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Abstract— This article presents the first integrated circuit
designed to enable low-power backscatter communication with
commodity Wi-Fi transceivers. The developed chip operates by
receiving a series of packets generated from a Wi-Fi access
point (AP), which feeds into a low-power energy-detecting wake-
up receiver that determines when backscatter communication
should commence. Then, the Wi-Fi AP sends an additional
packet that is intended to be backscatter modulated. To accom-
plish this, the antenna receiving the incident Wi-Fi packet
is terminated by a dynamically varying collection of complex
impedances via a crystal-stabilized multi-phase local oscillator
driven by a single-sideband (SSB) mixer, which ultimately per-
forms SSB quadrature phase shift-keying (QPSK) modulation
with frequency-translation to a separate Wi-Fi channel for
reception by a second Wi-Fi AP. Implemented in 65-nm CMOS,
the downlink wake-up receiver consumes 2.8 µW and achieves a
sensitivity of −42.5 dBm, which is good enough for >30 m wake-
up range, while the backscattering uplink consumes 28 µW and
achieves 17 dB of image rejection. Wireless tests reveal a range
of 21 m when the developed IC is placed symmetrically between
Wi-Fi access points (APs), and a range of >90 m when the
developed IC is placed within 1 m of the transmitting Wi-Fi AP.

Index Terms— 2.4-GHz band, backscatter communication,
image rejection, Internet-of-Things (IoT), low-power wireless,
RFID, single-sideband (SSB), wake-up radios, wake-up receivers
(WuRXs), Wi-Fi.

I. INTRODUCTION

MOST Internet of Things (IoT) devices for use in smart
homes, environmental monitoring, industrial IoT, and
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Fig. 1. Wireless communication using (a) conventional high power trans-
ceivers and (b) low power backscatter tag.

beyond require wireless connectivity. To keep costs low,
it is generally desired to leverage existing wireless network
infrastructure as much as possible; otherwise, deploying cus-
tom access points can get prohibitively expensive. In smart
home and office environments, there is only one pervasive
wireless network infrastructure in place today: Wi-Fi. As a
result, most IoT devices used in these applications don’t have
a choice: they connect to the internet via Wi-Fi.

However, Wi-Fi is by no means a low-power approach to
enable wireless communications. Conventional Wi-Fi trans-
ceivers require 10s to 100s of mW of active power from radio
frequency (RF) blocks such as low noise amplifiers (LNAs),
local oscillator (LO) frequency generation and stabilization,
and power amplifiers (PAs), in part due to strict performance
demands imposed by the IEEE 802.11-based standards. As a
result, nearly all current Wi-Fi compatible IoT devices require
either wall power, or large and/or frequently re-charged bat-
teries as depicted in Fig. 1(a).

While other standards with lower standards-based perfor-
mance requirements, such as Bluetooth low energy (BLE),
may achieve very low average power (�1 mW) via duty-
cycling at the expense of throughput and latency, very small
coin cell batteries or energy harvesters still cannot be used due
to relatively high peak power requirements (e.g., a few mW
for BLE) [1], which therefore limits new products to certain
minimum device sizes. More importantly, standards such as
BLE do not have widely distributed infrastructure in most
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homes, offices, or other environments, which makes rapid low-
cost deployment difficult.

Instead of building an active modulator and transmitter,
backscatter communication, where an incident wave to an
antenna sees a time-varying impedance profile that creates
a modulated reflected signal, can materially decrease the
power needed to enable wireless communications at the IoT
device level. The idea of using backscatter communications
is not new: it is the main method of communication in radio
frequency identification (RFID) systems, and has been used for
military radar detection system since the 1960s [2]. However,
recent works have shown that backscatter communication can
be an effective solution to enable new class of miniaturized,
battery-powered or energy-harvested IoT devices by replacing
a conventional high power transceiver with a low power
backscatter tag to establish communication with the wireless
interface, as shown in Fig. 1(b) [3]–[14].

