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ABSTRACT This paper presents a 433 MHz low-power receiver utilizing an N-path filter technique and
a self-frequency tracking mechanism. Without the front-end amplifier, the mixer-first architecture can
reduce power consumption significantly. A self-adjusted frequency tracking loop (SA-FTL) adjusts local
oscillator (LO) frequency to approach input RF frequency automatically, thereby enhancing conversion gain
and lowering return loss. The receiver, implemented in a 0.18 µm CMOS process, achieves a sensitivity of
−80 dBm at a bit error rate (BER) of 10−3 and a data rate of 10 kb/s, while consuming 152 µW from a 0.8V
voltage supply.

INDEX TERMS Frequency tracking loop, mixer first, N-path filter.

I. INTRODUCTION
Applications of wireless sensor networks (WSNs) are in
widespread use in a variety of fields, such as environmental
sensing, health care monitoring, and smart cities. These sen-
sor nodes are usually battery-powered and size-constrained.
For a wide-range deployment of wireless sensors, the large
numbers of relay elements or high transmitter power dis-
sipation significantly increase the cost and maintenance
efforts. The sensitivity of receivers is thus considered a key
for avoiding excessive transmitter power requirements for
long-distance data communication.

To date, several architectures have been proposed to solve
these problems. In [1]–[3], the schemes of direct envelope
detection introduced sub-µW scale receivers without a mixer
and oscillator in the architecture. However, the wide band-
width and high noise figure cause reduced sensitivity of about
−40 dBm. A super-heterodyne two-tone architecture was
introduced in [4] to improve sensitivity, and a two-tone signal
and envelope detector were used, creating a non-interfering
intermediate frequency (IF) signal and reducing the in-band
interference. The low IF receiver in [5]–[8] is similar to
the uncertain-IF architecture. The receiver can achieve much
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better sensitivity because of the use of the high-accuracy
oscillator and limited bandwidth. Additionally, to overcome
frequency drift due to variations in the temperature and sup-
ply voltage, a digitally controlled oscillator (DCO) with the
calibration of the duty-cycled phase-locked loop (DCPLL)
was used. It achieves a high sensitivity but is power-hungry.
The subsampling-based receivers in [9], [10] use a pre-
cise reference frequency lower than one-tenth of the tar-
geted RF to reduce local oscillator (LO) power dissipation.
The primary power consumption comes from the low-noise
amplifiers (LNAs) that are used to suppress the noise effects
at the following blocks, which enhances sensitivity.

Furthermore, the issue of interference tolerance should
be considered. When performing dense network operations,
the receivers are susceptible to interference from adjacent
channels. Therefore, the receivers must possess immunity
against adjacent interference while avoiding low overall
performance.

The uncertain-IF heterodyne receiver in [11]–[14] adopts
low-accuracy but power-efficient oscillators for frequency
conversion. At the same time, it removes the power overhead
attributed to phase-locked loops (PLLs). Furthermore, these
systems usually pair the passive high-Q filter with a particular
process, such as surface acoustic wave (SAW), bulk acous-
tic wave (BAW), or film bulk acoustic resonator (FBAR),
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FIGURE 1. Block diagram of a two-path mixer-first receiver with frequency tracking loop.

to provide proper channel filtering at RF and alleviate
the requirement for frequency calibration circuits. However,
the sensitivity of this scheme is limited by integrated noise
thanks to a wide IF bandwidth requirement caused by LO
uncertainty.

Therefore, to remove the inaccessible or customized off-
chip filter components, the mixer-first architecture was pro-
posed in [15]–[20]. These architectures usually adopt an
N-path filter for band selection, and the center frequency
is determined by the LO. In addition, the Q factor of the
N-path filter can also be defined by the load capacitance. The
work in [15] obviates the requirement for a high-Q frequency
reference by combining an LC oscillator with an off-chip
surface mount device (SMD) inductor (Q is about 25) and
a multi-stage high-Q N-path filter while maintaining high
sensitivity. The multi-stage filtering architecture increases
the complexity of frequency correction, and LO frequency
must be accurate enough to avoid filtering out the desired
signal.

To ease the requirement of the bulky SAWfilter and crystal
oscillator, this work presents a single-stage two-path filter
while increasing the load capacitance to achieve the same
filtering effect as the multi-stage architecture. Simultane-
ously, this work adopts a frequency tracking loop to adjust
frequency correction, directly and automatically following
the transmitter carrier signal. This work is designed for a
low-power wireless sensor node that monitors slowly chang-
ing environmental parameters such as temperature, humidity
and pressure.

The remainder of this paper is organized as follows.
Section II introduces the concept and system design of the
proposed architecture. The chip implementation and exper-
imental results are presented in Section III, and Section IV
briefly concludes the paper.

