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Over the past several decades, early diagnoses and disease monitoring that rely
upon biomolecular testing are the primary factors that have led to the substantial increase

in average life expectancy. Molecular tests, which analyze patient samples for disease-
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specific biomarkers, are becoming the basis of the majority of diagnoses and therapy
monitoring. Point-of-care (PoC) diagnostics uses a portable analytical device for accurate
and fast tests to avoid frequent clinic visits and long turn-around time. Among biosensing
techniques, magnetic sensors take advantage of the intrinsic lack of magnetic
background in biological samples to achieve high sensitivity and are compatible with
semiconductor-based fabrication processes to enable low-cost and small-size devices for

PoC applications.

In this dissertation, magnetic sensor analog front-ends (AFES) are designed to
measure the signal from magnetoresistive (MR) sensors and overcome challenges such
as small signal to baseline ratio, 1/f noise, and temperature drift. Two sensing techniques,
magnetometry and magneto-relaxometry (MRX), are discussed and compared. Printed

circuit boards (PCBs) and CMOS chips are designed to implement both techniques.

First, a CMOS chip based on magnetometry is presented, which reduces the
baseline using a double modulation scheme and a reference sensor. The residual
baseline from the sensor mismatch is further reduced using a high frequency interference
rejection (HFIR) sampling techniqgue embedded in the ADC. A fast settling duty-cycled
resistor (DCR) is used to reduce the AFE settling time, thus enabling a readout time that
is 22.7x faster than the state-of-the-art. This work results in sub-ppm sensitivity and a

sensor mismatch tolerance of up to 10%.

While promising, the sensor mismatch still limits the baseline cancellation. MRX
measures the relaxation signal after removing the excitation magnetic field, thus enabling
baseline-free detection. PCBs, including an AFE and an electromagnet driver that can

collapse the magnetic field within 10 ps, were designed to validate the time-domain MRX.
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The signal dependency on the sensor coverage, applied field strength, and magnetization

time was investigated.

Lastly, a CMOS chip based on MRX was designed that uses magnetic or
magnetoresistive correlated double sampling to reject the systematic 1/f noise. Moreover,
a fast settling Miller compensation (FSMC) technique was presented to save the power,
while maintaining the amplifier’s linearity and stability. As a result, this work achieves the

best-reported magnetic sensor figure-of-merit (FoM).

These works enable ultrasensitive, broad dynamic range, and fast response

magnetic sensing systems towards PoC diagnostics.
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Chapter 1. INTRODUCTION

1.1 Research Motivation

Dramatic improvements in medicine and the healthcare system over the past
century have increased average life expectancy in the United States from 50 years to
over 75 years [1]. Unquestionably, one of the largest factors is the earlier diagnoses of
life-threatening diseases. Medical decision-making, which used to be based solely on
patient symptoms, is increasingly relying upon molecular testing for more accurate
diagnostics. Therefore, the development of an analytical device to interrogate a variety of
complex biological samples (i.e. saliva, urine, blood, sweat, etc.) would enable
breakthroughs in all areas of medicine and life science related fields. Traditionally in-vitro
diagnostic techniques rely on bulky and expensive medical instrumentation located in
centralized facilities. This requires frequent clinic visits with a long turn-around time that

may affect the treatment outcomes.

Point-of-care (PoC) biomolecular testing has drawn considerable attention
worldwide due to its convenience, portability, and potential for long-term disease

surveillance [2], [3]. The push towards PoC devices has focused on moving these devices



out of the lab and into the field (e.qg., clinics, bedside, at-home, etc.). Such a device would,
for example, facilitate development of new targeted therapies for cancer (and other
diseases) and set the stage for unprecedented diagnostic capabilities resulting in earlier
disease diagnoses and better treatment outcomes. Furthermore, diseases could be
routinely tracked using smartphones to enable data collection, computation, storage, and
secure transmission to a medical facility. Thus, there has been significant interest in
miniaturization and reducing turn-around time, ideally without compromising assay
performance (i.e. sensitivity and specificity) [4]. Such advances could lead to broader
access and a democratization of healthcare, particularly in developing parts of the world
where such biomolecular testing infrastructure currently does not exist. Figure 1.1 shows

a steady market increasing over years and expects $46.7 billion in 2024 [5].
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Figure 1.1 Point-of-care diagnostics market

1.2 Immunoassay and Biosensing

In-vitro diagnostics can be broadly categorized depending on if a label is used in

the detection process (i.e. label-free and labeled). Although label-free biosensing



techniques (e.g., ChemFET [6]-[9], microcantilever [10]-[12]) can be very sensitive via
direct measurement of an intrinsic property of the analyte (i.e. charge, mass, etc.) [13],
labeled detection is more specific and often preferred given the large heterogeneity of
analytes in clinical samples [14]-[16]. Most labeled detection schemes use a variant of
the sandwich immunoassay, as shown in Figure 1.2, where the analyte is flanked on both
sides by a recognition molecule, the second of which is attached to a label. A sandwich
assay first immobilizes analyte specific receptors (e.g., antibodies, aptamers, etc.) on the
surface of the sensor that selectively bind to the target analytes (antigens). This is
followed with a second binding event using analyte specific receptors conjugated to a
label (e.g., an enzyme, fluorophore, or magnetic nanoparticle) that is detected by a
corresponding sensor. As such, these affinity biosensors indirectly measure the analyte

concentration via the number of labeled complexes tethered to the surface.

Biosensors work as transducers to convert biological signals to electrical signals,
which can be measured by electrical circuits. Based on the label types, different types of
biosensors (e.g., optical, electrochemical, or magnetic) are used. Optical biosensors are
highly sensitive and specific, easy to parallelize for multiplex detection, and low-cost [17].

While some optical biosensors, such as surface plasmon resonance (SPR) are label-free
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Figure 1.2 Sandwich immunoassay

(1) Capture receptors are immobilized on sensor surface, (2) target analytes in samples bind to the capture
receptors, and (3) labeled detection receptors bind to the analytes to form a sandwich.
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[18], [19], most are enzyme-based [20], [21], fluorescence-based [22], [23], or
chemiluminescence-based [24]-[26] labeled immunoassays. The enzyme-linked
immunosorbent assay (ELISA), which uses an enzyme label that reacts with a substrate
solution to generate a colorimetric signal (Figure 1.3(a)), is currently the gold standard in
immunology. Whereas many other biosensing techniques have yet to make it out of
research laboratories, this technique is one of the most widely used techniques today
[27]. Alternative formats using fluorophores [22] and quantum dots [28], [29], where a
laser excites the label and the fluorescent signature is measured (Figure 1.3(b)), have
shown better sensitivity and quantification as there is a one-to-one relationship between
the analyte and the label compared to the enzymatic assay where a single enzyme can
repeatedly convert substrate. As such, traditional ELISAs require tight control over timing
and routine calibration, often with every assay. These are not issues with fluorescent
assays; however, fluorescent readout requires much more complex optical setups with
narrow-band optical filters tuned to the excitation and emission frequencies.
Chemiluminescence-based biosensors detect light emission due to a chemical reaction

and therefore forego the excitation source reducing the instrumentation complexity. They
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Figure 1.3 Types of biosensors

(&) Enzyme-labeled optical sensor, (b) fluorophore-labeled optical sensor, (c) enzyme-labeled
electrochemical sensor, and (d) MNP-labeled magnetic sensor.
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also have very large dynamic range, up to 6 decades, and high sensitivity due to the low
background signal [24], [25]. However, tradeoffs between different types of
chemiluminescence-based sensors result in none of them achieving high sensitivity, low

cost, rapid assay time, and high quantum yield simultaneously [25], [26].

Electrochemical biosensors have been by far the most successful commercial
biosensor to date, largely due to the glucometer, a critical device in managing healthcare
for millions of diabetics worldwide [30]. Figure 1.3(c) illustrates an assay with an enzyme
that catalyzes the substrate resulting in an oxidation-reduction reaction [31]-[33].
Common electrochemistry techniques include potentiometry [34]-[37], amperometry
[38]-[42], and impedance spectroscopy [43]-[46]. A glucometer is an amperometry-
based biosensor where the concentration of a byproduct (e.g., hydrogen peroxide)
generated by an enzyme (e.g., glucose oxidase) reacting with glucose is detected and
guantified. Although electrochemical biosensors are very low-cost, easy to operate and
miniaturize, they often suffer from high background, low specificity, dependence on pH

and ionic strength of the solution, and may require highly specific enzymes [31], [47].

Despite the success of optical and electrochemical biosensors, there remains an
unmet need for in-vitro diagnostics platforms that are low-cost, highly sensitive with wide
dynamic range, miniaturizable, little to no sample pretreatment required, and scalable for

PoC diagnostics. Magnetic biosensors are introduced accordingly to address this need.
1.3 Magnetic Biosensors

Compared with its optical counterpart, magnetic biosensors do not require optical

lasers, filters, and detectors and thus can be more compact while maintaining the benefit



of low-cost, high volume production. They use superparamagnetic nanoparticles (MNPSs)
as the label, which is polarized by an external magnetic field and generates a stray field
that can be detected (Figure 1.3(d)). Due to the compatibility with semiconductor-based
fabrication processing, it also allows tight integration of the sensors, readout circuits, and
electromagnet, enabling a miniaturized sensing platform [48]-[53]. Another benefit of
magnetic sensing is that biological samples are intrinsically non-magnetic, so the
detection environment has very low background and does not require any sample
pretreatment (i.e. the measurement is matrix-insensitive) [54]. As a result, magnetic
sensors have very high sensitivity (down to femtomolar concentrations) [54]-[57] with
wide dynamic range (6 decades) [54], [55] and compact size, making them ideal for PoC
applications [58]-[60]. Recently, several types of magnetic detectors have been
demonstrated including nuclear magnetic resonance (NMR) [61]-[63], oscillator-based
sensors [48], [49], [64], [65], Hall-effect sensors [50], [51], [66]—-[70], and magnetoresistive
sensors [52]-[57], [71]-[80]. Although these sensors all use MNPs to quantitatively detect

analytes, their operation mechanisms are quite different.

NMR is an indirect method to detect analytes by measuring the spin-spin relaxation
time (T2) of water molecules [81]. The setup requires at least one permanent magnet to
provide a dc bias field, Bo, and one electromagnet to provide an RF excitation field, B1
[61]. By setting the frequency of B1 to the Larmor frequency of the protons in water, which
is proportional to Bo, the protons periodically absorb the energy from B1 perturbing their
alignment from Bo. Due to the proton-proton interaction, some protons will be out-of-
phase and the total magnetic moment decays over time as the protons precess after B1

is removed. The rate of the decay is characterized by the spin-spin relaxation time, T2. By



adding antibody-coated MNPs to the sample, the T2 signal decreases as antibody-antigen
complexes are formed, as shown in Figure 1.4(a). These binding events produce large
aggregates, further intensifying the perturbation and shortening the T2 signal thus
allowing the concentration to be quantified. Biological experiments have shown avidin

detection with a dynamic range of 80 dB [62].

Miniaturization is the key challenge for this technique. Since it requires a large
permanent magnet and an electromagnet, the system is usually bulky [82]. A miniaturized
NMR system, which can be held in the palm of a hand, was recently demonstrated [63].
However, since the signal amplitude is quadratically proportional to Bo, reducing the
magnet size reduces the sensitivity significantly. As a result, this NMR system only
achieved a sensitivity of 3 nM [62] (Figure 1.4(b)) compared to benchtop equivalents
which have a sensitivity of 140 fM [83]. Further improving the sensitivity and size is difficult

due to the fundamental tradeoff between the signal amplitude and the magnet size.
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Figure 1.4 Nuclear magnetic resonance

(a) Spin-spin relaxation time T2 for pure water, antibody-coated magnetic particles, and antibody-protein
complexes [61], and (b) measured NMR calibration curve [62].
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Oscillator-based biosensors are usually tuned LC resonators where the resonant
frequency is dependent on the number of tethered MNPs. Figure 1.5(a) shows one such
example where a sandwich immunoassay labeled with MNPs is assembled on the surface
of an inductor. The magnetic field generated by current passing through the inductor
magnetizes the MNPs, which alters the inductance, and thus changes the resonant
frequency [48], [64]. These sensors are very attractive as they do not need an external
magnetic field and are fully CMOS compatible allowing them to be compact and low-cost.
Techniques such as correlated double counting (CDC) have been employed to reduce
correlated noise and environmental conditions such as temperature drift allowing
detection of a single 1 um MNP (Figure 1.5(b)) [64]. However, these sensors often have
reproducibility issues due to the non-uniform magnetic field resulting in spatial
dependency and non-linearities. This issue can be remedied using a bowl-shaped
inductor, but this requires more exotic fabrication and is not always CMOS compatible
[49]. Although this technique was not used for detecting proteins, it has successfully

detected DNA [48] and cells [65].
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Figure 1.5 Oscillator-based sensor

(a) lllustration showing how tethered MNPs cause a resonance frequency shift in an LC oscillator [48] and
(b) measured calibration curve [64].



Hall-effect sensors measure an induced voltage caused by the force a
perpendicular magnetic field exerts on a charge carrying ion. These sensors can be
realized using the diffusion layer (n-well) of a transistor and thus are compatible with
standard semiconductor fabrication processes. However, the diffusion layer is the bottom
layer in a CMOS process so post-processing is required to remove all (or most) metal
and interlayer dielectric material above the sensor to minimize the distance between the
sensors and MNPs [66]. Figure 1.6(a) shows a sandwich immunoassay on top of a Hall
sensor with an integrated electromagnet to magnetize the MNPs. The presence of the

MNPs induces a voltage on the underlying sensor that is readout by the nearby circuitry.

Researchers have demonstrated both magnetometry-based biosensing [66]-[68]
and relaxometry-based biosensing [50], [51], [69] where instead of leaving the magnetic
field on constantly and measuring the perturbation, the magnetic field is pulsed and the
temporal dynamic response is measured as the MNPs relax back to equilibrium. The
detail of these mechanisms will be discussed further in Section 2.4, but it should be noted
that the relaxation of the MNPs is different from NMR sensors, which are based on the
proton-proton interaction of water molecules. To maximize the signal, the sensor was
sized comparable to a single 4 um MNP and thus each sensor can detect only one MNP
[70]. To have a reasonable dynamic range, a large array containing 10k pixels was built
with single MNP sensitivity and a dynamic range of 80 dB by combining all of the small
sensors into one effective sensor [51]. This sensor array was used to detect Human
Serum Albumin (HSA) with a sensitivity of 15 pM (Figure 1.6(b)). By limiting the design to
one MNP per sensor and using relaxometry-based biosensing technique, Hall-effect

sensors resolve the MNP location dependency and field non-uniformity issue that impede
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Figure 1.6 Hall-effect sensor

(a) lllustration of a Hall-effect sensor detecting a single captured MNP [70] and (b) measured signals with
optical images for various HSA concentrations as low as 1ng/mL (15 pM) [51].

oscillator-based sensors. However, one MNP per sensor requires a very large array to

achieve sufficient dynamic range, which becomes a bottleneck for Hall-effect sensors.

Oscillator-based sensors and Hall-effect sensors can both detect a single 1 um
MNP; however, micrometer-sized MNPs diffuse very slowly in solution and are much,
much larger than the target analytes, thus they require washing steps to remove unbound
MNPs and have longer assay time [14]. Magnetoresistive (MR) sensors are used
extensively in commercial applications as the read-head in a hard disk drive. These
sensors are elaborately engineered stacks of magnetic and non-magnetic thin films and
have much higher transduction efficiency, allowing them to detect nanometer-sized

MNPs. The detail of MR biosensing will be discussed on the next chapter.

1.4 Scope of Dissertation

This dissertation presents front-ends of the MR biosensors for PoC diagnostics. In

Chapter 2, the MR sensors, sensing techniques, and prior magnetic sensor front-ends
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are discussed and compared. A PCB implementation is presented to validate the system.
Chapter 3 presents a CMOS front-end based on magnetometry that achieves sub-ppm
sensitivity and sub-pM biological limit-of-detection (LOD). In Chapter 4, MRX is introduced
for baseline-free detection and a discrete MR sensor system is presented. Chapter 5
presents a CMOS front-end based on MRX that achieves the best reported magnetic
sensor figure-of-merit (FoM). Finally, Chapter 6 summarizes this dissertation and

discusses areas of future work.

Chapter 1, in part, is based on materials from Xiahan Zhou, Chih-Cheng Huang,
and Drew A. Hall, “Magnetoresistive Biosensors for Quantitative
Proteomics,” Proceedings of SPIE Optics + Photonics, San Diego, CA, Aug. 6-10, 2017

[16]. The dissertation author was the primary investigator and author of this paper.
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Chapter 2. MAGNETORESISTIVE

BIOSENSING

2.1 Introduction

Magnetoresistance is the property of a material to change its electrical resistance
in response to a magnetic field [84]. Anisotropic magnetoresistance (AMR), giant
magnetoresistance (GMR), and tunnel magnetoresistance (TMR) are different types of
magnetoresistance. AMR, the first discovered magnetoresistance by William Thomson
(Lord Kelvin) in 1856, depends on the relative angle between the direction of the sense
current and the local magnetization [85]. GMR is a quantum mechanical MR effect
observed in multilayer filmstacks composed of alternating ferromagnetic and non-
magnetic conductive layers. The resistance depends on whether the magnetization of
adjacent ferromagnetic layers is in parallel or an antiparallel alignment. With to the
discovery of GMR, Albert Fert and Peter Griinberg were awarded the 2007 Nobel Prize
in Physics [86]. TMR, like GMR, is also a multilayer structure based on a quantum

mechanical phenomenon. Instead of using a conductive layer between ferromagnetic
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layers in GMR, TMR uses an insulating barrier layer that is thin enough for electrons to

tunnel from one ferromagnetic layer to the other.

In this dissertation, GMR sensors purchased from MagArray, Inc. were used. The
rest of this chapter introduces and characterizes the GMR sensors, as well as discusses

the sensing techniques and prior sensor front-ends.

2.2 GMR Sensors

2.2.1 Principle of Operation

While GMR sensor has a complex multi-layer stack, its operation can be
understood by three key components: the free layer, the pinned layer, and a non-
magnetic spacer layer in-between, as shown in Figure 2.1(a). Both the free layer and the
pinned layer are ferromagnetic. The magnetic moment of the pinned layer is fixed (to the
right in this example) after fabrication, but the free layer rotates freely in-plane following
the applied field, Ha. The sensor resistance depends on the angle of the magnetic

moments between the free layer and the pinned layer, as shown in Figure 2.1(b).

o

S
9 :
Oxide @
Free Layer o
Applied Field
(a) (b)

Figure 2.1 GMR sensor principle of operation

(a) Simplified layer stack and (b) sensor resistance vs. applied field.
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Qualitatively, the sensor remains at its nominal resistance, Ro, when no field applied.
When Ha biases the free layer to be in parallel with the pinned layer, the majority carriers
in the free layer (electrons that have spin moment to the right) are in the same orientation
as in the pinned layer. Therefore, electrons travel through both layers without additional
electron scattering, resulting in low resistance. Conversely, when the free layer is anti-
parallel with the pinned layer, carriers in the free layer (electrons that have spin moment
to the left) are different from the majority carriers in the pinned layer. This results in more
electron scattering, and thus a higher resistance. The magnetoresistance ratio is defined

as

Ro..—R .
MR Ratio = —=_~ ™1 2.1

Rmin

where Rmax and Rmin are the maximum and minimum resistance of the sensor,
respectively. The MR ratio of AMR, GMR, and TMR are 1-3%, 5-20%, and 40-350%,

respectively [87], [88]. Although TMR exhibits the highest MR ratio, it has not been widely
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Figure 2.2 Sensor array

(a) Photograph and (b) equivalent schematic of the sensor array.
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used in biosensing due to its much worse 1/f noise (1/f noise corner frequency of ~1 MHz

vs. ~1 kHz in GMR) and they are harder to fabricate [89], [90].

2.2.2 Array

The MagArray sensor array consists of 90 sensors that are split into 9 rows and
10 columns, as shown in Figure 2.2. Sensors have shared rows and columns to reduce
number of pads but suffer from increased noise that will be discussed in later. The first
row is covered by epoxy to prevent MNP binding, so these sensors are considered

reference sensors.
2.2.3 Transfer Curve

The sensors must be characterized first to understand the resistance, operating
range, sensitivity, etc. A custom PCB and a graphic user interface (GUI) written by
MATLAB were designed accordingly. Figure 2.3 shows the analog front-end (AFE) used
for sensor characterization. The sensor under test, Rs, is biased by a dc voltage, Vin =
Vem + VB, and the resulting current is amplified by a transimpedance amplifier (TIA). A
bleed resistor, Rs, that is set close to Rs, is biased by a negative dc voltage, Vinb = Vem -

Vs, to cancel most of the Ro baseline. Therefore, the output voltage Vout is

C
virl IIF
I
R

cm B IU‘ RB F
I +Al

YWW
vng —’> V.,

ADC

i

Figure 2.3 Schematic of the sensor AFE
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Rrp  Rp
Vour = (— — —) V, Vo .
out RS RB B + cm 2.2

It is often useful to split Rs into Ro and the magnetoresistance, AR, so that Rs = Ro + AR.

