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300-GHz InP HBT Oscillators Based on
Common-Base Cross-Coupled Topology

Jongwon Yun, Daekeun Yoon, Hyunchul Kim, and Jae-Sung Rieh, Senior Member, IEEE

Abstract—Two fundamental-mode oscillators operating around
300 GHz, a fixed-frequency oscillator and a voltage-controlled
oscillator (VCO), have been developed in this work based on
a 250-nm InP heterojunction bipolar transistor (HBT) tech-
nology. Both oscillators adopted the common-base configuration
for the cross-coupled oscillator core, providing higher oscilla-
tion frequency compared to the conventional common-emitter
cross-coupled topology. The fabricated fixed-frequency oscillator
and the VCO exhibited oscillation frequency of 305.8 GHz and
298.1-316.1 GHz (18-GHz tuning range) at dc power dissipation
of 87.4 and 88.1 mW, respectively. The phase noise of the fixed-fre-
quency oscillator was measured to be —116.5 dBc/Hz at 10 MHz
offset. The peak output power of 5.3 dBm (3.8% dc-to-RF effi-
ciency) and 4.7 dBm (3.2% dc-to-RF efficiency) were respectively
achieved for the two oscillators, which are the highest reported
power for a transistor-based single oscillator beyond 200 GHz.

Index Terms—Frequency control, heterojunction bipolar tran-
sistors (HBT), voltage-controlled oscillators (VCO).

I. INTRODUCTION

HE terahertz band presents promising applications in var-
ious scientific fields such as imaging, spectroscopy, bio-
chemical detection, radio astronomy, broadband communica-
tion, and military applications [1], [2]. These growing interests
toward the THz band boost motivations for the implementa-
tion of THz systems, particularly based on the semiconductor
devices owing to their advantages such as small volume, low
cost, low power dissipation, and so forth. One major compo-
nent of THz systems is the signal source, which can be used for
transmitters as well as local oscillators in the heterodyne archi-
tecture. For this reason, the development of high-performance
semiconductor oscillators has been a major challenge, and lots
of efforts have been made to improve their operation frequency,
output power, as well as the phase noise. Frequency tunability is
also a desired feature for many applications, leading to extensive
studies on voltage-controlled oscillator (VCO) development.
While there have been various types of THz oscillators suc-
cessfully implemented based on semiconductor diodes [3]-[5],
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transistor-based oscillators have remained for relatively lower
frequency regime due to their limit in device speed. However,
transistor-based oscillators are attractive from many view-
points including the fact that they can be implemented with
conventional semiconductor process technologies and thus can
be compatible with other electronic parts. This is the principal
advantage of transistor oscillators over other approaches for
THz signal sources. Recently, there have been significant
improvements in transistor operation speed in terms of fr
(cutoff frequency) and fuax (maximum oscillation frequency)
with both Si and III-V technologies. While the improvements
have been remarkable for Si-based technologies [6], [7], III-V
technologies traditionally have showed higher device speed,
and the fi,.x of III-V transistors of today now exceeds 1 THz
[8], [9].

The device speed improvements in III-V technologies have
led to the development of several fundamental-mode III-V
oscillators operating beyond 300 GHz. Based on the InP HBT
technology, a fundamental-mode oscillator operating up to
573.1 GHz with an output power of —19.2 dBm [10] and a
325-GHz VCO with an output power of —5 dBm [11] have been
reported. With the InP HEMT technology, a 330-GHz oscillator
with an output power of —5.7 dBm was reported in [12]. It
is noted that oscillators operating beyond 300 GHz based on
Si-based technologies have also been reported [13]-[17], but
most of them are based on harmonic mode operation, resulting
in rather low output power. Some groups have reported power
combining from multiple oscillators leading to a high output
power, but they tend to consume large dc power and need ad-
ditional combining networks [18]-[20]. There have also been
reports on multiplier-based signal sources working beyond
300 GHz [21]-[25], but most of them need an external low-fre-
quency signal source for operation and suffer from increased
chip size and dc power dissipation.