II. DESIGN OF MIXER-FIRST RECEIVER
A. SYSTEM ARCHITECTURE
Fig. 1 shows the architecture of the proposed design.
This receiver contains a two-path filter, front-end matching
network (FEMN), LC oscillator, frequency tracking loop,
IF band gain path, and on–off keying (OOK) demodulator.
The mixer down-converts the input signal to a baseband
signal for signal amplification and processing. A frequency
tracking loop detects any IF frequency error between the
targeted RF carrier and the LC oscillator. If the frequency
deviates from the desired frequency, which is determined by
the frequency selector, the feedback digital-to-analog con-
verter (DAC) controller continuously changes the varactor
voltage and adjusts the frequency of the LC oscillator. When
the frequency error is small enough, the frequency tracking
loop turns off. Then, the system enters the data acquisition
mode, where the data signal is amplified and extracted from
the received signal. The detailed design of each sub-circuit is
described in the following.

B. N-PATH FILTER
To avoid blocking of the receiver due to strong interfering
signals, a high-Q band-pass filter is always needed. Although
off-chip passive filters can satisfy the requirement of sup-
pressing out-of-band interference, these components also
increase the size and cost. An on-chip LC can be imple-
mented, but the Q factor of the inductor below 1 GHz is poor
(<10), and the inductor occupies a large chip area. Therefore,
an inductor-less tunable N-path filter based on periodically
time-variant networks was proposed [21]. The number of
filters, N, influences the power consumption and noise of the
receiver [22], [23]. In order to reduce the complexity of LO
signal distribution and the increased number of drive buffers,
an N-path filter with N = 2 is adopted in this work. The
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FIGURE 2. Two-path passive mixer model.

two-path passive mixer analysis is based on [15] and [22].
Fig. 2(a) shows the circuit model of a two-path passive mixer.
The RF input is modeled as a voltage source connected
with a source impedance Rs. The switch is modeled as an
ideal switch in series with an on-resistance Rsw. RIF and
CIF represent the load impedance of the following stage.
At the steady state, the linear time-variant (LTV) model can
be approximated as a linear time-invariant (LTI) model [23].
The virtual shunt resistance, Rsh,n, is expressed as detailed
in [24]:

Rsh,n =
2γ (Rs+Rsw)RIF

2 (Rs+Rsw)
(
n2 − γ

)
+ RIF

(
n2 − 2γ

) ,
n = 1, 3, 5 . . . (1)

where n is the nth LO harmonic. Rsh,n represents the input
impedance of the IF frequency near a multiple of the LO
frequency, and γ is scaling factor [22]. The two-path input
impedance of the LTI equivalent model in Fig. 2(b) can be
derived as

Zin = (nωLO + ωIF ) =
[
Rsw +

(
Rsh,n ||RIF ||

1
jnωIFCIF

)]
,

n = 1, 3, 5 . . . (2)

The conversion gain of the two-path filter at the input node
is expressed as

AV ,in
(
ωRF_in

)
=

Vin
(
ωRF_in

)
VRF

(
ωRF_in

) = Zin,fund
(
ωRF_in

)
Zin,fund

(
ωRF_in

)
+ Rs

(3)

At the output, the N-path filter performs the low-pass
function, which can be expressed as

|AV (ωIF )| =
Vin (ωIF )

Vin (ωLO ± ωIF )
=
VIF,p (ωIF )− VIF,n (ωIF )

Vin (ωLO ± ωIF )

=
AVo(

1+
(
ωIF
ωBW

)2) 1
2

FIGURE 3. The output voltage gain at the IF frequency of the two-path
filter.

FIGURE 4. The analysis of noise figure with the different Rsw/Rs ratios.

AVo =
8
π

(
RIF

2 (Rs+Rsw)+ RIF

)
ωBW =

2 (Rs+Rsw)+ RIF
2 (Rs+Rsw)RIFCIF

≈
1

2 (Rs+Rsw)CIF
(4)

where Av0 is the single-to-differential DC voltage gain, and
ωBW is the attenuated 3 dB bandwidth. The analytical results
are shown in Fig. 3. The noise figure (NF) of the two-path
passive mixer is derived as [15]

NF = 10log

 ∞∑
n=1,3,5...

2 (Rs+Rsw)
n2 (Rs−Rsw)

 (5)

From (5), when the ratio of Rsw/Rs is close to one,
NF increases largely. Fig. 4 depicts the results of NF versus
Rsw/Rs. The Rsw,min from [15] is defined as

Rsw = (1− 4γ )Rs ≈ 0.19Rs = Rsw,min (6)

The scaling factor γ of the mixer circuit can be derived
as 0.203 by using the linear time-varying (LTV) circuit
model [22]. Therefore, we set Rsw to be 9.5� for a conven-
tional Rs of 50�. Simultaneously, RIF is set to infinite (input
from an amplifier). To characterize the frequency response
versus load capacitance, CIF of 0.47 nF, 1 nF, and 2.2 nF,
respectively, are simulated. A bandpass function is created
by the up-conversion of the frequency response of LPF (CIF
and (Rs+Rsw)) to a center LO frequency. Previous equations
clarify that in order to get a much higher gain and the Q factor,
the Rsw should be small, and the CIF should be large. In (4),
the mixer-first architecture with an N-path filter characterizes
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FIGURE 5. The N-path filter and the front-end matching network.

the BPF frequency response generated at the RF input node.
The simulated results of the frequency response of a two-
path mixer-first architecture are shown in Fig. 3. The BPF
characteristics are centered on the LO frequency. The quality
factor (Q) can be defined as fLO/2fBW.

