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Dynamic Threshold Selection for Frame Length-Based Wake-Up Control
Suhua Tang, Member, IEEE, Hiroyuki Yomo, Member, IEEE, and Sadao Obana

Abstract—In frame-length based wake-up control, a wake-up
receiver smoothens the signal envelope by low-pass-filtering (LPF)
before frame length detection. However, the LPF also has a side
effect of distorting the rising and falling edges of the envelope.
This letter analyzes the effect of LPF on frame length detection,
and suggests measuring potential frame lengths with multiple
thresholds and from them selecting the correct one. The analysis
shows that using thresholds with exponential intervals helps to
achieve a good performance with only a small number of thresh-
olds. The effectiveness of the proposed scheme is also confirmed by
experimental results.

Index Terms—Wake-up control, frame length modulation, low
pass filtering.

I. INTRODUCTION

MOST wireless communication devices (e.g., Wi-Fi mod-
ules, ZigBee modules) work with batteries. These de-

vices are not always used, but still consume much power in
their idle state. Sleep in the idle state helps to reduce power con-
sumption, and remote wake-up control is an important method
to ensuring real-time response. This involves the design of
wake-up signals and wake-up receivers (WuRx) [1]. However, it
usually requires to install special hardware to transmit wake-up
signals [2]–[4]. It is desirable to transmit wake-up messages via
off-the-shelf hardware so as to reduce the cost of deployment,
and successful examples can be found for wireless LANs
(WLANs). The frame length property (physical transmission
time) of WLAN signals is leveraged to convey wake-up ID and
detected either by a ZigBee device [5] or a low-cost WuRx [6],
[7]. Frame length modulation is also suggested for the wake-up
control of sensor nodes [8].

Fig. 1(a) shows a framework of remote wake-up control for
wireless nodes, where each node is equipped with a low-power
WuRx. A wake-up ID is transmitted by varying the frame length
(Fig. 1(b)) and detected by the WuRx (Fig. 1(c)). The wake-up
signal passes an envelope detector (DET) and a low pass filter.
Then, the MCU periodically samples the smoothed envelope,
and uses counters to record the number of consecutive samples
whose values are above predefined thresholds. The counter
values are regarded as frame lengths. The MCU activates the
node, when the detected frame lengths match the assigned ones.
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Fig. 1. Framework of wake-up control by exploiting frame length of wireless
signals to convey wake-up messages. (a) Framework for wake-up control.
(b) Envelope of wireless signals. (c) Wake-up receiver based on envelope
detection.

However, the LPF has a side effect of distorting the rising and
falling edges of the envelope, which affects the accuracy of
frame length detection.

In this letter, we analyze the effect of LPF on frame length
detection, and show that the performance of frame length detec-
tion depends on the selection of a suitable threshold. Although
it is possible to save all the samples of an envelope and find the
optimal threshold after the signal ends, it both takes much room
for storage and delays system response. As an alternative, we
suggest measuring potential frame length at multiple thresholds
simultaneously and from them selecting the correct one. To
reduce the number of thresholds, thresholds are separated with
exponentially increasing intervals. The overall performance
of frame length detection is evaluated by experimental data
obtained on a prototype WuRx.

II. IMPACT OF LPF AND THRESHOLD

For the simplicity, the LPF is constructed by a series resistor
(R)-capacitor (C) circuit, as shown in Fig. 2(a). This LPF has
a time constant τ = RC and a cutoff frequency (COF) fCOF =
1/(2πτ), which is its 3 dB bandwidth. On one hand, a lower
COF leads to a better smoothing effect on the envelope. On the
other hand, the frame length is defined by the rising and falling
edges of an envelope. The two edges, being sharp (Fig. 2(b)) at
the transmission time, are smoothed as well (Fig. 2(c)). Then,
with a given threshold, the measured frame length will deviate
from the true value, leading to false negative events.
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Fig. 2. Low pass filter with RC circuit and its impact on signal envelope.
(a) Low pass filter. (b) Original envelope. (c) Envelope after low pass filtering.

Fig. 3. Effect of cutoff frequency: (a) Allowed range of normalized threshold ρ,
(b) number of required thresholds. Conditions:vmin =20,vmax =1700, ε=80 μs.

