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Abstract—This paper reviews our recent work on Si and SiGe
THz sources that generate high-power coherent radiation. Our
design approach blends the optimization of device operation near
or above f,,,,, with unconventional circuit topologies and energy-
efficient electromagnetic structures. Using a 130-nm SiGe HBT
process (fmq>=280 GHz), our 320-GHz transmitter produces
a record radiated power (3.3 mW) and DC-to-THz radiation
efficiency (0.54%) among all THz signal sources in silicon.
This transmitter also demonstrates fully-integrated phase-locking
capability for THz radiators for the first time. In this paper, a
260-GHz pulse radiator and a 340-GHz phased array, which are
based on a 65-nm bulk CMOS process, are also presented. The
former generates a radiated power of 1.1 mW, and provides THz
pulses with 25-GHz bandwidth. The latter generates a radiated
power of 0.8 mW and has a 50° beam-steering capability. These
works demonstrate a promising roadmap towards future THz
microsystems using silicon integrated-circuit technologies.

I. INTRODUCTION

The monolithic implementation of terahertz (THz) systems
on low-cost silicon chips is a very promising solution to open
up wide applications of THz radiation in the areas of medical
care, industrial product inspections, and security screening
[11,[2]. It is expected that these chips will enable affordable
and portable products such as in-vivo tooth cavity detection
[3], breath analyzer for disease diagnosis [4] and handheld
scanner for contrabands and explosives [S]. However, building
on-chip THz components and systems, especially radiation
sources, are challenging and requires a totally different design
approach from that in the RF (and also low mm-Wave) fre-
quencies. Conventionally, circuit designers has been exploiting
the ever increasing speed of devices, which is enabled by
the scaling of the silicon integrated technologies. Without
much modification to the circuit topologies, existing designs
could often be applied to higher frequencies with smaller sizes
and values of the components (capacitor, inductor, transistor,
etc.)—as long as the operation frequency is a small fraction
(<1/3) of the fy,q. of the device. Unfortunately, the growth
of the fy,4, in the mainstream CMOS/BiCMOS technologies
has slowed down in the recent years. So as we aggressively
enter the terahertz regime, the following issues have emerged.

First, the fundamental operation frequency fy is so close
to the cut-off frequency of the device (fo> fq:/2) that the
active gain of the device becomes very small. Meanwhile,
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Fig. 1. State-of-the-art THz sources implemented using CMOS transistors
(round dots) and SiGe HBT (square dots) (a) the total radiated power, and
(b) DC-to-THz radiation efficiency. The dots in red are the works described
in this paper.

the breakdown voltage of the highly-scaled silicon transistors
keeps decreasing, which severely limits the power handling
capabilities of these devices. Such scarce device efficacy
is further reduced by the larger loss of the on-chip metal
structures due to the deteriorating skin-depth effect and the
doped silicon substrate. The latter is especially detrimental to
the on-chip radiation, due to the substrate-mode excitation.
Second, since the target output frequency is normally above
the fi.qz, We have to rely on harmonic generations. In fact,
the ubiquitous usage of device nonlinearities and harmonic



generation is probably the biggest distinction between THz
electronics and its lower-frequency counterparts. While the
modeling and optimization of the nonlinearity in two-terminal
devices, such as diodes and varactors, were well studied
[6],[7], those for the three-terminal transistors remain un-
solved. This greatly adds the complexity of the design. It is
noteworthy that the harmonic operation also inevitably leads
to lower energy efficiency.

Lastly, if the design of a THz source follows the traditional
method involving multiple, single-function blocks (e.g. oscilla-
tion, harmonic generation, signal filtering and on-chip radia-
tion), significant interconnect loss and bandwidth degradation
will occur [8]. Such approach also increases the size of the
radiation source, which lowers the power-generation density
and leads to large radiation side lobes in an array configuration.

Due to these issues, the output power of the state-of-
the-art silicon radiators is still at milli-watt level, which is
plotted in Fig. 1(a). The generated power also drops quickly
at a rate of 1/f3, to 1/f2,,. On the other hand, the DC-to-
THz radiation efficiency is shown in Fig. 1(b). Currently, the
absolute efficiency value is still below 1%; but fortunately, ever
since the first CMOS THz radiator reported in 2008 [9], the
efficiency has been improved by over 1000x. These plots also
clearly show the advantages of SiGe heterojunction bipolar
transistors (HBTs), which have higher f,,,, and breakdown
voltage compared to the silicon MOSFETs [10].

