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Abstract—In this brief, a label-free 3 x 3 x 2 three-dimensional
frequency-shift biosensor array with vertically-stacked 60-GHz
on-chip LC oscillators is presented. The 60-GHz LC oscillators
function as sensor front-end since the frequency downward shifts
due to dielectric derived from biomedical sensing targets. The
proposed array element consists of the two vertically-stacked LC
oscillators and 15-stage dividers necessary for extracting high-
frequency output signals with a long distance. The proposed
circuit was designed with Spectre RF simulation and the test
chip was fabricated in 22-nm CMOS technology. The whole and
element chip size is 0.04 mm? and 0.0035 mm respectively. The
measurement with thick and thin silicon resin samples success-
fully demonstrated their vertical and horizontal detection on the
same chip while the prior works only achieved two-dimensional
detection. The 22-nm CMOS prototype also showed high spatial
resolution 60um x 60um x 4um and high fill factor 73% while
consuming 4.5 mW under 1.2 V per the single-element.

Index Terms—Biosensor, CMOS, LC oscillator, millimeter
waves, biomedical measurements, point of care.

I. INTRODUCTION

HESE days, many biomedical measurement devices have

been proposed for realizing Point of Care testing systems.
Among the biomedical measurement instruments, CMOS inte-
grated circuit techniques are promising for fulfilling their
requirements such as portable size, energy efficiency and cost
performance with high accuracy. Above all, CMOS-based
biosensor arrays [1]-[6] have shown the feasibility of over-
coming those challenges in biomedical detection such as ion
concentration, specific DNA sequences and aqueous solutions.
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Prior art: LC oscillator-based CMOS biosensors
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Fig. 1. The pros and cons in the recent prior art.

The frequency-shift biosensor arrays using CMOS LC
oscillator-based approach were first proposed for detecting tar-
get molecules labeled by magnetic beads two-dimensionally
(2D) [11, [2]. The latest work [6] extended them to ultra-low-
power operation. The second generation of the frequency-shift
2D biosensor array [3], [4] demonstrated label-free detection
with sub-10 GHz LC oscillators. The recent biosensor array
introduced LC oscillators whose output is a millimeter-wave
range and achieved high sensitivity and biomolecule detection
without magnetically labeled targets [5].

While the LC-based frequency-shift detection schemes sum-
marized in Fig. 1 have demonstrated the possibility for
energy-efficient 2D detection with high fill factor or accuracy,
they are unable to detect vertical biological phenomena such
as diffusion migration and sedimentation of bio-organism or
bio-molecules. For addressing this issue, [7] demonstrated the
design and analysis of a frequency-shift biosensor that enabled
vertical label-free detection with two vertically-stacked LC
oscillators. However, the sensor cannot achieve horizontal
detection at the same time since being not arrayed.

For three-dimensional (3D) detection on a single-biosensor
array, a 3 x 3 x 2 3D biosensor array is proposed as shown in
Fig. 2 which demonstrates label-free vertical and horizontal
detection with 60-GHz LC oscillation. It also achieves high
spatial resolution, high fill factor and low power operation [8].

This brief is an extended version of our conference con-
tribution [8] and contains a more detailed explanation of the
operational principle of LC oscillation as sensor front-end, new
simulation results for more analysis and additional measure-
ments using five test chips to evaluate the frequency variations
and lower power consumption. The structure of this brief is
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as follows: Section II explains the operational principle and
structure of the proposed 3 x 3 x 2 3D biosensor array with
simulation results. The chip measurements using five test chip
in 22-nm CMOS and silicon resins are presented in Section III.
In Section IV, we summarize this proposed work.

II. THE PROPOSED 3D BIOSENSOR ARRAY
A. Operation Principle as Sensor Front-End

The two on-chip spiral inductors of LC oscillators in the
proposed biosensor array take a role in its sensor front end by
measuring the output frequency downward shifts. The output
frequency of LC oscillators is generally defined as

Jo=1/Q2n+/LoCo) 6]

where Ly and Cp mean designed inductance and capacitance
size therein respectively.