Perhaps the most popular technologies leveraging backscat-
ter communications today are near-field communication (NFC)
and RFID tags. As shown in Fig. 2(a), NFC tags, which are
widely used in applications such as contactless payment sys-
tems and electronic keycards, use near-field inductive coupling
between two coils to transmit data, which limits the operating
range to within approximately 10 cm of the source; for this
reason, NFC is not well suited for most IoT applications.
However, because of its inductive coupling mechanism, NFC
tags normally operate at 13.56 MHz and are resilient to RF
interference. To enlarge communication range, RFID tags,
which can be widely seen in applications such as high-way
electronic toll system and inventory management system [4],
use far-field radiative coupling for transmission [Fig. 2(b)].
Therefore, RFID tags normally operate at 0.4–2.4 GHz, and
meters of communication range are achievable [3], [5]–[7].
Although this approach is suitable for IoT devices in terms of
range and power, the following problems need to be addressed.

1) Spectral Efficiency: As will be shown in Section II,
conventional RFID tags receive a continuous wave (CW)
signal and reflect it with data modulation limited to
amplitude-shift keying (ASK) or on-off-keying (OOK)
only; these are not spectrally efficient. Techniques that
can modulate the reflected wave with higher order of
modulation such as QPSK are of interest.

2) Interference Resiliency: As mentioned above, since the
downlink incident wave is a CW signal, and the uplink
reflected wave is a ASK/OOK signal, RFID tags are
very susceptible to RF interference. To solve this issue,
normally the direction and location of the CW source
(e.g., RFID readers) are optimized, for example, inside
a warehouse using an RFID inventory management
system, which is not practical for mass IoT devices
coexistence at home or in urban areas. Techniques that
can use signals with interference-resilient modulation
such as phase shift-keying (PSK) with direct-sequence
spread spectrum (DSSS) (e.g., 802.11b Wi-Fi) would be
beneficial.

3) Standard Compatibility and Low-Cost Deployment: To
generate a CW incident wave and be able to demodulate
the reflected signal, a dedicated RFID reader hardware is

Fig. 2. Technologies using backscatter communication. (a) NFC tags.
(b) RFID tags. (c) Proposed Wi-Fi compatible backscatter tags.

required. However, this approach contradicts the target
of cost-effective direct deployment that leverages well-
established standards such as Wi-Fi.

To attempt to address these issues, this article presents
an integrated circuit that can perform spectrally efficient
QPSK backscatter modulation on top of standards-compliant
Wi-Fi signals at low power, for reception by commodity
Wi-Fi hardware as illustrated in Fig. 2(c) by: 1) waking up
to carefully architected incident Wi-Fi compatible packets
via an integrated 2.8 μW energy-detecting wake-up receiver
(WuRX); 2) modulating the phase of incident Wi-Fi signals
and frequency-translating them to another Wi-Fi channel via
a crystal-stabilized multiphase LO to enable clear and robust
reception of protocol-compliant data; 3) utilizing an IQ mixer
driving multi-phase-terminated backscatter switches to enable
SSB QPSK modulation to a single adjacent Wi-Fi channel;
and 4) receiving and decoding the tag data with a commercial
Wi-Fi TRX by XOR-ing the original incident Wi-Fi data (via
the cloud) and the received backscattered alteration.

This design was originally presented in [14]; this arti-
cle provides significant additional system design and circuit
implementation details. The proposed SSB backscatter modu-
lation technique is presented in Section II, while Section III
describes the proposed Wi-Fi-compliant backscatter solution.
Section IV presents circuit implementation details, followed
by measurement results in Section V. Finally, Section VI
concludes this article.

II. BACKSCATTER MODULATION APPROACHES

A. Prior-Art Techniques

The most basic way to perform backscatter modulation is
to modulate a single pole double throw (SPDT) switch, which
connects the antenna to two different load impedances, ZL,1
and ZL,2, typically via a transmissions line [3], as depicted
in Fig. 3(a). By alternatively selecting these two loads, which
provides different reflection coefficients, �in,1 and �in,2 at
the antenna interface, tag data can be modulated onto the
reflected waves. If �in,1 and �in,2 have different magnitudes,
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Fig. 3. Methods to perform ON-chip backscatter modulation. (a) Conventional
frequency-overlapped OOK. (b) Frequency-translated BPSK. (c) Frequency-
translated QPSK/QAM. (d) TL-based SSB BPSK. (e) Proposed TL-less
programmable SSB QPSK approach.

an ASK or OOK modulation can be achieved [5], [6], [12].
For example, if ZL,1 = 50 �, no reflection will occur and
the incident wave will be fully absorbed, while if ZL,2 �=
50 �, for example, an open or short circuit, then incident
power will be fully reflected, creating an effectively OOK-
modulated backscatter signal. Although simple to implement,
the ASK/OOK backscatter modulated signal is not spectrally
efficient, nor is it robust to interference.