This paper introduces two high-power fundamental-mode
oscillators based on a 250-nm InP HBT technology operating
around 300 GHz, which adopt the common-base configuration
for the oscillator core instead of the common-emitter configu-
ration typically used. The paper is structured in the following
way. In Section II, a comparison is made based on both analytic
and simulation approaches between common-base (CB) and
common-emitter (CE) configurations for the oscillator core.
Description of the proposed circuits, one fixed-frequency
oscillator and the other VCO, is also provided. In Section III,
measurement results of the fabricated oscillators are presented,
followed by Section IV, in which the application of the fab-
ricated oscillator to THz imaging is presented. Finally, the
conclusion of this paper is given in Section V.

0018-9480 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Conceptual schematics of cross-coupled oscillators. (a) Conventional
topology based on CE configuration. (b) Proposed topology based on CB
configuration.

II. CIRCUIT DESIGN

One of the most popular types for the transistor-based oscil-
lators is the LC cross-coupled oscillator. As shown in Fig. 1(a),
its oscillator core is typically based on the cross-coupling of two
differential transistors with CE configuration, where the col-
lector is connected to the base of the other transistor, optionally
through a phase delay component Z. On the other hand, con-
sidering the fact that the CB configuration is widely applied for
amplifiers, especially for high-frequency applications, one can
envision that an oscillator core can employ the cross-coupling
of two transistors based on CB configuration, which is the main
proposal in this paper. Fig. 1(b) shows the proposed topology,
where the collector is connected to the emitter of the other tran-
sistor through an optional phase delay component. In this sec-
tion, we present a qualitative comparison between the two types
of oscillator topologies, followed by quantitative analyses for
the oscillation frequency and startup condition. The results from
the analyses are compared with simulation results, and then the
detailed circuit schematic of the oscillator designed in this work
is provided.

A. CB Versus CE for Cross-Coupling: Qualitative Comparison

The basic operation of a cross-coupled oscillator core can be
explained with the help of Fig. 2, which simplifies the core as a
series connection of two amplifiers. Each amplifier is composed
of a transistor (1 or (}5) and an interstage phase delay com-
ponent A¢, which comprises passive inductive and capacitive
elements. With this description of an oscillator, the Barkhausen
criteria for oscillation become |H (jw)|*> > 1 and /H (jw) =
nr(n = 1,3,5,...) where H(jw) is the transfer function of a
single amplifier stage as shown in Fig. 2. Note that n needs to
be an odd integer for cross-coupled cores to meet the condition
for the differential operation of (7, and ().

With the phase characteristics of CB and CE amplifiers, we
can roughly estimate the oscillation frequency of the cross-cou-
pled oscillators based on both configurations. Fig. 3 shows the
typical profiles of the phase difference across a transistor over
the frequency when operated with CB and CE configurations.
It is noted that the curves were obtained with the simulation of
an actual transistor used in this study for the oscillator design.
For transistors in CE configuration, the phase difference starts at
180° from dc condition and gradually decreases with increasing
frequency. On the other hand, transistors in the CB configura-
tion exhibit an initial phase difference of 0° at dc and decreases
with increasing frequency. To meet the Barkhausen criteria for
the phase given above, each amplifier, which is composed of
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Fig.2. Simplified diagram of a cross-coupled oscillator core and the oscillation
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Fig. 3. Trend of the phase difference between the input and output of a CB and
CE amplifier, where A¢ indicates additional phase shift caused by feedback
and load components. The curves are obtained from simulation of the device
actually employed for the oscillator developed in this paper.

a transistor and a phase delay component, should show a total
phase difference of 180° (or its odd integer multiples). Hence,
the oscillation will occur when the sum of the delay by the tran-
sistor alone and the delay by the delay component (A¢) be-
comes 180° (or its odd integer multiples). With moderate values
of A¢, one can expect that such a condition will be met at a
frequency point rather in the vicinity of the frequency where
the delay by the transistor alone is 180°. With this conjecture,
we can expect the oscillation frequency for the CE configura-
tion would be lower than that of the CB configuration because
such frequencies for the 180° shift across a transistor falls on
dc and ~ 900 GHz for the transistor in CE and CB configu-
rations, respectively, as can be seen from Fig. 3. It is noted that
the Barkhausen criteria dictates that the gain across an amplifier
needs to be higher than unity in addition to the phase require-
ment. In this sense, it can be argued that the CB configuration
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Fig. 4. Schematics used for the one-port analysis of cross-coupled oscillators. (a) CB configuration.(b) CE configuration.. (c) The components inside Z; and Z5.
(d) The equivalent circuit of (a) and (b) with the core represented by conductance and susceptance.

for cross-coupling can be exploited especially for high-speed
transistors.

