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Abstract—We report on the development of a 0.25- m InP
HBT IC technology for lower end of the THz frequency band
(0.3–3 THz). Transistors demonstrate an extrapolated of
800 GHz while maintaining a common-emitter breakdown

voltage (BVCEO) 4 V. The transistors have been integrated in
a full IC process that includes three-levels of interconnects, and
backside processing. The technology has been utilized for key
circuit building blocks (amplifiers, oscillators, frequency dividers,
PLL, etc), all operating at 300 GHz.
Next, we report a series of fundamental oscillators operating up

to 0.57 THz fabricated in a 0.25- m InP HBT technology. Oscil-
lator designs are based on a differential series-tuned topology fol-
lowed by a common-base buffer, in a fixed-frequency or varactor-
tuned scheme. For 400 GHz designs, a subharmonic down-con-
version mixer is integrated to facilitate spectrum measurement.
At optimum bias, the measured output power was 6.2, 5.6,
and 19.2 dBm, for 310.2-, 412.9-, and 573.1-GHz designs, re-
spectively, with 115 mW. Varactor-tuned designs demon-
strated 10.6–12.3 GHz of tuning bandwidth up to 300 GHz.

Index Terms—InP HBT, millimeter-wave oscillators, MMIC os-
cillators, terahertz, TMICs, voltage-controlled oscillators.

I. INTRODUCTION

I NDIUM PHOSPHIDE (InP)-based high electron mobility
transistors (HEMTs) and heterojuction bipolar transis-

tors (HBTs) have attained the highest reported transistor
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bandwidths, with power gain cutoff frequencies ap-
proaching or exceeding 1 THz [1]–[3]. Taking advantage of
these record bandwidths, integrated circuits have recently
been demonstrated in the submillimeter-wave and terahertz
frequency bands (0.3–3 THz) [4]–[6], frequency regimes that
were previously accessible only with two terminal devices such
as Schottky diodes. Terahertz monolithic integrated circuits
(TMICs) based on HEMT and HBT technologies will enable
new and emerging applications in imaging, radar, spectroscopy,
and communications.
Compared with InP HEMTs, double-heterojunction bipolar

transistors with wide-bandgap InP collectors offer a higher
breakdown voltage at a given current-gain cutoff frequency

. InP HBTs have also demonstrated the highest reported
bandwidths for digital circuit building-block static frequency
divider circuits operating at 200 GHz [7], [8]. Further, at
frequencies approaching a significant fraction of the transistor
bandwidth, input shot noise no longer dominates the transistor
noise characteristics, and InP HBTs operated at 10%–20%
of their peak current density should have comparable noise
figure to HEMTs of similar bandwidth. These characteristics
make the HBT technology capable of realizing all necessary
transmit and receive components (e.g., LNA, mixer, local-os-
cillator VCO/PLL, etc) in a single IC platform. Single-chip
THz transmitters and receivers will eliminate lossy waveguide
interconnects and transitions and permit the construction of
receiver arrays with single-wavelength element spacing.
In addition to wide-bandwidth transistors, a TMIC tech-

nology requires a compact low-loss interconnect environment,
wafer thinning and through-wafer vias for substrate mode
control, and methods for efficiently coupling THz signals on
to and off of the wafer. In this paper, we first describe the
development of the various technical aspects of a 0.25- m InP
HBT TMIC technology [1].
A key element in THz radio systems is a compact, tunable

signal source with sufficient output power level as a local os-
cillator (LO). Oscillator circuits can be specially designed for
increased signal power at harmonics enabling RF power gener-
ation at close to or beyond the transistor [9]–[15]. When
the device is sufficiently high, fundamental oscillators are
generally preferred, since they are simpler and more power-ef-
ficient than harmonic-based oscillators, with no need of elimi-
nating subharmonic outputs.
Fundamental oscillators up to 346 GHz have been demon-