Assuming Rs = Ro and AR << Ry, it can be shown that

R AR
Vout = Vem — R_R_VB 2.3
0 0

where Vem is set to Vop/2 for the maximum dynamic range. A data acquisition (DAQ, NI-
6361) quantizes Vout after an anti-aliasing filter that is composed of Raar (100 Q) and Caar
(33 nF). Equation 2.3 indicates that larger Rr and Vs improve the signal gain but contradict
the dynamic range, which is highly dependent on the matching between Ro and Rs.

Assuming a rail-to-rail output amplifier, the usable sensor resistance range is derived as

RS,max - VB VDD 24
Rg  2Rg
Vg
R min = 7——.
ST Vg | Vop 2.5
Rg  2Rg

Rs that is not in the range between Rsmin and Rsmax Will saturate the AFE and thus is not
usable. The sensor characterization setup does not need high resolution, so Vs is set to
100 mV for a large range. With Rr = 42.2 kQ, Rs = 1.34 kQ, and Vop = 3.3 V, the usable
range is 0.88 kQ — 2.81 kQ, which is wide enough to cover the process variation in the

sensor array.

Figure 2.4(a) shows the applied magnetic field over time for characterizing the

sensor MR. A sinusoidal field with an amplitude of 50 Oe and a frequency of 100 Hz is
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applied first for 1 min to condition the sensors (remove magnetic domains). Then a dc
field is swept from 0 Oe to +50 Oe to -50 Oe and finally back to 0 Oe, with a step size of
1 Oe/s. The AFE measures the sensor resistance simultaneously, as shown in Figure
2.4(b). This sensor has an Ro of ~1.3 kQ and a MR ratio of 7 — 9%. As a biosensor, the
linear transfer curve around 0 Oe is of interest. The slope at Ha = 0 Oe represents the
sensor sensitivity, which is measured to be ~0.9 Q/Oe. The standard deviation of the

transfer curve is ~1.6% that represents the sensor mismatch in single chip.

Applied Field [Oe]

/ | 128 l
) 1
\\\\ f‘{J ] 1S
N .

: 1.24 1 : . : |
0 50 100 150 200 250 300 -100 -50 0 50 100

Time [s] Field [Oe]
(a) (b)

Figure 2.4 GMR sensor characterization

(a) Applied magnetic field over time and (b) measured sensor transfer curve.

The GUI shown in Figure 2.5 creates a user-friendly interface for people that are
not familiar with electronics and programming. It can adjust the magnetic field sweep
range, number of sweep cycles, etc. and show the real-time applied field and resulting
MR transfer curve on the left figures. Test information that includes the error message is

shown on the right bottom.
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Figure 2.5 Graphical user interface for MR characterization
2.2.4 Noise

Another PCB was designed for measuring the sensor noise, as shown in Figure
2.6. For low noise readout, 9 sensors in a row are connected in parallel, which thus has
9x lower resistance than Rs. It is biased by a nickel-cadmium (Ni-Cd) battery, which
provides negligible noise (~0.2 nV/VHz) [91]. A current limiting resistor, Re, which
determines the bias current, Is, is set larger than Rs to contribute a noise less than Rs.
The resulting voltage, Vin+, and its low-pass filtered voltage, Vin-, are amplified by an
instrumentation amplifier (1A, AD8429) and then measured by an ADC. The purpose of
using a low-pass filter (LPF) here is to remove the dc bias, thus eliminating the offset

between Vin+ and Vin-, which can limit the IA gain. However, the LPF increases the settling
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time during sensor switching, and thus leads to a long readout time. The input-referred

noise can be written as

2

2 2
v R R
2 _ “nADC B 2 S
Vnin = ozt (RS + RB) Vngs * (RS + RB> HepTRp +

2.6

( 1+ SRSCLPF

1+ s(Rs + Rupp)CLpr

2
(1 + sRsCrpp)Ripr ) 2
1+ s(Rs + Rupp)Crpp) ™™

2
) 4kgTRypF + <

where kg is Boltzmann’s constant, T is the absolute temperature in Kelvin, vnapc is the
noise contributed by the ADC, G is the IA gain, vn s is the noise contributed by the sensor,
and in,a is the current noise contributed from the IA. Equation 2.6 indicates that both the
RLpr noise and the 1A noise are shaped by a very low frequency pole at 1/RLprCiLpF and a
relatively higher frequency zero at 1/RsCrpr, assuming that RLer >> Rs. Since the noise
contributed by Ripr and the IA is the lowest after the zero, CLpr needs to be maximized.

When the frequency is higher than the zero, Equation 2.6 can be simplified to

2 2 2 2
v R R 4kgTR
2 _ “nADC B 2 S B S 2.2
Vnin = 2 + (Rs n RB) Vnrs T (—Rs n RB) 4kgTRg + Riop + R§if 1A 2.7

Assuming Re = 1 kQ, Ripr = 50 kQ, and Crpr = 92 pF, the bias current Is is ~1 mA and

the zero is at ~10 Hz. G is set to 274 to reduce the ADC guantization noise and the 1A is
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selected so that both noises are lower than 4ksTRs. Since Rs is 7x larger than Rs, this
system is dominated by vnRrs. Therefore, the sensor 1/f noise can be observed if the 1/f

corner frequency is >10 Hz.

The test setup was placed inside a Faraday cage to reduce electromagnetic
interference (EMI). A resistor that has a similar resistance as the sensor was also
measured for comparison, as shown in Figure 2.7. Although reduced by the Faraday
cage, interference from the ac powerline and other instruments can still be observed. The
slight difference between the resistor and the GMR sensor at 10 — 50 Hz indicates that

the sensor 1/f noise corner frequency is <50 Hz.
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Figure 2.7 Simulated and measured noise spectra of aresistor and a GMR sensor

2.3 Magnetic Immunoassay

The GMR sensors measure the concentration of target biomarkers using a

magnetic immunoassay (MIA). Figure 2.8 illustrates the steps in a MIA: 1) capture
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Figure 2.8 Magnetic immunoassay
antibodies are first immobilized on the sensor surface; 2) the sample is added and the
target biomarkers bind to the immobilized capture antibodies; 3) MNP labeled detection
antibodies are added and bind to the target biomarkers, thus generating a sandwich-like
complex; 4) an external magnetic field is applied to polarize the tethered MNPs, which
generate a stray field that is in the opposite direction of the applied field, Ha. The sensor
resistance is Ro + Rumr + Rsig, where Rvwr and Rsig are the magnetoresistance from Ha and
from the MNPs, respectively. Since Rsig is proportional to the number of tethered MNPs,

it represents the concentration of the target biomarkers.

As shown in Figure 2.9, by assuming a single tethered MNP as a magnetic dipole,

the signal induced by a MNP can be written as [55], [92]

Rsig aRS(HA) rb 3(y yo)z 1
_ 4 - 2.8
MNP~ on 3 XA lwtj f J ~ 3 | dxdydz

where b is the MNP radius, x is the volume susceptibility, Ha is the applied field, w is the

sensor width, | is the sensor length, and t is the free layer thickness. r is the distance
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Figure 2.9 Sensor top view for MNP signal analysis

between the MNP (xo,yo0,2z0) and a point of free layer (x,y,z) and can be written as

V& —x0)2 + (v — ¥9)? + (z — 29)?, Where z - zo = d that is the distance between the MNP
and the sensor free layer. Equation 2.8 indicates that larger MNPs and smaller sensor
gives larger signal. However, large-sized MNPs (micrometers) diffuse slowly in solution
and are much larger than the target biomarkers, thus requiring washing steps to remove
unbound MNPs and have a longer assay time [14]. Smaller sensors reduces the biological
dynamic range, unless increasing the number of sensors in an array which complicates
the design and increases the assay time [16]. Larger Ha increases the MNP magnetic
moment but reduces the sensor sensitivity when it enters the nonlinear range. An optimal
Ha can be found by measuring the signal amplitudes at different Ha [73]. The signal is
inversely proportional to d3, thus the unbound MNPs are too far away to be detected,

which improves the specificity of the magnetic sensing and enables wash-free detection.

The MNPs used primarily in this work (Streptavidin microbeads, catalog # 130-
048-101, Miltenyi Biotec and catalog # SHS-30-01, Ocean Nano-Technologies) have a
core size of 30 — 50 nm and each sensor size is 125 x 125 ym2. The optimal Ha is
calibrated to be ~30 Oe. The distance is ~50 nm, which includes the oxide thickness of
the sensor and the height of the sandwich complex. This results in a signal per MNP of 1
— 10 uQ. Compared with an Ro of 1.3 kQ and an Rwr of 27 Q, Rsig is very small, which

becomes a major challenge in magnetic sensing.
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2.4 Magnetic Sensing Techniques

There are two common detection techniques that can be used with the surface-
based affinity assays: magnetometry and magneto-relaxometry (MRX), both of which are
illustrated in Figure 2.10. In the absence of a magnetic field, the magnetic moments of
the MNPs are randomly distributed resulting in zero net field for the underlying sensors.
When an external magnetic field (dc or ac) is applied, the magnetic moments all align with
the field generating a stray magnetic field that opposes the applied field at the sensor.
Magnetometry measures the field difference with and without MNPs to quantify the
number of tethered MNPs. For MRX, the applied magnetic field is rapidly removed, and
the sensors temporally monitor the change in magnetic field as the MNPs slowly

randomize capturing the dynamics.
2.4.1 Magnetometry

As the most straightforwvard method to detect MNPs, magnetometry-based
biosensing was widely used by oscillator-based sensors [48], [49], [64], [65], Hall-effect
sensors [66]-[68], and GMR sensors [52]-[57], [71]-[74]. However, this technique suffers
from several drawbacks. First, the minute signal from the MNPs (uQs) is superimposed
on a large baseline signal (kQs) from the applied field demanding very high dynamic
range from the readout circuitry. This baseline can be rejected by a reference sensor, if
one is able to achieve good matching between the sensors, which unfortunately is not
always possible. Second, this technique requires a uniform external field to remove
positional dependency, especially in low-concentration measurements. This is often

accomplished using an off-chip electromagnet or a special structure for an on-chip coil
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Figure 2.10 Magnetometry vs. MRX

Magnetometry measures Rmag at step 4 and MRX measures Rex at step 5.

[49]. Lastly, magnetometry is sensitive to temperature drift, process variation, and
environmental perturbation that requires precise calibration and signal processing to

overcome [73].
2.4.2 Magneto-Relaxometry

MRX-based biosensing technique resolves most of these issues. While there is no
literature for oscillator-based sensors using relaxometry, Hall-effect sensors [50], [51],
[69], [70] and GMR sensors [75]-[77] have been demonstrated. By detecting the
relaxation of the MNPs temporally after turning off the applied field, this technique pushes
the difficulty from accuracy in amplitude to accuracy in time. It accordingly overcomes the
small signal-to-baseline ratio and eases the field uniformity requirement. Furthermore,

technigues such as magnetic correlated double sampling (MCDS) that repeat the

24



relaxation and use the same sensor for correlated sampling remove the need for
reference sensors and are immune to slowly changing environmental perturbations [51],
[76]. Since different sized MNPs have different relaxation times and dynamics, MRX

introduces another degree of freedom that enables multiplexed bioassays [69], [77].

However, MRX-based biosensing has drawbacks that still need to be investigated.
First, the applied magnetic field cannot collapse instantaneously resulting in a deadzone
that makes detection of MNPs with very fast relaxation times impossible. Off-chip
electromagnets have been reported to have deadzone as low as 1.4 ys, which is still not
fast enough to detect some MNPs [76], [77]. On-chip striplines can reduce the deadzone
to just 16 ns [50], but suffer from area and device heating constraints [70]. From a signal
to noise ratio (SNR) point-of-view, the relaxation signal decreases over time, thus covers
a relatively wide bandwidth including the low frequency band that is vulnerable to 1/f
noise. Moreover, high-speed readout circuitry is usually required to capture the fast-
decaying signal. As a result, low noise and high speed are both required for the readout

circuitry, but they are often at odds with each other.
2.4.3 Comparison between Magnetometry and Relaxometry

A comparison between these techniques is summarized in Table 2.1. MRX relaxes
AFE DR requirement and applied field uniformity requirement by measuring the signal
without the applied field, as well as rejects the environmental perturbation by sensor self-
referencing. However, it suffers from more 1/f noise and requires longer readout time
since it needs steps 3—>5 while magnetometry only needs step 4. It also requires a high

speed AFE and electromagnet to capture the fast relaxation signal from the MNPs.
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Table 2.1 Comparison between magnetometry and magneto-relaxometry

Magnetometry Magneto-relaxometry
Baseline High Low
AFE DR High Low
Ha uniformity High Low
Sensor self-referencing No Yes
Temperature drift cancellation No Yes
Noise Low High
Readout speed Fast Slow
AFE speed Low High

2.5 Magnetic Sensor Front-End

2.5.1 Figure-of-Merit

To fairly compare the performance of different magnetic sensor AFEs, a figure-of-
merit (FOM) is required. Since a magnetic sensor FOM was not presented in prior work,
to the best of the author’s knowledge, the FoM is adopted from temperature sensor prior
art by changing the temperature resolution (in units of Kelvin) to the magnetic field

resolution (in units of Tesla) [93]-[95]. Thus, the FOM is

Energy

—————=~ = Int.Noise? - Readout Time - Power, 2.9
Conversion

FoM = Resolution? -

in units of nT>mJ. According to Table 2.1, MRX tends to have a worse FoM than

magnetometry due to longer readout time and higher integrated noise.
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2.5.2 Prior Arts

Several architectures have been presented to measure the signal from magnetic
sensors, either in magnetometry or in MRX. A Wheatstone bridge is the most commonly
used technique in magnetometry, where two active sensors and two reference sensors
or resistors form the bridge, as shown in Figure 2.11(a) [96]-[98]. An instrumentation
amplifier followed by an ADC captures the differential signal. This technique ideally
eliminates all common-mode baseline signals (Ro and Rur) and the output is proportional
to Rsig. However, sensor mismatch, ARo and ARwmR, eat into the dynamic range. Therefore,
the gain, G, must be reduced by (ARo + ARMR)/Rsig to accommodate the mismatch and

thus decreases the resolution by 102 — 10°x for a 10% mismatch.

The double modulation scheme, shown in Figure 2.11(b), applies a sinusoidal

excitation (either a voltage or current) at frequency fc and a sinusoidal magnetic field at
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Figure 2.11 Prior magnetometry-based AFEs
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frequency fu to the sensor [52], [56]. This “double modulation” scheme spectrally
separates the resistive (i.e. Ro at fc) and magnetoresistive components (i.e. Rur and Risig
at fc = fu) of the signal. There are several benefits to this technique, namely the Ro
baseline can be reduced using excitation/carrier suppression, lock-in detection enables a
very narrow noise bandwidth, and 1/f noise can be partially removed provided that fu is at
a higher frequency than the 1/f noise corner frequency [56]. (Note that some of the 1/f
noise is of magnetic origin and thus not mitigated by this technique.) However, the signal
at fc £ fu still contains the Rwvr baseline, which can be 100x larger than Rsig. Moreover,
the modulation scheme requires a higher bandwidth ADC and signal processing

algorithms for demodulation.

MRX-based AFEs have only been reported for Hall-effect sensors, to the best of
the author’'s knowledge. In Figure 2.12(a), a programmable gain amplifier (PGA) was
used to amplify the signal [50]. To maximize the PGA gain, a 16b DAC was designed to

continuously cancel the sensor offset, which is equivalent to the Ro baseline for MR
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Figure 2.12 Prior MRX-based AFEs
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sensors. An off-chip high-speed ADC measured and reproduced the fast relaxation curve
of the MNPs. Instead of using a high-performance ADC, Figure 2.12(b) used an
incremental AZ ADC to integrate Rix during the relaxation phase, thus significantly
reducing the power consumption but paid the penalty of losing the capability of observing
the relaxation dynamics [51]. Ac coupling capacitors, Cac, reject the sensor offset, thus

simplify the design.

Table 2.2 Comparison table of magnetic sensor AFEs

H. Wang D.A. Hall T. Costa S.J. Han P. Liu S. Gambini
ISSCC’'09 JSSC’13 TBCAS’17 | ISSCC'07 JSSC’12 JSSC'13
[48] [56] [53] [52] [50] [51]
Sensor Type LC GMR GMR GMR Hall Hall
Sensor Ro (kQ) N/A 1.92 0.85 N/A N/A N/A
MR Ratio (%) N/A 9.2 5.37 N/A N/A N/A
MNP Size (nm) 1,000 50 250 50 1,000 1,000
Sensing Method Magneto Magneto Magneto Magneto MRX MRX
. LC o Mixer + VIl
AFE Architecture oscillator TIA Amplifier PGA PGA Converter
ADC Architecture | VCO-based AZ No ADC No ADC No ADC Inc. AZ
Input-referred
Integrated Noise N/A 49 11.5v N/A 15v¥ 1207.5
(I’]Trms)
Readout Time/Ch. 400 250 1,000 250 64,000 50
(ms)

Power/Ch. (mW)* N/A 3.15 4.9v N/A 6.2v 0.825
Area/Ch. (mm2) N/A 0.219 3.17 N/A N/A 0.012
Number of Ch 8 16 1 4 1 160
Input-referred N/A 7.09 1.84 N/A <0.001 0.007

Baseline (mT)
Tempera_ture Yes Yes No Yes Yes Yes
Correction
Resolution FoM N/A 1891 648V N/A 89280v 60143
(nT?-mJ)

* Power/Ch does not include sensor bias and magnetic field generator. ¥ Does not include ADC.
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2.5.3 Comparison and Discussion

The state-of-the-art CMOS AFEs for magnetic sensors is summarized in Table 2.2.
It should be mentioned that the sensor bias current is highly dependent on the sensor
(namely Ro) so it is excluded from the power consumption. It can be observed that
although MRX-based AFEs provided >260x improvement in the input-referred baseline,
they still have a 32x worse FoM compared to magnetometry-based AFEs. The state-of-
the-art reported FoMs are from T. Costa and D. A. Hall, without and with ADCs,
respectively [53], [56]. Therefore, the target of this dissertation is to design a CMOS AFE

for GMR sensors that achieves the best FoM, while keeping the baseline small.

2.6 A Discrete 8 Channel GMR Biosensing System

2.6.1 System Overview

A custom PCB was designed to conduct MIA experiments using GMR sensors, as
shown in Figure 2.13. The National Instruments DAQ (NI-6361) contains 8 ADCs and 2
DACs. One DAC provides a bias voltage, Vs, for the sensor and the other DAC generates
the control signal, Vcoi, for the power amplifier (PA, Kepco BOP 20-5), which supplies a
current, lcoil, to the Helmholtz coil. The Helmholtz coil generates a homogeneous magnetic
field for the sensor chip placed inside. A reference generator creates Vin = Vem + VB and
Vinb = Vem - VB to bias the sensors. The resulting currents are amplified by 8 TIAs and

qguantized by the ADCs in the DAQ. A single channel AFE was discussed (Figure 2.3).

Figure 2.14 shows the sensor array connection to the multi-channel AFE. Each

sensor row is directly connected to a TIA input. However, only 1 out of the 10 columns is
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Figure 2.13 System architecture

connected to Vin at a time, while the others are connected to Vem (and thus shorted). Time
division multiplexing (TDM) is applied to read all sensors in a round robin fashion. The
equivalent schematic of a single channel is illustrated in Figure 2.15. Assuming Rs1 = Rs2

= ... = Rs, the input-referred noise can be written as

v2 2.10

n,op

Rq\? Rs + 10Rg\?
vZ = 10v2 g, + (—S) AkgTRgp + (M)
: R Rg

n,in
B

where vnRrs IS the sensor noise and vnoep iS the op-amp input-referred noise. Since Rs
needs to be as close to Rs as possible to maximize the gain, by assuming Rs = Rs, the

equation can be further simplified to
vrzl,in = 111Jrzl,Rs + 112vr%,op- 2.11

Therefore, it can be concluded that this sensor network increases the sensor noise by

V11x and the op-amp noise by 11x.
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Figure 2.15 Equivalent schematic of a single channel

Figure 2.16 shows the schematic of the reference generator, which consists of a
voltage adder and a voltage subtractor. The resistors used in both blocks are the same
(2 kQ). The common-mode voltage, Vem, Which is set to Vop/2, is implemented by a

resistor divider followed by a unity-gain buffer.
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Figure 2.16 Schematic of the reference generator

(a) Voltage adder and (b) voltage subtractor.

