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ABSTRACT Featuring a long operation time to avoid frequent battery replacements, highly energy-efficient
radios have shown their pivotal functions for low-power and battery-driven devices in supporting manifold
Internet-of-Things (IoT) services. To this end, prolific systems for highly energy-efficient radios have been
widely deployed, but they impose a critical challenge of sacrificed data rates to preclude the applications
that both require high energy efficiency and high data rates. Recently, this challenge has driven the concept
of equipping two radio-chains on a low-power device, known as the primary connectivity radio (PCR)
and companion connectivity radio (CCR). The PCR supports high data rate transmissions, and switches
to the sleeping mode when no data should be received. In this case, the CCR stays awake to monitor
traffic, and wakes up the PCR when data requiring to be received arrives. However, to practice such a
concept, sophisticated operations in the physical (PHY) layer and medium access control (MAC) layers
are required. Consequently, the IEEE 802.11 Task Group ‘‘ba’’ (TGba) has been formed to launch the
normative works since 2017. In the normative development, the most challenging issue lies in the design of
a new frame structure especially the preamble sequence, by which the CCR in a station (STA) can efficiently
synchronize with an access point (AP) and the PCR can be promptly waken upwhen anAPwishes to transmit
data to an STA. To comprehend such a crucial foundation for the next generation low-power IoT devices,
this paper provides comprehensive knowledge of state-of-the-art PHY/MAC operations of IEEE 802.11ba.
Most importantly, a preamble sequence design for synchronization is further proposed for the new frames
supported in IEEE 802.11ba. Through comprehensively evaluating the performance of different designs (in
terms of data rate configuration and synchronization sequences), we justify the outstanding performance of
the proposed design in terms of the synchronization error rate and packet error rate, to satisfy the urgent
demands in the normative works of IEEE 802.11ba.

INDEX TERMS IEEE 802.11ba, wake-up radio (WUR), wake-up frames, PHY/MAC operations, the Inter-
net of Things, energy efficiency.

I. INTRODUCTION
The next generation Internet of Things (IoT) paradigm is pro-
jected to embrace a variety of applications, including sensors/
controllers in smart cities/buildings [1], [2], intelligent trans-
portation systems (ITS) [3]–[5], unmanned factories [6],
smart agriculture, and/or smart grids [7], etc. Since these
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applications may involve a large number of battery-driven
devices to be deployed to unreachable places by human
beings, it is intractable to frequently or comprehensively
replace batteries for these devices. How to efficiently prolong
the lifetime of batteries therefore turns out to be an inevitable
issue in practicing these IoT applications.

To tackle this issue, a considerable number of highly
energy-efficient and/or low power wireless systems have
been deployed, such as IEEE 802.15.4, which offers a
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transmission data rate of 250 kbps with a transmission range
around 10 m. To further extend the transmission range,
the low power wide area networks (LPWAN) [8] offer afford-
able connectivity for battery-driven devices deployed over a
very wide range of geographical areas. To achieve long-range
transmissions, transmission power of these battery-driven
devicesmay need to be increased. However, to extend the life-
time of batteries, substantially increasing transmission power
may be practically infeasible, and therefore LPWAN is solely
suitable for IoT applications that only require to transmit
a small amount of data. For example, long range (LoRa)
LPWAN [9], [10] are non-standardized LPWAN systems to
offer low data rates from 0.3 kbps to 50 kbps. Sigfox operates
another type of LPWAN on the Industrial, Scientific, Medi-
cal (ISM) bands [11] to support an even lower data rate to
transmit a small payload size of 12 bytes within up to 2 sec-
onds. In 2014, Narrow-band IoT (NB-IoT) [12], [13] has been
standardized as a part of 3GPP Release 13 to support low cost
devices through reusing LTE infrastructures. The data rates of
NB-IoT have been significantly enhanced as compared with
that of LoRa and Sigfox, which however are only around
200 kbps. The inherent tradeoff between transmission power
and data rates therefore may preclude IoT applications both
requiring high energy efficiency and high data rates.

To avoid such inherent tradeoff, the two-radio-chain frame-
work has recently received considerable attentions in the
designs of low-power IoT devices [14]–[17], in which a
device is equipped with two radios known as the pri-
mary connectivity radio (PCR) and companion connectiv-
ity radio (CCR). The PCR is able to support high data
rates, and therefore may consume more power in long-range
transmissions. To significantly enhance the energy efficiency
of a low-power device, the PCR is normally in the sleep-
ing mode, and wakes up only if there are packets to be
received/transmitted by the PCR. When the PCR is in the
sleeping mode, the CCR is awake to continuously monitor
whether there are packets to be received by the PCR. If there
are packets to be received, the CCR wakes up the PCR to
perform high data rate reception. Although the concept of
the two-radio-chain framework is straightforward, practicing
such a system may not be an effortless task.