B. CB Versus CE for Cross-Coupling:
Quantitative Comparison

For a quantitative comparison between CB and CE configu-
rations for cross-coupling in oscillators in terms of the oscilla-
tion frequency, a one-port analysis for both configurations has
been carried out in this work based on an analytic approach.
Fig. 4(a) and (b) show the simplified schematics of the oscillator
core for both CB and CE configurations. The circuit elements
for the feedback impedance Z; and the intrinsic base-to-emitter
impedance Z» are explicitly shown in Fig. 4(c). Fig. 4(d) pro-
vides an equivalent circuit applied for both configurations rep-
resenting the core in terms of the conductance Gy and the sus-
ceptance Brn. The feedback impedance Z; comprises Ly and
Cp, which are heavily weighted for this analysis while most
other analyses mainly focus on the LC tank. The effect of these
feedback components on the oscillation frequency is expected
to be significant in high-frequency bands such as the THz band.
Cp is needed for the bias purpose as well, particularly for the

bipolar-based oscillation core for both CB and CE cases. To
place an emphasis primarily on the oscillation core, the model
was kept as simple as possible. For this purpose, the output
buffer, contact resistances from the transistors, and the para-
sitic resistance of the feedback impedance are neglected in this
model. Also, for the CB configuration, dc feedlines between the
emitter and the ground are ignored to focus on the RF property
of the oscillators. The load of each topology is assumed to be
composed of inductance L and its parasitic resistance Rp.

First, the analysis is made for the CB cross-coupled oscillator.
The input admittance Y7 of the core is given as follows:

Yin =Gix + i Dy

1
11 7~ Ym
=5 | - +sCcB — : (1
2 <21 Zi(4+ % + 9m)

where 71 = jwLp + l/ijF, Zy = 1/(ijBE + 1/TBE)-
When the parameters for Z; and Z, are substituted and the
following approximations are made, ¢, > 1/rBg, gm >
|1/] (L/JLF — 1/&)01:)‘, |7wCBE| > ‘1/] (wLp — 1/wC’F)|,
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LrCerygy,/Cig > 1, w0”LrCr(CEg(w? — 1/LrCr)/gr, +
1) > 1, then the real and the imaginary parts are obtained as
follows:

WQOFCBEgm
(W?CBg + g7 (W LpCr — 1)

Gix = Re(Yiv) = —3 ()

Bix =Im(Yin)
_ LrCrCopw®(CEpw® + gn) — (2CF + Con)gs,
- 2L Crw(CEpw? + g2,) '

)

From (2), it is apparent that Gy will show a negative value
above a certain resonance frequency determined by Lz and Cy.
Hence, it is expected that there exists a lower limit for the oscil-
lation frequency. On the other hand, the load admittance Y1.0ap
is given as

Yioap =Groap + jBroap
1 1 @
o, ‘\wLc)

For the oscillation to occur, the condition Yy 4+ Ypooap = 0
must be satisfied, for which both real and imaginary parts must
meet the condition independently. When the imaginary part is
considered, the oscillation frequency woge can be obtained by
finding w that meets the condition By = —Bpoap using (3)
and (4). With additional approximation, Lo Ccp g?n / C’%E > 1,
the formula of wpge is given as (5), shown at the bottom of
the page. It looks a bit lengthy, but its further reduction will be
possible only with approximations that can hardly be generally
assumed with typical device parameters employed in this work,
unlike other approximations made so far. When the real part is
considered, the startup condition for the CB configuration can
be found based on (2) and (4) as

wchCBEgm > 1
2(w?CRg + 92 )(w?LrCr — 1)

= |2R,

|Gix| =

- (6)

