
Wook: Enabling High-Throughput Wi-Fi Downlink
with Ultra-Low Power

Bingbing Wang, Zeming Yang, Wenhui Li, Linling Zhong, Fengyuan Zhu, Jiazhen
Lei, Jianyu Luo, Meng Jin, and Xiaohua Tian∗

Shanghai Jiao Tong University
{wangbingbing,yzm_sjtu,lwh1999,uranium_zll,jsqdzhufengyuan,leijz,LuoJY_0515,jinm,xtian}@sjtu.edu.cn

ABSTRACT
The Wi-Fi-enabled ultra-low power communication system
exhibits high asymmetry between uplink and downlink speeds.
The uplink can reach up to 1 Mbps, while the downlink
throughput is around 100 Kbps. In this paper, we present
Wook, a novel high throughput downlink system to empower
Commercial Off-The-Shelf (COTS)Wi-Fi devices to transmit
high-speed OOK messages. The key innovation underpin-
ning Wook is its ability to achieve sub-symbol level mod-
ulation, allowing a single OFDM symbol to carry multiple
OOK bits. This is done by profoundly exploring the Wi-Fi
PHY layer and identifying optimal input payload to achieve
fine-grained Wi-Fi waveform manipulation. We fabricate a
PCB prototype and employ the COTS Wi-Fi router to imple-
ment the entire system. Experimental results show that with
a simulated IC power consumption 76.6𝜇𝑊 ,Wook achieves
a data rate of up to 1.1 Mbps, an 8.9X improvement over
state-of-the-art systems. Moreover, even at a communication
distance of 95 m, Wook maintains a throughput of 82.9 Kbps.

CCS CONCEPTS
• Networks → Network architectures; • Hardware →
Wireless devices.

KEYWORDS
Wi-Fi, downlink, ultra-low power.

∗Corresponding author.

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies
are not made or distributed for profit or commercial advantage and that
copies bear this notice and the full citation on the first page. Copyrights
for components of this work owned by others than the author(s) must
be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee. Request permissions from permissions@acm.org.
ACM MOBICOM ’25, November 4–8, 2025, Hong Kong, China
© 2025 Copyright held by the owner/author(s). Publication rights licensed
to ACM.
ACM ISBN 979-8-4007-1129-9/2025/11. . . $15.00
https://doi.org/10.1145/3680207.3723475

11 1 10 0 00

Wook
demod

Wi-Fi
signal

OFDM
Symbol 1

OFDM
Symbol 2

0 0

Energy

Low

High

Wi-Fi AP Wook device

Typical
Uplink

Typical
Downlink

Wook
Downlink

~1𝑀𝑏𝑝𝑠

Th
ro

ug
hp

ut

Highly 
asymmetric

740𝐾𝑏𝑝𝑠

125𝐾𝑏𝑝𝑠

5.9X
Improvement

Uplink Downlink

Typical
Uplink

Typical
Downlink

Wook
Downlink

~1𝑀𝑏𝑝𝑠

Th
ro

ug
hp

ut

Highly 
asymmetric 𝟏.𝟏𝑴𝒃𝒑𝒔

125𝐾𝑏𝑝𝑠

8.9X
Improvement

Uplink Downlink

Typical
Uplink

Typical
Downlink

Wook
Downlink

~1𝑀𝑏𝑝𝑠

Th
ro

ug
hp

ut

Highly 
asymmetric 𝟏.𝟏𝑴𝒃𝒑𝒔

𝟏𝟐𝟓𝑲𝒃𝒑𝒔

U
pl

in
k

Do
w

nl
in

k

Figure 1:Wook address the throughput asymmetry is-
sue in ULP Wi-Fi IoT network.
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1 INTRODUCTION
Ubiquitous Wi-Fi signals propel the Internet of Things (IoT)
network to unprecedented levels of connectivity. The global
Wi-Fi IoT market is expected to reach an estimated $3.2 bil-
lion by 2030 with a CAGR of 18.7% from 2024 to 2030 [1].
However, a Wi-Fi PHY-compatible system typically requires
tens to hundreds of milliwatts [2], which becomes a bottle-
neck for the further development of Wi-Fi IoT.

As shown in Fig. 1, the ultra-low power (ULP) uplink sys-
tems, likeWi-Fi backscatter, claim to achieveMbps-level data
transmission with 10s 𝜇𝑊 by passively reflecting excitation
signals [3–9]. However, as shown in Table 1, existing ULP
downlink systems [10–17] struggle to achieve a throughput
of ~100 Kbps. This disparity arises because uplink demodula-
tion relies on high-end devices, such as COTS Wi-Fi devices
or software-defined radios (SDRs), to process uplink signals
and demodulate complex modulations like QPSK, 16-PSK,
and DSSS. In contrast, ULP receivers typically use an enve-
lope detector (ED) followed by a comparator, as shown in
Fig. 2, which can only demodulate simple OOK signals. For
an ultra-low-power Wi-Fi transceiver, a high-speed down-
link is as crucial as a high-speed uplink for several reasons: 1)
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Table 1: Comparing Wook with low-power downlink
systems in IoT devices.

System
Name/Type Power Data

rate Range

Low
Power

4G/5G 100s mW 10s Mbps Long
Wi-Fi 10s mW 10s Mbps Medium
LTE-M 10s mW ∼1 Mbps Long

LoRa/NB-IoT 10s mW 10s Kbps Long
BLE/ZigBee ∼10mW 100s Kbps Short

Ultra-
low

Power

Packet-level [10–12] 10s 𝜇𝑊 10s Kbps Short
Symbol-level [13] 10s 𝜇𝑊 125 Kbps Short

Saiyan [14] 10s 𝜇𝑊 10s Kbps Medium
Passive DSSS [15] 10s 𝜇𝑊 ∼10 Kbps Medium

𝜇mote [16] 10s 𝜇𝑊 ∼10 Kbps Medium
Analog OFDMA [17] 10s 𝜇𝑊 ∼100 Kbps Short

Wook 10s 𝜇𝑊 1.1 Mbps Medium

it reduces the operating time required to transmit the same
amount of data, thereby decreasing energy consumption; 2)
it lowers transmission latency; and 3) it enables transmitting
richer media content, such as images and even videos.
In this paper, we try to answer the following question: Is

it possible to reach a Mbps downlink throughput with ultra-
low power in Wi-Fi environments? To seamlessly integrate
with the backscatter systems, the high throughput design
should meet two critical requirements: 1) the wake-up cir-
cuits in the backscatter tags can be utilized as the downlink
receiver, and 2) compatible with COTS Wi-Fi devices. To
meet the first requirement, the transmitters should transmit
OOK messages. For the second requirement, a naive strategy
involves controlling Wi-Fi devices whether or not to send
Wi-Fi packets to represent ‘1’ or ‘0’, respectively [11, 18].
This packet-level modulation exhibits low efficiency, result-
ing in only 10s Kbps throughput. An alternative approach
is symbol-level modulation [13], where a bit is represented
by altering the order of two OFDM symbols with differing
energies. This allows for a throughput of up to 125 Kbps but
still far below the uplink throughput.
We present Wook, a novel system allows IoT devices to

demodulate high-speed Wi-Fi signals with ultra-low power.
Specifically,Wook achieves high throughput by utilizing sub-
symbol level modulation, i.e., embedding multiple OOK bits
into a single OFDM symbol. As shown in Fig. 1, Wook’s
throughput goes up to 1.1 Mbps, eliminating the through-
put asymmetry between the uplink and downlink. The key
lies Wook generates the payload to manipulate the Wi-Fi
waveform in a fine-grained manner. As shown in Fig. 3, this
manipulation allows the Wi-Fi waveform to exhibit multi-
ple stable energy shifts within an OFDM symbol. To realize
Wook, we need to address three key challenges.
Challenge 1: How to shape the Wi-Fi waveform? Demodu-

