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Abstract—A combined microwave-optical biomolecular sensor
with high sensitivity and selectivity is presented. The microwave
sensor characterizes the dielectric properties of a medium using
the oscillation frequency shift. To improve the sensor sensitivity
beyond the 1/f* phase noise limit, a quadrature-oscillator-based
reactance sensing scheme is proposed, which attenuates the 1/f°
noise by 20dB/dec. Further sensitivity enhancement is realized
by a novel chopping technigue which modulates the free-running
frequencies of the coupled oscillators differentially while main-
taining a fixed locking frequency. To achieve a higher selectivity,
optical sensors are introduced to target for specific biomolecules.
Utilizing single photon avalanche diodes, they detect both photon
intensity and photon emission time. A biosensor prototype was
fabricated in a 28 nm CMOS technology. The microwave sensor
achieves 0.2 ppm/~/Hz frequency sensitivity with 11.5 mW power
consumption. The optical sensor shows 50M/second dark count
rate and 300 ps timing jitter at 1 V excess hias. A protein thermal
denaturation experiment confirms the sensitivity and selectivity
enhancement of the dual-modality biosensing platform.

Index Terms—Biological and chemical sensors, multiparamet-

ric, millimeter-wave circuits, injection lock, gquadrature genera-
tion, dielectric spectroscopy, single photon avalanche diodes.

I. INTRODUCTION

IGHLY sensitive and selective detection of biomolecules
and their interactions plays a central role in the promises
of precision medicine, drug discovery and many other clinical
areas. The sensitivity of a biosensor can be improved by mini-
mizing sensor noise and interferences, while the selectivity of
a biosensor melies primarily on the specific binding process,
e.g. antibody-antigen reaction, often not achievable due to the
high analyte similarities in a complex biomedium [1].
Fortunately, advances in lab-on-chip techniques permit the
integration of multiparameiric biosensors to create a multi-
dimensional fingerprint for the tarpet analytes, which enhances
the sensor selectivity and classification capabilities greatly [2]-
[4]. For instance, [2] developed a dual-modality microfiuidic
device, which measures cell elongation length, deformability
and elecirical impedance to better classify different types of
cells. A further step towards lab-on-CMOS [5]-[10] offers
a complete sysiem integration on a miniaturized platform to
reduce parasitics and interferences. More importantly, various
signal processing techniques can be applied in sifu to enhance
the sensor sensitivity. Examples include chopper stabilization
in a flow cytometer [11] to alleviate sensor offsets and flicker
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Fig. 1. Proposed dual-modality microwave-optical biomolecular sensor.

noise, correlated double sampling (CDS) in a bioluminescence
chip [12] to suppress the dark current, and ¥-A modulation
in a fluorescence DNA chip [13] to extend the dynamic range.

Despite the numerous benefits, lab-on-CMOS integration of
highty sensitive multimodal biosensors sufficient for biomolec-
ular detection remains an issue. The challenge is that different
sensing modalities favor different and sometimes contradictory
fabrication recipes for sensitivity enhancement. For example,
microwave spectroscopies (dielectric [14]-[17], magnetic [18],
molecular rotational [19]) benefit from deep-submicron MOS-
FETs with higher fr and lower parasitics, while photodetectors
exhibit better performance metrics (e.g. quantum efficiency)
[20]-[22] in the conventional technology nodes with lower
doping levels and wider depletion regions. Moreover, extra
post processing required by one modality could interfere with
the operation of others. For example, depositing optical filter
layers on top of the chip surface desensitizes near-field sensors.

