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Abstract—This article presents a miniaturized wake-up
receiver (WuRX) that is temperature-compensated yet still
consumes only 22.3 nW (7.3 nW excluding the temperature-
compensation blocks) while operating at 9 GHz (X-band).
By moving the carrier frequency to 9 GHz and designing a high
impedance, passive envelope detector (ED), the transformer size
is reduced to 0.02 cm? while still achieving 13.5 dB of passive
RF voltage gain. To further reduce the area, a global common-
mode feedback (CMFB) technique is utilized across the ED and
baseband (BB) amplifier that eliminates the need for off-chip
ac-coupling components. Multiple temperature-compensation
techniques are proposed to maintain constant bandwidth of
the signal path and constant clock frequency. The WuRX was
implemented in 65- (RF) and 180-nm (BB) CMOS and achieves
—69.5- and —64-dBm sensitivity with and without an antenna,
respectively. Importantly, the sensitivity is demonstrated to vary
by only 3 dB from —10 to 40 °C. This article demonstrates state-
of-the-art performance for WuRXs operating at >1 GHz while
achieving the smallest area and best temperature insensitivity.

Index Terms—Near-zero power, temperature compensation,
wake-up receivers (WuRXs), X-band.

I. INTRODUCTION

ANY emerging Internet-of-Things (IoT) devices

require persistent operation, yet they wirelessly com-
municate very infrequently in an event-driven manner. Rather
than using conventional wake-on radios that require peri-
odic and energy-expensive turn-on synchronization routines
(despite there being no data to relay), wake-up receivers
(WuRXs) offer a low-power way to continuously monitor
the spectrum for pre-specified asynchronous wake-up signa-
tures [1, p. 1371, [2]-[6].
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Fig. 1. Block diagram of (a) conventional ac-coupled WuRX and (b) proposed
WuRX.

Since a WuRX is always on, its power consumption often
dominates the total average power consumption of an IoT
device, and therefore, it must be minimized. However, this
should not come with a compromise in sensitivity because if
the sensitivity of the WuRX is less than that of the “main”
radio that is being woken up, achievable network deployment
distances will be compromised. Thus, power and sensitivity are
the two most important metrics for a WuRX [4]. Recent work
has shown that a direct envelope detector (ED)-based receiver
architecture with a high passive voltage gain impedance trans-
former, as shown in Fig. 1(a), can, along with relaxed wake-up
latency, yield remarkably high sensitivity at nanowatt power
levels. For example, sensitivities of —76 dBm at 7.6 nW [6],
—80.5 dBm at 6.1 nW [7], and —79.1 dBm at 0.42 nW [5]
have recently been reported.

At such low power levels, the battery volume may not be
the limiting factor in overall device miniaturization. Instead,
the size of the antenna, transformer, and other off-chip com-
ponents often dominate, especially in size-conscious applica-
tions (e.g., surveillance and tracking). For example, achieving
0.7-dBi peak gain at 433 MHz requires a 50 x 100 mm?
patch antenna [8], which alone is on the same size as a 1.5-V,
90-mAh printed battery (72 x 60 mm?) [9]. The area of the
impedance matching network (MN) at such frequencies also
occupies a significant area (e.g., >6 cm? in [7]). To make
matters worse, such designs typically ac-couple the ED output
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to the baseband (BB) amplifier to ease biasing and thus require
either off-chip nF-size capacitors or suffer from ac-coupling
distortion due to the low data rate (<1 kb/s) [5], [9], [7].

Since achieving such low power levels typically requires
low-voltage and/or subthreshold operation, such designs are
usually quite sensitive to temperature variation; even a few
degrees of temperature variation can adversely affect the
performance of several key blocks, leading to unacceptable
sensitivity degradation. Unlike conventional “main” radios,
which derive frequency references from temperature-stabilized
crystals and can support the power overhead of temperature
compensation of RF and analog circuits, it is not straightfor-
ward to compensate nanowatt-level WuRXs without significant
power overhead.

To minimize area and impart temperature-robust operation
without a large compromise in power or sensitivity, this article
presents a WuRX operating at X-band, as shown in Fig. 1(b).
The design utilizes a pseudo-balun passive ED with high
input impedance at 9 GHz to facilitate the design of a
small microstrip line transformer with 13.5 dB of passive
voltage gain at 9 GHz. To eliminate off-chip ac-coupling,
a replica ED and autozeroing (AZ) BB amplifier with a global
common-mode feedback (CMFB) loop are proposed. Temper-
ature robustness is achieved using temperature-compensation
techniques applied to the ED, BB amplifier, and relaxation
oscillator to maintain a constant signal bandwidth. The pro-
posed WuRX is implemented in a heterogeneous stack of 65-
and 180-nm CMOS directly mounted on a PCB with a custom
antenna and microstrip line transformer. The entire design,
including the antenna, fits within 4.55 cm?.

This rest of this article is organized as follows. The system
requirements and architecture are presented in Section II.
Section III presents the RF design and Section IV describes the
BB circuits. Section V presents the temperature-compensation
techniques, followed by measurement results in Section VII.
Section VIII concludes this article.

