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Abstract— We report two terahertz monolithic integrated
circuit (TMIC) amplifiers operating at 500 GHz. The 6-stage
single-ended power amplifiers use Teledyne’s 130 nm indium-
phosphide double heterojunction bipolar transistors in a common-
base configuration. The impedance matching networks of the first
amplifier are designed with shunt lines while the second amplifier
uses shunt metal-insulator-metal capacitors. We measured and
compared the small-signal and large-signal performance of the
two amplifiers around 500 GHz. Although the two TMICs exhibit
a similar transducer gain (24 dB) and output power (up to -0.7
dBm), we obtained better yield with the amplifiers designed with
shunt lines.
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I. INTRODUCTION

Terahertz (THz) solid-state technologies operating from
300 GHz to 1 THz [1-3] have found numerous applications in
imaging systems, remote sensing, radar and high-speed
communications. The possibility of designing ultra-compact
multi-functionality monolithic circuits up to 1 THz also enables
practical application in instrumentation engineering. The
development of novel measurement tools, such as a high-
precision source or synthesizer, requires amplifier blocks able
to deliver up to milliwatts of output power. However, high
output power is not enough. High gain is also required to
amplify the low level of terahertz electrical signals, often
generated by multiplier chains [4]. One promising approach
consists of amplifying the electrical signals generated by
optoelectronic devices [5] at the lower end of the terahertz band

[5].

THz monolithic integrated circuit (TMIC) amplifiers using
a 130 nm double heterojunction bipolar transistor (HBT)
technology developed by Teledyne Scientific' have been
reported up to 670 GHz [1]. In this paper, we use this
technology to design two power amplifiers at 500 GHz. We
describe the amplifier technology and two different amplifier
designs: The first amplifier uses shunt lines while the second
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Fig. 1. Simulation of the maximum gain and K-stability factor of a 6 pm long
emitter common-base HBT. Vp=0.88 V and Jg= 16 mA/um>.

TMIC uses shunt Metal-Insulator-Metal (MIM) capacitors. We
then simulate and measure the small- and large-signal
characteristics of the two amplifiers and compare their output
power and transducer gain with other amplifiers published in
the literature. We show that while the performance of the
amplifiers is comparable, the shunt lines used in the first
amplifier allow for more accurate design.

II. 130 NM INP HBT TECHNOLOGY

The transistors used in this work are epitaxially grown on a
100 mm diameter indium-phosphide (InP) substrate. The HBTs
have a common-emitter (CE) breakdown voltage of 3.5 V and
a maximum current emitter density Jg = 25 mA/um? at
Vce=2.0 V As shown in Fig. 1, a 6 pm emitter long transistor
in a common-base configuration exhibits a simulated maximum
stable gain of 5 dB at 700 GHz.

The technology is described in [1] and a cross section of the
passive process is illustrated in Fig. 2(a). The passive circuits
are built using 3-levels of interconnects embedded into a 7 um
thick benzo-cyclobutene (BCB) layer. After completing
frontside fabrication, the InP substrate is thinned to 75 pm with
the option of adding through-substrate vias. For the designs in
this work, grounded coplanar waveguide (CPW) lines are
formed using the first level of metallization (metal 1) with a
continuous ground-plane formed in M3 top metallization. This
configuration connects the transistor’s terminals to the

' We identify commercial products only to accurately describe the
experiments and analysis we performed. NIST does not endorse commercial
products. Other products may work as well or better.
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Fig. 2. (a) Cross-section of the TMIC passive process. Circuit schematic of the
6-stage amplifiers designed with (b) shunt lines and with (c) shunt MIM
capacitors.

matching network, reducing parasitic elements between the
transistor and the circuit. The top metal layer (metal 3) is also
connected to the ground plane using interconnect vias through
the BCB dielectric. The integrated circuit fabrication process
also includes a 0.3 fF/um? MIM capacitor layer and a 50 Q/sq
thin-film resistor layer, which we use in our matching network
configurations.

III. TMIC POWER-AMPLIFIER DESIGNS

In this study, we aimed to design a common-base power
amplifier that delivers 0 dBm of output power with at least
20 dB of transducer gain at 500 GHz. InP HBTs in common-
base configuration have been widely used to design amplifiers
at submillimeter-wave frequencies [6-9]. However, the stability
analysis remains a critical step of the design process. Here, we
use a 6 um emitter long transistor that features ground
connections at each side of the base finger. This arrangement
reduces the equivalent inductance of the connection between
the base of the transistor and the ground plane, and
consequently improves the stability of the amplifiers.