As magnetic biosensor array, the output frequency of fy is
down due to the inductance L increase caused by magnetic-
labeled molecules [1]. Therefore, the inductance Lo in (1) is
replaced by L = Lo+ AL and the shifted oscillation frequency
is determined as [2]

AL
ffo(l - Z_Lo) 2)

In this brief, we used the 60-GHz LC oscillation since [5]
explained frequency ranges from 50 to 100 GHz are rea-
sonable for measuring the complex dielectric constant of
aqueous solutions and [7] also showed 60 GHz is appropri-
ate for biomolecules, biological cells and bacteria considering
their frequency dependence of complex relative permittivity.
The output frequency shifts in the label-free biosensor array
including this brief is defined as [7]

f=1/Qn+/Lo(Co + AC)) 3)

AC is depended on dielectric constant (relative permittivity) of
sensing targets. Reference [5] described AC more specifically
as the function of both &, and ¢;;

&:C1 +80C (6] + &)
(C1 + g0e,C")? + (g0£:C')?
where g is dielectric constant of vacuum, &, and ¢; is the real
and imaginary part of complex dielectric constant derived from

sensing targets. C; derived from the material existing between
target and each inductor such as passivation. C’ is derived from

AC = g0C'C 4
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Fig. 4. Element schematic of the proposed 3D biosensor array.

the capacitance of the target ¢,60C’(= C3) and then constant.
Since the complex dielectric constant is depended on the sort
of targets, the amount of frequency shifts is reflected on it.

Fig. 3 shows the assumed vertical detection principle using
the proposed 3 x 3 x 2 3D biosensor array and the equivalent
circuit based on [5]. The frequency peak colored by black
is in the state without any sensing targets, which corresponds
to (1). The other frequency peak theoretically calculated by (3)
and (4) shows the LC oscillation using the inductors on the
top and second-top metal layers respectively when the target
is placed over the array. While C; of (4) is constant in [5], C
is considered as a function of (4) in the case shown in Fig. 3
where the two different inductors on different metal layers
when the same bio-material is placed over them. It means
that ¢, and ¢; are unchanged. Thus, the difference between
the amounts of the frequency shift implies distance from the
upper and lower inductors.

B. Vertically-Stacked LC Oscillators-Based 3D Biosensor
Array

A schematic of a single element in the proposed biosensor
array is shown in Fig. 4. It is structured by two complemen-
tary LC oscillators and four 15-stages dividers. While the prior
work using 65-nm CMOS [7] used NMOS-only LC oscillators
from the viewpoint of chip size, Another work [9] reported that
the NMOS-only LC oscillator was inferior to the complemen-
tary one in terms of noise phase and this introduction improves
the noise. Therefore, this brief introduced the complementary
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LC oscillators thanks to the 22-nm CMOS technology that
helps reduce the area.

As for the 15-stages divider, the previous work [5] reported
that the dividers are necessary for extracting high-frequency
signal outputs from chips to peripherals with a long distance.
We adopted a divide-by-3 frequency divider with three-phase
harmonic injection locking [10] for this brief. The work [10]
showed the maximum operating frequency was 6.0 GHz at first
but [5] demonstrated its effectiveness for 60 GHz operation.
The dividing ratio is 15. To make balance in terms of the load
in the circuit, the dummy dividers that are identical dividing
ratio should be designed on the other side.

In the chip design, two spiral inductors Lo_y and Lo_y are
on the top and second-top metal layer and all the other com-
ponents such as capacitors and transistors are on the rest of
metal layers. The parameter of the inductors Ly_y and Lo_g,
are identical.

Fig. 5 shows simulated frequency-shift of the 60-GHz
LC oscillator illustrated in Fig. 4 with Spectre RE. AC is
a variable modeling the assumed capacitance of (4). From
this result, linear correlation between the frequency shift and
AC was confirmed, where the correlation coefficient was
0.9989. The simulation result also showed the relation was
—0.318 [GHz/fF] and suggested the feasibility of the proposed
biosensor array.

Note that supply voltage for the upper and the lower LC
oscillator are switched alternately on and off as shown in
Fig. 6 since electrical isolation should be kept between the
two stacked oscillators. Also, only one sensing element is on
and the other oscillators are off when measuring the frequency
and its shifts. It is because crosstalk in the inductive coupling
array is negligible, especially when using the time leaving
technique [11]. Therefore, the degradation coming from the
inductive-coupling can be negligible.