II. SYSTEM DESIGN CONSIDERATIONS

A. Carrier Frequency and Architecture Selection

Recent WuRX work has greatly benefited from the com-
bination of a passive direct ED architecture coupled to a
passive impedance transformation network enabling high-
voltage gain with zero power [see Fig. 1(a)]. By operating at
sub-500 MHz (e.g., 109 MHz in [7] and 434 MHz in [5]),
high-voltage gain (>23 dB), and therefore high sensitivity
(better than —79 dBm), was achieved. However, the impedance
transformer in such designs requires large, off-chip, high-Q
inductors for high parallel resistance. For instance, a
1320-nH inductor and a 50-nH inductor were used in
the 109- and 434-MHz designs, respectively. More impor-
tantly, the area of antennas that efficiently operate at
these frequencies can be extremely large, for exam-
ple, as the nominal size of patch and loop antennas,
scales quadratically with the carrier wavelength [11, p. 95].
Thus, the MN and the antenna consume >50 mm?
in such prior work, preventing use in area-constrained
applications.
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Fig. 2. MN voltage gain and component size versus carrier frequency.

Operating at higher frequencies (e.g., 2.4 GHz) can enable a
dramatic area reduction, for example, down to <2 cm? in [12],
at the expense of reduced sensitivity (—61.5 dBm) due to
low antenna and MN gains. Alternatively, ultrasound can also
enable miniaturization, but requires custom transducers that
are not compatible with existing radios [13], [14]. Further-
more, ultrasound is easily blocked by obstacles and thus only
suitable for short-range applications.

To enable miniaturization, this design targets X-band oper-
ation. Compared to other adjacent bands, such as C-, Ku-, and
Ka-bands, the X-band (9 GHz) has high link availability and
is virtually weatherproof due to the low rate of atmospheric
attenuation. Moreover, it is reserved exclusively for govern-
ment users, and thus there is less interference, which relaxes
the requirement on interference rejection [15]. However, any
RF active amplification or local oscillator (LO) generation
at such frequency would consume several milliwatts—10°x
larger than the nanowatt target. As such, a direct ED architec-
ture is the only suitable architecture. A passive ED was chosen
over an active or self-mixing architecture due to its higher
input impedance, higher conversion gain, and 1/f noise-
free nature. To maximize conversion gain, the pseudo-balun
passive ED architecture first described in [7] is employed, with
modifications, as discussed in Section IV.

B. RF Circuit Design Challenges

Moving to higher frequency reduces the size of the antenna
and MN, as shown in Fig. 2. However, this comes with a
tradeoff in the achievable passive gain. According to recent
literature, the passive voltage gain scales monotonically with
frequency, from 30.6 dB at 109 MHz to 2 and 3 dB at
5.8 GHz [11], [12]. Since the direct-ED WuRX sensitivity
is typically limited by the BB noise [18], every dB lost in
the MN gain directly reduces the sensitivity. This indicates
that simply moving a prior design from 109 MHz to 9 GHz
would lose ~30 dB in sensitivity, which is unacceptable. Thus,
the first challenge is to break the trend shown earlier and
maintain high passive gain while moving to X-band. This
requires the co-design of a high-impedance ED and a high-Q
MN at 9 GHz to maximize the RF and conversion gain, which
will be discussed in Section III-B.
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Fig. 3. (a) Simulated waveform output when fc/data rate is 0.01 and simu-
lated maximum SNR loss versus (b) fc/data rate and (c) code length.

C. BB Circuit Design Challenges

As described in [7], after fixing the architecture and fre-
quency, the only design parameter that can be traded for
sensitivity is latency. With 20-dBm output power from a
transmitter, better than —65-dBm sensitivity is required to
achieve a reasonable coverage range (~50 m). To achieve
this sensitivity, a low WuRX data rate (33.3 b/s), a low BB
bandwidth (33.3 Hz), and a long code sequence (18 bit)
are chosen. This results in a latency of 540 ms, which is
acceptable in many, though not all, low-average throughput
IoT applications.

However, the low data rate and the long code sequence
impose a challenge on the conventional ac-coupled BB ampli-
fier [Fig. 1(a)]. Prior work used either nF off-chip capaci-
tors [7] or a 20-pF on-chip capacitor but incurred an SNR
penalty [5]. While the RF components (i.e. antenna and
MN) scale with the carrier frequency, the BB ac-coupling
capacitors are unchanged and only implementable with lumped
components (see Fig. 2).

Fig. 3(a) shows the effect on the signal distortion due to
the ac-coupling. When a signal passes through the high-pass
filter, its dc level shifts toward the bias voltage gradually,
which manifests as a distortion. Since the comparator threshold
voltage is preset to achieve the required false-alarm rate and
is constant during the sequence, the signal amplitude with
respect to the threshold voltage decreases with each “1” bit.
The minimum signal amplitude (i.e. the maximum SNR loss)
happens at the end of the last “1” bit. This distortion depends
on the filter corner frequency f. and the code (sequence and
length). For example, consider the code consisting of repeating
“10” for simplicity. The maximum SNR loss is plotted against
fc normalized to the data rate and code length in Fig. 3(b)
and (c), respectively. The plots show that the distortion is more
serious when lower data rates and longer code sequences are
used assuming a fixed f.. To bound the distortion to less than
1 dB, f. must be <0.001x data rate. A similar conclusion
has been drawn in [19, p. 183]. Thus, the 33.3-b/s data rate
needs f. < 33.3 mHz, which is not possible to reasonably
implement on-chip.
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Fig. 4. 9-GHz patch antenna layout.

