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Abstract—This work reports the first ultra-low power wake-up
receiver (WuRX) to be integrated with a quartz micro-
electromechanical systems (MEMS) transformer-based matching
network (MN), achieving the best signal-to-interference ratio
(SIR) compared to state-of-the-art sub-100 nW receivers. A
quartz resonant piezoelectric transformer (PT) was chosen for
its high loaded Q (~19,000), enabling large, passive voltage gain
— a necessity for low-power radios where active RF amplifi-
cation consumes too much power. Optimization of the CMOS
envelope detector (ED) input impedance and number of ED
stages preserves the high Q of the preceding MEMS transformer
while maintaining a high passive gain of 27 dB and a narrow
bandwidth of 2 kHz at 50 MHz. The quartz PT is designed for
maximum voltage gain from a 50 Q source to the ED input. The
6-stage ED is designed with an input impedance greater than
1 MQ and a conversion gain of 264.9 V! to maximize sensitivity
without de-Qing the transformer. The WuRX is implemented in a
65-nm CMOS process and achieves a sensitivity of —71.9 dBm
while consuming just 27 nW. The measured SIR is —46 dB at a
0.8% frequency offset due to the narrowband filtering from the
transformer.

Index Terms—Low power RF, microelectromechanical systems,
piezoelectric devices, transformers, wake-up receiver.

I. INTRODUCTION

IRELESS sensor nodes in the Internet of Things (IoT)
must be designed for robust, low-power, always-on
operation; however, the low-power and always-on operation
requirements are often conflicting. One way to address this
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Fig. 1. (a) Block diagram of a sensor node with a radio augmented by a

WuRX. Block diagrams of WuRX architectures with MEMS as (b) a filter
between the LNA and ED, (c) MN, and (d) part of a hybrid LC4+-MEMS MN.

in some sensor nodes is to utilize an auxiliary radio, a
wake-up receiver (WuRX), to significantly reduce the power
consumption by only activating the node (i.e., waking up)
upon receipt of a specific RF sequence, as shown in Fig. 1(a)
[1]. A WuRX can be deployed in applications ranging from
environmental and agricultural monitoring, where sensors may
be placed as part of low-power wide area networks (LPWAN)
in remote locations, to industrial monitoring in localized
networks dense with other wireless traffic. To support such
diverse scenarios, the WuRX should have: 1) high sensitivity to
enable long-range communication without limiting the range
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of the main transceiver, 2) good interference rejection to allow
for co-existence with other wireless sensor nodes in busier
environments, and 3) low power to extend deployment lifetime
and reduce maintenance costs (i.e., battery replacement).

Low-power WuRXs have been designed with nW-level
power utilizing an envelope detector (ED)-first architecture.
However, due to the lack of active RF gain before the
non-linear squaring operation performed by the ED, these
receivers typically have sensitivities worse than —80 dBm
and are limited by the passive gain provided by the input
matching network (MN) [2], [3], [4], [5], [6]. The performance
of an ED first receiver can be improved by adding a low
noise amplifier (LNA) before the ED to provide active gain
at RF or moving to a tuned RF (TRF) architecture but at
the expense of higher power consumption. However, both
architectures have poor interference rejection since they rely
entirely on the MN filtering and/or multi-tone modulation
schemes, limiting the signal-to-interference ratios (SIR) to
—30 dB at frequencies close to the carrier (<1% offset) [7], [8].
Mixer-based architectures can achieve higher sensitivities and
improved interference rejection, but at the cost of significantly
higher power, often consuming 10-100 uW [9], [10], [11].
Thus, ED-first architectures are desirable due to having the
lowest always-on power but need significant improvements to
their interference rejection before being practical to deploy.

Microelectromechanical systems (MEMS) resonators/filters
have been shown to have impressively high-quality factors
(Q) at RF — often > 2 orders of magnitude larger than
conventional LC resonators (Q < 100) [12], [13]. If MEMS
are integrated into the RF front end of a WuRX, they can
break the tradeoff between power and interference rejection
by providing high-Q filtering. Specifically, quartz thickness-
shear (TS) mode resonators offer the potential to maximize
interference rejection due to their high Q (>10,000). Although
quartz resonators are widely used in oscillators in consumer
electronics, they have only recently been investigated as
piezoelectric transformers (PT) for potential use in WuRX
front ends. The Q of quartz enables very narrowband filtering
around the resonant frequency, f;. Its high Q and unparalleled
low loss tangent, fan ¢, result in a high electrical quality factor,
Qelec, and extremely high voltage gain due to the passive
impedance transformation when loaded with a large impedance
[14], [15]. The low tan ¢ of quartz also contributes to enhanced
off-resonance isolation between the input and output, enabling
good rejection of out-of-band interferers. This feature of quartz
front ends has not yet been explored thoroughly but is critical
for IoT applications, which must operate in congested RF
environments.

