = —0.5and Vd = 2.5 V.
The results show that the minimum phase-noise performance,
around —102 dBc/Hz, is realized at the gate voltage range of
—0.3to —0.2 V. That region also realizes the minimum noise
figure performance. Fig. 11 shows the measured dependence of
the phase noise on the drain voltage Vd with Vg = —0.2 and
Ve = —0.5 V. The minimum phase-noise value, —102 dBc/Hz,

vd (V)

Fig. 11. Measured dependence of the phase noise on the drain voltage V d.

was achieved at a drain bias Vd of 2.5-3.0 V, which cor-
responds to the maximum transistor transconductance g.
Fig. 12 shows the phase-noise performance as a function of
the offset frequencies away from the center frequency. The
fabricated VCO MMIC achieves —68 dBc/Hz at a 100-kHz
offset and —102 dBc/Hz at a 1-MHz offset. These phase-noise
performances are excellent for full monolithic K «-band VCO
MMICs that offer a wide tuning range and high output power
levels.
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These results suggest that the phase-noise characteristic is
minimized if the oscillating transistor is biased so asto yield the
optimum transconductance characteristic (viathe drain voltage)
and optimum noise figure (via the gate voltage). The fabricated
VCO aso minimizes the phase-noise characteristic over one
half of the available frequency tuning range.

Zhang [18] reported that the minimized up-conversion factor
and phase-noise characteristic of HEMT devices were obtained
at Id/Idss values from 0.8 to 1 when its gate condition was
varied. However, our results on the gate voltage variation indi-
cate that the minimum phase noiseisrealized at 7d/Idss values
from 0.6 t0 0.8 (Vg = —0.3 to —0.2 V); that bias condition is
the same asthat yiel ding the optimum noi sefigure performance.
We can guess that thisis due to the ultral ow-noise performance
of the HEMT used. The minimum phase noise characteristic at
high drain voltages may strongly depend on the nonlinearity of
the transconductance (up-conversion of 1/ f noise), resultingin
the same behavior asthe transconductance characteristic, which
depends on the drain bias conditions. We confirmed that the
nonlinear response of the phase noise to changes in the con-
trol voltage is due to the nonlinearity of the varactor’s capac-
itance. The phase-noise characteristic was also improved with
the @-factor of the varactors.

V1. CONCLUSION

This paper demonstrated an ultracompact and low-phase-
noise Ka-band monolithic VCO fabricated using the 3-D
MMIC technology and a 0.15-pm ultralow-noise pHEMT
technology. The VCO délivers an output power of 11.8 dBm
at the center frequency of 28.3 GHz with a frequency tuning
range of more than 3.8 GHz. A very small chip size (0.5 mm?)
is demonstrated thanks to the significant advantages of the 3-D
MMIC technology.

The dependence of phase-noise characteristic onthe pHEMT
bias conditions was examined and the results suggest that op-
timum phase-noise performance can be achieved by biasing the
transistor so as to achieve the optimum transconductance char-
acteristic (via the drain voltage) and the optimum noise figure
characteristic (via the gate voltage). The low phase noise of

—102 dBc/Hz demonstrated at a 1-MHz offset makes this de-
vice competitive with HBT-based VCOs.
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