Second, an analysis is made for the CE cross-coupled oscil-
lator in a similar way as the CB case. Y1 of the core is given as

- 1 1 (SCCB_L)(L_SCCB'FQM)
Yin=={ —+sCcp+ 121 121 )
A Z + Z + sCon

2

(7

With the actual parameters substituted for Z; and Z> and the

following approximations, |1/j{wLr — 1/wCF)| > |jwCcn]l,

lj(wCpe—1/(wLp—1/wCFr))| > 1/rgg, Cee > Ccs, G1x,
and By are obtained as follows:

CF gm

Gix =Re(Yn) = - 2(Cp — Cpe(W?LyCrp — 1))

®)
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CFCBELU
Q(CF — CBE(UJQLFCF — 1)) )

BH\' :IIII(YiN) = (9)
From (8), a negative conductance will be observed below a cer-
tain resonance frequency determined by Lp, Cp, and Cgg.
Hence, it is expected that there exists an upper limit in the os-
cillation frequency. Similar to the CB case, the oscillation fre-
quency wosc can be obtained from (9) and (4) using the condi-
tion Biy = —Broap

1 1 1
wosc =) ——— [ — 4+ — .
08¢ \/(LF+LC) (CF CBE)

The startup condition for the CE configuration can be found
from (8) and (4) as
2z
>

2Rp

(10)

Crym
2(CF — CBE(LUQLFCF — 1))

|G| = ‘ - (1)

C. CB Versus CE for Cross-Coupling: Verification
With Simulation

As seen in (2) and (6), G1n is a function of frequency as well
as various circuit and device parameters. In order to examine the
trend of Gy over frequency, its value was calculated from (2)
and (6) with actual parameter values. The results are plotted in
Fig. 5 for both CB and CE cases. The values inserted for the de-
vice parameters, ¢,,, Ccp, and Cpg, are 0.442 S, 5.4 fF, and
113.2 fF, respectively. These values were extracted based on
[26] and [27] for a device with an emitter length of 5 pm, which
was actually used for the fabricated circuit. Also, the values of
50 pH, 60 fF, and 50 pH are used for L, Cr, and L¢, respec-
tively, which are roughly the same values as used for the actual
oscillator design.

As can be seen from the inset of Fig. 5(a), Gy for the CB case
show a resonance peak near 100 GHz, above which it exhibits
negative values. A similar peak is shown for Gy with the CE
case [inset of Fig. 5(b)], and the negative values are now shown
below the resonance. This is consistent with what was expected
from the analysis as indicated by (2) and (8). For a better ob-
servation of the actual value, the negative regions of Gy are
zoomed and plotted in Fig. 5 for both cases. They consistently
show negative values for a wide range of frequency.

To verify the accuracy of the analyses performed in this work,
results obtained from circuit simulation are added and com-
pared to the calculated curves in Fig. 5. The simulation was
made for the circuits shown in Fig. 4 with the transistor model
provided by the design kit and ideal passive components. It
is clear from the observation that the resonance frequency ob-
tained from the calculation well matches that from the simula-
tion for both CB and CE cases. In addition, reasonably good

Im (\/LFLCCFCCB(LFCF(LCCCB{],Zn +4C% ) + 4LcCEL(2CF + Cog)) — LFLCCFCCB{1m>

wosc =

2L LoCrConCly

)
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Fig. 5. Gin of the cross-coupled core. (a) CB configuration. (b) CE configura-
tion. Calculation is from analytic solutions (2) and (8). Simulation is based on
transistor model from design kit.

agreements are shown for the values of Gy for both cases, val-
idating the accuracy of the analyses made in this work.

The oscillation frequency was also calculated based on (5)
and (10) for both CB and CE cases, the results being displayed
in Fig. 6. They are plotted as a function of three circuit param-
eters, Ly, Cr, and L¢, to observe the effect of each parameter
on the oscillation frequency. It is clearly seen from the plots that
the oscillator based on the CB configuration shows much higher
oscillation frequency than the one based on the CE configura-
tion. This is the major result obtained from the analyses made in
this study. Furthermore, it is observed that the curves from the
simulation closely match the calculation, validating the results
obtained by the analysis made in this work. For the CB config-
uration, the oscillation frequency tends to be more affected by
Ly and L, while the dependence on C'r appears to be stronger
for the CE case. Hence, the design of CB-based oscillator may
benefit from its insensitivity to C'r variation, and the value of
Cp can be optimized solely for the output power independent
of its effect on the oscillation frequency.

