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A Single-Chip Electron Paramagnetic Resonance
Transceiver in 0.13-um S1Ge BiICMOS
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Abstract—We report the first absorption-based single-chip
transceiver for electron paramagnetic resonance (EPR) spec-
troscopy in silicon. The chip is implemented in a 0.13-pm
SiGe BiCMOS process technology. The transmitter generates
and delivers a continuous-wave microwave signal with a fre-
quency range from 895 to 979 MHz and the receiver adopts a
direct-conversion architecture. Based on the single-chip trans-
ceiver and a printed-circuit-board-based planar resonator, an
EPR spectrometer is assembled and tested. The spectrometer
successfully measures the EPR response from samples including
2,2-Diphenyl-1-Picrylhydrazyl powder, Fe3O4nanoparticles, and
Fe2 Osnanoparticles.

Index Terms—BiCMOS, CMOS, electron paramagnetic res-
onance (EPR), electron spin resonance (ESR), SiGe, silicon,
single-chip, transceiver.

I. INTRODUCTION

LECTRON paramagnetic resonance (EPR) or electron

spin resonance (ESR) phenomenon is based on the inter-
action of electromagnetic radiation with an electron magnetic
dipole moment in the presence of a dc magnetic field [1]. It
is in concept similar to nuclear magnetic resonance (NMR).
However, in NMR, the magnetic moments that interact with
electromagnetic radiation result from nuclei such as 'H and
13C [2], while in EPR the magnetic moments arise from un-
paired electrons [1]-[3]. Due to the larger magnetic moment
of electrons compared to nuclei (660 times larger compared to
LH), the signal intensity per spin of EPR is considerably higher
than that of NMR, giving EPR a distinct advantage over NMR
in sensitivity per spin. The first observation of EPR was made
in 1945 by Zavoisky, who detected an RF absorption line from
a CuCl;-2H50 sample [1]. Since then, EPR spectroscopy has
found its application in numerous fields. In clinical medicine,
EPR spectroscopy provides the only approach for the direct and
noninvasive measurement of partial oxygen pressure (pOs),
which is critical for the ionizing radiation therapy of cancer
and successful healing of wounds [4]-[6]. In material science,
EPR spectroscopy has long been used to characterize the point
defects in semiconductor lattice, including silicon, silicon
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carbide, zinc oxide, etc. [7]-[9]. In chemistry studies, EPR
spectroscopy is a powerful tool to study the magnetic properties
of high-nuclearity transition-metal complexes [10].

While EPR spectroscopy has demonstrated its value in var-
ious fields, this technique is only exploited in a few number
of research laboratories. There is hardly any utilization of EPR
spectroscopy for in-field or in vivo applications. This situation
is not due to the lack of demand for EPR spectroscopy outside
laboratories. For example, it is reported that in vivo EPR is a
promising and valuable addition to clinical medicine [11]. It
could be used to monitor the response of cancer treatment. How-
ever, there are major deficiencies in existing EPR spectrometers
that limit their applications. Currently, most EPR spectrometers
are composed of three major components: a magnet, a resonator,
and an electrical transceiver [3]. The electrical transceiver, in its
current form, is mostly made up of a large number of discrete
circuits built from dedicated and expensive components. As a
result, the cost and size of the existing EPR spectrometers are
prohibitively large, restricting the employment of the spectrom-
eters in various fields or in vivo applications. In the past few
years, several groups reported integration of EPR electronics.
However, the level of integration is still low and insufficient at
this moment [12], [13]. Moreover, in the prior work, samples
had to be precisely placed onto an on-chip inductor, whose di-
ameter is no larger than 300 pm. This significantly increases the
difficulty of measurement.