Instead of amplitude modulation, BPSK modulation, which
theoretically requires lower signal-to-noise ratio (SNR) to
demodulate, can be achieved if the real part of �in,1 and �in,2

are the same while the imaginary part is out of phase [3].
However, BPSK also has low spectral efficiency. Although
4-QAM modulation is achieved in [7] by connecting four
distinct loads that provide four constellation points (i.e., �in)
on the Smith chart to the antenna via an SP4T switch,
this approach highly depends on the accuracy of the RLC
passives, and the requirement of inductors to not degrade
the backscattering amplitude can increase the footprint/cost.
More importantly, the incident signal is at the same frequency
channel as the reflected signal and becomes a self-jammer,
which makes signal separation/filtering difficult for the distal
reader.

Since backscatter modulation is performed by passive
switches, the frequency translation nature of a passive mixer
can be leveraged to solve the self-jammer issue. As shown
in Fig. 3(b), instead of driving the switches directly, the base-
band data can be first mixed with an IF clock at frequency fIF,
which then frequency translates the backscattered signal to an
alternate channel that is fIF away from the incident signal.
By selecting fIF to be 10 s of MHz, a well-designed receiver
can easily filter out the unwanted incident signal and demodu-
late the backscattered signal directly without any complicated
and power hungry hardware for full-duplex radios [15]. In this
scenario, BPSK modulation is achieved by alternating the
phase of the IF clock directly [13].

To improve spectral efficiency while adopting frequency
translation, an IF-based quadrature backscattering technique is
proposed in [8], as shown in Fig. 3(c). Here, an I/Q quadrature
mixer first up-converts the I/Q baseband data to IF, and drives
the corresponding I/Q switches via programmable amplifiers
(PGAs). The parallel resistance formed by the I/Q transistors
in the triode region then provide QPSK modulated �in with
constant PGA gain, and up to 32-QAM with PGA gain control.
However, this analog approach by modulating the transistor
resistance highly depends on the transistor threshold voltage
Vt, which makes PVT variation of concern, and is only effec-
tive when the incident signal is a single-tone sinusoidal wave,
which prohibits the target to communicate with commodity
Wi-Fi transceivers.

Since the frequency-translation technique in [8] and [13]
only modulates one set of switches with the IF signal,
the reflected signal has a frequency offset of ± fIF and cre-
ates a double sideband modulation, which is not spectrally
efficient and may interfere with devices operating on other
channels. To solve this issue, a transmission-line-based single
sideband (SSB) backscatter technique is proposed in [11] and
is depicted in Fig. 3(d). In this approach, one set of backscatter
switches is driven by the IF data directly, while another set
of switches (i.e., a quadrature path) is driven by the IF data
with a π/2 phase delay at IF. An extra transmission line
that provides a π/4 phase delay at RF is also inserted at the
quadrature path, which provides a π/2 total phase delay for
the reflected signal (i.e., π/4 from incident direction and π/4
from reflected direction). By summing up these two reflected
signals via a power combiner, SSB backscattering can be
achieved. However, this extra transmission line enlarges the
tag footprint and makes this technique narrow band since the
transmission line only offers the desired π/4 over a narrow
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range of frequencies. Moreover, this technique is only verified
on a board level prototype with fixed IF phase delay, which
can only backscatter to a fixed sideband channel.

