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8.2 A 260GHz Broadband Source with 1.1mW

Continuous-Wave Radiated Power and EIRP of
15.7dBm in 65nm CMOS
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Terahertz spectroscopy using silicon technology is gaining attraction for future
portable and affordable material identification equipment. To do this, a broad-
band THz radiation source is critical. Unfortunately, the bandwidth of the prior
CMOS works is not sufficient. In [1], the 300GHz signal source achieves 4.5%
tuning range by changing the coupling among multiple oscillators. In [2], the
DAR array has 3% tuning range with radiation capability. Alternative to the con-
tinuous device-tuning method, THz time-domain spectroscopy utilizing the
broadband spectrum of picosecond pulses is widely used in the optics commu-
nity [3]. In this paper, a high-power pulse-based sub-millimeter-Wave radiation
source using 65nm bulk CMQOS technology is reported. The architecture of this
transmitter is shown in Fig. 8.2.1, where four differential core oscillator pairs are
mutually coupled through four quadrature oscillators. Each core oscillator pair
generates 2"-harmonic signals at 260GHz that are power-combined after radiat-
ing through eight on-chip antennas. Four shunt switches, controlled by narrow
pulses (width~45ps) modulate the radiation. The pulses are generated by local
digital circuit blocks with programmable repetition rate up to 5GHz. This way, the
broadband spectrum of the pulses is upconverted to the carrier frequency of
260GHz. Without modulation, the chip achieves a continuous-wave radiated
power of 1.1mW. Under modulation, the measured bandwidth of the source is
24.7GHz, which makes it suitable for many FTIR-based THz spectrometers. In
addition, if the switches are modulated by digital data, this chip can also be used
as a transmitter for sub-millimeter/THz wireless communications.

Due to the large attenuation and low detection sensitivity in this frequency range,
high-power generation from the core oscillators is critical. It is demonstrated in
[4] that the generated power in a transistor is mainly determined by the voltage
phase shift, ¢,, between its gate and drain terminals. Moreover, the optimum
phase shift value decreases from 180° when the fundamental oscillation fre-
quency is over 100GHz. To achieve such phase shift, a three-stage topology with
3¢-harmonic extraction is proposed in [4]. However, a differential structure with
2"-harmonic extraction is more desirable for the integration of large-sized on-
chip antennas and symmetrical coupling with adjacent oscillators for power
combining. Extracted power from a lower harmonic number is also higher.
Unfortunately, the push-push topology used in previous works has a ¢, of 180°
or higher, which leads to low fundamental oscillation and harmonic generation
power. To solve this issue, we propose to use a transmission line as the feed-
back path across each transistor, plus two reactive components Y; and Y, at the
gate and drain, to excite oscillation (Fig. 8.2.2). To determine the optimum
impedance Z, and phase shift (length) ¢r_of the line, the Y-parameters of the
entire network, [ Yiya], are derived. When oscillation occurs, the net currents /
and /, flowing into this self-sustained network are zero. Such analysis then pro-
vides the value of Zy and ¢r_needed to achieve a certain value of ¢, in the equa-
tion listed in Fig. 8.2.2. Figure 8.2.2 also shows the simulated output power as
a function of ¢, and corresponding ¢y, and Z, for a 65nm CMOS transistor
(W/L=27pm/60nm) at 130GHz. It can be seen that the optimum ¢, of 150°

results in 2x larger power compared with a conventional push-push topology
(pa=180°).

Next, a differential oscillator is formed by combining two of these units using
coupled transmission lines (Fig. 8.2.2). Due to symmetry, two coupling modes
can exist: in-phase and out-of-phase oscillations. The characteristic impedance
of the coupled lines at these two modes is Z,qq and Zge,, respectively. The out-
of-phase oscillation mode is desirable since it facilitates the extraction of the 2™
harmonic, and makes the Q of the coupled transmission line higher due to the
constructive superposition of the magnetic field. By selecting ¢y, of 48° and
Zgyen O 609, the generated power in out-of-phase mode is maximized as shown
in Fig. 8.2.2. At the same time, Z,44 is designed to be around 20€2 which results
in much lower generated power in the in-phase mode that is suppressed by the
circuit loss. Finally, in conventional push-push and triple-push oscillators, the
generated harmonics at the drain are greatly attenuated by the gate of the other
transistor as it is directly connected to the drain. In our proposed structure, the

line with 2¢y; phase shift at ( isolates the drain of each transistor from the gate,
by transforming Cy into a larger impedance as shown in the Smith Chart of Fig.
8.2.2. This means most of the generated power at o flows into the output through
TL,.