As an effort to better visualize the effect of Ly, Cr, and L¢
on the oscillation frequency, contour plots of the oscillation fre-
quency for both CB and CE cases were created and presented
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Fig. 6. Oscillation frequency of the CB and CE cross-coupled oscillator as a
function of (a) L, (b) C'r, and (c) L. Calculation is from analytic solutions
(5) and (10). Simulation is based on the transistor model from the design kit.

in Fig. 7. They show contours of constant oscillation frequency
in the Ly — Cr space for three different values of L¢: 20, 50,
and 100 pH. The plots reveal that, by a proper combination of
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Fig. 7. Contour plots of oscillation frequency based on analytic solutions (5) and (10), drawn for (a)-(c) CB and (d)—(g) CE configurations with L and C'»
variation. L¢ is 20 pH for (a) and (d), 50 pH for (b) and (f), and 100 pH for (c) and (g). The frequencies for contours are shown in gigahertz.

Ly and Cp as well as with L, a wide range of oscillation fre-
quency can be selected for design with the given topology for
both CB and CE, although the range is substantially higher for
the CB case. It is noted that the effect of the output buffer is not
reflected on the plots. It is also noted that the results presented in
Figs. 6 and 7 are based on the device with emitter length 5 jzm,
and the oscillation frequency level may be shifted up or down
if different device sizes are applied.

D. Proposed Oscillators

Based on the analysis performed in this work, two CB
cross-coupled oscillators were designed. The schematic of the
proposed circuits, denoted as OSC1 and OSC2, are shown in
Fig. 8. OSC1 and OSC2 are identical except for the fact that
OSC2 includes varactors for frequency tuning. Hence, OSC1
is a fixed-frequency oscillator while OSC2 is a VCO. In the
circuits, all the inductive elements were implemented with
microstrip lines, which were used for the interconnection and
resonant tank. L, o are dc feedlines between the emitter of
the core transistors ()1 2 and the ground to allow dc current
paths to the ground. Ly 2 and Cpi2 are components for
the cross-coupled feedback. Cr; 2 also serve to isolate the
collector of (22((21) and the emitter of (21(()2) dc-wise for
independent bias. L3 4 are the loads of the oscillator, and they
provide the signal paths to the stacked buffer, which is designed
in the CB configuration. The buffer is composed of (J3 4 and
their own loads, L5 ¢ and L7 s, leading to the output nodes
through blocking capacitors, Cppi 2. This buffer is expected

to additionally affect the oscillation frequency, which was not
included in the analysis described earlier for simplicity. For
OSC2, varactors are added to the emitter nodes of the oscillator
core through Ly 2, in order to provide voltage tuning and thus
oscillation frequency tuning. Since varactors are not offered
by the process technology used in this work, the base-collector
junction of a bipolar transistor with the emitter shorted to the
base was used as a varactor. The tuning voltage applied across
the base and collector modulates the depletion width of the col-
lector-base junction, leading to junction capacitance variation,
a property of a varactor. Table I summarizes the values of the
passive components that were used.

The transistor size was chosen considering two aspects: it
should guarantee stable oscillation over 300 GHz, while it pro-
vides sufficient output power. Fig. 9 shows the simulated oscil-
lation frequency and output power as a function of the emitter
length, for OSC1 as an example. Simulation was carried out
with a circuit simulator in the transient mode, where the changes
in oscillation frequency and output power were observed. The
device sizes of all four transistors ((;—Q4) were changed si-
multaneously. Overall, the output power grows with increasing
emitter length, while it exhibits a sign of saturation for longer
emitter lengths, degrading the dc-to-RF efficiency. On the other
hand, the oscillation frequency rather monotonically drops as
the device size is increased. Based on this result, the size of the
transistors (J1—()4 was chosen as 5 pm. It is noted that the os-
cillation frequency shown in Fig. 9 is substantially lower than
what was shown in Fig. 7. Such discrepancy can be ascribed to
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Fig. 8. Schematics of the proposed oscillators. (a) OSC1: a fixed-frequency oscillator. (b) OSC2: a voltage-controlled oscillator.