To address these challenges, we demonstrated a microwave-
optical biomolecular sensor in a 28 nm CMOS process [23].
Quadrature locked oscillators (QVCOs) are used for highly
sensitive dielectric sensing at microwave frequencies (40 GHz)
to bypass the parasitic interfacial polarization at the sensor-
water interface [24], [25]. Meanwhile, single photon avalanche
diodes (SPADs) are infroduced to compensate for the reduced
quantum efficiency in such an advanced process. They measure
bioluminescence intensity and fluorescence lifetime in a time-
gated fashion [26}-[28], which eliminates optical filters and
avoids dielectric sensor desensitization. Expanded from [23],
this paper presents a complete design analysis with more
measurement results. In the case of the microwave sensor, [23]
identifies flicker noise as the primary sensitivity limit and uses
CDS to suppress it, but at the expense of noise aliasing. Here
the source of flicker noise is investipated and a novel chopping
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TABLE 1
STSTEM SPECIFICATIONS
Microwave Sensor Optical Sensor
Transducer Type Oscillator Avalanche Diode
| Signal Type Permittivity Fluorescence Lifetime
Ae = 01%
Signal Level (Eamer — 20 [20]) T = 1-30 ns [26]
Noise Requirement | [fa/f)rm= < 4 ppm fjiner < 0.3 N5

technique is proposed to improve the sensitivity without noise
folding penalty.

This paper is organized as follows. The system architecture
and specifications to satisfy biomolecular sensing requirements
are provided in Section IL Section III and IV discuss the
detailed design considerations of the two sensing modalities,
respectively. The electrical and biological measurement results
are presented in Section V and VL

II. SYSTEM ARCHITECTURE AND SPECIFICATION

Fig. 1 illustrates the system-level diagram of the microwave-
optical biosensing platform. The microwave sensor ufilizes a
pair of sensing capacitors as part of the QVCO tank to detect
the analyle permittivity. As shall be shown in the next section,
compared with a single oscillator or in-phase coupled oscil-
lators, using QVCOs accompanied by the proposed readout
scheme increases the sensor sensitivity. Meanwhile, the SPAD-
based optical sensors detects the bioluminescence intensity and
fluorescence lifetime to further improve the sensor selectivity.
A SPAD can be viewed as an optical latch, which is triggered
upon a photon absorption, so that both photon quantities and
their arrival times can be measured.

To allow detection of biomolecules and their interactions,
Table I lists the design specifications for each sensing modal-
ity. The minimal signal level during the biomedium analysis
determines the sensor noise floor. Based on EM simulations,
1% of |Ag| in an aqueous solution (at 40 GHz, epaer = 20)
leads to |AC| = 5.22 aF. With 54 {F total tank capacitance in
this design, a 4.83 ppm frequency change needs to be resolved
for measurement of 1% dielectric change with 20dB SNR, or
0.1% change with 0dB SNR, which sets the sensor noise floor.
Similarly, since the typical fluorescence lifetimes of standard
dyes are 1—30 ns, the timing jitter of the optical sensor should
be kept below 0.5 ns, ie., half of the minimal lifetime.

III. QVCO-BASED PERMITTIVITY SENSOR
A. Sensing Scheme

Oscillators are particularly popular in above-GHz reactance
sensing [301-{33] through the measurement of the oscillation
frequency shift. As analyzed in [34], the oscillator 1/ f phase
noise limits the minimum detectable signal (MDS) and affects
the long-term frequency stability. To suppress the 1/ phase
noise, [34] introduced a comelated double counting (CDC)
technique [see Fig. 2(a)], where a replica reference tank is
added and shares the same active core with the sensing tank
to form two oscillators with correlated 1/ phase noise. The
noise can be attenuated by switching between the two tanks
and taking the frequency difference. However, CDC faces two

(b}

Fig. 2 Oscillator-based sensor using CDC to attennate 1/ % phase noise. (a)
Sensor architecture, and (b) CDC efficiency for C1 = o (left) and Oy £ Co
(right). The time-interleaved operation is ignored for illustration simplicity.
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Fig. 3. Proposed permittivity sensor architecture.

major limitations when used in dielectric detection. First, large
switches are required to avoid tank quality factor degradation,
which in turn contribute excessive capacitive parasitics and
decrease sensitivity. Second, to isolate the reference tank
from the biomedium, a protection layer (e.e. PDMS, SU-8)
must be applied. Since the permittivity of the protection layer
(epoms = 2.3, espg = 4.1) is much smaller than water, the two
tanks respond differently to the same (correlated) noise charge
injection (J,, as illustrated in Fig. 2(b), which decorrelates the
two oscillators and leads to only partial noise cancellation.
Fig. 3 shows the simplified sensing architecture proposed in
this work, where the sensing oscillator is divided into two mu-
tually coupled oscillators equally exposed to the biomedium.
To facilitate measuring the tank capacitance in a 1/f>-phase-
noise-free regime, an additional varactor is included in each
oscillator, and their values are modulated differentially at wpy,

Cyar1z = Cvapem £ CyaR - COS{wit), (1)

so that the free-running frequencies of the two oscillators are
also modulated differentially,
dCvAR

Tl C)

= wp F wa - COS(wmt).