B. Proposed Technique

A transmission-line-less programmable SSB QPSK
backscatter modulator is proposed based on a heterodyne
transmitter approach as depicted in Fig. 3(e) [14]. The
quadrature IF clocks are generated from a crystal-stabilized
(and thus PVT-robust) PLL. The quadrature I/Q data is first
up-converted to quadrature IF signals via two IF SSB mixers
[16], and the quadrature IF signals then drive two sets of
backscatter switches, respectively. To generate the required
quadrature RF signals that mix with the quadrature IF signals
for SSB modulation, two distinct loads that provide π/2
phase difference in reflection coefficients (i.e., ZL,0 and
ZL,90) are connected to each set of the backscatter switches,
respectively. By summing up these two backscattered signals
via a power combiner, SSB backscattering can be achieved.
In this design, ZL,0 is an open circuit which has �L,0 = e j×0◦

,
while ZL,90 = − j × 50 and is realized by a 1.3 pF capacitor
including parasitics at the operating 2.4 GHz band, which
has �L,90 = e j×−90◦

, respectively. Moreover, for the two
50 � paths, the 50 � termination is realized directly by the
on-resistance of the switching transistor. The on-resistance of
the switch that connects to the capacitor is ∼2.5 �.

Interestingly, the use of a capacitor to realize the π/2 phase
shift makes capacitor variation and therefore phase variation
of concern. In fact, this phase variation causes the same issue
as conventional image-rejection transceivers, where the RF LO
I/Q mismatch results in sideband leakage and therefore lower
image-rejection ratio (IRR). Since capacitor variation will only
change the phase of �L,90 rather than the magnitude, the IRR
is ideally dominated by the phase variation only and can be
simplified as [17]

IRR ≈ 4

�θ2 (1)

where �θ is phase difference and can be derived as

�θ = � �L,90 −
(
−π

2

)
= �

(
ZL,90 − Z0

ZL,90 + Z0

)
+ π

2

= �
( 1

jωCL
− Z0

1
jωCL

+ Z0

)
+ π

2

= 2 tan−1
(

1

ωCL Z0

)
− π

2
(2)

and Z0 is the transmission-line characteristic impedance, CL is
the capacitor for phase shifting, and ω is the angular frequency,
respectively. Assuming a target IRR of 20 dB, which is typical
for a first-order image rejection mixer realized by passive
RCC R network, the following equation can be derived to find
the tolerable range of CL by plugging (2) into (1)

tan−1
(

1

ωCL Z0

)
= π

4
± 0.1. (3)

Assuming an ideal 50 � Z0 and a 2.44-GHz operating
frequency, CL can vary between 1.1 and 1.6 pF, which is

Fig. 4. Solutions to perform Wi-Fi compatible backscatter communication.
(a) Wi-Fi backscatter via CSI/RSSI modulation. (b) Passive Wi-Fi via direct
Wi-Fi signal generation. (c) Hitchhike via Wi-Fi signal modulation and cloud
decoder but with downlink range limitation. (d) Proposed Hitchhike via Wi-Fi
signal modulation and cloud decoder without downlink range limitation.

reasonable for a typical implementation even under severe
variation.

It should be noted that alternative capacitors may be
switched in to provide more precise phase differences as the
channel frequency is programed, which is another benefit
provided by this ON-chip SSB technique compared to OFF-
chip transmission-line approach. Moreover, by selecting the
proper sign to the adder in the IF SSB mixer, either upper
sideband (USB) or lower sideband (LSB) backscattering can
be achieved.

III. WI-FI COMPATIBLE BACKSCATTER COMMUNICATION

A. Overall Requirements for Full Wi-Fi Compatibility

Baseline RFID systems require a CW signal to backscatter
data onto—this requires a dedicated custom tone transmit-
ter, which is not compatible with a low-cost rapid deploy-
ment strategy using commodity hardware. Instead, it is
desired to have all incident signals come from a standards-
compliant Wi-Fi transmitter, and backscatter signals that
can be directly decoded by a standards-compliant Wi-Fi
receiver. This requires not only a Wi-Fi compatible uplink
(i.e., backscattering data from the tag to a Wi-Fi-compatible
receiver), but also a Wi-Fi-compatible downlink, such that
the backscattering tag knows precisely when to begin the
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backscattering process. Most prior art literature cannot do
this using only commodity Wi-Fi hardware, and none have
demonstrated a low-power backscattering integrated circuit.