strated in an HEMT technology [16], [17], producing 0.27 mW
at 330.56 GHz [18], and a fundamental InP HBT oscillator has
been reported operating at 311 GHz [19]. These previously
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reported fundamental oscillators were single transistor circuits
where the transistor was reactively tuned to be unstable. In
CMOS technology, a 300-GHz fundamental oscillator has been
recently reported [20].
In the latter part of this paper, we report on a series of

fundamental oscillator designs with an integrated output buffer
and bias circuitry operating up to 0.57 THz, extending our pre-
vious oscillator results [5]. For 400-GHz oscillator designs,
integrated down-conversion mixers facilitate output spectrum
measurement.
Sections II and III describe the 0.25- m InP HBT process

technology and its wiring environment including backside
processing, respectively. In Section IV, design approaches
and basic tradeoffs are discussed for the oscillator design.
Measurement results from two HBT process runs are presented
in Section V.

II. INP HBT TECHNOLOGY

General scaling laws for increasing the bandwidth of InP
HBTs have been developed and outlined in [21]. Structurally, to
increase the HBT bandwidth, one must vertically scale the tran-
sistor epitaxy and laterally scale the transistor junction dimen-
sions. Operating current densities are increased as the square
of the increase in transistor bandwidth, and the emitter junc-
tion dimensions must be decreased by the same ratio to maintain
an acceptable junction temperature rise. Scaling of junction di-
mensions requires commensurate improvements in the emitter
and base ohmic contact resistivities. A key technological chal-
lenge in obtaining InP HBTs with THz bandwidths is obtaining
sufficiently low n-type and p-type ohmic contact resistivities in
self-aligned process flows. These process flows must also main-
tain high yield as the transistor dimensions are scaled.
In this work, two generations of 0.25- m HBT technologies

have been used for IC designs: THzIC1 and THzIC2. Improve-
ment in the epitaxy and transistor layout of the THzIC2 process
resulted in a decrease of both the extrnisic emitter resistance and
extrinsic base-collector capacitance by a factor of 2 compared
with the THzIC1 technology. As a result, higher frequency tran-
sistor performance and thus higher oscillator operation frequen-
cies were obtained.

A. HBT Technology

The HBTs are fabricated on 4-in InP substrates and epitaxial
layers are grown bymolecular beam epitaxy. The 0.25- m tech-
nology described here utilizes a 30-nm carbon-doped base layer
with 50 meV of compositional grading to reduce base transit
time. The total -collector thickness is 150 nm, and the base-
collector junction design has been optimized to support high
current density operation mA m [22].
Electron-beam lithography is used to define a 0.25- m

emitter contact. The contact is formed using an Au-based elec-
troplating process [23]. After plating, a combination dry/wet
etch process is used to form the emitter mesa. A thin emitter
semiconductor stack ( 80 nm) minimizes lateral undercut in
wet etch steps. Dielectric sidewall spacers are then formed
on the emitter contact using a conformal dielectric deposition
followed by an anisotropic dry etch. The sidewalls passivate
the base–emitter junction and facilitate the formation of a

Fig. 1. Measured common-emitter IV characteristics of a m HBT.

self-aligned base contact. I-line photolithography is used for
all process steps after the emitter contact and the remaining
process flow follows that of a standard triple-mesa HBT, with
particular attention paid to minimizing the transistor parasitic
capacitances. Further details of the technology can be found in
[24].

B. HBT Characteristics

Fabricated HBTs demonstrate a dc beta of approximately
25 and a common emitter breakdown voltage of 4.0 V

A m . The transistors support high current and power
densities. This is illustrated in the common-emitter charac-
teristics (Fig. 1) that show the transistor operating at current den-
sities of 10 mA m , and power densities of 20 mW m .
Fig. 2 shows the measured RF power gains of a 0.25 4 m