Given the deficiencies of existing EPR spectrometers, we
propose to integrate the entire EPR transceiver on a single
silicon chip. Therefore, the cost, weight, and physical size of
the EPR spectrometer can be significantly reduced. In order
to demonstrate the feasibility of the proposed EPR spec-
trometer, in this work, we have designed a fully integrated
transceiver chip in IBM 0.13-um SiGe BiCMOS process
technology. An EPR spectrometer is then assembled using
the transceiver chip and a printed circuit board (PCB)-based
planar resonator fabricated in-house. Utilizing the proposed
EPR spectrometer, measurements of various samples, in-
cluding 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) powder, Fe3O,
nanoparticles, and Fe; O3 nanoparticles, have been successfully
performed at room temperature. The observed EPR spectrum
from these samples is consistent with previously published
results, demonstrating the functionality of the proposed EPR
spectrometer. This work was briefly and previously reported in
[14]. Tt will be presented in more detail in this paper, including
more theoretical background on EPR, circuit details, and mea-
surement results.

This paper is outlined as follows. Section II presents the phys-
ical mechanism of EPR. Section III introduces the architecture
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of the proposed EPR spectrometer and discusses the design con-
siderations. In Section IV, the circuit details of a fully integrated
transceiver is discussed. The design of the PCB-based planar
resonator is described in Section V. The measurement results of
the transceiver and spectrometer are shown in Section VI. This
paper is concluded in Section VII.

II. BACKGROUND

This section describes the physical principles of the EPR phe-
nomenon. A complete review of EPR would require a compre-
hensive treatment using quantum mechanics, which is outside
the scope of this paper. Therefore, a semi-classical approach is
adopted to present the basic concepts of EPR.

We begin by considering a magnetic dipole of moment i in

— —
a static magnetic field By. Assuming the magnetic field By is
taken along the z" direction, the magnetic dipole preserves an
energy level U,
R L=
U= —ji-By=—uBycos(iiBy) = — 1. By. (D
Here, 1, is the component of i along the Z direction. It is ob-

served that for a given value of By, there exists a minimum en-
ergy —uBy, corresponding to the situation where the angle be-

tween /i and By is 0°. There is also a maximum energy uBy,
_)

corresponding to the case where the angle between i and By is
180°.

Next, we consider the magnetic moment generated from an
electron. From classical physics, since the electron is a charged
particle, it generates a current loop when it rotates around a nu-
cleus. This current loop generates a magnetic moment as given
by the following equation:

Hz = agﬂ]bfs. (2)
Here, « = —1 for an electron. ¢ is known as the g factor.
It is equal to 2.002319304386 for free electrons [1]. For elec-
trons where interaction with other particles exists, g is usually
different from this value. A, is the secondary spin quantum
number. For a system with spin number s, A{, ranges from —s to
+s with steps of 1. This generates 2s + 1 possible values of M.
3 is the Bohr magneton. 1t is evaluated as 3 = (eh)/(2m) =
9.2740154 x 10 2* JT~! [1]. Here, ¢ is the charge of an elec-
tron, A is the Planck’s constant, and m is the mass of an electron.

If an electron is placed inside a static magnetic field By,
according to (1) and substituting x, using (2), the electron
would have a set of possible energy levels U = ¢g8ByM;.
For a spin 1/2 system, where the possible values of A
are +1/2 and —1/2, there are two possible energy states.
Uupper = (1)/(2)gﬁBO’Ulower = _(1/2)93B0a and AU
= Uupper — Ulower = 98B0, as shown in Fig. 1. In an atomic
system, the Pauli exclusion principle illustrates that no more
than two electrons can occupy a given orbital. When two elec-
trons occupy any given orbital, their secondary spin quantum
numbers M, have to be different. Therefore, both energy states
Uppper and Ulgywer Will be occupied and an electron transition
cannot happen. On the other hand, if an orbital in a chemical
species contains only one electron (unpaired electron), one
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Fig. 1. Splitting of energy levels of electrons in a spin 1/2 system.

energy state will be vacant and the electron energy transition is
possible.