B. Prior Art Techniques

The first Wi-Fi compatible solution proposed in the litera-
ture is called Wi-Fi Backscatter [9] and is depicted in Fig. 4(a).
Here, a Wi-Fi access point (AP) transmits the signal to both the
tag and the receiving Wi-Fi station, while the tag modulates the
channel received signal strength indicator (RSSI) by absorbing
and backscattering the signal alternately with the tag’s data.
This ASK-modulated signal (modulated in terms of RSSI) can
be demodulated by the receiving Wi-Fi station via checking the
channel state information (CSI) or RSSI, which are normally
provided in state-of-the-art Wi-Fi chipsets. This approach
is quite simple to implement and appears to meet all of
the requirements stated in the prior section; however, this
approach uses the entire Wi-Fi packet as a single bit, and
therefore achieves very low data rate (100 s of bps). Moreover,
the inherent lower sensitivity RSSI receiver from the standard
chips along with ambient noise in the implemented system
limited the range in [9] to only 0.65–2.1 m.

Another solution, called passive Wi-Fi, [10], was designed
to address the issues of [9]. The overall approach is depicted
in Fig. 4(b). Here, this design uses a conventional TX architec-
ture to generate an IEEE 802.11b baseband signal directly, but
instead of generating the power hungry RF LO locally, a single
tone RF source provides the RF LO outside, and the Wi-Fi
compatible packet is synthesized by combining the baseband
signal with the incident LO via backscatter modulation through
the antenna. Although this method can enable low power tag,
only the uplink is Wi-Fi compatible while the downlink still
requires custom hardware to generate the CW signal.

A solution to this issue called Hitchhike is proposed in [11]
and can achieve Wi-Fi compatibility in both the downlink and
the uplink. In this design, illustrated in Fig. 4(c), a Wi-Fi
signal generated by a mobile phone creates the incident signal
received by the IoT tag. The tag performs PSK-based modu-
lation on each symbol of the incident wave, which creates a
backscatter signal on a different channel for reception by a Wi-
Fi access point (AP2 in this example). Meanwhile, the original
un-disturbed Wi-Fi transmission from the mobile phone is
received by another access point (AP1 in this example). Thus,
AP1 has the original phone data, while AP2 has phone data
that has been phase modulated by the IoT tag. By connecting
the two APs through the cloud, both data are available to a
decoder. This decoder employs a technique called codeword
translation, described in more detail shortly, to decode the tag’s
data.

To make HitchHike work, there is only technically a need
for one Wi-Fi transmitter and one receiver; however, the lim-
ited range of the downlink wake-up receiver in [11] required
use of a third device (the mobile phone) to close a reasonable
link budget.

It should be noted that all of the described work thus far
has not had any custom silicon implementations, and thus no
actual low-power device has been demonstrated.

Fig. 5. BPSK-based example of how tag data is decoded in the cloud via
code-word translation technique.

C. Proposed Wi-Fi-Compatible Backscatter Approach

In this article, we adopt the idea of Hitchhike, but propose
a more complete solution using two Wi-Fi APs only as
shown in Fig. 4(d), while increasing the communication range
with the proposed IC solution, which will be discussed in
Section IV.

The main idea in Hitchhike is the code-word transla-
tion technique that enables fully Wi-Fi compliant operation,
as illustrated in Fig. 5 using BPSK for simplicity. For an
802.11b Wi-Fi signal, a 1 Mbps payload data is first correlated
with an 11-bit Barker code sequence for DSSS. When the
payload symbol is 0, the Barker sequence is unchanged, while
a payload symbol of 1 makes the phase of Barker sequence
inverse. This modulated signal is then up-converted to RF,
transmitted out by AP1, and incident to the tag.

At the tag side, a similar modulation method is used to
modulate the tag data onto the incident signal. When the tag
symbol is 0, the Wi-Fi data are unchanged, while a tag symbol
of 1 makes the phase of Wi-Fi data inverse. This tag-data-
modulated Wi-Fi signal is then backscattered to an alternate
Wi-Fi channel for reception by AP2, noting that frequency-
translation eliminates the self-jammer issue as discussed in
Section II.