To address this challenge, dc-coupling should be used
between the ED and BB amplifiers. However, this leads to
issues around biasing (i.e. the preceding stage sets the follow-
ing stage’s operating point) and offset. Section IV proposes an
ED-amplifier co-design scheme where a global CMFB, an AZ
network, and a replica ED are used to address this collectively.

III. RF CIRCUIT DESIGN
A. Antenna

A patch antenna is a popular choice at high frequency
due to its low cost, high gain, and small form factor that is
compatible with a PCB design. They also have a relatively nar-
row bandwidth, which is beneficial for interference resilience,
though in some cases, the bandwidth is so narrow that lining
up the antenna’s frequency with the desired frequency band
and the MN can be difficult. To slightly ease this constraint,
the proposed design employs a conventional patch antenna
next to a pair of parasitic patches, as shown in Fig. 4, which
extends the matching bandwidth from 3% to 5%. The main
patch is 9 x 8.4 mm? and feeds the following impedance
transformer via a grounded coplanar waveguide (GCPW). The
simulated antenna gain is 5.5 dB.

B. Transformer and Pseudo-Balun ED Co-Design

Prior sub-gigahertz WuRXs utilize discrete components
(inductors and/or MEMS resonators) to implement the MNs
due to their high Q (>100). However, these high-Q passives
become inaccessible as the carrier frequency increases. This
design instead uses distributed components and a bond wire
in the arrangement shown in Fig. 5 to form a transformer. The
T-shaped inductor network (L1, L», and Lyopg) 1S equivalent
to a pair of coupled inductors. No additional capacitance is
used to avoid extra loss. The ground inductance is carefully
modeled by Lgng, as it can significantly affect the performance
at 9 GHz. Specifically, Lgng limits the highest operation
frequency since it creates a transmission zero at

1

Jrgnd = s——F——=
27/ LgndCin
where Cj, is the ED input capacitance. As shown later, Cj, is

estimated to be 115 fF, and thus, f; ¢gnq should be >15 GHz
so as to not impair the voltage gain at 9 GHz. Thus, Lgng

(1
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Fig. 5. (a) Schematic of the 9-GHz transformer. (b) Layout of the transformer.
(c) Matching procedure.

must be <0.74 nH. Several approaches are utilized to reduce
Lgng below this value. First, instead of using microstrip line to
connect the transformer, a GCPW is used. Thus, the ground is
a continuous plane, which reduces Lgnq. Second, four ground
pads are down-bonded to the ground paddle beneath the chip to
minimize the wirebond inductance, though it should be noted
that the mutual inductance limits this technique from further
improvement. Third, a thin substrate with a via array is used
to connect the top and bottom grounds. Note that there is a
tradeoff here as too thin of a substrate results in low Q for the
distributed inductors, which reduces the voltage gain. In this
article, a 20-mil Rogers 4003C substrate is used to meet both
gain and Lgng requirements. These techniques reduce Lgnd
from 1 to 0.2 nH.

The transformer voltage gain Ay is defined as the ratio
between the ED input voltage, Vi,, and the transformer input
voltage and can also be expressed as 2 x Vi, over the signal
source voltage, Vs, when the transformer is matched to the
50-Q source impedance [see Fig. 5(a)]. Ay is primarily limited
by the effective parallel resistance of the secondary side
transformer. To maximize this resistance, a bond wire inductor
is used as the second stage since it has the highest Q (~100) at
this frequency. The bond wire length is estimated to be 1.8 mm
with an inductance of 1.8 nH. Fig. 5(b) shows the transformer
layout. Inductors L; (0.3 nH) and L» (0.35 nH) are realized
by short stubs that directly connect to the input port and top
ground, respectively. The high-Q transformer occupies only
0.02 cm>—300x smaller than prior work [7]. Fig. 5(c) shows
the impedance matching contour from the high-impedance ED
to the 50-Q antenna on a Smith chart.

The passive ED is arranged in a pseudo-balun topology to
perform single-ended to differential conversion and improve
the conversion gain by 2x (1.5-dB sensitivity improvement)
compared with a single-ended version for a given input capac-
itance [7]. Since the ED input capacitance directly affects
the transformer performance, it needs to be minimized to
maximize both Lyond (for maximum Av) and f; gng (to avoid
the transmission zero). On the other hand, the ED k factor,
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which sets its conversion gain for a given input amplitude,
is proportional to the number of stages N and therefore
proportional to the ED’s Cj,. This imposes a direct tradeoff.
In this article, N was chosen to optimize the overall sensitivity
by balancing the ED conversion gain, transformer gain (limited
by increased capacitance with more stages), and ED noise,
as shown in Fig. 6. By applying the SNR-oriented optimization
method proposed in [7], the normalized SNR is calculated to
be 0.264, 0.353, and 0.235 for N = 2, 4, and 8, respectively.
Thus, an optimal design with N = 4 stages was chosen,
resulting in Ay = 19 dB and an ED k factor of ~200 V~!.
Compared with prior art operating at 5.8 GHz with an active
ED that consumed 25.2 ¢W [16], the RF front-end and passive
ED, in this article, achieves 3-dB better conversion gain with
no power consumption and no 1/f noise.