Since 2017, the IEEE 802.11 Task Group ‘‘ba’’ (TGba)
has been formed to develop draft 0.1 (D0.1) of IEEE
802.11ba, which embraces MAC and PHY operations to
sustain any possible upper-layer protocols and applications
such as IPv6 [18], [19]. Subsequently, D1.0 has further been
released since 2018 [20]. The objective of IEEE 802.11ba is
to enable an active station (STA) with power consumption
less than one milli-watt (mW). For this purpose, an IEEE
802.11ba STA is equipped with two radio chains known as
the PCR and wake-up radio (WUR) (which is similar to
the CCR). The PCR supports complete functions of legacy
IEEE 802.11, and should stay in the sleeping mode for a
duration as long as possible. To wake up the PCR, a new
frame known as the wake-up frame is introduced. When an
access point (AP) has packets to be transmitted to the PCR of

an STA, an AP sends a wake-up frame to theWUR of an STA,
then the WUR wakes up the PCR to receive packets from an
AP. Although few articles have preliminarily introduced the
PHY/MAC operations of IEEE 802.11ba [21]–[23], efficient
designs for a wake-up frame are still open and challenging
issues. To comprehend such a crucial technology for the next
generation low-power IoT wireless systems, the contribution
of this paper includes the followings.

• Firstly, essential knowledge of the PHY (including phys-
ical layer convergence procedure (PLCP) Protocol Data
Unit (PPDU) of wake-up frames, waveform, modula-
tion, synchronization sequence design, and data rate
configuration) and MAC (including wake-up proce-
dure, WUR beacon, WUR mode, WUR re-discovery,
and channel access) procedures of IEEE 802.11ba is
provided.

• Secondly, through conducting complete link-level sim-
ulations, this paper evaluates the performance for differ-
ent synchronization sequence designs and data rate con-
figurations of the wake-up frame, to show the adequacy
of these designs.

• Most importantly, the optimum designs of the synchro-
nization sequences for the WUR frame are proposed.

The proposed designs therefore serve tomeet the urgent needs
in the normative works of IEEE 802.11ba.

The rest of this paper is organized as follows. In Sections II
and III, foundations of MAC and PHY operations are offered.
In Section IV, designs of synchronization sequences forWUR
frames are proposed. Then, the performance evaluation of
different data rate configurations for WUR frames are given
in Section V. Simulation results for the proposed designs
are provided in Section VI, and this paper is concluded in
Section VII.

II. MAC OPERATIONS OF IEEE 802.11ba WURs
The standardization of IEEE 802.11ba involves sophisticated
PHY and MAC operations. To fully comprehend this system,
it is of crucial importance to understand MAC layer oper-
ations. In this section, knowledge of essential MAC layer
operations is therefore provided.

A. WAKE-UP OPERATIONS
The basic wake-up procedure starts from an AP sending a
wake-up frame to an STA, which occurs when an AP has
packets to be transmitted to an STA. As aforementioned,
the PCR of an STA is normally in the sleeping mode, and
thus theWUR should stay awake tomonitor a wake-up frame.
When the WUR receives a wake-up frame, it does not have
the capability to send a response frame back to an AP. In this
case, the WUR wakes up the PCR, then the PCR sends a
response frame to an AP to indicate that it is ready to receive
downlink packets, as illustrated in Fig. 1.

To further reduce the power consumption in an STA, not
only the PCR but also the WUR is able to switch to the
sleeping mode. Nevertheless, if the WUR switches to the
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FIGURE 1. The wake-up operation in IEEE 802.11ba.

sleeping mode, then an AP may not be able to wake up an
STA when there are downlink packets. To avoid such an
undesirable case, an AP and an STA can exploit a negotiation
procedure to decide when a WUR should wake up to check
whether there are wake-up frames. This operation is know
as the duty-cycle of the WUR. Since the WUR lacks the
capability to transmit, the negotiation procedure is performed
between an AP and the PCR. During the negotiation, four
parameters for the duty cycle of the WUR are decided: 1) the
duty cycle period, 2) the starting time of the ‘‘on’’ period
(within which the WUR of an STA turns on), 3) the length
of the ‘‘on’’ duration, and 4) the minimum wake-up time
(which indicates the minimum length of the ‘‘on’’ period),
as illustrated in Fig. 1.