At AP2, the received backscattered signal is down-converted
and correlated with the same 11-bit Barker code sequence used
in AP1, and demodulated data is obtained—though this data is
a mix between the originally transmitted packet by AP1 and
the tag’s data. Finally, by doing a simple XOR between the
AP1 payload data and the AP2 demodulated data, the tag data
can be recovered in the cloud. To make this technique work,
the backscattering tag should have a wake-up receiver that is
sufficiently sensitive to enable a link budget when the two
Wi-Fi APs are placed 10–20 m apart, as is typically done in
home- or office-based mesh networks.

IV. BACKSCATTER TAG IMPLEMENTATION

A. System Overview and Work Flow

To improve the downlink path of the tag compared to [11],
the downlink wake-up receiver must be improved in terms of:
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Fig. 6. Measured received power at tag location over TX-to-Tag distance.

1) Low Power Consumption: Since the downlink wake-up
receiver needs to be always on such that the tag can
respond immediately to packet requests, it can become
the power bottleneck of the entire tag IC.

2) Sufficient Sensitivity: The sensitivity of the downlink
wake-up receiver directly determines the achievable
communication range between the tag IC and the inci-
dent source, so the sensitivity needs to be sufficient for
the target applications. For the target IoT applications
using 2.4-GHz Wi-Fi channels, a −40-dBm sensitivity
is sufficient to achieve a >30 m range based on RSSI
over TX-to-tag distance measurements in a typical office
environment as shown in Fig. 6.

3) Standards Compatibility: Before the transmitting Wi-Fi
AP provides the incident signal for uplink backscat-
tering, it is first reused to send an indication packet
for the downlink wake-up receiver to tell the tag to
begin backscattering at the appropriate time. Therefore,
the downlink wake-up receiver also needs to be able to
demodulate the indication Wi-Fi packet and distinguish
this packet from other standards.

These requirements are exactly in line with recent
researches targeting standard-compatible wake-up receivers
[18]–[20]. Therefore, in this design a Wi-Fi-compatible wake-
up receiver that leverages the idea of back-channel communi-
cation, where signals are generated by a standard-compliant
transmitter, yet encode information in an auxiliary low-
complexity and low data rate modality [18], is utilized.

The complete block diagram of the backscatter tag IC
is depicted in Fig. 7(a). It consists of a downlink Wi-Fi-
compatible wake-up receiver, an uplink transmission-line-less
SSB QPSK backscatter modulator driven by a PLL as dis-
cussed in Section II, and a crystal oscillator with divider logic
that provides global frequency generation.

For the downlink wake-up receiver, an energy-detection
based architecture is adopted for low standby power, and
therefore requires a carefully crafted wake-up packet that is
Wi-Fi compatible and able to encode information that can be
demodulated in an OOK fashion. Here, the transmitting Wi-
Fi AP first initiates a 107-μs broadcast packet, and after a
distributed interframe space (DIFS) time of 50 μs, the AP
sends another broadcast packet of the same 107 μs length,
as depicted in Fig. 7(b) shown as packets P0 and P1. These
packets are built to comply with existing 802.11b protocols,
and the energy valley provided by the DIFS time makes it
suitable for OOK demodulation.

Fig. 7. Proposed backscatter-based IoT tag IC. (a) Block diagram. (b) Wake-
up and backscatter timing.

The wake-up signal is first amplified and filtered by the
front-end matching network that provides 8 dB of passive
voltage gain, which directly improves the sensitivity of an
energy-detection based RX [21]. An envelope detector (ED)
then directly demodulates the RF wake-up signal to baseband
via its 2nd order nonlinearity while a programmable capacitor
is used at the ED output to set the bandwidth for baseband
signal filtering. The ED output is then oversampled and digi-
tized by a two-stage dynamic comparator with a programmable
threshold to reduce offset voltage issues and optimize sensitiv-
ity [21]. The comparator output is then processed by an 11-bit
digital correlator with soft-decision decoding to enable robust
detection of the pre-specified Wi-Fi signature. Once the value
exceeds a pre-defined threshold, a wake-up signal is generated.