In prior art, MEMS devices were integrated into WuRX
systems as filters at various stages in the receiver chain.
In [16], a MEMS resonator is used between the LNA and
the ED to limit the LNA’s noise bandwidth but requires
a high power buffer to drive the resonator that consumes
15 uW, taking up most of the power of the WuRX [Fig. 1(b)].
Instead of a more typical LC MN, [17] integrates MEMS into
the MN directly with a Lithium Niobate (LN) MEMS-only
MN, as shown in Fig. 1(c), or a hybrid MN structure with
Aluminum Nitride (AIN) MEMS and LC elements, as shown

in Fig. 1(d). However, the performance of the MEMS-only
MN was limited by the Q of LN (~1,000), while the hybrid
MN was limited by the inductor Q, resulting in low passive
voltage gain (<20 dB) and limited interference rejection for
both structures. The WuRX in [18] also uses a structure similar
to Fig. 1(c) but with an LNA between the MN and the ED. The
signal-to-interference ratio (SIR) was significantly improved
to —19.8 dB at a 0.25% frequency offset but only provides
10 dB of passive gain. The performance was again limited by
the MEMS Q (~1,000) and required an LNA to match the
sensitivity of other ED-first works while consuming 2.8 uW.

This work reports the first use of a quartz PT integrated with
a CMOS WuRX. Using high-Q quartz coupled resonators (i.e.,
a transformer) as the input MN provides high passive volt-
age gain to increase the sensitivity and narrowband filtering,
improving the interference rejection of an ED-first WuRX.
The interface between the MEMS transformer and ED was
carefully optimized to maximize the passive gain contributed
by the MEMS, thereby maximizing the sensitivity. The ED was
sized for high input impedance to maintain a MEMS-loaded
Q greater than 15,000. Through co-design between the ED
input and the MEMS matching network, this work achieves
state-of-the-art SIR in sub-uW WuRXs.

The rest of this paper is organized as follows. Section II
discusses the design of the quartz transformer, followed by
the CMOS circuit implementation in Section III. Section IV
presents measurement results. Finally, concluding remarks are
made in Section V.

II. QUARTZ TRANSFORMER DESIGN

This work uses the 2-port quartz PT configuration presented
in [13]. Both 1- and 2-port quartz transformer architectures
offer high gain, high Q, and interference rejection around
50-200 MHz [15]. While the CMOS front end is frequency
agnostic due to the passive ED-first front end, 50 MHz
was chosen based on the performance of the MEMS. It
has been shown that 50 MHz quartz MEMS present the
highest passive gain and electrical Q, compared to 76 and
200 MHz designs, with both Q and gain trending lower as
the frequency of operation increases. The 2-port configuration
was selected because its equivalent circuit offers improved
impedance matching between a 50 € source or antenna and the
high-impedance load presented by the WuRX. Furthermore,
it offers improved isolation between the input and output
ports. Within the frequency range of interest, in addition
to offering maximum gain and Q, quartz MEMS designs at
50 MHz offer the maximum post-fabrication yield of 2-port
devices with the required inter-resonator coupling and shunt
capacitance. Due to these considerations, this work adopts a
50 MHz transformer design. While this choice of operating
frequency does require a larger antenna size, increasing the
wireless node’s physical footprint, this tradeoff is acceptable
in numerous WuRX applications where node volume is less
restrictive, such as agricultural and environmental monitoring.

The 2-port device is comprised of two monolithic TS-mode
resonators. Each resonator has two parallel rectangular gold
electrodes with a thickness, f5,, of ~100 nm on either side of a
single-crystal AT-cut quartz membrane. The quartz membrane
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Fig. 2. (a) Top and (b) bottom metal patterns in the quartz 2-port piezo
transformer. (c) “Inverted mesa” quartz structure, showing membrane thick-
ness fq = 34 um in active resonator area. Images are not drawn to scale. (d)
Microscope image of a 50 MHz resonator.

thickness, ?, is ~ 34 um, which defines the resonant frequency
(49.7 MHz). The nominal parallel plate capacitance of each
electrode pair can be estimated from

Co = srsowl’ 0

Iy

where & is the relative permittivity of quartz, & is the
permittivity of free space, and w and [ are the width and
length of each electrode pair, respectively. In this design, each
electrode pair has a w of ~ 437 um and a / of ~ 874 um, with
a Cy estimated to be 376 fF across each electrode pair. The
electrodes are separated by a gap, g, of ~ 75 um, which allows
weak coupling between resonators. These devices are custom-
fabricated on individual 5 mm inverted mesa substrates using a
commercial process (Microchip Inc., Mt. Holly Springs, PA).
This general device architecture was first reported in [13] and
is illustrated in Fig. 2.

These coupled resonators leverage the fundamental TS
mode resonance. The mode is driven by applying an ac voltage
at f. across the electrodes, which mass-loads the quartz area
between the electrodes to create “trapped-energy” boundary
conditions that constrain most of the displacement between
the electrodes [19]. This device was simulated using COMSOL
Multiphysics software (COMSOL Inc., Burlington, MA) via
modal simulation of a 3D piezoelectric model with an added
electrode mass equivalent to gold with za, = 100 nm. Figure 3
shows the resulting displacement profile of the fundamental TS

+Axmax
0
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[
X Y =X

max

Fig. 3. (a) 3D simulation of a 2-port PT on a large-area (diameter > w,[)
quartz membrane with w ~ 437 um, / ~ 874 um, and tq ~ 34 um excited
at the fundamental thickness-shear mode resonance frequency. The displace-
ment is confined between electrode pairs. (b) Cross-section of fundamental
thickness-shear mode at f; ~ 47.52 MHz.