IV. BASEBAND CIRCUIT DESIGN
A. Baseband Amplifier

Due to the lack of sufficient RF amplification prior to
demodulation by a passive-gain-based ED-first architecture,
sensitivity is not typically determined by RF noise, but rather
by BB noise from the ED and BB amplifier [18]. In this
article, a BB amplifier with a low (<1 dB) noise figure (NF) is
required to maximize the sensitivity. The BB amplifier must
also have low input capacitance and high input impedance
(>10 GQ) since the ED output impedance is proportional
to its input impedance (>100 MQ). Fortunately, linearity is
generally not an issue in WuRXs that utilize binary modulation
[e.g., on-off keying (OOK)].

The core BB amplifier is implemented using a single-
stage current-reuse inverter-based amplifier with a local CMFB
circuit that sets the NMOS transistor source bias by sensing
its output CM voltage [see Fig. 7(a)]. Due to the 2x current
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reuse, the core amplifier is designed to have a 0.4-dB NF while
only consuming 3.2 nW. To remove the ac-coupling capacitors,
a global CMFB around the ED is proposed to properly bias the
BB amplifier. This is accomplished by driving the CM node
of the pseudo-balun ED, Vcemep, with an auxiliary amplifier.
The auxiliary amplifier closes the loop by sensing the tail node
voltage from the core amplifier, as shown in Fig. 7(b). Thus,
by adjusting VcomEgep. the dc-coupled current-reuse amplifier
is biased to the desired operating point and is insensitive to
process, voltage, and temperature (PVT) variation.

However, this architecture is sensitive to the dc offsets
of the ED and the BB amplifier. Specifically, the pseudo-
balun architecture has a systematic offset that can overload
the comparator, which would desensitize the WuRX without
special design consideration. Fig. 8 shows this issue where the
positive branch 8x forward-biased diode-connected NMOS
transistors are connected in series with the BB amplifier’s
input resistance Rj,. In contrast, the negative branch con-
sists of 8x reverse-biased diodes in series with Rj,. The
forward- and reverse-biased diodes have different channel
resistances, which results in a non-zero ED offset voltage
between Vgp, and Vgp,. Unfortunately, the diode resistance
is a function of bulk bias voltage Vuux and temperature,
as shown in Fig. 8(b) and (c), respectively. Based on the
simulation, the offset voltage varies from 10 to 500 ¢V, which
is significantly larger than the minimum detectable signal
at the ED output. Due to the bias voltage and temperature
dependence, the offset is difficult to calibrate out. Furthermore,
the core BB amplifier can easily yield >1-mV input-referred
offset due to device mismatch, even with large transistors
(>50 um?) and careful layout. For these reasons, careful
considerations are required to enable robust operation over
PVT variation.

B. Autozeroing Network

Rather than degrading the ED input impedance with chop-
ping at the RF input, an output-sampled AZ network and
a replica ED architecture are proposed. Fig. 9(a) shows the
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VED offset 9

schematic of the proposed scheme. All the ED bulks are tied
together, and the replica ED is matched to the signal path ED
through common layout techniques; thus, they should generate
the same dc output voltage (i.e. VEpp,n = VEDp,n,replica). The
signal path ED (blue) connects to the RF input via small,
on-chip, RF ac-coupling capacitors, whereas the replica ED
(purple) does not connect to the RF input. Thus, the only
signal content exists at VgEpp,,. An on-chip 10-pF capacitor is
placed between the outputs of the replica ED to bandlimit the
noise without affecting the CM loop stability.

The AZ network shown in Fig. 9 works as follows. During
the AZ phase, S> and S3 are closed, whereas S1 and S are
open. The replica ED offset Vgp offset and the amplifier error
oaMmp, specifically 1/f noise and offset, are amplified by gain
A and sampled on C, with respect to the CM voltage Vcowm.
During the amplification phase, S> and S3 are open, whereas
S1 and Sy are closed. The ED output and offset along with
the amplifier error are amplified and sampled onto C; (= C2)
with respect to Voum. The voltage stored on C» is in series and
thus subtracted, thereby removing the ED offset, amplifier 1/f
noise, and amplifier offset. Folding of wideband white noise is
a typical drawback of AZ since the amplifier has a bandwidth
that is greater than the sampling frequency, fs [20]. There
are two noise sources in this design that could potentially
fold: the ED and the amplifier noise. The ED noise folding
is solved by bandlimiting it to the data rate and employing
2x oversampling. The amplifier noise folding is inevitable
since the signal path is on for only half of the period and the
amplifier bandwidth needs to be 2x higher than the equivalent
continuous-time amplifier. Consequently, a minimum of 2x
noise folding is expected. An explicit sampling capacitor C
is added to the amplifier output during the amplification phase
to limit the noise bandwidth. In the AZ phase, C; is floating
and does not load the amplifier. With C; = C3, the amplifier
bandwidth during each phase is the same, both 2x higher
than the data rate, and thus the minimum 2x noise folding is
achieved. Simulation shows ~7x lower noise by adding C;
compared to not having it.
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With the low supply voltage (Vpp = 0.4 V), the switches
in the AZ network require extra attention. The input switches
(S1 and S») are driven by a clock booster that generates
2Vpp to reduce the ON-resistance and thus their noise power
spectral density (PSD). On the other hand, the leakage of the
output switches is more important, and thus minimum size
transistors with the nominal Vpp are used. Simulation shows
that all switches contribute <3% of the total noise and switch
imperfections (i.e. charge injection, clock feedthrough, and
leakage) having minimal effect on the amplifier performance
across mismatch and PVT variation.