The 6 pm emitter long HBT provides a good trade-off
between gain and delivered output power. As shown in Fig. 1,
a maximum stable gain of 9 dB is simulated at 500 GHz (K>1).
The maximum bias point is set to Vep=0.88 V and Jeg=16
mA/um? to guarantee that the transistor remains
unconditionally stable at 500 GHz. We simulate the K-factor
[10] and obtain K > 1 at frequencies above 475 GHz (see Fig.

).

We designed two amplifiers. The matching networks of the
first amplifier, which we refer to as “PA1 line”, uses shunt
lines, while the second amplifier, which we refer to as
“PA2 cap”, uses shunt MIM capacitors.

The circuit schematics of the amplifiers are illustrated in
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Fig. 3. Photograph of the 6-stage amplifier with (a) shunt lines (PA1_line),
and (b) with MIM cap (PA2_cap). Measured (solid line) and simulated (dotted
line) S-parameters of the 6-stage amplifiers using (c) shunt lines (PA1_line)
and (d) shunt MIM capacitors (PA2 cap). The amplifiers are biased at
Vep=0.60 V, Jg= 12.8 mA/um?>

Fig. 2(b) and Fig. 2(c). We first designed PA1 _line. The output
and inter-stage matching networks use shunt lines to ground,
while the input matching network is realized with an open stub.
The impedances realized by the matching networks of PA1_line
are precisely controlled with the shunt lines Lin, Linter and Loyt
Moreover, the electrical response of the grounded CPW lines is
not significantly affected by the process variation or the
fabrication tolerances.

Although the shunt line topology enables more accurate
simulations, it limits the amplifier bandwidth since we use
resonant stubs to match the circuits. This topology also requires
an extra DC-block in a multi-stage configuration, which
increases the total insertion loss of the amplifier.

We adopted a different approach to design of PA2 cap. We



first designed a single-stage amplifier block, matched to 50 Q
at the input and at the output of the circuit. The matching
networks of PA2 cap require small values of capacitance.
Therefore, we designed a 4.8 fF MIM capacitor at the output
(Cou) and a 9.6 fF MIM capacitor at the input (Ci),
corresponding to MIM footprints of 16 um? and 32 pm?
respectively, for the amplifier matching circuits. Then, we
cascaded six identical single-stage amplifier blocks in series to
form a 6-stage amplifier.

The two amplifiers use identical DC-blocks and bias-Tees.
RC networks were also added to the bias-tees of the two
amplifiers to improve their low frequency stability (not shown
in Fig. 3(b) and Fig. 3(c)).

We used the foundry’s non-linear transistor’s model to
design the amplifiers. The passive elements were simulated
using the ADS' Momentum software. The last step of the
design consisted of a loop gain stability analysis [11] performed
at each transistor’s terminal of the multi-stage amplifiers. We
did not observe any encirclement of the polar point (1,0), which
indicates that the simulated amplifiers are stable.

IV. MEASUREMENT RESULTS

Photographs of the fabricated 6-stage TMIC power
amplifiers are shown in Fig. 3(a) and Fig. 3(b). We used a
Keysight PNA-X! with the WR2.2 OML! and WR1.5 VDI!
extender heads to measure the S-parameters. We performed the
measurements on wafer and applied a multi-line thru-reflect-line
(TRL) calibration to define the measurement reference planes
directly on the access lines of the circuits, as indicated in Fig.
3(a) and Fig. 3(b).

Large signal measurements were realized with the WRI1.5
VDI' extender heads at 498 GHz and 520 GHz. We used the
Microwave Uncertainty Framework (MUF) [12] software
package to perform, 1) a power calibration, using the VDI PM5!,
of the wave-parameters in the waveguide reference planes. For
each power level of the PNA-X! source that we used during the
power sweep characterization, we first performed a power
calibration at our two frequencies of interest. Then, 2) we
realized an on-wafer TRL calibration and 3), we performed a
two-tier calibration with the MUF to de-embed the calibrated
waves from the waveguide reference planes to the on-chip
reference planes, and to directly measure the input and output
power of the amplifiers. We set the IF bandwidth of the PNA-
X! at 50 Hz. This calibration method allowed us to measure the
response of the amplifiers exactly at the frequency of interest, in
contrast with the calorimeter power-meter method, which
measures the power over the entire bandwidth of the waveguide.