Fig. 4. Equivalent circuit for the quartz 2-port PT. The dashed box indicates
elements that model the device and interconnect on the quartz blank. Other
elements are associated with the source (50 Q) and the load (Ry,, Cr).

mode around 47.52 MHz. The displacement forms a standing
wave within the quartz membrane between the electrodes. For
the desired fundamental mode, displacement is maximized at
the center of each electrode surface, approaching zero dis-
placement at the center of the membrane thickness and at the
electrode edges. A small, exponentially decaying displacement
at the electrode edges enables mechanical coupling between
adjacent resonators.

The equivalent circuit for the 2-port quartz PT is shown in
Fig. 4. Cy is equivalent to the parallel-plate capacitance across
each electrode pair; for a given f; defined by f,, Cy is set by the
area of each electrode pair. The remaining values in the equiv-
alent circuit are then defined by electromechanical coupling
factor, kgff, a material property affected by post-fabrication
conditions; by Q, which is determined post-fabrication and
impacts the resonator equivalent series resistance, R; and by
the mass-loaded f;, which may vary slightly between the two
monolithic pairs of electrodes.

The values of R, L, and C in Fig. 4 are defined by the shunt
capacitance Cy according to (1), series resonant frequency
fs» resonator quality factor O, and electromechanical coupling
coefficient kgﬁ as

. KR
ke 7 2
where f; and f, are the series and parallel resonant frequencies,
respectively. f; is set to the first order by

_0.001676

q

fs (m - MHz). 3)
The Q depends upon multiple damping mechanisms that
vary among devices, but its upper limit has been found to
track internal friction damping [20]. This dependence sets the
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Fig. 5. Block diagram of the ED-first WuRX architecture with a quartz
transformer used as the MN.

maximum Q to ~300,000 at 50 MHz and causes Q to decrease
with increasing frequency in a log-log linear relationship [21].
R, L, and C are then defined according to equations adapted
from [22], where the constants originally defined in C are
approximated in terms of kgﬁ for small k*> values where

k2ff
C=—2C 4
yen 0 4)
1 1 —k? 1
R — > eff — (5)
2nf,0Co K  w,0C
1 1-k% OR
- =2 (6)

L= ——s—r—>5
@rf)”Co ke Ws

The model also includes a small resistance, Ric., t0 account
for the metallization. The two resonators are coupled by
a mutual inductance L;, which is small (< L/100) and
experimentally determined but depends upon inter-resonator
coupling and, therefore, upon electrode pair spacing. Variation
of f. between the electrode pairs is reflected in the model
with equivalent series inductances L and L + AL. The load
impedance is represented by a parallel resistance, Ry, and
capacitance, Cr. Devices with this equivalent circuit exhibit
a trend where the voltage gain, V,,/V (referenced to a 50 Q
source), varies inversely proportional to the electrical quality
factor of the load impedance, i.e., Qelecload = WRLCL.

In contrast with prior work where quartz TS-mode resonator
designs were tailored primarily to preclude spurious modes,
this work optimizes the quartz PT design to maximize the
voltage gain. Each electrode has an aspect ratio (AR) of 2,
roughly consistent with previously shown values, to maximize
voltage gain in a 2-port PT [13]. The full pattern has two
electrode pairs with AR ~ 1, chosen to minimize energy
loss [23]. The electrode is sized to match the capacitance
Co, which produces the maximal voltage gain and WuRX
sensitivity based on optimization with the ED.

ITI. WAKE-UP RADIO SYSTEM DESIGN

Due to the high Qs, using a quartz transformer in a
WuRX input MN provides: 1) significant narrowband filtering,
2) high passive gain, thus increasing the sensitivity due to
the additional gain at RF, and 3) improved interference rejec-
tion from the narrowband filtering. However, this puts strict
constraints on the receiver’s input impedance to not degrade
the resonator’s performance. To satisfy the input impedance
requirements while maintaining nW-level power consumption,
an ED-first architecture was chosen, as shown in Fig 5.

A wideband, passive rectifier was selected to minimize
power while maintaining moderate sensitivity. The ED’s wide-
band behavior means the frequency selectivity is determined
entirely by the transformer, allowing flexibility by changing
transformers.

A. Envelope Detector

Downconversion from RF to baseband is performed by
squaring the incoming on-off keyed (OOK)-modulated signal
in the ED, with some conversion gain. Passive EDs have lower
conversion gain (kgp) than active EDs but eliminate the 1/f
noise by removing the dc bias current. This becomes critical
when optimizing the sensitivity at low RF front-end gains. It
has been shown that the system noise and SNR at the quantizer
input are dominated by the noise generated by the baseband —
specifically, the noise from the ED [24]. As a result, we chose
a pseudo-balun Dickson ED to double the kgp, compared to
a single-ended implementation, by rectifying the positive and
negative phases of the incoming RF signal [13].