2.6.2 Signal Processing

To measure the signal from tethered MNPs, the double modulation scheme is used
to reject 1/f noise from both the sensor and the electronics. Specifically, a sinusoidal Vs
is applied at frequency fc and another sinusoidal lcoil is applied to the Helmholtz coil to

generate an ac magnetic field at frequency fu. The resulting current can be written as

. E _ Vycos (2mfct)
BT Ry Ry + ARcos(2mfyt)

2.12

_ Vg cos(2mfct)
= R

AR AR 2
1-— (——cos(anHt)) + (——cos(anHt)> —

R, Ro
where Vo is the amplitude of Vs (400 mV in this work), fc is the frequency of Vs (540 Hz),
and fu is the frequency of the applied field (210 Hz). The side tones that contain the MR
signal are evenly distributed on both sides of fc, as shown in Figure 2.17(a). Since the
amplitudes of the side tone harmonics are decreasing, the first side tone at fc - fu is used
for lock-in detection. Specifically, the amplified voltage Vout is quantized by the ADC at a

sampling rate of 2 kS/s for 0.5 s. FFT demodulation is applied to the output data Dout, as

shown in Figure 2.17(b). The 10,000 data points per window are digitally down modulated
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Figure 2.17 lllustration of the double modulation scheme

(a) Spectrum of the sensor current and (b) illustration of the DSP-based lock-in detection.

and low-pass filtered, resulting in one output, DO, that represents the amplitude of the
side tone at fc - fu. Accordingly, the bandwidth is reduced to 2 Hz, which leads to a low

noise readout.

2.6.3 Measurement Results

Figure 2.18 shows a photograph of the measurement setup. The sensor chip is
placed in a 3D-printed chip holder that is connected to the AFE through a ribbon cable. A

LabVIEW interface is programmed to configure the AFE and plot the real-time data.

The system noise is first characterized, as shown in Figure 2.19. An
unfunctionalized (bare) sensor chip was used to collect a 40 min time series dataset and
an FFT was applied to extract the noise spectrum. Figure 2.19(a) shows that there is no
difference between the active sensors and reference sensors, and Figure 2.19(b)

indicates that the noise is white. The total integrated noise was measured to be 134 NTrms.

Biological experiments were then conducted to validate the system performance.
The sensors were functionalized with biotinylated-bovine serum albumin (Biotin-BSA) as
a positive control, a captured antibody towards human interleukin-6 (IL-6), a cancer

biomarker, and bovine serum albumin (BSA) for use as a negative control to monitor non-
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Figure 2.19 Measured noise of the system

(a) Transient results and (b) noise spectrum.

specific binding. The reference sensor was covered by epoxy, which prohibits MNP
binding/interaction. To functionalize the sensor surface with the BSA or IL-6 antibodies,

chips were washed with acetone, methanol, and isopropyl alcohol (IPA). After 5 minutes
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of cleaning with oxygen plasma, 1% Poly(allylamine) in distilled water (DIW) was added
for 5 minutes. After baking for 1 hour at 110 °C, 2% aqueous Poly(ethylene-alt-maleic
anhydride) in DIW was added for 5 minutes. Finally, the chips were baked for 1 hour at

160 °C. Capture reagents were spotted on the sensors and incubated at 4 °C overnight.

Figure 2.20 shows overlaid measurement results for the negative control, positive
control, and IL-6 sensors. The sensors were washed with phosphate buffered saline
(PBS) before adding MNPs (Streptavidin microbeads, catalog number #130-048-101,
Miltenyi Biotec). The system measured the real-time binding curves at a sampling rate of
0.1 S/s. Each readout takes 0.5 s for data capture and another 0.5 s for data processing.
10 readouts are required to complete the whole sensor array and thus the total acquisition
time is 10 s. After the binding curves saturated, the chip was washed to remove any non-

specific binding. The unchanged signal amplitudes indicate the binding is highly specific.

1000 : , , |
— Biotin-BSA Wash

goo| — IL-6 |

— BSA ,_________;__:__Jﬁ&__—f::

0 5 10 15 20 25
Time [min]

Figure 2.20 MIA experiment result

36



2.7 Summary

In this chapter, the GMR sensors that are used in the remainder of this dissertation
were discussed and characterized. A MIA, which detects specific biomarkers for in-vitro
diagnostics, was presented and the signal from a single magnetic tag was calculated.
While a small signal to baseline ratio is a big challenge in MR biosensing, previously
reported architectures and different sensing techniques were discussed and compared.
A magnetic sensor FoM was described to evaluate and compare the performance of the
sensor AFEs. Lastly, a discrete 8 channel sensor front-end and system was designed to
conduct MIA experiments. A double modulation scheme and lock-in detection were
applied to minimize the integrated noise. While this setup has been actively used for MIA
experiments [99], it was also successfully expanded for other applications, such as sensor

characterization and magnetic flow cytometry [100], [101].

Chapter 2, in part, is based on materials from Xiahan Zhou, Chih-Cheng Huang,
and Drew A Hall, “‘Magnetoresistive Biosensors  for  Quantitative
Proteomics,” Proceedings of SPIE Optics + Photonics, San Diego, CA, Aug. 6-10, 2017
[16], and Xiahan Zhou, Michael Sveiven, and Drew A. Hall, “A CMOS Magnetoresistive
Sensor Front-End with Mismatch-Tolerance and Sub-ppm Sensitivity for Magnetic
Immunoassays,” IEEE Transactions on Biomedical Circuits (TBioCAS), Dec 2019 [57].

The dissertation author was the primary investigator and author of this paper.
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Chapter 3. A CMOS GMR SENSOR FRONT-

END ACHIEVING SUB-PPM SENSITIVITY

3.1 Introduction

In the context of the MIA, as MNPs become tethered to the sensor surface through
binding events [102], the resistance increases from Ro (with Ha = 0) to Ro + Rvr + Risig
following Langmuir binding kinetics and thus is proportional to the number of captured
antigen (Figure 3.1). As discussed in the last chapter, the tethered MNPs generate an
incredibly small Rsig (uQ — mQ) that is on top of Rur (1 — 100 Q) and Ro (0.1 — 5 kQ).
Thus, Rsig is often 103 — 10%x smaller than Ro. This makes the readout circuit design
challenging since it requires an AFE with more than 120 dB of DR. While the double
modulation scheme and a bleed resistor were applied to reduce the Ro baseline, Rur
baseline still limits the performance. A reference sensor can be used to reject the Ro and
Rmr baselines further, but is ultimately limited by the sensor mismatch, in both Ro and
Rmr. GMR sensor arrays usually have up to 10% mismatch, even intra-chip, due to

fabrication challenges around the uniformity of the thin film stack [103].
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Figure 3.1 lllustration of sensor response in a MIA

(a) MR sensor transfer curve and (b) MR sensor response in a MIA with a sinusoidal Ha.

To address this, this chapter presents a CMOS architecture for GMR sensor arrays
that is tolerant of up to 10% sensor mismatch. The resulting AFE and ADC achieves state-
of-the-art performance with sub-ppm sensitivity, an input-referred noise power spectral
density (PSD) of 46.4 nT/\Hz, an input-referred baseline less than 0.235 mT, and a

readout time of 11 ms.

3.2 System Architecture

A new MR sensor front-end is reported, as shown in Figure 3.2, to improve
tolerance of sensor mismatch and relax the DR requirement. The AFE contains three
main blocks: sensor bias, a PGA with gain G, and an ADC with a decimation filter and
high-frequency interference rejection (HFIR) sampling. The AFE works as follows: A
sinusoidal bias current, lin, is applied to the selected active sensor, Rs, and a reference
sensor, Rr. Compared to using a voltage bias, current bias is spectrally purer and was
thus chosen in this work [56]. Meanwhile, a sinusoidal magnetic field, Ha, generated from
an off-chip Helmholtz coil is applied to both sensors. After buffering, the voltage at nodes

Vs and Vr is
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Figure 3.2 System architecture
VS,R = IoRo + IORMR Sln(Zﬂth) + AIRO Sln(znfct)

3.1

¥ [AI(RMR - Rsig) sin(2r(fc * fu)t)

2
where lo and Al are the dc and ac components of the bias current, respectively, Ro and
Rmr are the nominal resistance and magnetoresistance of the active and reference
sensor, respectively. In this design, the carrier frequency, fc, is 100 kHz and the magnetic
field frequency, fu, is 10 kHz, which is limited by the external power amplifier. The
reference sensor is covered by epoxy that prevents MNP binding, thus there is no Rsig

detected by Rr. Furthermore, since Rr is on the same die as the sensor array (Rs[1:7]),
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it rejects common-mode environmental perturbations such as temperature drift removing

the need for complicated temperature correction routines [73].

Spectra at nodes Vs and Vr are illustrated in Figure 3.3(a). Based on Equation 3.1,
although Rsig has been modulated away from Ro through the double modulation scheme,
Rwr is still at the same frequency as Rsig. With perfect matching between Rs and Rk (i.e.
Rwmr,s = Rmr,r and Ro,s = Roy), the PGA eliminates both common-mode baselines, amplifies

Rsig, and downmodulates the signal from fc - fu to dc. Thus, the voltage at node Via is

GAIRgg | (GAIR

Via = — > Sig) sin(2m2fyt). 3.2

Although Equation 3.2 indicates that high gain should be used to amplify the small signal,
sensor mismatch limits it. Consider that Rs and Rr have Ro mismatch where ARo = Ros -

Ro,r and MR mismatch where ARmr = Rumrs - Rmrr. The voltage at node Via is

AI(ARyg + R,
—G[ (AR Slg)+A1AR0 sin(2mfiyt)

Via = >

[AI (ARwr + Rsig)
+ 2

l sin(2m2fyt) 3.3
+ [H)AR, sin(2r(fe — fu)t) + IoARyg sin(27fct) |.

The spectra with and without sensor mismatch are illustrated in Figure 3.3(b), indicated
as red and green arrows, respectively. It should be noted that transistor mismatch in the
bias block is much smaller than the sensor mismatch and manifests similarly at the output
whereas mismatch in the PGA and ADC are eliminated by chopping and correlated

double sampling, respectively. Equation 3.3 indicates that both ARo and ARwmr result in
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Figure 3.3 lllustration of spectra at critical nodes

residual baselines at their respective frequencies. Although ARwmr results in a signal at the
same frequency as Rsig, a 10% MR mismatch only leads to a baseline that is ~10x larger
than the signal, which can be accommodated by increasing the ADC DR. However, a
10% Ro mismatch causes a tone at fu that can be 400x larger than the signal, which would
significantly increase the ADC DR requirement (Figure 3.4(a)). In theory, a LPF could be
inserted between the PGA and ADC to filter out this interference (Figure 3.4(b)) but would
increase the settling time and thus the readout time, particularly when switching active
sensors. Instead, a HFIR sampling scheme is applied that reduces the ac interference
without the settling penalty, as shown in Figure 3.4(c). The feedforward sampling scheme

is comprised of two phases. In the first phase, the high-pass filter (HPF) passes all ac
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Figure 3.4 Solutions to improve the ADC DR by reducing high frequency interference tones

(a) The ADC DR is limited by high frequency interference that can be reduced by (b) low-pass filtering or
(c) high-pass feedforward filtering.

signals through while blocking dc. In the second phase, the entire signal is sampled. After

subtraction, Vsmp contains only the signal at dc. The transfer function of this filter is

S 1

s+ w =1+i 3.4
p
Wp

H(s)=1-

where wp is the high-pass corner frequency. Equation 3.4 shows that the HP feedforward
technique has the same transfer function as an LPF but comes with a 1,400x reduction

in the settling time.

This HFIR sampling technique embedded in the ADC sampler filters out these ac
interference tones, and thus greatly relaxes the ADC DR requirement, as shown in Figure

3.3(c). A first-order, incremental AYX modulator (DSM) oversamples Via with an
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oversampling ratio (OSR) of 10,000. A subsequent counter decimates Dout, digitally

filtering out all interference tones, leaving the desired signal at dc (Figure 3.3(d)).

3.3 Circuit Implementation

3.3.1 Bias Network

A constant gm and wide-swing cascode network are designed to generate the bias
current, lunit, and the cascode node voltages, Vescp and Vesen, respectively (Figure 3.5). By
sizing the W/L of Mn2 4% larger than Mn1, the constant gm architecture ensures the
transconductance of Mn1 is 1/Rcem, Where Rcem is an off-chip precise resistor. Rcem also
sets the unit current lunit to 10 yA. Mn3, Mn4, and Ccem form the start-up circuit. When Voo
is powered on, Vx is pulled to Vop due to Ccem, thus turning on Mna. The conducting path
between Vp and Vi turns on Mp1, Mp2, Mn1, and Mn2, thus starting up the constant gm. After
Vp and Vn settle, Mns discharges Vx to 0 so Mn4 turns off. It should be mentioned that the
constant gm is ideally stable since the loop gain is <1, but the parasitic inductance and

capacitance due to the wire-bonding and the PCB traces at node Vy can boost up the loop

| | C I
M, :I I | l: M, I"““l M, :I I—’ cCm v Vea V biasn
Vbialsp_ [ Vcscp M, jl ”__, M,
| | | |I= IFar
A SN P Cr, v ne
v ~ v R v
c6m
I V

Figure 3.5 Schematic of the bias network
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gain, causing stability issues. Minimizing the parasitics by placing Rcem on the

daughterboards and adding capacitors at Vn or Vp for compensation resolve this issue.

The wide-swing cascode bias network generates the cascode node voltages Vesen
and Vcscp for the OTAs. By sizing the W/L of Mn7 and Mps >4x smaller than the W/L of Mns
and Mps respectively, the generated cascode voltages ensure the cascode transistors Mne

and Mp4 are biased in the saturation region.

lunit IS mirrored into multiple branches that are connected to different OTAs in this
chip. By connecting the current instead of the voltage through long paths, the leakage

can be minimized to achieve accurate biasing.

3.3.2 Sensor Bias Block

The sensor bias block is composed of a bias current generator, sensor selection
control logic, and two buffers (Figure 3.6). The bias current generator uses an external
reference voltage, Vs, an off-chip resistor, Rs, and an on-chip feedback loop to generate
a bias current, lin= Vs/Rs. A compensation capacitor, Cc = 30 pF, is added for stability. lin
is mirrored into two channels to bias the selected active sensor and reference sensor.
The sensor in this work has a breakdown voltage of ~500 mV, which limits lin to be 2
mApp. Column-based readout is applied for the sensor array, which connects the rows
together, thus sensors are placed in parallel to have a resistance of ~150 Q (9x smaller).
A 3-t0-8 decoder generates control signals Sel[1:7] and a Rstrs signal that opens all
sensors during reset. Gated source followers that can also be disabled by Rstrs buffer
the voltages and drive the PGA. To reduce the noise mirrored from the bias current, lpur,

the bias voltage is low-pass filtered by a pseudo-resistor Rour and a capacitor Chur.
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Figure 3.6 Schematic of the sensor bias

3.3.3 Programmable Gain Amplifier

A 2-bit PGA rejects the large common-mode component of Vs and Vr while
amplifying the differential signal. It is implemented by a capacitively-coupled
instrumentation amplifier with chopper switches in the OTA and the feedback loop (Figure
3.7(a)). The choppers inside the OTA downmodulate the signal from fc - fu to dc and
upmodulate the offset and 1/f noise out-of-band where it is subsequently filtered. A 2-bit
variable capacitor, Cs, is adjusted in tandem with the input capacitor, Ci1, to maintain the
same closed-loop 250 kHz bandwidth across different gain modes. The OTA is
implemented by a folded-cascode differential amplifier, as shown in Figure 3.7(b). Figure
3.7(c) shows the transistor size and bias current for the OTA. The choppers are placed
at the cascode nodes for better settling and Mss are large devices to reduce 1/f noise as
their noise is not chopped. To minimize the noise, M1 is sized large to keep it in deep
subthreshold region, which provides the best gm/Io. Most of the OTA power (71%) is spent
on Mi1 to maximize its gm. Due to the large common-mode input swing (~300 mVpp),
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common-mode rejection ratio (CMRR) needs to be considered. Although CM-to-DM

conversion only causes an offset at the output, it eats into the dynamic range of the

system. For instance, a CM-to-DM gain of -20 dB can cause an offset of 15 mV, taking

15% of the ADC full range. A common-mode cancellation path was reported to reduce

the swing, but it introduces more mismatch, thus leads to a worse CMRR [104]. Adding a
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Figure 3.7 Schematic of the PGA

(a) The 2-bit PGA, (b) fully-differential folded-cascode OTA with built-in down modulator, (c) transistor size
chart, and (d) switched capacitor common-mode feedback.
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common-mode replica path to copy the common-mode signal to every node in the
amplifier can boost the CMRR to 130 dB, but it requires additional design effort [105]. In
this design, the tail current source in the OTA is cascoded to improve the CMRR to be
>70 dB in simulation, which only leads to an offset of <0.5 mV. The output dc voltage is
set to Vemo = VbD/2 by a switched-capacitor common-mode feedback (SC-CMFB) network
for large swing (Figure 3.7(d)). Due to the cascoded tail current source and the large input
swing, the input dc voltage is set to Vemi = 300 mV. A pseudo-resistor is conventionally
used for the dc bias but suffers from bad linearity and high process dependency (Figure
3.8(a)) [106], [107]. A duty-cycled resistor (DCR), implemented by a deep n-well switch
controlled by @dcr and a poly-resistor R1, is switched on for a short time of D over a period
of T (Figure 3.8(b)) [108], [109]. Since it can only transfer the charge when the switch is

on, the equivalent resistance, Rocr, can be derived as
T
R =R — 3.5
DCR 1 D

In this design, R1 = 400 kQ and T/D = 60, so Rocr = 25 MQ, which is large enough to

provide low noise while not affecting the feedback factor in the band of interest.

‘;Ddct' D T

X .
S 1 SO Y| L
@) (b)

Figure 3.8 (a) Pseudo-resistor and (b) duty-cycled resistor

At the start of a measurement (i.e. when Rstrs goes from 0—1), Vs and Vr are
discharged from Vop to Vop, resulting in a rapid transient at Vin that needs time to settle
back to Vcmi. The settling time would be prohibitively long as DCRs have very large

impedances. Worse, such settling happens every measurement when using TDM for
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multi-sensor readout, thus significantly increasing the overall readout time. To reduce the
settling time due to sensor switching, a modified DCR timing scheme is applied where the
switches are briefly closed during and after sensor switching. Thus, Vin has a low-
impedance path to Vcemi through R1 enabling fast settling. Afterwards, the DCRs return to
duty-cycled mode to operate as large bias resistors for low noise measurement. The
timing diagram is shown in Figure 3.9. It should be mentioned that ac swings are not
shown in the settling phase for convenience. Compared with a traditional DCR, the

presented fast-settling DCR reduces the settling time by 40x.
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Figure 3.9 PGA timing diagram that includes clocks and analog waveforms
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After settling, the PGA amplifies the signal with a programmable gain that depends
on the sensor mismatch. Specifically, the PGA gain is set to amplify the dc signal as much
as possible but ensure the ac swing is within the PGA linear range. The FPGA determines

which gain mode is appropriate for each sensor during startup.

3.3.4 Incremental AZ ADC

Figure 3.10 shows the block diagram of a first-order incremental DSM, which is
suitable for low bandwidth TDM-based sensing applications [110]. Compared to
conventional DSMs, it adds a switch to reset the ADC when switching between the
sensors to eliminate the memory. This comes with a penalty that the quantization noise
is only reduced by 2x when doubling the OSR, while conventional DSMs can reduce the
guantization noise by 21-5x. Therefore, to achieve the same resolution, incremental DSMs
need a higher OSR that reduces the speed. Considering the total number of conversions

is N and the number of ‘1s’ is m, the input can be represented as

Vin = 77 Vref 3.6

where Vret is the ADC reference voltage. Therefore, the quantization noise is

LSB Ve .

e, =—= . .

V12 NV12
1 Dout

V > > OSRl — SO
imn _ Z—l

i

Rst

Figure 3.10 Block diagram of the incremental DSM
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Since N = OSR, Equation 3.7 indicates that the quantization noise is inversely
proportional to the OSR. In this design, the OSR = 10,000, so the resolution is log2(OSR)

= 13.3 bit. The sampling frequency fs is 1 MHz, so the bandwidth is fsfOSR = 100 Hz.

The ADC implementation is shown in Figure 3.11. The HFIR block, which is
embedded into the ADC sampling network, is implemented by a pseudo-differential,
switched-capacitor HPF followed by a chopped buffer. When the HFIR sampler is enabled
(ENHrr = 1), the sampling capacitor, C4, samples the voltage difference (i.e. Via - Vac)
during the sampling phase (¢1,1e = 1). At the same time, Cs samples the OTA offset and
1/f noise. It should be noted that the correlated double sampling (CDS) realized by Ce,

S1, and Sz is different from conventional CDS, which does not need switches Si1 and S2

V., V. V. . Minimum sized switch
k K K . 3.3x larger switch
P\ Do NP Voo Low-leakage switch

EN k * P

Q o C VEFR :

A ' L
Cs

I]]_-\+ I i
Gemel U
1 C serl @ e : L e L e TEEEEEEH
e ;;\'%ffﬂ\ RN
: Cs scr f : _/i/ ‘:r I I +\ int+ )
: ch}| —|_C9: isz[\” _ > j-— _D
1 P{ l"l(‘ : _\I\ I L~ V . out
: @chop ;D (ochop / : i (ole
1 |
FFL _ ______ V| THFIR Block| 1| | v
v

/
-

@mPDmLDwP V cma
Vemo ’,
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Figure 3.11 Schematic of the ADC with HFIR sampling
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to isolate the top plate of Ce and Vac. During the integration phase (@22 = 1), the charge
stored on C4 and Cs is integrated on to Cs. A dynamic comparator compares Vint t0

generate the digital output, Dout.