At CIF = 2.2 nF, a 3 dB attenuation at 1 MHz devia-
tion from the LO frequency is achieved. To improve the
voltage gain, the source impedance should be large enough.
This work adopts an FEMN to boost the source impedance.
Fig. 5 shows the schematic of the matching network. The
resonant frequency of the FEMN is derived as

ωC =

√
1

L1CT
=

√√√√ 1

L1
(

C1C2
C1+C2

) (7)

Also, the boosted impedance can be calculated by the
equation

Rboosted = RS

(
1+

C1

C2

)2

(8)

The components, C1 = 23pF, C2 = 16pF, L1 = 15nH, are
used in this design. FEMN provides impedance matching,
passive voltage gain, and input RF impedance enhancement.
The LO frequency is adjusted by a frequency tracking loop
to ensure the RF and LO frequencies are close enough to
improve conversion gain and signal filtering. After that, the IF
stage can be devised in the desired frequency range to provide
sufficient voltage gain to enhance sensitivity.

C. SELF-ADJUSTED FREQUENCY TRACKING LOOP (SA-FTL)
For attaining the benefits on interference tolerance and volt-
age gain of the N-path circuits, the input RF signal should be
sampled by an LO signal whose frequency approaches the RF
frequency. Most prior works require an accurate external ref-
erence frequency to operate the N-path circuit. However, such
architectures are unable to respond to the random frequency
changes of the RF input signal in time. Without frequency
tracking, the uncertainty of IF signal could be out of the band-
width of baseband amplifiers, resulting in gain degradation,
distortion, and low bit-error-rate (BER) in the communica-
tion. In this design, the intermediate frequency (IF) is com-
pared with the on-chip reference signal, and then the tracking
loop adjusted the LO frequency until the IF is within the
desired frequency range. Therefore, the frequency adjustment
mechanism on the N-path filter is necessary.

FIGURE 6. Self-Adjusted Frequency tracking loop (SA-FTL).

This work proposes a self-adjusted frequency tracking loop
(SA-FTL) to ensure the down-converted IF frequency within
the band-pass baseband amplifier bandwidth of 500 kHz
∼ 1 MHz. Fig. 6 shows the architecture of the frequency
tracking loop. The SA-FTL is composed of a ring oscilla-
tor with a frequency selector, phase detector, charge pump,
programmable divider, 4-bit up counter, and 4-bit DAC. The
programmable divider is applied for the clock of a 4-bit
up-counter and reducing the power consumption of the back-
end digital circuit. IF frequency (MID) first is compared
with a reference frequency of FTL (MID_REF) from the ring
oscillator. The frequency difference is detected by the PFD
and converted to a DC voltage using a charge pump. The
voltage determines whether it continues to adjust up/down
the frequency of LC oscillator by changing the bias voltage
to the varactor. The negative feedback loop ensures the LO
tracks the input RF frequency to improve the interference
rejection ratio (IRR).

Moreover, the operation of SA-FTL includes two modes:
frequency tracking mode and data acquisition mode. When
the IF carrier frequency fMID is larger than the reference
fMID_REF, the gate voltage of M1, VEN, decreases, and M1
thus turns on, enabling the programmable divider and 4-bit
counter. The 4-bit counter and DAC continuously update the
bias voltage to the varactor until the LO is close to the RF
frequency. Eventually, the IF carrier frequency fMID is smaller
than the reference IF carrier frequency, fMID_REF, and VEN
becomes high, inactivating the programmable divider and
4-bit counter. At that point, the frequency of the LC oscillator
is maintained, and the system enters the data acquisition
mode. The operation of the frequency tracking loop is shown
in Fig. 7. The relation between fRF and fLO is derived from (9)
and (10):

|fRF − fLO| = fIF = fMID ≤ fMID_REF (9)
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FIGURE 7. The methodology of frequency tracking in the SA-FTL.