With a shallow modulation depth wa, injection locking
maintains the operaring frequency of the two oscillators at
wy and converts the modulated frequency difference into a
differential phase signal, to be measured by the subsequent
phase detector. The gist is that the tank capacitance Cr is
encoded in the phase signal and is not corrupted by 1/ £ phase
noise as long as wy is beyond the flicker corner frequency we.

The quantitative relationship between the tank capacitance
and the phase signal can be established via Adler’s equation

Wiz = Wu(l = @)
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Fig. 4 Proposed sensing scheme. (a) Tank impedance phase spectrum
showing the modulation principle, and (b) injection phasor diagram showing
|Eﬁn| et ds&.'fK'mj-

[35]-{37]. The phase dynamics of an oscillator under injection
is given by

dfy

— - EQ 3)
where #, = oscillation phase, fy; s = injection phase, w, = free-
running frequency, wiy = injection frequency, Kig = injection
strength, €} = tank quality factor and ¢ = 1, 2. At steady state,
the two oscillators are locked to wes: s0 that df, /dt = 0 and
winj = Wose. Assume the injection signal is in-phase with the
injection source, i.e., fig,1 = ¢ and vice versa. It follows from

=y — [A.'LT" + K. H‘]‘.

sm{t?,.,, P —

(3) that,
wose = wi + King—-sin(fz — 6)

2 @
=wr + Kﬁﬁsin{m — ).

Combining (2) and (4) validates that two oscillators lock back
10 ey = wy, and yields the solution to the phase signal f,.

Qrjiun w
= % —up — —2cos (wmt) & wp
Wy + i

sin(fsg) = sin(f) — #2) = —%J%m{wmt]
inj

(3)

(6)

It is apparent from (6) that the tank capacitance Ct manifests
itself through the amplitude of the modulated phase signal,
with an amplification factor of §Cvag - /Ky Consequently,
increasing §Cyar and reducing injection strength Ky improve
the signal quality, given that the shallow deulatlcm assump-
tion still holds (which sets the limits to 6Cyvar and Kig).

The proposed sensing scheme is in fact a derivative spec-
troscopy, which can be visualized in Fig. 4(a). When the two
oscillators are injection locked at wy (green), their free-running
frequencies are modulated differentially around wyp (blue and
red), which leads to the tank impedance phases ¢ being
modulated as well. If wa is small, the output amplitude ¢a
is proportional to the derivative of the tank impedance phase
spectrum, d¢/dw = 2} /wy. Based on the injection phasors
in Fig. 4(b), the phase signal 8, is simply ¢, boosted by
1/ Kjg;. That is, by modulating the free-running frequencies of
the two coupled sensing oscillators, the biomedium dielectric
constant, encoded in the tank impedance phase spectrum, can
be measured at a frequency beyond the flicker corner.

Fig. 5. The noise model of the permittivity sensor

B. Noise Analysis

One common fallacy is to presume that the phase noise of
the two mutually coupled oscillators are completely cancelled
through self-mixing, so that the above modulation technique is
unnecessary. Starting from Adler’s equation, it shall be shown
that injection locking and mixing only performs a first-order
high-pass filtering to the 1/ phase noise, mandating the use
of modulation.