The timing diagram of the ADC is illustrated in Figure 3.12(a). A non-overlapping
clock generator creates @1 and @2 with early phases (¢@ie and ¢2) to avoid signal-
dependent charge injection (Figure 3.12(b)). The chopping frequency ¢chop and the
switched capacitor resistor (SCR) switching frequency ¢scr1,2 are set to 1/4 and 1/8 of the
sampling frequency, respectively. Both clocks change right after the sampling phase to

ensure the maximum settling time on Vac.

The reset switch used for the incremental DSM must have low leakage to ensure

the charge stored in Cs has negligible loss over the entire conversion. It is implemented

(oscrl

(oc]mp

7|
o LI LT L LT

<5
<

Pre
(b)

Figure 3.12 (a) ADC timing diagram and (b) clock generator
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Figure 3.13 Schematic of the low leakage switch

by a low leakage switch, as shown in Figure 3.13 [111]. When ¢rst = 0, M3 is turned on so
that Vx = Vemo, Which is equal to the voltage at A since it is a virtual ground node in the
ADC. Therefore, Vpos of M1 is 0, thus reduces the leakage. Furthermore, M1 is
implemented by a deep n-well transistor, so the body leakage is minimized. As a result,

the leakage current is <1 fA in simulation.

The switches must be sized properly to satisfy the ADC settling requirement.

Specifically, the settling error within half clock cycle must be less than ¥2 LSB. Therefore,

1
U= 2Ronbs < S T D) 25 3.8

where Ron is the switch on-resistance, n is the ADC resolution, and fs is the sampling
frequency. With C4 =1 pF, n = 13.3 bit, and fs = 1 MHz, Ron < 12.6 kQ. In this design, the

switches are sized 3.3x larger than the smallest size to have a simulated Ron 0f 0.8 kQ.

The OTA in the switched capacitor integrator must also satisfy the required gain
and speed requirement to achieve the desired performance. To ensure proper settling,

the gain bandwidth product (GBW) of the OTA must satisfy

GBW 3.9

(n+ 1DIn (2)
> fos.
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With n =13.3 and fs = 1 MHz, the GBW must be >6.3 MHz. To maintain the linearity and

eliminate the deadzone, the dc gain of the OTA must be greater than the OSR (80 dB).

The OTA is implemented by a folded-cascode differential amplifier, as shown in
Figure 3.14(a). Since the output swing is small (<100 mVyp), continuous time CMFB is
used to replace the SC-CMFB, which causes additional charge injection (Figure 3.14(b)).
A Miller compensation capacitor, Ccemib, Of 0.4 pF is added for CMFB stability (simulated
phase margin = 73°). Simulations show that the OTA can provide a dc gain of 81 dB and
a GBW of 46 MHz, which are sufficient for the ADC.
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b b, et

(a) (b)

Figure 3.14 Schematic of the (a) OTA and (b) CMFB

The comparator is implemented by a dynamic latched comparator, as shown in
Figure 3.15. When ¢@1e changes from 0O to 1, the input pair in the pre-amp discharges the
capacitance at this node decreasing Vpreamp+ .- at different rates until it triggers one side of
the latch and pulls Viach+ Or Viarch- to 1. This sets (or resets) the SR latch until the next

rising edge of @ie. When @ie is 0, Vpreamp+- are pulled to Voo and Viawch+,- are pulled to
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GND. The SR latch keeps the original value so Dout remains unchanged. Therefore, this
comparator is edge triggered and consumes no static power. The load capacitors, Cy, is
0.4 pF to balance the speed and noise.

v
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I e
1 so—ﬁT{ P o D,,
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Pre-Amp Comparator Latch SR Latch

C

L

Figure 3.15 Schematic of the comparator

A 16-bit counter is used as a decimation filter, as shown in Figure 3.16. The

transfer function of a counter can be derived as

1 11—2z7N
H(z) =N(1+Z"1+Z"2+---+21‘N) = NT—,1 3.10
| | 11— e—jNZHfLS sinc (Nn %) 5
H =— = A1
D=y = (<L)
1—e Ts sinc nf
S

where N = OSR. Therefore, the counter acts as a sinc filter, which is sufficient for a first-
order incremental DSM. Although a 14-bit counter is enough for an OSR of 10,000, the
counter is expanded to 16-bit to be compatible with higher OSR up to 216 = 65,536. The
counter updates the outputs Q[0:15] at the negative edge of ¢@ie, which triggers the
comparator at its rising edge. Rstcounter resets the counter after the ADC is reset. A shift
register converts the data in parallel into series to save on the number of pads needed.

When SH_LDb is 0, the shift register loads the data Q[0:15] at the rising edge of CLKsr.
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Figure 3.16 Counter and shift register

When SH_LDb is 1, it shifts the data to the right so SO transmits one data per CLKsr

cycle. It takes 16 cycles to complete the data transmission.

The HFIR block is re-addressed in Figure 3.17. It is implemented by a SC HPF
followed by a chopped buffer. To reject the ARo interference, the HFIR block must provide
a low enough high-pass corner frequency, fup, yet must have a high enough low-pass
corner frequency, fp, to ensure that Vac settles in time and does not integrate too much

white noise. These two critical frequencies are

fschB + chhopCin
2nC,

fup = 3.12

1

21 (i + Ron) 2Cy
YIm

fup = 3.13

where fscr is the SCR switching frequency, fenop is the buffer chopping frequency, Cin is the
capacitance at node Vscr, gm is the buffer OTA transconductance, and Ron is the on-
resistance of the output chopper. To have a low fup for better ac rejection, Cin must be

minimized where Cin is mainly composed of the buffer input capacitance, switch parasitic
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Figure 3.17 Schematic of the HFIR block

capacitance, and interconnect parasitic capacitance. Since the buffer input transistors
must be large enough to provide gm for settling, Cin can only be reduced by decreasing
the parasitic capacitance. Therefore, minimum sized switches are used in the SCR and
the buffer input chopper, indicated as red switches in Figure 3.17(a). The extracted layout
simulation shows a pass-band between 1.1 kHz and 20 MHz (Figure 3.18(a)). The
interference at 10 kHz passes through the HPF with -0.52 dB amplitude loss and 6.2°
phase shift. Accordingly, after subtraction, the interference is reduced by 8.3x, thus

relaxes the ADC DR requirement.

The HFIR noise at node Vac is sampled into Ca, thus directly affects the input-
referred noise of the ADC. The noise of a SC HPF is equivalent to a RC HPF, where Rupr

= 1/fscrCs. Therefore, the output noise of the HFIR can be derived as

1
2 — 2
Vnyac = 777 @?R2C2 4kpT Rypr + Vi op 3.14

where vnop is the op-amp noise that is designed much smaller than 4ksTRupr. Figure
3.18(b) shows the simulated noise. Although the 1/f noise from the op-amp has been

chopped, the 1/f noise from the minimum sized switches dominates the low frequency
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Figure 3.18 HFIR extracted layout simulation results

(a) Transfer curve and (b) noise spectrum.

band (<10 Hz). The integrated noise over the 100 Hz ADC bandwidth was simulated to

be 2.93 puVms, which is comparable to the ADC quantization noise of 2.89 uVms.

3.4 Measurement Results

This chip was fabricated in a TSMC 180-nm CMOS process. An annotated die
photo is shown in Figure 3.19. It operates from a single supply of 1.8 V and consumes
1.39 mW excluding the sensor bias, which is dependent on the sensor resistance and
consumes 5.4 mW for the 150 Q sensors used in this work. The power and noise
contributions of each block are shown in Figure 3.20. When the PGA is configured to the
low-gain mode (1x) for maximum sensor mismatch tolerance, the ADC dominates the
noise; when the PGA is configured to the high-gain mode (4x) for the lowest noise, the

ADC noise is reduced by 4x and thus the PGA dominates the noise.

3.4.1 Test Setup

Figure 3.21 shows the test setup for characterizing the chip. The reported AFE

was connected to a GMR sensor chip placed inside of a custom designed Helmholtz coil.
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Figure 3.19 Annotated die photo
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Figure 3.20 Distribution of power and noise

(a) Power distribution. Noise distribution when the PGA gain is (b) low (1x) and (c) high (4x).

A 100 pL well made by the Tygon plastic tube was attached over the sensing area. The
sensors nominally have an Ro of 150 Q and a MR ratio of 9.04%. The synchronized

excitation sources and clocks were generated externally by two function generators
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(Keysight 33600A) with fu=9.9 kHz, fc = 99 kHz, and fc - fn = 89.1 kHz. A power amplifier
(Kepco BOP 36-12) provides an ac current at fu to the Helmholtz coil to generate an ac
magnetic field of 60 Oepp that was verified by a Gauss meter (LakeShore 475 DSP). It
should be noted that the maximum fu is 9.9 kHz, limited by the Helmholtz coil’s large
inductance (~80 pH). The DAQ (NI-6361) was used to measure the analog signals at
critical nodes in the chip to characterize the internal blocks. The digital inputs and outputs

were controlled by an FPGA (Opal Kelly XEM6310).

Function Generator . )
. For Debugging
(Keysight 33600A) Buffer Acquire analog
I, T > 2
Q © O - J )
Ja Je
Y
D &SSO
Power Amplifier o » FPGA
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o
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Z 146
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B Proposed Chip

Helmbholtz Coil 3 '1'; i ”" : FPGA

Figure 3.21 Test setup
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To continuously capture the data (either Dout or SO) from the ADC, a ping-pong
FIFO was built in the FPGA, as shown in Figure 3.22. Since the PC has an inaccurate
internal clock, using one FIFO or not using FIFO result in losing data from the ADC. The
ping-pong FIFO consists of two identical FIFOs that capture the data alternately. First, a
serial peripheral interface (SPI) transfers the series SO from the chip to a 16-bit parallel
data Q[0:15], which are fed into the FIFOs that have a 16-bit width and a 256-bit depth.
At the beginning, both FIFOs are empty, and Q is written into the FIFO1 at a rate of 91
S/s since the ADC conversion time is 11 ms (1 ms for PGA settling and ADC reset + 10
ms for conversion). It takes 11 ms * 256 = 2.8 s to completely fill the FIFO1, which gives
a full flag to the PC. The FIFO2 captures the subsequent data and the PC collects the
stored data from the FIFO1 at the maximum speed and resets the FIFOL1 after collecting
all the data. The two FIFOs read the data alternately so the ADC data can be continuously

readout without losing information.

__________________

P e e e e \ : FPGA :
: Chip : I ’—> FIFO2 |
1 1
1 1 . —
: apc | D | Counter | SO || o [Q[0:15] T | Collect data
. 1MS/s| &SR | 91S/s' L y 'every2.8s &
1 1 | I—"
b e . ! FIFOI |
1 1
. FIFO1 Full
FIFO1 write SS: FIFO1 read & reset
FIFO2 read & reset FIFO2 write
FIFO2 Full

Figure 3.22 Ping-pong FIFO structure

3.4.2 Electrical Measurement Results

Figure 3.23 shows the measured spectra at critical nodes. In Figure 3.23(a), the

sensor output (node Vs) contains large tones at fn, fc, and fc + fu. Most of the baselines

61



R interference reduced by 98.7%

R, . baseline reduced by 99.1%

10‘1r Vsl (SRR R s 107 V.V ' Iiltérfer'encé
/ @ f. (99 kHz)
— 107 — 107
> > g
8 10 S0 10
S S
°© °
> > 107
‘g L L L L L 1 1 —9 1 I I I I L L
10 20 60 100 40 10 20 60 100 140
Frequency [kHz] Frequency [kHz]
(@) (b)

Interference @ f; (9.9 kHz) reduced by 6.1

-1 : ; . . . . . - . r r r r
10 : ‘ T 10°

IA © ac

Mo
i

_up-modulated 1/f noise Signal BW: 100Hz =
20 60 100 140 20 60 100 140
Frequency [kHz] Frequency [kHz]

(©) CY)

Figure 3.23 Measured spectra at critical nodes
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are suppressed by the reference sensor, leaving only the residue tones due to mismatch
(Figure 3.23(b)). The PGA downmodulates the signal to dc, and upmodulates 1/f noise
(Figure 3.23(c)). The HFIR sampling technique reduces the interference tone at fu by
6.1x, as shown in Figure 3.23(d). The suppression is slightly lower than in simulation due
to larger parasitics at node Vscr. Although the spectrum looks crowded, the in-band

spectrum is clean except for a small tone (<0.3 mV) from the instrument.

The sensor bias noise was characterized, as shown in Figure 3.24. The measured

noise matches with simulation but is limited by the measurement circuit noise at high
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Figure 3.24 Measured and simulated noise spectra of the sensor bias
frequencies. Although the low frequency noise is high, the signal in the sensor bias block
is at fc - fu = 90 kHz, thus only the spot noise at 90 kHz is of interest, which is simulated

to be 23 nV/vVHz.

Figure 3.25 shows measured settling times of the PGA with a pseudo-resistor, a
traditional DCR, and the reported fast-setting DCR, all implemented on-chip for
comparison. After the row select switch closed, a sudden ~100 mV voltage drop at Vin
was observed. The pseudo-resistor, traditional DCR, and fast-setting DCR had a
recovery time of >14 ms, ~2 ms, and ~50 ys, respectively. Thus, the reported fast-settling

DCR achieves 40x faster settling than a traditional DCR.

The PGA noise was characterized in the low-gain mode, as shown in Figure 3.26.
The measured noise matches with simulation results, where the in-band input-referred
thermal noise is ~30 nV/YHz. While most 1/f noise has been modulated out-of-band, there

is residual 1/f noise from the cascode transistors in the OTA.
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Figure 3.25 Measured settling time of pseudo-resistor, traditional DCR, and fast-settling DCR
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Figure 3.26 Measured and simulated noise spectra of the PGA

The HFIR was characterized by providing a sinusoidal input with an amplitude of

400 mVpp and a frequency of 10 kHz. Figure 3.27 shows that the HFIR output, Vac, follows

64



the input with an amplitude loss and a phase shift, resulting in a residual of 59 mVpp.

Therefore, the HFIR reduces the interference tone by 6.8x.
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Figure 3.27 Measured HFIR transients
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Figure 3.28 Measured ADC spectra with and without HFIR
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The ADC achieves 74.6 dB SNDR and an ENOB of 12.1 bits within a 100 Hz
bandwidth, as shown in Figure 3.28. Also evident from the spectra is the first-order noise
shaping. The ADC was also measured with an in-band signal tone and an out-of-band
interference tone at 10 kHz. The amplitude of the interference was calculated based on
0.3% Ro mismatch to avoid saturating the ADC when the HFIR is disabled. The spectra
demonstrate 16-dB suppression of the interference tone by the HFIR. Although the HFIR
sampling increases the in-band noise, it is still comparable to the ADC quantization noise
in incremental mode (-106 dBFS), which matches with the simulation results discussed

in Section 3.3.4.

The HFIR sampling improves the ADC DR by reducing the ac swing from ARo. In
Figure 3.29(a), the ADC DR is improved by 10, 16, and >74 dB for 1.1%, 1.3%, and 2-
10% mismatch, respectively. Figure 3.29(b) plots the ADC DR versus sensor mismatch.
When the mismatch is <0.5%, the ADC DR is higher without the HFIR since the ac swing
from mismatch is smaller than the added noise. However, when the mismatch is >0.5%,
the HFIR sampling benefits the ADC by canceling the interference. When the mismatch

is >2%, the ADC is saturated by the interference tone if the HFIR samping is disabled.

The readout time can be as fast as 11 ms, but it can also be traded off for higher
sensitivity by averaging. Figure 3.30(a) shows the sensitivity versus readout time for
different PGA gains. The spectra for the fastest readout and highest sensitivity are plotted
in Figure 3.30(b) and (c), respectively. In the fastest readout mode, it takes 11 ms per
acquisition and integrates 464 nTms noise in the high-gain mode, which corresponds to a
4.4 ppm sensitivity and a theoretical LOD of 9,280 MNPs (d = 50 nm). In contrast, the

highest sensitivity mode takes 880 ms per acquisition but integrates only 111 nTrms Noise
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Figure 3.29 (a) Measured ADC SNDR under different sensor mismatch conditions and (b) ADC DR
VS. sensor mismatch

corresponding to a sensitivity of 0.98 ppm and a theoretical LOD of 2,200 MNPs. Further
increasing the acquisition time would not improve the sensitivity since the noise is limited

by the 1/f noise and cannot be reduced by averaging.
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Figure 3.30 Measured system integrated noise

(a) Measured integrated noise vs. readout time for different gain modes. Measured input-referred noise
spectra for (b) fastest readout (11 ms) and (c) highest sensitivity (880 ms).

Temperature sensitivity measurements are shown in Figure 3.31. Since a
reference sensor is required in this AFE, to measure the temperature sensitivity of a
standalone active sensor, a low temperature coefficient resistor with similar resistance as
Ro replaced the reference sensor. Cold IPA at 4 °C was dropped on sensor surface att =
2 min, which caused a large temperature-induced signal (~240 ppm). The same
experiment performed with the reference sensor caused only a negligible signal (10 ppm)

demonstrating the ability to reject environmental common-mode interference.
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Figure 3.31 Measured temperature drift

3.4.3 Biological Measurement Results

Biological experiments were conducted to validate the system performance.
Sensors were functionalized with Biotin-BSA as a positive control, a captured antibody
for IL-6 as a sample under test, and BSA as a negative control. The reference sensor was
covered by epoxy, preventing it from sensing signal from the MNPs. The sensor

functionalization procedure is the same as the one discussed in Section 2.6.3.

Figure 3.32(a) shows overlaid transient measurement results for the negative
control, positive control, and various concentrations of IL-6. In each assay, the sensors
were washed with PBS 1 minute after starting and MNPs were added afterwards. The
system continuously measured the real-time binding curves in the high-gain mode. After
the binding curves saturated, a washing step (not shown in Figure 3.32(a)) was performed
to remove any non-specific binding. Multiple experiments showed that the signal after

washing did not drop indicating that the binding was highly specific. The averages of each
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measurement (n = 6 sensors) are compiled to obtain the calibration curve shown in Figure
3.32(b). The resulting data is fit with a 4-parameter logistical (4-PL) regression with an R?

value of 0.986. The LOD, calculated based on [112], is 0.96 pM.
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Figure 3.32 Biological experiment results

(a) Measured binding curves for negative control (BSA), positive control (Biotin-BSA), and IL-6 at different
concentrations; (b) IL-6 calibration curve.
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3.5 Conclusion

This chapter presented a GMR sensor AFE for MIA based on magnetometry. The
design used a reference sensor to cancel most of the baseline and reject common-mode
perturbation, such as temperature drift. A fast-settling DCR was presented to improve the
system settling time by 40x comparing to a traditional DCR enabling fast readout. A HFIR
sampling techniqgue was embedded into the ADC to reject ac interference from sensor

mismatch, thus improving the ADC equivalent DR to tolerate high sensor mismatch.

This work is summarized in Table 3.1 and compared to state-of-the-art magnetic
sensor AFEs. Compared with other magnetometry-based designs such as Wheatstone
bridge [96]-[98] and conventional double modulation architectures [52], [56], this work
reported the HFIR sampling technique and the fast settling DCR to break the baseline
rejection limit from sensor mismatch and reduce system settling time, respectively. As a
result, this work achieves a 22.7x faster readout time, >7.8x lower input-referred baseline,
and 2.3x lower power than other magnetometry-based AFEs. Although MRX-based
designs inherently eliminate the baseline, their lower signal amplitude and higher input-
referred noise confound high sensitivity measurements. Most importantly, this design can
tolerate up to 10% sensor mismatch making it compatible with commercial tolerances for
MR sensor fabrication. Finally, the achieved sub-ppm sensitivity and three order biological

DR make this work ideal for multichannel, high sensitivity, PoC diagnostic systems.