For those chemical species with unpaired electrons, an elec-
tron transition from Ulgwer t0 Uypper may be induced by an elec-
tromagnetic field B, with appropriate frequency w such that the
photon energy satisfies

hw = AU = ¢3Bs. 3)

The frequency w typically falls into the microwave regime.
Besides the criteria shown in (3), the transition also poses a re-
quirement for the angular momentum of the incoming photon.
A detailed explanation for this requirement would require a so-
phisticated derivation in quantum mechanics, and hence, it is
omitted here. The consequence of the second requirement is that
the direction of the electromagnetic field B; has to be perpen-
dicular to the direction of the static magnetic field By [1]. When
both of the requirements are satisfied, an electron transition may
happen, where the electron would absorb the electromagnetic
energy and jumps from Ulgwer 10 Uypper-

III. ARCHITECTURE OF THE EPR SPECTROMETER

In this section, first, the architecture of the EPR spectrometer
is presented. Second, the design strategies for individual com-
ponents are discussed.

A. System Architecture

In this work, the proposed EPR spectrometer adopts an ab-
sorption-based architecture. As presented in Section II, chem-
ical species with unpaired electrons absorb electromagnetic en-
ergy at a corresponding frequency w when placed inside a static
magnetic field By. In practice, the absorption line would be
broadened by effects such as thermal vibration and the inter-
action between the electron and the lattice. For example, for a
fixed microwave frequency w, the electromagnetic energy is ab-
sorbed across a range of magnetic field around B,. The absorp-
tion curve, which plots the relationship between the absorption
level and the magnetic field under a constant microwave fre-
quency w, reveals some unique properties of chemical species.
An EPR spectrometer is the equipment that is used to extract the
absorption curve.

Fig. 2 shows the architecture of the proposed EPR spectrom-
eter. It includes three major components, a static magnet, a res-
onator, and a single-chip electrical transceiver. In order to fur-
ther reduce the cost and size of the proposed spectrometer, a
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Fig. 2. Architecture of the proposed EPR spectrometer based on a fully inte-
grated single-chip transceiver.

planar PCB-based resonator is utilized in this work, which is
easy to fabricate, easy to operate, and has a small physical di-
mension. During the measurement, the transmitter delivers a mi-
crowave signal through the circulator to the resonator, which
holds the sample. Inside the resonator, the microwave signal
generates a strong electromagnetic field B;. The resonator is
positioned such that By is perpendicular to the static magnetic
field By. During the measurement, the frequency and power of
the microwave signal is fixed, while the static magnetic field
By is swept. When EPR occurs, part of the electromagnetic en-
ergy is absorbed by the sample, altering the reflected microwave
signal from the resonator. The change in the reflected power is
monitored by the receiver to calculate the absorbed power.

In the proposed EPR spectrometer, the reflected microwave
power is down-converted to baseband. In order to reduce the ef-
fects of low-frequency flicker noise and improve the sensitivity
of the system, the static By field is modulated and the reflected
power is measured at the modulation frequency after down-con-
version. Theoretically, a higher modulation frequency could re-
duce the flicker noise to a larger extent, but the modulation coil
would require a much larger voltage to generate the same modu-
lation field. To ease the burden of modulation voltage source and
reduce safety concerns, the modulation frequency used in this
work is 10 kHz. Due to the modulation of the static By field, the
absorption line of the sample is not observed directly. Instead,
it is the first-order derivative of the absorption line that is mea-
sured.

B. Design Strategies

As derived in [3], the sensitivity of an EPR spectrometer, de-
fined as the minimum number of spins that can be detected, is

expressed as
Aw\ [ 1Y (FkpT\"?
(&) @) () e

< 4kp v
@3 °
Here, kg is the Boltzmann constant. ¢ is a material-dependent
constant, known as the g factor. 5 is the orbital magnetic mo-
ment of an electron. yy is the vacuum permeability. V is the
sample volume. 7' is the temperature of the sample. wy is the
operational frequency of the EPR spectrometer. Aw is the spec-
tral linewidth of the sample, which is also a material-dependent
constant. 7) and @) are the filling factor and the quality factor of
the resonator, respectively. F' is the noise factor of the receiver.
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Fig. 3. (a) Lumped circuit model for the PCB inductor. (b) Simulated R versus
the square root of frequency. (¢) Simulated wo @ versus frequency.