We first consider an ideal envelope shown in Fig. 2(b), which
is represented as a pulse

x(t) = v0 · [u(t) − u(t − T)] , (1)

with an amplitude v0 and a width T, where u(t) is the unit step
function. The envelope, after passing the LPF, becomes

y(t) = v0(1−e−t/τ ) · u(t) − v0

(
1 − e−(t−T)/τ

)
· u(t−T). (2)

The smoothed envelope is compared against a threshold ρ · v0
(0 < ρ < 1), to measure the frame length. It crosses this thresh-
old at time t1 and t2, respectively, which can be computed by

v0(1 − e−t1/τ ) = ρ · v0 → t1 = −τ · log(1 − ρ), (3)
v0 · e−(t2−T)/τ = ρ · v0 → t2 = T − τ · log ρ. (4)

The measured frame length is t2 − t1, and its deviation from
the true value T is

d(ρ, τ ) = |t2 − t1 − T| = τ ·
∣∣∣∣log

ρ

1 − ρ

∣∣∣∣ . (5)

d(ρ, τ ) decreases as ρ increases from 0 to 0.5, and increases as
ρ increases from 0.5 to 1.0. It reaches the minimum 0 when ρ

is equal to 0.5, i.e., 0.5v0 is the optimal threshold. At the same
ρ, d(ρ, τ ) increases with τ (COF decreases). Therefore, there
is a tradeoff between noise reduction (low COF is desired) and
low distortion in frame length (high COF is desired).

In a real system, there is a maximal allowed error (ε), and
d(ρ, τ ) ≤ ε is required for a successful detection of a frame
length. Then, according to Eq. (5), ρ should satisfy

1

1 + exp(ε/τ)
≤ ρ ≤ exp(ε/τ)

1 + exp(ε/τ)
. (6)

The allowed range of ρ, under different COFs, is shown
in Fig. 3(a). As COF decreases, the allowed range of ρ also
decreases. When a fixed (absolute) threshold is used, ρ almost
changes from 0 to 1 when signal strength changes from the
highest to the lowest. In such cases, a relatively large COF, e.g.,
10 KHz, needs to be selected in order to control the distortion

Fig. 4. Detection of frame length by exploiting multiple thresholds. (a) Thresh-
olds and counters. (b) Counters for signal A. (c) Counters for signal B.

in frame length. Alternatively, to improve system performance
at low signal strength, a small COF is needed to remove the
noise, but the optimal threshold varies with signal strength.
A straightforward method to finding the optimal threshold is
to store the whole envelope, and then perform frame length
detection via post-processing. But this poses a big burden on the
storage of the WuRx, and the post-processing of frame length
detection also degrades the response of the wake-up control.

III. MULTIPLE THRESHOLDS AND COUNTERS

To solve the above problem, we suggest using multiple
thresholds (Ti, i = 0, 1, · · · , N) and multiple counters (Ci)

to measure possible frame lengths, and finding the optimal
threshold and frame length by post-processing. Each counter
Ci records the number of consecutive samples whose values are
above the threshold Ti. These counters, after normalization, cor-
respond to a complementary cumulative distribution function of
envelope samples, e.g., Cn = Pr(Env ≥ Tn) and Cn − Cn+1 =
Pr(Tn ≤ Env < Tn+1). Fig. 4 shows the envelopes of signal A
and B, with different strengths.

A WuRx periodically switches between two modes, as fol-
lows: (i) Measuring noise level mode. The noise level is as-
sumed to be short-time stationary. WuRx clears the counters
at the beginning of a measurement period, and counts through
the whole period. In Wi-Fi and sensor networks, packets are
separated by spaces, during which the WuRx only senses
noise. When there is traffic from other nodes, the WuRx will
detect envelopes with different levels. At the end of the period,
the dominant power levels (with a high percentage) will be
found, and the lowest dominant power level (e.g., T1 in Fig. 4)
is regarded as the noise level. (ii) Measuring frame length
mode. When a signal comes, counters are increased if the
envelope sample is above the corresponding thresholds. When
the envelope decreases below a threshold, the corresponding
counter is stopped. In the post-processing stage, the difference
between adjacent counters is computed and the maximal value
corresponds to the range (e.g., [T8, T9) for Signal A in Fig. 4)
containing v0. Then, the optimal threshold (e.g., T5 for Signal
A in Fig. 4) is found by the procedure in Section III-A or
Section III-B and the corresponding counter value (C5) is
regarded as the frame length.