Chapter 3, in part, is based on materials from Xiahan Zhou, Michael Sveiven, and
Drew A. Hall, “A Fast-Readout, Mismatch-Insensitive Magnetoresistive Biosensor Front-

End Achieving Sub-ppm Sensitivity,” IEEE International Solid-State Circuits Conference
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Table 3.1 Comparison of the current state-of-the-art magnetic sensor AFEs

H.Wang | S. Gambini | T. Costa S.J. Han D.A. Hall

ISSCC’09 JSSC’13 | TBCAS’17 | ISSCC'07 | JSSC'13 This work
[48] [51] [53] [52] [56]
Sensor Type LC Hall GMR GMR GMR GMR
Sensor Ro (kQ) N/A N/A 0.85 N/A 1.92 0.15
MR Ratio (%) N/A N/A 5.37 N/A 9.2 9.04
MNP Size (nm) 1,000 1,000 250 50 50 50
Technology
0.13 0.18 0.35 0.25 0.18 0.18
Node (um)
Sensing Method | Magneto MRX Magneto Magneto Magneto Magneto
AFE LC Vi . Mixer + . .
Architecture oscillator Converter Amplifier PGA TIA PGA with Mixer
ADC VCO- Inc. AX with
Architecture based Inc. A2 No ADC No ADC Az HFIR
Input-referred 107.1 (low gain)
Noise (nT/\Hz) N/A 270 11.5¢ N/A 49 46.4 (high gain)
Readout
Time/Ch. (ms) 400 50 1,000 250 250 11
Power/Ch. N/A 0.825 4.9v N/A 3.15 1.39
(mw)*
Area/Ch. (mm?) N/A 0.012 3.17 N/A 0.219 0.249
Sensor 10% (low gain)
Mismatch N/A N/A N/A N/A N/A . .
2.5% (high gain)
Tolerance
Input-referred N/A 0.007 1.84 N/A 7.09 <0.235
Baseline (mT)
Temperqture Yes Yes No Yes Yes Yes
Correction

* Power/Ch does not include sensor bias and magnetic field generator. ¥ Does not include ADC.

(ISSCC), San Francisco, CA Feb. 17-21, 2019 [80], and Xiahan Zhou, Michael Sveiven,
and Drew A. Hall, “A CMOS Magnetoresistive Sensor Front-End with Mismatch-
Tolerance and Sub-ppm Sensitivity for Magnetic Immunoassays,” IEEE Transactions on
Biomedical Circuits (TBIoCAS), Dec 2019 [57]. The dissertation author was the primary

investigator and author of these papers.
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Chapter 4. A DISCRETE GMR BIOSENSING
SYSTEM FOR DETECTING MAGNETO-

RELAXATION

4.1 Introduction

In this chapter, a time-domain magneto-relaxometry (MRX) biosensing scheme is
presented using GMR sensors to measure the relaxation response of MNPs in a pulsed
magnetic field. The biosensor system consists of an 8x10 GMR sensor array, a Helmholtz
coil, an electromagnet driver, and an integrator-based AFE needed to capture the fast
relaxation dynamics of MNPs. A custom designed electromagnet driver and Helmholtz
coil improve the switch-off speed to >5 Oe/us, limiting the deadzone time to <10 pus, and
thus enables the system to monitor the fast relaxation processes of 30 nm MNPs. A
magnetic correlated double sampling (MCDS) technique is presented to reduce sensor-
to-sensor variation by 99.98% while also reducing temperature drift, circuit offset, non-

linearity below the noise level. An optimum integration time is calculated and
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experimentally verified to maximize the SNR. Experiments with dried MNPs have shown
successful relaxation detection, and MIA experiments have demonstrated their binding
kinetics. To the best of the author’'s knowledge, this is the first time that GMR sensors

have been reported for an MRX bioassay.

4.2 Relaxation Signal Analysis

While the basic theory of operation for MRX was introduced in Section 2.4, it is re-
addressed here for deeper understanding, as shown in Figure 4.1. In the absence of an
external magnetic field, the magnetic moment of the superparamagnetic nanoparticles
tethered to the surface of the sensor are randomly oriented resulting in zero net field.
Then, a magnetic field, H,, is applied that magnetizes and aligns all the MNPs. The stray
field from the MNP opposes the applied field resulting in a small change in resistance in
the underlying MR sensor (Figure 4.1(a)). Note, this is the region of operation for
magnetometry. However, in MRX, the applied magnetic field is then switched off and the
sensors monitored as the MNPs gradually relax to their equilibrium state (Figure 4.1(b)).
This relaxation occurs due to Néel and Brownian relaxation. For Brownian relaxation, the
magnetization vectors undergo rigid rotation of the whole particle due to Brownian motion
[113]. However, the MNPs here are tethered to the surface and thus have limited
movement [114]. Instead, the MNPs must undergo Néel relaxation, where internal domain
movement results in gradual randomization of the moment [115]. Note that the GMR
sensor also exhibits Néel relaxation, but is orders of magnitude faster than the MNPs,
allowing one to use the relaxation signature to detect the number of tethered MNPs. This
relaxation signal can be either measured in the frequency- or time-domain. Frequency-
domain MRX measures the complex magnetic susceptibility as function of frequency in
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an alternating magnetic field [116], whereas time-domain MRX directly measures the
relaxation signal in response to a pulsed magnetic field [50], [51]. One of the significant
challenges in time-domain relaxation is the need to collapse the applied magnetic field
faster than the relaxation of the MNPs, which can be in the nanosecond to millisecond
range depending on the size and material composition of the MNPs [117]-[119]. In a PoC
setting, the time-domain technique generally leads to a simpler implementation, thus is

used in this work.

Once the MNP is magnetized and the field is removed, there is insufficient energy
to keep the MNP moment fixed. There are two mechanisms by which this loss of energy,

or relaxation process, can occur. With two competing processes, the relaxation time will

(2)

(b)

Magnetic Sensor

Relaxation
R o H,>0 H,=0 I
R4R «-= With MNP1
0 MR "’"ﬁ.,.:"it ---------------------------- e ‘,‘:ith }INPZ
B - Without MNPs
R, TR
» Time

©
Figure 4.1 lllustration of time-domain MRX

(a) Magnetization phase (H, > 0) where the MNP magnetic moments are aligned to the applied field. (b)
Relaxation phase (H, = 0) where the MNP magnetic moments gradually randomize. (c) The corresponding
resistance of an MR sensor in response to H, with and without MNPs.
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depend on the faster of the two mechanisms. Néel relaxation follows an exponential
decay relationship when the MNPs are monodisperse [120]-[123], and depends on the

core volume and anisotropy of the MNP that is described as

KV
) 4.1

N = Tg €Xp (kB—T

where 1, is the attempt time (usually approximated as 10° sec), K is the anisotropy
constant of the MNP, V is the core volume of the MNP, kg is Boltzmann’s constant, and
T is the absolute temperature. This relationship becomes natural log-like when
considering particle-particle interactions and the size/shape distributions of the MNPs
[120]-[126]. The time course magnetization during relaxation can be empirically

described by
My(t) = kaMyIn (1 + T 4.2

where k is the coverage, a is a constant related to the magnetic viscosity, M, is the initial
MNP magnetization before the applied magnetic field is removed, t is the time after
turning off the field, and t. is the characteristic time that has a strong dependence on the
applied magnetic field (H,) and magnetization time (tn,,g). It has been reported that ¢, =
tmag When the applied field is relatively small (H, = 0.1 Oe) [114]. However, this has not

been measured for more moderate magnetic fields that are appropriate for MR biosensing

(20-100 Oe).

4.3 System Overview
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4.3.1 System Architecture

A block diagram of the reported MRX detector is shown in Figure 4.2. A PC
provides a user-defined magnetization time and magnetic field amplitude to the PC-FPGA
interface. The FPGA controls the timing of the electromagnet and readout circuitry. The
power amplifier (PA) provides a dc current, lo, to the electromagnet driver that delivers a
pulsed current, Icow, to the Helmholtz coil, generating a pulsed magnetic field for the
sensor chip located in the center. The AFE captures the resulting sensor response and

transfers the data to the PC for post-processing.

PC § Magnetization Time N
l/' Magnetic Field PC-FPGA Interface

A

Y

AN
ctrip/ctrin
ctrlo

switch_ctrl

A

24V

pug-juoay Sojeuy

Figure 4.2 Block diagram of the relaxation detection system
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The architecture of the readout circuitry is illustrated in Figure 4.3. All the columns
of the 8x10 sensor array are connected to a column switching matrix that connects one
column to Vin and all others to a common-mode voltage, Vem. Each of the rows is
connected to an AFE consisting of a switched integrator and an ADC. The reference
generator, the same as the one discussed in Section 2.6.1, produces voltages Vin = Vewm

+ Vs and Vins = Vem - Vs, for the switched integrators.

=
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Mux Array

Figure 4.3 Sensor array and readout architecture

4.3.2 Magnetic Correlated Double Sampling

Despite eliminating the MR baseline, detecting the minute relaxation signal in the
presence of a large Ro baseline is still challenging. Traditional techniques, such as a
Wheatstone bridge [127]-[129], require a matched reference sensor, which is challenging
to control for GMR sensors [73]. Moreover, circuit imperfections, such as amplifier offset

and non-linearity, can further limit the sensitivity of the whole system. To extract the
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relaxation signal from these error sources, a MCDS technique is applied, as shown in
Figure 4.4. The magnetic field is initially off and the integrator reset switch SW is closed.
Then the magnetic field is turned on for a duration of tmag, while SW remains closed
(leaving the op-amp in unity gain configuration), therefore Vour = Vcem. Next, the magnetic
field is turned off and the reset switch is opened simultaneously, resulting in Vour
decaying. The integration time, tint, is determined by the sensor resistance, Ro, and thus
can be different due to sensor-to-sensor variation. This process is repeated in the
subsequent cycle, except that the magnetic field remains off. Thus, the first cycle has the

magnetic relaxation signal whereas the second does not.

The sensor response and Vour in both cycles are shown in Figure 4.4(b) and (c),
respectively. When the magnetic field is turned off, the sensor resistance returns to Ro
slowly due to the relaxation of the MNPs. Therefore, instead of a linear decay of Vour in
the case without field, Vour is distorted at the beginning of integration and returns to linear
decay when the relaxation of the MNPs is completed. By subtracting Vour with and

without the field, the integrated relaxation signal can be extracted.

This technique removes the sensor-to-sensor variation since each sensor is self-
referenced. While temperature may cause sensor resistance drift with time, the change
is very slow compared to the period of cycle, Tcyc. Therefore, MCDS is able to reduce
the effect of temperature drift dramatically without the need for other temperature
compensation techniques [73]. By selecting Tcyc as a multiple of the power line
frequency, the 60 Hz interference in the two adjacent cycles will be in phase and thus
rejected as well. This technique is also effective at eliminating errors such as the circuit

offset and non-linearity since these errors are consistent in every cycle.
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Figure 4.4 lllustration of MCDS

(a) Timing diagram of coil current, integrator switch control, and integrator output voltage; (b) sensor
response to MCDS; and (c) integrator output voltage with and without a field applied.

4.4 Analog Front-End Implementation

4.4.1 Circuit Implementation

In prior work, time-domain relaxation measurement techniques used amplifiers to
detect the relaxation signal with Hall-effect sensors [50], [51]. However, since the
relaxation signal is largest at the time when external field is turned off and gradually

decreases with time, traditional amplifier-based MRX requires a high sampling-rate ADC
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to capture the dynamics. Since a high-resolution ADC is often needed to reduce the
guantization error, integrators are applied to relax the bandwidth requirement of the ADC
by integrating the relaxation signal with time. Figure 4.5 shows the switched integrator
which consists of an op-amp with capacitive feedback, a reset switch, and a bleed
resistor, Rp. Since the GMR sensors typically have an MR ratio of ~9%, there will be a
substantial portion of the current flowing into the integrator that does not respond to the
magnetic field and would limit the DR. To remedy this issue, a cancellation network that
consists of Rp that bleeds off part of the baseline current has been added, so that a
smaller feedback capacitor, Cr, can be used for the same integration time, tint. Rp IS
selected ~10% lower than Ro to account for process variation, and Vin = Vem + Ve and
Vine = Vewm - Ve wWhere Vew is a fixed common-mode voltage and Vs is an adjustable bias

voltage. Consequently, in the integration phase, the output voltage Vour is

1 v v
f B B dt 43

Vour =Vem — — | ——————
ouT = M ¢ ] Ry + AR(t) Rp

where AR(t) represents the sensor response due to the MNP relaxation. An ADC
measures Vour after an anti-aliasing filter that is composed of Raar and Caar. Assuming

Ro >> AR(t), the relaxation signal after MCDS, AVour, can be derived as

SW
V. .
C

F

R, I

Vis W \ Vo Raar / L
SIS “\;\"W% N\
VCM

Figure 4.5 Schematic of the switched integrator
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AVout = VouT|without fietld — YouT|with field

= VBf ! LI fAR(t)dt
" Cg) Ry+AR() Ry, ~  RZ-Cp '

4.4

Therefore, increasing Vs and decreasing Cr improves the signal, but is limited by the

sensor breakdown voltage and the integration time.
4.4.2 Noise Analysis

The equivalent schematic for noise analysis is shown in Figure 4.6. Since the
parasitic capacitance at the inverting node of the op-amp is much smaller than Cr, the
reset noise of the integrator is negligible [130]. In addition to the sensor under test, Rs, all
other sensors, Rsi-Rs7, in the same row contribute to the noise due to the matrix
configuration. The noises contributed by Vewm, Vin, and Ving are experimentally verified to

be negligible due to the low bandwidth. Thus, the output-referred noise can be derived as

2

1 \2 AkpT 9
2 _ gi 24 "B ) ( 1) 2 4.5
Un’out (ZHfCF) ( ln'RS + RD + ZﬂfRscF + vn'()p

where inrs represents the current noise contributed by each sensor and vn,0p represents
the voltage noise contributed by the op-amp. Both in,rs and vn,op include white noise and
1/f noise. Therefore, decreasing Cr increases the noise, which contradicts with the signal

gain analysis shown in Equation 4.4.

However, both Cr and Vs affect the integration time, tint. While increasing tint
increases the signal amplitude because there is more time to integrate relaxation signal,
it also increases the integrated noise by reducing the lower limit of integration fmin, where

fmin = 1/tint. Moreover, since 1/f noise dominates the low frequency band and the relaxation
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Figure 4.6 Equivalent schematic for noise analysis

signal decays with time, increasing tint would improve the SNR when tint is short but reduce
the SNR when tint is long. Hence, for a given sensor and relaxation time of MNPs, there

exists an optimum tint that needs to be determined.

4.5 Electromagnet Driver Implementation

4.5.1 Circuit Implementation

The finite switching time of the magnetic field results in a deadzone where
measurements cannot be taken. To minimize the deadzone time to detect MNPs with fast
relaxation, the switch-off response of the magnetic field needs to be as fast as possible.
However, this requirement is at odds with typical methods of generating magnetic fields
that result in large inductances. Both stripelines [131] and miniaturized coils [132], [133]
have been used for achieving a fast switch-off response due to their low inductance.
However, stripelines are incapable of generating large magnetic fields (3.2 Oe in [131])
and miniaturized coils require complex micromachining techniques. Helmholtz coils, on
the other hand, can generate in-plane fields up to 100 Oe, are easy to fabricate, and
facilitate proper sensor alignment due to their geometry [134]-[136]. However, the large

inductance of a Helmholtz coil limits the bandwidth, making the fast switching difficult.
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There are two methods to discharge the stored energy in an electromagnet:
passively and actively. To passively discharge the electromagnet, both sides of the
electromagnet are placed at the same potential and the current in the electromagnet can
be written as: I(t) = Iyexp (—t/t), where lo is the initial current and 7 = L/R is the time
constant. Given that Helmholtz coils usually have large L and small R by design, this
results in a large 1 and slow decay of the current. Alternatively, the energy can be actively
removed by connecting a negative voltage source V, accordingly I(t) = I, — (V/L)t. With
a large enough V, this technique can rapidly remove the energy stored in the

electromagnet within 0.017, ~1,000x faster (Figure 4.7).
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0f A

0 2 4 6 8  ur
Figure 4.7 Comparison of energy dissipation methods
Based on the active discharge technique, a novel electromagnet driver was
designed, as shown in Figure 4.8(a). To the first order, the electromagnet can be modeled
as an inductor in series with a resistor. The driver is operated in two phases and controlled
by pulse width modulation (PWM) signals ctrin and ctrlp through power MOSFET switches
Mn and Mp. The reverse current elimination (RCE) path, which consists of Mo, ctrlo, and

D4, will be discussed later.

84



I

ctrip

" . MP-T_F . Vo FR(:;E pith'l
s B I |
ctrin I_K]_l 1L § | D2| P, |
GCD D, {:”7 IRZ | ==Com D.| cm'ol
M, :
L | | | M, |
T L — — dJ
(a)
12V :
ctrin
0
5V
ctrlp
9V |
5V
ctrlo
9V i P j
1 L, 1, 1,+T
(b)

Figure 4.8 Electromagnet driver

(a) Schematic of electromagnet driver implementing active discharge and (b) timing diagram of control

As shown in Figure 4.8(b), during the charge phase (to — t1), ctrln and ctrlp are both

low, therefore Mn is off and Mp is on. A dc current lo flows into the electromagnet through
Me. To discharge the electromagnet (t1 — to + T), ctrln and ctrlp are both high, therefore
Mn is on and Mp is off. Transient voltage suppression (TVS) diodes D2 and D3 clamp Vo
at a negative voltage of -500 V, which generates a low impedance path to rapidly remove
the stored energy. While the negative voltage should be as large as possible to achieve
a fast switch-off response, it is limited by both the electromagnet breakdown voltage and
the drain-source breakdown voltage of Mp. Meanwhile, lo flows to ground through Mn, and

diode D1 protects Mn and the current source from large transient voltage spikes.
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The reported topology can speed up the switch-off response significantly, but
comes with a reverse current, as shown in Figure 4.9(a). After the energy stored in the
coil has been fully dissipated, Vo is expected to rise back to 0 V. However, the parasitic
capacitance, Cpar, from the electromagnet, TVS diodes, MOSFET Mp, and PCB prevents
Vo from instantly returning to 0 V. Since there is no external source to charge Cpar, Current
is pulled out of the coil during Trev. Therefore, after Icoi. drops down to 0 A, the negative
Vo continues “discharging” the electromagnet, resulting in a reverse current whose
magnitude keeps increasing until Vo reaches 0 V. Making this issue worse, as |Vo|
decreases from 500 V to 0 V, the low-impedance path generated by D2 and Ds is broken.
The reverse current must be dissipated as heat by the electromagnet resistance and thus
lingers for a comparatively long time. This phenomenon was observed experimentally and
was also discussed in [137]. In this application, this reverse current and the associated
magnetic field is not acceptable as it magnetizes the MNPs, instead of allowing them to

relax to equilibrium.

The solution is to reduce Trev by forcing Vo to 0 V. To facilitate this, an RCE path
is added at the output node in parallel with the electromagnet and TVS diodes (red dotted
box in Figure 4.8(a)). The RCE path operates as follows: as soon as the energy in the
electromagnet is fully dissipated, Mo is turned on, providing an alternative low-impedance
path to charge Cpar. This pulls Vo back to 0 V quickly, eliminating the reverse current. D4
is needed to prevent unwanted current flow during the charge phase. The signal timing is
illustrated in Figure 4.9(b). It should be noted that the turn-on time (t1 — t2) is nearly equal
to the coil switch-off time, given that the rise and fall time of these signals are similar as

confirmed through simulation and verified experimentally.
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Figure 4.9 Reverse current elimination method

(a) Reverse current due to parasitic capacitance; (b) RCE path eliminates the reverse current.

The timing of ctrlo is critical and requires a sub-microsecond resolution for
microsecond field switching times. Early turn-on causes Vo to start returning to 0 V too
early when the energy stored in the electromagnet has not been fully dissipated. Without
a large negative Vo, the residual current will decay exponentially with time constant of
L/R, resulting in a long switch-off time. On the other hand, if ctrlo arrives late, the reverse

current cannot be fully removed.
4.5.2 Timing Calibration

While inductor-current zero-crossing detection methods have been demonstrated
to achieve high-accuracy timing control [138], [139], they all require additional detection
circuits. In this case, the zero-crossing detector is not needed since the correct timing can

be derived as
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where tos is the offset time that is determined by the circuit delay and Vm is the output
voltage during switching-off, which is -500 V in this design.

For a given electromagnet, L and Vm are fixed. To use Equation 4.6 to calculate
the turn-on delay, t, based on a given current, lo, the offset time, tos, which is highly

dependent on Cpar, must be measured. The measurement procedure is as follows:
1) Choose a current lo, turn Mo off, and measure how long it takes Icow to drop to 0.
2) With this time as Mo turn-on time, verify that the reverse current can be eliminated.
3) Calculate tos using the known parameters.

This calibration procedure only needs to be done once per electromagnet to

determine tos, after which the timing can be calculated for different current values.

In addition to the electromagnet driver, optimizing the Helmholtz coil is critical to
further improve the switch-off speed. The magnetic field intensity generated by a

Helmholtz coil, H, and the inductance of the Helmholtz coil, L, can be derived as

ponl

H= 104(0.8)2/3T 4.7
2,,2
L= 2R 4.8
9R + 10W

where R is the radius of each coil, n is the number of turns, o is the permeability of free
space, and W is the distance between the two coils. By combining Equations 4.6 — 4.8,

the switch-off time can be derived as
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Therefore, for a fixed magnetic field, fewer turns, and/or a smaller radius result in faster
switching time. However, the minimum radius is dictated by the sensor size. Fewer turns
results in lower inductance and larger current with the maximum current usually limited

by the heat dissipation.