P is the microwave power sent to the sample. The equation as-
sumes a bandwidth of 1 Hz for the data acquisition system.

To improve the sensitivity of the system, it is clear that the
operating frequency wy should be increased. On the other hand,
for the PCB-based planar resonator used in this work, as the fre-
quency increases, the quality factor ¢ may decease due to the
skin effect, substrate loss, and radiation effect, yielding a lower
sensitivity. Therefore, maximizing wy or ) alone does not guar-
antee the best sensitivity. Consequently, the product of wy@ is
used as a metric to investigate the optimal operating frequency.
In this work, the resonator is fabricated on a 20-mil-thick Rogers
4350B PCB. The diameter of the inductor is set to be 8 mm,
as it is expected to accommodate samples 5—6 mm wide. The
inductor is modeled using an RLC circuit shown in Fig. 3(a).
The resistance value is observed to increase with frequency,
as shown in Fig. 3(b), which represents the increase in loss at
higher frequencies. At low frequencies, the resistance is propor-
tional to the square root of the frequency due to the skin effect.
However, at higher frequencies, the resistance increases much
faster due to other loss mechanisms, such as increased cou-
pling to the ground, substrate loss, and radiation loss [18]. The
quality factor of the inductor is then calculated using wyL/R.
In Fig. 3(c), we present the simulation results of wy(J versus
different frequencies. As shown in this figure, wg(@ reaches a
maximum value around 900 MHz.

We next determine the performance requirements for the
fully integrated transceiver. According to (4), in order to obtain
the highest sensitivity, the receiver noise figure (NF) should be
minimized and the transmitter output power should be maxi-
mized. In practice, however, while the receiver NF is targeted
at the lowest value, there are several nonidealities that restrict
the largest power that can be delivered to the sample. First,
(4) does not include the effects of sample saturation. It has
been reported that as the incident microwave power exceeds
the saturation power of the sample, the EPR signal would stop
increasing or even decrease if the microwave power keeps
rising. The amount of saturation power is usually determined
by multiple factors, including the sample type, sample volume,
temperature, etc. In EPR spectroscopy, the value of saturation
power usually ranges from several hundred microwatts to tens
of milliwatts [15]-[17]. Second, a portion of the transmitter
power will leak to the receiver input due to the finite isolation of
the circulator. This leakage power can be expressed as Pyy-1,
where Py, is the transmitter output power (in dBm) and [ is the
isolation value of the circulator (in dB). In order not to saturate
the receiver and thus reduce the sensitivity, the leakage power
is designed to be lower than the 1-dB compression power of
the receiver (P 4p). In practice, I is approximately 40 dB. As
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Fig. 4. Architecture of the single-chip transceiver.

discussed in Section IV, the receiver requires an RF gain of at
least 30 dB before the mixer to minimize the receiver NF. The
receiver P; gp is designed to be —35 dBm and F,,;¢ is targeted
at I + Py g = 5 dBm.

IV. TRANSCEIVER DESIGN

Fig. 4 presents the architecture of the fully integrated trans-
ceiver reported in this work. In the transmitter path, a differen-
tial voltage-controlled oscillator (VCO) generates a microwave
signal with tunable frequency. The differential signal is ampli-
fied by a buffer following the VCO. It is then converted into a
single-ended signal through a differential-to-single-ended con-
verter. The single-ended signal is delivered to the 50-§2 res-
onator through a power amplifier (PA). In the receiver path, a
single-ended low-noise amplifier (LNA) amplifies the reflected
signal from the resonator. The amplified signal is then down-
converted to baseband through a differential mixer. The local
oscillator (LO) signal of the mixer is provided from the same
VCO in the transmitter path. The down-converted signal is fur-
ther amplified by the baseband amplifier and delivered to off-
chip equipment for processing.