HBT in the THzIC2 process biased for peak RF perfor-
mance. -parameter measurements were performed on-wafer
to 50 GHz. An LRRM calibration was performed using a
commercial calibration substrate, and pad parasitics were
deembedded from the measurements using open and short test
structures. The maximum current gain cutoff frequencies
and maximum power gain cutoff frequencies are ex-
tracted from least-squares fits to single-pole transfer functions
of the measured and unilateral power gain , respec-
tively. The extrapolated and of the transistor are 392
and 859 GHz, respectively, at a bias condition of 1.8 V
and 13 mA.
Accurate transistor measurements at THz frequencies

( 300 GHz) are difficult due to the small transistor parasitics
and challenges in obtaining accurate on-wafer calibrations
due to spurious modes generated in an on-wafer wiring envi-
ronment. Transistor models are therefore extracted from low
frequency measurements (typically to 50 GHz).
The Agilent III-V HBT model [25] is used for large-signal

modeling of our InP HBTs. The model is capable of capturing
many of the unique properties of III-V bipolar transistors
that cannot be modeled with standard silicon BJT models.
These properties include: collector transit time modulation
with applied bias, collector–base capacitance cancellation, and
base–collector current blocking at high collector currents. The
model includes all relevant transistor parasitic elements and
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Fig. 2. Measured short circuit current gain and unilateral power gain
of a 0.25 m InP HBT.

should scale well to frequencies approaching the transistor
cutoff frequencies; an assertion that is supported by the good
agreement that we have observed between measurements and
simulation for 300-GHz IC designs

III. INTERCONNECTS AND BACKSIDE PROCESSING

Integrated THz receiver and transmitters will require a mix-
ture of circuits including both traditional distributed microwave
(e.g., PA or LNA) and analog-type ICs (e.g., Gilbert-cell mixers
or frequency dividers). A thin-film three-level IC wiring envi-
ronment has been developed to support both circuit types. The
wiring utilizes a benzocyclobutene (BCB) interlayer dielectric
with a low dielectric constant and electroplated
Au-based metallization. The technology also includes MIM ca-
pacitors and thin-film resistors.
Lumped analog blocks require low-delay low-parasitic

wiring, and interconnects for these circuits must support
narrow lines and fine pitch. This wiring can be achieved in
the lower two metallization levels (M1 and M2) which are
separated by a 1- m BCB layer. The interlayer BCB thick-
ness can be precisely controlled using a uniform reactive ion
etch process. Distributed millimeter-wave and THz circuits
require high- and low-loss transmission lines. To achieve
this, the upper level metallization (M3) is separated from M1
by a thicker 7- m BCB layer. This permits the realization of
low-loss microstrip lines using either standard (M3 signal, M1
ground) or inverted (M1 signal, M3 ground) configurations.
A cross section of the HBT wiring environment is shown in
Fig. 3.
The use of thin-film wiring on the topside of the InP sub-

strate permits the substrate thickness to be kept relatively thick
(50 m) to support handling ruggedness. Dry-etched substrate
vias are added to IC designs with sufficient density to suppress
modes that could be excited from parasitic RF leakage into the
substrate. Substrate mode control is particularly important when
packaging IC chips in waveguide blocks.

Fig. 3. Schematic cross section of InP HBT IC thin-film wiring environment

Fig. 4. A 220–325 GHz thru-line test chip in a silicon waveguide block. In-
tegrated waveguide probes are formed after backside-etch singulation process.
Chip dimensions are m .

To facilitate waveguide packaging, we have developed a
backside etch singulation process that is used to form nonrect-
angular IC die. This process permits the formation of narrow
InP extensions that can be extended into rectangular waveguide
channels. The extensions minimize breaks in the waveguide
sidewall and permit a larger overall IC die size. Additionally,
the backside etch process can be used to remove the InP sub-
strate directly beneath waveguide probes (waveguide-to-chip
transitions), improving probe performance. Waveguide probes
designs have been separately characterized with through-line
test structures in waveguide blocks shown in Fig. 4. Probe
insertion losses of 1 dB per transition have been measured in
the 220–325-GHz band.