lating Wi-Fi signals is power-hungry. The receiver initially
detects the STF for frame synchronization and then uses the
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Figure 2: Ultra-low power OOK demodulator.
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Figure 3:Wook enables sub-symbol level modulation
for higher throughput.
LTF for channel equalization. After correcting phase errors
with pilots, the QAM symbols are demapped, and the payload
is recovered after channel decoding. COTS Wi-Fi chips con-
sume 10s𝑚𝑊 . In comparison,Wook terminals with simple
hardware (see Fig. 2) consuming 10s 𝜇𝑊 can only differen-
tiate between strong and weak signal energies in a binary
manner, rendering them incapable of demodulating com-
plex OFDM signals. To enable sub-symbol level modulation,
we aim for the Wi-Fi waveform to exhibit continuous and
stable changes within an OFDM symbol. Firstly, the wave-
form should display a significant energy difference between
the high-energy and low-energy regions to facilitate adap-
tive threshold adjustment. Secondly, the high-energy regions
should maintain a higher energy level to reduce energy loss.
Thirdly, the energy of each sample in a region should be ap-
proximately identical to avoid decision errors. We note that
each sample in the Wi-Fi waveform is obtained by weighted
superposition of the data on all subcarriers. For example, an
802.11n 20MHz channel includes 52 data subcarriers. When
64-QAM modulation is applied, there can be 6452 possible
waveforms, making exhaustive enumeration infeasible. To
address this,Wook iteratively optimizes the Wi-Fi waveform
by formulating a versatile goal function and adopting hybrid
heuristic algorithms to determine the optimal QAM symbols
for each data subcarrier.
Challenge 2: How to generate the Wi-Fi payload? Unlike

SDRs, COTS Wi-Fi devices use specialized SoC to run the
802.11 protocol, which restricts users from directly writing
IQ data for transmission. As a result, we can only control
the Wi-Fi waveform indirectly by controlling the input pay-
load of the Wi-Fi transmission flow. Although the overall
Wi-Fi waveform is a composite of the waveforms of indi-
vidual OFDM symbols, simply cascading the bits (i.e., the
demodulated bits of the QAM symbols derived in Challenge
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Figure 4:Wook application cases.

1) of each OFDM symbol as the input payload does not yield
the desired waveform. The reason is that before the QAM
mapping, the input bits undergo padding, scrambling, chan-
nel coding, and bit interleaving, as shown in Fig. 5, these
processes completely restructure the input bits. The conven-
tional methods [13, 19, 20] run the 802.11 reverse engineering
to derive the payload. However, they treat the entire OFDM
symbol as a single unit and can only achieve coarse symbol-
level modulation. We reveal that the bottleneck on the ULP
downlink lies in the overlooked channel coding. Specifically,
the previous systems use binary convolutional code (BCC),
which is memorized and causes the output waveform not to
be manipulated at a fine-grained level. We note that 802.11
offers an optional coding scheme, i.e., low-density parity-
check (LDPC) code, which is memory-less and capable of
preserving the integrity of the input information bits. Wook
innovatively conducts 802.11 forward analysis to derive a
Wi-Fi payload that enables the COTS Wi-Fi devices to send
high-speed OOK messages.

Challenge 3: How to demodulate high-order OOK symbols?
OOK is highly susceptible to noise interference as a type of
amplitude modulation. The conventional method, which di-
rectly uses the output of the comparator as the demodulation
result, often produces a high bit error rate (BER). Complex
modulations like 16-QAM use correlation demodulation to
reduce the BER [21]. Our key insight is to treat all OOK
bits represented by an OFDM symbol as a high-order OOK
symbol. For example, a 32-OOK symbol signifies there are
𝑙𝑜𝑔232 = 5 OOK bits contained in one OFDM symbol. Based
on this, we propose a correlation demodulation method tai-
lored to Wook’s sub-symbol level modulation. This method
effectively enhances the system’s noise immunity.

To summarize, wemake the following contributions through
theWook design and implementation.
• We introduceWook, a novel design enabling COTS Wi-Fi
devices to transmit high-speed OOK messages.Wook ad-
dresses the asymmetry in communication rates between
uplink and downlink in ULP Wi-Fi IoT networks, promot-
ing the broader adoption of battery-free IoT devices.

• We propose a high throughput Wi-Fi downlink paradigm
by deeply exploring the 802.11 PHY to iteratively produce
the desired waveformswith heuristic algorithms. Crucially,
Wook integrates seamlesslywith existing ULP devices, thus
avoiding additional hardware overhead.

• We prototype Wook with COTS components and conduct
comprehensive experiments with a COTS Wi-Fi router in
real-world scenarios. The results demonstrate thatWook
achieves a data rate of up to 1.1 Mbps, surpassing state-of-
the-art solutions by a factor of 8.9.

2 APPLICATION CASES
Table 1 illustrates that conventional low-power systems con-
sume tens to hundreds of milliwatts, requiring frequent bat-
tery replacements or recharging, which constrains the scala-
bility of IoT networks.Wook facilitates high-speed downlink
data transmission with ultra-low power, making it suitable
for diverse applications.
Tiny machine learning (TinyML) devices. TinyML

integrates deep learning models into low-power microcon-
trollers, enabling ubiquitous intelligence [22]. These devices
are engineered for low power consumption and are gener-
ally powered by batteries. Downlink is essential for updating
model parameters [23, 24] or performing over-the-air (OTA)
firmware updates [25], but the associated communication
power overhead has emerged as a significant bottleneck in
TinyML development [24, 26, 27]. Widely adopted ZigBee,
LoRa, and NB-IoT often exhibit power consumption levels
that are equivalent to or surpass those of microcontrollers,
hence diminishing the energy allocated for computation and
increasing data processing latency. Moreover, frequent bat-
tery recharging elevates deployment costs. Wook overcomes
these challenges by offering high energy efficiency and con-
serving more energy for the microcontrollers. For example,
federated learning (FL) [28] collaborates with TinyML by
enabling on-device training [23, 24]. As shown in Fig. 4(a),
FL involves frequent data exchanges: 1) TinyML devices ei-
ther download an initialized model from a central server or
collaboratively construct one, and 2) during the training pro-
cess, TinyML devices frequently download the latest model
parameters from the central server. Wook can accelerate
the training process in three aspects: 1) its high throughput
minimizes communication time overhead, 2) its low power
consumption allows the microcontroller to operate at peak
clock frequency for faster computation, and 3) it prolongs
battery life and reduces additional control overhead.
Wearable devices. Battery-operated wearable devices

commonly use BLE for continual connection with smart-
phones. For examples, as shown in Fig. 4(b), wireless ear-
phones require high throughput downlink to receive high-
quality audio signals, and smart watches need to synchro-
nize notifications with smartphones or download the large



Figure 5: 802.11 transmission flow.

OTA firmware. As shown in Table 1, BLE consumes around
10mW in receive-only mode, whereas Wook consumes only
1% of the power BLE requires while maintaining comparable
throughput. Thus, adopting Wook for receiving downlink
data helps extend the battery life of wearable devices.

3 PRELIMINARY
Before delving deeper into Wook, it is essential to know the
ULP OOK demodulator and the 802.11 transmission flow.
3.1 OOK Demodulator
OOK demodulators are widely used in backscatter tags to
receive wake-up signals. As shown in Fig. 2, a OOK demodu-
lator includes an ED followed by a voltage comparator. When
RF signals reach the antenna, the ED converts the RF signals
into low-frequency signals with varying amplitudes. The
comparator then generates binary 0s and 1s depending on
whether the amplitude is below or exceeds the threshold. To
dynamically change the threshold, a simple RC integrator is
employed [15, 16]. Such a hardware architecture offers high
energy efficiency and ease of assembly [29]. Contemporary
designs increasingly adopt application-specific integrated
circuits to improve sensitivity, which we will show in Sec. 8.
3.2 802.11 Transmission Flow
The 802.11 transmission flow is outlined in Fig. 5.

Padding. The input bit length is random, but the number
of bits in a codeword is fixed. Wi-Fi pad each codeword with
0s to meet the bit length specifications.
Scrambling. Scrambling entails the XOR operation be-

tween the input bit sequence and a scrambling sequence.
The scrambled output are entirely distinct from the input.