To negotiate the above four parameters, an AP first adver-
tises the minimum wake-up duration. Upon receiving this
parameter, the PCR sends the desired values of the length of
the ‘‘on’’ period and duty cycle period to anAP based on the
constraints of energy efficiency and data reception latency.
Subsequently, an AP replies the starting time of the ‘‘on’’
period.When this negotiation procedure has been completed,
the STA enters to theWURmode and the PCR is able to switch
to the sleeping mode.

B. WUR BEACON
Once the PCR switches to the sleeping mode and only the
WUR stays awake, some basic functions of the PCR also
switch off, and one example is the synchronization function.
STAs in a single infrastructure basic service set (BSS) are
synchronized to a common clock using a mechanism called
the timing synchronization function (TSF), which keeps the
timings of all STAs in the same BSS aligned with the TSF
values conveyed by a beacon frame. For this purpose, a bea-
con frame broadcasted by an AP is composed of a 64-bit
timestamp field to represent the value of the TSF timer.
Through receiving a beacon frame, each STA therefore can
maintain a TSF timewithmodulus 264 counting in increments
of microseconds. Another mechanism is known as the heart
beat function, by which an AP periodically transmits beacon

frames for STAs to determine whether they are still within
the coverage range of the BSS. This function also facilitates
possible BSS scanning and handover procedures thereafter.
Since the above two functions are not available when the
STA enters the WUR mode, additional designs are needed
to practice IEEE 802.11ba.

To operate the above two functions when an STA enters the
WUR mode, beacon frames are necessary. For this purpose,
a new beacon known as the WUR beacon frame is intro-
duced to IEEE 802.11ba. An AP should periodically transmit
the WUR beacon frame such that the WUR of an STA is
able to receive the system information provided from an AP
(as illustrated in Fig. 1), just like a periodic ‘‘heart beat’’
sequence to keep alive. If the heart beat sequence is missing
at the STA side, then an STA is likely outside the coverage
range of an AP, and consequently an STA needs to initiate
the re-discovery procedure to find another AP. On the other
hand, to achieve synchronization using the WUR, a general
scheme is to include a timestamp in the WUR beacon frame.
However, since the transmission rate of a beacon may be very
limited, the transmission time of a 64-bit timestamp filed may
occupy up to 1.024 ms, which may be a considerable burden
in spectrum efficiency. To further reduce the transmission
time for the timestamp filed, theWUR beaconmay only carry
a partial TSF for synchronization.

C. RE-DISCOVERY
As aforementioned, the hear beat function with the facilita-
tion of WUR beacon frames enables an STA to determine
whether it is still within the coverage range of the associ-
atedAP. If an STAmoves outside the coverage range of anAP,
then an STA needs to initiate the re-discovery procedure. The
conventional re-discovery procedure in IEEE 802.11 includes
scanning, authentication, and association to a BSS. In the
scanning phase, the STA has to scan all the available channels
to find one or more APs. However, such an operation may
consume a lot of power of the STA, especially when the STA
moves frequently.

To further save power during the scanning phase, a special
frame known as the WUR discovery frame is introduced in
IEEE 802.11ba to assist an STA to discover the BSS, and a
channel is designated for this special purpose. All the APs
transmit the WUR discovery frames on that special chan-
nel, which carry critical information for scanning, such as
the AP’s address and the AP’s operating channel. Through
obtaining such critical information using theWUR tomonitor
this special channel, an STA is able to find the AP’s operating
channel, then the PCR of an STA can send the authentication
and association request frames. As a result, an STA is able to
save power significantly.

D. WUR FRAME FORMATS
So far, this paper has introduced the WUR wake-up frame,
WUR beacon frame, and WUR discovery frame. In IEEE
802.11ba, all these frames are known as WUR frames, and
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adopt a general MAC protocol data unit (MPDU) format,
as illustrated in Fig. 2.

FIGURE 2. The MPDU format of a WUR frame.

Similar to the conventional IEEE 802.11 MPDU format,
the MPDU of a WUR frame is composed of a MAC header,
a frame body (payload), and a frame check sequence (FCS).
The frame body is optional depending on the type of theWUR
frame. The FCS carries the cyclic redundancy check (CRC)
code of the frame, which additionally conveys the BSS iden-
tifier (BSSID) of the BSS.