IV. TMIC DESIGN: 300–570-GHz OSCILLATORS

A variety of transceiver building blocks have been demon-
strated using the developed 0.25- m InP HBT process: a single-
stage cascode LNA with 8.4-dB gain at 288 GHz and 11.2-dB
noise figure at 300 GHz [6]; a six-stage differential drive ampli-
fier with 17.3-dB gain at 290 GHz [26]; differential oscillators
up to 346 GHz with 9 dBm of output power and 10 GHz of
tuning ranges [5]; a 305–330-GHz 2:1 dynamic frequency di-
vider [27]; a single-chip 300 GHz PLL with 0.36-GHz locking
range [28], and 220-GHz PLL IC with 5.9-GHz locking range
[29]. In this paper, the design and testing of oscillators operating
up to 0.57 THz will be presented.
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Fig. 5. Simplified schematic of voltage-controlled oscillators (VCO). All HBTs
are m with a single finger. Actual oscillator output is single-ended,
with one node internally terminated to 50 . Fixed-frequency oscilla-
tors share the same topology, but with no varactors.

Fig. 6. Generic oscillator topology: parallel-tuned with -feedback (left) and
series-tuned with -feedback (right).

A. Differential Oscillator With an Integrated Output Buffer

Oscillator design in this work is based on a differential series-
tuned topology shown in Fig. 5. Compared with a parallel-tuned
topology (Fig. 6), which has been popular for lower-frequency
oscillators using lumped elements (e.g., Colpitts oscillators), a
series-tuned topology provides more layout flexibility in trans-
mission-line-based design, thus more scalable to different de-
sign frequencies. In addition, a series topology has less line dis-
continuities (thus more tolerant to modeling errors) and is more
suitable for a differential configuration than a parallel topology.
The differential configuration offers significant advantages

over single-ended implementations for very high-frequency
oscillator designs. The differential operation creates a virtual
ground along the plane of symmetry, making the oscillator
operation insensitive to common-mode impedance such as the
base/emitter bias circuitry, varactor bias lines, and collector
grounding vias (which are 10 m long). In particular, a virtual
ground provides lossless ac–ground, thus eliminating circuit
losses from the use of lossy ac–ground. This property of differ-
ential topology is especially beneficial for very high-frequency
designs where typical ac–ground implementations (e.g., radial
stubs or MIM capacitors) suffer from relatively high ohmic

Fig. 7. Measured varactor characteristics at 50 GHz. Assuming a series
equivalent model, varactor -factor would be 7–8 at 300 GHz (i.e., 1/6 of
50 GHz -factor) for 0.4 V.

Fig. 8. Loss of 50 inverted-microstrip line: measured (squares) and EM sim-
ulation (dot line).

and radiation losses. A virtual ground is also broadband with
no internal inductance. Typical single-ended ac-grounds have
finite bandwidth due to internal inductance, and its inaccurate
modeling can lead to detuning in circuit operating frequen-
cies. At a system level, differential oscillator outputs enable
fully differential transceiver architectures, thus improving
common-mode noise rejection and LO leakage cancellation.
Finally, the differential output power is 3 dB higher compared
with single-ended designs under the same HBT bias. All of
these benefits are obtained at the expense of increased dc power
consumption and chip area. Care must be taken to eliminate the
possibility of common-mode oscillations.
In the circuit schematic in Fig. 5, – form a differen-

tial oscillator core. - are configured as a common-base
(CB) amplifier, providing power gain and reverse isolation
from load perturbation, while re-using the same bias current
as – . The oscillation frequency is determined by the
impedance seen from the – base, emitter, and collector
nodes. Tuning bandwidth can be controlled by balancing
and , for a given and emitter impedance; longer
will increase the tuning range (i.e., tighter varactor coupling),
but the oscillation power can suffer if does not have a
sufficiently high -factor. Considering uncertainties in HBT
and varactor models, varactor was rather loosely coupled:
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Fig. 9. Layout of 300-GHz differential VCO core with mirror symmetry. All lines are 70 m , except for the 50- RF output lines m .
Bias connections are made at common-mode nodes, shown as circles. The size of oscillator core (with output buffer) is approximately m and

m , for 300- and 570-GHz design, respectively.