Channel coding. The 802.11 standards offer two channel
coding schemes, i.e., BCC and LDPC.We note that 802.11 uses
system LDPC codes, where information bits and check bits
are distinctly segregated within a codeword [30]. In contrast,
BCC fully reorganizes the information bits [21]. The number
of OFDM symbols in a Wi-Fi frame is an integer, while the
number of bits in each OFDM symbol remains constant for
a specific PHY configuration. Wi-Fi performs puncturing or
repeating operations to address this alignment issue.
Bit interleaving. Bit interleaving rearranges the input

bits to mitigate burst errors, which can severely degrade
BCC’s error-correcting performance but have minimal ef-
fect on LDPC. Notably, Wi-Fi disables bit interleaving when
LDPC is the coding scheme.

r r r

Information bits Check bits

Input

LDPC 
Encoder

BCC 
Encoder

Input

Output
Output

Affected by previous inputs

A given output usually 
lack matching input

1) LDPC can directly produce the desired output, while BCC cannot reliably find the 
correct input for the desired output. 2) The output of BCC is related to the history input.Figure 6: 1) LDPC can directly produce the desired out-

put, while BCC cannot reliably find the correct input
for the desired output. 2) The output of BCC is related
to the history input.

Constellation mapping. This process involves mapping
bits to QAM symbols. Each data subcarrier within an OFDM
symbol contains a QAM symbol.
Guard intervals and pilots. Besides data subcarriers,

OFDM symbols include guard intervals (GIs) and pilots. For
example, in 802.11n/ac, a 20 MHz channel contains 52 data
subcarriers, 4 pilots, and 8 GIs. The GIs are populated with
0s. The pilots are assigned with 1s or -1s, which is fixed for
a specific PHY configuration.

IFFT. The IFFT converts the data on each subcarrier into
time domain samples:

𝑡𝑛 =
1
𝑁 𝑠𝑐

𝑁 𝑠𝑐∑︁
𝑘=1

𝑑𝑘𝑒
− 𝑗 2𝜋

𝑁𝑠𝑐 (𝑛−1)𝑘 , 𝑛 = 1, . . . 𝑁 𝑠𝑐 , (1)

where 𝑁 𝑠𝑐 denotes the number of subcarriers, 𝑡𝑛 denotes the
𝑛𝑡ℎ sample, and 𝑑𝑘 denotes the data on the 𝑘𝑡ℎ subcarrier.
Each sample can be viewed as the weighted cumulative sum
of all subcarrier data. Therefore, any changes made to the data
in a subcarrier will affect entire the OFDM symbol’s waveform.

Cyclic prefix. To mitigate inter-symbol interference (ISI),
Wi-Fi prepends a segment of the last 1/4 or 1/8 samples to
the front. The CP does not convey useful information and is
ignored by the receiver.

4 DESIGN METHODOLOGY
Wook finds the input information bits to control the wave-
form of each OFDM symbol, enabling sub-symbol level mod-
ulation. As shown in Fig. 6, using LDPC instead of BCC is
crucial for this process.
• BCC completely changes the information bits, retrieving
the corresponding information bits from the desired output
is necessary. However, since this desired output is unlikely
to form a valid codeword, the decoding process is prone
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Figure 7: Goal function design issues to implement high order OOK modulation.

to failure. In contrast, LDPC preserve the information bits,
eliminating the need for a reverse process.

• Unlike BCC, where the output depends on previous inputs,
LDPC is memory-less, meaning the encoded bits are de-
termined solely by the information bits within each block.
This feature enables independent control of the QAM sym-
bols on each OFDM symbol.

• The effects of bit interleaving do not need to be considered.

Previous work routinely uses BCC, which provides only
coarse control over the Wi-Fi waveform and barely achieves
symbol-level modulation.
The LDPC codes in 802.11 have a maximum codeword

length of 1944. In a 20 MHz channel, the 52 data subcarriers
within a single OFDM symbol can carry 52×𝑙𝑜𝑔264 = 312 bits.
In conjunction with the information present in Sec. 3.2, we
derive several key insights: 1) the Wi-Fi waveform comprises
concatenated waveforms from each OFDM symbol; 2) the
waveform of an OFDM symbol is governed by the QAM
symbols onto its data subcarriers; 3) the system LDPC codes
can preserve the original information bits in the codewords;
and 4) the information bit length of an LDPC codeword
longer than the bit length carried in an OFDM symbol.

Building on the above insights, the design of Wook is for-
mulated in three steps. Firstly, leveraging insights 1) and 2),
we determine the optimal QAM symbols within an OFDM
symbol to achieve sub-symbol level modulation. Secondly,
leveraging insights 3) and 4), we generate the input pay-
load to form a valid Wi-Fi frame. The design methodology
for these two steps is depicted in Fig. 5. The final step is to
recover the OOK messages with ULP receivers.

5 DESIGN
This section shows the design details ofWook. We here de-
note𝑀𝑜𝑜𝑘 -OOK modulation as a single OFDM symbol con-
veys 𝐾𝑜𝑜𝑘 = 𝑙𝑜𝑔2𝑀

𝑜𝑜𝑘 OOK bits.

5.1 Wi-Fi Waveform Shaping
TheWi-Fi waveform is shaped by the OFDM symbols, which
are defined by the QAM symbols on their data subcarriers.

We formulate the waveform shaping as an optimization prob-
lem. Since the CP does not convey valid information, we omit
it in the following analysis.

5.1.1 Problem Formulation. The time-domain samples of an
OFDM symbol T = {𝑡1, 𝑡2, ..., 𝑡𝑁 𝑠𝑐 } are calculated by Equ. 1.
To convey 𝐾𝑜𝑜𝑘 bits in one OFDM symbol, we partition T
into 𝐾𝑜𝑜𝑘 groups, with each group containing 𝑛𝑜𝑜𝑘 = ⌊ 𝑁 𝑠𝑐

𝐾𝑜𝑜𝑘 ⌋
samples. The desired waveform can be defended as:

T𝑑 = {𝑏1, . . . , 𝑏1︸     ︷︷     ︸
𝑛ook

, . . . , 𝑏𝐾ook , . . . , 𝑏𝐾ook︸             ︷︷             ︸
𝑛ook

, . . . , 𝑡𝑁 sc }, (2)

where 𝑏𝑖 ∈ {0, 1} denotes the 𝑖𝑡ℎ OOK bit. Then, we formu-
late the optimization as follows:

min
𝑑 ′1,...,𝑑

′
𝑁𝑑𝑠

𝐾𝑜𝑜𝑘𝑛𝑜𝑜𝑘∑︁
𝑛=1

���|𝑡𝑛 | − 𝑡𝑑𝑛 ��� . (3)

Here, 𝑁𝑑𝑠 denotes the number of data subcarriers, 𝑡𝑑𝑛 denotes
the 𝑛𝑡ℎ element of T𝑑 . The complex data on the 𝑖𝑡ℎ data
subcarrier, denoted as 𝑑 ′𝑖 , which satisfies:

{𝑑 ′1, ..., 𝑑 ′𝑁𝑑𝑠 } ⊆ {𝑑1, ..., 𝑑𝑁 𝑠𝑐 }, (4)
Each 𝑑 ′𝑖 is determined by:

𝑑 ′𝑖 = Q (𝑚𝑖 ) 𝑚𝑖 ∈ {1, 2, . . . , 𝑀𝑞𝑎𝑚} , (5)
where Q is a complex constant vector consisting of 𝑀𝑞𝑎𝑚

elements, and 𝑀𝑞𝑎𝑚 is the QAM modulation order. Each
element in Q represents a complex constellation point of an
𝑀𝑞𝑎𝑚-QAM symbol. Q (𝑚) denotes the𝑚𝑡ℎ element of the
Q. Subsequently, Equ. 3 can be redefined as:

min
𝑚1,...,𝑚𝑁𝑑𝑠

𝐾𝑜𝑜𝑘𝑛𝑜𝑜𝑘∑︁
𝑛=1

���|𝑡𝑛 | − 𝑡𝑑𝑛 ��� , (6)

Optimizing Equ. 6 falls under the category of integer pro-
gramming (IP) problem [20, 31], and there is no simple for-
mula to calculate the optimal results. An exact solution can
be obtained through exhaustive search or branch-and-bound
methods. However, with a configuration of 20 MHz channel
and 64-QAM, the complexity of the exhaustive search is 6452,
which is intractable on almost all computing platforms.



