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Abstract—This paper describes a programmable single-chip
feedback ASIC for a network of coupled microelectromechan-
ical systems (MEMS) referenced oscillators in the 0.4-15 MHz
range. The chip contains differential low-noise amplifiers (LNAs),
variable-gain amplifiers (VGAs) and programmable-gain ampli-
fiers (PGAs) for gain control, second-order active-RC band-
pass filters (BPFs) for band selection, all-pass filters (APFs) for
phase shifting, an automatic level control (ALC) loop, and output
buffers to drive mechanical resonators. The feedback transfer
function can be fine-tuned via a three-wire serial peripheral
interface (SPI) bus. A compensation path with its own PGAs,
programmable attenuator, and APF enables removal of electrical
feedthrough within the resonator. The chip has 5 differential
input paths with independent gain control, 1-2 of which are used
for local feedback (to realize oscillations) while the others accept
inputs from other oscillators. The chip has been fabricated in
180 nm CMOS and consumes 4.6 mW at 1.8 V. In initial tests,
it is integrated with a 2 MHz quartz resonator (7 = 2000) to
realize an oscillator with low phase noise (—117 dBc/Hz at 1 kHz
offset). Additionally, the chip’s ability to synchronize oscillators
is validated via a 1:1 injection locking experiment.

Index Terms—Feedback ASIC, MEMS-referenced oscillators,
injection locking, coupled oscillators.

I. INTRODUCTION

Over the past decade, MEMS resonator-based oscillators
have advanced toward commercialization for timing appli-
cations such as real-time clocks and wired communications
standards like USB [1]-[3]. Resonant MEMS-referenced os-
cillators are also being used for ultrasensitive mass sensing [4],
[5], inertial imaging [6], and quantum information science [7].
Recently, the synchronization of MEMS oscillators has also
seen growing interest due to its applications in computing and
information processing [8], [9]. Arrays of coupled oscillators
can implement Ising machines for solving nondeterministic
polynomial-time hard (NP-hard) problems, which are compu-
tationally challenging to solve in digital computers. Finding
the best solution reduces to locating the Ising model’s ground
state, which is accomplished using networks of coupled ar-
tificial spins. Fig. 1 shows an overview of oscillator-based
Ising machines (1D and 2D coupled oscillator networks) which
typically use subharmonic injection locking as the annealing
mechanism [10] to solve NP-hard problems, such as the
weighted Max-Cut problem [11]. Though significant attention
has been paid to LC', memristor, and ring oscillator-based Ising
machines [12]-[14], miniaturized low-power versions using

arrays of resonant MEMS-referenced oscillators have not yet
been experimentally demonstrated.
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Fig. 1. Overview of oscillator-based Ising machines for solving NP-hard
problems: (a) 1D network, and (b) 2D network. (c) Solving a 6-node Max-
Cut problem using an Ising model, and (d) its energy landscape.

In this paper, we describe a CMOS feedback ASIC for
interfacing with coupled self-sustaining MEMS-referenced os-
cillators in the 0.4-15 MHz range, in order to enable building
blocks for future MEMS-enabled Ising machines. As shown
in Fig. 2, the chip contains 5 input paths (LNA and VGA)
with programmable gains, w;, and a signal combiner. Up to
4 of these paths can be driven by external inputs (e.g., other
oscillators) to realize 1D/2D networks of coupled oscillators.
The summed signal is further processed by the on-chip BPFs,
APFs, and PGAs before driving (1) up to 2 MEMS resonators
(thus realizing local feedback loops to generate oscillations),
and (2) other oscillators in the network.

II. FEEDBACK ASIC DESIGN

Fig. 3 shows a more detailed block diagram of the chip,
which includes LNAs, VGAs, PGAs, APFs, differential output
buffers, and an ALC loop based on an envelope detector (ED).
There are two output signals (main, voyr, and compensation,
vou p) Wwith adjustable relative gain and phase shift. All chip
parameters (e.g., BPF gain, center frequency, and (); gains
of PGA, VGA and LNA; and APF phase shifts) can be
programmed via a standard 3-wire SPI port.