The comparisons between the small-signal measurement
results and the simulated performance of the two amplifiers are
plotted in Fig. 3(c) and Fig. 3(d). PA1 line and PA2_cap exhibit
a small-signal gain higher than 20 dB from 482 GHz to 506 GHz
and from 486 GHz to 516 GHz, respectively. We observed good
agreement between measurements and simulations even though
the measured S»; bandwitdh of PA1_line is somewhat narrower
than the expected bandwidth. For PA2 cap, we observed
somewhat larger differences in the amplitude of S»; over the
amplifier’s passband. We measured the large-signal
performance of PA1 line at 498 GHz, for two bias points, and
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Fig. 4. Measured (%, one color represents one TMIC) and simulated (dotted
line) output power and transducer gain of the 6-stage amplifiers using (a)-(b)
shunt lines (PA1_line) at 498 GHz and using MIM capacitors (PA2_cap) at (c)
at 498 GHz and (d) at 520 GHz. The amplifiers are biased at V5=0.60 V, Jg=
12.8 mA/um? in (a) and at Vcp=0.88 V, Jg= 16.0 mA/um? in (b), (c) and (d).



TABLEI

MEASURED OUTPUT POWER OF AMPLIFIERS FROM 400 GHz TO 700 GHZ

Frequency Output Power Transducer Measured

Ref. Technology year

(GHz) (dBm) gain (dB) performance
[13] 395 +1.5 16.5 35 nm InGaAs mHEMT  On-wafer 2020
[14] 417 +7.1 4.8 25 nm InP HEMT Module 2017
[15] 440 -8 35 nm InGaAs mHEMT  On-wafer 2013
[16] 475 -1.1 9.9 60 nm InP HEMT On-wafer 2020
PA1_line 498 -1.5 23.8 130 nm InP DHBT On-wafer 2021
PA2_cap 520 -0.7 24.1 130 nm InP DHBT On-wafer 2021
8] 585 -0.65 20.2 130 nm InP DHBT On-wafer 2013
9] 585 +2.8 21 130 nm InP DHBT On-wafer 2013
[4] 680 +2.5 25 nm InP HEMT Module 2017

on 5 different sites of the wafer. The results are shown in Fig.
4(a) and Fig. 4(b). PA1 line delivers up to -1.5 dBm of output
power with a corresponding transducer gain of 23.8 dB at
498 GHz. The measurements are slightly below the simulated
performance, but we obtain a very good yield.

The large signal performance of PA2 cap is plotted in Fig.
4(c) and Fig. 4(d). We measured the TMICs on 4 sites, at
498 GHz and 520 GHz. PA2 cap delivers up to -0.7 dBm of
output power at both frequencies, with a transducer gain of
25.5 dB at 498 GHz and 24.1 dB at 520 GHz. However, we did
not obtain a good yield with PA2 cap.

At these frequencies, small variations of the capacitance can
have significant impact on the electrical response of the
amplifiers and dramatically change their stability conditions.
Thus, the parasitics associated with the small footprints of Cj,
and G, may have changed the impedances of the small MIM
capacitors in the matching networks.

Note that we were not been able to measure the saturated
output power of the amplifiers as the power delivered by the
extender heads was not sufficiently high to saturate the
amplifiers. Based on the measured transducer gain, we can
reasonably assume that the two amplifiers would have delivered
over 0 dBm of output power under higher input-power drives.

In Table 1, we compare the delivered output power and the
transducer gain of our amplifiers with other work published in
the literature. We reference only TMIC amplifiers with
measured output power, from 400 GHz to 700 GHz. Although
some amplifiers deliver an output power above 0 dBm, both of
our amplifiers have significantly higher transducer gain.

V. CONCLUSION

We have demonstrated over 23 dB of transducer gain with a
delivered output power approaching 0 dBm at 498 GHz and
520 GHz. The design approach with shunt lines is more robust
to process variations and presents very good yield at 498 GHz.
We observed more process variations in the TMIC amplifiers
designed with small MIM capacitors. We believe that variations
in the electrical properties of minimum size MIM capacitors
likely impacted the measured electrical performance.
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