ITI. THE 22-NM CMOS CHIP MEASUREMENTS
A. Test Chip Design and Measurement Setup

The chip prototype is implemented in 22-nm CMOS tech-
nology and its whole and element size is 0.04 mm? and
0.0035 mm? respectively. The on-chip spiral inductors Lo_y
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Fig. 7. (a) The microphotograph of 22-nm test chip, (b) The 3 x 3 x 2
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Fig. 8. Measurement setup.

and Lo_y of 82 pH on top and second-top metal layers were
designed and two metal-oxide-metal (MOM) capacitors Cqy of
35.6 fF for the on-chip LC oscillators were placed. These
parameters including the transistor size were designed with
Spectre RF.

The micrographs of the 3 x 3 x 2 biosensor array and their
element layout image are shown in Fig. 7. Considering the
other circuit components could be mostly placed under the two
inductors as the element image in Fig. 7 shows, we achieved
the high spatial resolution and fill factor. The distance between
each center of the inductors was 60 um and that between two
vertically-stacked inductors was sub-um corresponding to a
passivation layer thickness that determines vertical resolution.
Thus, the resolution in the proposed work was 60 x 60 x 4um
and the fill factor recorded 73%.

Fig. 8 shows the measurement setup, where the chip was
placed on a manual probe station (Apolowave, Alpha 100)
and the output frequency was measured with a spectrum ana-
lyzer (Anritsu, MS2830A). For a source measure unit, we used
Keysight, B2912A.

B. Measurement Results

Chip verification was conducted to confirm the 60-GHz
operation and the frequency variations due to the process and
3D biosensing scheme in the setup shown in Fig. 8. The mea-
sured frequency output from the proposed biosensor array on
the spectrum analyzer is shown in Fig. 9. Since we employed
a 15-stages local division in the biosensor array, the LC oscil-
lator achieved the 60-GHz operation at the sensor front-end
by capturing the 4-GHz output with the spectrum analyzer.
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Fig. 9. Measured output frequency on the spectrum analyzer (M2830A).

The simulated phase noise of the upper 60 GHz LC oscilla-
tor was —79.993 [dBc/Hz] at 1 MHz offset from the central
frequency with Spectre RF. The phase noise was a reason-
able value, compared to the phase noise —100 [dBc/Hz] [12]
and —86.4 [dBc/Hz] at 1 MHz offset [13] in the prior 60-
GHz CMOS LC-Voltage-controlled oscillators. The measured
Q value in the 4 GHz output that was divided from the upper
60 GHz LC oscillator was 75.16. The value should have
improved thanks to the injection-locked divider [10] that we
used. Power consumption was also measured with the source
measure unit and the single element of the proposed biosensor
array showed 4.5 mW under 1.2 V.

Fig. 10 shows the frequency measured from each embedded
upper and lower LC oscillator of the five test chips at room
temperature. The results vary from 3.955 GHz to 4.332 GHz
and therefore the frequency on the sensor front-end ranges
from 59.325 GHz to 64.98 GHz. In Fig. 10 (a), the normal-
ized frequency measurement results are plotted at the target
frequency of 4 GHz, where LC oscillation with the upper
and lower inductors are plotted separately. The histogram of
the original LC oscillation frequency is also illustrated in
Fig. 10 (b). The average of the measured LC oscillation [x] is
59.79 GHz. The standard deviation of the measurement [o] is
0.854 GHz among the on-chip LC oscillation included in the
five test chips and the coefficient of variation [o/u] is 1.43%,
which we believe is at a level that is acceptable for practical
use. Fig. 10 (c) shows the normalized frequency classified by
the location. The output frequencies are within the 1.38 GHz
range, except for the 3 LC oscillators. Comparing the process
variation in Fig. 10 (b) and (c), even in the edge oscillators the
variation is at the almost same level as in the center and middle
oscillators. It means that the variation was mainly attributed
to the process variation, not to the location.

For verifying the horizontal and vertical biomedical sensing,
we used thick and thin silicon resins as the sample target in
this work. Fig. 11 (a), (b) shows measured frequency shifts
of the LC oscillators when the resins were directly placed
over the prototype chip. The horizontal detection was seen by
capturing the frequency shifts of the upper LC oscillators in
each element as shown in Fig. 11 (a). The thick resin was
on the left bottom of the biosensor array and the left corner
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Fig. 11. (a) Measured frequency-shift of the upper LC oscillators in hori-
zontal detection with thick resin (b) Measured frequency-shift difference in
vertical detection with thick and thin silicon resins.

sensor element demonstrated —47 ppm downward frequency
shift with the upper LC oscillator. The other sensor elements
also showed a smaller frequency shift and the shift amount
gradually decreased as an element is away from the thick resin.
Therefore, comparing the frequency shifts in the nine sensor
element, horizontal detection was achieved.