Fig. 5 shows the sensor noise model, including the oscillator
phase noise (uncoupled), 54 osciz, injection noise Iy 2 and
phase detector noise Vypp. Since Ingmj 2 strongly depends on
the coupling method and can be absorbed into 53 osc1 2. while
Vopp is simply additive, the focus here will be S, psey2-

For noise analysis, (3) is perturbed by #; = 6, + 6, and
wy = wytdey o /dt, where 8, , and ¢, ; (i = 1, 2) are oscillator
phase fluctuations with and without injection locking, respec-
tively. At steady state, assuming shallow modulation and in-
phase injection, (3) becomes

df, n
?' —wy + % —wy — ,,,qusm{ﬂs,s + B — )
0]
bl de
= wy + Th — wy + Kinj Eqsm{ﬂﬁ-s + B — Om).
Therefore the signal noise f, = #, — f, can be derived as
dffy depy den
P - i K,.,, Q sin(fig + fn) — 2wa cos(wmt)
N
pily d‘t d‘t “:IJQ -
(8)
Laplace transforming (8) }'ields
Onls) = oo (q""{s 5}) ®)

where wy, = Kig - wo/} is the overall lock range [38]. (9)
validates such first-order high-pass filtering with wsgg = wy.
In other words, mutual coupling only attenuates the 1/ f* phase
noise in #, by 20dB/dec, and chopping is thereby required
for higher sensitivity. Note that mutual injection locking alone
does not provide any noise filtering effect, only lowering it by
3[“3, i.f:.,, Sglmﬂ_g = S,f,,{;@c]‘zfz [39] The CGT[CE].T[IIE' noise
spectrums are plotted in Fig. 5. For validation, the simulated
noise spectrums are shown in Fig. 6.
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Fig. 6 Simulated noise power spectrum, relative to the carrier (40 GHz) for
Sp,osc and DC for Sg pp (we = flicker comer, wy, = lock range).

C. Circuit Implementation

Fig. 7 shows the complete circuit diagram of the dielectric
sensor. The two sensing oscillators are locked in quadrature
through a superharmonic coupling network [40]. Compared
with coupling at the fundamental output nodes, exploiting
second harmonics at the tail nodes preserves sensor sensitivity
since it avoids parasitic loading to the sensing tank. Quadrature
lock is selected over in-phase lock to maximize the conversion
gain for small Ag,. After switching to a QVCO, one needs
to examine if the derived equations still hold. This can be
done through validation of the only assumption made during
the derivation, ie., in-phase injection (fi5; = . and vice
versa). Thanks to the superharmonic network, the fundamental
injection is delayed by 90° through the inversion of the second
harmonic [40]. Suppose the output voltages of 1Q} oscillators
are sin(wgt + ) and cos(wgt + #2) = sin(wet + G2 + 907),
respectively (Fig. 7). The signal injected into Oscl is thereby
i1 = B2 + 90° — 90° = §,, which validates the assumption.

The operation frequency is designed at 40 GHz (measured
39—42 GHz in water), whereas the proposed topology can be
flexibly used for dielectric sensing from a few GHz to tens of
GHz. Based on EM simulations, the QVCO tank inductance
is Lt = 265 pH with @ = 12 in air, and @ = 9.5 in
phosphate-buffered saline (PBS, & = 20, oy = 2 5/m). With
1% Mg in PBS, each oscillator picks up 5.22 aF AC (out of
Ot = 54 fF), creating 48.3 ppm frequency shift. The signal
is chopped by modulating the individually accessible varactor
control voltages differentially at wy around a common bias
Warom. The modulated phase signal 8y, is detected by a
double balanced voltage commutating passive mixer Unlike
a Gilbert mixer, passive mixers can be biased at zero DC
current to eliminate flicker noise contribution. Since the mixer
input impedance is signal dependent, a tuned buffer is inserted
between the mixer and WV CO to provide isolation. The mixer
is followed by a VGA (1—-40dB), which is wrapped by a pair
of chopping switches so that the major 1/ f noise contributor
(QVCO or VGA) can be identified.

IV. SPAD-BASED OPTICAL SENSOR

Despite the superior sensitivity offered by oscillator-based
permittivity sensors [14}-[16], [41], they suffer from poor

Oscl — sinfw,t + 8,)

LO
Wy, RF [—l—w—|
V‘,’F’” /‘/\ — VB Biomedium
41 J_‘Qm"'
I+ it
._l"ﬂ'l_

Nt

sin,,) = sin(8, - 85)
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A
v'iﬂﬂ Double Balanced
OscQ — cos{wt + 8,) Passive Mixer

Fig. 7. Permittivity sensor circuit block diagram.

selectivity due to the lack of specific dielectric labels. Since
many biomolecular interactions involve light emission with
rich information, adding optical sensors helps to improve the
selectivity. Compared with conventional photodiodes, SPADs
are favored as they can also resolve photon arrival times with
sub-ns precision.

