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Abstract—In this paper, the development of a series of fixed-fre-
quency heterojunction bipolar transistor (HBT) oscillators from
the - to -bands is reported. The oscillators are designed based
on feedback theory with a small-signal equivalent circuit. This
design method enables the achievement of high-output-power
oscillators for the management of the power that is generated
at the current source inside the HBT. We use a 1 m 10 m
single-emitter InGaP/InGaAs HBT as an active device for each
oscillator, and 50-
 coplanar waveguides as transmission lines
and resonators. Emitter output topology is adopted to reduce the
chip size. The series of oscillators achieve the oscillation frequency
of 74.8–146.7 GHz. To our knowledge, the 146.7-GHz fundamental
oscillation frequency is the highest oscillation frequency achieved
thus far using InGaP/InGaAs HBT technology. The output power
of the 146.7-GHz oscillator is 18.4 dBm. The chip size of the
oscillator is 731 m 411 m.

Index Terms—Coplanar waveguides, equivalent circuit, hetero-
junction bipolar transistors, indium compounds, millimeter-wave
bipolar transistor oscillators.

I. INTRODUCTION

M ILLIMETER waves, in the frequency range of 30–300
GHz, are promising frequency resources. The number

of millimeter-wave applications, such as wireless commu-
nication systems and radar systems, is rapidly increasing.
Millimeter-wave oscillators are key components in achieving
these systems. The desired requirements of the oscillators are
high speed, high power, high reliability, low phase noise, and
low cost. To satisfy these requirements, the selection of suitable
device technology and the adoption of a suitable design method
are indispensable.

High electron-mobility transistor (HEMT) millimeter-wave
oscillators have been developed since the early 1990s [1], [2],
because HEMTs achieve high unilateral gain (). The highest
reported oscillation frequency of an HEMT oscillator is 213
GHz [3]. However, the phase noise characteristics of HEMT os-
cillators are limited because of the high intrinsic flicker noise of
HEMTs. DC and RF characteristics of HEMTs also vary easily,
and it is difficult to maintain reproducibility.

The development of heterojunction bipolar transistor (HBT)
millimeter-wave oscillators has been highly anticipated in re-
cent years [4]–[6]. The speed of HBTs has been improved [7],
[8] and the intrinsic flicker noise of HBTs is low. A push–push
HBT oscillator oscillates at 108 GHz, and achieves the single-
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sideband (SSB) phase noise of88 dBc/Hz at 1-MHz offset [9].
The SSB phase-noise value is 20 dB lower than that of HEMT
oscillators around that frequency [10]. DC and RF character-
istics of HBTs also show excellent reproducibility in compar-
ison to those of HEMTs. We have chosen to study the InGaP/In-
GaAs HBT, which is more reliable than the AlGaAs/GaAs HBT.
In addition, the InGaP/InGaAs HBT shows higher breakdown
voltage, and lower manufacturing cost than InP-based HBTs.

Almost all oscillators in the microwave band and mil-
limeter-wave band are designed by methods based on negative
resistance theory [2], [5], [6], [9]. The design methods enable
the simulation with raw -parameters, which are measured
using network analyzers. However, the magnitude of nega-
tive resistance is not necessarily related to the magnitude of
output power, and it is difficult to determine a design plan for
high-output-power oscillators. We developed a design method
based on feedback theory with a small-signal equivalent circuit
of an HBT. The method enables the management of the power,
which is generated at the current source inside the HBT.
Almost all generated power, except that which is needed for
the continuance of oscillation, is collected from an output port.
Since the method uses an equivalent circuit, it also enables the
design of an oscillator oscillating at above 110 GHz, which
is the frequency limit of commercialized network analyzers.
Using the design method, we analyze three topologies: collector
output, base output, and emitter output. We select the emitter
output topology from among them because it represents the
highest output power with the smallest chip size. After the
small-signal simulation, we also perform a harmonic-balance
simulation with a large-signal equivalent circuit to reconfirm
the oscillation and to evaluate the absolute oscillation power.