4.6 Measurement Results

4.6.1 System Implementation

This system was implemented using an FPGA (Opal Kelly XEM6310), a Data
Acquisition Card (DAQ, NI PCle-6351), a PA (Kepco BOP 36-12ML), a custom designed
Helmholtz coil, and two PCBs, as shown in Figure 4.10. The DAQ has 8 analog input
channels with 16-bit ADCs and 2 analog output channels with 16-bit DACs. The input

channels were used to acquire the outputs of the integrators and the output channels

‘ ,i:FEli:btl'onll‘;ignet Dgriv‘er

=N

Front-End
L1

&

L4

¥ &

Figure 4.10 Photograph of the measurement setup
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were used to generate Vs for the integrator bias voltage and Vctre for the PA control
voltage. The PA was set to constant current mode and can provide a dc current of up to

12 A. The FPGA was controlled through USB by MATLAB.

The electromagnet driver and the AFE were implemented on separate PCBs to
isolate ground currents. On the electromagnet driver, the critical P-Channel MOSFET,
Mp, is a PolarP Power MOSFET (IXYS IXTK32P60P), which can handle 32 A and has a
breakdown voltage, Vbss, of 600 V. The N-Channel MOSFET, M, is an infrared sensing
MOSFET (IRFB7434PBF) that can handle 195 A but has a relaxed breakdown voltage
requirement (Vbss =40 V). Each FET requires a driver to control, as shown in Figure 4.11.
Since 3 control signals ctrlp0, ctrlnO, and ctrloO are from the FPGA on the AFE board,
optocouplers (Broadcom ACPL-077L) are used for isolation. Compound gate drivers (Tl
LM5110) shift the digital inputs to proper levels to drive different FETSs. Since this FET

driver cannot stand a voltage difference between IN_REF and VSS larger than 5 V, two

3.3V 5V 5V 5v
I—VDDI VvDD2 J P VDD Jl‘ In2 VDD J
ctrip() — PN PN
%Z _» % ouUT ouUT ctrip
- {4 IN REF -5V—IN_REF ;
VSS VSS
J Opto—isolatorl FET Driver FET Driver
-5V -9V
3.3V SV SV 12V
I— VDD1 VvDD2 J VDD VDD
ctrinl ctrin2
ctrin0 IN l_ IN
2 ouT ouT cirin
- {—IN REF {—IN_REF
J VSS VSS
Opto-isolator 17 FET Driver 1 FET Driver

Figure 4.11 Schematic of the FET drivers on the electromagnet driver
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drivers are cascaded for driving the PFETSs. This is not required for the NFET driver but
two cascaded drivers are still used to match the delay. It should be mentioned that the
driver for ctrlo is the same as the driver for ctrlp so it is not drawn in the figure. On the
layout floorplan, the low voltage control circuitry is placed on the left side and high-power

driving circuitry are placed on the right side, separated by a thick and wide ground layer.

The sensor chip was positioned in the center of the electromagnet and connected
to the AFE through a ribbon cable. The op-amps (AD8655) for the switched integrators
have rail-to-rail input/output. The feedback capacitors Cr are 0.68 uF film capacitors,

which have a lower voltage coefficient than ceramic capacitors.
4.6.2 Electrical Measurement Results

The AFE noise performance was first characterized, as shown in Figure 4.12. The

white noise contributed by a sensor and op-amp were measured to be i, gs = 3.2 pA/vVHz

and vy op = 2.7 nV/v/Hz, respectively. Both noise sources have a 1/f corner frequency of
~1 kHz. Using Equation 4.5 with these values, it turns out that 1/f noise is dominant below
10 kHz. Through subtracting integration curves in adjacent cycles, the noise in the
integration phase can be extracted. To observe the low frequency band, tint was extended
to 2.6 s by decreasing Vs. In Figure 4.12(a), although the high frequency band was limited
by the ADC quantization noise, the low frequency band has a slope of -30 dB/dec, which

matches with the theoretical analysis.

Due to the limitation on Cr, the relaxation signal under large tint but the same Vs
cannot be measured. To analyze the SNR for different tint to find the optimum, simulated

relaxation signals were calculated based on Equation 4.2. Since parameters kaM, and tc
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are unknown, the simulated signal was first fitted to the measured signal for tint = 100 ms

to extract the parameters. Then, the signal was estimated for different tint up to 5 s.

Since multiple cycles were used for signal averaging and tint would affect the
number of cycles to average, a fixed measurement time of 60 s was applied for noise and
SNR tests. It should be noted that MCDS requires two measurement cycles (one with

field and one without field) to extract one processed cycle, and there is a gap of 0.6 s
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Figure 4.12 Measured noise performance of the AFE

(a) Noise spectrum for tint= 2.6 s, (b) simulated and measured RMS noise vs. tin, and (¢) simulated and
measured SNR vs. tint.
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between integration curves in adjacent measurement cycles. Therefore, the sampled data
in adjacent processed cycles were separated by the time of 2Tcyc = 2 X (tint + 0.6) S. This
time was long enough to neglect the correlation of the 1/f noise, therefore both white noise
and 1/f noise could be reduced through signal averaging. The simulated (solid line) and
measured (dots) noise and SNR vs. tint are shown in Figure 4.12(b) and (c), respectively.
The optimum tint was found to be 600 ms. Since the data with MCDS enabled is

uncorrelated, signal averaging can be used to reduce the noise variance.

The performance of the electromagnet driver switch-off response was measured
using both a GMR sensor and an oscilloscope (Tektronics TDS2014C). By biasing the

sensor with a dc current, the transient response of sensor was captured to monitor the
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Figure 4.13 Measurement results showing the RCE technique
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magnetic field. The bandwidth of the GMR sensor, bias circuit, and oscilloscope was

measured to be much higher than the switch-off response of the magnetic field.

Figure 4.13 shows the measured transients with the RCE enabled and disabled. It
can be observed that the RCE forced Vo back to 0 V rapidly when enabled. Thus, the
reverse current, which caused a reverse magnetic field of up to -10 Oe and took 500 us
to dissipate, was fully removed. To verify the electromagnet optimization, two Helmholtz
coils were custom designed, as summarized in Table 4.1. The currents in both were set
to achieve a magnetic field of 50 Oe. Figure 4.14 shows the measurement results
obtained from each of the electromagnets. The switch-off speed of Coil 2 (35.7 Oe/us),
which had lower inductance and higher current, was faster than Coil 1 (5.9 Oe/us),
supporting the electromagnet design principle stated in Section 4.5.2. However, Coil 2
requires 4x higher current and a cooling fan for proper heat dissipation resulting in a
larger physical size. Compared with the natural exponential decay time constant r, the
switch-off speeds for both coils were improved significantly enabling MNPs with relaxation

times of only a few microseconds to be detected.

Table 4.1 Comparison of different electromagnets

Coill Coil2
Inductance L 1.5mH 80 uH
Current lo 2A 8A
Physical Size (WxLxH) 10x8x10 cm? 15x59x23 cm?3
Time Constant 7 600 ps 1600 us
Switch-off Time 8.5 us 1.4 ys
Switch-off Speed 5.9 Oe/ps 35.7 Oelus
Improvement 71x 1,142x
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Figure 4.14 Measurement results for comparison between two coils

The large voltage swing at Vour from Vewm to 0 V during the integration phase
causes non-linearity from both the op-amp and the feedback capacitor, Cr. To illustrate
this, a measurement was taken using a bare GMR sensor, as shown in Figure 4.15(a).
The non-linearity was extracted by subtracting the measured data from a linear fit of the
curve. Without MCDS, the non-linearity is ~10 mV, which is comparable to the relaxation
signal amplitude and similar in shape. After applying MCDS, the non-linearity is eliminated
below the noise level. Similarly, the standard deviation of the sensor resistance on the

same chip was measured to be 5.9 Q and reduced to 0.86 mQ (99.98%) with MCDS.

While the non-linearity is constant, environmental variation such as temperature
drift is not. This is illustrated in Figure 4.15(b) where the temperature and amplitude of 7
sensors are plotted over time. 20 uL DIW stored in the refrigerator (4°C) was added at t
=40 s, and the temperature was indirectly monitored from Ro. The signals without MCDS
show a strong correlation with the temperature whereas MCDS significantly reduces the
temperature dependence. It should be noted that there is a single-point spike when the

DIW was added since it occurred in the middle of an MCDS cycle.
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Figure 4.15 MCDS improvement on (@) linearity and (b) temperature drift

4.6.3 Biological Measurement Results

The MNPs used in all experiments were coated with streptavidin and purchased
from Ocean NanoTech (SHS-30). To measure the relaxation response, the MNPs are
restricted to Néel relaxation by drop-casting a fixed volume of MNPs on the surface of the
sensors and allowed them to dry while applying an ac magnetic field (100 Oepp at 200
Hz). In such a configuration, the MNPs are rigidly attached and cannot undergo Brownian
relaxation serving as a model system for the MIA. Moreover, the MNPs preferentially
migrate into the trenches in the presence of an ac external field during the drying process,

which significantly enhances the sensor response when MNPs are located close to the
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edge of trenches [140], [141]. In these experiments, the applied magnetic field, Hy, was
set to 50 Oe and pulsed for a duration, tmag, of 100 ms. The field was subsequently
collapsed, and the resulting resistance of the MR sensors was measured. The integrators
were synchronized to start integrating after the electromagnet was turned off. The sensor
array contained both active sensors (n = 29) and reference sensors (n = 20) that were

coated with epoxy to prevent the MNPs from being in close proximity to the MR sensor.
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Figure 4.16 Measured relaxation signal from dried MNPs

(a) Measured MRX signals from active sensors (blue, n = 29) and reference sensors (red, n = 20); (b)
normalized relaxation signals demonstrating the homogeneous relaxation behavior (error bars = +10); and
(c) comparison between experimental data and simulation.
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The reference sensors all showed near zero signal, as expected, whereas the
active sensors all exhibited a characteristic MRX signal with an amplitude ranging from 2
to 15 mV due to the uncontrolled coverage on each sensor (Figure 4.16(a)). When
normalized, it is readily apparent that each sensor is measuring the same process, just

scaled by the surface coverage (Figure 4.16(b)). Curve fitting shows that t. = 3.3t;,4 =
330 ms at Hy = 50 Oe and ty,,g = 100 ms. Using magnetic modeling to simulate the

response of this system with the same t., the simulation result was in good agreement

with the measured data (Figure 4.16(c)).

After verifying the natural log behavior of the relaxation signal and measuring the
corresponding characteristic time, the signal dependency on the MNP coverage needs to
be investigated. For the detection of biomolecules labeled by MNPs, extraction of the
MNP coverage is required to quantitatively retrieve the concentration of analytes and
further deduce the ligand-receptor interaction such as binding affinity and kinetics. The
proof-of-principle experiments were conducted to extract the coverage of MNPs in the
absence of probe molecules (i.e. surface immobilization). For a single MNP, the signal
would be highly dependent on the location within the sensor [141], however with moderate
surface coverage, the signal per MNP is roughly constant and independent of location
other than if it is on top of the sensor or in the trench next to it [142], [143]. Previously
only the relative MNP coverage can be calculated based on the signal amplitude. To
precisely extract the absolute coverage x in Equation 4.2, different MNP concentrations
were applied and the sensors were imaged using a SEM after MRX measurements
(Figure 4.17). The number of MNPs on the sensor was calculated from the SEM images

and compared with the corresponding measured MRX curve. The signal is dependent on
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the concentration of MNPs as shown in Figure 4.17(a), and the average signal at t = 150
ms is 0.86, 5.34, and 10.51 mV for 0.02x, 0.1x, and 2x concentration of SHS-30 MNPs,
respectively. It is important to note that the ratio of average signals between 0.02x and
0.1x (Signalygx/Signaly1x = 0.16) is similar to the ratio of their concentrations
( Concygax/Concy1x = 0.2); however, this linear concentration dependency didn’t
adequately represent the signal with higher MNP concentration (2x) since multi-layer
MNP structures were formed at this high of concentration. Furthermore, high MNP

concentration is not a realistic scenario for bioassays where a monolayer is the theoretical
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Figure 4.17 Relaxation signal dependency over coverage

(a) Average signal under different MNP concentrations; (b) the corresponding SEM images; and (c)
extraction of coverage showing the signal dependency on stripe coverage and trench coverage.
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limit. Consequently, the 0.02x and 0.1x MNP concentrations were focused to extract the
coverage where the signal per particle is linear and the coverage is still monolayer. Since
the specific design of the sensor geometry created the different signal dependency on the
position of beads [138], the total coverage over sensor area is not sufficient to address
and extract the information of MNP coverage. Instead, the coverage should be evaluated
with covered area over the GMR stripes and trenches (area between adjacent stripes),

respectively. Equation 4.2 is modified accordingly to account for this dependency
t
Signal(t) = (Csks + Ccky) j In (1 + ?C) dt 4.10

where C; and C; are coefficients containing the magnetic viscosity and signal per particle
on the sensor and trench, respectively, and kg and k;, are the stripe and trench coverage.
From the measured data, C; = 4.01 and C; = 9.54 were found for the MRX system (Figure
4.17(c)). The inequality of C; and C, proves the different signal dependency over the
stripes and trenches and also reaffirms the previously reported result that the MNPs in
the trenches contributed to signal more than the MNPs on the stripes did. Interestingly,
the ratio between C; and C; (C./C = 2.38) is not as high as the signal difference described
in the literature [141], this phenomenon can be regarded as the compensation effect from
the total MNPs that diminish the high yield of stray field from the MNPs at the stripe edges.
The correlation between signal and extracted coverage coefficients exhibited strong

consistency (R? = 0.991).

Subsequently, the experiment was extended to measure the signal dependency

on Hp and ty,g to optimize the time-domain MRX response. As expected, t. has strong

dependency on Hy and tp,,, varying from 85 to 450 ms (Figure 4.18(a)). Based on these
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results, t. has quasi-linear relationship with ¢,,,s, while it is exponentially dependent on
H, (Figure 4.18(b),(c)). The underlying theory still needs to be investigated to validate this
observation. It should be noted that the extracted t. = 380 ms at Hy, = 50 Oe and tp,g =
100 ms is not the same as previously measured (t. = 330 ms). It is likely that this
discrepancy is a result of different measurement temperatures (particularly here where
the electromagnet was running for an extended duration resulting in an elevated
temperature). Nevertheless, the signal amplitude followed the trend of t., as expected,
when sweeping H, and tp,,. The normalized data, which were processed to remove the

coverage, showed a positive correlation with the Hy and tp,s. In terms of signal
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Figure 4.18 Measured t. dependency on Ha and tmag

(a) t. dependency on H, and tp,g, (b) the dependence of H, on ¢, and (c) the dependence of ¢.,,,, On ¢..
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Figure 4.19 Measured signal amplitude dependency on Ha and tmag

(a) the signal amplitude dependency on H, and t,,,, (b) relaxation signal under H, = 50 Oe with increasing
tmag, @and (c) relaxation signal under t,,, = 100 ms with increasing H,.

amplitude, it shows diminishing returns when increasing H, and tp,,,, i.€. the increasing

trend of signal is not as obvious as t. with increasing Hy and ty,,, (Figure 4.19).

To demonstrate MRX as a biosensing technique, an immunoassay was performed
and the results were compared to the conventional magnetometry approach that was
discussed in Section 2.6. In this experiment, the active sensors were functionalized with
99% (3-Aminopropyl) triethoxysilane (APTES, Sigma Aldrich) for 1 hour at 37 °C, followed
by Biotin (EZ-Link™ NHS-PEG12-Biotin, ThermoFisher Scientific) incubated for 1 hour at
37 °C, and then coated with 2% BSA (Blocker™ BSA (10x) in PBS, ThermoFisher

Scientific) for 30 min at room temperature. The reference sensors were covered with
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epoxy and part of sensors had only BSA without biotin as negative controls. It should be
noted that this protocol was designed specifically for the SHS-30 MNPs that have a zeta
potential between -40 to -20 mV [144], [145]. To compare both techniques, the
measurements were conducted with magnetometry to ensure the efficacy of MNPs
binding via biotin-streptavidin interaction, followed by 1x PBS washing 3% to remove
unbound MNPs, and then performed MRX to detect the MNPSs’ relaxation signal via
specific binding. The assay was monitored in real-time using conventional magnetometry

(Figure 4.20(a)). As expected, the streptavidin-conjugated MNPs bound to the biotin on
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Figure 4.20 Measured real-time immunoassay based on magnetometry

(a) Measured binding kinetics based on magnetometry (error bars = +1¢), and corresponding coverage
map for (b) magnetometry and (c) magneto-relaxometry.
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the surface of the active sensors. The reference sensors showed no signal, indicating no
specific binding. The corresponding coverage maps are shown in Figure 4.20(b) and (c)
for magnetometry and MRX, respectively. Both coverage maps show a high degree of

similarity, confirming the validity of the reported technique.

Lastly, this experiment was performed with real-time relaxation measurement to
validate the MIA based on MRX, as shown in Figure 4.21(a). The MNPs were added at t
= 80 s and the experiment lasted until the binding plateaued. The sensors were then
washed with PBS 3x to remove unbound MNPs, which showed no change in signal
amplitude indicating minimal non-specific binding. The full chip results are shown in
Figure 4.21(b) with the active sensors denoted by a + and the reference sensors by a -.
The red and blue dotted squares indicate the reference sensor and the active sensor in
the real-time plot, respectively. The variation in amplitude for the active sensors was the
result of the MNP surface coverage, which could be improved using individual spot

functionalization versus the blanket functionalization procedure used here.
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Figure 4.21 Measured immunoassay based on MRX

(a) Measured binding kinetics based on MRX and (b) the corresponding coverage map.
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4.7 Conclusion

In this chapter, an MRX biosensor system was demonstrated to detect relaxation
of MNPs. A switched integrator was designed to integrate the relaxation signal with time,
relaxing the bandwidth requirement of the ADC. An ultrafast electromagnet driver that
actively dissipated the stored energy in the Helmholtz coil was designed to reduce the
deadzone time. A MCDS technique effectively eliminated the sensor-to-sensor variation,
temperature drift, circuit offset and non-linearity. Measurement results for the
electromagnet driver showed a fast switch-off response of >5 Oe/us. The experimental
results of dried MNPs showed that the relaxation of MNPs can be successfully detected
and the biotin-BSA immunoassay demonstrated the capability of monitoring the binding
kinetics in real-time. Furthermore, the time-domain MRX was systematically investigated
by measuring the signal dependency on the applied field intensity and magnetization time,
as well as the signal contribution based on the MNP location. This work lays the

foundation for a fast and sensitive biosensing for PoC diagnostics platform.

Chapter 4, in part, is based on materials from Xiahan Zhou, Chih-Cheng Huang,
and Drew A. Hall, “Giant Magnetoresistive Biosensor Array for Detecting
Magnetorelaxation,” IEEE Transactions on Biomedical Circuits and Systems (TBIoCAS),
Aug. 2017 [76], and Chih-Cheng Huang, Xiahan Zhou, and Drew A. Hall, “Giant
Magnetoresistive Biosensors for Time-Domain Magnetorelaxometry: A Theoretical
Investigation and Progress Toward an Immunoassay,” Scientific Reports, Apr. 2017 [77].

The dissertation author was the primary investigator and author of these papers.
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Chapter 5. A CMOS GMR SENSOR
FRONT-END FOR DETECTING MAGNETO-

RELAXATION

5.1 Introduction

The last chapter validates the MRX sensing approach using discrete components.
Although successfully eliminating the baseline, the MRX-based system does not show
better SNR than a magnetometry-based system. In this chapter, a CMOS chip that
consists of a low-noise GMR sensor AFE and an 18b Zoom ADC is reported to detect
MNP relaxation with better resolution. As discussed in Section 2.4, the challenges of MRX
based AFEs are: 1) MRX requires two more steps than magnetometry, leading to a 3%
readout time. 2) The relaxation signal has a relatively wide low-frequency band that
overlaps with the 1/f noise. Although MCDS can reject part of the 1/f noise, the
magnetization phase reduces the 1/f noise correlation. 3) MCDS can only cancel the Ro

baseline digitally, so the AFE still needs a large DR.
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To address this, a CMOS architecture and a signal extraction technique is
presented to improve the magnetic sensor FoM. Specifically, a magnetoresistive
correlated double sampling (MR-CDS) technique is used to reduce the readout time and
system 1/f noise. A rotating dynamic element matching (DEM) technique in the sensor
bias block reduces the 1/f noise from the transistors. A fast settling miller compensation
(FSMC) in the capacitively coupled chopper instrumentation amplifier (CCIA) reduces the
power consumption. These result in an input-referred noise of 9.7 nTms, a power
consumption of 4.32 mW, a readout time of 704 ms, and a FoM of 286 nT?'mJ that is 4.9x
and 210x better than previously reported magnetic sensor and MRX-based AFEs,

respectively.