A. Device Implementation

A single photon avalanche diode is a p-n junction reversely
biased over its breakdown voltage Vpp by Vi (the excess bias
voltage). Upon absorption of a photon, a substantial amount of
current is created through impact ionization. With proper con-
trol logic, a digital transition edge is triggered at the onset of
breakdown. The avalanche process is then quenched to allow
detection of the next photon. Important performance metrics of
SPADs are dark count rate (DCR), photon detection efficiency
(PDE) and impulse response. A higher Viy improves both PDE
and impulse response, to the extent where the simultaneously
increased DCR starts impairing SNR. In advanced processes,
transistor oxide breakdown voltages limit Vgy as well.

Fig. 8 shows the cross-section view of the fabricated SPAD
in 28 nm CMOS. The multiplication region is formed with
p-well/deep n-well, surrounded by a native p-substrate region
as the guard ring. Highly doped layers should be avoided as
they increase DCR and even promote tunnelling breakdown
{not photon-sensitive) due to the increased defect density. The
relatively stronger electric field at the edge of the junction can
cause premature breakdown [42], which pushes the photon-
sensitive region back to the thin junction borderline. A lower-
doped guard ring is thereby employed to reduce the edge field.
The device is circularly shaped for the same reason to prevent
strong corner fields, which forms a 6x6 pm® multiplication
region. The multiplication region is free of the poly-5i layer
(fabricated as 5iGe or metal in advanced processes) to avoid
PDE reduction, which prevents making large-area SPADs due
to the strict poly-5i density design rule.
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Fig. 8 Cross-section view of the fabricated SPAD. The three contacts ae
A =anode, external node to a high voltage bias (negative) Vi, C = cathode,
internal node (Ve in Fig. 9) to the readout circoit, and G = ground.

B. Circuit Implementation

SPADs are biased at a high negative voltage V), through
the anodes to operate in the Geiger mode. The schematic of
the pixel-level control logic and the signal timing diagram are
shown in Fig. 9. Vix is defined through Vop— Vi —Vap. Thick-
oxide transistors are used to interface with SPADs to extend
the available Vix to 1.8 V. An external clock CK is fed to the
chip and generates two non-overlapping phases ¢ and ¢; to
activate/deactivate the SPAD periodically. This CK can also be
synchronized to a pulsed laser to perform fluorescent lifetime
measurements. An 8-bit delay unit (At = 300 ps) is inserted
to allow finer timing alignment.

The pixel control circuit contains three key units: an NMOS
quencher My, a PMOS pre-charger Mp and an edge-triggered
positive feedback loop. The operation principle is as follows.
As shown in Fig. 9(b, i), after ¢; turns off My, the SPAD is
activated by ¢, through Mp. When an avalanche event starts,
the current spike begins to discharge the cathode Vi, which
reduces the SPAD bailt-in electric field, avalanche current, and
eventually quenches the device. Meanwhile, through the DFF,
the falling edge of V- triggers the positive feedback to turn off
Mp and turn on My, which expedites the quenching process to
sharpen the transition edges. Moreover, the SPAD is kept off
until the next activation cycle to prevent afterpulsing (which
worsens DCR). If no event occurs during a preset detection
window [Fig. 9(b, ii)], ¢ will deactivate the SPAD through
My. Both Vg and V7 can be configured for photon counting
and photon timing [Fig. 9b, iii and iv)]. Vgg compares
with its leading rising edge to measure photon arrival times,
while Vr uses its trailing rising edge (created by the DFF
asynchronous set §) as the reference. To reduce the counting
window size, Viy is preferred when most photons arrive closer
to the beginning of the detection window whereas V7 is better
suitable for late photons.