The MAC header is composed of a 8-bit frame control
field, a 12-bit address field, and a 12-bit type dependent
(TD) field. The frame control field is further comprised of
a type subfield and a length/miscellaneous (Misc.) subfield.
The type subfield distinguishes different types of this WUR
frame (e.g., WUR discovery frame, WUR wake-up frame,
WUR beacon frame, etc.). The WUR discovery frame is a
variable-length WUR frame, and therefore the length/Misc.
subfield indicates the length of the frame body. On the other
hand, the WUR wake-up frame and WUR beacon frame are
constant-lengthWUR frames, in which the frame body is not
present.

For the address field, the content depends on the type
of the WUR frame. For the type of unicast WUR wake-up
frame, the address field conveys a WUR ID (WID), which
is assigned by an AP to an STA. For the type of multicast
WUR wake-up frame, the address field conveys a group ID
(GID), which is provided by an AP to identify one or more
STAs. For the type of the broadcast WURwake-up frame and
the WUR beacon frame, the address field conveys a trans-
mitter ID (TXID) since such a frame is provided for all the
STAs. Note that the unicast WUR wake-up frame, the multi-
cast WUR wake-up frame, and the broadcast WUT wake-up
frame all belong to the type of the WUR wake-up frame,
and therefore indication is required in the length/Misc. sub-
field to distinguish the broadcast WUR wake-up frames and
non-broadcast WUR wake-up frames.

E. CHANNEL ACCESS
In IEEE 802.11ba, the enhanced distribute channel access
(EDCA) in IEEE 802.11e is also adopted for trans-
mitting the WUR wake-up frames. In the conventional
EDCA, there are four access categories (ACs) for voice

(AC-VO), video (AC-VI), best effort (AC-BE), and back-
ground (AC-BK) traffic. These ACs are also adopted by IEEE
802.11ba, by which an AP may use any AC to send the
multicast WUR wake-up frames and WUR beacons. An AP
may also use any AC to send a unicast WUR wake-up frame
to an STA if an AP does not have any pending packets to be
sent to an STA.

III. PHY OPERATIONS OF IEEE 802.11ba WUR
As aforementioned, the operations of IEEE 802.11 WUR
highly rely on WUR frames. The PHY of IEEE 802.11ba
therefore emphasizes on the design of WUR frames. This
section introduces the waveform, preamble, and each field in
the convergence procedure (PLCP) protocol data unit (PPDU)
format of a WUR frame.

A. WAVEFORM OF WUR FRAMES
An AP of IEEE 802.11ba reuses the existing orthogonal fre-
quency division multiplex (OFDM) transmitter architecture
adopted by IEEE 802.11a/g/n/ac/ax to generate the OFDM
waveform with 312.5 kHz subcarrier spacing. Since nar-
rowband waveform reception can significantly reduce the
power consumption at the receiver side, the narrowband
OFDM waveform is generated by populating the contigu-
ous 13 out of 64 subcarriers with null center subcarrier to
occupy a 4 MHz band. In addition to power saving, this
scheme also facilitates alleviation of the peak to average
power ratio (PAPR) issue in OFDM. To further reduce power
consumption at the receiver (STA) side, in Layer 1, the WUR
frame does not carry any data information, and an AP only
utilizes the OFDM waveform as transmission medium to
transmit WUR frames.

For the WUR, information bits are modulated into on-off
keying (OOK) symbols, and the transmitter (i.e., AP) of
WUR frames uses these OOK symbols to mask the gener-
ated narrowband OFDM waveform, which is known as the
multi-carrier OOK (MC-OOK) waveform. At the receiver
(i.e., WUR in an STA) side, OOK demodulation does not
require any channel equalization in the frequency and time
domains, and therefore a non-coherent detection (such as
envelope detection) is sufficient to demodulate OOK. Using
the non-coherent detection, the receiver does not need to
maintain/track a highly accurate oscillating rate. As a result,
a phase-lock loop (PLL) could be avoided to further reduce
the power consumption at the receiver side.

B. PREAMBLE OF WUR FRAMES
Different from mobile networks, such as 3GPP New Radio
(NR) [24] and Long-Term Evolution (LTE), in which a
user equipment (UE) should ubiquitously track the timing
reference of a base station (BS) no matter whether there
are uplink/downlink data transmissions or not, in an IEEE
802.11 system, an STA only maintains a coarse timing align-
ment with an AP by continuously receiving beacons sent
by an AP. When an STA powers on, it should search and
associate to anAP, and then continuouslymonitors the beacon
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frames sent by the AP. Since a beacon frame contains the
identity (ID) of the BSS (i.e., BSSID), an STA is able to
distinguish the beacon frames sent by different APs through
identifying the BSSID. In practical operations, an AP may
not send beacons periodically. When the occasion of send-
ing a beacon arrives but the channel has been occupied by
other transmitters, the transmission of a beacon should be
postponed. Following the spirits of data communications,
an IEEE 802.11 system can tolerate a larger level of clock
drifting between a transmitter and a receiver. Nevertheless,
to ensure that an PPDU can be successfully detected, a pream-
ble inserting into an PPDU is inevitable.