In this paper, the InGaP/InGaAs HBT technology is described
in Section II. A small-signal equivalent circuit and a large-signal
equivalent circuit of the HBT are presented in Section III, and
the models of coplanar waveguides (CPWs) are introduced in
Section IV. The oscillator circuit design method is explained in
Section V, and the measured results are presented in Section VI.

II. InGaP/InGaAs HBT TECHNOLOGY

InGaP/InGaAs HBT oscillators are fabricated on a
635- m-thick 4-in semi-insulating GaAs wafer. Fig. 1
shows a cross-sectional view of the InGaP/InGaAs HBT
technology. Both epitaxy and photolithography are performed
in our laboratory. The graded InGaAs base layer realizes
high-speed performance.
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Fig. 1. Cross section of the InGaP/InGaAs HBT technology.

Fig. 2. Small-signal equivalent circuit.

A 1 m 10 m single-emitter HBT occupies an area of
20 m 20 m. The breakdown voltage is 7.8 V, and

is 8.4 V. A reliability test has not been performed for
this HBT, however, other HBTs, the emitter–base structure of
which are the same as that of the present HBT, have withstood a
1000-h reliability test with a current density () of 50 kA/cm ,
an ambient temperature () of 125 C, and a collector–emitter
voltage ( ) of 3.5-V references.

This technology also provides TaO metal–insulator–metal
(MIM) capacitors of 0.93 fF/m .

Devices are wired by two 1-m-thick gold layers with a
2- m-thick polyimide insulating layer.

III. EQUIVALENT CIRCUITS OF THEHBT

A small-signal equivalent circuit and a large-signal equiva-
lent circuit are employed in the oscillator design. The oscillation
condition is analyzed using the small-signal equivalent circuit.
The absolute output power is evaluated by a harmonic-balance
simulation using the large-signal equivalent circuit. We use an
HP 85150B microwave design system (MDS) as the circuit sim-
ulator.

Fig. 2 shows the small-signal equivalent circuit. Table I lists
the values of the circuit parameters. Considering the reliability,
we extracted the circuit parameters and fabricated oscillators
from the measured-parameters under the bias condition of the
collector–current mA and the collector–emitter voltage

V. However, it became clear during the measure-
ment that the oscillators exhibit excellent performance under the
high collector–current bias conditions of around mA.
Table I also lists the circuit parameters of mA and

V to enable comparison with the measured results.

TABLE I
SMALL -SIGNAL EQUIVALENT-CIRCUIT PARAMETERS

Fig. 3. S-parameters ofI = 18 mA andV = 1:7 V. Markers: measured,
lines: simulated, full scale ofS andS is 1.0, full scale ofS is 10.0, and
full scale ofS is 0.5.

The test element of the HBT is a common emitter type.
Through-reflect-match (TRM) calibration is performed on
the GaAs substrate using calibration standards of our own
making. The -parameters are measured by an HP 85109C
vector network analyzer (VNA) and a pair of HP 85104A
millimeter-wave test sets in two bands: 1–50 and 75–110 GHz
( -band). The -parameter measurement in the 50–75-GHz
band ( -band) is impossible because of the parasitic oscillation
due to the poor reflection characteristics of the-band probes.
Fig. 3 shows the -parameter plots of measured results under
the bias condition of mA, and V and
simulated results. The full scales for and are 1.0, and
the full scales for and are 10.0 and 0.5, respectively.
The simulated results almost agree with the measured results in
the wide band, and we believe that the small-signal equivalent
circuit operates satisfactorily in the lower range of the-band,
i.e., 110–170 GHz.

Fig. 4 shows and , which are converted from the mea-
sured -parameter results shown in Fig. 3. The magnitude of
shows the maximum value at the bias point; however,and

do not necessarily attain the maximum values. Although
the value of is estimated from to be 170 GHz, we
believe that becomes higher after the following improve-
ments: removing the influence of parasitic elements originating
from the layout pattern of the test element and adjusting the bias
condition to the optimum point. The value of is difficult to es-
timate because the slope of becomes gentle in the -band.
This phenomenon is also caused by the parasitic elements.