After the wake-up event, the tag counts for a pre-specified
amount of time until the uplink backscatter modulator is
enabled. Before any tag data modulation starts, the 192-μs
packet header is first backscattered (with frequency translation)
to the receiving AP2, though without any phase alteration to
ensure correct reception by AP2. After the header, the payload
data is modulated by the tag data and then backscattered to
AP2. Finally, AP1 and AP2 recover the tag data in cloud. The
complete work flow timing of the proposed backscatter system
is depicted in Fig. 7(b).

B. Passive Pseudo-Balun Envelope Detector

Since the sensitivity of conventional energy-detection based
wake-up receivers tend to be limited by the performance of
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Fig. 8. Schematic of passive pseudo-balun ED.

Fig. 9. Block diagram of (a) ring oscillator based integer-N PLL and
(b) digital SSB IF mixer.

the ED, a careful ED design is required here. To support the
passive voltage gain, the ED must provide a large enough
input resistance to not degrade the passive voltage gain of the
front-end matching network, while provide sufficient output
bandwidth for the baseband signal, in this case 200 kHz for
sharp rising and falling time of the baseband signal. Active
EDs [21], [22] can offer high input resistance with wide
bandwidths, but this trades-off with 1/ f noise and power
consumption. Passive EDs, on the other hand, although achieve
lower input resistance compared to active EDs under same
output bandwidth, do not have any 1/ f noise concerns and
therefore permit smaller devices with lower input capacitance,
which enables larger passive voltage gain [23]. Most impor-
tantly, passive EDs consume zero power. For these reasons,
a passive ED is adopted in this design.

The implemented passive ED adopts a pseudo-balun archi-
tecture as shown in Fig. 8 [23]. It demodulates a single-ended

Fig. 10. (a) Micrograph of the backscatter chip. (b) Photograph of the chip
assembled with the on-board Wilkinson power combiner.

input RF signal to a pseudo-differential output signal, which
enables a 2× conversion gain compared to a single branch,
which therefore provides 6 dB more noise rejection for the
post-ED stage. Moreover, this architecture inherently provides
1.5 dB of sensitivity improvement under the same output
bandwidth compared to its single-ended counterpart. To over-
come Vt variation, all NMOS transistors are implemented in
a deep N-well, and the bulk node is connected to a 4-bit
diode ladder voltage reference that provides a tunable body-to-
source substrate bias, VBS, to set the output bandwidth. Based
on simulation, a 100 mV increase in VBS corresponds to a
∼1.46× increase in bandwidth in this design, and 500 mV of
VBS corresponds to the desired 200 kHz of output bandwidth.
Following the design procedure proposed in [23], the ED stage
number N is chosen to be 4 in this design to achieve the
highest ED output SNR under a pre-defined bandwidth.

C. PLL and Digital SSB IF Mixer

Fig. 9(a) shows the block diagram of the PLL that drives the
backscatter modulator. For the 2.4-GHz ISM band, the center
frequencies of Wi-Fi channels 1, 6, and 11 are located at
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Fig. 11. Measured downlink WuRX sensitivity.

Fig. 12. Measured spectrum showing SSB backscatter-based frequency
translation to (a) lower sideband and (b) upper sideband.

2412, 2437, and 2462 MHz, respectively. To backscatter to an
adjacent channel, a 25-MHz IF clock is then required, while

Fig. 13. Measured wake-up and backscatter timing sequence.

Fig. 14. Wireless over-the-air measurement (a) experimental setup and
network analysis tool showing decoded backscatter packet with commodity
Wi-Fi RX and (b) 5× wake-up range and 2× the coverage area improvement
in comparison to HitchHike [11].

a 50-MHz IF clock is desired to enable translation between
channels 1 and 11. Therefore, a locking frequency of 50 MHz
is chosen for the PLL. With a 2-MHz frequency reference
divided from the XTAL clock, a standard type-II integer-
N PLL is adopted with a divider ratio of 25. To provide
the required quadrature IF clock for SSB backscattering,
the voltage controlled oscillator (VCO) is implemented via
a ring oscillator that provides the 4 clock phases. Moreover,
these four phases of clocks are passed through divider logic
to alternate the frequency between 25 or 50 MHz depends on
the operating channels.
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TABLE I

COMPARISON WITH STATE-OF-THE-ART BACKSCATTER SYSTEMS

Fig. 9(b) shows the implementation of the digital SSB IF
mixer. Two 4:1 MUX logics with 90◦ rotated IF clock input
are used, and by controlling the MUXs via a 2-bit tag data,
QPSK modulation can be achieved.