5.2 Signal and System

5.2.1 Magnetoresistive Correlated Double Sampling

Figure 5.1(a) shows the timing diagram that includes 3 steps with a same duration
time, Tcycle. Conventional MCDS subtracts the signal at step 5 from the signal at step 3 to
eliminate the baseline but suffers from long readout time and poor 1/f noise rejection. A
MR-CDS technique is reported to subtract the signal at step 5 from the signal at step 4.
Step 3 is no longer needed and thus the readout time is reduced. The 1/f noise rejection
is illustrated in Figure 5.1(b). Due to higher correlation, the 1/f noise that is < 1/2Tcycle can
be eliminated for MR-CDS while MCDS can only eliminate the 1/f noise that is < 1/3Tcycle.
It should be noted that both techniques completely remove 1/f noise at low frequencies,
thus enabling an unlimited tradeoff between resolution and readout time. This is in

contrast to most analog techniques that have residual 1/f noise that limits this tradeoff.
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Figure 5.1 MR-CDS vs. MCDS

(a) Signal extraction timing diagram for MCDS and MR-CDS, and (b) 1/f noise rejection comparison
between MCDS and MR-CDS.

Table 5.1 Comparison of MR-CDS and MCDS

MCDS MR-CDS
1/f Noise Rejection f < 1/(3Tcycle) f < 1/(2Tcycle)
Readout Time 3Teycle 2Tcycle
Total Noise in Same Time V1.5 - 1.5x 1%
Baseline 0 RmR
Temperature Drift Cancellation Good Fair
Need Reference Sensor? No No

Normalized to the same readout time, if only white noise is considered, the noise
improvement from MR-CDS is V1.5x lower because of the 1.5x shorter time; if only 1/f
noise is considered, the total noise improvement from MR-CDS is 1.5x because of
another V1.5 in 1/f noise improvement. Therefore, the total noise improvement for the

same readout time is V1.5 — 1.5x.

However, MR-CDS cannot remove the Rwmr baseline, which must be
accommodated by the AFE DR. Given Rwvr/Rnx < 104, the AFE DR requirement is 80 dB.
Temperature dependent Rwvr also limits the temperature drift rejection for MR-CDS [56],

[146]. The comparison between MCDS and MR-CDS is summarized in Table 5.1.

108



out

> |V, Zoom ADC (=D
[l —

DSL |~
RRL [~

Figure 5.2 Block diagram of the AFE

5.2.2 System Architecture

Figure 5.2 shows the block diagram of the sensor AFE. It consists of a sensor bias
block, a CCIA, and a Zoom ADC. A low noise dc current, lin, flows into the selected sensor,
Rs, which is magnetically biased by an external Helmholtz coil. The resulting voltage, Vin,
is amplified by the CCIA, which contains a dc reference input, Vr, and a dc servo loop
(DSL) to continuously cancel the Ro baseline. A ripple rejection loop (RRL) rejects the
ripple on Vout, Which is quantized by the ADC. The Zoom ADC consists of a 6b SAR for
coarse quantization and a 13b AZ modulator (DSM) for fine quantization. It is configured
to measure Vout twice, either at steps 3 and 5 for MCDS or at steps 4 and 5 for MR-CDS,

respectively.

5.3 Circuit Implementation

5.3.1 Sensor Bias Block

Figure 5.3 shows the schematic of the sensor bias block. The chopped OTA and
the bias transistor, Mo, form a negative feedback to provide a low output impedance. An

off-chip precision resistor, Rset, and an externally provided dc voltage, Vbias, generate a
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bias current, 3lin, that is attenuated by 3x to bias the selected sensor. An on-chip moscap,
Cc, loads node Vx for stability and source degeneration resistors, Rp, are used for noise

reduction. The total thermal noise power at Vin can be written as

. (VnopRs\® 4kgTRZ? 4kgTyRs 4kgTRE
VUnin~ = +

+ 4k TR 5.1
3Rset 9Rset  ImoRp Rp BETS

where vn,op is the input-referred noise of the OTA and gmo is the transconductance of Mo.
The 5 noise contributors are the OTA, Rset, Mo, Rp, and Rs. SinceVbias/Rset = 3Vin/Rs,
larger Vbias and Rset reduces the noise contributed by the OTA and Rset. Having Rp > Rs
helps reduce the noise from Mo and Rp. Due to a constant Rs and sensor breakdown
voltage limit on Vin, both Rset and Rp should be maximized for low noise readout but are

limited by maximum Vbias headroom and minimum Vx headroom, respectively.

The 1/f noise from Mo is a challenge since it flows a dc current. To reduce it, a

rotating DEM technique is added at the cascode node. A 2-to-4 decoder selects one of
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Figure 5.3 Schematic of the sensor bias block
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the branches to the output path and the remaining 3 branches to the feedback path. It is
configured to rotate the 4 branches so the 1/f noise from Mo is upmodulated to the rotating
frequency, foem. The mismatch from Mo causes ripple on Vin at foem but are out of band

and can be filtered by the ADC decimation filter.
5.3.2 Capacitively Coupled Chopper Instrumentation Amplifier

Figure 5.4 shows the CCIA schematic that includes a DSL and an RRL. The CCIA
has a dc gain of Ci/C2, where C1 is a 2-bit programmable capacitor for a variable gain.
The OTA is implemented by a 2-stage OTA, where gmi is a differential difference folded
cascode OTA for low noise and gm2 is a current mirror OTA for high output swing (Figure
5.5). The 2-stage OTA is simulated to have a dc gain of 120 dB. Although current reuse
OTAs or stacked OTAs have been reported recently for better efficiency, their nonlinearity
limits the performance [109], [147]-[149]. Both OTAs use SC-CMFB for large output
swing. Dc bias resistors, Rs, are implemented by DCRs for high linearity and fast settling
during sensor switching. A novel FSMC technique is used to reduce the gm1 power by 4x,

while maintaining the linearity and the stability, as will be discussed later.

The voltage across the sensor, Vin, and an externally provided dc voltage, Vr, are
fed into the CCIA to form a pseudo-differential input. Vr is chosen to be ~linRo to reject
the Ro baseline in the analog domain. The offset between Vr and Vin can be further nulled
up to (Cs/C1)Vop by the DSL, which consists of an integrator and a 1-bit programmable
capacitor Cs. The input-referred noise from the DSL is (Cs/C1)vnpsL, where vnpsL is the
noise of the DSL that is a tradeoff between the maximum tolerable offset and the noise.

Since gm,psL cannot be chopped otherwise the low input impedance loads Rpsi, the 1/f
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noise from this OTA dominates the CCIA noise at low frequencies. Although a mixed-
mode DSL can reduce the noise from DSL, it requires complex digital configuration [150].
Fortunately, MR-CDS rejects the 1/f noise, thus resolving this issue. Both the sensor
mismatch and dependence on the temperature set the maximum input offset, thus the
ratio of Cs/C1. In the literature, the sensor mismatch can be up to £5% [151], which results

in an offset up to 27 mV, leading to Cs/C1 > 0.015. Since C1 is programmable for a variable
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Figure 5.4 Schematic of the CCIA
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Figure 5.5 Schematics of the OTAs

(a) Schematic of OTA gm1, (b) gmz, and (c) size chart of the two OTAs.

gain, Cs is also designed to be programmable to coarsely keep the ratio. To have some

headroom for accommodating Ro temperature drift, Cs/C1 is designed to be 0.02—-0.033

in all gain configurations. The DSL sets the high-pass corner frequency of the CCIA as
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Since Vin is a pulsed waveform, the CCIA distorts the waveform and fup determines the
voltage drop on Vout at steps 4 and 5 (Figure 5.4 bottom left). The Zoom ADC is configured
as a SAR to quantize Vout coarsely and then “Zoom” into +1 SARLss for fine quantization,
thus the voltage drop in one ADC cycle cannot exceed 1 SARLss. Simulation shows that
fup must be <1 Hz to not saturate the ADC. Given C1/Csz = 30-50, CpsL = 100 pF, RpsL
must >80 GQ to satisfy this requirement. Therefore, RosL is implemented by a DCR with

a poly-resistor of 32 MQ and a duty cycle of <1/2500.

To achieve such a small duty cycle, an on-chip pulse generator was designed, as
shown in Figure 5.6(a). 2-bit programmable capacitors, Cdelay, adjust the pulse width to
compensate for process variation [109]. Since the multiplexed sensor array is read in a
time sequenced manner, the settling time when switching between sensors significantly
increases the array readout time. Thus, fast settling DCRs are used to improve the settling
[57], [80]. In Figure 5.6(b), the DSL and RRL are first reset when switching sensors. The
switches for Rs are kept closed to generate a low impedance path from Vb t0 Va+/-,
enabling fast settling at Va+-. When the DSL starts to operate, the switches for RpsL are
closed so the DSL integrator can quickly find the input offset. In both reset and settling
phases, ENbcr = 0 so @out = @in for both DCRs. After the CCIA is fully settled, ENbcr
changes to 1 to configure both DCRs into duty cycled mode. After a short idle period, the

ADC sampling clock, @samp, starts quantizing Vout.

To ensure the CCIA stability, Miller compensation is commonly used. Conventional

Miller compensation uses a large capacitor, Cc, to compensate the amplifier and create
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Figure 5.6 Implementation of a DCR

a dominant pole whereas the non-dominant pole is at the output due to the ADC sampling
capacitor, C4. However, dc offset at the input and VpsL cause input-dependent charge
injection from the input choppers, which requires finite time to settle. Without proper
settling, the CCIA linearity drops significantly. The settling time is inversely proportional
to the CCIA bandwidth (gm1/Cc). To ensure proper settling before the first ADC sampling
instant, gm1 must be increased, resulting in an increased power consumption. FSMC is
applied to resolve this issue, as shown in Figure 5.7(a). The timing of the CCIA and ADC
is adjusted so that the sample switch is turned off right before every chopping edges to
ensure that C4 does not load Vout Wwhen spikes appear. ENcz disconnects Cc2 so that only
Cc1 compensates the CCIA, enabling fast spike settling. ENc2 closes the switches right

before the next rising edge of @samp to ensure Cc2 is included for compensating the CCIA
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Figure 5.7 lllustration of FSMC

(a) FSMC timing diagram and simulated transient results, and (b) equivalent schematics.

when C4 loads Vout. The equivalent schematics are illustrated in Figure 5.7(b). Simulation
results show that although the FSMC results in larger spikes due to higher bandwidth, the
spikes settle much faster than the case that always connects Cci1 + Cc2. A nulling poly-
resistor, R, is placed in series with Cc1 + Cc2 to generate a zero that cancels the non-

dominant pole. The values of Rc for ENc2 = 0 and ENc2 = 1 can be calculated as

Cc1 + Cy
c=—77— 53
Im2Cc1
Cci+Cop +Cy
c= 54

 gm2(Cea + Cc2)’
respectively. Therefore, by selecting the capacitances properly, Rc can be equal in both
cases. Inaccurate Rc can cause mismatch between pole and zero but would not cause
additional settling since the pole-zero doublet is placed close enough to the unity gain
bandwidth (UGBW) [152]. Ccz is designed to be 3x larger than Cci to have a worst-case
phase margin of >75°. As a result, FSMC relaxes gm1 by 4% and thus reduces the CCIA

power consumption by 2.5x.
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A RRL eliminates the output ripple from the gm:1 offset [153]. The ripple at fchopz first
passes ac coupling capacitors, Cac, and then is downmodulated to dc. After the integrator,
the RRL dynamically adjusts the gm1 offset through another diff pair, that consumes 10x
less power than the main diff pair in the OTA (Figure 5.5(c)). Moreover, one more switch
controlled by DisrrL is added after Cac to disable the RRL during the voltage pulses at
Vout. In Figure 5.8(a), without this switch (DisrrL = 0), the instantaneous voltage changes
at Vout pass Cac to change Vrri, thus creating additional ripple. It is simulated to take
>100 ps to settle, significantly increases the deadzone in the relaxation signal readout.
To address it, the switch is turned on (DisrrL = 1) right before the voltage changes to
short the inputs of the integrator, thus VrrL remains unchanged. After Vout is settled, the
switch is turned off (DisrrL = 0) so the RRL returns to operation and keeps track on the
gm1 offset. It should also be mentioned that the RRL is required for FSMC, as shown in
Figure 5.8(b). Without the RRL, the ripple leads to a different Vout before and after ENc2
= 0. When ENc2 changes from 0 to 1, gm1 needs to charge Ccz, leading to another settling

issue. The RRL cancels the Vout ripple so the voltage remains unchanged before and after
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Figure 5.8 RRL timing diagram and simulated results for (a) MRX and (b) FSMC
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ENc2 = 0. Accordingly, gm1 only needs to settle the charge injection from the ENc2

switches, which include half-sized dummy switches to absorb the charge injection [154].

While the CCIA has many variables to change, most of them are correlated and
even contradict with each other. Table 5.2 summarizes the effect of these parameters. It
can be observed that both the tolerable input offset and the high-pass corner frequency,
fup, are contradicting with the input-referred noise. Although fup can be decreased by
reducing the RpsL switching frequency, it would fold noise from Vout and thus increase the
input-referred noise. Reducing Cdelay in the pulse generator can benefit the CCIA but is
limited by the parasitic capacitance and thus is not a good design parameter. Increasing
the chopping frequency, fchop2, rejects more 1/f noise but reduces the linearity by making
more chopping artifacts. The nominal configuration sets the closed-loop gain to 34 dB,
C1/Cs to 50, Rpst switching frequency to 10 kHz, and fchop2 to 125 kHz. With these values,

the transfer function of the CCIA is simulated to have a pass band of 0.34 Hz — 520 kHz.

Table 5.2 Design variables of the CCIA

Benefit Drawback
DSL cap Cs| Input-referred noise ToIerabIeanPr;ut offset,
D[S)IE:E (-s:vF\entFérle% ?gé;iil:]ii;g fup] Input-referred noise?
DSLpEJ)I(s:eRVI;Sf;T(gZeS?;Cmg fup] Timing mismatch?
RRLpBICs:eRvES?;T(gZeSf;Cing Notch BW| Settling time1
Chopping frequency fchop2? Input-referred noise Linearity |

* Not a significant source.
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5.3.3 18b Zoom ADC

A Zoom ADC is an incremental hybrid ADC for dc-input, high resolution conversion
[155]. Figure 5.9 illustrates the block diagram, where a 6b SAR first coarsely quantizes
Vout and then adjusts the reference voltages of the following DSM through a 6b DAC.
Pseudo random bit sequence (PRBS) non-segmented DEM is implemented off-chip by
an FPGA to shape the mismatch of the DAC [156]. A first-order single-bit DSM quantizes
the residue with an OSR of 9,956 and an on-chip counter decimates the bitstream,
providing a 13b output. Since the SAR result SARout Nneeds to be extended for +1 SARLss
to avoid saturating the DSM, the Zoom ADC provides a resolution of 6 + 13 - 1 = 18b.
The sampling frequency is 1 MHz and the noise bandwidth is 100 Hz. Since the voltage
residue during DSM cannot exceed +1 SARLsg, the maximum input signal frequency can

be written as

Vref
ZﬂAsichycle26

fsig < 55

where Vet is the ADC reference voltage, Asig is the input signal amplitude, and Teycle is the

ADC cycle time.

1
Ve D - ][ OSR|
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—| DEM

Figure 5.9 Block diagram of the Zoom ADC
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Considering a fullscale sinusoidal input (Asig = Vret/2), Tcycle = 10 ms, fsig must be
<0.5 Hz to not saturate the ADC. Although a dynamic Zoom ADC was reported to improve
the ADC speed by running the SAR and the DSM concurrently, the hardware cannot be
shared [157]. Therefore, the Zoom ADC is for a high-resolution dc input, which is the right

fit in this application.

The implementation of the Zoom ADC is shown in Figure 5.10. It consists of a
switched capacitor integrator, a dynamic latched comparator, and digital logic that
generates clocks. The SAR and DSM share most of the same hardware. The ADC timing
diagram is illustrated in Figure 5.11(a). First, the ADC is configured as a SAR that samples
Vout. Since it is the first sample in an ADC cycle, it takes 3x longer time for settling. Then,
6 SAR conversion cycles are conducted through charge redistribution between Cs4 and
Cs. Afterwards, the 6b SAR result, SARout, is stored in the FPGA and sets the DSM

reference voltages to SARout = 1 * SARLse. More specific operation of the DSM phase is

—————
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Figure 5.10 Schematic of the Zoom ADC
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illustrated in Figure 5.11(b). During the sampling phase, C4 samples the input, Vout, and

the charge stored on C4 and Cs can be written as

Q4 + Qs = C4Voue[n] + CsVipe[n — 1]. 5.6

The comparator clock, ¢@comp, Which is delayed from ¢ci1 to settle any charge injection,
compares the integrator output from the previous cycle, Vinn-1]. The DEM clock, @pem,
is delayed to compensate for the comparator delay. The scan chain clock, ¢sc, transfers
the 16b data from the FPGA to the chip, and 4 scan chains work in parallel for the 64
CDAC control signals. The rising edge of ¢sc converts the parallel data from the DEM
block to series data, which is implemented in the FPGA, and the falling edge of ¢sc
converts it back to parallel that is implemented on-chip. While these digital delays limit
the ADC speed, synthesizing the digital logic on-chip can get rid of the scan chain and
improves the speed. During the integration phase, the ADC built-in logic sets the 64
switches for the CDAC. Specifically, SARout = 1 C4j connect to Vrer+ and the others connect
to Vrer-, Wwhere Dout[n-1] determines the sign. As a result, the charge stored on C4 and Cs

can be written as

SAR SAR DSM Sampling DSM Integration
F_Q_s_t Samp Conv DSM :

¢clk1 ‘ ‘ ‘ ‘ ‘ ’ |
q’wmpJ
9.

(a) (b)

Figure 5.11 Timing diagram of the ADC
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Q4+ Qs = C4(SARoy £ 1) =~ + CsVine[n]. 5.7

Vref
26

Since the total charge is the same assuming negligible leakage, the integrator output can

be derived by combining Equations 5.6 and 5.7 as

C Veet
Voul[n] = 7~ (SARou + 1) - 5.8

Ca

Vint[n] = Vint[n - 1] + C
5

As C4 = Cs, Equation 5.8 indicates that the DSM has been bounded within (SARout + 1)

Viet/2% and (SARout - 1) Vrei/28,

The reference voltages of the ADC, Vret+ and Vret., are set to Voo and GND,
respectively (Vret = Vret+ - Vret- = Vbp). Similar to a conventional DSM, bottom plate
sampling and CDS are applied for high linearity and low 1/f noise, respectively. The

comparator and OTA architecture are the same as the ones used in Section 3.3.4.

The CDAC mismatch limits the ADC linearity to be 12b. It can be improved by the
PRBS DEM that is implemented off-chip for flexibility. The 6b CDAC consists of 64
identical capacitors (Cs = 200 fF) that are independently controlled. The illustration of the
non-segmented DEM is shown in Figure 5.12(a). The 6b CDAC requires 6 levels to
convert the binary input code to a thermometer output code, and thus needs 6
uncorrelated random bit sequences ri.6. At each clock cycle during the DSM phase, Dout
determines the input of the DEM to be either SARout - 1 or SARout + 1. One additional
LSB, ao = 0, is added to the input to contain two LSBs, which can avoid using adders. If
the LSBs are 00, both output LSBs of the first switching block Se,1 are 0; if the LSBs are
10, one output LSB is 0 and the other one is 1, depending on re[n]. The output MSBs are

simply equal to the input MSBs. The remaining 5 levels follow the same process until all
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Figure 5.12 lllustration of the DEM

(a) Block diagram of the DEM, and (b) implementation of each switching block.

64 1b control signals come out. Figure 5.12(b) shows the implementation of each
switching block. The XOR gate and two muxes on the top implement the previously
described function. The mux and two DFFs on the bottom generate ‘0’ and ‘1’ doublets to
bound the output. Assuming rk[n] = 1 and So = 1, at the rising edge of ¢oewm, the output,
Qo, is 1, which leads to topo = 1 and boto = O if the input, ao1, is odd. Meanwhile, the left
DFF changes So from 1 to 0. Therefore, on the next clock cycle, Qo would change to ~r«[n]
=0, no matter what r[n+1] is. Each level has one uncorrelated random bit sequence (r1.),
which is generated by a 2°-1 PRBS generator [158]. As a result, pseudo-random doublets
are generated to have a PRBS, which first-order shapes the CDAC mismatch without
generating spurious tones [159]. It should be noted that although ¢oem is used for
synchronization, the signal path only consists of combinational logic and thus the

propagation delay is relatively short.