In this paper, we introduce a device-centric design approach.
Through analyses that are independent of any specific design
topology, the limit of harmonic generation from a single
transistor are first examined. Then, the conditions associated
with the device limits are utilized as the guidelines and
requirements for the synthesis of unconventional THz circuits.
As a result of such “bottom-up” design methodology, the
small device efficacy at THz is fully exploited. In addition,
our approach also blends the device optimizations with the
electromagnetic design, in order to minimize the circuit loss
and footprint.

Next, several THz radiator prototypes are reviewed, which
illustrate our coherent efforts from the investigation of a
single-device operation to the creation of novel, scalable
architectures. These works not only represent the highest
radiated power and energy efficiency among all THz sources
in silicon [11] (Fig. 1), but also demonstrate various critical
functionalities for future THz microsystems, such as phase
locking [11], short-pulse generation [12] and beam steering
[13].

II. 320-GHz TRANSMITTER WITH
INTEGRATED PHASE LOCKING

This 320-GHz transmitter consisting of 16 mutually-coupled
radiator array [11]. It is implemented using a 130-nm SiGe:C
BiCMOS process (fr/fimaz=220/280 GHz) from STMicro-
electronics. Through free-space power combining, the trans-
mitter achieves a radiated power of 3.3 mW and DC-to-THz
radiation efficiency of 0.54% (Fig. 2(a)). It is noteworthy that
the chip is also equipped with a phase-locked loop, which is
critical for heterodyne imaging with enhanced sensitivity and
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Fig. 2. (a) The die photo and package of the 320-GHz transmitter. (b)
Measured radiation pattern, power, and DC-to-THz radiation efficiency.
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Fig. 3. (a) The simulated phase of the optimum gain of a 130-nm SiGe HBT.
(b) The equivalent diode-connected configuration of a transistor inside a push-
push oscillator at 2 fo due to the unity harmonic feedback factor (B2 ¢,=1).

beam forming capabilities. To our best knowledge, this is the
first demonstration of fully-integrated phase locking in THz
radiators!.

The key component of this work, the THz radiator, is based
on harmonic oscillator, which is normally more efficient than
frequency multipliers due to its self-sustaining nature. The
design target of the radiator is to optimize the following three
steps of the signal generation.

1) At the fundamental frequency fy, the transistor should
be configured to generate the maximum power, in or-
der to overcome the passive loss and sustain a large
oscillation swing. It is found that an optimum complex
voltage gain A,y is required to achieve this [15]. To
be more specific, both the device analyses and mathe-
matical derivations have indicated that, as the oscillation

IThe first THz phased-locked loop in silicon is demonstrated in [14]. In
this work, the output power is measured through on-wafer probing.

2It is noteworthy that these analyses theories are applicable for both SiGe
HBTs and CMOS transistors.
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Fig. 4. (a) A simplified schematic of the proposed self-feeding oscillator

structure. (b) The proposed THz radiator design based on a differential self-
feeding oscillator pair and a return-path gap coupler.

frequency approaches f,qz, the phase delay of A,y is
significantly larger than 180° (i.e. full inversion opera-
tion) (Fig. 3(a)). Intuitively, such required extra phase
shift is for matching the delay of the device transcon-
ductance (input voltage to output current). This delay is
caused by the finite carrier transit time and gate/base-to-
drain/collector feedforward current through the parasitic
capacitance (e.g. C,, in HBTs). Unfortunately, in the
commonly-used push-push oscillators, the phase of the
transistor gain is forced to be 180°, which leads to under-
optimized oscillation power..

2) The nonlinearity of the device needs to be fully utilized
so as to efficiently convert the fundamental power into
higher harmonic (e.g. 2 fp). It is noteworthy that simply
performing impedance matching at the output is not
sufficient [16]. We found that such nonlinear process
is strongly related to the harmonic feedback factor B2,
between the two device terminals through the peripheral
oscillator structure. Unfortunately, such feedback is neg-
ative in many conventional designs, and reduces the net
output power. For example, in a push-push oscillator, the
2"d_harmonic voltages at both terminals of a transistor
are identical (Fig. 3(b)). Through such unity harmonic
feedback factor (82¢,=1), an additional harmonic current
is induced at the collector, which partially cancels the
current originally generated through the fp-to-2fy up
conversion from the base. This partly explains the low
power levels of the sources reported previously. In THz
range, the optimum f5y, is close to zero, which means
effective harmonic isolation is required.

3) It is desired that the generated harmonic signal be
directly radiated with minimum power loss in the an-
tenna feed lines. This is unfortunately not the case
in conventional designs. In the multi-push topologies
(Fig. 3(b)), the harmonic signal needs to travel along
the resonators used for oscillation at fy before reaching
the antenna. The length of the resonator at harmonic
frequencies is close to A\/2 (push-push) and 3\/4 (triple-
push), which leads to significant power loss.