5.1.2 Problem Solving. Wook employs heuristic algorithms
to address the IP problem. However, relying solely on Equ. 6
as the goal function can hardly produce optimal results. For
example, as shown in Fig. 7, several challenges are present
when encoding the 16-OOK symbol ‘1010’.
• Small amplitude. As shown in Fig. 7(a), heuristic algo-
rithms tend to converge to local optima, resulting in a
slight difference in amplitude between regions represent-
ing 1s and 0s. Such minor amplitude can obscure the deci-
sion threshold, increasing the likelihood of decision errors.

• Large energy loss. As shown in Fig. 7(b), heuristic algo-
rithms may increase amplitude by compromising the over-
all energy. Excessive energy loss can substantially reduce
the communication range.

• Amplitude jitters. As shown in Fig. 7(c), samples represent-
ing identical OOK bits can exhibit significant amplitude
jitters. This instability in the waveform heightens suscep-
tibility to noise interference, thereby increasing the BER.
We separate two sub-vectors T0 and T1 from the vector T,

representing samples for 0s and 1s, respectively. Let 𝑛0 and
𝑛1 denote the number of elements in T0 and T1, accordingly,
such that 𝑛0 + 𝑛1 = 𝐾𝑜𝑜𝑘𝑛𝑜𝑜𝑘 . To address these challenges,
Wook employs the following strategies.

Optimization goal 1:maximumamplitude difference.
The goal is formulated through the following goal function:

𝐺𝐹1 = 𝑃
𝑑𝑒 + 1

𝑛0

𝑛0∑︁
𝑖=1

20𝑙𝑔
��𝑡0𝑖 �� − 1

𝑛1

𝑛1∑︁
𝑗=1

20𝑙𝑔
��𝑡1𝑗 �� , (7)

where 𝑃𝑑𝑒 represents the targeted energy difference in deci-
bels, and 𝑡0𝑖 and 𝑡

1
𝑗 denote the 𝑖

𝑡ℎ element of T0 and the 𝑗𝑡ℎ

element of T1, respectively.
Optimization goal 2: minimize energy loss. The pri-

mary goal is to maximize the normalized energy of samples
representing 1s.

𝐺𝐹2 =
∑︁𝑛1

𝑗=1

(
1 −

��𝑡1𝑗 ��) , (8)

Optimization goal 3: weaken energy jitters. The en-
ergy of samples representing the same bits should have min-
imal standard deviation.

𝐺𝐹3 = 𝛽0 std
(
20𝑙𝑔

��T0��) + 𝛽1 std (
20𝑙𝑔

��T1��) , (9)

where std denotes the operation of taking the standard devi-
ation of the vector. The parameters 𝛽0 and 𝛽1 enableWook
to control the energy jitters in a fine-grained manner.

We then reformulate the global goal function as follows:

𝐺𝐹𝑛𝑜𝑟𝑚𝑎𝑙 = min
𝑚1,...,𝑚𝑁𝑑𝑠

𝛼1𝐺𝐹1 + 𝛼2𝐺𝐹2 + 𝛼3𝐺𝐹3, (10)

where 𝛼1, 𝛼2 and 𝛼3 are penalty factors. By adopting Equ. 10
as the goal function in place of Equ. 6, we can derive the
desired waveform, as demonstrated in Fig. 7(d).

However, when the OOK symbols consist of all 1s or 0s,
some of the parameters in Equ. 10 are disabled. We analyze
these two special issues below.

All 1s OOK symbol.As this configuration comprises only
the bit ’1’, calculating the energy difference becomes irrele-
vant, i.e.,𝐺𝐹1 is unnecessary. While𝐺𝐹2 remains unchanged,
and 𝐺𝐹3 is adjusted to:

𝐺𝐹 1𝑠3 = std
(
20𝑙𝑔

��T1��) . (11)

Accordingly, the goal function is defined as:

𝐺𝐹1𝑠 = min
𝑚1,...,𝑚𝑁𝑑𝑠

𝛼2𝐺𝐹2 + 𝛼3𝐺𝐹 1𝑠3 . (12)

All 0s OOK symbol. In this scenario, 𝐺𝐹1 is also redun-
dant. Adjustments to 𝐺𝐹2 and 𝐺𝐹3 are necessary.

𝐺𝐹 0𝑠2 =
∑︁𝑛0

𝑖=1

��𝑡0𝑖 �� . (13)

𝐺𝐹 0𝑠3 = std
(
20𝑙𝑔

��T0��) . (14)
The goal function thereby updates to:

𝐺𝐹0𝑠 = min
𝑚1,...,𝑚𝑁𝑑𝑠

𝛼2𝐺𝐹
0𝑠
2 + 𝛼3𝐺𝐹 0𝑠3 . (15)

To convey 𝐾𝑜𝑜𝑘 OOK bits using one OFDM symbol, we
only need to find 𝑀𝑜𝑜𝑘 OFDM symbols whose waveforms
alignwith𝑀𝑜𝑜𝑘 distinct OOK symbols. These OFDM symbols
are then concatenated to assemble the complete Wi-Fi frame.

5.1.3 Optimization Flow. Simulated annealing (SA) is ameta-
heuristic algorithm designed to approximate the global op-
timum in an ample search space for complex optimization
problems. While SA can theoretically find the global opti-
mum in landscapes with many local optima, its effectiveness
heavily depends on the initial position, influencing both con-
vergence speed and the ability to avoid local minima [32].
The genetic algorithm (GA) is renowned for its proficiency
in exploring extensive spaces through diverse potential so-
lutions [33]. This insight leads us to integrate GA with SA,
i.e., GA first explores the search space to identify promising
regions, and then SA refines the search within these areas
to pinpoint the optimal solution. This hybrid approach com-
bines the strengths of both algorithms, enhancing efficiency
and effectiveness in finding an optimal solution.
The hybrid algorithm may need to run 1 to 3 times with

varying parameters to obtain the final results. In our expe-
rience, 𝛼1 and 𝛼3 typically range from 1 to 2, with typical
values of 1.85 and 1.2, respectively, while 𝛼2 ranges from 1
to 4, with a typical value of 2. The values of 𝛽1 and 𝛽2 corre-
spond to the number of 0s and 1s in the target OOK symbol,
respectively. The target energy difference 𝑝𝑑𝑒 is 35 dB.
It is worth noting that the hybrid algorithm operates of-

fline. Upon determination of the𝑀𝑜𝑜𝑘 QAM symbol groups,
they are then stored in memory. To transmit a message to a
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Figure 8: OFDM with LDPC coding.

ULP device, simply use a lookup table to select the appropri-
ate QAM groups.

5.2 Wi-Fi Payload Generation
As shown in Fig. 8, the coding process involves not only
information bits but also padding bits, check bits, and repeat-
ing or puncturing bits. However, only the information bits
can be directly controlled by the payload. The principle of
payload generation is to initialize a bit sequence and popu-
late the regions where the controllable OFDM symbols are
located with the bits corresponding to the QAM symbols
obtained in Sec. 5.1.2.
5.2.1 Finding the Controllable OFDM Symbols. For the sake
of clarity, the relevant parameters are presented in Table 2.

Preliminary. The basic relationship between some of the
parameters is presented below.

• 𝑘𝑖𝑛𝑓 𝑜 = 𝑛𝑐𝑤 × 𝑟
• 𝑁 𝑠𝑦𝑚 = 𝑁𝑑𝑠 × 𝑙𝑜𝑔2𝑀𝑞𝑎𝑚

• 𝑁 𝑐𝑤 =

⌈
𝑁 𝑝𝑟𝑒

𝑘𝑖𝑛𝑓 𝑜

⌉
, where ⌈ ∗⌉ denotes upward rounding.

This equation indicates that the number of codewords
must be an integer and capable of encoding 𝑁 𝑝𝑟𝑒 bits.

• 𝑁𝑜 𝑓 𝑑𝑚 =

⌈
𝑁 𝑝𝑟𝑒

𝑟×𝑁 𝑠𝑦𝑚

⌉
, whichmeans the number of OFDM

symbols must be integer and able to carry 𝑁 𝑝𝑟𝑒 bits.
• 𝑁 𝑓 𝑟𝑎𝑚𝑒 = 𝑁 𝑠𝑦𝑚 × 𝑁𝑜 𝑓 𝑑𝑚

Composition of 𝑁 𝑝𝑟𝑒 . 𝑁 𝑝𝑟𝑒 consists of four parts. 1) A
16-bit service field, wherein the initial 7 bits are allocated
for storing the initial value of the scrambler. 2) MAC frame
header. 3) The input bit sequence. 4) 32 CRC bits. Note that
we can only control the input bit sequence.