One important task of the design is to determine the gain
allocation in the receiver. In wireless communication, many
receivers provide a strong amplification at the baseband with
much smaller gain at the RF [18]. Such receivers usually con-
sume less power, ease the design of the LNA, and impose min-
imal impact on the receiver NF. In this work, unfortunately, such
design strategies cannot be adopted. As stated in Section 111, the
baseband frequency in this design is located at 10 kHz. At such
low frequency, the flicker noise from the mixer and baseband
amplifier may dominate the receiver NF if insufficient voltage
amplification before down-conversion is used. In Fig. 5, the sim-
ulated NF of the receiver is reported under different LNA gain
values, assuming that each block is matched to 50 2 and the
LNA NF is 3 dB. The combined NF of the mixer and baseband
amplifier is assumed to be 20 dB, which is a typical value at
10-kHz IF. As shown in the figure, the NF of the receiver de-
creases drastically as the LNA gain increases, and it saturates at
3 dB as the LNA gain reaches 30 dB. As a result, to minimize
the receiver NF, the LNA gain is targeted at 30 dB.

Next, the circuit implementation details for several important
blocks are reported.

A. 900-MHz VCO

In this work, the microwave signal is generated using a VCO.
The choice of a VCO instead of an oscillator with fixed fre-
quency is to compensate for the effects of process variation,
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Fig. 6. Schematic of the VCO.

which may alter the optimal operational frequency of on-chip
amplifiers, as well as the resonance frequency of the resonator.
Fig. 6 shows the schematic of the VCO, which adopts a differen-
tial cross-coupled structure. A symmetric inductor is used in this
work to provide a reactance of 122 €2 at 900 MHz. The quality
factor  of the inductor is 10.2 at this frequency. The varactors
of the VCO are implemented using reverse-biased diodes. The
capacitance versus the reverse bias of the varactors is simulated.
It is observed that the capacitance decreases by 60% as the re-
verse bias increases from 0 to 3 V.

B. 900-MHz PA

As described in Section IV-B, the maximum output power of
the PA is targeted at 5 dBm. Fig. 7 shows the schematic of the
PA. It adopts a single-ended cascode structure to improve the
reverse isolation, and hence, the stability. The input of the PA
is co-designed with the preceding buffer to maximize the input
voltage. The output of the PA is matched to 50 €2 using on-chip
capacitors and inductors. The load network is tuned to enable
maximum output power at 900 MHz. To improve the stability
of the PA, a capacitor is used at the base of M> to reduce the
high-frequency voltage swing.

C. LNA

As described previously, the LNA gain is targeted at 30 dB.
The schematic for the LNA is presented in Fig. 8, which incor-
porates a three-stage design. The input of the LNA is matched to
50 £2. An ac-coupling capacitor is used between different stages
so that each stage can be biased separately. As the LNA has a
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Fig. 8. Schematic of the LNA.

large voltage gain, extra care must be taken to prevent oscilla-
tion. As shown in the figure, capacitors are added at the load
to reduce the bandwidth of the LNA. This improves high-fre-
quency stability, as well as noise performance. The simulated
NF of the LNA versus frequency is presented in Fig. 9. It is ob-
served that the NF is 3.89 dB at 900 MHz.

D. Mixer and Baseband Amplifiers

In this work, we adopt a double-balanced active mixer with
a Gilbert cell structure. The mixer is co-designed with the last
stage of the LNA to maximize the input voltage. The load of
the mixer is an RC network, which behaves as a low-pass filter.
Note that the active mixer is adopted due to its large gain and
high robustness. If a passive mixer is used, the NF of the receiver
would further improve due to the low flicker noise. The base-
band amplifier incorporates a two-stage design. The first stage
is a source follower, which serves to shift the dc components of
the signal to 0.85 V. The second stage of the baseband amplifier
adopts a common-source architecture. The output of the ampli-
fier is matched to 50 §2.