A. LNA and VGA Design

The chip improves upon earlier programmable CMOS feed-
back ASICs (i.e., sustaining amplifiers) [15]-[17] by including
five independently-programmable input paths (Fig. 2). The
LNA in each path also has improved performance compared
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Fig. 3. Architecture of the feedback ASIC for interfacing with generic MEMS
resonators. Attn.: attenuator; OTA: operational transconductance amplifier.

to previous work. Fig. 4 shows the schematic of each LNA.
The design is a fully-differential common-source amplifier
with capacitive feedback to set the voltage gain. Current
reuse (via an active PMOS load) is used to (1) reduce input-
referred noise, and (2) keep the output DC operating point
independent of bias current I1,54. To increase open-loop gain,
the input pair and the load are both cascoded, with their DC
operating points set via active MOS resistors controlled by
the auxiliary bias current Ip;. The nominal closed-loop gain
is Ao ~ —(gmp/gmn) (14 Cix/Cr) —Cin/Cr = 26 dB where
gmn and gn,p are the transconductances of the NMOS input
pair and active PMOS load, respectively. The switches SW1 o
increase Cr by 2x to reduce Ay by 6 dB if needed, thus
increasing the overall dynamic range (DR). The typical input-
referred noise PSD is 3.8 nV/Hz'/2 at I;na = 20 pA.

The chip integrates five differential input channels (LNA
and VGA) to enable the design of 1D/2D coupled oscillator
networks. The VGA is realized by 1) converting the LNA
outputs to current using OTAs (Gm1), 2) summing the OTA
outputs in current-mode, and 3) converting the sum to voltage
using a load OTA (Gy,2), as shown in Fig. 3. Each channel
includes both 5-bit digital gain control and sign control for
Gm1, such that the output voltage can be written as

18
vouT = TZ 5iGLNA,iGm1,iVIN,is

m2 i—1

(1

where s; € {+1,—1} is the sign and Gy, is pro-
grammable. The load OTA’s transconductance is given by
G = (IB2 + IALc)/VLQ where Igo and V7,9 are the nominal
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Fig. 4. Schematic of a single fully-differential LNA.
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bias current and linear range, respectively, and Iapc is a
feedback current set by an automatic level control (ALC) loop.
The input-referred DR of the chip is increased by enhancing
the linear range of the OTAs in the VGA. Resistive source
degeneration is used for this purpose, with the tail current
source split to avoid degradation of input common-mode
range [18]. The typical linear range (at Iz = 5 pA) is 350 mV
and increases further with Ig. The value of Gy, for a given
Ig can be varied via a 4-bit current DAC within the OTA
that provides programmable current gain between the input
and output stages. At the minimum gain setting, the input-
referred linear range for each input channel exceeds 80 mVpk
(—12 dBm), which is 20x larger than earlier designs [17].

B. BPF Design

The BPF consists of two cascaded Tow-Thomas biquads,
resulting in a fourth-order response. The ideal transfer function
of each biquad can be written as

B sT/Q
Hppre(s) = G (Jr/Q+1) :

Here, Q = R4/R, wo = 1/7 =1/(RC), and G = Rq/R,; =
Q(R/Rg). The center frequency, gain and ) can be tuned
using R, , Rq and C, which are controlled by 5-bit resistive
and 4-bit capacitive DACs, respectively.

The Tow-Thomas biquad topology has a well-known prob-
lem: finite op-amp bandwidth w; increases the effective ()
to Q. ~ Q/(1 — 4woQ/w1), which reduces Q-tuning range
and can lead to instability [19]. As shown in Fig. 5, a feed-
forward compensation path (in red) was added around the
second op-amp (U2) to reduce this effect. The effective @
becomes @, ~ Q/(1 — 2wpQ /w1 ), so the problem is reduced
by 2x.

