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Xiahan Zhou, Michael Sveiven, Drew A. Hall

University of California, San Diego, La Jolla, CA

Magnetic biosensors have drawn significant research interest as a means to
replace large optical instrumentation commonly found in centralized diagnostic
laboratories. Magnetic biosensing is attractive since biological samples lack a
magnetic background thus enabling high sensitivity measurements. Figure 11.4.1
shows a magnetic immunoassay where: 1) the surface of a magnetic sensor is
coated with capture molecules (e.g., antibodies) specific to the biomarker (e.g.,
antigen) of interest, 2) the sample, detection molecules, and magnetic
nanoparticles (MNPs) are added and self-assemble thus tethering the MNPs to
the sensor, and 3) the sensor is read out by applying a magnetic field, HA, that
magnetizes the superparamagnetic MNPs producing a stray field that perturbs
the local magnetic field. The underlying magnetoresistive (MR) sensor detects
this change in field as a miniscule ppm change in resistance, Rsig, that is directly
proportional to the number of MNPs. Unfortunately, Rsig is superimposed on the
baseline resistance, R0, resulting in a large baseline-to-signal ratio
(R0/Rsig>10,000) that requires a very high dynamic range (DR>120dB) front-end
for quantitative detection [1,2].

Traditional techniques such as a Wheatstone bridge are limited by the sensor-to-
sensor matching, which is often no better than 5 to 10%, even on the same die
[3]. Other techniques such as magnetorelaxometry solve the baseline issue by
self-referencing using a pulsed magnetic field but require high-speed digitization
to capture the fast (<1μs), transient relaxation signal and need averaging to deal
with the noise [2]. Magnetic double-modulation is another technique that
separates the signals spectrally and reduces the 1/f noise from the sensors and
AFE; but most implementations perform the down modulation and lock-in digitally
thus still requiring high DR ADCs and only improve the baseline-to-signal ratio
by an order of magnitude [3-5]. This paper presents a CMOS front-end for MR
biosensors that can tolerate up to 10% sensor mismatch and achieves sub-ppm
sensitivity with an input-referred noise PSD of 46.4nT/√Hz, input-referred baseline
of <0.235mT, power consumption of 1.39mW, and readout time of 11ms owing
to: 1) a double modulation bias scheme with reference sensors that reduces
baseline/signal to <20 and a built-in down-modulator that relaxes the ADC
bandwidth, 2) fast settling duty-cycled resistors (DCRs) that reduce the settling
time by 40× compared to traditional DCRs, and 3) a high-frequency interference-
rejection (HFIR) sampling technique that reduces out-of-band interference and
thus the required ADC DR.

The chip architecture is shown in Fig. 11.4.2 where a sinusoidal bias current at
frequency fC is injected into a giant magnetoresistive (GMR) sensor array placed
inside of an external Helmholtz coil that generates a sinusoidal magnetic field at
frequency fH. Output spectra shows that the signal of interest is modulated to fC±fH

while the R0 baseline remains at fC. A mux selects an active and a reference sensor
that are fed to the programmable gain amplifier (PGA) which rejects the common-
mode signal thus eliminating most of the baseline (>90%). The PGA also
down-modulates the signal to DC relaxing the ADC bandwidth. However, the
sensor mismatch (in both MR and R0) causes baselines at DC and fH that are still
up to 20× and 800× larger than the signal of interest, respectively. Left
unaddressed, these would still require a high DR ADC; instead, we propose a
sampling scheme that reduces the interference before it is seen by the ADC.

The PGA is implemented by a capacitive feedback amplifier, where the gain C1/C2

is set by a 2b programmable capacitor (Fig. 11.4.3). Inputs VS and Vref contain
large common-mode swing and the outputs also have large swing mainly due to
the interference at fH. The DC operating points were chosen to maximize both
swings. Since the output swing is highly dependent on the sensor mismatch, the
PGA can be programmed for high gain in low mismatch scenarios to improve the
SNR. The OTA uses switched-capacitor common-mode feedback (SC-CMFB) to
maximize the output swing and integrates choppers at the cascode node for down-
modulation. This amplifier is designed for fast settling needed when multiplexing
sensors. The sudden closing of the row select switches (Sel: 01) causes a large
transient at Vin, which takes a long time to settle when using a traditional DCR or
a pseudo-resistor for biasing since the bias resistors must be large for low noise.
To address this, the switches controlled by ϕdcr remain closed during and after

sensor selection for 0.1ms, thus providing a low impedance path from Vin to Vcmi

enabling fast settling. The fast settling DCRs reduce the settling time by 40×.