V. SENSOR ELECTRICAL CHARACTERIZATION

The chip is fabricated in the TSMC 28 nm bulk CMOS
process, and occupies 1.2x1.0 mm?. The prototype contains
one QVCO-dielectric sensor and eight SPAD-optical sensors.
The sensing capacitors are configured as part of the inductor
feeds using top metal layers (M10 and AP). A bio-cavity
is created by aligning a slab of drilled Polydimethylsiloxane
{PDMS) to the sensor chip on the PCB. Adhesion bonding
and mechanical pressure are used to prevent medium leakage.
Fig. 10 shows the chip photo and packaging.

SPAD sctivated
Fig. 9. (a) SPAD circuit block diagram and (b) operation timing diagram.

]

Fig. 10, Chip micrograph and PCB packaging for bio-experiments.

A. QVCO Electrical Characterization

All the electrical characterizations are performed in both air
and PBS conditions. The frequency tuning range [Fig. 11{a)]
and lock range [Fig. 11(b)] are characterized by coupling the
oscillator near-field to a SG probe (Cascade Microtech ACP40-
W-5G-150). The signal is then amplified and measured using
a spectrum analyzer (Agilent N9030A). When measuring the
lock range, the varactor control voltages of 1) oscillators are
offset differentially from Viuwpcm by Warosm. The value of
Vyarom when pulling is observed denotes the lock range.

To validate the noise analysis and prove the necessity of
modulation, the major flicker source is sorted out by inspecting
the sensor output noise spectrums as follows. First, the noise
spectrums are measured when the VGA chopper pair (Fig. 7)
is enabled (at 10 MHz) and disabled (both with Vyag pm = 0).
As shown in the top subplot of Fig. 12, the contribution of the
VGA flicker noise is imperceptible. For further verification,
the noise spectrum of the VGA alone was also measured and
shown in the bottom subplot of Fig. 12, which is indeed much
lower than the overall sensor noise level. However, once the
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two oscillators are unlocked with a large Vyagppy, the output
noise spectrum, down-converied from the oscillator far-out f°
phase noise [43], is flatiened out, indicating that the QVCO
virtually contributes all the flicker noise. This is expected since
the QW CO transistor size is much smaller than the VGA.
Chopping is performed by modulating the varactor control
voltages differentially with &y, - cos{wyt) around a common
bias Vyarom = 1.35 V. The modulation frequency is 1 MHz,
above the flicker noise corner (about 900 kHz, Fig. 12). The
optimal modulation depth should be the largest 4y, that satisfies
shallow modulation requirements to ensure good linearity and
close-in noise performance. Specifically, according to (6), a
large &y, (large §Cysg) is desirable for a higher signal gain.
[-Icn;.fever, as dyp increases, the second-order nonlinear term
— %2 cos?(wpt) in (5) becomes appreciable, which causes the
oscuﬁlalinn frequency to drop [see Fig. 13(a)]. Moreover, it

also modulates the locking frequency at 2wy, and distoris the
output waveform severely [Fig. 13(b)], as the two oscillators
cannot lock to a fixed frequency but a variable one. Another
impediment that arises from the modulation of the locking
frequency is flicker noise up-conversion. As shown in Fig. 14,
when 4y, =50 mV, although the overall noise spectrum seems
unaltered, the close-in band (shaded area) incurs clear flicker
noise up-conversion, which counteracts the benefits of a higher
signal gain and degrades the SNE. 4, = 10 mV is selected as
a good compromise.

To characterize the sensor sensitivity in terms of 4f/f;
from the measured noise spectrum, Vi g oy is employed as an
intermediate variable, as adapted from [11]. Denote the VGA
output as Vop = Sy - cos({wpt). The following two quantities,
_ Ofa R

Vuarcm’ " Gm OVarcM
are measurable from the frequency tuning curve [Fig. 11{a)]
and the modulation gain plot [Fig. 15(a)]. The measured noise

vy in Sy, can thereby be converted to the frequency noise fj
through a simple division,

Kyeo (10)

foe Kyco v

" K 6a/V2
Normalizing f; by fp gives the frequency sensitivity. As shown
in Fig. 15(b), the thermal noise limited MDS is 0.2 ppm/+/Hz
for air and PBS. This corresponds to a minimal detectable
capacitance change of 0.0216 aF//Hz in PBS at 42 GHz.
Despite a lower tank () in PBS, its integrated noise is similar
to air, since the QVCO 1/f7 noise is filtered out.