)

C. Design of Other Blocks

The chip contains PGAs and programmable APFs to adjust
the feedback gain and phase, respectively, for realizing oscil-
lators. Both blocks use conventional designs that combine op-
amps with capacitive and/or resistive DACs for tuning, and are



Fig. 5. Schematic of the modified Tow-Thomas biquad within the BPF.
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Fig. 6. (a) Test PCB containing the wirebonded ASIC, and (b) die micrograph
of the feedback ASIC implemented in UMC 180 nm CMOS.

not described here. The main signal path contains three PGAs
and two APFs, each of which can provide a gain range of 0-
24 dB and a phase shift range of 0 — 120°, respectively. Thus,
the feedback TF can be set over a broad range, making the chip
suitable for use with a variety of MEMS/NEMS resonators.
The chip has two signal paths for driving resonators, with
outputs denoted by voyr and v p. The latter has its own
PGAs, attenuator, and APF, so the two paths can be controlled
independently. The op-amps in the differential output buffers
contain small series resistors to ensure stability with large
capacitive loads. In-pad OTA-based voltage buffers allow mon-
itoring of signals at various stages in the sustaining amplifier.

III. EXPERIMENTAL RESULTS
A. ASIC Electrical Test Results

The ASIC was designed and taped-out in 180 nm standard
CMOS technology. Fig. 6 shows the ASIC die (1.5 mm X
1.5 mm) along with its test PCB, which can also be used to
mount the MEMS die. The nominal supply voltage and power
consumption of the chip are 1.8 V and 4.6 mW, respectively.

Individual input channels (LNA; and VGA;, i € {1 —5})
were tested by programming the VGA gains over SPI. Each
channel was measured in both high- and low-gain modes at
1 MHz; the resulting gain ranges were found to be 5-27 dB and
0.5-21 dB, respectively, in good agreement with simulations.
Fig. 7 summarizes the data for channels #1, #2, and #4.
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Fig. 7. LNA-VGA gain calibration: (a) High-gain mode (b) Low-gain mode.

Weighted summation of input signals was tested by feeding
channels #1 and #2 with sinusoidal inputs at 1 MHz (2 mV
amplitude) and 2.2 MHz (2.5 mV amplitude), respectively.
The gain of channel #1 was kept fixed at 23.5 dB, while
that of channel #4 was varied (both in magnitude and sign).
The sum/difference signal was observed using an oscilloscope
and converted to the frequency domain. Fig. 8 shows the
output spectra, which confirm that the signed weights of the
channels can be individually programmed. Thus, the chip can
realize programmable inter-oscillator coupling strengths for
implementing a variety of Ising machines.
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Fig. 8. Weighted summation of channels #1 and #4. (a) Measurement setup.
(b) Output spectrum for varying channel #4 gain. (c) Subtraction of two inputs
by flipping the phase of VGA4. The red line shows the data after subtraction.

The BPF center frequency, wy, and gain, GG, were tuned via
the values of both R and C' DACs. During calibration, we
(1) fixed R = 2, Rq = 15, and R, = 15 and tuned C' to
program wp; and (2) fixed wy = 1.06 MHz, Ry = 1, R = 12,
and C' = 15 and tuned R4 to program G. Fig. 9 shows the
calibration curves for wg and GG, which agree with simulations.
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Fig. 9. BPF test results: (a) Center frequency calibration, (b) Gain calibration.

B. Quartz Crystal Oscillator Demonstration using the ASIC

We tested the ASIC using a 2 MHz quartz crystal resonator
(Q =~ 2000) with a peak transmission of —15 dB and peak
to background ratio of 8 dB. Fig. 10 shows the measurement
setup and transmission, |Sa1|, of the chosen quartz resonator.
Next, the PGA gain and APF phase shift were adjusted to
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Fig. 10. Quartz crystal resonator open-loop characterization results: (a)
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Fig. 11. Closed-loop response. (a) Frequency-domain output spectrum of the
feedbak oscillator. (b) Time-domain output waveform of the oscillator.

obtain an open-loop gain and phase shift slightly > 0 dB and
0° at 2 MHz, respectively, as shown in Figs. 10(c)-(d).