Other circuit blocks are presented in Fig. 8.2.3. To facilitate the placement of the
antennas and the low-loss THz switching, each core oscillator pair should have
out-of-phase 2"-harmonic generation, thus 90° phase shift at the fundamental.
So the core oscillators are mutually coupled by four quadrature oscillators. The
quadrature oscillator is a ring of four identical amplifier stages with 270° phase
shift and end-to-end simultaneous conjugate matching [5]. The differential
switches use tuned MOS varactors (12fF), which have an ON/OFF impedance
ratio of 21x at 260GHz compared to the 4x of PMOS. To accommodate the
broadband radiation, slot antennas are used. Without having a ground reflector,
the formed low-Q resonance cavity enables ~60GHz impedance matching
(]S11/<-10dB). The wide metal plane for current conduction in the slot antenna
reduces loss. Additionally, not requiring large empty space for radiation, the
slots can be closely placed into the transmitter layout for a compact, efficient
feed-line network. Finally, a high-resistivity hemispheric silicon lens (diame-
ter=10mm) is attached to the chip backside to eliminate the substrate-wave exci-
tation. The beams are power-combined inside the lens, and the simulated radia-
tion efficiency is 60%.

The testing setup is shown in Fig. 8.2.4. The chip is measured by a diagonal horn
antenna cascaded by a VDI WR-3.4 even harmonic mixer (EHM) using the 16"
harmonic of the LO. The oscillation frequency is measured to be 260GHz and the
IF spectrum is shown in Fig. 8.2.5. The frequency can be continuously tuned
within a range of 3.7GHz using the varactors in the core oscillators. The meas-
ured phase noise is -78.3dBc/Hz at 1MHz offset. The chip radiation patterns in
E-plane and H-plane are also characterized (Fig. 8.2.5), resulting in a measured
directivity of 15.2dBi. When using pulse modulation with a 3.5GHz repetition
rate, the radiation spectrum is measured by sweeping the mixer LO, and is plot-
ted in Fig. 8.2.6. The spurs above the equipment noise floor demonstrate a band-
width of 21GHz. Since this spectrum can be continuously shifted by 3.7GHz, the
radiation covers the entire 24.7GHz bandwidth. The actual output bandwidth pre-
dicted by the simulated radiation spectrum in Fig. 8.2.6 is over 40GHz. Finally, at
a distance of 4.5cm from the chip, the measured continuous-wave power using
the direct-detection mode of the mixer (responsivity=3kV/W) is 48pW, which is
also verified with an Erikson PM4 calorimeter. This gives 15.7dBm EIRP and
1.1mW total radiated power. The chip consumes 0.8W power from a 1.2V sup-
ply. A die micrograph and performance comparison with prior work are given in
Fig. 8.2.6. This source demonstrates the highest radiated power, EIRP, and
bandwidth among all CMOS implementations in the table.
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t:  The output power is measured through probe landing, not radiation.

t+: Wafer thinning to the silicon substrate is used.

t1t: A silicon lens is used. The hemispheric lens shape in this work does not enhance the directivity.
Figure 8.2.5: The measured IF spectrum, phase noise and the radiation Figure 8.2.6: The measured and simulated radiation spectrum, the chip die
pattern of the CMOS 260GHz source. Since the silicon lens is hemispheric, the photo, and a table of performance comparison with the state-of-the-art
radiated beam is not collimated by the lens. sub-millimeter-wave signal sources.
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Figure 8.2.7: The die micrograph of the 260GHz radiation source
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