FIGURE 8. Architecture of ring oscillator and frequency selector.

fRF ± fMID = fLO (10)

Thus, the frequency loop adjusts the VCO frequency
through the 4-bit DAC, and the VCO frequency continuously
changes until fMID ≤ fMID_REF. In Fig. 8, a five-stage ring
oscillator is chosen in the frequency tracking loop and creates
a 2 MHz reference signal. In order to alleviate the effects of
PVT variation in the ring oscillator and to adjust the appropri-
ate IF reference frequency MID_REF, the frequency selector
is employed. The frequency selector is added as a frequency
divider providing /2, /4, /8 frequency to overcome large fre-
quency deviations over the PVT variations. The MID_REF
signal decides the maximal frequency deviation between LO
and RF frequency.

D. IF BAND GAIN AND DEMODULATION PATHS
Following the N-path filter is the IF band gain path, which is
used to amplify the down-converted signal after the N-path
filter. Fig. 9 shows the architecture of the IF gain path.

In order to accommodate the different input power levels,
the IF chain consists of a differential pre-amplifier, variable
gain amplifier (VGA), a differential-to-single-ended ampli-
fier, and an envelope detector. The gain stages offer a more

than 90 dB voltage gain within the bandwidth of 100 kHz
while only consuming 40 µA. For high trans-conductance
efficiency (gm/id), the input transistors in the IF stage is sized
(40 µm/0.4 µm) and operates in the subthreshold region. The
pre-amplifier provides a gain of 15 dB.

The VGA is adapted to different input signal power levels
for avoiding signal saturation in a broad dynamic range.
Its architecture is shown in Fig. 9. The gain of the VGA
is controlled by a 3-bit (D0 ∼D2) binary-weighted capaci-
tor array in a range between CF/C0 and CF/ (C0+C1+C2).
In this design, the value of C0, C1 and C2 is 0.43 pF, 0.86 pF
and 1.72 pF, respectively. The voltage conversion gain of
two-stage VGAs is controlled by a 3-bit adjuster, D0 ∼D2,
offering a variable gain from 7 to 48 dB, and bandwidth from
100 kHz to 500 kHz. The final stage of the IF band gain
path is the differential signals to a single-ended converter that
provides an additional 34 dB voltage gain.

E. DATA ACQUISITION PATH WITH ENVELOPE DETECTOR
AND COMPARATOR
The blocks following the IF chain are the demodulation path
and the frequency tracking loop. In the demodulation path,
the Dickson charge pump [25] is used for envelope detection,
and a comparator converts the analog signal to the digital
pattern. Fig. 10 shows the architecture of the demodulation
path. The rectifier uses MOSFET as a diode.

The turn-on voltage of a diode-connected MOSFET is
almost equal to the threshold voltage (Vth) of a MOSFET.
When the input signal, VMID, is at the negative half cycle,
the current flows through M1 to charge the capacitor CC, and
the voltage of the CC bottom plate is −Vth. When VMID is
at the positive half cycle, the bottom plate voltage becomes
2VMID−Vth due to the fixed voltage difference between the
two plates of CC, and the resulting output voltage (ED_OUT)
is 2VMID−2Vth. An amplified waveform is generated at
ED_OUT, which is compared with COMP_REF. After pass-
ing through the inverter buffer, a series of data are generated
at Vo.

F. DIGITAL CONTROL LC OSCILLATOR
The LC oscillator controls the center frequency of the N-path
filter, causing the LO to track the targeted RF frequency.
The improvement of phase noise and frequency accuracy
from using an LC oscillator rather than a ring oscillator
reduces the reciprocal mixing effects of in-band interfer-
ers. Fig. 11 shows the architecture of the digital control
LC oscillator (LC-DCO) using a surface-mounted inductor.
At initial, the 5-bits coarse tuning capacitor bank digitally
controls LC-OSC to set LO frequency less than fMID_REF.
Then, the frequency tracking path controls the voltage of
the varactor, VAR. When the SA-FTL detects the input RF
frequency changes, the DAC updates VAR voltage for adjust-
ing LO frequency until frequency differences are smaller
than a 300 kHz offset. Fig. 12 shows the simulation results
of DAC-controlled oscillator frequency in each step. The
tracking range from 431.1 MHz to 434.5 MHz covers the
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FIGURE 9. IF band gain path.

FIGURE 10. Data acquisition path with envelope detector and comparator.

3dB attenuation bandwidth of two-path filter centered at
433 MHz. Fig. 13(a) shows the schematic of the PFD [26],
which compares the phases and frequencies of the reference
signal (MID_REF) and feedback signal (MID), and generates
UP and DN signals to control the CP. In order to reduce the
effects of the periodic glitch, additional digital logic gates are
added. Fig. 13(b) shows the schematic of the CP [27] and
LPF. The nonlinearity of the CP is mainly attributed to the
UP/DN current mismatch and dead zone phenomena [28],
[29]. Conventionally, the dead zone problem can be addressed
by adding the delay chain at the reset of the PFD.

Also, to alleviate the current mismatch problem, two tran-
sistors,M6 andM13, are employed in the CP. These transistors
compensate for the channel-length modulation effect of the
UP/DN current mirror dynamically via negative feedback.