The switched-capacitor operation and large input Miller
capacitance of the BB amplifier can lead to an unaccept-
ably low input resistance (~2.4 GQ) that loads the ED.
To solve this, neutralization capacitors are connected between
the amplifier input and output, thus canceling the input Miller
capacitance. The neutralization capacitors are implemented
with half-sized input transistors for matching. Simulation
shows that the input resistance increases to 28 G€, which
is >50x the ED output resistance.

C. Common-Mode Feedback

As a differential, de-coupled system, the ED and BB ampli-
fiers require a CMFB network to operate correctly. This is
accomplished in the proposed design via a global CMFB loop
that senses the amplifier tail node Viuj (shown in Fig. 7) and
compares it with a replica bias circuit, which is implemented
the same as the core amplifier, though in this case shorting
the input and output and scaling the current by 8x to reduce
power consumption [see Fig. 10(a)]. The diode-connected
architecture ensures proper operating points with self-bias and
adjust Viil,rer dynamically to accommodate PVT variation.
This approach, coupled with the AZ network described earlier,
makes dc coupling between the ED and BB amplifier possible.

However, there is a potential start-up issue with this global
CMFB loop due to the CM input voltage of the inverter-
based core amplifier. Since M> works as a source follower
in the global CMFB during normal operation and the CMFB
amplifier provides a 180° phase shift at dc, the loop gain is
nominally negative. However, there exists an inverting path
via M3 and M», which forms a positive feedback loop. During
start-up, node A in Fig. 10(b) stays near ground, while node B
is charged to Vpp quickly through M and M>. Thus, M3 is in
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(d) Start-up transient simulation.

sub-threshold saturation and M is in triode. The inverting path
can overpower the non-inverting path and prevent the amplifier
from starting up successfully. To remedy this, a compensation
capacitor C is added between Vcym and Vpp. This serves two
purposes—it sets the dominant pole of the CMFB loop and it
pulls up node A to Vpp during start-up, which drives M3 into
triode and kills the inverting path gain.

Fig. 11 shows the simulated BB amplifier gain. As expected,
a sinc-shaped foldover component appears after enabling the
AZ [20]. Fortunately, this is not an issue since the ED output
is bandlimited to eliminate the noise aliasing. The total input-
referred integrated noise drops from 8.1 to 7.2 uV due to
the reduced 1/f noise [see Fig. 11(b)]. A 100-point Monte
Carlo simulation shows that the offset is attenuated by 50x
due to the AZ [see Fig. 11(c)]. The residue offset (<500 uV)
is due to switch mismatch and amplifier nonlinearity. Finally,
Fig. 11(d) shows that the circuit starts up properly after Voum
and node A are pulled up to Vpp.

D. Comparator, Correlator, and Oscillator

The sampled output of the BB amplifier is digitized by
a comparator, which serves as a 1-bit quantizer. A double-
tail dynamic comparator with threshold voltage tuning is
implemented [4]. Since the comparator noise and threshold
voltage are attenuated by the BB amplifier gain when referred
to the ED output, its noise and tuning step requirements are
greatly relaxed.

A self-timed co-clocking scheme is proposed in Fig. 12 to
coordinate the comparator and AZ amplifier. The comparator
fires after a half-cycle long amplification phase, then resets
the comparator, and starts the AZ phase immediately after
the comparison is done. This avoids comparator metastability
while ensuring maximum time for both phases, which mini-
mizes settling error. It also reduces the comparator power by
~30% by turning off the comparator early and preserving the
charge on the dynamic preamplifier integration capacitors [4].
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A 36-b digital correlator implemented with custom digital
cells for minimum leakage current processes the incoming data
at the comparator output. Prior work has demonstrated that it
can effectively overcome transmitter asynchronization with a
2x oversampling rate [2], [6], [7], [15].

The AZ amplifier, comparator, and correlator are clocked
by an RC relaxation oscillator with an on-chip resistor and
capacitor. A similar architecture proposed to the one shown
in [22] is implemented. It has sub-100 ppm/°C temperature
stability and ~1-nW power consumption.

V. TEMPERATURE COMPENSATION TECHNIQUES

Prior-art nanowatt-level WuRXs were not temperature-
compensated, yet the implemented architectures have obvious
places where temperature variation can adversely affect the
performance. For example, without proper compensation, tem-
perature variation can affect the proposed system performance
in the following ways.

1) If the clock frequency deviates from the nominal 2 x data
rate, it is possible that the received sequence could be
greater or less than 36 bits, which reduces the ability of
the correlator to accurately identify the correct sequence.

2) If the RF or conversion gain drops, the ED and the BB
amplifier NFs increase.