Fig. 11 (b) shows the experiment results for vertical detec-
tion using the thick and thin silicon resins. The upper LC
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TABLE I
COMPARISON RESULTS

ISSCC’09 | IMS’10 Jscc12 JsceC’'ie Jsceie Jsceis .
This work
(1] 12] [3] [4] [5] (6]
F C; .5/11
requency 1 1 7-9.5 63nis 60/120 14136 60
[GHz] 17.5/30
Label for Magnetic | Magnetic Label Label Label Magnetic Label
bio-sensing beads beads Free Free Free beads Free
Spatial 187 x 187 250x250/160x160 60 x 60 x4
N. A, N. A, N. AL N. A,
resolution [;:m] (2D) @120/60GHz (2D) (3D)
Element’ size N. A 0022 0.0625 0.212 0.014/0.008 0.17 0.0035
[mm?] @6.5GHz @120/60GHz
— >
Fill Factor N A s N A, N A 29@120GHz N A, 73
[%] 36@60GHz
. L 2D 2D N. A, N.A. 2D 2D 3D
Visualization
@x2xl) | @x8xD) | (Ix1xD) | (Ix1xl) (12 x 16 x1) 2x2x1)| B3x3x2)
Pe 34.8/12.2
ower per 165 80 16.5 16.3 s 5 45
element [mW] @120/60GHz
130-nm 65-nm 90-nm 65-nm 65-nm 65-nm 22-nm
Process
CMOS CMOS CMOS CMOS CMOS CMOS CMOS

oscillator showed —47 ppm downward frequency shift with
the thick resin while the lower LC oscillator was —23.3 ppm.
Alternately, the thin resin was placed in the same position as
the thick resin. In this measurement, the downward shift of the
upper and lower LC oscillation were —23.6 and —21.2 ppm
respectively. The frequency shift difference between the upper
and lower LC oscillation was 23.7 ppm in the measurement
using the thick resin and 2.4 ppm in that using the thin one.
From this result, it can be said that vertical detection is feasible
in comparison with the frequency shifts of the upper and lower
LC oscillators. The 3D detection on the proposed 3 x 3 x 2
frequency-shift biosensor array was demonstrated through the
measurements.

A more complete system for the future improvement should
include the compensation for the frequency drifts of each LC
oscillator caused by non-idealizes. As was discussed in [6], the
drift happens due to the asymmetrical layout. Still, the differ-
ence is sufficiently slight and it does not largely affect the
bacteria colony detection as demonstrated in [5] and our mea-
surement results with the resins. For enhancing the sensitivity,
the symmetric layout should be employed as shown in [6]
instead of the asymmetrical layout. We can also compensate
for the sensitivity by pre-shipment testing and after-shipment
calibration since the difference is not so large. The frequency
drift may also be caused due to the environmental noise such
as power supply noise and temperature. For tackling such
environmental noises, in-situ thermal or supply noise mea-
surements on the array using tiny sensors are effective as
demonstrated in [14], [15].

Table. I shows the comparison of the proposed 3D CMOS
biosensor array with the recent prior works in frequency-shift
CMOS biosensor arrays. From Table I, this brief exhibits the
label-free 3D bio-molecule detection with a single chip for
the first time. Compared to [5], this brief improved spatial
resolution 2.67x and increased fill factor by 37%. This brief
demonstrated 0.0035 mm? element size, which is the small-
est chip area. Also, 4.5 mW power operation under 1.2 V per
single-sensing element is the lowest while [6] demonstrated
5 mW consumption per element. The 4.5 mW power con-
sumption is low enough to suppress the chip temperature under
operation.
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IV. CONCLUSION

This brief demonstrated the design and experimen-
tal verification of the 3D frequency-shift fully-integrated
biosensor array using vertically-stacked LC oscillators. By
placing stacked LC oscillators over the other circuits, three-
dimensional detection becomes feasible. The 0.04 mm?
prototype biosensor array chip in 22-nm CMOS technology
successfully showed its operation with 4.5 mW under 1.2V
and demonstrated the horizontal and vertical detection with
thick and thin silicon resin samples.
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