V. MEASUREMENT RESULTS

The backscatter tag IC is fabricated in a 65-nm CMOS
process, occupying a core area of 0.34 mm2. A die photograph
is shown in Fig. 10(a). Although there are many possible ways
to perform power combining, in this initial design, an on-
board Wilkinson power combiner is implemented, as shown
in Fig. 10(b).

The sensitivity waterfall curve of the downlink WuRX is
shown in Fig. 11, revealing a sensitivity of −42.6 dBm for
a missed detection rate (MDR) of 10−3 with less than a 1/h
false alarm rate. This sensitivity is sufficient to support an AP-
to-tag wake-up distances of >30 m as indicated by path loss
measurement shown in Fig. 6.

Wired benchtop tests with a 17-dB-isolation circulator, used
for characterization purposes only, show that an incident −40-
dBm 802.11b Wi-Fi signal at channel 6 (−57 dBm power
shown on the spectrum analyzer due to finite circulator isola-
tion), can be reflected to either channel 1 or 11 at −55 dBm
with 17 dB of image rejection in the opposite channel, as seen
in Fig. 12 for lower sideband modulation (a) and upper
sideband modulation (b).

Transient waveforms in Fig. 13 shows that the tag cor-
rectly wakes up upon reception of the specially crafted yet
standards-compliant Wi-Fi packets. The tag data then waits
for the header to be backscattered first, and then is enabled to
modulate the payload.

During wake-up mode, the chip consumes 2.8 μW: 1.5 μW
from the crystal oscillator, and 1.3 μW from the baseband
and correlator. During active mode, the backscatter circuits
consume 28 μW, where the charge-pump consumes 10 μW,
and the digital portion of the circuits (i.e., ring oscillator,
divider, phase-frequency detector (PFD), and SSB IF mixer)
consume the remaining 18 μW. The PLL phase noise at
1 MHz frequency offset is −114 dBc/Hz based on simulation.
Moreover, the PLL settling time is ∼5.5 μs, which is well
within the 50 μs window between the end of the wake-up
packet and the start of the header packet as shown in Fig. 7(b).

The wireless over-the-air measurement setup is shown
in Fig. 14(a), where a Wi-Fi access point (AP1) transmits
packets to the tag, which backscatters them to a different
channel for reception by a TPLINK Archer C7 access point
(AP2). For this prototype, the chip is assembled via chip-on-
board, and a commercial off-the-shelf 2.4 GHz whip antenna
with 3 dBi peak gain is used. For the transmitting and receiving
access points, 2.4-GHz antennas with 8 dBi gain are employed
on the commercial off-the-shelf hardware–these are standard
antennas used in Wi-Fi routers and access points. Wireless
test shows that the tag can successfully communicate at any
distance between APs that are located 21 m away from each
other, or to a 91 m away AP if the tag is within 1 m of any
other Wi-Fi node as shown in Fig. 14(b).

Compared to the prior-art listed in Table I, this work is
the first IC-based implementation of Wi-Fi backscatter, and
thus, also achieves the lowest power consumption and longest
range. Compared to other prior-art backscatter solutions, this
work enables SSB modulation and operation without a tone-
generator.
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VI. CONCLUSION

This article has presented the first backscatter IC that can
communicate directly with commodity Wi-Fi transceivers. The
presented design consumes only 2.8 μW with −42.5-dBm
sensitivity during down-link wake-up operation, and con-
sumes 28 μW with 17-dB sideband rejection during uplink
backscatter operation, all while maintaining full compatibil-
ity with commodity Wi-Fi hardware. Future work includes
further improvement to range, operation in the 5- or 6-GHz
Wi-Fi bands, and/or frequency-translation between the 2.4-
GHz band and the 5/6-GHz bands (or vice versa). Regardless
of future directions, the overall presented concept is a step
in the right direction to enable low-cost deployment of Wi-Fi
compatible tags for the next generation of low-power wireless
IoT devices.
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