The number of required thresholds depends on the signal
range, and the policy of threshold setting. We first investigate
the linear threshold policy, and then the exponential threshold
policy, and compare the number of required thresholds. In the
analysis, it is assumed that there is no noise.
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A. Linear Thresholds

Ti is equal to i · δ (δ is a parameter), and the max signal
corresponds to vmax = N · δ. Then, v0 is quantized to n =
int(v0/vmax · N), indicating that Tn ≤ v0 < Tn+1. The optimal
threshold v0/2 lies in the range [Tn/2, Tn+1/2).

When n is even, Tn/2 = n·δ
2 ≤ v0

2 <
(n+1)δ

2 < Tn/2+1, and
v0/2 is nearer to n · δ/2, which is approximated as the optimal
threshold for post processing. Then, ρ = n·δ/2

v0
satisfies

n

2(n + 1)
= nδ/2

(n + 1)δ
< ρ = nδ/2

v0
≤ nδ/2

nδ
= 1

2
. (7)

As ρ ≤ 0.5,

d(ρ, τ ) = τ · log
1 − ρ

ρ
(8)

is a decreasing function of ρ, and reaches its maximum at ρ =
n

2(n+1)
. Accordingly

d(ρ, τ ) ≤ d

(
n

2(n + 1)
, τ

)
= τ · log

n + 2

n
≤ ε. (9)

Solving this inequality leads to

n ≥ 2

exp(ε/τ) − 1
. (10)

This should hold for every possible value of n, especially
the least value n = int(vmin/vmax · N). Then, the number of
thresholds, N, should satisfy

N ≥ 2

exp(ε/τ) − 1
· vmax

vmin
. (11)

When n is odd, the analysis is similar, and N should satisfy

N ≥
(

2

exp(ε/τ) − 1
+ 1

)
· vmax

vmin
. (12)

With ρ = n
2(n+1)

, 0.5 − ρ = 1
2(n+1)

decreases at large n, so
does the deviation d(ρ, τ ). As a result, the maximal deviation
appears at vmin (with the smallest n), which determines the
number of required thresholds.

B. Exponential Thresholds

To reduce the number of thresholds, we try to enlarge the
distance between thresholds at large envelope values. These
distances can be increased so that |ρ − 0.5| is as large as that at
vmin. In this way, the minimal number of thresholds is reached
and �ρ = ρ − 0.5 is a constant. Let v represent the value of a
threshold. �ρ · v = �v is designed to be proportional to v.

�v ∝ v. (13)

Solving this differential equation leads to

v(n) = k · αn, (14)

where k and α > 1 are system parameters.
In the following, we consider the exponential thresholds,

Tn = αn, αN = vmax, and assume Tn ≤ v0 < Tn+1. Let 2 = αf .
Then, the optimal threshold Tm ≈ v0/2 satisfies

αn−f = αn

2
≤ Tm <

αn+1

2
= αn+1−f . (15)

Then, Tm = αm, m = int(n + 1 − f ) , is the optimal threshold
for post-processing. The potential range of ρ can be estimated
as follows

1

2α
= αn−f

αn+1
< ρ = Tm

v0
<

αn+1−f

αn
= α

2
. (16)

As ρ must satisfy Eq. (6), we get a conservative estimation of
α by

1

1 + exp(ε/τ)
≤ 1

2α
,
α

2
≤ exp(ε/τ)

1 + exp(ε/τ)
. (17)

The maximal value of α, αmax, is used to reduce the number of
thresholds. And the minimal number of thresholds is

N ≥ logαmax
vmax. (18)

Fig. 3(b) shows the number of required thresholds under
two policies (linear thresholds and exponential thresholds). It is
clear that at lower COF, more thresholds are required because
the envelope is more distorted. By using the exponential policy,
the number of thresholds can be reduced by one order compared
with the linear policy.

C. Analysis of Delay and Power Consumption

If the counters are implemented in parallel with special hard-
ware, the scale of logic circuits and the cost will be increased.
On the other hand, the counters can be emulated by the MCU
iteratively increasing each counter when a signal arrives. We
consider the latter in this letter.