was increased to the point where output power starts to drop
by a small amount (e.g., by 0.5 dB). is a single-finger
base–collector (B-C) junction at reverse bias, carefully sized
to minimize series resistance arising from base metal/contact
and subcollector regions. A varactor -factor at 300 GHz
is expected to be 7–8, extrapolated from lower frequency
characterization in Fig. 7. Capacitance ratio between 0–1 V of
reverse bias is 1.6. The amount of core power coupling to
the CB buffer can be adjusted by “step-down” inductance .
The additional series line increases flexibility in layout,
since and must be as close to each other as possible.

and provide impedance match to 50- load at
the CB buffer output. Base voltages of – are defined
by diode-connected HBTs ( – ) and – . All HBTs
are m with a single finger, nominally biased at
the emitter current density of mA m . Load
pull simulations suggest that oscillation frequencies typically
change by 1 GHz at 15 dB of load impedance mismatches.
Differential circuits may be subject to common-mode insta-

bility, if not carefully designed. For example, in Fig. 5, there ex-
ists an explicit common-mode feedback loop consisting of the
nodes , , and . Simulation showed the input impedance
to the oscillator core at nodes and approaches a short circuit
at 10–50 GHz, suggesting potential instability. Series resistors
– were therefore added for stabilization (parallel resistors

could be used for open-circuit type instability).
All transmission lines in Fig. 5 are inverted-microstrip

lines, where M2 and M3 constitute the signal line and ground
plane, respectively. A large continuous ground plane is thus
guaranteed, with M1 and M2 available for low-inductance
local interconnects. With other wiring options such as coplanar
waveguides or normal microstrip lines, the ground plane can
no longer be solid and continuous, and resulting circuit design
will be sensitive to electromagnetic (EM) modeling accura-
cies. EM simulation predicts 3–4 dB/mm of loss for a 50-

m inverted microstrip line from 300 to 500 GHz,
with corresponding -factors from 18 to 23. Fig. 8 compares
measured and simulated loss of a 50- line, where measure-
ment shows 20% higher losses than simulation. Except for
the output 50- lines m , relatively narrow lines

m are used for oscillator circuits to obtain a higher
line aspect ratio. This approach minimizes the effects of line

Fig. 10. VCO layout and chip photograph m . The entire circuit
except pad areas is covered by a M3 ground plane.

Fig. 11. Transition from inverted microstrip to a GSG pad. and were
adjusted for a low insertion loss from 300 to 550 GHz.

discontinuities (e.g., bends, T-junctions, or crosses) at the cost
of slightly higher line loss ( 15% higher than a 50- line).
Layout of the differential oscillator core circuits are shown in
Fig. 9. A VCO chip photograph is shown in Fig. 10.
On-wafer testing of the designed oscillators requires a tran-

sition from inverted-microstrip line to a coplanar GSG pad.
Fig. 11 illustrates such a transition structure used in this work.
Distance from the M3 ground plane to the signal pad ( and
in Fig. 11) was adjusted for broadband low-loss transition:

simulated insertion loss was 0.5 and 1.4 dB at 300 and 550 GHz,
respectively, with 12 dB of return loss. Measured transition
loss at 500–550 GHz was to within 0.5 dB from simulation.

B. Oscillator Designs With an Integrated Down-Conversion
Mixer

In this work, a series of integrated oscillator-mixer chain
were also designed and fabricated to facilitate measurement
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Fig. 12. Simplified schematic of the integrated oscillator-mixer chain. All HBTs are 3 0.25 m , except for emitter follower devices (Q7 and Q8: 4 0.25 m ).
The double-balanced mixer consumes approximately 70 mW of dc power.

of oscillation frequencies. This enables bypassing probe loss
and/or waveguide transition losses, which tend to be signif-
icantly high beyond 320 GHz. Simplified schematic of an
oscillator-mixer chain is shown in Fig. 12, where oscillator
core circuits are followed by a double-balanced mixer. and

provide impedance matching between lower and upper
differential pairs, thus improving conversion gain and LO sen-
sitivity. For testing convenience, the external LO is applied in
a single-ended fashion, and the unused LO port is ac-grounded
by a MIM capacitor. Emitter followers at the mixer output
extend IF bandwidth.
Oscillation frequency can be obtained from the external

LO frequency and measured IF frequency as follows.