The last part is used for IF carrier extraction. If the
power transistor (M1, Fig. 6) is still turned on, the counter

FIGURE 11. Digital control LC oscillator.

continuously counts the IF carrier to drive the 4-bit DAC
that controls the varactor voltage in the LC oscillator. Also,
a counter is added to avoid a random error due to the sudden
frequency change. Fig. 14 shows the architecture of the DAC.
The DAC is 4-bit, and its voltage range is from 10 mV to
580 mV. When the output of counter D3∼D0 is ‘‘0000,’’ the
oscillator frequency is the highest.

III. IMPLEMENTATION AND MEASUREMENT RESULTS
Fig. 15 shows the chip micrograph of the proposed receiver.
It consists of the low-drop output (LDO) regulator, the IF
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FIGURE 12. VCO frequency adjustment by variable DAC input.

FIGURE 13. (a) PFD (b) CP and LPF.

FIGURE 14. The 4-bit digital-to-analog converter (DAC) and its behavior.

band gain path, N-path filter, data acquisition path, LC oscil-
lator, and the frequency tracking loop. The chip was fabri-
cated in a 0.18 µm CMOS process, and the active core area,
including LDO, is 1.4mm2 (the active core area is 0.86mm2).
The chip is mounted and tested on the printed circuit board.
The measured |S11| of the FEMN is presented in Fig. 16(a),
where a 2.2 nF (CIF) off-chip SMD capacitor is chosen.
The design achieves |S11| of −15.29 dB at 433 MHz. When

FIGURE 15. Chip micrograph.

FIGURE 16. (a)S11; (b) the effect of the local oscillator (LO) offset on S11.

FIGURE 17. Measured time-domain response.

the LO frequency is far from the input RF frequency, |S11|
degrades. The effect of LO offset from the RF carrier on |S11|
is shown in Fig. 16(b).We set codes at the DAC input to set an
initial frequency of the LC VCO. From the measurement, at a
2.2MHz LO offset frequency from the center frequency, |S11|
increases from −15.8 dB to −8 dB. Therefore, frequency
tracking is necessary for improving power transfer and volt-
age gain. Fig. 17 shows the measured output waveform at
an input of −80 dBm 433 MHz data-modulated signal at a
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FIGURE 18. Measured LC digital control oscillator (LC-DCO) phase noise.

FIGURE 19. 5-bit coarse-tuning of LC-DCO.

FIGURE 20. Frequency vs. temperature of ROSC.

10 kbps data rate. The MID signal is measured through an
on-chip analog buffer. The oscillator frequency and phase
noise are measured by a spectrum analyzer. Fig. 18 shows the
phase noise measurement result of LC-DCO. At 433 MHz,
the measured phase noise is −112 dBc/Hz at 1 MHz offset.
The measured tunable frequency changes of the 5-bits capac-
itor bank are shown in Fig. 19. The tunable frequency range is
from 410.3 MHz to 493.5 MHz. Fig. 20 shows the measured
RO frequency deviations over temperature. The frequency
changes from 509.9 to 700.9 kHz in a temperature range
of 0∼100◦C. The ring oscillator is used to set the accuracy
between LO and RF frequency and in this frequency range,
the N-path mixer gain and filtering degrade insignificantly.

Fig. 21(a) shows the waveforms of the frequency tracking
loop. In the diagram, a programmable input RF frequency is
adjusted from 434 MHz to 431 MHz at a 1 MHz step. The

FIGURE 21. (a) The measured frequency tracking condition (b) FTL
response time measured by the digital code conversion.

DAC output codes are measured by a digital oscilloscope and
depicted in Fig. 21(b). The transitions of the digital codes
show the response time from ‘‘1000’’ to ‘‘1100’’ is less than
40 µs (the x-axis scale is 20.0 µs/div of the window and D4
is MSB). Fig. 22(a) shows the time-domain waveform of the
frequency calibration path under the condition that the IF fre-
quencyMID is larger thanMID_REF. The frequency detector
activates the power-gating transistor, and hence, the control
code of the DAC continuously changes to correct the LC
oscillator frequency. The spectrum (Fig. 22(b)) of frequency
tracking, recorded using ‘‘Max-hold’’ function, shows that
the LC oscillator continuously changes the operating fre-
quency until it approaches 434.38 MHz. Fig. 23(a) shows
the time-domain waveform of the frequency calibration path
under the condition that the IF frequency MID is less than
or equal to the reference frequency MID_REF. In this state,
the frequency detector turns off the power-gating transistor
and maintains the constant control code of the DAC. The fre-
quency tracking is performed automatically when frequency
deviation occurs. The output spectrum of the LC oscillator
is shown in Fig. 23(b). Fig. 24(a) shows the sensitivity of
the proposed receiver, which is measured at a modulated
input signal with the OOKPN9 pseudo-random bit sequences
(PRBS). The bit error rate (BER) is characterized by the
output waveform converted by the comparator. The measured
sensitivity is −80 dBm for 10 kbps and −78.5 dBm for
20 kbps at a BER of 10−3. As the data rate increases to
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FIGURE 22. (a) Time-domain (high-Z load) (b) frequency-domain at MID > MID_REF (tracking) (50� load).