To coexist with legacy IEEE 802.11 devices in the same
bands, a 20 MHz non-high throughput (non-HT) preamble
is prepended in any WUR PHY PPDU. The PPDU format
for WURs is illustrated in Fig. 3, which includes a legacy
short-training field (LSTF), a legacy long-training field
(LLTF), and a legacy signal (LSIG). Note that LSTF, LLTF
and LSIG are not only modulated in 13 subcarriers. Instead,
a WUR PPDU relies on LSIG to silence the legacy IEEE
802.11 devices in the same 20 MHz band up to 5.6 ms to
avoid collisions, and therefore these three field are modulated
to occupy 20MHz bandwidth. However, this 20MHz non-HT
preamble cannot be recognized and decoded by aWURdue to
the narrowband reception capacity. Nevertheless, the 20MHz
non-HT preamble can be used for setting the coarse automatic
gain controller (AGC). On the contrary, the synchronization
(SYNC) and data field are modulated using OOK waveform
over 13 subcarriers, and these two field will be introduced
later.

Because of the power spectral density (PSD) regulations
in some regions, narrowband MC-OOK has to be transmit-
ted at lower power. This operation leads to a sharp power
drop between the 20 MHz non-HT of the preamble and
the MC-OOK portion in the WUR PPDU. Such a power
drop is called signal/carrier loss, which may degrade the
performance of protection from being interfered by other
legacy IEEE 802.11 devices. On the other hand, if the power
level of the legacy preamble is lowered to the level of
the MC-OOK portion, the LSIG protection region could be
harmed. To bridge the power gap between 20 MHz non-HT
preamble and narrowband MC-OOK portion, an additional
20 MHz OFDM symbol with 312.5 kHz subcarrier spacing
and binary phase shift keying (BPSK) is added in the middle
of the PPDU format.

C. DATA FIELD IN PPDU
Since a WUR frame carries only the control information,
the data field in a WUR PPDU is used to carry the control
information, instead of data. In the WUR PPDU format, both
SYNC and data fields are MC-OOK waveforms. SYNC is
used to help the WUR to synchronize with WUR frame, and
to know the position of the data field. For SYNC, the lowest
data rate is applied to facilitate the robustness. For data, mul-
tiple data rates can be applied to achieve either better spec-
trum efficiency or better coverage (reliability). For the sake

of simplicity, two data rates for the data field are supported
by WUR: 250 kbps and 62.5 kbps, as illustrated in Fig. 3.
The higher data rate can be accommodated for short range
communications to enhance the spectrum efficiency, while
the lower data rate facilitates coverage extension, especially
in the outdoor environment. Section IV will justify these two
data rates for the data field.

FIGURE 3. The PPDU format of a WUR frame.

To further improve the performance of envelope detection
of the WUR, the Manchester code can be applied to the
data field. There are two engineering merits of applying
the Manchester code: 1) Estimation of MC-OOK detection
threshold is not required for the Manchester code, and a long
period of ‘‘zero’’ waveform can be avoided to to overcome the
drawback of OOK symbol transmission over the unlicensed
spectrum.

D. SYNC FIELD IN PPDU
Since only two data rates are supported in the data field,
the preamble designs for WUR are simplified. It is pos-
sible to allow ‘‘zero’’ LSIG field such that the preamble
only contains the SYNC field, which is used to boost the
synchronization at the WUR side. A simple way to have
zero LSIG field is that the LSIG field is composed of only
pre-defined sequences to differentiate the two data rates.
Taking complexity into the implementation consideration,
a single correlator is preferred at the WUR. In the following
section, we will evaluate the performance of different designs
for synchronization sequences, and propose a design to effec-
tively improve the error rate of synchronization.