(1)

The harmonic number can be determined by monitoring
while applying a frequency shift at LO

Find a nearest integer (2)

where and are LO frequency shift and resulting
change in IF frequency, respectively. In practice, determina-
tion of the IF frequency is subject to a measurement error
due to oscillation frequency drift, modulation due to external
power supply noise, among others. Once is obtained, the sign
of the ratio uniquely determines from (1):

if ,
otherwise. Selection of LO frequency shift is critical for
accurate oscillation frequency measurement: it must be large
compared with , yet it should be small enough to avoid ambi-
guity in identifying . The latter consideration typically limits

to . As will be discussed later, it was experi-
mentally found that the choice of 20 GHz and
0.2 GHz enables reasonably accurate frequency measurement
of 400–570-GHz oscillators with 21–31. Conversion loss

Fig. 13. Layout (top) and chip photograph (bottom) of the integrated
VCO–mixer chain m .

of the designed mixer under these harmonic numbers was 35
to 55 dB at 3 dBm of external LO power, according to sim-
ulation. Determination of LO frequencies needs considerations
of signal generator availability: the down-conversion loss can
be reduced by operating the mixer at a lower , but at the cost
of using higher LO frequencies.
The designed mixer has 25 GHz of 3 dB IF bandwidth,

which is wide enough to perform IF spectrum measurement
with 20 GHz. The mixer RF input is reasonably well
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Fig. 14. Setup for oscillator frequency measurement: (a) Oscillators up to
346 GHz and (b) 400–570 GHz oscillator–mixer chains.

matched ( 15 dB of return loss), and therefore detuning in os-
cillation frequency compared with a 50- load is typically less
than 1 GHz in simulation. Overall layout and chip photograph
of an integrated oscillator–mixer chain is shown in Fig. 13.

V. MEASUREMENT RESULTS

Measured oscillator results from two recent HBT process
runs are presented. A series of fixed-frequency oscillators
(FFOs) and VCOs were designed up to 570 GHz and fabricated
in THzIC1 and THzIC2. Oscillator designs with an integrated
mixer were only implemented in the THzIC2 technology.

A. Setup

The fabricated oscillators were characterized on-wafer using
the test setup illustrated in Figs. 14 and 15. For spectrum mea-
surement, the oscillator output was down-converted by either a
WR-3 (220–325 GHz) VNA extender [OML Inc in Fig. 14(a)]
or integrated double-balanced mixer [Fig. 14(b)], depending on
the design frequency. IF output of the external or integrated
mixer connects to a spectrum analyzer. Oscillation frequency
can be determined bymonitoring the IF frequency shift resulting
from a change in LO frequency, as discussed in the previous
section. Oscillator output power was measured by using a wide-
band power meter (Erickson Instrument), as shown in Fig. 15.
Waveguide probes at three different bands were used depending
on the design frequencies: WR-3 (220–325 GHz, from GGB
Inc.), WR-2.2 (325–500 GHz, from GGB Inc.), and WR-1.5
(500–750 GHz [30]).