The large-signal equivalent circuit is a Gummel–Poon model
connected by parasitic capacitors and inductors, as shown in
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Fig. 4. Performance of HBT.

Fig. 5. Large-signal equivalent circuit.

TABLE II
LARGE-SIGNAL EQUIVALENT-CIRCUIT PARAMETERS

Fig. 5. For parameter extraction, Gummel plots,– character-
istics, and the above-mentioned-parameters are used. Table II
shows the values of the large-signal equivalent-circuit parame-
ters.

The Gummel plot data, i.e., and , are measured under
the following conditions: and are kept at the same
voltage and the voltage is swept in the range of 1.02–1.38 V.
The – characteristic parameter, i.e., , is measured under
the condition that is increased by 120A, and is swept
in the range of 0.0–3.0 V.

Figs. 6 and 7 show the measured and simulated results of
Gummel plots and– characteristics, respectively. The accu-
racy of the simulation is sufficient for the oscillator design. The
average dc gain () is 17 with a turn-on of 1.4 V at the op-
erating current density.

Fig. 6. Gummel plot.

Fig. 7. I–V characteristics. Circles: measured, lines: simulated
(�I = 120 �A).

Fig. 8. Cross section of CPW with electric- and magnetic-field distributions.

IV. CPW MODELS

We use CPWs as transmission lines because they can easily
be used to wire the devices and they are fabricated by a simple
process. Fig. 8 shows a cross-sectional view of a CPW. In os-
cillators, the dimensions of CPWs are usually m,

m, and 2 m. The characteristic impedance
is 50 . However, test elements of this size were not avail-

able when the oscillators were designed, and the model param-
eters were estimated from the measured result of test elements
twice the size, namely, m, m, and
2 m.

We measured the test elements of the CPWs in the-band,
and prepared three types of CPW models: a straight-line model,
a fringe model of a short stub, and a T-junction model. The
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Fig. 9. Effective dielectric constant inW -band.

Fig. 10. Attenuation constant inW -band.

straight-line model is characterized by four parameters: char-
acteristic impedance , physical length , effective dielectric
constant , and attenuation constant, as shown in (1)–(4).
The effective dielectric and attenuation constants are easily
varied by factors such as the test element shape and manner of
probe contact. We measured two lengths of CPWs, i.e., 466
and 1022 m, and estimated linear approximate equations,
considering the proportional weight of the line length. Figs. 9
and 10 show the measured and simulated results of the effective
dielectric and attenuation constants, respectively. The equation
of the attenuation constant is not directly incorporated in
the simulation, and it is exchanged with the equation of the
parasitic series resistance shown by (5) as follows:

(1)

m Physical line length (2)

[GHz] (3)

[dB/mm] [GHz] (4)

/mm
[dB/mm]

[GHz] (5)

The fringe model of the short stub is represented by a straight
line of and a shunt resistor of 1.3, as shown in
Fig. 11(a).

Fig. 11. (a) Fringe model of short stub. (b) T-junction model.

Fig. 12. Schematic circuit diagram.

The T-junction model is expressed not by the star network,
but by the delta network, as shown in Fig. 11(b), because the
transmitted energy trough of a CPW is mainly concentrated in
the gap between the center conductance and ground pattern. The
energy current of radio waves is equal to the vector product of
the electric and magnetic fields, and the area of high-energy
current density in the CPW is around the gap area, as shown
in Fig. 8. The parameter values of the T-junction are

and . In the layout of the T-junction, ground
patterns are wired by the second gold layer of 4m to maintain
the same potential.

V. OSCILLATOR DESIGN

Fig. 12 shows a schematic diagram of an oscillator circuit.
Elements – represent CPWs with . The char-
acteristics of the oscillators are adjusted by varying these CPW
lengths. The bias voltage is supplied from the short stubs,

, and for layout convenience. The resistor is a 50-
load.

In the first step of designing an oscillator, the HBT is ex-
changed for the small equivalent circuit, and CPWs are also ex-
changed for proper CPW models. Fig. 13 shows the gain block
diagram of the exchanged circuit.