Bootstrapped sampling switches are used for high linearity, as shown in Figure
5.13(a). Instead of using 64 independent switches, the switches share the control

transistors and the capacitor, Cbs. As shown in Figure 5.13(b), Cos is pre-charged to Vbp
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during the ADC integration phase (gckw = 1) and Vst is tied to GND to turn off the
sampling switches, Msamp[1:64]. During the sampling phase (¢@ckib = 0), Cbs is connected
to Vout and Vbst, leading to a charge sharing between Cps and the parasitic capacitance,
Cpar. Thus, Vbst = Vout + VoD - AV, where AV is due to the charge sharing. Assuming AV
<< Vb, the bootstrapped switch provides a constant Ves of Vop to Msamp, thus achieving
high linearity. Sharing the control transistors not only reduces the area, more importantly,
it reduces Cpar and thus AV. A sinusoidal input with an amplitude of 0.8Vret and a frequency
of 305.4 kHz was used to simulate a shared bootstrapped switch, an independent
bootstrapped switch, and a CMOS switch with a sampling rate of 1 MS/s. Table 5.3 shows
that the shared bootstrapped switch provides an ENOB of 17.7b, that is 0.6b and 7b

higher than the independent bootstrapped switch and the CMOS switch, respectively.
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(a) (b)
Figure 5.13 lllustration of the bootstrapped switch
(a) Schematic of the bootstrapped switch and (b) timing diagram.
Table 5.3 Comparison between different sampling switches
Independent Shared
CMOS Bootstrapped Bootstrapped
AV N/A 300 mV 80 mV
THD -66.3 dB -104.9 dB -108.3 dB
ENOB 10.7b 17.1b 17.7b

124



5.4 Measurement Results

5.4.1 Test Setup

This chip was fabricated in a TSMC 180-nm CMOS process. An annotated die
photo is shown in Figure 5.14(a). It operates from a single supply of 1.8 V and consumes
4.32 mW excluding the sensor bias, which is dependent on the sensor resistance and
consumes 3.9 mW for the 1.3 kQ sensors used in this work. The power contributions of

each block (CCIA: 52%, ADC: 22%, digital: 20%, bias: 6%) are shown in Figure 5.14(b).

1.65mm

(a) (b)

Figure 5.14 (a) Annotated die photo and (b) power distribution

The measurement setup is shown in Figure 5.15. A power amplifier (Kepco BOP
36-12ML) and a customized coil driver PCB (the same one discussed in Section 4.5)
provides a pulsed current for the Helmholtz coil, which generates a pulsed magnetic field
(30 Oe) for the sensor bias. The coil driver, which is controlled by the FPGA (Opal Kelly
XEMG6310), provides a fast decay (<2 us) magnetic field for the sensor to minimize the
measurement deadzone [76]. The same FPGA provides clocks and control signals for the
chip, as well as captures the data from the ADC. The CM voltage generator, which

consists of resistor dividers and low noise buffers, generates dc voltages Vbias, Vem, and
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Figure 5.15 lllustration of the test setup

VR for the chip. Each critical analog node in the chip can be measured by a DAQ (NI-
6289) after off-chip buffering. It should be noted that an off-chip instrumentation amplifier
(IA, Analog Devices AD8429) is used to amplify the input voltages Vin and Vr before the

DAQ for low noise measurement.

To read each sensor independently from a 10x9 sensor array, a feedback
configuration is required, as shown in Figure 5.16(a). A row mux connects one row at a
time to the chip and other rows are open. A column mux connects one column at a time
to GND, while other columns are connected to Vin buf, Which is a buffered version of Vin.
As a result, the bias current only flows into one selected sensor. All other sensors in the
same row are shorted and sensors in other rows are open. TDM is applied to measure all
sensors, and thus takes 90Total, Where Tiotal = Tsettle + 2Tcycle for MR-CDS and Tiotal = Tsettle
+ 3Tcycle for MCDS. The standard configuration has Tsete = 2 ms and Teycle = 10 ms,

therefore the total measurement time for reading all sensors is 1.98 s and 2.88 s for MR-
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Figure 5.16 Sensor array network

(a) Configuration of the sensor array for individual pixel readout, and (b) equivalent schematic for noise
analysis.

CDS and MCDS, respectively. The equivalent schematic of the sensor network is shown

in Figure 5.16(b). The noise at node Vin can be derived as
vZ i = (10 - 4kgTRs) + (n,0p)” 5.9

where vn,op is the op-amp input-referred noise. Therefore, the sensor network generates
V10x higher sensor noise and 9% higher op-amp noise. An ultra-low noise op-amp
(Analog Devices ADA4897-1) was used to have a comparable noise contribution as the
sensor array. Since this noise penalty can be eliminated by using an independently
controlled sensor array, a resistor with the similar resistance as Ro was used to

characterize the AFE for the rest of this chapter, unless otherwise notified.
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5.4.2 Electrical Measurement Results

Figure 5.17 shows the measured noise spectra of the sensor bias block. The
rotating DEM reduces the spot noise at 50 Hz (16 nV/VHz) by 2.2x. It should be noted
that only the spot noise at 50 Hz is considered because MR-CDS can eliminate the 1/f
noise that is <50 Hz, given Tcyce = 10 ms. Upmodulated 1/f noise and current mirror
mismatch generate tones at foem and fchop, Which are out of the signal band and will be

filtered out by the ADC decimation filter.

102r R I N N — N — ™3
- — DEM Disabled
| — DEM Enabled o
N fDEM\
—
L |
=z
> E
2 109!
i
E AN
- \M“.Wﬂﬂ
105 N e

100 40" 40r  10°  40¢ 108
Frequency [Hz]

Figure 5.17 Measured sensor bias noise spectra

Figure 5.18 shows the measured noise spectra of the CCIA under different
conditions. The highest DR configuration has the lowest gain and largest tolerable input
offset, thus has the highest noise. On the contrary, the lowest noise configuration has the
highest gain and lowest tolerable input offset. The standard configuration has been
discussed in Section 5.3.2. The noise spectra show that most 1/f noise has been

upmodulated out-of-band but there is some residual 1/f noise, which comes from the DSL.
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Figure 5.18 Measured CCIA noise spectra
Since the nominal and the lowest noise configuration only has a gain difference and no
difference on Cs, the noise is similar, indicating that the DSL dominates the noise. The

CCIA input-referred spot noise at 50 Hz was measured to be 7 nV/\VHz.

Figure 5.19 shows the measured CCIA THD versus the input offset using a
sinusoidal input that has an output swing of 1.6 Vpp. This output swing can cover a
magnetic field up to 43 Oe, which is high enough to polarize the MNPs. Larger input offset
leads to larger VbsL, thus causes higher spikes at Vout. Without FSMC, these spikes are
not fully settled when the ADC samples, thus causing distortion. The FSMC settles the
spikes faster and improves the CCIA linearity variation from 10 dB to 1.2 dB across the
input offset range. The spectra at Vos = -17 mV show a HD2 improvement of 18 dB. It
should be mentioned that the unbalanced input offset range is due to the offset from the
DSL. The linearity across the input offset range was measured to be >85 dB, which is

sufficient for the magnetic biosensing that requires a DR of >80 dB.

129



90

' FSMC Disabled | ——FSMC Enabled
e o2 e—8"8—8—8< o o o
-85} ]
) \
S,
~ -80 \
X
l_ i
T18dB !
-75}
60 80 100
70L . _Frequency [HZ] .
.20 10 0 10 20
Input Offset [mV]

Figure 5.19 CCIA linearity vs. input offset

The ADC noise was measured, as shown in Figure 5.20. The spectrum shows pure
white noise, that is 710 nV/VHz. It can be input-referred based on the nominal CCIA
configuration, resulting in 14.2 nV/VHz that is comparable to the noise from the sensor

bias block. Therefore, it necessitates the 18-bit resolution.

The ADC linearity was characterized using a dc sweep histogram by an audio
analyzer (APx555B). Figure 5.21 shows the measured DNL and INL over the input range
of -0.8 — 0.8 V, the same as the CCIA test range. The ADC has a DNL of -0.87/+1.19 LSB
and an INL of -4.2/+4.5 LSB. The equivalent SFDR is 95 dB, 10 dB higher than the CCIA

and thus sufficient for the application.

Figure 5.22 shows the system integrated noise vs. the readout time. MR-CDS has
a readout time of 22 ms, which consists of 2 ms for reset and settling and 20 ms for
measurement. MCDS needs 32 ms due to one additional cycle. The measured data can
be averaged for lower noise with a longer readout time. With CDS, both MCDS and MR-

CDS show a linear tradeoff between the readout time and integrated noise on a log scale
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Figure 5.21 Measured DNL and INL of the ADC

because the 1/f noise is eliminated. Without CDS, the residue 1/f noise limits the
resolution for long readout times. MR-CDS was measured to reduce the integrated noise
by 1.34x compared to MCDS, which matches the theoretical result of V1.5 — 1.5x, as

discussed in Section 5.2.1.
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The system baseline was measured in both MCDS and MR-CDS, as shown in
Figure 5.23. MR-CDS could not reject MR baseline, thus has higher baseline than MCDS.
The residual baseline in MCDS comes from the DSL. Although fup in the CCIA is low
enough to not saturate the ADC, it still distorts the waveform, leading to a residual
baseline. Increasing RpsL decreases fup, and thus reduces the baseline. The AFE has a
measured residual baseline of 0.12 mT in the standard configuration of the CCIA, that is

25x smaller than MR-CDS.
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Figure 5.22 Measured system integrated noise vs. readout time
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Figure 5.23 Measured system baseline vs. DSL integrator resistance

132



Figure 5.24 shows the system temperature drift. Cold IPA (-18 °C) was dropped
on the sensor surface at t = 3 min while the system was continuously measuring for 33
min. As a result, MR-CDS shows large drift up to 46 ppm and MCDS only shows a drift
of <3 ppm. Although both Ro and Rwvr are temperature sensitive, Ro drift is rejected by
both the DSL and the CDS techniques. Rwmr drift, however, can only be rejected by MCDS

because MR-CDS still contains the MR baseline.
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Figure 5.24 Measured temperature drift

5.4.3 Biological Measurement Results

Biological experiments were conducted for proof-of-principle demonstration. First,
MNPs (Ocean Nano-Technologies SHS-30-01) were dried on the sensor surface. To
measure the temporal relaxation signal, the DAQ was used to measure the CCIA outputs
at a sampling rate of 500 kS/s with an 18b resolution. Figure 5.25(a) shows the measured
relaxation curves of 70 sensors. With a relaxation time of 10 ms, the signal amplitude
ranges from 1200 ppm to 1500 ppm, depending on the coverage of the MNPs.
Normalizing the relaxation curves, all curves follow Equation 4.2, with a characteristic
time (tc) of 19.3 ms (Figure 5.25(b)). While tc is highly dependent on the magnetization
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(a) Measured relaxation curves from 70 sensors, and (b) normalized and fitted relaxation curves.

time and the magnetic field strength, the measured tc fits with the analytical results

discussed in Section 4.6.3.

A MIA was conducted afterwards to validate the system, as shown in Figure
5.26(a). The first row of the sensor array (10 sensors) was covered by epoxy, thus serving
as reference sensors. The other 70 sensors were functionalized with NHS-Biotin through
APTES chemistry. First the sensors were immersed in 100 yL of 1% KOH in DIW for 10
minutes at 37 °C. Once the KOH solution was removed, the sensors were washed with
300 uL of DIW and allowed to dry. Then 70 uL of 100% APTES was added to the sensors
for 1 hour at 37 °C (paraffin was wrapped around the sensor well to prevent evaporation).
After the APTES was removed, the sensors were washed 5x with 300 uL of PBS. Then,
50 pL of NHS-Biotin (1 mg/mL in DMSO) was added to the sensors for 1 hour at 37 °C
before removal and 3 cycles of washing with 300 yL of PBS. Blocking was accomplished
by adding 100 pL of 10% BSA in PBS for 15 minutes at 37 °C before removal and 3 cycles
of washing with 300 pL of PBS. Lastly, 100 uL of PBS was added before the sensor array

was moved to the test bench.
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After removing the PBS and adding the MNPs (50 uL of MNPs), the active sensors
show signals of ~140 ppm, while the reference sensors show no signal. The error bars
represent one standard error in the plot. Figure 5.26(b) illustrates the signal map of the
8x10 sensor array att =800 s. Compared to the dried MNPs, the MIA shows ~10x smaller
signal amplitude because of the farther distance between the MNPs and the sensor and

the lower density due to the binding equilibrium.
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Figure 5.26 MIA experiment result

(a) MIA real-time binding curves for active and reference sensors; and (b) MIA coverage map.

5.5 Conclusion

This chapter presented a GMR sensor AFE with an 18b Zoom ADC to detect MNP
relaxation. A sensor bias block with rotating DEM reduced 1/f noise from the bias
transistors by 2.2x. A CCIA with FSMC reduced the CCIA power consumption by 2.5x,
while maintaining the linearity and stability. An 18b Zoom ADC quantized the CCIA
outputs with an INL of 4.5 LSB. The system could use either MR-CDS or MCDS to capture
the signal, as well as rejecting Ro baseline and removing the noise/time tradeoff limitation
by eliminating 1/f noise. This work is summarized in Table 5.4. Compared to other

magnetic sensor front-ends, this work provides lowest input-referred noise, along with
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comparable power consumption and readout time. It results in a best-reported resolution

FoM of 286 and 514 nT?-mJ, respective to MR-CDS and MCDS, which is 4.9x better than

other magnetic AFEs and 210x better than MRX-based AFEs. While MR-CDS shows the

best FOM, MCDS has advantages on the baseline reduction and temperature drift

cancellation. This work supports both techniques to enable different techniques in

Table 5.4 Comparison of the current state-of-the-art magnetic sensor AFEs

Wang Hall Costa Liu Gambini This work | This work
ISSCC’09 | JSSC’'13 | Thcas’17 | JSSC'12 | JSSC’13 (MR-CDS) (MCDS)
(48] [56] [53] [50] [51]
Sensor Type LC GMR GMR Hall Hall GMR
Sensor Ro (kQ) N/A 1.92 0.85 N/A N/A
MR Ratio (%) N/A 9.2 5.37 N/A N/A 7.74
MNP Size (nm) 1,000 50 250 1,000 1,000
Technology
0.13 0.18 0.35 0.18 0.18 0.18
Node (um)
Sensing Method | Magneto | Magneto | Magneto MRX MRX MRX
AFE Architecture ITC TIA Amplifier PGA Vil CCIA
oscillator Converter
. VCO-
ADC Architecture AY No ADC | No ADC Inc. AX Zoom
based
Input-referred Int. 8.6¥
Noise (NTrms) N/A 49 11.5% 15v 1207.5 9.7 13
Readout
Time/Ch. (ms) 400 250 1,000 64,000 50 704
2.5¢
Power/Ch. (mW)* N/A 3.15 4.9v¥ 6.2v 0.825 432
Area/Ch. (mm?) N/A 0.219 3.17 N/A 0.012 1.92
Number of Ch. 8 16 1 1 160
Input-referred N/A 7.09 184 | <0001 | 0.007 3 0.12
Baseline (mT)
Tempera_ture Yes Yes No Yes Yes No Yes
Correction
Resolution FoM 133¥
W W
(nT2mJ) N/A 1891 648 89280 60143 236 514

* Power/Ch does not include sensor bias and magnetic field generator. ¥ Does not include ADC.
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different applications. Lastly, both dried MNP experiment and a MIA were conducted to
validate the system performance, which enables high sensitivity magnetic biosensing for

PoC diagnostics.

Chapter 5, in part, is currently being prepared for submission for publication of
the material from Xiahan Zhou, Enhan Mai, Michael Sveiven, Corentin Pochet, Haowei
Jiang, Chih-Cheng Huang, and Drew A. Hall. The dissertation author was the primary

investigator and author of this paper.
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Chapter 6. SUMMARY

6.1 Summary of Dissertation

This dissertation described the innovations made to the MR sensor circuit front-
end, system, and signal processing. The following is a summary of the key contributions

and results presented in the dissertation.

Chapter 2 discussed two magnetic sensing techniques, magnetometry and MRX.
While magnetometry measures the signal superimposed on the baseline, MRX detectes
the MNP relaxation after removing the applied field, and thus can overcome the small
signal to baseline problem. However, MRX requires two more steps and the low
frequency relaxation signal needs longer acquisition time and is more vulnerable to 1/f
noise. Therefore, MRX had worse FoM in terms of resolution, power, and readout time
than magnetometry in the literature. A discrete-time 8-channel sensor front-end and
system was designed to perform experimental work with a double modulation scheme

and lock-in detection for low noise measurement.

Chapter 3 presented a CMOS sensor front-end based on magnetometry. In

addition to the double modulation scheme, a reference sensor that is covered by epoxy
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further canceled the baseline but was limited by the sensor mismatch. A PGA rejected
the common-mode signal and amplified the differential signal between the active sensor
and the reference sensor. A fast settling DCR was reported to improve the settling speed
by 40x during the sensor switching. Moreover, the PGA downmodulated the signal tone
to dc, which relaxed the ADC bandwidth requirement. A first-order incremental AZ ADC
guantized the PGA output with an OSR of 10,000. A HFIR technique embedded in the
ADC sampling network reduced the interference tone caused by the sensor mismatch by
6—7x, thus relaxed the ADC DR requirement. As a result, this work achieved 22.7x faster
readout time, >7.8x lower input-referred baseline, and 2.3x lower power than other
magnetometry-based AFEs. More importantly, this design achieved sub-ppm sensitivity
and tolerated up to 10% sensor mismatch. Lastly, this work demonstrated a sub-pM

biological LOD and 3 orders of biological DR.

Chapter 4 presented a discrete 8-channel sensor front-end and system for
detecting MNP relaxation. A switched integrator integrated the decaying relaxation signal
with time, thus relaxed the ADC speed requirement. While a longer integration time could
integrate more signal, it also integrated more 1/f noise. An optimal integration time was
found to achieve the best SNR. To reduce the common-mode interference such as the
temperature drift and the system nonlinearity, MCDS that subtracted the active phase (Ha
> Q) from the reference phase (Ha = 0) was used to take advantage of the sensor self-
reference. To reduce the measurement deadzone, a customized coil driver discharged
the highly-inductive electromagnet using a high voltage of -500 V, which reduced the
deadzone to <10 ps. This system was used to characterize the relaxation effect using

dried MNPs. The signal dependency on the sensor coverage, magnetization time, and
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magnetic field strength were discussed. Lastly, an MRX-based MIA was performed to

validate the system.

Chapter 5 presented a CMOS sensor front-end based on MRX. MR-CDS, which
subtracted the signal phase from the magnetization phase, was presented to reduce the
readout time and improve 1/f noise rejection. Although it provided a better FoOM than
MCDS, it contained residual MR baseline and had poor temperature drift rejection. A
sensor bias scheme with rotating DEM reduced the 1/f noise from the bias transistors. A
CCIA amplified the pseudo-differential input and canceled the input offset by adding a
DSL. To settle the chopping artifacts before being sampled by the ADC, a FSMC
technique was reported, which used smaller Miller capacitance for fast settling when
chopping and switches to a larger Miller capacitance for stability when the ADC sampling
capacitors loaded the output. This resulted in 2.5% lower CCIA power consumption while
maintaining the linearity and stability. Lastly, an 18b Zoom ADC that contained a 6b SAR
and 13b DSM quantized the CCIA output. As a result, this work provided lowest input-
referred noise, along with comparable power consumption and readout time. It achieved
the best-reported FOM that is 4.9% better than other magnetic AFEs and 210x better than
MRX-based AFEs. Finally, both dried MNP and MIA experiments were conducted to

validate the system performance.

6.2 Areas for Future Work

The MR sensor project presented in this dissertation can be further expanded upon

in a few ways.
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First, the GMR sensor array can be fabricated on-chip with the CMOS circuitry,
which enables large sensor array [53], [74]. Based on Equation 2.8, the signal can be
improved by using smaller sensors, but the biological DR is limited. Therefore, large
arrays with small sensors can achieve both high sensitivity and broad DR. A multi-channel

design is required to read the large array in a reasonable acquisition time.

Second, the electromagnet can be integrated into the chip. By placing the CMOS
circuitry on the bottom layers, the sensor array on the top layers, and the electromagnet
right below the sensors, a fully integrated biochip can be implemented. The electromagnet
can be implemented by metal stripelines, which are driven by a voltage controlled current
source [51]. While the field uniformity from stripelines is a challenge for magnetometry,
MRX can be applied to relax this requirement. Furthermore, power can be saved by

periodically turning on and off the system in MCDS [160], [161].

Third, TMR sensors can be used to replace GMR sensors. TMR sensors have
been shown to have higher MR but are limited by larger 1/f noise. 1/f noise rejection
techniques such as the double modulation scheme and MCDS can be applied to achieve

higher SNR than GMR sensing, and thus higher sensitivity.

Lastly, PoC diagnoses also require short-range wireless data transmission to send
the diagnostic results to a smartphone that can be reviewed by the patient or a doctor
[162]-[166]. Moreover, a wake-up receiver can wake up the device when necessary for
continuous monitoring [167]-[169]. By integrating the wireless transmission features into
the analytical device, this device can be further expanded to be wearable, or even

implantable, that can communicate with smart devices from patients.
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