To meet the first condition, a “self-feeding” oscillator topol-

ogy is adopted in our radiator design. The basic schematic
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Fig. 5. (a) A simplified schematic of the proposed self-feeding oscillator
structure. (b) The proposed THz radiator design based on a differential self-
feeding oscillator pair and a return-path gap coupler.

is shown in Fig. 4(a), where a transmission line (TL) is
used as the oscillation feedback path. The transistor, as well
as the admittances Y and Yp are treated as the boundary
conditions for the wave propagation and reflection inside the
TL. Using linear network theories, we show that when the
design parameters in Fig. 4(a) comply with the following
relationship:

1 _ 91 + Re(Aopt - ¥12)
Zy sin 7y, Im(Aopt) ’

)

Aopt can be achieved [16]. In (1), Zy and @7y are the
impedance and electrical length of the transmission line, and
g11 and ypo are the Y-parameters of the transistor.

Next, to achieve the effective harmonic isolation, a return-
path gap coupler (RPGC) structure is inserted into the
feedback paths of a differential self-feeding oscillator pair
(Fig. 4(b) and Fig. 5). The RPGC, essentially a two-conductor
waveguide, allows the propagation of an odd-mode signal.
Therefore, as Fig. 5(a) shows, the return currents of the
differential oscillation signals from the collectors can pass the
RPGC with very small delay and insertion loss (0.6 dB in
simulation). Once they arrive at the other side of the RPGC,
forward currents are induced inside the microstrip transmission
lines and injected into the bases of the HBTs. In Fig. 5(a), the
two slot pairs at the top and bottom of the RPGC behave as
quarter-wave transformers, which present high impedance to
the oscillation signal, so as to confine the odd-mode wave in
the center of the RPGC.
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Fig. 6. 260-GHz pulse radiator array: (a) architecture, (b) the die photo and
the measured radiated spectrums.

On the other hand, the up-converted 274_harmonic signal3 is
in even mode. Since the return-path gap does not support the
propagation of even-mode wave®*, the harmonic signal is fully
blocked (Fig. 5(b)), and effective isolation at 2 fj is achieved
(>35 dB in simulation). Interestingly, the the slot pair at the
top, which is used as wave chokes at f;, now behaves as a
typical folded-slot antenna in which four quarter-wave sections
radiate in phase. This not only eliminates the need for any
explicit antenna structure, but also ensures that the harmonic
signal is radiated right after its generation from the devices.

It can be seen that by utilizing wave formation, propagation,
and mode orthogonality, our radiator structure simultaneously
optimizes fundamental oscillation, harmonic generation, and
on-chip radiation. Due to its compactness, the area of the 4 x4
radiator array is only 0.8 mm?2.

Since the THz wave is exposed to the substrate through
the slots, the generated radiation is absorbed into the silicon.
To eliminate the excitation of the substrate wave and couple
the radiation into free space, a high resistivity hemispheric
silicon lens is attached to the chip back, which leads to ~40%
radiation efficiency in the simulation. Nevertheless, even with-
out the lens, the measured total power of the direct backside
radiation is still as high as 1.2 mW. The small degradation is
due to the high density of the in-phase radiators: the divergence
of the near-field radiated wave is suppressed by the vertical
high-impedance boundaries created by neighboring radiators.
The excitation of substrate wave, as well as the reflection loss
at the silicon-to-air interface, are therefore minimized.

3In this work, the harmonic signal at 2fp is extracted from the base
heterojunctions of the HBTs.

4The cutoff frequency for this mode in the two-conductor waveguide is
~6 THz.

III. 260-GHz CMOS RADIATOR WITH NARROW-PULSE
MODULATION

It is noteworthy that the proposed device-centric THz de-
sign approach is applicable to other processes (CMOS, III-V
compound semiconductors, etc.). As one example, the self-
feeding oscillator with maximum oscillation activity is also
implemented in a 260-GHz CMOS pulse radiator array [12].

The architecture of this signal source is shown in Fig. 6(a),
which consists of a loop of four differential radiator blocks.
Each radiator block contains one pair of differential self-
feeding oscillators. Different from the 320-GHz transmitter
in Section II, the differential operation of the self-feeding
oscillator in this work is realized through the magnetic cou-
pling of the self-feeding lines. Next, neighboring oscillator
pairs are coupled with quadrature phase, so that their 2"?-
harmonic outputs are out-of-phase. This facilitates the layout
and placement of the slot antennas for backside radiation.

It is noteworthy that in (1), Zy and (7, are coupled and
provide some freedom in choosing their values. Such flexibility
is utilized for the harmonic isolation between the MOSFET
terminals: the length of the self-feeding transmission line at
2fo is chosen to be near quarter-wave (o7, 7,=48°). The line
then transforms the low impedance at gate (due to large Cys)
into a much higher one presented at the drain side. The high
impedance therefore keeps the generated harmonic signal from
flowing back to the gate. In our simulation, such isolation
increases the harmonic generation efficiency by 4 times.