The quartz MEMS-ED interface was optimized with respect
to the MN gain to maximize the sensitivity of the WuRX. The
key tradeoff is the ED input impedance (the load the MEMS
sees at its output), which changes with the number of stages in
the ED, N. Looking into the input of the ED, the capacitances
and channel resistances contributed by the diode-connected
transistors of each stage are in parallel, resulting in lower input
resistance and higher input capacitance. In addition, kgp scales
linearly with N. The gain of a 2-port quartz MEMS is related
to the quality factor of the load by

1 1 1

AV Av,unloaded

)

9
Qelec,load

where Ay is the passive gain of the MEMS, A, ynioaded 1S the
unloaded voltage gain of the MEMS, and Qgjec j0ad 1S the O of
the load presented by the ED. From (7), the highest passive
gain will occur when the ED has the highest Qcjec 10ad, Which
typically occurs with the smallest ED due to having the highest
input impedance compared to EDs with larger N. However,
the smallest ED will also result in the lowest conversion gain,
creating a tradeoff where increasing N results in lower Qgjec load
and lower Ay but increasing N results in higher kgp, suggesting
that there is some optimum point between Ay and kgp, which
results in maximum sensitivity.

To fully characterize the effect of ED N, we designed mul-
tiple EDs out of low-threshold voltage devices with varying
N from 4 to 32. The diodes were sized to maximize their
channel resistance while maintaining a 66 Hz bandwidth.
In addition, it is advantageous to keep the devices small to
minimize parasitic gate capacitances and prevent capacitive
division of the input RF signal going into the ED. We found
that minimum-length devices with the width scaled to meet
the bandwidth requirement provided high input impedance
and low parasitic capacitance. The ED circuit-level simulation
results were imported into MATLAB and simulated with a
numerical model of the 2-port quartz MEMS based on the
model discussed in Section II. The effect of the ED on
the passive gain, MEMS Q, and system sensitivity was then
calculated for various N.
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Fig. 7. Schematic of the 6-stage pseudo-balun Dickson rectifier.

From system-level simulations, we found that the point of
optimal sensitivity occurs when N = 6 and for Cy = 550 fF
(see Fig. 6). A schematic of the 6-stage rectifier in Fig. 7 shows
the final ED design with annotated device sizes, resulting in
a simulated input impedance above 3 MQ || 150 fF to not
de-Q the transformer. The optimized ED achieves a maximum
theoretical sensitivity of =72 dBm with a high input impedance
while maintaining the target bandwidth of 66 Hz.

B. Baseband Signal Processing

The baseband signal path contains a baseband amplifier,
a comparator with a programmable threshold, and a digi-
tal back-end. The baseband amplifier is implemented with
a fully-differential current-reuse amplifier [24]. A common-
mode feedback loop wraps around the baseband amplifier and
the ED to set the input dc common-mode voltage so that
the ED can be dc-coupled to the amplifier and avoid large
ac-coupling capacitors at the ED output [24]. The baseband
amplifier output is autozeroed to remove the dc offset from
the baseband amplifier and ED (due to mismatch in the
pseudo-balun structure) while also removing the amplifier’s
low-frequency 1/f noise. The amplifier outputs are digitized
by a dual-tail comparator with an adjustable threshold set by a
digitally programmable capacitive DAC. The comparator uses
an early reset clocking scheme to shut itself off once a decision
has been made and the output has been latched to reduce power
consumption [25]. The design is similar to [24], but this work
monolithically integrates everything on the same chip instead
of a heterogenous approach (180 nm and 65 nm CMOS die).

(a) (b)

Quartz

Fig. 8. Photograph of the WuRX (a) PCB with quartz MN and (b) CMOS
die micrograph annotated with key components.

C. Digital Back-End

The comparator output is shifted into a 36-bit digital
correlator that computes the Hamming distance between the
received data and a stored code. The wake-up code length is
18 bits, and the incoming received data is oversampled by 2x
to overcome phase asynchronicity between the received data
and the baseband clock generated by the on-chip relaxation
oscillator. A wake-up event is declared when the Hamming
distance crosses a programmable threshold. This correlator
allows for some tolerance to bit errors and trades off the false
alarm rate (FAR) with the missed detection rate (MDR). An
on-chip oscillator clocks the correlator, baseband amplifier,
and comparator at 66 Hz, resulting in a baseband bit rate of
33 bps [26].

IV. MEASUREMENT RESULTS

The CMOS die has an area of 4 mm? and was implemented
using TSMC 65 nm technology. The die was wire-bonded
directly to a printed circuit board (PCB) using chip-on-board
packaging, as shown in Fig. 8. The MN was implemented on
a separate PCB with castellated edges for ground and the ED
input with an SMA input connector to facilitate swapping out
different designs. The transformer input signal and two ground
pads were bonded to the PCB using Loctite Ablestik 84-1LMI
conductive epoxy (Henkel Adhesive Technologies, Rocky Hill,
CT), which provides mechanically rigid electrical connections
at those points. The castellated quartz PCB was soldered to the
ground plane on the WuRX PCB and positioned to minimize
the distance between the quartz output pad and the ED input.
The transformer output pad was directly wire-bonded to the
WuRX ED input to reduce the parasitic capacitance that loads
the transformer.