TABLE I
PASSIVE CIRCUIT PARAMETERS
0SCl 0SC2 0SC1 0SC2
(L;r;; 100 70 (ﬁj;) 35 35
ff%) 60 60 (ﬁ:ﬁ) 70 70
(ﬁ;—:) 60 45 C(%’;f) 300 300
(ﬁf;) 70 80 (L“zf) - 40

the buffer, which was not included for Fig. 7, because the para-
sitics of the buffer, especially Cpg of 3 and )4, are expected
to influence the overall reactance seen by the oscillator core,
leading to the oscillation frequency shift. Additionally, the par-
asitic base inductance, which was not considered for Fig. 7, also
contributes to the difference. As will be seen in the next section,
the simulation results provided in Fig. 9 show a good agreement
with the measurement.

III. MEASUREMENT RESULTS

The two oscillators were fabricated in Teledyne 250-nm
InP HBT technology, the details of which are provided in
[26]. fr and fiax are 392 and 859 GHz, respectively, from
the device model. The die photographs of OSC1 and OSC2
are shown in Fig. 10(a) and (b), respectively. The chip size
for each oscillator is 526 x 462 um? and 518 x 431 um?,
including dc and RF pads. It is noted that both circuits are
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Fig. 9. Simulated oscillation frequency and output power as a function of de-
vice emitter length.

designed to have differential outputs, but the measurement
was carried out in a single-ended configuration with one of
the output nodes terminated with 50€2.

Fig. 11 shows the measurement setups employed in this work
for the electrical characterization of the circuits. Fig. 11(a) is the
setup for the measurement of the output spectrum and the phase
noise, which were measured by an Agilent 4407B spectrum an-
alyzer through a Virginia Diodes H-band (220-325 GHz) down
conversion subharmonic mixer. The LO of the subharmonic
mixer was driven by a Quinstar D-band (110-170 GHz) tripler
that was powered by an Agilent E8257D signal generator. With
the second-order subharmonic mixer used in this work, two os-
cillation frequencies may correspond to a single measured value
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Fig. 11. Measurement setup for electrical characterization. (a) For output spectrum and phase noise. (b) For output power.

of fir : frr = 2fLo+/fir and frr = 2fLo— fir. By observing
the change in f1r with fLo variation, the correct fry value can
be found, which was 2 f1,¢y — fiF in this paper. An attenuator was
inserted in front of the down conversion mixer to maintain the
RF input of the mixer below 10 W, which was the maximum
allowed input power of the mixer to avoid damage. Two E-bend
waveguides were inserted between the attenuator and the GGB
Industries H-band probe used for RF probing, which was neces-
sary for vertical level shift of the waveguide path in the measure-
ment setting employed. The total loss from the probe tip to the
end of the E-bend waveguide chain was estimated to be 6.5 dB,

which is the sum of the probe loss of 3 dB and the loss through
the two waveguide bends of 3.5 dB. The RF probe loss is pro-
vided by the manufacturer, while the waveguides loss was deter-
mined by measurement. Fig. 11(b) is the setup for the measure-
ment of the oscillator output power, which was directly mea-
sured by the Erickson PM4 power meter. Again, two E-bend
waveguides were inserted between the H-band probe and the
power meter for the same reason as described above.