IV. OPTIMUM SYNCHRONIZATION SEQUENCE
DESIGNS FOR WUR FRAMES
There are two possible schemes to differentiate the two data
rates in the data field through the SYNC field under the
constraint of using only one correlator at the WUR. The
first scheme is to have different synchronization sequences
with different durations, and the duration of the SYNC field
depends on the data rate of the data field. When the low data
rate is used for the data field, the duration of the SYNC field
is 128 µs (denoted as SYNC1). When the high data rate is
used for the data field, the duration of the SYNC field is
64 µs (denoted as SYNC2). The purpose of using a longer
SYNC duration (SYNC1) to denote the low data rate of data
is to achieve a better reliability performance, while a shorter
SYNC duration (SYNC2) associated with the high data rate
of data achieves a better spectrum efficiency. For example,
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suppose that data has a 48-bit payload. If SYNC2 for the high
data rate reduces from 128 µs (as compared with SYNC1)
to 64 µs, then the packet duration is reduced by 20%. Since
the WUR frame does not carry data, the preamble may be
regarded as overheads. Therefore, for a better spectrum effi-
ciency, the overall length of a WUR PPDU should be as
short as possible. Please also note that, since an STA may not
knowwhether the data rate of the receivedWUR frame before
successfully detecting the SYNC field, and there are two
possible lengths of the SYNC field (i.e., 64 µs and 128 µs),
the required time to detect an WUR frame is at least 128 µs.
The first scheme consists of two steps: 1) Design a base

sequence Z (of 1s and 0s) of a length N , and 2) construct
SYNC1 and SYNC2 based on Z and its complementary
1 − Z. In the following proposition, a possible design for
SYNC1 and SYNC2 is provided.
Proposition 1: One possible design is that SYNC1 is the

concatenation of two Z sequences (i.e., SYNC1 = [Z Z]),
and SYNC2 = [1 − Z]. The receiver correlates the received
signal with the template (2Z− 1), and there are two possible
results at the output of the correlator if the received signal is
the WUR frame. When SYNC1 is received, then there are two
positive peaks at the correlator output. On the other hand,
when SYNC2 is received, there is only one negative peak.
Example 1: Following Proposition 1, we take

Z = [00010110101000111010111100100110] (1)

as a demonstration example, and the normalized correlation
output with MC-OOK waveform (the bit duration is 2 µs) is
shown in Fig. 4.

FIGURE 4. The normalized correlation output of the first scheme in
designing the synchronization sequence.

With the facilitation of these designs, the timing can be
derived by detecting the peak of the correlator output after
carrier sensing within a window.

The second scheme is to designate the complemen-
tary synchronization sequences (i.e., SYNC2) having the
same duration as that of SYNC1. In this scheme, packet
acquisition is determined by the maximum magnitude of

the correlator output, and the data rate for the payload
part is determined by the sign of the correlator out-
put which has the maximum magnitude. To ensure these
complementary synchronization sequences to achieve the
optimum synchronization performance, auto-correlationmet-
rics should be adopted as the time acquisition, and date
detection is directly related to the auto-correlation peak
condition. Based on the characteristics of the comple-
mentary synchronization sequences, this paper proposes
two metrics for choosing the best preamble sequence as
follows:

ACmetric+ ,
max[x(n)]

max[x \max[|x(n)|]]
, (2)

ACmetric− ,
min[x(n)]

max[x \max[|x(n)|]]
(3)

for all n and x(n) ∈ x, where x(n) is the value of the correlator
output at time step n, and x is the set of all possible values
of x(n). Since the data rates of the data field can be detected
by the sign of the correlator output, ACmetric+ is the metric
used when the correlator output is positive, whileACmetric−

is used when the correlator output is negative. The numerator
of Eqn. (2) is the largest value among all x(n), while the
numerator of Eqn. (3) is the smallest value among all x(n).
In both Eqn. (2) and Eqn. (3), the denominators are the second
largest value of |x(n)| in x, and therefore both Eqn. (2) and
Eqn. (3) can be regarded as the ratios of the largest correlator
output to the second largest correlator output. With the above
metrics, a few complementary sequences with the optimum
ACmetric+ and ACmetric− can be obtained. In the follow-
ing example, one of the optimum complementary sequence is
demonstrated.
Example 2: Taking

SYNC1 = [10100011011011110000100111000101] (4)

as an example, SYNC2 = 1− SYNC1 can be the optimum
sequence. In this case, the receiver performs the similar
procedure as that in the first scheme to correlate the received
signal with template (2× SYNC1 −1). There are two pos-
sible results for the correlator output if the received sig-
nal is a WUR frame. If SYNC1 is transmitted, then there
is one positive peak appearing at the correlator output,
as shown in Fig. 5. Alternatively, if SYNC2 is transmitted,
there is one negative peak at the correlator output, as shown
in Fig. 6.