V. RESONATOR DESIGN

The resonator is a crucial component in the EPR spectrom-
eter. Since the goal of this work is to build an EPR spectrom-
eter with low cost and small physical dimensions, a PCB-based
planar resonator is used in this work, which enjoys the advan-
tages of easy fabrication and ease of use. However, if the sen-
sitivity is of a higher concern, the planar resonator can always
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be replaced by a 3-D resonator that is used in commercial EPR
spectrometers and has a higher quality factor.

The design of the proposed planar resonator is presented
in Fig. 10(a). The PCB structure is fabricated in-house using
a 20-mil-thick Rogers 4350B board. The resonator includes
a PCB-based inductor and three capacitors. During the EPR
measurement, the samples are placed at the center of the
inductor loop where the magnetic field is the strongest. The
position of the sample is illustrated in Fig. 10(b). Thanks to
the planar geometry, the resonator can be easily used in in
vivo measurement in future. Moreover, unlike the high-¢J 3-D
resonator, the quality factor of the planar resonator will not
be significantly impacted when measuring lossy samples. The
equivalent lumped circuit model of the resonator is shown
in Fig. 10(c). The inductor provides an inductance of 4.1 nH
at 900 MHz in simulation, with a quality factor of 72. The
capacitor C'1 provides a capacitance of 6.8 pF, resonating with
the inductor at 965-MHz frequency. The capacitors Cy and Cj
serve to match the input impedance of the resonator to 50 .
During the design, 5 is fixed at 1 pF while ('3 is implemented
using a tunable capacitor to compensate for process variation
during the fabrication. The reflection coefficient of the fabri-
cated resonator without any loaded sample is measured. As
presented in Fig. 11, the resonator has a resonance frequency
of 913 MHz with a quality factor of approximately 30.

VI. MEASUREMENT RESULTS

In this section, we first describe the measurement results of
the integrated transceiver. We next present the measured sample
absorption curve using the reported EPR spectrometer.

A. Transceiver Measurement Results

The fully integrated transceiver is implemented using IBM
0.13-pm SiGe BiCMOS process technology. The micrograph
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Fig. 11. Measured reflection coefficient of the resonator.
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Fig. 12. Micrograph of the fully integrated transceiver chip.

Fig. 13. PCB assembly for chip testing.

of the fabricated chip is presented in Fig. 12. It occupies an area
of 1.5 mm by 2.5 mm. Important blocks of the transceiver are la-
beled in the figure. For testing purposes, the chip is wirebonded
onto a PCB, as shown in Fig. 13.

Fig. 14 plots the measured VCO frequency versus the tuning
voltage at a supply voltage of 1.5 V. The VCO can be tuned from
885 to 979 MHz with a tuning range of 10.2%. It has a measured
phase noise of —118 dBc/Hz at 1-MHz frequency offset.

Fig. 15 plots the transmitter output power versus frequency.
It is observed that the transmitter can deliver a maximum power
of 5.2 dBm at 885 MHz. The appearance of the maximum power
at 885 MHz instead of at the center frequency is most likely due
to the off-tune of the buffer and/or the PA in the transmitter path.