3) If the ED or BB amplifier bandwidth drifts too low,
this could introduce settling errors and inter-symbol
interference, whereas if they drift higher, this leads to
excess noise.

All these effects lead to sensitivity degradation. It should be
noted that the gain of the BB amplifier also depends on the
temperature; however, as long as the BB gain does not fall
below 12 dB, there is minimal degradation in SNR and thus
not a compelling reason to compensate it over PVT. Thus,
for a WuRX system to operate robustly across temperature
variation, the following blocks must be compensated for
their temperature dependences: the relaxation oscillator, the
RF/conversion gain, the ED bandwidth, and the BB amplifier
bandwidth.

A. Relaxation Oscillator

To avoid the missing bit or redundant bit, the accumulated
frequency error over 36 cycles needs to be less than 1-bit
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length. Thus, the oscillator frequency must have
36 36 1
fosc fnominal fosc

where fosc is the oscillator frequency and fhominal 1S the nom-
inal clock frequency, which is equal to 2x data rate. By solv-
ing (2), the oscillator frequency error must be < +1/36, i.e.
+2.77%. This can be easily achieved with the relaxation
oscillator in Section IV-E, which ensures < £1% frequency
error across temperature after a one-point trim.

<

)

B. RF/Conversion Gain

The passive RF gain does not exhibit significant temperature
dependence since it is comprised of passive elements that
themselves do not have large temperature coefficients (TCs).
Thus, no explicit compensation is required. However, the ED
k factor depends on the sub-threshold slope factor, n, and the
thermal voltage Vr [10]

ko N 1 1\ 1 3)
0’ -—— =)=

n 2)Vr
Simulation shows that the k factor changes by 25% from
—10 to 40 °C, which corresponds to a sensitivity loss of
only 1.2 dB. This was deemed to be acceptable, in part because

the relatively low loss, and further compensation would incur
a significant power penalty.

C. ED Temperature Stabilization via a CTAT Bulk Bias

The ED bandwidth exhibits a strong temperature depen-
dence and must be compensated. The proposed solution is
straightforward; since the ED output bandwidth is set by its
output impedance, the bandwidth can be fixed by directly
adjusting the output impedance via a bulk-biasing technique.
Specifically, for the diode-connected transistors of the ED
shown in Section III, the diode channel resistance rq is
temperature dependent because of the threshold voltage, which
is given by

7 VsB
40r

where Vi, is the threshold voltage for zero substrate bias, y is
the body effect parameter, Vsp is the source-to-body substrate
bias, and @r is half surface potential. This approximation
is valid given |Vsg| < [20p| &~ 0.7 V. To compensate the
complementary-to-absolute-temperature (CTAT) Vi, and the
proportional-to-absolute temperature (PTAT) 20r, Vsp needs
to be PTAT as well to keep V; and rg constant. Based on the
simulation for the 65-nm CMOS process, a +10-mV/C change
compensates the threshold voltage change.

To accomplish this, the bulk voltage of the ED’s tran-
sistors is fed by a CTAT voltage to generate the desired
PTAT Vsg. Fig. 13 shows the schematic of the CTAT bulk
voltage generator, which consists of a PTAT three-transistor
temperature-sensing element and a PTAT-to-CTAT amplifier.
The PTAT element is similar to the work in [23] and [24]
and generates a 1.2-mV/C PTAT voltage. The PTAT element
is biased between Vpp and —Vpp, which is generated by an
on-chip charge pump [2], to provide a negative output voltage

Ve = Vig+7 (V1205 Vssl— 1206l ~ Vio+ )
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Fig. 13.  Schematic of the ED bulk bias circuit.

covering —10 to 40 °C range. The PTAT voltage is converted
to CTAT and the slope is corrected to cover the 500-mV
difference in Vsp required for the range from —10 to 40 °C.
Programmable resistors provide a tunable multiplication ratio
to overcome process variation. Note that the multiplication
ratio is independent of the resistor’s TC. The entire ED
compensation block consumes 11.8 nW at 20 °C.

D. BB Amplifier Temperature-Stabilization via a
Constant-Current Bias

The BB amplifier’s bandwidth also exhibits a strong tem-
perature dependence. As shown previously, the BB amplifier
is loaded by 10-pF MIM capacitors, which exhibits almost
no temperature sensitivity. As a result, the temperature depen-
dence of the bandwidth is dominated by the change of the
amplifier output resistance

BWamp o 1/ramp o Alamp (5

where ramp and Iamp are the output resistance and bias
current of the BB amplifier, respectively, and 4 is the channel
length modulation parameter. It has been shown that 4 exhibits
no significant temperature variation, which means that if the
amplifier bias current is constant, so would its bandwidth [20].

A regulated Beta-multiplier is employed to generate a
temperature-insensitive current. As shown in [22], the bias
resistor TC should be ~1/300 (i.e. 3333 ppm/K) when com-
pensating the system in the vicinity of 300 K. This led to
choosing to implement the biasing resistor as a P+ polysili-
cided resistor with a TC of ~2880 ppm/K, which is close
to the optimal value. The residue TC of the bias current
(~500 ppm/K in simulation) corresponds to a 2.5% variation
in BW over the range from —10 to 40 °C.