The dynamic range of an injection-locked-oscillator based
reactance sensor is determined by the lock range [15], [44],
which is generally narrow. A feedback-around-sensor structure
was utilized in [15] to extend the dynamic range with elevated
sysiem complexity. Here both sensing oscillators are equally
exposed to the biomedium, so that their oscillation frequencies
shift together when there is a dielectric change. The dynamic
range is thereby decoupled from the lock range. When the
measurement condition changes from air & Vipp o = 1.7V
to PBS & Vyug cw = 0.1 V [Fig. 11(a)], a frequency shift of
4.7 GHz is supported by the sensing topology, corresponding
to a dynamic range of more than 115dB.

(11)
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B. SPAD Electrical Characterizarion

The I-V curve of the fabricated SPADs was characterized
using a semiconductor analyzer (Keysight B1500A), showing
a breakdown voltage of 15.3 V at room temperature.

The dark count rate (DCR) is measured at different excess
biases Vgy by varying the anode voltage Vy. The SPAD is
zated with 70% on-cycle by a 1 MHz CK signal [Fig. 9(a)]
and an accumulated 10-second measurement is performed to
allow a reliable extraction of DCR. The reported DCR in
Fig. 16(a) comresponds to the measured count rate divided by
70% to calibrate out the dead time. Using the same setup,
the photon detection efficiency (PDE) is measured under three

different wavelengths. The laser power is heavily attenuated
by a neutral density filter before reaching the SPAD. The result
is summarized in Fig. 16(b). At Vigy = 1V, the SPAD has a
DCR of 500/second and a PDE of 11.5% at A = 520 nm.
The timing jitter of SPADs is quantified by the FWHM
of its instrumentation response function (IRF), which can be
characterized by repeatedly illuminating the device with a 4-
like picosecond laser pulse. The time interval between the
laser excitation and the SPAD output triggering edge (Vra, see
Fig. 9) is recorded, and the resulting histogram is shown in
Fig. 16(c) as the device IRE The measurement was performed
using a 300-fs laser source (IMRA FCPA plewel D-400,
frequency doubled to 522 nm) at 1 MHz repetition rate. The
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Fig. 16. Measured (a) DCR (b) PDE at different excess biases, and (c) IRF (Vix = 1 V).

IRF shows a FWHM = 300 ps, representing a convolved
timing uncertainty of the SPAD, readout circuits and the laser
synchronization equipments.

V1. BIOMOLECULAR EXPERIMENT

To perform in vifro experiments, samples are dispensed from
a pipette onto the chip. Bondwires are protected with a bio-
compatible UV curable epoxy (EPO-TEK OG116-31). A small
amount of the adhesive is dipped from the PCB side, which
will flow towards the bondwires and cure in 30 seconds under
UV light exposure to avoid contaminating the sensors.

As depicted in Fig. 1, both dielectric and optical signals
of the same sample are collected simultaneously, which helps
to improve the sensor selectivity by combining results from
both sensing modalities. The dielectric signal and the photon
timing information were extracted through off-chip analog-
to-digital and time-to-digital conversion. All the experiments
were performed in the ambient environment with an external
voltage regulator. Given that the material dielectric constant
is temperature-dependent, temperature control will be needed
in a long-term experiment to rule out the temperature induced
dielectric drift and achieve the same sensitivity level as a short-
term experiment.

A Protein Denaturation

Denaturation of proieins involves the change of their three-
dimensional structures and the loss of functionalities. An in
vitro experiment is performed to demonstrate that the sensor
has (i) a good sensitivity capable of detecting protein structural
changes, and (ii) an enhanced selectivity thanks to the use
of the dual-modality sensing scheme. Bovine serum albumin
(BSA, 66 kDa) is dissolved in PBS to 10% weight concen-
tration and heat-inactivated at 90°C in a sealed container. The
protein solution is loaded onto the sensor before and after
heating to take measurements (both at room temperature). As
shown in Fig. 17, a frequency shift of 44478 ppm is induced
due to BSA unfolding. On the other hand, the unfolding
of the enzyme luciferase (LUC, 61 kDa) is not observable
because of its extremely low working concentration (0.02%
weight concentration in this experiment). Alternatively, LUC
catalyzes luciferin oxidation to emit light at its native state
only, which allows identifying the denatured LUC with the
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Fig. 17. Protein thermal denaturation, BSA (x-axis) and LUC (xy-axes).
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Fig. 13 Rh6G fluomscence lifetime measurement.