In general, the second scheme performs better than the first
scheme, since there could be construction loss in designing
a long synchronization sequence. Section VI will study the
performance of different sequence designs for the second
scheme. Please note that, to identify the existence of a WUR
frame, the WUR of an STA should continuously perform the
correlation operation on the received signals. If the output
of the correlation operation does not exceed a threshold,
the received signal is regarded as interference or noise, and
a WUR frame is not identified.
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FIGURE 5. The output of the correlator when the input is SYNC1 (in which
the horizontal axis denotes the sample index, and the vertical axis
denotes the result of correlation output).

FIGURE 6. The output of the correlator when the input is SYNC2 (in which
the horizontal axis denotes the sample index, and the vertical axis
denotes the result of correlation output).

V. DATA RATE DESIGNS FOR Data
FIELD IN WUR FRAMES
This section continues the discussion on how to designate the
values of the high date rate and low date rate of the data
field in the PPDU of a WUR frame. This investigation can
be proceeded through conducting the following simulations.

We first investigate how to decide the value of the high
data rate for the data field from the perspective of the avail-
able link margin (ALM). For this investigation, the adopted
simulation parameters and assumptions are summarized
in Table 1. In this investigation, two different data rates,
500 kbps and 250 kbps, are considered as candidates for the
high data rates. The simulation results for different carrier
frequencies (i.e., 2.4 and 5 GHz) and different distances
(d) between a transmitter and a receiver are summarized
in Table 2. We can observe from Table 2 that 250 kbps data
rate offers better ALMs as compared with that of the 500 kbps
data rate. We can also observe that the cross points of the
250 kbps data rate are 105 m and 70 m at carrier frequencies

TABLE 1. Parameters and assumptions for simulation study to decide the
value of high data rate.

TABLE 2. Available link margin under different data rates.

2.4 GHz and 5 GHz, respectively, both of which are larger
than those in the 500 kbps data rate. These results thus reveal
that, for the high data rate, 250 kbps can be more effective as
compared with higher values.

Next, we investigate how to decide the value of the low
data rate for the data field. Since a major requirement for the
WUR deployment is to coexist with legacy IEEE 802.11 net-
works. In other words, the transmission range of a WUR is
expected to be around the same level of that of legacy IEEE
802.11. To select the adequate value of the low data rate,
the regional regulations should be considered. In Table 3,
regulations of unlicensed bands in different regions are sum-
marized. Based on the power spectral density (PSD) and
equivalent isotropic radiated power (EIRP), we can observe
the followings.

• Over the 4MHz bandwidth, the transmission power level
is 4 dB lower than that over the 20 MHz bandwidth in
the 2.4 GHz carrier frequency.

• Over the 4MHz bandwidth, the transmission power level
is 7 dB lower than that over the 20 MHz bandwidth in
the 5 GHz carrier frequency.

• A lower transmission power level may result in a
higher probability of idle status in PHY clear channel
assessment (CCA) check in the existing 20 MHz band-
width, as compared with that of the conventional IEEE
802.11 packet.

Hence, more protection is required for wake-up frame from
being interfered by coexisting IEEE 802.11 systems. More-
over, a 8 dB loss and a 3 dB loss can be estimated due to
the receiver noise figure and OOK detection, respectively.
Therefore, there are 15 dB loss (31.6 x) in 2.4 GHz and 18 dB
loss (63 x) in 5 GHz for WURs. Since the lowest data rate
in the existing OFDM-based IEEE 802.11 is 6 Mbps over
the 20 MHz, the 62.5 kbps data rate is therefore decided for
WURs after a careful calculation.

VI. SIMULATION RESULTS OF SYNCHRONIZATION
SEQUENCE DESIGNS
In this section, we evaluate the performance of the proposed
synchronization sequence in Proposition 1 and Example 2
in Section IV, which is optimum with respect to Eqn. (2)
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TABLE 3. Communication regulations of unlicensed spectrum in different regions.