VI. MEASUREMENTS

The RF die (which contains the ED, CMFB, and BB ampli-
fier) was fabricated in a 65-nm CMOS process to minimize
ED parasitics, while the BB die (comparator, correlator, and
oscillator) was fabricated in a 180-nm CMOS process to
minimize leakage. The dies were stacked on top of each
other during assembly to save area, as shown in Fig. 14.
At room temperature, the system (excluding the temperature-
compensation blocks) consumes 7.3 nW operating from a
0.4-V supply, with most of the power (4.4 nW) devoted to the
BB amplifier for noise reasons. The temperature-compensation
blocks consume an additional 15 nW. To test the chips across
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temperature, they were placed in a temperature chamber
[see Fig. 15(a)], while the wireless link test was done at
room temperature by separating the horn transmitter 1.73 m
(56.3-dB loss) away from the receiver [see Fig. 15(b)].

As shown in Fig. 16, the patch antenna had a peak gain
of 5 dB, and < —10-dB S;; between 8.95 and 9.27 GHz,
covering the desired 9-GHz band. The gain had a zero at
9.7 GHz, which helps with out-of-band rejection. The MN’s
S11 was characterized over temperature (—10 to 40 °C) with no
significant change in center frequency or bandwidth, as shown
in Fig. 16(b). This suggests that both the bond wire inductor
QO and the ED input resistance are temperature-insensitive.
The MN’s gain was measured at the BB amplifier output
by de-embedding the ED and BB amplifier gain. The MN
alone showed a gain of 13.5 dB, which is lower than 19 dB
expected from simulations. This was caused by lower than
expected ED input resistance due to the substrate dielectric
losses, as confirmed post-layout extraction simulations using
EMX. The gain loss can be remedied by shielding the ED’s
RF input trace in future work.

The BB amplifier was characterized by applying an external
signal at its input and digitizing the output with an external
analog-to-digital converter (ADC) synchronized to the AZ
clock. The PSD was calculated based on a 1-h long mea-
surement. As shown in Fig. 17(a), the amplifier PSD was flat
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down to ~20 mHz due to the 1/f noise reduction of the AZ
operation. The PSD from both the ED and BB amplifier was
flat since the passive ED does not introduce any 1/f noise.
The tone at 6.6 Hz was due to intermodulation between the
66.6-Hz on-chip clock and the 60-Hz powerline interference,
which would be reduced in a battery-powered implementation.
The CM PSD is shown in Fig. 17(b), where it can be observed
that the CMFB loop bandwidth is ~4 Hz, set by the CMFB
amplifier output resistance and C,.

To illustrate the effectiveness of the offset-canceling capa-
bility, an external dc voltage was applied between the amplifier
replica inputs and signal inputs to mimic ED offset. As shown
in Fig. 18(a), the amplifier can tolerate +13-mV offset, which
is much greater than the actual ED offset, based on the
simulation. After connecting the ED and amplifier, the overall
offset was measured across temperature [see Fig. 18(b)]. Since
the offset is largely determined by random mismatch, four
chips were measured, and the results are consistent.

The performance of the temperature-compensation blocks
was characterized from —10 to 40 °C. The ED bulk
bias showed CTAT behavior with a —10-mV/°C TC [see
Fig. 19(a)], and the amplifier bias current was almost
temperature-insensitive with only a 2.6% change across the
temperature range [see Fig. 19(b)]. The relaxation oscillator
frequency dropped from 67.1 to 66.1 Hz, which is stable
enough to avoid a missing bit or redundant bit given the
540-ms sequence.

The overall BB bandwidth and integrated noise of the whole
system were both measured across temperature, as shown
in Fig. 20(a). The bandwidth was nearly constant between
0 and 30 °C due to the bias techniques applied to ED and
BB amplifier. The bandwidth dropped at —10 °C since the
amplifier PMOS tail transistor was at the edge of saturation,
resulting in less current. The bandwidth increased at 40 °C
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(b) with and without antenna at uncontrolled room temperature.

because the amplifier’s input transistors were at the edge of
saturation, thereby exhibiting lower output impedance. Both
could be overcome with a larger supply voltage, at the expense
of higher quiescent power. As expected, the integrated noise
slightly increased with the temperature [see Fig. 20(a)] since
the noise is mostly determined by the ED output integrated
noise, which is PTAT given a fixed ED output capacitance.
The combined MN gain, ED k factor (= A%,k), and amplifier
dc gain are plotted in Fig. 20(b). Across temperature, the gain
dropped by 29%, which matches the simulation. The amplifier
gain dropped by 6 dB because of the open-loop, uncompen-
sated architecture.