Fig. 12 shows the measured output spectrum of the oscilla-
tors. For OSC1 and OSC2, 2 fi,o was set to 300 and 290 GHz,
respectively. With these values for 2 f1y, the measured center



YUN et al.: 300-GHZ INP HBT OSCILLATORS BASED ON COMMON-BASE CROSS-COUPLED TOPOLOGY

° RBW = 100 kHz
VBW = 100 kHz
Span = 20 MHz ystem, Alignments, Align Noy, All raquired
__ 30
uE) Marker
T |5.762200000 GHz | |
§ 0 -33142 dBm J \
o MJ % ¢ I ¢
O AT T IR b g
-90
5.75 5.76 5.77
Frequency (GHz)
(a)
0
RBW = 100 kHz
VBW = 100 kHz
Span = 20 MHz ystem{ Alignments, Align Now, All required
__ -30
‘_% Marker
T 14787300000 GHz ||
g - -32/99 dBm JJ’ N
o J ) A
e T TR el T W
-90
14.78 14.79 14.80
Frequency (GHz)
(b)

Fig. 12. Measured output spectrum. (a) OSC1. (b) OSC2.

frequencies of 5.8 and 14.8 GHz indicated in the plots corre-
spond to the oscillation frequencies of 305.8 and 304.8 GHz for
OSC1 and OSC2 (with Vryxg = 0.1 V), respectively.

Phase noise measurement at this high-frequency band is
not trivial, and much care needs to be taken. In this work,
the phase noise of OSC1 was measured with the down-con-
verted signal with the setup shown in Fig. 11(a). With such a
setup, the phase noise of the LO signal applied to the mixer
may contribute to the measured phase noise. However, a
simple calculation shows that the phase noise of the LO is far
lower than the measured phase noise with the typical phase
noise level of the signal generator and the multiplication
factor, and thus its effect can be ignored. The measured phase
noise of the oscillator is shown in Fig. 13, which exhibits
—116.5 dBc/Hz at 10-MHz offset. It is noted that the phase
noise value varied over different measurement attempts, and
it roughly fell in the range of —112.3 to —116.5 dBc/Hz at
10-MHz offset. For the case of OSC2, which is a VCO, a re-
liable phase noise plot was not available because the signal
was less stable than that of OSCI1 as it is sensitive to VyUnE
fluctuation. However, a rough estimation of its phase noise
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Fig. 14. Measured oscillation frequency and output power of OSC2 shown
as a function of tuning voltage.

can be made by comparing its spectrum [Fig. 12(b)] with that
of the oscillator [Fig. 12(a)], which reveals that the phase
noise is slightly worse for OSC2, while the difference ap-
pears not excessive.

The output power of the circuits was directly measured by a
PM4 power meter with the setup shown in Fig. 11(b). The direct
measurement avoids the uncertainties related to the losses in the
attenuator, mixer, and IF port cable that would affect any power
measurement made using the setup in Fig. 11(a). The measured
output power of OSC1 is 5.3 dBm. It is noted that power loss of
6.5 dB from the RF probe and waveguides, as mentioned earlier,
is compensated for in the measured data. It is also noted that the
measured output power is for the single-ended output, and no
value conversion was made for the differential output case. For
the case of OSC2, the measured output power varies from 4.8 to
—0.9 dBm, depending on VrynEg, as indicated by Fig. 14. The
dc power consumption of OSC1 and OSC2 is 87.4 and 88.1 mW,
leading to a dc-to-RF efficiency of 3.9 and 3.4%, respectively.
Fig. 14 also shows the tuning profile of OSC2 as a function
of Vrune. Its oscillation frequency was tuned from 298.1 to
316.1 GHz with Vrung swept from —0.2 V to 0.8 V, leading
to a total tuning range of 18 GHz. To the authors’ knowledge,
OSCland OSC2 presented in this paper show the highest output
power and dc-to-RF efficiency for any transistor-based semi-
conductor oscillator operating above 200 GHz without power
combining.
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Fig. 15. Comparison of the oscillators developed in this paper with the literature. (a) Output power. (b) dc-to-RF efficiency of single sources (without power
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TABLE II
SINGLE SOURCES OPERATING AT H-BAND AND HIGHER
Harmonic Frequenc Peak Pour P dc-to-RF Efficienc Phase Noise at10 MHz

Reference Technology Number (gHz) ! (dBm) (mW) %) ! (dBe/Hz)

[28] 32 nm CMOS 1 272 =22 7 0.09 -

[29] 65 nm CMOS 3 288 -1.5 275 0.26 -87"

[14] 65 nm CMOS 3 482 -7.9 61 0.27 76"