A. Quartz Transformer Measurements

To validate quartz performance models, we characterized
a representative standalone transformer (w = 508 um, [ =
889 um, AR = 1.5, and Cy =~ 450 fF) before measuring the
full system performance. Although this design is not identical
to the geometry used in integrated tests, the AR and C differ
by less than 20%. Post-fabrication performance variations will
exist even between devices with identical layouts, as discussed
in [13]. In this setup, the quartz output pad is not bonded to
the PCB, but rather, micromanipulator probes on a stage are
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Fig. 9. 1-port measurements of a ~50 MHz quartz transformer showing

(a) S 11 magnitude vs. frequency with the output shorted, (b) input impedance
magnitude vs. frequency with the output shorted, and (c) S; magnitude vs.
frequency with the output floating.

landed directly on the pad to measure the voltage and apply
a variable load impedance (> 1 MQ). For §|; measurements,
the output node may be shorted to ground, left floating, or
loaded with a Picoprobe 12C or the ED.

The device exhibits two coupled resonances. Because the
two coupled resonators are not perfectly matched (JAL|), the
two peaks have unequal impedance matching and voltage
gain. Figure 9(a,b) shows the measured S;; vs. frequency and
impedance vs. frequency responses, respectively, of a high-
gain quartz transformer when the output is grounded (Z;, = 0).
The data is de-embedded by subtracting the admittance of
the parasitic capacitance associated with each SMA connec-
tor, Cp =~ 1.45 pF, and the trace resistances (i.e., 2Ryace)-
The input impedance minimum represents the device’s series
resistance at each resonance. The §; vs. frequency response
for the case where the output is left floating in Fig. 9(c)
approximately matches the Si; observed at high-impedance
loads. This measurement indicates that after integration with
the ED, optimal impedance matching with a 50 Q antenna
is achieved by operating at the lower-frequency resonance
(49.7024 MHz). However, the higher-frequency resonance
(49.7732 MHz) has a slightly higher voltage gain. These
discrepancies are consistent across most similarly fabricated
quartz PTs and are attributed to systemic variation in the
electrode patterning process.

This device’s measured voltage gain vs. frequency response
is shown in Fig. 10. The gain was measured around the
higher-frequency resonance to showcase the best device-level
performance. The gain was measured using a Picoprobe 12C
active probe with an input impedance of 1 MQ || 100 fF. This
load pulls the resonance from 49.722 MHz, observed in Fig. 9,
to fi =~ 49.763 MHz. These measurements demonstrate a
resonant voltage gain of 29.7 V/V (29.4 dB), referenced to the
50 Q signal source. Notably, the two peaks have similar gain

35 T T

N N [}
o (3, o

Gain [VIV]
o

49.76 49.765
Frequency [MHz]

Fig. 10. Measured voltage gain vs. frequency response of a ~50-MHz quartz
transformer. Voltage gain is measured using the Picoprobe 12C active probe.

TABLE I
MEASURED GAIN AND Q VS. PROBE IMPEDANCE

Probe(s) fe Nominal Load Impedance Voltage Gain (0]
[MHz] R||C Ref. to 50 Q
Not de-embedded

R[MQ]| C [fF] \ Oetectoad | [V/V] | [dB]
19C  49.770 - 20 - 100 40.0 76000
19C+34A 49.763 10 120 375 58.0 31.1 49500
34A  49.765 10 100 313 42.5 29.0 39000
19C+12C 49.761 1 120 38 31.1 353 30600
12C  49.763 1 100 31 29.7 29.5 27700

vs. frequency responses and gain vs. Q scaling, so these results
are also representative of the gain response when operating at
the lower-frequency resonance, except that the gain will be
slightly decreased.

The voltage gain can be measured similarly using active
probes with various high input impedances. The quartz input
signal is sourced by an SMBV100A vector signal generator
(Rohde & Schwarz GmbH, Munich, Germany) with ultra-low
phase noise. Table I lists the resonant voltage gain and the Q
of the gain vs. frequency response for several load impedances
presented by combinations of active probes. Each impedance
is realized using a Picoprobe 19C, 12C, or 34A active probe
(GGB Industries, Naples, FL) or two probes simultaneously to
add their impedances in parallel. The electrical quality factor
is calculated as Qejec10ad = 1/wWRC. The Picoprobe 19C, which
has a very high R and presents the maximum Qgjec joad, T€SUILS
in a maximum voltage gain of ~100 V/V (40.0 dB). From
there, gain and Q decrease with decreasing Qcjec10ad, Ordered
from the top to the bottom of Table I based on the nominal
R and C. These data suggest that for these load impedances,
which are representative of the loads seen by WuRX front
ends, the voltage gain is limited by Qgjec10ad Tather than Cp.