Fig. 21(a) shows the waterfall curves for the wake-up sig-
nature missed detection rate (MDR) over temperature without
the antenna. The system configurations (e.g., bias settings
and comparator threshold setting) were fixed during the tem-
perature sweep. Since the amplifier gain increases as the
temperature decreases, the comparator sees a larger signal and
noise amplitude at lower temperature. With a fixed threshold
voltage, the worst false alarm rate (FAR) happens at the
low temperature (—10 °C), while the worst MDR occurs at
high temperature (40 °C). This explains the shifting of the
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TABLE I
COMPARISON TO STATE-OF-THE-ART WURXS
[25] [6] [7] [5] [12] [15] [16]
ESSCIRC’17 JSSC’19 SSCL’18 ISSCC’19 RFIC’17 ISSCC’12 ASSCC’12 This Work
N-ZERO WuRX (<100 nW) GHz WuRX N-ZERO & GHz
RF frequency (MHz) 405 151.8 109 434.4 2,400 5,800 5,800 9,000
Technology 180 nm 130 nm 180 nm 65 nm 65 nm 130 nm 180 nm 65/180 nm
Power supply (V) 0.4 1/0.6 0.4 0.4 0.8/0.5/0.1 3 1/0.5 0.4
Correlator depth (bit) 32 8 36 22 32 32 16 36
Clock source Relax. osc. Ring osc. Relax. osc. Ring osc. Relax. osc. No No Relax. osc.
MN gain (dB) 18.5 27 30.6 23 N/A 3 2 13.5
Antenna gain (dB) N/A N/A N/A N/A N/A N/A N/A 5
Demodulator Pseudo-balun | Single-ended | Pseudo-balun | Single-ended | Cross-coupled | Pseudo diff. | Pseudo diff. Pseudo-balun
CG Dickson Dickson Dickson rectifier CG CG Dickson
BB Coupling type DC AC AC AC DC DC AC DC
Wau-latency (ms) 533 >80 180 110 12.8 1.14 0.16 540
Sensitivity (dBm) -63.8 -76 -80.5 -79.1 -61.5¢ -45 -50 -64/-69.5¢
Normalized R .
sensitivity* (dB) -70.2 -81.5 -84.2 -81.0 =71 -59.7 -69 -65.3/-70.8
Temperature Range (°C) N/A N/A N/A N/A N/A N/A N/A -10~40
Lumped components e MN’ e MN’ Le MN’ LC M Y, None LC MN LC MN None
capacitors capacitors capacitors resistor

Total area (cm?) >2.4 N/A >6 N/A 1.875¢ N/A N/A 0.14/4.5¢
Power (nW) 4.5 7.6 6.1 0.42 365 30,000 10,000 7.3%22.3
FoM® w/o TC (dB) -123.7 -132.7 -136.4 -148 -105.4¢ -73.2 -89.0 -116.7/-122.2¢
FoM" w/ TC (dB) N/A N/A N/A N/A N/A N/A N/A -111.9/-117.4¢

* Pgennom (dB)= Psext5log(latency). > Sensitivity-power-latency FoM (dB)= Psgxnom—10log(power/ImW). © Including antenna. ¢ Excluding temperature

compensation blocks.
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Fig. 22. Measured (a) transient waveform and (b) SIR versus frequency.

MDR curves over temperature. The worst case FAR is 0.08/h.
(one in a 12-h measurement at —10 °C). It should be noted
that the ~3-dB MDR shift matches with the 6-dB amplifier
gain reduction. Due to the ED squaring function, the RF
input signal needs to be 3 dB larger to have 6 dB higher
swing at the BB. Fig. 21(b) shows the MDR curve with the
antenna. Operating with the antenna had a 5.5-dB sensitivity
improvement compared to without the antenna (—69.5 versus
—64 dBm), which closely matches with the antenna gain
measurement result.

Fig. 22(a) shows the transient waveforms demonstrating a
wake-up event when the correct code is transmitted. A modu-
lated signal tone along with a pseudorandom binary sequence
(PRBS) modulated at a frequency offset Af to the center
frequency was used to test the WuRX performance under
interference. The input signal power was set to 1 dB higher
than the power where MDR = 1073 (i.e. at —68.5 dBm), and
the interferer power was swept until the MDR = 1073, The
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Fig. 23. Landscape of WuRXs.

signal-to-interferer ratio (SIR) versus interference frequency
is shown in Fig. 22(b). The notch at 9.7 GHz was due to the
zero in the antenna gain.

Table I summarizes the system performance and compares
it with prior art. The proposed design is the first-reported sub-
100-nW WuRX that operates at gigahertz frequencies. The
WuRX requires no off-chip lumped components and occupies
only 4.55 cm? of area, including the antenna. It is also the first
WuRX that employs temperature compensation and reports the
temperature stability.

Fig. 23 plots the figure of merit (FoM) from [4] of the
proposed WuRX alongside prior work versus carrier frequency.
There is a clear trend of FoM degradation at higher frequen-
cies, largely due to the reduced passive RF gain, while operat-
ing at 9 GHz, this article demonstrates an FoM (excluding the
temperature -compensation blocks) of —116.7 and —122.2 dB
without and with antenna, respectively, which is higher than
prior-art gigahertz-range WuRXs.
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VII. CONCLUSION

A 22.3-nW power, 9-GHz WuRX was designed for area-
constrained, ultra-low-power applications. By adaptively bias-
ing the ED with a CMFB loop around the BB amplifier, and
AZ the BB amplifier offset, the ac-coupling capacitors were
removed. These techniques avoid any off-chip BB components
while achieving narrow BB bandwidth to minimize noise. Due
to the offset-free architecture and temperature-compensated
blocks (ED, amplifier, and oscillator), this receiver perfor-
mance only degrades 3 dB over a 50 °C temperature range.
Due to the high ED input impedance, this article achieves a
state-of-the-art FOM compared to high frequency (>1 GHz)
WuRXs.
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