optical sensor by measuring the luminescence intensity change
(Fig. 17). The above experiment is repeated five times and
shows consistent results. As depicted by the four clusters
in Fig. 17, compared with using a single sensing modality,
the four types of proteins (native/denatured BSASLUC) can
be completely distinguished from one another by combining
the experimental data from both modalities. In other words, a
multimodal strategy improves the overall sensor selectivity.

B. Fluorescence Lifetime Measurement

In addition to detecting the relative bioluminescent light
intensity, the SPAD sensor also measures the absolute fluo-
rescence lifetime to further improve the sensor selectivity. A
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TABLE II
COMPARISON WITH OSCILLATOR-BASED REACTANCE SENSORS
Freq. CMOS Sensitivity | Dynamic Range | Bandwidth Power
Reference [GHZ] Type Tech. Approach [ppm] [dB] [Hz] [mW]
[141712 7-9 Dielectric 90 nm PLL 222* 49.1 - 16.5
[311°13 10.4 Dielectric 90 nm PLL 15 72.3 1000 22
s . . Unilateral Injection +
[15T16 16 Dielectric 65 nm Phase/Field Modulation 0.57 99.3 10 16
[16]’16 60/120 | Complex Dielectric 65 nm Freq. Counting 2.67/2.87 - 100 12.2/34.8
[417°17 0.98-6 | Complex Dielectric | 180 nm | Freq. Counting + CDS 2.1 - 4 10 - 24
[18]°18 1.4/3.7 Magnetic 65 nm Freq. Counting 0.35 >62 1 5
This Work | 42 Dielectric 28 nm | Mutual Injection + 0.2 115 1 115
Varactor Modulation
*Calculated from reported A fiin = 2 MHz.
TABLE III
COMPARISON WITH SPAD IN SUB-100 NM CMOS PROCESS
Reference Technology Device Layer Diameter | Breakdown voltage | DCR [cps] (VEx) PDE (Vgx) IRF [ps]
[46]°11 90 nm Bulk Ndiff—Psub 8 pum 104V 8100 (0.13 V) 12% (0.15 V) 435
[4771°13 65 nm Bulk Ndiff—Pwell 8 pum 9.1V 500k (0.25 V) 5.5% (0.25 V) 235
[481°17 40 nm Bulk* Pwell—Deep Nwell 5.4 pm 155V 50 (1V) 30% (1 V) 170
[49]°18 28 nm FD-SOI | Pwell—Deep Nwell 25 pm 9.6 V 28k (0.3 V) - -
This Work 28 nm Bulk Pwell—Deep Nwell 6 pm 153V 500 (1V) 11.5% (1 V) 300
*Process tailored for SPAD performance, microlenses included.
fluorescence lifetime standard, rhodamine 6G (Rh6G) iodide REFERENCES

solution, is used to characterize the sensor timing accuracy.
Rh6G lifetime is varied from 1 to 5 ns with different potassium
iodide concentrations (the overall ionic strength maintained at
0.2 M by adjusting the potassium chloride concentration). The
measured lifetime values at different iodide concentrations are
shown in Fig. 18, which closely match the literature standards
in [45], since the device IRF is much narrower compared with
the fluorescence exponential decay.

VII. CONCLUSION

Given the predominant role of sensitivity and selectivity in
the biosensing applications, this work presents a dual-modality
microwave-optical biosensor, which measures the permittivity
change, bioluminescence intensity and fluorescence lifetime.
A new QVCO-based permittivity sensing architecture is pro-
posed, accompanied by a novel chopping technique to achieve
a sensitivity level of 0.2 ppm/ v/Hz. Table II summaries its
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