B. Oscillation Frequency

Typical IF spectra from the 220–325-GHz VNA extender are
shown in Fig. 16. Figs. 17 and 18 show IF spectra of 413- and
573-GHz oscillator–mixer chains at two different LO frequen-
cies with 0.2 GHz, illustrating the determination of
oscillation frequency. From (2), the harmonic number in Fig. 17
is 7.100 GHz 2.893 GHz 20.0 GHz 19.8 GHz
21.035 21. Since , it follows that

412.9 GHz. For Fig. 18, similar calculation
yields 573.11 GHz with . Note in
Figs. 17 and 18 that the spectral line width is small compared
with 0.2 GHz, allowing for accurate determination of
oscillation frequencies. The drift of oscillation frequencies for a

Fig. 15. Setup for oscillator power measurement. (a) WR-3 (220-325 GHz)/
WR-2.2 (325–500 GHz) band designs. (b) WR-1.5 band (500–750 GHz) oscil-
lator. (c) Photograph of the WR-1.5 band (500–750 GHz) setup.

10-min duration was typically less than 10 MHz, i.e., less than
5% of .
Measured frequencies of fixed-frequency oscillators are sum-

marized in Table I. For THzIC1 designs, there is 10% dis-
crepancy in frequency between the initial design and measure-
ment. Initial HBTmodels used in the design cycle were based on
projected transistor performance determined from the transistor
geometry and epitaxy design. The HBT model was revised to
match measured transistor data, and resimulations now predict
the oscillation frequencies to within 3% of measurement.
Measured VCO tuning ranges were approximately 10 GHz

for up to 296-GHz designs [Fig. 19(a)], which is within 10%
of simulation. Tuning ranges of higher frequency VCO designs
are, however, substantially smaller [Fig. 19(b)] due to conser-
vative tuning network design (i.e., loose varactor coupling).
A total of 22 fixed-frequency oscillators centered at 287 GHz

were measured across a full 4-in wafer. The measured spread
in oscillation frequency was 1 GHz for 77% of the measured
samples. The maximum deviation in oscillation frequency was
6 GHz.

C. Phase Noise

HBT devices, due to their lower noise compared with
HEMTs, have the potential for low phase-noise oscillators.
Phase noise of fixed-frequency oscillators up to 346 GHz was
measured by looking at their IF spectrum. Fig. 20 shows that
measured phase noise at 10-MHz offset ranges from 103 to
90 dBc/Hz, depending on the oscillation frequency. Note that

the measured phase noise slope is approximately 20 dBc/dec
for offset frequencies between 1 and 10 MHz. Fluctuations in
oscillation frequency prevent phase noise measurement below
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(a) (b)

Fig. 16. Measured IF spectrum of (a) 267-GHz and (b) 346-GHz fixed-frequency oscillators, down-converted by a WR-3 (220–325 GHz) VNA extender.

(a) (b)

Fig. 17. Measured IF spectrum of 413-GHz fixed-frequency integrated oscillator-mixer chain with (a) 19.8 GHz and (b) 20 GHz.

(a) (b)

Fig. 18. Measured IF spectrum of 573-GHz fixed-frequency integrated oscillator-mixer chain with (a) 19.8 GHz and (b) 20 GHz.

1-MHz offset. Measurement beyond 100-MHz offset is limited
by the IF noise floor, especially for 300-GHz designs. Fig. 21
summarizes measured phase noise results. Total dc power
consumption was 50.3 mW, with 4.6 V (8 mA) and

4.5 V (3 mA).

D. Output Power

Output power of fixed-frequency oscillators up to 346 GHz
was measured using the setup in Fig. 15(a). Maximum output
power was obtained at 7-10 mA m , with total dc
power ranging from 76 to 115 mW. Under an optimum bias, the
measured output power was 312 ( 5.1 dBm), 205 ( 6.9 dBm),
120 ( 9.2 dBm), and 80 W ( 11.0 dBm), for 267.4-, 286.8-,
310.2-, and 346.2-GHz design, respectively, before applying
WR-3 probe loss correction. Loss of a WR-3 probe is expected

to be approximately 3 dB up to 325 GHz (from manufac-
turer’s data) and 4 dB at around 346 GHz (from a thru-line
measurement).
Oscillation power of 400–500-GHz designs were measured