FIGURE 23. (a) Time-domain (high-Z load) (b) frequency-domain at MID≤ MID_REF (locked) (50� load).

TABLE 1. Performance summary and comparisons.

20 kbps, the envelope detector limits the response due to
the constrained bandwidth and degrades the sensitivity by

1.5 dB. Fig. 24(b) shows the measured BER when the fre-
quency tracking loop locked and unlocked. Compared to the
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FIGURE 24. (a) BER (b) BER with FTL Locked and Unlocked.

FIGURE 25. Noise figure comparison of simulated and measured results.

FIGURE 26. Signal-to-interference ratio.

unlocked condition, the design at locked condition improves
the sensitivity by 15dB, which agrees with the gain improve-
ment by the N-path mixer. Fig. 25 shows the simulated

and measured noise figure. The measured noise figure is
25.8 dB at 970 kHz offset. The effect of flicker noise and
down-converted harmonics generated by the LO square clock
signal is folded on the spectrum. NF increases by 1.5 dB
at low IF because of the influence of flicker noise, and NF
degrades at high IF due to the bandwidth limits of the IF
gain stages. Fig. 26 shows the measured result of the signal-
to-interference ratio (SIR), the interference tolerance from the
signal. SIR of 5 dB means the signal needs to be larger than
interference by 5 dB for correct demodulation. When inter-
ference moves far from the RF signal frequency, the interfer-
ence is attenuated due to the band-pass characteristics of the
mixer-first architecture. The design achieves SIR of −24 dB
at a 3 MHz offset.

Table 1 summarizes the performance of the proposed
receiver and the comparison with the state-of-the-art. Com-
pared with other sub-GHz works, the proposed mixer-first
receiver achieves a good compromise between sensitivity and
power consumption.

IV. CONCLUSION
In this paper, a low-power mixer-first OOK with SA-FTL
receiver was proposed. With the use of an N-path filter and
automatic frequency tracking mechanism, the system can
achieve high sensitivity, low return loss, and high conversion
gain. The proposed 433 MHz receiver consumes 152 µW
from a supply of 0.8 V and achieves−80 dBm sensitivity at a
10 kb/s data rate with a BER of 10−3, a 15 dB improvement
by turning on the tracking loop. The SIR is −24 dB at a
3 MHz offset. The proposed receiver is designed for low
power consumption and low deployment density of wireless
sensor nodes in an Internet of Things application.

ACKNOWLEDGMENT
The chip fabrication is supported by the Taiwan Semiconduc-
tor Research Institute (TSRI).

REFERENCES
[1] N. E. Roberts and D. D. Wentzloff, ‘‘A 98 nW wake-up radio for wireless

body area networks,’’ in Proc. IEEE Radio Freq. Integr. Circuits Symp.,
Jun. 2012, pp. 373–376.

[2] S. Oh, N. E. Roberts, and D. D.Wentzloff, ‘‘A 116 nWmulti-band wake-up
receiver with 31-bit correlator and interference rejection,’’ in Proc. IEEE
Custom Integr. Circuits Conf., Sep. 2013, pp. 1–4.

[3] S. J. Marinkovic and E. M. Popovici, ‘‘Nano-power wireless wake-up
receiver with serial peripheral interface,’’ IEEE J. Sel. Areas Commun.,
vol. 29, no. 8, pp. 1641–1647, Sep. 2011.

[4] X. Huang, A. Ba, P. Harpe, G. Dolmans, H. De Groot, and J. Long,
‘‘A 915MHz 120µW-RX/900µW-TX envelope-detection transceiver with
20dB in-band interference tolerance,’’ in IEEE Int. Solid-State Circuits
Conf. (ISSCC) Dig. Tech. Papers, Feb. 2012, pp. 454–456.

[5] S. Drago, D. M. W. Leenaerts, F. Sebastiano, L. J. Breems,
K. A. A. Makinwa, and B. Nauta, ‘‘A 2.4 GHz 830 pJ/bit duty-cycled
wake-up receiver with −82 dBm sensitivity for crystal-less wireless
sensor nodes,’’ in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech.
Papers, Feb. 2010, pp. 224–225.

[6] M. Lont, D. Milosevic, A. H. M. van Roermund, and G. Dolmans, ‘‘Ultra-
low power FSK Wake-up receiver front-end for body area networks,’’ in
IEEE Radio Freq. Integr. Circuits Symp. Dig. Papers, Jun. 2011, pp. 1–4.