It is important to measure the R and C of each probe to
ensure that the voltage gain is achievable at a given load
impedance. Although it is difficult to accurately extract the
high R values from network analyzer measurements, S;
measurements of probe input capacitance show that the 19C
and 12C probes have C =~ 60 fF and 150 fF, respectively.
Figure 11 shows the measured gain versus 1/Qejec10ad With the

Authorized licensed use limited to: Univ of Calif San Diego. Downloaded on October 03,2025 at 15:53:21 UTC from IEEE Xplore. Restrictions apply.



ROSENBERG et al.: 27-nW WAKE-UP RECEIVER WITH A QUARTZ TRANSFORMER MATCHING NETWORK 617

120 T T T T T T T

— Expected
10 B Measured | -

Gain [VIV]

0.02 0.025 0.03 0.035

o [MHz]

0.015
1Q

elec,loa

0.01

0 0.005

0.04

Fig. 11. Measured voltage gain vs. 1/Qclecload- Measured values, shown as
discrete points, match with expected values based on the scaling law when
the voltage gain is Qelec load limited.

19C and 12C active probes, where Qcjecload 1S €stimated using
the measured probe C and nominal R reported in the datasheet.
Measured values are consistent with the expectation that the
maximum voltage scales according to (7); however, in practice,
the gain, when loaded by the ED, will also depend on Cj.

To enable high sensitivity in an integrated WuRX test, a
quartz transformer must have high voltage gain (referenced to
50 Q) at load impedances similar to those in an integrated
WuRX system. The results in Table I and Fig. 10 establish
that high voltage gain is achievable at load impedances similar
to the input impedance of an ED, seen at the input of
a WuRX front end. Therefore, the WuRX circuit in this
work is integrated with a similar 50 MHz quartz trans-
former, where Cy =~ 376 fF is set for optimal matching
with the circuit input, as described in Section III-A. The
device is operated at the lower-frequency resonance to achieve
improved impedance matching with the source, consistent
with Fig. 9(c). The Picoprobe 12C has an input impedance
of 1 M Q || 180 fF, which results in a lower-frequency
voltage gain peak at 49.7435 MHz, with a gain of ~28.0 dB
and QO = 19,060. Therefore, at the anticipated ED input
impedance of 3.86 MQ || 293 fF, the expected voltage gain is
~27.2 dB after integration.

B. WuRX With Integrated MEMS Filter Measurements

The power consumption of the WuRX was measured using a
B2912A (Keysight, Santa Rosa, CA) source measurement unit
to be 27 nW from a 0.6 V supply, of which 12 nW is consumed
by the baseband amplifier, 6 nW from the comparator, 7 nW
from the oscillator, and 2 nW from the digital back-end. For
the subsequent measurements, RF signals were applied using
a Keysight E8267D pattern signal generator modulated by a
Keysight TrueForm 33622A arbitrary waveform generator. The
RF signal generator was connected to the SMA connector at
the quartz input.

Loaded by the WuRX ED input, the resonant frequency of
the MEMS shifts, and as a result, the WuRX carrier frequency
shifts. This was accounted for by measuring the S; of the
full system after the quartz was wire-bonded. The comparator
threshold was set to just above the level where the noise

Clock '
Comparator E
|
E Wake-Up
Correlator : 540 ms latenc Detected!
I I -l

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time [s]

Fig. 12. Measured transient plot of key WuRX signals.

10° T . : = .
o<
= [
~ - -
g ~ |
e 10 ~ |
c N
S N I
=
S Ll °\ | -71.9 dBm ]
3 10 N | Sensitivity
[=] AN
® 3 N
8 MDR = 10° \—'K
S10% —— - - — - - = = == = - — ==
I\
| AN
B R S S S B
.74 735 .73 .72.5 .72 71.5 71

RF Power [dBm]

Fig. 13. Measured MDR of the WuRX. The sensitivity is —71.9 dBm, defined
as when the error rate is less than 1073,

triggered the comparator to maximize the sensitivity. The RF
carrier was modulated with a 33 bps OOK signal to transmit
the wake-up code to the WuRX with a 540 ms latency, as
shown in Fig. 12. Sensitivity was characterized by measuring
the MDR with the WuRX configured to maintain a FAR of
less than 1/hr. The WuRX system has an ED-first sensitivity
(no quartz at the input) of —45 dBm. Voltage gain at RF
provided by the quartz adds directly to the ED-first sensitivity,
resulting in a theoretical sensitivity of =72 dBm. The measured
sensitivity of the WuRX was —71.9 dBm when the MDR is
1073, closely matching the estimated sensitivity, as shown in
Fig. 13.