This signal source is implemented using TSMC 65-nm
bulk CMOS process (Fig. 6(b)). In the measurement, the
total radiated power is 1.1 mW, which is so far the highest
among all CMOS radiators operating in this frequency range.
On this chip, varactor-based switches are also integrated,
in order to modulate the radiation with very narrow pulses
(t=45 pS) generated on chip. Under such modulation, the
measured spectrum of the output beam fully covers a 25-
GHz bandwidth. This demonstrates its potential applications
in terahertz spectroscopy.

IV. 340-GHz PHASED ARRAY: A HIGHLY-SCALABLE
ARCHITECTURE

For power generation at terahertz, an array of small radiators
is normally more efficient than increasing the power of a single
source. In addition, the spatial diversity of a distributed source
has the ability to focus the beam at the desired point in space.
In other words, by splitting a single source into N smaller
elements with the same total DC power, the effective radiated
power targeted at a certain point can increase by a factor of N.
Nevertheless, the main challenge with scaling is to maintain
control over the individual elements in the same way that one
accesses a single module. In fact, this challenge has shaped
the conventional idea for phased array radiation. As shown in
Fig. 7(a), the control of the multiple sources in a phased array
is through a single source that distributes its power across
the grid through a global network. The complexity of this
global routing becomes noticeable as the number of rows
and columns in the array increases and/or the interconnect
coupling and loss start to affect the performance. In order to
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Fig. 7. (a) The conventional implementation of the phased array concept. (b)

An ideal scalable phased array radiator with local coupling between adjacent
cores.

build a scalable source that can steadily increase the limited
performance of individual devices without mounting structural
complexity, a 2-D scalable and tunable THz source based on
delay-coupled oscillators is presented [13].

The concept of the scalable phased array is based on the
local, mutual interactions between radiator units. Shown in
Fig. 7(b), these independent terahertz radiators are separated
from their neighbors by half the wavelength. In this arrange-
ment, instead of using a single control unit, the oscillators
synchronize to each other as a result of the local coupling
between adjacent neighbors. There is no lengthy, global inter-
connects, and with the absence of uncertainties due to error
and loss propagation, the scaling of the structure is not bound
to a small number of elements.

Interestingly, the method to adjust the phase and frequency
of this structure proves to be quite intuitive. In a ring of
oscillators that are directionally coupled by phase shifters, we
show that the synchronized frequency can be controlled by
adjusting the coupler phase shifts [17]. We call this common
phase shift ¢, that is changed across all couplers. In the 2-
D array, the same adjustment to the common phase shift will
change the synchronized frequency of the radiators. As shown
in Fig. 8(a), we can illustrate the coupling phase shifts of
the network by a bundle of phasors in the array phase space.
The common phase shift is in effect a superposition of all the
phasors. When all the phasors are aligned, the radiators are
in phase. Now, if the phase shift of the couplers surrounding
one of the radiators change in opposite directions, ¢, remains
unchanged. However, the phase of that particular node changes
according to this differential change, ¢;. We demonstrate that
a particular mapping exists between all possible changes in
the ¢4’s and all the angles of the radiated beam of the phase
array. This 2-D phased array concept based on the theory of
coupled oscillator provides a method to independently control
the phase and frequency properties of a scalable structure in a
fully distributed fashion. This offers a suitable solution for a
terahertz source that can be scaled without the limitations of
previous controlling methods.

To prove the concept, a 4x4 phased array at 340 GHz is
implemented using a 65-nm CMOS process [13]. The signal
is radiated through on-chip patch antennas to the front side.
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Fig. 8. (a) Left: frequency tuning of the phased array by changing the
common phase. Right: Phase tuning and beam steering in the array by
performing differential phase adjustments. (b) Die photos of a 340-GHz
tunable phased array radiator based on delay-coupled oscillators. (c)

Without any post processing and silicon lens coupling, the
measured radiated power is 0.8 mW. This chip demonstrates
the first fully integrated beam steering above 300 GHz with a
measured maximum steering angle of ~50° in the 2D space

(Fig. 8(c)).

V. CONCLUSION

The performance and capabilities demonstrated by our chips
have shown great potential of standard SiGe BiCMOS and Si
CMOS processes in implementing future THz microsystems.
With the scaling of the devices, especially the near half-THz
fmaz that SiGe HBTs exhibit recently [10], such potential
should be able to soon turn into THz components and systems
with even higher performance and complexity. We expect that
these progress will eventually trigger the wide applications of
the THz spectrum.
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