The next step is to evaluate the oscillation condition. The
voltage-controlled-current source is regarded to be indepen-
dent, and an alternating current is supplied to. In the gain
block diagram, this means that the loop is cut at. The cur-
rent generates intrinsic base–emitter voltagevia a tran-
simpedance . The voltage is calculated by small-signal
simulation because the equation is complex. The voltagegen-
erates the new current via feedback transconductance.
The loop gain is determined as the ratio of to .

The oscillation condition consists of the magnitude and phase
conditions. The magnitude condition is selected to be 3 dB with
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Fig. 13. Gain block diagram.

Fig. 14. Example of oscillator design.

a margin. The phase condition is 0.0. Equations (6)–(8) express
the oscillation condition as follows:

(6)

dB [dB] (7)

(8)

is the collector direct current, J/K,
K, and .

While the oscillation condition is being evaluated, an output
voltage , which is generated by the independent current,
is optimized to the maximum value. Owing to the optimization,
the undesirable power consumption at the parasitic resistors is
minimized and the power efficiency becomes high. This is the
greatest merit of our design method. In the conservative design
method of negative resistance, it is impossible to optimize the
output power.

The following is an example of oscillator design at 100 GHz.
As the magnitude margin of 3 dB is not satisfied by the small-
signal equivalent-circuit parameters of mA and

V, we adjust the only the value to 12 mA. The mag-
nitude of is increased proportionally to , as shown
by (6). The alternating current amplitudeis assumed to be the
collector direct current .

Fig. 14 shows the loop gain and magnitude of . At the
target frequency of 100 GHz, the magnitude of is 3.04 dB
and the phase of is 0.0 . No undesirable oscillation occurs
because no frequency satisfies the oscillation condition without
100 GHz. The magnitude of is optimized to 1.14 dBm.

Incidentally, HBTs are three-port elements, and the following
three types of circuit topologies are considered:

TABLE III
OSCILLATOR DESIGN PARAMETERS

1) collector output;
2) base output;
3) emitter output.

We select emitter output topology from among them for the fol-
lowing two reasons.

First, the output power is evaluated to be maximum in our
design method. The order of output power is emitter output
topology followed by collector output topology and base output
topology. However, the difference between the first two topolo-
gies is small.

Second, the chip size of emitter output topology is minimum.
A small chip size is advantageous for low manufacturing cost.
To satisfy the oscillation condition, inductance is needed for the
collector and base, and capacitance is needed for the emitter.
An inductance is realized with a short stub shorter than.
The capacitance requires a short stub longer than, however,
extra layout area is not needed for achieving capacitance when
the impedance exchange layout is considered against the load
resistance. The chip size of emitter output topology becomes
the smallest for this reason. In our layout rule, the chip size of
emitter output topology is 30% smaller than that of collector
output topology.

The absolute output power is evaluated by a harmonic-bal-
ance simulation using the large-signal equivalent circuit to
ensure accuracy. Although the harmonic-balance simulation
enables further output power optimization using the results of
small-signal analysis as the initial value, we decided not to
utilize this method this time.

Table III lists the design parameters for every 10 GHz. Fig. 15
shows a micrograph of the oscillator designed at 120 GHz. The
chip size is 731 m 411 m. The bias voltage is supplied
from the left-hand side, and the RF signal is output from the
right-hand side. The CPW is tapered to m at the
output port to fit the 100-m probe pitch width.

VI. M EASUREMENTRESULTS

The oscillators are measured by on-wafer probing. The RF
output signal is sensed by a probe, and transferred to a harmonic
mixer through waveguides. We use two mixers: HP 11970W
for the -band measurements and Farran WHMP-06 for the

-band measurements. The signal is down-converted by one of
these mixers, and the IF signal is measured using the spectrum
analyzer HP 71209A.
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Fig. 15. Micrograph of oscillator (731�m� 411�m).

TABLE IV
REPRESENTATIVEMEASUREDRESULTS

Fig. 16. Oscillation frequency and output power.