[21] 120 nm SiGe HBT 1 218-245 -3.6 54 0.81 -98

[21] 120 nm SiGe HBT 2 309-330 -13.3 63 0.07 -78

[19] 130 nm SiGe HBT 3 519-536 -11.3 156.3 0.05 -

[10] 250 nm InP HBT 1 573.1 -19.2 76-115 0.01 -

[11] 250 nm InP HBT 1 325 -5 92.4 0.34 -90.4

[12] 35 nm InP HEMT 1 330 -5.7 15.9 1.7 -
This work 250 nm InP HBT 1 305.8 5.3 87.4 3.88 -116.5
This work 250 nm InP HBT 1 298.1-316.1 4.8 88.1 343 -

" Phase noise at 1 MHz offset

Table II compares the performance of the developed oscilla-
tors in this paper with other recently reported state-of-the-art os-
cillators operating at H-band and higher. The results with multi-
plier chains and oscillators with output power combining are not
included. As can be seen in the table, the oscillators developed
in this paper exhibit the leading performance in terms of the
output power and the dc-to-RF efficiency as well as the phase
noise level. Such comparison is better illustrated in Fig. 15,
which plots the output power and the dc-to-RF efficiency ob-
tained in this paper together with the single sources (without
power combining) reported above 200 GHz [12]-[14], [16],
[17], [28]-[44].

IV. IMAGING EXPERIMENT

Terahertz imaging is one of the applications that would re-
quire high output power signal sources operating at the high-fre-
quency band. In order to examine the practical applicability of
the developed circuits, a transmission-mode THz imaging ex-
periment has been carried out with OSC1. The imaging setup
built for the study is depicted in Fig. 16, which employs the
fabricated oscillator as a source and an Erickson PM4 power
meter as a detector. The target object for imaging is attached
to a moving stage which is controlled by a computer for a 2-D

raster scan. One key feature of this setup is that images can be
obtained through on-wafer probing with an external horn an-
tenna. The integration of on-chip antennas and the packaging of
the chips with wire-bonding may induce various uncertainties,
which can be avoided with this setup. Moreover, the setup al-
lows a quick evaluation of imaging compatibility of fabricated
circuits while saving the chips for other repeated on-wafer elec-
trical tests.

For imaging, the output signal from the oscillator was ex-
tracted via the RF probe and waveguides and then radiated
through the horn antenna. The radiated signal was then trans-
mitted through the scanned object and received by another
horn antenna attached to the PM4 power meter. The distance
between the two horn antennas was set to 4 cm, and the target
object was placed at the midpoint. With this kind of short range
imaging arrangement, the need for the optical focusing can be
eliminated.

Fig. 17 shows the images acquired with this setup, for which
the scan step was set to 300 pm. Two target objects based on a
floppy disk and a knife were used for the imaging. The objects
were enclosed inside a paper envelope before the images were
taken. The obtained images reveal the well-known unique prop-
erties of the THz waves, namely the transmission through paper
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Fig. 17. Images obtained in this work. (a) Floppy disk. (b) Knife. All objects
were placed in a paper envelope during imaging experiment.

and plastic and reflection by metal. As can be seen in the figure,
the internal structure of the floppy disc is well visible, and the
shape of the knife can be clearly seen although they were all
enclosed inside a paper envelope. The results show that the fab-
ricated oscillator can be well applied for THz imaging.

V. CONCLUSION

A fixed-frequency oscillator and a VCO operating near 300
GHz in a fundamental-mode have been developed based on
an InP HBT technology. Both oscillators adopted a common-
base cross-coupled topology for oscillation, which were shown
to outperform the conventional common-emitter cross-coupled
topology by analytical analysis as well as simulation in this
study. Output power up to 5.3 dBm was obtained from the fab-
ricated oscillators, which is the highest among the transistor-
based oscillators operating beyond 200 GHz. Furthermore, ap-
plication of the developed oscillator for THz imaging was suc-
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Chip under
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Rx Horn
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Power
Sensor

Objectin  Tx Horn
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cessfully demonstrated. This work further expands the perfor-
mance level of the solid-state THz signal sources and promises
their various applications in the THz regime.
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