The feedback loop was then closed to obtain self-sustained
oscillations. The output was measured in both the frequency-
domain and time-domain by using a spectrum analyzer and
oscilloscope, respectively. Typical measurement results exhibit
near-sinusoidal oscillations, as shown in Fig. 11.

Oscillator performance was further studied by measuring the
phase noise spectrum, as shown in Fig. 12. The figure reveals
a 1/f3 region at low offset frequencies (10-470 Hz) that is as-
sumed to be dominated by electronic flicker noise mechanisms.
The spectrum flattens out at larger offsets, which indicates
that amplitude noise is dominant in this region. The measured
phase noise was empirically fitted to the Leeson model [20],
[21], yielding an equivalent noise factor of F;, = 11 and a
1/f3 corner frequency of 470 Hz. The phase noise at 1 kHz
offset (which is a common figure of merit for oscillators) is
approximately —100 dBc/Hz. The unwanted tones observed at
frequency offsets between 10%-10° Hz may be due to coupling
of external noise into the DC power supply.

To improve the oscillator performance, the quartz crystal
resonator was soldered on a small board and stacked on
the PCB containing the ASIC as shown in Fig. 10(b). The
stacked boards were placed in a metal box to minimize
external pickup. The open- and closed-loop responses were
largely unchanged. However, the measured phase noise shows
significant improvement (Fig. 12). At 1 kHz offset, we now
obtain —117 dBc/Hz, which is ~17 dB lower than before. By
fitting the Leeson model, we obtain an excellent equivalent
noise factor of F;, = 4 (about 2.75x lower than before) and a
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Fig. 12. Phase noise performance of the quartz oscillator. The shielded
configuration results in ~17 dB reduction in phase noise.

1/f3 corner frequency of 570 Hz. Shielding also suppresses
unwanted spikes in the phase noise PSD, as visible in Fig. 12.

Function Generator Oscil
p 70 [*) Q
B8E88 V) B2 888 ) Qo
EE EE \/\M/\/\ E EEE S Synchronized
L 28 Eso 9
= O = )
2 S0 o o
230 Q
s . Od),
20
10
-300 -200 -100 L] 100 200 300
(b) Offset Frequency (kHz)

Fig. 13. Results of an 1:1 injection locking experiment. (a) Measurement
setup. (b) Arnold tongue diagram showing the synchronized region.

C. Injection Locking of the Oscillator

We performed an 1:1 injection locking experiment using the
quartz-referenced oscillator to verify the chip’s capability to
realize coupled oscillators. As the first step, instead of coupling
to another quartz or MEMS oscillator, a function generator was
used to provide an injection locking signal at a frequency, f1,
near the quartz resonance frequency, fy. This injection locking
signal acts as a ‘synchronizing’ perturbation, i.e., establishes a
weak dynamic coupling between the oscillator and an external
reference [22]. The offset frequency, Af = (f1 — fo), was
varied from —300 to 300 kHz with the f; signal amplitude
increased from 5-70 mV at each frequency. Fig. 13 shows
the measurement results, which clearly reveal the expected
‘Arnold tongue’ shape of the injection-locked state around
Af = 0. The width of this region is much larger than the
bandwidth of the open-loop resonator (about 1 kHz), which
suggests that the injected signal is primarily perturbing the
transfer function of the ASIC.

IV. CONCLUSIONS

We have demonstrated a programmable CMOS feedback
ASIC that can be used to facilitate coupled self-sustaining me-
chanical oscillators. We have electrically characterized the chip
and built a low-phase-noise quartz crystal resonator-referenced
oscillator as an initial test. We have also demonstrated 1:1 in-
jection locking to external reference, thus validating the chip’s
ability to implement inter-oscillator coupling. Future work will
focus on implementing MEMS-referenced oscillators and their
networks as miniaturized and energy-efficient Ising machines
for solving NP-hard problems.
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