using a similar setup [Fig. 15(a)] with aWR-2.2 (325–500 GHz)
probe. After deembeddingWR-2.2 probe loss (5.5–7.5 dB [31]),
the measured power was 5.6 and 8.9 dBm, at oscillation
frequencies of 412.9 and 487.7 GHz, respectively.
Output power of the 570-GHz design was substantially lower

than lower frequency designs, making accurate power measure-
ment challenging. At the lower end of power full-scale (e.g.,
200 W or 2 mW maximum), measurement time-constant of
the power meter was of the order of 1–10 s. Long settling time
can make power meter calibration invalid, since measurement
drifts (e.g., due to changes in thermal condition or ambient ra-
diation) can be relatively large compared to the actual input
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TABLE I
SUMMARY OF FIXED-FREQUENCY OSCILLATOR RESULTS

and tuned for a maximum measured power ( 76–115 mW, depending on design).
Inverted-microstrip-to-GSG-pad transition loss included.
Probe and/or waveguide transition loss is deembedded.

(a) (b)

Fig. 19. Measured tuning curves of VCOs. (a) Lower band VCOs centered at 258, 273, and 296 GHz have wider tuning ranges than (b) upper frequency VCOs
centered at 337, 390, 473, and 573 GHz as a result of tighter varactor coupling. Tuning voltages represent actual reverse bias across B–C varactors.

Fig. 20. Typical measured phase noise of four fixed-frequency oscillators cen-
tered at 267, 287, 310, and 346 GHz. Phase noise measurement utility of spec-
trum analyzer (HP8565E) was used with 4% spectral averaging.

power. For more accurate power measurement, a modulated test
setup was devised [Fig. 15(b) and (c)]: oscillator power supplies
are periodically switched on and off, while the power meter
read-out is digitized and subsequently demodulated by sepa-
rately averaging on- and off-period measurements. If the mod-
ulation period is chosen sufficiently short, measurement drifts

Fig. 21. Measured phase noise (10-MHz offset) of FFOs and VCOs up to
346 GHz. Each point represents an average of five measurements by using
Marker-Noise function of the spectrum analyzer at 100-MHz span.

will be averaged out. A cycle time of 6 s was experimentally
found to give a reasonable accuracy. After averaging 100 such
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(a) (b)

Fig. 22. Testing of a 300-GHz oscillator in (a) a waveguide package and (b) its
close-up view, where a dc probe is used for biasing.

Fig. 23. Recently reported mm-wave oscillators beyond 250 GHz.

cycles, the output power of the 570-GHz oscillator was mea-
sured to be 12 W ( 19.2 dBm), after correcting for WR-1.5
(500–750 GHz) probe and transition losses (total 17 dB). Mea-
surement error was estimated to be 1.7 W, calculated from
the standard deviations of on- and off-periods.
VCOs exhibit slightly less measured output power than fixed-

frequency designs: typically 1 and 3 dB less power, for
320-GHz designs and 570-GHz design, respectively.
Note that all power measurement includes the loss of in-

verted-microstrip-to-pad transition in Fig. 11. A 300-GHz
oscillator in a waveguide package was characterized by direct
waveguide connection (Fig. 22), and similar measurement
results were obtained as on-wafer testing. See Table I for a full
summary of FFO results. Fig. 23 compares recently reported
mm-wave oscillators.

VI. CONCLUSION

We have presented a high-performance 0.25- m InP HBT
IC technology suitable for 300-GHz applications. The ini-
tial demonstration of key circuit building blocks presents a
promising path for developing fully integrated THz transmitter
and receiver circuits [5], [6], [26]–[29]. Additionally, a 128-nm
HBT technology is in development for operation at even higher
frequencies.
Design and characterization of fundamental oscillators oper-

ating up to 0.57 THz have been presented. To the best of the

authors’ knowledge, this work represents the highest frequency
fundamental oscillators using three-terminal devices. The mea-
sured output power was comparable to HEMT oscillators up to
346 GHz. Varactor-tuned designs exhibit 10 GHz of tuning
bandwidth.
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