[7] J. Pandey, J. Shi, and B. Otis, ‘‘A 120 µW MICS/ISM-band FSK receiver
with a 44 µW low-power mode based on injection-locking and 9x fre-
quency multiplication,’’ in IEEE Int. Solid-State Circuits Conf. (ISSCC)
Dig. Tech. Papers, Feb. 2011, pp. 460–462.

94212 VOLUME 9, 2021



C.-Y. Wu et al.: 0.8V, 152 µW, 433 MHz Mixer-First Receiver with SA-FTL

[8] T. Abe, T. Morie, K. Satou, and D. Nomasaki, ‘‘An ultra-low-power 2-step
wake-up receiver for IEEE 802.15.4g wireless sensor networks,’’ in IEEE
Symp. VLSI Circuits Dig., Jun. 2014, pp. 1–2.

[9] X. Huang, S. Rampu, X. Wang, G. Dolmans, and H. de Groot,
‘‘A 2.4 GHz/915 MHz 51 µW wake-up receiver with offset and noise
suppression,’’ in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech.
Papers, Feb. 2011, pp. 222–223.

[10] S. Moazzeni, G. E. R. Cowan, and M. Sawan, ‘‘A 28 µW sub-sampling
based wake-up receiver with -70dBm sensitivity for 915 MHz ISM band
applications,’’ in Proc. IEEE Int. Symp. Circuits Syst. (ISCAS), May 2012,
pp. 2797–2800.

[11] N. M. Pletcher, S. Gambini, and J. Rabaey, ‘‘A 52 µW wake-up receiver
with -72 dBm sensitivity using an uncertain-IF architecture,’’ IEEE
J. Solid-State Circuits, vol. 44, no. 1, pp. 269–280, Jan. 2009.

[12] P. M. Nadeau, A. Paidimarri, P. P. Mercier, and A. P. Chandrakasan,
‘‘Multi-channel 180 pJ/b 2.4GHz FBAR-based receiver,’’ in IEEE Radio
Freq. Integr. Circuits Symp. Dig. Papers, Jun. 2012, pp. 381–384.

[13] C. Bryant and H. Sjöland, ‘‘A 2.45GHz, 50µWwake-up receiver front-end
with -88 dBm sensitivity and 250 kbps data rate,’’ in Proc. IEEE 40th Eur.
Solid-State Circuits Conf. (ESSCIRC), Sep. 2014, pp. 235–238.

[14] D. C. Daly and A. P. Chandrakasan, ‘‘An energy-efficient OOK transceiver
for wireless sensor networks,’’ IEEE J. Solid-State Circuits, vol. 42, no. 5,
pp. 1003–1011, May 2007.

[15] C. Salazar, A. Cathelin, A. Kaiser, and J. Rabaey, ‘‘A 2.4 GHz interferer-
resilient wake-up receiver using a dual-IFmulti-stageN-path architecture,’’
IEEE J. Solid-State Circuits, vol. 51, no. 9, pp. 2091–2105, Sep. 2016.

[16] B. W. Cook, A. Berny, A. Molnar, S. Lanzisera, and K. S. J. Pister,
‘‘Low-power 2.4-GHz transceiver with passive Rx front-end and 400-mV
supply,’’ IEEE J. Solid-State Circuits, vol. 41, no. 12, pp. 2757–2766,
Dec. 2006.

[17] C. Andrews and A. C. Molnar, ‘‘A passive-mixer-first receiver with base-
band controlled RF impedance matching, <6dB NF, and >27dBm wide-
band IIP3,’’ in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech.
Papers, Feb. 2010, pp. 46–47.

[18] M. C. M. Soer, E. A. M. Klumperink, Z. Ru, F. E. V. Vliet, and
B. Nauta, ‘‘A 0.2-to-2.0 GHz 65 nm CMOS receiver without LNA achiev-
ing >11dBm IIP3 and <6.5 dB NF,’’ in IEEE ISSCC Dig. Tech. Papers,
Feb. 2009, pp. 222–223.

[19] J. Im, H.-S. Kim, and D. D. Wentzloff, ‘‘A 335 µW -72 dBm receiver for
FSK back-channel embedded in 5.8 GHz Wi-Fi OFDM packets,’’ in IEEE
Radio Freq. Integr. Circuits Symp. Dig. Papers, Jun. 2017, pp. 176–179.

[20] H. C. Chen, M. Y. Yen, Q. X. Wu, K. J. Chang, and L. M. Wang, ‘‘Battery-
less transceiver prototype for medical implant in 0.18-µm CMOS tech-
nology,’’ IEEE Trans. Microw. Theory Techn., vol. 62, no. 1, pp. 137–147,
Jan. 2014.

[21] A. Ghaffari, E. A. M. Klumperink, M. C. M. Soer, and B. Nauta, ‘‘Tun-
able High-Q NPath band-pass filters: Modeling and verification,’’ IEEE
J. Solid-State Circuits, vol. 46, no. 5, pp. 998–1010, May 2011.