Fig. 16 plots the receiver conversion gain versus the input
RF frequency. During the measurement, the VCO frequency is
fixed at 935 MHz. The input of the on-chip LNA is excited by an
RF source. The frequency of the RF source is varied, and the cor-
responding down-converted signal at the output of the on-chip
baseband amplifier is measured. The measured receiver conver-
sion gain is 40.5 dB with a 3-dB bandwidth of 25 MHz. The
measurement of the receiver conversion gain versus the input
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RF power is presented in Fig. 17. The measured input-referred
P, 4p is —40 dBm. This is approximately 5 dB lower than the
designed value, but it can be compensated by using a circulator
with a higher isolation value.
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B. EPR Spectrometer Characterization

The proposed EPR spectrometer based on the fully integrated
transceiver and a PCB-based planar resonator is assembled and
tested. A circulator with a maximum isolation value of 45 dB is
used in this work. As the maximum transmitter power is 5 dBm
and the receiver P gg i1s —40 dBm, the isolation value of the
circulator is high enough so that the receiver gain is not signifi-
cantly affected. In order to minimize the sensitivity degradation
resulting from the VCO phase noise, the relative path delay be-
tween the TX leakage and the LO of the mixer is kept small. As
shown in [19], the effect of phase noise would quickly vanish as
the relative path delay is reduced because the same VCO is used
for the TX and the LO of the RX. It should be noted that although
currently fabricated on a separate PCB, the planar resonator can
be easily fabricated on the same PCB that holds the fully inte-
grated transceiver. With the adoption of a surface-mount circu-
lator and a rare-earth magnet, the entire spectrometer will be as
small as the size of a human hand.

In this work, three different samples are measured using the
proposed EPR spectrometer to demonstrate its functionality.
Due to the placement of samples onto the resonator, the reso-
nance frequency of the resonator varies slightly. Therefore, each
time a different sample is placed, the resonance frequency of the
resonator is re-measured and the VCO frequency in the trans-
mitter is adjusted accordingly. The measurement of the reso-
nance frequency can be easily achieved without changing the
setup by inserting a power coupler between the circulator and
the receiver. As introduced in Section VI-A, the static mag-
netic field is modulated in this work to avoid the low-frequency
flicker noise and improve the sensitivity of the system. This is
achieved by exciting a custom-fabricated coil with a 10-kHz
signal to generate the modulation magnetic field. The modula-
tion field is measured to be 1.2 G at the resonator location.

We first measure the absorption line of a 4-mg DPPH powder
sample. The frequency of the incident microwave signal is fixed
at 914 MHz. The static magnetic field is swept from 310 to
322 G. The measured response curve of the DPPH sample is pre-
sented in Fig. 18. Due to the modulation of the magnetic field,
the measured response curve is the first-order derivative of the
absorption line, which takes a Lorentzian shape. The linewidth
of the sample, defined as the separation between the positive and
negative peaks of the curve, is 3 G. This matches well with pre-
viously published experimental results. The difference between
the magnitudes of the two peaks is possibly due to the superpo-
sition of the dispersion curve on the absorption curve. This can
be potentially improved by matching the time delay of the RF
and LO paths in the active mixer.

We next measure the absorption line of a 61-mg Fe;O3
nanoparticle sample, the average particle size (APS) of which
is 20 nm. The frequency of the incident microwave signal is
fixed at 900 MHz. The static magnetic field is swept from 0 to
1000 G. The measured response curve of the Fe;O3 sample is
presented in Fig. 19. The separation between the positive and
negative peaks of the curve is 500 G.

We finally report the measured absorption line of a 63-mg
Fe304 nanoparticle sample, the APS of which is 15-20 nm. The
frequency of the incident microwave signal is 902 MHz. The
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static magnetic field is swept from 0 to 500 G. The measured
response curve of the Fe3 Oy sample is presented in Fig. 20. The
separation between the positive and negative peaks of the curve
is 200 G.

From the measurement results presented above, it is clear
that the proposed EPR spectrometer can measure the EPR re-
sponse from various samples with different line shapes. This
demonstrates the functionality of the spectrometer and the fea-
sibility of our design. As shown in Table I, compared to previous
works that tried to integrate the electronics of the EPR spectrom-
eter, the proposed work represents the first absorption-based
fully integrated single-chip transceiver. It achieves a signifi-
cantly higher integration level and is more suitable in field or
in vivo measurement of relatively large samples.