Padding. To construct the 𝑁 𝑐𝑤 codewords, the length of
the bits to-be-encoded is 𝑘𝑖𝑛𝑓 𝑜 × 𝑁 𝑐𝑤 . Therefore, the total
number of padding bits is 𝑁 𝑝𝑎𝑑 = 𝑘𝑖𝑛𝑓 𝑜 × 𝑁 𝑐𝑤 − 𝑁 𝑝𝑟𝑒 . The
number of padding bits required for the 𝑖𝑡ℎ codeword is:

𝑁
𝑝𝑎𝑑

𝑖
=

⌊
𝑁 𝑝𝑎𝑑

𝑁 𝑐𝑤

⌋
+ 1 𝑖 = 1, . . . , 𝑟𝑒𝑚

(
𝑁 𝑝𝑎𝑑

𝑁 𝑐𝑤

)
𝑁
𝑝𝑎𝑑

𝑖
=

⌊
𝑁 𝑝𝑎𝑑

𝑁 𝑐𝑤

⌋
𝑖 = 𝑟𝑒𝑚

(
𝑁 𝑝𝑎𝑑

𝑁 𝑐𝑤

)
+ 1, . . . , 𝑁 𝑐𝑤,

(16)

where ⌊∗⌋ and rem denote the floor rounding and remainder
operations, respectively. The padded bits are then fed into
the LDPC encoder.
Puncturing and repeating. The padding bits are re-

moved after LDPC encoding, thus 𝑁 𝑝𝑜𝑠𝑡 = 𝑛𝑐𝑤 ×𝑁 𝑐𝑤 −𝑁 𝑝𝑎𝑑 .
Three cases will arise at this time.

Table 2: Parameters of 802.11 frame.

Parameter Explanation

𝑛𝑐𝑤 LDPC codeword length
𝑟 Coding rate
𝑘𝑖𝑛𝑓 𝑜 Information length in a codeword
𝑁 𝑝𝑟𝑒 Number of bits to be encoded
𝑁 𝑝𝑜𝑠𝑡 Number of bits after encoding
𝑁 𝑓 𝑟𝑎𝑚𝑒 Number of bits in a frame
𝑁𝑜 𝑓 𝑑𝑚 Number of OFDM symbols in a frame
𝑁 𝑝𝑎𝑑 Number of padding bits in a frame
𝑁 𝑝𝑢𝑛 Number of punctured bits in a frame
𝑁 𝑟𝑒𝑝 Number of repeated bits in a frame
𝑁 𝑠𝑦𝑚 Number of bits in a OFDM symbol
𝑁 𝑐𝑤 Number of LDPC codewords in a frame

Case 1: 𝑁 𝑓 𝑟𝑎𝑚𝑒 > 𝑁 𝑝𝑜𝑠𝑡 . In this case, there are insufficient
encoded bits to form a Wi-Fi frame. To address this, Wi-Fi
copy some of the preceding information bits and append
them to the end of the check bits. This operation is known
as repeating. The total number of repeating bits is 𝑁 𝑟𝑒𝑝 =

𝑁 𝑓 𝑟𝑎𝑚𝑒 − 𝑁 𝑝𝑜𝑠𝑡 . Similar to Equ. 16, the number of repeating
bits in 𝑖𝑡ℎ codeword is:

𝑁
𝑟𝑒𝑝

𝑖
=

⌊
𝑁 𝑟𝑒𝑝

𝑁 𝑐𝑤

⌋
+ 1 𝑖 = 1, . . . , 𝑟𝑒𝑚

(
𝑁 𝑟𝑒𝑝

𝑁 𝑐𝑤

)
𝑁
𝑟𝑒𝑝

𝑖
=

⌊
𝑁 𝑟𝑒𝑝

𝑁 𝑐𝑤

⌋
𝑖 = 𝑟𝑒𝑚

(
𝑁 𝑟𝑒𝑝

𝑁 𝑐𝑤

)
+ 1, . . . , 𝑁 𝑐𝑤 .

(17)

Case 2: 𝑁 𝑓 𝑟𝑎𝑚𝑒 < 𝑁 𝑝𝑜𝑠𝑡 . Conversely, if the number of
encoded bits exceeds the capacity of the Wi-Fi frame, Wi-
Fi will remove some of the check bits to conform to the
frame length. This process is known as puncturing. The total
number of bits to be punctured is 𝑁 𝑝𝑢𝑛 = 𝑁 𝑝𝑜𝑠𝑡 − 𝑁 𝑓 𝑟𝑎𝑚𝑒 .
The number of punctured bits in 𝑖𝑡ℎ codeword is:

𝑁
𝑝𝑢𝑛

𝑖
=

⌊
𝑁 𝑝𝑢𝑛

𝑁 𝑐𝑤

⌋
+ 1 𝑖 = 1, . . . , 𝑟𝑒𝑚

(
𝑁 𝑝𝑢𝑛

𝑁 𝑐𝑤

)
𝑁
𝑝𝑢𝑛

𝑖
=

⌊
𝑁 𝑝𝑢𝑛

𝑁 𝑐𝑤

⌋
𝑖 = 𝑟𝑒𝑚

(
𝑁 𝑝𝑢𝑛

𝑁 𝑐𝑤

)
+ 1, . . . , 𝑁 𝑐𝑤 .

(18)

Case 3: 𝑁 𝑓 𝑟𝑎𝑚𝑒 = 𝑁 𝑝𝑜𝑠𝑡 . The number of encoded bits
exactly matches the Wi-Fi frame length requirements. No
adjustments are necessary, i.e., 𝑁 𝑟𝑒𝑝 = 𝑁 𝑝𝑢𝑛 = 0.
After the padding, puncturing, and repeating operations,

the number of information bits and check bits in the 𝑖𝑡ℎ
codeword is determined as follows.{

𝑘𝑖 = 𝑘
𝑖𝑛𝑓 𝑜 − 𝑁 𝑝𝑎𝑑

𝑖

𝑚𝑖 = 𝑛
𝑐𝑤 (1 − 𝑟 ) − 𝑁 𝑟𝑒𝑝

𝑖
+ 𝑁 𝑝𝑢𝑛

𝑖
.

(19)

Note that only one of 𝑁 𝑟𝑒𝑝
𝑖

and 𝑁 𝑝𝑢𝑛

𝑖
can be non-zero.

The 𝑁 𝑓 𝑟𝑎𝑚𝑒 bits in a Wi-Fi frame can be segmented as:

𝑁 𝑓 𝑟𝑎𝑚𝑒 = {𝑘1,𝑚1, 𝑘2,𝑚2, ..., 𝑘𝑁 𝑐𝑤 ,𝑚𝑁 𝑐𝑤 }, (20)

where
∑𝑁 𝑐𝑤

𝑖=1 𝑘𝑖 = 𝑁 𝑝𝑟𝑒 . The 𝑁 𝑓 𝑟𝑎𝑚𝑒 bits can be equally di-
vided into 𝑁𝑜 𝑓 𝑑𝑚 blocks, each corresponding to an OFDM
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Figure 10: Experiment scenarios.

symbol. The criteria to determine whether the 𝑖𝑡ℎ OFDM
symbol is controllable are given by:{

𝑁
𝑜 𝑓 𝑑𝑚

𝑖
Controllableonly contain information bits.

𝑁
𝑜 𝑓 𝑑𝑚

𝑖
Uncontrollable otherwise.

(21)
where 𝑖 ∈ {2, ..., 𝑁 𝑐𝑤−1} because the first ODFM symbol con-
tains the service field and MAC header, and the last OFDM
symbol contains CRC bits.