The probe insertion loss is measured in the-band by the
VNA. The values are, e.g., 1.03 dB at 75 GHz and 1.28 dB at
110 GHz. The upper limit frequency of the VNA is 110 GHz,
and the insertion loss is regarded to be uniformly 1.0 dB in the

-band. For harmonic mixers, we use the catalog values for the
insertion loss.

Table IV summarizes the representative measured results.
Fig. 16 shows the relationship between oscillation frequency
and output power of the measured and simulated results. The
simulated results consist of the small-signal analysis results and
the large-signal analysis results. In the small-signal analysis,
the circuit parameter of mA and V are
used. Although small-signal analysis yields favorable results
and large-signal analysis yields unfavorable results, the trends

Fig. 17. Simulated frequency and oscillation frequency.

Fig. 18. Power efficiency of oscillators.

of both analyses are almost the same as those of the measured
results.

The relationship between design frequency and oscillation
frequency is represented by the white circles in Fig. 17. Al-
though the plots show a linear tendency, the maximum differ-
ence is 26.7 GHz. We consider that such a difference is caused
by estimation errors of the base–collector capacitanceand
the effective dielectric constant . On the basis of the mea-
surement results of other test elements, we are convinced that
the effective value, which depends on the layout pattern,
of the test element for equivalent-circuit parameter extraction
is about 9.0 fF greater than that of the oscillators. On the other
hand, is estimated as (9) from the latest measured result
of the CPW test element of m, m, and

m. The difference between (3) and (9) is caused
by the influence of the surface wave, which becomes conspic-
uous as the scale of CPW enlarges. The thickness of the GaAs
substrate is 635m, and the cutoff frequency for the sur-
face-wave mode is about 35 GHz [11]. Usual slope values for
approximate equations of are positive, and the small neg-
ative slope value of (9) is caused by measurement errors. The
line-length parameters of the short-stub model and the T-junc-
tion model for m are also extracted to ,

, and . The black circles in Fig. 17
represent the simulation result obtained with the revised

mA and V small-signal circuit parameters of
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Fig. 19. Oscillation frequency and SSB phase noise.

Fig. 20. 146.7-GHz oscillation spectrum.RBW = 2:15 MHz, V BW =

100 kHz, 51.9-dB measurement loss is corrected.

fF and CPW models of m. This simulation
result shows good agreement with the measured result

[GHz] (9)

Fig. 18 shows the measured results of the oscillation power effi-
ciency, which is the ratio of output RF power to input dc power.
The efficiency decreases drastically as the frequency increases.
This is because the power generated by the HBT is mainly used
for the continuance of oscillation as the oscillation frequency
approaches . The efficiency at 110 GHz is 1%.

Fig. 19 shows the measured results of oscillation frequency
and SSB phase noise. The SSB phase noise is also measured
using the spectrum analyzer. All noise values are converted
to the value at 1-MHz offset. We believe that our oscillators
achieve an optimum performance level.

In the measured results, the highest oscillation frequency is
146.7 GHz. To our knowledge, this is the highest oscillation
frequency achieved using the InGaP/InGaAs HBT process. The
spectrum is shown in Fig. 20. The output power is18.4 dBm
with a converted SSB phase noise value of65 dBc/Hz at
1-MHz offset.

VII. CONCLUSION

In this paper, we have described the design method and mea-
sured performance of a series of HBT oscillators in the- and

-bands. We selected the InGaP/InGaAs HBT, which exhibits
high reliability and low flicker noise. The design method based
on the feedback theory and emitter output topology enable the
achievement of oscillators with high output power, low SSB
phase noise, and small chip size. To our knowledge, the oscil-
lator with 146.7-GHz oscillation frequency is the highest fre-
quency fundamental-mode oscillator using InGaP/InGaAs HBT
technology ever reported.

Our next objectives are the development of oscillators with
higher oscillation frequency and higher output power. To
achieve higher oscillation frequency, we must improve the
speed of the HBT. To realize higher output power, we must
improve the precision of equivalent circuits, optimize the
bias condition, and develop the combined power topology of
multiple oscillators.
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