The SIR was measured by sending the wake-up code at
3 dB above the minimum sensitivity (i.e., —69 dBm) while
also applying a CW jammer and sweeping the frequency
offset between the jammer and the carrier. The jammer power
was adjusted until the measured MDR was 1073. Without the
quartz, the ED-First WuRX has no frequency selectivity, which
would result in interference being demodulated to baseband
and saturating the baseband signal path. With the quartz
transformer, the SIR was measured to be better than —46 dB at
400 kHz offset and better than —33 dB at 500 kHz offset due
to a MEMS spur, as shown in Fig. 14. The peak at 150 kHz is
due to the second resonant peak of the quartz and the peak at
500 kHz is due to quartz spurs. The quartz provides RF gain at
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Fig. 14. (a) Measured SIR out to 20 MHz offset capturing the wideband
roll-off of the LC filter front end with a Q of 10. (b) Measured SIR out to
1 MHz offset, demonstrating much sharper filtering due to the higher loaded
Q of 16,000.

the spur and second resonant frequencies, degrading the SIR
at these frequencies. The SIR of a 50 MHz LC MN with the
WuRX was also measured for comparison. The LC MN uses
an LCL T-network with L; = 300 nH (CoilCraft 2222SQ-301),
C =12 pF, L, = 11.5 uH (series combination of CoilCraft
1812CS-822 and CoilCraft 1812CS-332). The overall Q of
the LC filter was limited to 10, which resulted in much wider
bandwidth, as shown in Fig. 14. With the LC filter, the SIR is
worse than —20 dB even at a 20 MHz offset in direct contrast
to the quartz transformer that is better than —40 dB at this
point.

To demonstrate the need for SIR in a practical deployment
scenario, the WuRX was tested outdoors near a radio and
TV transmitter. Figure 15 shows an aerial view and a block
diagram of an outdoor test. The antennas were spaced 100 m
apart and elevated ~1.5 m off the ground. The transmit and
receive antenna gains were 0 and —2 dB, respectively. Two
WuRX systems were tested for comparison: one with an LC
MN and one utilizing the reported quartz transformer-based
MN. The sensitivity of both devices was measured to be nearly
identical. The TX power required to wake up the WuRX was
calculated to be 18 dBm based on a path loss estimate for
an obstructed environment and a loss exponent of 4. Only the
WuRX with the quartz MN consistently detected the wake-up
signal during the test. Using a spectrum analyzer connected to
the receive antenna, we noticed that a nearby radio station at

Receive

Transmit

-30F Nearby Radio
Station

Power [dBm]

Y
0 50 100 150
(a) (b) Frequency [MHz]

Fig. 15. (a) Setup of the outdoor demo with the transmitter and receiver placed
310 ft apart. (b) Spectrum recorded from the receiver during the outdoor demo.

100 MHz resulted in a —22 dBm signal at the receiver input,
saturating the WuRX with the LC MN. However, the quartz
MN device had sufficient RF filtering to reject the jammer and
wake up consistently, demonstrating the improved interference
rejection provided by the quartz front end.

V. DISCUSSION AND CONCLUDING REMARKS

Typical LC-based MNs, especially at low frequencies, are
limited by the inductor’s Q, resulting in wider bandwidths and
lower passive gain than their MEMS counterparts. A WuRX
front end that leverages any MEMS technology will generally
have a sharper frequency response, leading to a higher inter-
ference rejection than LC-based matching networks, as shown
by the limited work on WuRXs with MEMS-based front
ends [27], [28]. The interference rejection of these designs
is often limited by other elements in a hybrid front end MN
architecture. In contrast, this work’s front end architecture
achieves sufficient impedance matching with the antenna and
readout circuit using only a MEMS transformer, meaning that
the interference rejection is not impacted by other components
in the front end. Furthermore, the quartz PT design in this
work offers extremely high out-of-band rejection compared
with other MEMS approaches. Because of the low loss tangent
of quartz, there is minimal resistive leakage between the
input and output electrodes off-resonance. Compared with the
1-port transformer designs used in prior work, where coupling
capacitance C( is observed between the input and output
nodes, the 2-port quartz PT design in this work decouples
Cy from input-output capacitance, which remains very low
(« Cy). Future work is required to precisely measure the
impacts of loss tangent, device geometry, and 1-port vs.
2-port architecture on interference rejection.