We let one OFDM symbol carry four OOK bits, each lasting
0.8𝜇𝑠 . When the Wook device is positioned 10 m away from
the Wi-Fi AP, the output of the envelope detector and com-
parator is depicted in Fig. 9. The energy variations within
the controllable field of the Wi-Fi signals are discernible and
can be correctly recovered to OOK bits by the comparator. In
contrast, the uncontrollable fields, which include the MAC
header or check bits, exhibit such severe and irregular energy
jitter that they cannot be used to transmit OOK messages.
5.2.2 Wi-Fi Payload Generation. After running the hybrid
heuristic algorithms described in Sec. 5.1, we generate𝑀𝑜𝑜𝑘

QAM symbol groups, with each group consisting of 𝑁𝑑𝑠
QAM symbols to form 𝑀𝑜𝑜𝑘 OFDM symbols, correspond-
ingly represent 𝑀𝑜𝑜𝑘 OOK symbols. After demodulating
these QAM symbol groups by obeying the 802.11 constella-
tion mapping rule, we obtain𝑀𝑜𝑜𝑘 bit groups, each contain-
ing 𝑁 𝑠𝑦𝑚 bits. Next, the information bits in the controllable
OFDM symbols - defined by Equ. 21 - are selected according
to the downlink payload. For information bits in uncontrol-
lable OFDM symbols, we set them randomly. This yields a
payload bit sequence of length 𝑁 𝑝𝑟𝑒 , denoted as B𝑝𝑟𝑒 . How-
ever, directly inputting B𝑝𝑟𝑒 into the 802.11 transmission
flow is ineffective owing to the scrambling operation.
Wi-Fi employs a 7-bit linear feedback shift register with

polynomial 𝑥7+𝑥4+1 to generate scrambled bits. The output
of the scrambler is given by B𝑝𝑜𝑠𝑡 = B𝑝𝑟𝑒 ⊕ S, where S repre-
sents the scrambling bit sequence. And S relies exclusively
on the scrambler’s initial value. Thus, by providing B𝑝𝑜𝑠𝑡 as
the input, we can derive the desired waveform in the output
of the 802.11 transmission flow.

5.3 Correlation Demodulator
The conventional OOK demodulation relies on hard deci-
sion, where the comparator’s output is directly taken as the
demodulation result. However, this approach is more vul-
nerable to interference, especially in the congested 2.4 GHz
band. For example, in Fig. 9, samples representing bit ’1’ may
occasionally be misjudged as bit ’0’.

InWi-Fi backscatter, the tags use a 20MHz clock to control
a RF switch for frequency shifting [6, 34]. Therefore, with-
out introducing extra hardware overhead, we can sample
the comparator’s output at a frequency of 20 MHz. Conse-
quently, Wook employs a correlation decision to demodulate
the OOK symbols. Specifically, Wook treats all bits conveyed
by an OFDM symbol as a single OOK symbol. The correlation
demodulator samples the output of the comparator to obtain
all samples of an OOK symbol, which are then correlated
with templates representing different OOK symbols. This
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process is shown in Equ. 22.

𝑠𝑜𝑜𝑘 = argmax
𝑚∈{1,2,...,𝑀𝑜𝑜𝑘}

𝐾𝑜𝑜𝑘𝑛𝑜𝑜𝑘∑︁
𝑛=1

XNOR
(
𝑐𝑛,𝑇𝐸𝑀𝑃𝑚,𝑛

)
, (22)

where 𝑐𝑛 is 𝑛𝑡ℎ output of the comparator for an OOK sym-
bol, and 𝑇𝐸𝑀𝑃 is a predefined template matrix whose each
row represents an OOK symbol. The demodulator selects
the OOK symbol with the highest correlation coefficient as
the demodulation result. We evaluate the performance gap
between correlation decision and hard decision in Sec. 7.3.

6 IMPLEMENTATION
In this section, we show the implementation details ofWook.
6.1 Samples Utilization
To maximize resource efficiency, we aim to use all samples of
controllable OFDM symbols to convey OOK bits. However,
this is often not the case.

Cyclic prefix (CP). Wi-Fi duplicate the last 1/4 (normal)
or 1/8 (short) valuable samples to the front of an OFDM
symbol. As shown in Fig. 9, the bit carried by the first 1/5
part is identical to the last 1/5 part in an OFDM symbol. Since
the CP does not carry new information, the receiver needs
to disregard it. During evaluation, we set the Wi-Fi AP to
short mode to improve the communication efficiency.
Idle samples. We notice that heuristic algorithms con-

verge more readily if some samples are intentionally left
unused, i.e., 𝑛𝑜𝑜𝑘𝐾𝑜𝑜𝑘 < 𝑁 𝑠𝑐 in Equ. 2. This slack constraint
broadens the operational landscape of the algorithms. We
utilize two configurations during our evaluations. 1) For 16-
OOK modulation, each bit lasting 0.7𝜇𝑠 , leaving the remain-
ing 0.4𝜇𝑠 idle. 2) For 32-OOK modulation, each bit lasting
0.55𝜇𝑠 , leaving the remaining 0.45𝜇𝑠 idle.
6.2 Synchronize with Wi-Fi AP
Wi-Fi synchronizes with receivers using short training field
(STF) in the preamble. However, detecting STF is power-
hungry. Instead,Wook utilizes the first 16 bits as a synchro-
nization frame header, i.e., ’0011_1110_0110_1010’. This 16-
bit synchronization sequence includes a 13-bit barker code
to reduce the mis-synchronization rate.
6.3 OOK Coding Rate
We define the ratio of controllable OFDM symbols to the
total number of OFDM symbols in a Wi-Fi frame as the OOK

coding rate, which depends on the number of data subcarriers
𝑁𝑑𝑠 , QAM modulation order𝑀𝑞𝑎𝑚 and payload length 𝑁 𝑝𝑟𝑒 .
To balance exploring space and communication distance, we
use 20MHz channels and 64-QAM. Themaximum data frame
size for 802.11n is 2304 bytes, which means the maximum
value of 𝑁 𝑝𝑟𝑒 is 2304× 8. To maximize downlink throughput
while adhering to Wi-Fi’s frame length constraints, we set
𝑁 𝑝𝑟𝑒 = 2115 × 8, achieving an OOK coding rate of 0.8 (66
OFDM symbols, with 53 of them being controllable).

6.4 Heuristic Algorithms
We run the hybrid heuristic algorithms in Sec. 5.1.3 on a Intel
i9-12900H processor.
GA. The GA in MATLAB supports integer optimization.

We establish a population size of 1300 and a maximum of
1000 iterations. To speed up the optimization, GA stops if the
average relative change in the best fitness value over 50 gen-
erations is less than or equal to 10−6. To avoid getting stuck
in local optima, 400 individuals are guaranteed to survive to
the next iteration. The average run time is 121.8s.
SA. SA has a simpler structure than GA. We designate

the number of iterations as 6000 and the initial tempera-
ture as 63. The temperature at the 𝑛𝑡ℎ iteration is 𝑇𝐸𝑀𝑃𝑛 =

0.997×𝑇𝐸𝑀𝑃𝑛−1. To sustain exploration, we set a minimum
temperature of 0.23. The average run time is 11.9s.
6.5 Compatible with COTS Wi-Fi Device
We patch the Nexmon [35] to the ASUS RT-AC86U Wi-Fi
router [36] to manage the 802.11 transmission. Nexmon al-
lows users to manually configure parameters such as the
modulation and coding scheme (MCS) [37], channel coding
scheme [38], scrambler initial value [39], and CP mode [37].
Specifically, we use 802.11n 20MHz channels with MCS to 7
(64-QAM, code rate 5/6) and a single spatial stream.
6.6 Hardware Prototype
Wook’s RF front-end is identical to the wake-up receiver
on the backscatter tag [4, 15, 16, 40–42] shown in Fig. 2. It
consists of an envelope detector (ED), a comparator with an
auto-threshold circuit, and a correlation demodulator.We use
the ADL5513 envelope detector [43], with sensitivity tuned
to -60 dBm, comparable to state-of-the-art ULP wake-up re-
ceiver ASICs. The TS3021 [44] serves as the comparator. The
auto-threshold circuit is an RC integrator with 𝑅 = 1200Ω
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Figure 14: Performance ofWook in the line-of-sight scenario.
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Figure 15: Performance ofWook in the non-line-of-sight scenario.

and 𝐶 = 33𝑛𝐹 . The low-power FPGA Gowin GW1N [45] is
chosen as the correlation demodulator. The hardware proto-
type is shown in Fig. 11.