The ADC is implemented by a 1st-order incremental ΔΣ modulator (Fig. 11.4.4)
with an oversampling ratio of 10,000. As shown in Fig. 11.4.2, the interference at
the ADC input can be as large as 200mV, while the MR baseline and signal at DC
are <10mV. While out-of-band, this interference eats into the DR and cannot be
easily low-pass filtered without enduring a prohibitively long settling time. Instead,
we propose a feed-forward high-pass filtering technique in the sampling network.
A high-pass filtered version of the signal is first sampled onto the bottom plate of
C4. Subsequently, the signal is sampled onto the top plate of C4, thus cancelling
the high frequency interference. The HFIR is implemented by a pseudo-differential
switched-capacitor high-pass filter followed by a chopped buffer to reduce offset
and 1/f noise. A modified correlated double sampling (CDS) technique is applied
to remove the OTA offset and 1/f noise. Specifically, switches S1,2 were added to
isolate C6 from Vac so that C6 only samples the offset from the OTA during the
sampling phase. A 16b counter and a shift register decimate the bitstream and
serialize the output, respectively.

The chip in 180nm CMOS consumes 1.39mW excluding the sensor bias (ADC:
69%, PGA: 19%, digital blocks and bias: 12%). Figure 11.4.5 shows electrical
measurement results where the PGA settling time is 50μs with the proposed DCR
compared to a traditional DCR and pseudo-resistor which take 2ms and >14ms,
respectively. The ADC DR for various sensor mismatches is shown where this
design achieves significant improvements (>74dB for >2% mismatch) due to the
HFIR technique that otherwise saturates the ADC. The ADC has an ENOB of 12.1b
in the 100Hz bandwidth and provides 16dB interference suppression at fH=10kHz.
The fast readout time can be traded off for sensitivity, where this design achieves
0.98ppm sensitivity (147μΩ), which corresponds to ~2200 MNPs (d=50nm) with
a SNR of 6dB. 

The chip was connected to GMR sensor arrays to demonstrate the magnetic
immunoassay. One sensor array was functionalized with biotinylated-bovine
serum albumin (Biotin-BSA) and the other human Interleukin 6 (IL-6), a cancer
biomarker. Both chips had BSA negative controls to monitor nonspecific binding
and the reference sensor was covered by epoxy. Figure 11.4.6 shows measured
real-time binding curves clearly differentiating the active and control sensors. The
chip performance is summarized and compared to state-of-the-art solutions.
Compared with other magnetometry-based designs, this work achieves 22.7×
faster readout time, >7.8× lower baseline, and 2.3× lower power (see Fig. 11.4.6).
Although relaxometry-based designs inherently eliminate the baseline, their lower
signal amplitude and higher input-referred noise preclude high-sensitivity
measurements [2]. This chip can tolerate up to 10% sensor mismatch, making it
compatible with commercial tolerances for MR sensor fabrication. The sub-ppm
sensitivity, low power consumption, and fast readout make this work ideal for
multichannel, high sensitivity, point-of-care diagnostics. Figure 11.4.7 shows a
die photo. 
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Figure 11.4.1: Magnetic immunoassay and prior readout architectures. 
Figure 11.4.2: Architecture of the analog front-end and baseline/interference
rejection diagram.

Figure 11.4.3: Schematic of the programmable gain amplifier and timing
diagram.

Figure 11.4.5: Measured PGA settling transient (top left), ADC dynamic range
(top right), ADC output spectrum (bottom left), and system sensitivity (bottom
right).

Figure 11.4.6: Magnetic assay real-time measurements (top) and comparison
table (bottom).

Figure 11.4.4: Schematic of the incremental ΔΣ ADC with high-frequency
interference-rejection sampling.
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Figure 11.4.7: Die photo.