The measured SIR (see Fig. 14) is asymmetric due to
spurious modes in the quartz resonators. In sufficiently large
quartz TS-mode resonators, inharmonic overtone modes arise
when the electrode size allows multiple peaks in displacement
spatially distributed over the electrode area [19], creating
spurious resonances at a small frequency increment (< f;)
above the fundamental mode. We simulated this resonator
using COMSOL and confirmed that the quartz PT electrode
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TABLE I
COMPARISON OF SUB-100-NANOWATT WAKE-UP RECEIVERS
JSSC’18 JSSC*20 JSSC*20 TCAS-I"25 SSCL’19 T-MTT’19 JMEMS’19 This
[5] [24] [6] [30] [16] [17] [27] Work
Architecture ED-First ED-First ED-First ED-First TRF ED-First ED-First ED-First
Technology [nm] 180 65/180 65 65 65 130 180 65
RF Frequency [MHz] 113.5 9,000 450.8 900 428.3 457 53.15 50
Modulation OOK OOK OOK OOK OOK OOK OOK OOK
Supply Voltage [V] 0.4 0.4 0.54 0.6/0.9 0.75 NR 0.75/0.8 0.6
Off-Chip MEMS (MN) +
L L L None* MEMS + L MEMS + L
Components C C C one S+LC S+LC SCS (ED) MEMS
MN Type LC* LC LC None* LC AIN+LC LN Quartz
Passive Gain [dB] 25 13.5 26 29.6° 20 16 28 27
Power [nW] 4.5 7.3 40 33.7 33 7 38.8 27
Latency [ms] 110 540 110 12 5,000 NR NR 540
Sensitivity [dBm] -69 -64 -80.9 -684 -106 -544 -40.2¢ =72
CW SIR [dB] -15@5MHz | -20 @ 1 GHz [-29.7 @ 3 MHz| -33 @ 3 MHz |-16 @ 500 kHz NR NR -46 @ 400 kHz
(@ % offset) (4.4%) (11%)° (0.67%) (0.3%) (0.1%) (0.8%)
* Antenna-ED direct interface and co-design ®Lumped and distributed elements ¢ Not Q-enhanced gain
4 BER sensitivity ¢ AM jammer SIR
+Axmax 10 F
O Mixer-Based
or x X Detector-First
10F X
10 « X x x
0 @ -20f X% o X0
o o
(b) A N @ “30F 13 dB better SIR o *
z for similar power! (o]
Y A This work
X —AX
max 50k ] o
00x lower power o
for similar SIR!
Fig. 16. (a) 3D simulation of 2-port PT in a large-area (diameter > w, L) -60 L L L ]
quartz membrane with w ~ 437 um, | ~ 874 um, and fy ~ 34 um, excited 10 1072 10° 102 104
at the 1% inharmonic overtone of the fundamental thickness-shear mode res- Power [ W]

onance. (b) Cross-section of inharmonic overtone mode at f; =~
showing three spatially distributed peaks in the displacement.

48.35 MHz,

geometry supports at least one inharmonic overtone mode,
w131 ~ 48.35 MHz, with 3 displacement peaks in one cavity
dimension, around 700 kHz above the fundamental resonance,
as shown in Fig. 16. This result is reasonably consistent with
the roughly 500 kHz frequency difference observed between
the two modes visible as peaks in Fig. 11, given that the
frequency difference depends upon post-fabrication quartz
thickness and electrode metal thickness.

The electrodes may be designed within or near previously
established area and AR restrictions in future quartz PTs [19],
[29]. These restrictions were established to ensure that the low-
est overtone mode frequency wi3; is above the cutoff frequency
we of the electroded area and is not physically supported. In
contrast, this work chooses these values only to maximize
voltage gain. One promising measure to push w;3; closer to
or above the cutoff frequency w, is to decrease the electrode
metal layer thickness. Doing so will not impact Cy, but the
need to avoid significantly increasing Ry, and decreasing the
observed Q of the quartz device will impose a lower limit on
metal thickness. Future designs could alternatively decrease
[ so that AR =1.26 (consistent with the AR derived in [29]

Fig. 17. Survey of current state-of-the-art ultra-low power receivers and SIR.

for minimal anharmonics), placing wi3; close to or above we.
Changing the design in this work accordingly would decrease
Cy to around 324 fF. Based on Fig. 5, the resulting system-
level sensitivity would decrease by only 1.5 dB. Future work
must determine the need for this performance tradeoff based on
the application and its requirements for interference rejection
at offset around +500 kHz.

Future work will also enable the quartz WuRX front end to
operate at higher frequencies. Although the quartz will have
a lower maximum unloaded Q as the fundamental frequency
increases [20], this effect is expected to decrease the maximum
WuRX sensitivity at a given Cy by less than 10 dB, main-
taining usable performance within a frequency range relevant
for numerous radio applications. The primary challenge is
improving patterning yield as resonator frequency increases
and electrode dimensions decrease. Numerous lithographic
patterning techniques may be used to achieve the required
resolution (< 25 um) with a higher yield than in the custom
commercial process used in this work.

Overall, this work has significantly improved interference
rejection by incorporating quartz transformers into the MN,

Authorized licensed use limited to: Univ of Calif San Diego. Downloaded on October 03,2025 at 15:53:21 UTC from IEEE Xplore. Restrictions apply.



620 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 34, NO. 5, OCTOBER 2025

achieving the best SIR for an ED-first receiver while main-
taining nW-level power. A plot of prior art SIR versus power
dissipation is shown in Fig. 17, and a comparison of overall
performance to other sub-100 nW receivers is shown in
Table II. This work is the first WuRX integrated with quartz
MEMS and demonstrates the best reported SIR for sub-
100 nW wake-up receivers. Compared to prior art, this work
achieves 13 dB better SIR [30]. Achieving a similar SIR
without a MEMS transformer would necessitate expending
nearly 100x higher power [31]. This work demonstrates
that a quartz MEMS MN can improve the tradeoff between
power and interference rejection by providing high-Q filtering
without additional active power or degrading sensitivity.
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