7 EVALUATION
We conduct experiments in an office building on a university
campus, as illustrated in Fig. 10. The experiments are con-
ducted in line-of-sight (LoS) and non-line-of-sight (NLoS)
scenarios. TheWi-Fi AP is configured to send 802.11n signals
on channel 9 (2452MHz). The primary performance metrics
are throughput and BER.
7.1 Comparisons
Data rate. Figure 12 compares the achievable data rate of
Wookwith existing ULPWi-Fi downlink systems. The packet-
level modulation [10–12] achieves a data rate of less than 20
Kbps. Symbol-level modulation [13, 19] employs two OFDM
symbols to convey one bit, resulting in a data rate of 125 Kbps
1. Wook can modulate five bits on a single OFDM symbol,
achieving a data rate of up to 1.1 Mbps, which is 55X and
8.8X higher than packet-level modulation and symbol-level
modulation, respectively.

Communication distance. Our tests reveal that symbol-
level modulation becomes ineffective for communication dis-
tances up to 6 m (BER up to 0.5). This ineffectiveness arises
from the small energy difference between constant OFDM
symbols and random OFDM symbols. Fig. 13 shows the en-
ergy difference distribution for 100 Wi-Fi frames at the same
location, revealing an average energy difference of just 3.5 dB
1The x-axis of Fig. 12 denotes GL [12], SS [11], HH [10], IS [13], WB [19].

with symbol-level modulation. This small difference makes
it difficult to accurately set the decision threshold for distin-
guishing the two energy states using passive auto-threshold
circuits. In contrast,Wook employs heuristic algorithms to
design Wi-Fi waveforms with an energy difference of up to
17.1 dB. Our experiments show that Wook achieves a BER
of less than 3% at a distance of 95 m from the Wi-Fi router.
To test the Wook’s extreme performance, we conduct an out-
door test, as shown in Fig. 16, where Wook demonstrate a
maximum communication distance of up to 170 m, which is
28.3X that of symbol-level modulation.
7.2 Wook System Performance
LoS performance. The test results for the LoS scenario
are shown in Fig. 14. Wook maintains a BER below 1% for
communication distances up to 38 m, and even at 95 m, the
BER stays under 4%. This impressive performance is due to
two key factors: 1)Wook optimizes the Wi-Fi waveform to
create a considerable energy disparity between the signal re-
gions representing bit 0 and bit 1, enlarging the error margin
for the decision threshold. 2) Adopting correlation decision
instead of hard decision to demodulate OOK messages pro-
vides additional gains. Thanks to these enhancements,Wook
consistently achieves a throughput of 255.5 Kbps with 32-
OOK at distances up to 42 m. Even at 95 m, the throughput
remains up to 82.9 Kbps. Notably, when the communication
distance exceeds 70 m, 16-OOK has a lower BER compared
to 32-OOK. Figure 14(c) shows the output voltage of the ED
and auto-threshold circuits, demonstrating that the threshold
consistently distinguishes between bit 1 and bit 0.



Figure 16: Maximum com-
munication distance test.
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Figure 18: Performance variation at different wake-up thresholds.

NLoS performance. Next, we evaluate the Wook’s NLoS
performance across an area of 180𝑚2, as shown in Fig.10(b).
The detailed results are presented in Fig. 15. Test points A,
B, and C are situated behind a wall and consistently exhibit
a BER below 10−3. The BER always remains below 2% in all
the test points. Figure 15(b) presents the throughput ofWook
in NLoS scenarios. With 32-OOK, the maximum throughput
is 750.8 Kbps at point B and a minimum of 134.6 Kbps at
point I. These detailed evaluations affirm thatWook operates
reliably under diverse environmental conditions.
Comparing the LoS and NLoS test results, we observe

that the BER performance difference between 32-OOK and
16-OOK is minimal, even though the duration of each bit in
32-OOK is 0.15𝜇𝑠 less. This suggests that Wook has substantial
potential for realizing higher-order OOK modulations.

7.3 Micro Benchmarks
Demodulation method. In Sec. 5.3, we introduce a correla-
tion decision method. Here, we evaluate its BER performance
across various distances and compare it to the hard decision,
which demodulates OOK bits individually using a simple vot-
ing method. The results in Fig. 17 highlight the superiority
of correlation decision, showing significant BER reductions
by factors of 3.3 and 5.8 at distances of 30 m and 60 m, re-
spectively. This improvement stems from the correlation
decision’s ability to leverage samples captured over the en-
tire OOK symbol, increasing the available data volume and
bringing additional gains. The gains become less apparent
as the communication distance increases to 90 m. This is due
to the weakened received signal and the accumulation of too
many erroneous samples.

Wake-up threshold. To synchronize with the Wi-Fi AP,
Wook uses a 16-bit frame header as the wake-up sequence.
Wook calculates the correlation coefficient of the sampled bit
sequence with this wake-up sequence. Once the correlation
coefficient surpasses a predetermined threshold,Wook starts
to receive the OOK payload following the wake-up sequence.
A lower threshold facilitates the reception of downlink sig-
nals, thus increasing the system’s throughput. However, it
also makes the system more susceptible to co-channel inter-
ference, which can raise the BER. Figure 18 illustrates the
impact of different thresholds on the packet loss rate, BER,
and throughput when the Wi-Fi AP is 40 m away from the
Wook device. A lower threshold results in a lower packet loss
rate, while the difference is negligible when the threshold is
set to 0.86 or 0.93. Conversely, the packet loss rate increases
significantly when the threshold exceeds 0.93. Figure 18(b)
indicates that a higher threshold corresponds to a lower BER,
with minimal difference observed between thresholds of 0.93
and 1. The throughput variation shown in Fig. 18(c) follows
a similar pattern. Therefore, to balance the throughput and
BER, Wook sets the threshold to 0.93.
Sampling rate. The sampling rate of the comparator’s

output significantly impacts system performance. We con-
duct BER tests at different locations using various sampling
rates, and the results are shown in Fig. 19. It is evident that
higher sampling rates lead to lower BERs. For example, a
20 MHz sampling rate at test point A reduces the BER by 3
and 8.32 compared to 10 MHz and 5 MHz, respectively. At
more distant test point G, the benefit of a 20 MHz sampling
rate over 10 MHz is less pronounced. This observation is
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Figure 19: Performance with different sampling rates.
crucial for ULP uplink systems like Wi-Fi backscatter, where
reflected signals are frequency-shifted by at least 20 MHz to
avoid conflict with the excitation signals. Therefore, Wook’s
use of a 20 MHz sampling rate does not incur any additional
hardware overhead for existing ULP devices.

Wi-Fi PHY configurations.We evaluate how the chan-
nel bandwidths and MCS effectWook. The results are shown
in Fig. 20(a). Interestingly, increasing the QAM order or using
larger bandwidths expands the solution space but results in a
lower energy difference. This occurs because the exponential
expansion of the solution space makes it difficult for heuristic
algorithms to explore fully within a limited time. Conversely,
16-QAM and 4-QAM are in the opposite situation. Fig. 20(b)
presents the OOK coding rate under different configurations.
Although QPSK offers a slightly higher coding rate than
64-QAM, its energy difference is too small to meetWook’s
requirements. Taking these factors into account, Wook is
implemented with a 20MHz/64-QAM configuration.

7.4 IC power consumption
The IC design ofWook involves analog and digital parts. 1)
For the analog parts, Cadence Virtuoso [46] with SMIC 40
nm process is used. A 20 MHz ring oscillator to sample the
comparator output, utilizing the same architecture as in [47],
with a power consumption of 19.5𝜇𝑊 ; The envelope detec-
tor and comparator together consume 53.7𝜇𝑊 . 2) For the
digital parts, Synopsys DC with SMIC 40nm library [48] is
utilized to synthesize and report power consumption under
a 1.1 V voltage supply. The wake-up circuit demodulates the
OOK signals using hard decisions to minimize resource us-
age and reduce power consumption, consuming 0.8𝜇𝑊 . The
correlation demodulator primarily employs multiplexers to
compare the correlation coefficients with a power consump-
tion of 3.4𝜇𝑊 . Additionally, Wook requires RAM to store
the wake-up pattern and the OOK symbol templates, with
a power consumption of 0.2𝜇𝑊 . Thus, the overall power
consumption of Wook is 77.6𝜇𝑊 .