We now estimate the sensitivity of the proposed EPR spec-
trometer. It is known that DPPH contains 1.53 x 10?! unpaired
electrons per gram [20]. Considering that 4 mg of DPPH is used
in the experiment and the signal-to-noise ratio is approximately
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TABLE 1
COMPARISON WITH PREVIOUS INTEGRATED CIRCUITS FOR EPR SPECTROMETERS
[12] [13] This work
System architecture Frequency-shift based Frequency-shift based Absorption based
Frequency ~27 GHz ~9 GHz ~900 MHz
On-chip blocks Fixed-frequency oscillator and VCO, mixer, and divider Complete transceiver including
divider VCO, power amplifier, LNA, mixer,

and baseband amplifier

Active off-chip components
required?’

Yes. (Power amplifier, mixer,
multiple operational amplifiers, and
phase-locked loop)

multiple operational amplifiers, and

Yes. (Power amplifier, mixer, No.

phase-locked loop)

Effective sample volume®(order) 10” mm’ 10~ mm’ 10 mm’
Process 0.13 pum CMOS 0.35 pum CMOS 0.13 pm BiCMOS
Area 1 mm? 1 mm? 3.75 mm>

1. Power supply and data acquisition system are not counted here.

2. The samples in [12] and [13] are placed on an on-chip inductor. The samples in this work are placed on an off-chip resonator.

10 without averaging at 60-s measurement time, the sensitivity
of the spectrometer is estimated as 1.53 x 10%! x 0.004/10 =
6 x 10'7 spin. Since the EPR response of a sample is propor-
tional to its linewidth, the sensitivity can be further normal-
ized by the linewidth of DPPH to 2 x 107 spin/G. As a com-
parison, the sensitivity of existing EPR spectrometers that are
costly and bulky is usually below 10'* spin/G (e.g., a Fizepr
EPR VIGT.421400.012 spectrometer, an Adani EPR CMS8400
spectrometer, and [21]). The high sensitivity of existing spec-
trometers mostly result from the adoption of a high-() resonator
with a larger filling factor (2—-3 orders of magnitude higher than
in this work) and a higher operational frequency (typically more
than one order of magnitude higher than in this work). If the
sensitivity is of a higher concern, instead of the cost and phys-
ical size, the PCB-based planar resonator used in this work can
always be replaced by a high-() resonator. This will bring the
sensitivity of the proposed EPR spectrometer to be comparable
to that of existing products, while the cost and physical size are
still much lower due to the adoption of a fully integrated trans-
ceiver.

The sensitivity obtained during the measurement for the pro-
posed spectrometer is also compared with the theoretical value
calculated using (4). The parameters related to the spectrometer
in the equation, such as P and F, are substituted by the mea-
sured values of the proposed system. The theoretical minimum
number of spins that can be detected is calculated to be on the
order of 10"® spin for DPPH. It is two orders of magnitude better
than the sensitivity in measurement, which is a 6 x 107 spin.
We believe this difference can be attributed to multiple reasons,
including: 1) the theoretical sensitivity does not take into ac-
count of the sample saturation behavior; 2) the noise contribu-
tion from the data acquisition system; and 3) other noise sources
such as the phase noise of the oscillator. As a comparison, the
difference between the theoretical and measured sensitivity for
commercial EPR spectrometers is usually under one order of
magnitude, which is possibly due to the superior data acquisi-
tion system and oscillator.

VII. CONCLUSION

In this paper, we report the first absorption-based EPR spec-
trometer by integrating the entire transceiver on a single silicon
chip. The reported work can significantly reduce the cost and
physical dimensions of the existing EPR spectrometers. In order

to demonstrate the feasibility and functionality of the EPR trans-
ceiver, a complete spectrometer is assembled using the fully
integrated single-chip transceiver and a custom resonator. The
spectrometer is then used to successfully measure the EPR spec-
trum of various samples such as DPPH, Fe» O3, and Fe304.
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