TABLE 4. Parameters and Assumptions for performance evaluation of
different synchronization sequence designs [27]–[29].

and Eqn. (3). In this performance evaluation, the parameters
and assumptions for the simulations are provided in Table 4,
and the selected complementary sequences is compared with
the other two pairs of complementary sequences: 31-bit
M-sequences [26] with one more 0 and random sequence.
The selected basic sequence SYNC 1 and the basis sequences
of other two complementary sequences are listed in the
following:
• [31-bit M-sequence]:
S1 = [01110101000010010110011111000110]

• [Random sequence]:
S2 = [10110000111001101011110100010010]

• [Proposed sequence]:
S3 = [10100011011011110000100111000101]

A. SYNCHRONIZATION ERROR RATE
In Figs. 7 and 8, we evaluate the performance in terms of
the synchronization error rate for the three synchronization
sequence designs, where a synchronization error occurs when
one of the following conditions is met.

1) max(|correlation output|) is less than a threshold
(which is set to 2 in our simulations).

2) SYNC1 is detected as SYNC2, or SYNC2 is detected
as SYNC1.

FIGURE 7. The synchronization error rate when N = 2.

3) Timing acquisition error over the 50 MHz (filter) sam-
pling rate is larger than a certain value N .

For N = 2, it can be observed from Fig. 7 that the proposed
design achieves a performance gain of 1 dB and 3 dB as
comparedwithM-sequence and random sequence. ForN = 0
in Fig. 8, the performance gain of the proposed design is
around 0.5 to 4 dB as compared with M-sequence and ran-
dom sequence. These performance gains thus demonstrate the
effectiveness of the proposed designs.

B. PACKET ERROR RATE
In Fig. 9, we further evaluate the performance in terms of
the packet error rate (PER) for the three synchronization
sequence designs, where a packet error occurs when one of
the following conditions is met.

1) max(|correlation output|) is less than a threshold
(which is set to 2 in our simulations).

2) SYNC1 is detected as SYNC2, or SYNC2 is detected
as SYNC1.

3) The number of bit error in one packet is larger than zero.

It can also be observed from Fig. 9 that the performance gain
of the proposed design is around 0.5 to 1.5 dB as compared
with M-sequence and random sequence. This result also sug-
gests the practicability of the proposed design.
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FIGURE 8. The synchronization error rate when N = 0.

FIGURE 9. The packet error rates of different designs.

FIGURE 10. The output of the correlator when S1 is used (in which the
horizontal axis denotes the sample index, and the vertical axis denotes
the result of correlation output).

C. ANALYSIS OF CORRELATION OUTPUTS
In Fig. 10 to Fig. 12, the analysis results of the outputs of auto-
/cross-correlation at the STA side under different sequence
designs of the SYNC field (i.e., S1, S2 and S3) are provided.
This analysis is conducted using the parameters provided

FIGURE 11. The output of the correlator when S2 is used (in which the
horizontal axis denotes the sample index, and the vertical axis denotes
the result of correlation output).

FIGURE 12. The output of the correlator when S3 (proposed design) is
used (in which the horizontal axis denotes the sample index, and the
vertical axis denotes the result of correlation output).

in Table 4, except that the low data rate of the data field (i.e.,
62.5 kbps) is considered instead of the high data rate (i.e.,
250 kbps), as the performance for the high data rate has been
justified in Fig. 7 to Fig. 9. If we express the analysis results
in Fig. 10 to Fig. 12 in terms of the metric (2) for the low
data rate, then the outputs are 4, 4, and 8 for S1, S2, and S3,
respectively. In other words, the proposed design S3 provides
the best performance as compared with that of M-sequence
and random sequence. These results are particularly insight-
ful for the practical deployment of IEEE 802.11ba, since the
low data rate is used for coverage extension and this feature
is very crucial for a low power system.

VII. CONCLUSION
This paper has presented the insightful knowledge of the
PHY/MAC operations of IEEE 802.11ba WUR, which
includes the procedures of wake-up operations, WUR beacon
transmissions, WUR mode, re-discovery and channel access
in the MAC layer, and waveform, modulation, and preamble
designs in the PHY layer. Moreover, this paper also proposed
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the optimum practical synchronization sequence designs for
theWUR frames, in which two synchronization sequences (to
discriminate two different data rates in the data field of an
PPDU) are of the same length and are complementary with
each other. The simulation results fully demonstrated that
the proposed designs provided better performance in terms
of the synchronization error rate and PER as compared with
that of the random sequence and M-sequence. In addition,
through link-level simulations, this paper also justified that
the present high data rate value of the data field in an PPDU
of a WUR frame (i.e., 250 kbps) was adequate to achieve
better spectrum efficiency in terms of the ALM as compared
with that of higher data rates. In themeantime, the present low
data rate value of the data field in an PPDU of a WUR frame
(i.e., 62.5 kbps) was feasible to facilitate coverage extension
by taking different regional communication regulations into
considerations.
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