8 RELATEDWORK
ULP downlink systems. 1) Wi-Fi. HitchHike et al. [10, 11,
18] use packet-level modulation to convey OOK bits. How-
ever, the duration of a Wi-Fi packet is usually a few tens of
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Figure 20: Performance with different Wi-Fi PHY con-
figurations. C1: 20M/64QAM, C2: 20M/16QAM, C3:
40M/256QAM, C4: 40M/64QAM, C5: 20M/4QAM

microseconds, so packet-level modulation communication is
only capable of tens of Kbps. Interscatter [13] employ two
OFDM symbols to convey one OOK bit, thus achieving a data
rate of 125Kbps. [12] modifies the RF ports of Wi-Fi devices
by introducing additional hardware to change the energy
strength of the transmitted signals with a communication
rate of less than 10 Kbps. MIXIQ [29] achieves Mbps data
rates, but it only works with 802.11ax and is incompatible
with the COTS Wi-Fi router. 2) LoRa. Saiyan [14] enables
low-power LoRa signal demodulation for ULP devices to re-
alize long-distance downlink data transmission. 3) Custom
protocols. Passive DSSS [15] designs interference-resistant
ULP downlink with DSSS. Analog OFDMA [17] achieves
highly concurrent downlink communication by filtering out
subcarriers. µmote [16] achieves long-range communication
based on chirp modulation.
ULP downlink hardware. The development and ap-

plication of integrated circuits to design ultra-low power,
high-sensitivity OOK receivers have become increasingly
prevalent. [49] achieves -42.6 dBm sensitivity at 2.8𝜇𝑊 . [50]
achieves -50 dBm sensitivity at 4.5𝜇𝑊 . [51] achieves -51
dBm sensitivity with 10𝜇𝑊 . [52] achieves -64 dBm sensitiv-
ity at 51𝜇𝑊 . [53] achieves -71 dBm sensitivity at 11𝜇𝑊 . [54]
achieves -72 dBm sensitivity at 93𝜇𝑊 .
Cross-technology communication (CTC). Wook con-

verts Wi-Fi signals into high-speed OOK signals, catego-
rizing it a type of CTC. Traditional Wi-Fi based CTC re-
lies on 802.11 reverse engineering to find Wi-Fi payloads
that emulate the desired waveform. Examples include We-
Bee [19], LongBee [55], BlueFi [20] and WiRa [56]. However,
reverse engineering faces the ill-pose problem, wherein the
desired output of the BCC encoder may not constitute a
valid codeword, resulting in rough emulations and poor per-
formance [57]. The use of LDPC allows Wook to perform
802.11 forward analysis, thus solving the ill-pose problem.
Another emerging approach uses AI for global optimization.
XiTuXi [57] views the system as a black box and employs pop-
ular transformer to ease the design efforts, while NNCTC [58]



uses neural networks with fewer training samples. However,
these methods are computationally intensive and imprac-
tical for real-time communication. For example, for each
emulation, even on high-end GPUs/CPUs (e.g., RTX 3080Ti
or i9-12900H), XiTuXi takes about 1s, and NNCTC takes
a staggering 3 minutes. In contrast, Wook acts as a “white
box," necessitating merely a simple lookup table, which facil-
itates rapid processing. For example, transmitting 256 OOK
symbols (equivalent to use 256 OFDM symbols to convey a
ZigBee frame in XiTuXi and NNCTC),Wook with a 5 GHz (i9-
12900H max frequency) clock only requires 256

5𝐺𝐻𝑧 = 51.2𝑛𝑠 .
ULP uplink systems. 1) Wi-Fi. [59] realizes in-band

backscatter communication achieves a throughput of 248kbps.
[10] utilizes 802.11b and achieves a throughput of 300 Kbps
at a distance of 1 m. [5] employs a multi-antenna technique
to achieve a throughput of 500 Kbps. [11] implements a
two-stage wake-up strategy, boosting the throughput to 600
Kbps. [7] introduces sub-symbol level modulation, achieving
a throughput of 743 Kbps. [9] synthesizesWi-Fi signals using
pure carriers, achieving a throughput of 1 Mbps. [6] reaches
a throughput of about 1.1 Mbps with 16-PSK modulation.
[3] even boosts throughput to a remarkable 10 Mbps. These
works achieve throughput significantly higher than the state-
of-the-art Wi-Fi ULP downlink systems. 2) Other protocols.
LoRa backscatter [60–62] enables long-distance communi-
cation. LTE backscatter [41, 63] enables uninterrupted data
transmission using ubiquitous LTE signals. [64] enables the
active transmission of BLE signals without needing a battery.

9 DISCUSSION AND FUTUREWORK
Influence of pilots. In the waveform optimization process,
we assume the pilots are know. However, 802.11 assigns
different pilots to each OFDM symbol. We observe the fol-
lowing: 1) the pilots for all OFDM symbols are known once
theWi-Fi PHY parameters (frame length, channel bandwidth
etc. ) are configured, and 2) there are eight pilot combinations
in 802.11n 20MHz channels. Thus,Wook gives eight solutions
for each OOK symbol. This operation has minimal overhead.
For example, with 32-OOK, only 32×8×52×6

1024×8 = 9.75𝐾𝐵 of mem-
ory is needed to store theWook’s encoding messages. This
requirement is negligible for most COTS Wi-Fi routers, e.g.,
the RT-AC86U has a memory size of 256MB.

High order OOK modulation. According to the results
in Sec. 7.2, the performance gap between 16-OOK and 32-
OOK is minimal. This indicates thatWook has the potential to
employ higher-order OOK modulations, such as 64-OOK or
even 256-OOK to further improve the throughput. However,
implementing higher-order modulation requires substantial
effort to optimize the waveforms. Therefore, designing a
more efficient optimization algorithm is our next goal.
802.11ax/be. Compared to 802.11n/ac, the OFDM sym-

bol duration (excluding the CP) has increased from 3.2𝜇𝑠

to 12.8𝜇𝑠 in 802.11ax and 802.11be. As a result, 802.11ax/be-
Wook requires a 4X in OOK modulation order to achieve
a throughput comparable to 802.11n/ac-Wook, demanding
4X more efforts. Wi-Fi standards are backward compatible,
so even the latest 802.11be devices will continue support
802.11n/ac. This ensures Wook to be easily integrated into
existing COTS Wi-Fi devices.
5G NR low-power wake-up signal (LPWUS). 3GPP

conducts a study on LPWUS [65], proposing four OOK-based
options (OOK-3 works in the frequency domain like OOK-2,
is omitted here). OOK-1 resembles symbol-level modulation
in Wi-Fi downlink, where all samples in the LPWUS field
convey a single bit. OOK-2 transmits multiple OOK bits using
separated subcarrier segments, requiring receivers to em-
ploy parallel band-pass filters to isolate each segment. This
demands precise filter design, such as high-Q components to
narrow filter bandwidth (a hardware example shown in [17]).
Moreover, the circuit size increases with the modulation or-
der. OOK-4 operates in the time domain, but its waveform
generation remains under exploration, and the system design
lacks practical deployment.Wook offers a design paradigm
for high-speed OOK waveforms in OFDM environments,
providing valuable insights for LPWUS design in NR.

Effects on normalWi-Fi links. Our evaluation platform
based on Nexmon. The activating Nexmon disables the AP’s
wireless connectivity. However, a simple firmware update
from the Wi-Fi chip manufacturer — storing the optimized
payload in Sec.5.2 in memory and configuring PHY param-
eters from Sec.6.5 — is sufficient to deploy Wook on COTS
Wi-Fi devices. This requires no modifications to the chips
or the 802.11 standards. Once deployed, the Wook device
functions as a regular Wi-Fi terminal and does not interfere
with the normal Wi-Fi link.

10 CONCLUSIONS
We introduce Wook, a novel system that enables ultra-low
power downlink data transmission in Wi-Fi environments.
Leveraging heuristic algorithms and a comprehensive anal-
ysis of the 802.11 transmission flow, Wook achieves sub-
symbol modulation by manipulating the Wi-Fi waveform.
Our results illustrate that Wook achieves a throughput of up
to 1.1 Mbps, which surpasses state-of-the-art approaches by
a factor of 8.9. This innovative design empowers ultra-low
power devices to communicate with existing wireless infras-
tructure with high throughput, thus unlocking the potential
of future IoT networks.
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