To meet the realtime requirement, a node should respond
within a short time t0 (e.g., 1 ms) after it receives a wake-up
signal. Assume the envelope of a signal has a length T and
the sampling period is tS. The MCU takes a time tC to update
a counter. With N thresholds, the MCU takes a time N · tC
to update all counters per sample. (i) If N · tC is less than tS,
counters can be updated in real time. Only the estimation of
frame length from N counters is left in the post processing,
which can be finished within t0 for a moderate N. Then, the
overall delay of wake-up is T + t0, and the power consumption
of the MCU is equal to (T + t0) · PM , where PM is the power
of the MCU. (ii) If N · tC is greater than tS, updating counters
is conducted in the post processing stage. The MCU will take a
time T/tS · N · tC to update all the counters, and need to further
find the frame length. The overall delay is approximately T +
T/tS · N · tC + t0. If the MCU starts working after the signal
ends, it consumes a power (T/tS · N · tC + t0) · PM in the post
processing.

Consider a typical case with tS = 20 μs, tC = 0.5 μs, and
COF = 1 KHz. The exponential policy has a small number
of thresholds Nexp = 34. Nexp · tC = 17 μs is less than tS and
counters are updated in real time. In comparison, the linear
policy has a large number of thresholds Nline = 346, and
Nline · tC = 173 μs is much larger than tS. As a result, this
policy completely runs in the post-processing stage. Its large
delay cannot meet the realtime requirement, and may affect the
detection of wake-up signals. Table I compares the delay and
power consumption of MCU in the two methods under different
frame lengths.
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TABLE I
COMPARISON OF DELAY AND POWER CONSUMPTION OF MCU

(DELAY UNIT: ms, POWER UNIT: ms · mW, tS = 20 μs,
tC = 0.5 μs, t0 = 1 ms, Nexp = 34, Nline = 346, PM = 1 mW)

Fig. 5. Frame length detection rate. (a) At different COFs (Signal strength =
−91 dBm). (b) At different signal strengths (COF = 1 KHz). (c) At different
signal strengths (COF = 500 Hz). The number of thresholds is determined
according to Fig. 3(b).

IV. EXPERIMENT RESULTS

We built a simple WuRx for sensor nodes, and did some test-
bed experiments to evaluate the sensitivity. Interested reader is
referred to [8] for more details. IEEE 802.15.4 signal is trans-
mitted by the FSK (frequency-shift keying) modulation, and its
frame length is used for the wake-up control of sensor nodes.
With this testbed, we obtained envelope samples of signals at
different strengths, where the frame length at the transmitter
side is equal to 4 ms. The envelope data is processed offline, by
using LPF with different COFs. Here, we evaluate (i) One fixed
threshold (FixedTh), (ii) Multiple thresholds with equal inter-
vals (LinearTh), and (iii) Multiple thresholds with exponential
intervals (ExpTh). The number of thresholds is determined ac-
cording to Fig. 3(b). The experiments are repeated 20 000 times
to compute frame length detection rate. The measured noise
level is equal to 760.

Fig. 5(a) shows frame length detection rate at different COFs.
A high COF causes a small distortion in frame length but hardly
removes noise. A low COF reduces more noise at the cost of
large distortion. Therefore, all three schemes work in a certain
COF range. Because LinearTh and ExpTh use multiple thresh-

olds to estimate the correct frame length, they are more robust
to COF changes and work in a wider COF range than FixedTh.
Fig. 5(b) and (c) show frame length detection rate under differ-
ent signal strengths. Compared with FixedTh (COF = 10 kHz),
LinearTh and ExpTh improve the performance at low signal
strength, by using a lower COF to remove noise from the
envelope. For FixedTh, using a same low COF as in ExpTh,
however, is impractical because this will affect the performance
at high signal strength. At low signal strength, ExpTh achieves
a similar performance as LinearTh, but using much fewer
thresholds. Compared with FixedTh (COF = 10 KHz), ExpTh
provides a gain of about 2 dB when COF is 1 kHz, and a
gain of about 4 dB when COF is 500 Hz at the cost of more
thresholds.

V. CONCLUSION

This letter has studied the distortion impact of LPF on frame
length detection and suggested using multiple thresholds to
find multiple possible frame lengths. Then, via post-processing,
the most likely frame length is found. The high accuracy is
achieved, which only requires a small number of thresholds.
The experiments on a prototype wake-up receiver for sensor
nodes confirmed the effectiveness of the proposed scheme. This
scheme applies to the wake-up control of Wi-Fi devices as
well. Currently, a fixed allowed error in frame length is used.
Actually, this depends on the statistical property of background
communications. Then, there is a tradeoff between detection
accuracy (a large allowed error is desired for a low error rate)
and false wake-up (a small allowed error is desired for a low
error rate). The study of this tradeoff is left as a future work.
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