[22] C. Andrews andA. C.Molnar, ‘‘Implications of passivemixer transparency
for impedance matching and noise figure in passive mixer-first receivers,’’
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 57, no. 12, pp. 3092–3103,
Dec. 2010.

[23] M. C. M. Soer, E. A. M. Klumperink, P.-T. de Boer, F. E. van Vliet,
and B. Nauta, ‘‘Unified frequency-domain analysis of switched-series-RC
passive mixers and samplers,’’ IEEE Trans. Circuits Syst. I, Reg. Papers,
Reg. Papers, vol. 57, no. 10, pp. 2618–2631, Oct. 2010.

[24] C. Salazar, ‘‘Ultra-low power wake-up receivers using N-path
filtering techniques,’’ Ph.D. dissertation, Univ. Lille, Lille, France,
Mar. 2015. [Online]. Available: https://ieeexplore.ieee.org/stamp/stamp.
jsp?tp=&arnumber=7513457

[25] K. Kotani, A. Sasaki, and T. Ito, ‘‘High-efficiency differential-drive CMOS
rectifier for Uhf RFIDs,’’ IEEE J. Solid-State Circuits, vol. 44, no. 11,
pp. 3011–3018, Nov. 2009.

[26] P.-Y. Deng and J.-F. Kiang, ‘‘A 5-GHz CMOS frequency synthesizer with
an injection-locked frequency divider and differential switched capaci-
tors,’’ IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 56, no. 2, pp. 320–326,
Feb. 2009.

[27] T. Lin, C. Ti, and Y. Liu, ‘‘Dynamic current-matching charge pump and
gated-offset linearization technique for delta-sigma fractional-N PLLs,’’
IEEE Trans. Circuits Syst. I, Reg. Papers, Reg. Papers, vol. 56, no. 5,
pp. 877–885, May 2009.

[28] E. Temporiti, G. Albasini, I. Bietti, R. Castello, and M. Colombo,
‘‘A 700-kHz bandwidth sigma-delta fractional synthesizer with spurs com-
pensation and linearization techniques for WCDMA applications,’’ IEEE
J. Solid-State Circuits, vol. 39, no. 9, pp. 1446–1454, Sep. 2004.

[29] H.-M. Chien, ‘‘A 4 GHz fractional-N synthesizer for IEEE 802.11a,’’ in
IEEE Symp. VLSI Circuits Dig. Tech. Papers, Dec. 2004, pp. 46–49.

[30] J.-Y. Hsieh, Y.-C. Huang, P.-H. Kuo, T. Wang, and S.-S. Lu,
‘‘A 0.45-V low-power OOK/FSK RF receiver in 0.18µm CMOS
technology for implantable medical applications,’’ IEEE Trans. Circuits
Syst. I, Reg. Papers, Reg. Papers, vol. 63, no. 8, pp. 1123–1130, Aug. 2016.

CHUAN-YI WU (Student Member, IEEE)
received the B.S. degree from the Department of
Electrical and Computer Engineering, National
University of Tainan, Taiwan, in 2009, and the
M.S. degree from the Institute of Electrical and
Computer Engineering, National Chung Cheng
University, Taiwan, in 2014. He is currently pursu-
ing the Ph.D. degree with the Department of Elec-
trical and Computer Engineering, National Yang
Ming Chiao Tung University, Taiwan. His current

research interests include low-power wireless communication systems and
RF transceiver.

YEN-TING CHEN (Member, IEEE) received the
B.S. degree from the Department of Electrical
and Computer Engineering, National Chiao Tung
University, Taiwan, in 2016, and the M.S. degree
from the Institute of Electrical andComputer Engi-
neering, National Chiao Tung University. He is
currently with MediaTek Inc., Hsinchu, Taiwan,
as an RF Circuit Designer. His research interests
include analog front-end and mixed-signal circuit
design.

YU-TE LIAO (Member, IEEE) received the B.S.
degree in electrical engineering from National
Cheng Kung University, Tainan, Taiwan, in 2003,
the M.S. degree in electronics engineering from
National Taiwan University, Taipei, Taiwan,
in 2005, and the Ph.D. degree in electrical
engineering from the University of Washington,
Seattle, WA, USA, in 2011. In August 2011,
he joined the Department of Electrical Engineer-
ing, National Chung Cheng University, Chiayi,

Taiwan, as an Assistant Professor. He is currently a Professor with the
Department of Electrical and Computer Engineering, National Yang Ming
Chiao Tung University. His research interests include the design of low
power RF integrated circuits, integrated sensors, and biomedical circuits and
systems. He was a co-recipient of the Best Paper Award of IEEE VLSI-DAT
Conference, in 2019. He has been an Associate Editor of the IEEE SENSORS

JOURNAL, since 2017.

VOLUME 9, 2021 94213


