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Sub-mm-Wave and terahertz frequencies have many applications such as med-
ical imaging, spectroscopy and communication systems. CMOS signal genera-
tion at this frequency range is a major challenge due to the limited cut-off fre-
quency of transistors and their low breakdown voltage. A recent work has
demonstrated generation of high power at a fixed frequency in the sub-mm-
Wave range using a harmonic oscillator [1]. However, for most applications a
tunable signal source is necessary. In previous works, frequency multipliers are
used as an alternative for tunable power generation above 150GHz [2]. In this
work, for the first time we introduce a tunable high-power oscillator at sub-mm-
Wave frequencies in low-power (LP) bulk CMOS.

There is a tradeoff between power generation and tuning range in high-frequen-
cy VCOs. This is primarily because the quality factor of tuning varactors decreas-
es rapidly with frequency. Therefore, tuning frequency with varactors results in
significant drop of output power. Because of this tradeoff, the best reported
CMOS VCOs above 150GHz generate sub-pW output power even though they
have <2% tuning range. To achieve both high output power and tuning capabil-
ity at sub-mm-Wave frequencies, we exploit a novel architecture that decouples
power generation from frequency tuning.

The proposed architecture shown in Fig. 15.4.1 consists of a loop of coupled
oscillators. In this scheme, each oscillating core couples energy to its neighbor
through a tunable phase shifter. The phase shifters adjust the coupling between
cores and as explained below, control the frequency of core oscillators. Since the
frequency tuning is performed by controlling the coupling, the core oscillators
are varactor-free and hence can be optimized for maximum power generation at
the desired harmonic frequency. By adjusting the loop dynamics, we ensure that
the desired harmonics from all core oscillators are in phase and combined at the
output node.

The tuning method is inspired by injection locking between two oscillators: when
an oscillator at w injects enough energy to another oscillator with a free running
frequency of wq, within locking range, the second oscillator locks to w. As
shown in Fig. 15.4.2, in the locked mode, a phase lag Ag is developed between
the locked oscillator and the injecting source which is proportional to w-wg and
inversely proportional to the coupled energy [3]. We exploit an interesting impli-
cation of this concept. By adjusting the phase shift Ag between the two oscilla-
tors, we concurrently control the frequency of both of them. To realize this idea,
we place the oscillators in a loop configuration with phase shifters () between
neighbors as shown in Fig. 15.4.2. It can be shown that the loop with N oscilla-
tors has N different coupling modes corresponding to a phase difference of
Zkr/N between adjacent oscillators where k=0 to N-1. By properly selecting the
range of v, we can select a desired mode and damp the rest.

The phase difference between oscillator cores is fixed and depends on the cou-
pling mode. This constant phase shift is the sum of two variable phase shifts.
The first part, ¢ which is set by the phase shifter, is the phase difference between
the preceding oscillator and the actual injected signal Vj,. The second part, A,
is the phase shift between the injected signal Vj; and the succeeding oscillator.
In this setting all oscillators are locked to the same frequency that is set by Ag
which is forced by v and the coupling mode. The frequency tuning range is pro-
portional to the injected power and inversely proportional to the quality factor of
the tank as shown in Fig. 15.4.2.

In this work, we design a loop with four coupled oscillators. This corresponds to
four coupling modes and we select the mode with /2 phase shift between adja-
cent core oscillators. This results in constructive combining at the fourth har-
monic of the fundamental frequency and cancellation of lower harmonics as
shown in Fig. 15.4.3. We carefully select the fourth harmonic to maximize the
power around 300GHz. A higher harmonic number results in smaller nonlinear-
ity and hence lower output power. A lower harmonic number makes the funda-
mental frequency too close to f,,, (~200GHz) resulting in smaller swing and
hence weaker harmonics.

The phase shifter is a two-stage differential amplifier shown in Fig. 15.4.1. The
supply node of each stage is virtual ground and is wirebonded off the chip. The
phase shift is controlled by adjusting the varactors through V.. The varac-
tors are buffered from the oscillator through M; and do not affect the power gen-
eration at the core. The highest amount of phase tuning is possible around the
resonance frequency of the load of amplifiers. This frequency is designed to be
at the resonance frequency of the tank of core oscillators resulting in the maxi-
mum frequency tuning.

To deliver high harmonic power to the load, it is essential to generate strong har-
monics at each core oscillator and effectively transfer it to the output. Figure
15.4.3 shows the equivalent half circuit of each core at the fourth harmonic. The
gate inductance L, partially resonates with the gate capacitance of the device,
resulting in higher swing at the fundamental and hence stronger harmonic gen-
eration. More importantly, L, provides a local matching between the drain
impedance Zy,, and the combiner network impedance Z; as shown in the
Smith chart of Fig. 15.4.3. This guarantees that most of the generated harmon-
ic flows to the load and does not go back to the gate of the transistor. The next
matching is performed at the output of the power combiner. This matching net-
work, which includes the output pad, is also designed at the fourth harmonic.
Metal walls and ground shielding are used for the cores and the power combin-
er to avoid cross coupling between adjacent blocks.

The VCO is fabricated in a 65nm LP bulk CMOS process. Figure 15.4.4 shows
the test setup to measure the output frequency and power. The output is meas-
ured using a Cascade i325-GSG probe with a built-in bias tee. Frequency meas-
urement is performed by connecting the probe to a VDI WR-3.4EHM harmonic
mixer. The detected output frequency and harmonic number of the LO are found
by sweeping the LO and observing the IF. Figure 15.4.4 shows a typical IF spec-
trum mixed with the 16" harmonic of the LO. Two versions of the chip with dif-
ferent drain inductances (L, in Fig. 15.4.1) are measured with center frequencies
of 290GHz and 320GHz and respective tuning ranges of 13GHz and 8.4GHz
shown in Fig. 15.4.5. At 323GHz, the measured phase noise of the oscillator is -
77dBc/Hz at 1MHz offset frequency. The output power is measured using an
Erikson PM4 power meter as illustrated in Fig. 15.4.4. The losses of the probe
and all the other components in this setup are calibrated using a 500GHz net-
work analyzer. The power testing setup uses WR3.4 waveguides that filter the
fundamental and second harmonic. The third harmonic power is suppressed by
the output power combining network and hence its power at the output is at least
15dB lower than the fourth harmonic. This is verified by observing the output
spectrum using the mixer. Measurement results in Fig. 15.4.5 show the output
power as a function of DC power and control voltage. A peak output power of -
1.2dBm is measured at 292GHz. Figure 15.4.6 shows the comparison with prior
art. This work demonstrates the highest output power and tuning range among
the CMOS VCOs in this range and is comparable with sources in compound
semiconductors with much higher f,,,,.
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Figure 15.4.1: The VCO consisting of four coupled oscillators. Right: The
phase shifter and its simulated phase shift as a function of the control voltage Figure 15.4.2: Left: Phase shift as a result of injection locking. Right: The
at the fundamental frequency. inverse effect resulting in frequency change in coupled oscillators.
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Figure 15.4.3: Top: Local matching at the harmonic by adjusting L,. Bottom:
Output matching and cancellation of lower harmonics.
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Figure 15.4.5: Measurement setup used for frequency (top) and power (bot-

Figure 15.4.6: Comparison with the state-of-the-art signal sources above
tom) measurements.

180GHz.
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Figure 15.4.7: Chip micrograph.
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