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Abstract—Bluetooth Low Energy (BLE) is one of the primary
wireless communication protocols for Internet of Things (IoT)
devices due to its inherently low energy consumption. BLE’s
duty-cycled scheme reduces energy consumption, but at the cost
of latency. Wake-Up Receivers (WuRXs) have been proposed to
mitigate this trade-off, but most attention seems to have been
paid to the circuit design rather than assessing exactly how
beneficial a WuRX could be. In this paper, we analyze the power
consumption and latency impact of a 2004W WuRX added to
a state-of-the-art commercial BLE transceiver for relevant IoT
scenarios. The results show that the latency/power trade-off can
be significantly relaxed for both peripheral and central devices
in initiating a connection. Furthermore, if the role of central
and peripherals can be changed (peripherals scan instead of
advertise), the power consumption of the most energy-constrained
devices can be further reduced in scenarios that require less than
200ms latency to initiate a connection. Also, for a maximum
latency of 4s, a duty-cycled WuRX enables equal 60,4W average
power consumption for both the central and peripheral devices.
This is extremely useful when both ends of the link face similar
battery constraints, as would be the case in many IoT scenarios.

Index Terms—Bluetooth Low Energy (BLE), Internet of Things
(IoT), latency, power consumption, ultra-low power, Wake-Up
Receiver (WuRX), Wireless Sensor Network (WSN)

I. INTRODUCTION

In the upcoming decade, about 1 trillion Internet of Things
(IoT) nodes are expected to be connected worldwide [1],
forming wireless sensor networks for health and environmen-
tal monitoring, smart grids and smart homes, and industrial
automation [2]. These nodes are often powered by coin cells
which are hard and expensive to replace, requiring system and
circuit design innovations to minimize power consumption for
maximum battery life.

Wireless communication is often the most power-hungry
part. Bluetooth Low Energy (BLE) is widely used in IoT
scenarios due to its inherent low power consumption, and
can further reduce power consumption by using a duty-cycled
scheme [4]. The receiving end sleeps (consuming 1-10uW),
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Fig. 1. Using a WuRX to trigger the main radio, based on [3].

but wakes up periodically to scan for incoming packets from
the transmitting side (consuming 1-10mW). The average
power consumption P,y is then directly determined by how
often the device wakes up and how long it stays on each
time, posing a direct trade-off with latency. A similar trade-
off exists in WiFi, where recently a WuRX concept has been
standardized to break this trade-off [3]. Fig. 1 shows that by
monitoring the RF environment and waking up the higher-
power Main Receiver (MRX) only upon the detection of a
certain event, such as a specific wake-up packet, average
power consumption can be reduced dramatically in WiFi [3].
However, power reduction in BLE is different from WiFi
as it is already optimized for low power rather than high
throughput. As a result, the effect of a WuRX in BLE requires
its own thorough examination.

A WuRX ideally has the same sensitivity as the MRX to
avoid performance degradation, but may consume significantly
less power by reducing the required Signal-to-Noise Ratio
(SNR) at the antenna port. This reduced SNR-requirement
can be achieved in two ways. One is by using back-channel
communication, which means using the standard-compliant
signals in a way that simplifies demodulation, e.g. bit or packet
repetition [5], energy detection [1], [6], multiple channels
reception and using techniques such as majority voting [7],
[8]. The other is by changing the modulation into a simpler
one which requires less power for demodulation such as on-
off-keying (OOK) or pulse width modulation (PWM) [9]-[11].



Suggestions on how to physically implement such a WuRX
abound in both BLE and WiFi [5]-[19], but little attention
has been paid to the two more fundamental questions: What is
P,y for BLE devices for certain latency requirements and how
much could a WuRX improve these numbers? Several sources
tackle bits and pieces of the first question, e.g. some only
explain the power profile of either central or peripheral in only
one specific scenario [20]-[25], some examine the discovery
latency and suggest protocols to reduce it [26], [27], and some
suggest a mathematical model [28] or a framework [29] to
measure the current consumption while some reduce it by
optimizing the related parameters [30]. The second question
has not been tackled at all yet. In this paper, we fill these
gaps by thoroughly analyzing average power consumption and
latency in BLE, their mutual interdependence, and the effect
that a WuRX can have on these parameters.

This paper is organized as follows. Section II gives a brief
overview of the relevant parts of the BLE standard. BLE’s
power consumption and latency for its different states are
analyzed in section III, using data from a state-of-the-art
BLE transceiver. Section IV examines the potential impact
of always-on and duty-cycled WuRXs on these numbers.
Section V applies the results to some relevant user scenarios,
showing when a WuRX may or may not be beneficial and
suggesting some BLE extensions to further improve power-
efficiency in WuRX-enabled transceivers. Finally, the conclu-
sions are drawn in section VI

II. RELEVANT SPECIFICATIONS OF THE BLE PROTOCOL

Here we will summarize only the parts of the full BLE
(Bluetooth 5.2) protocol specification relevant for this paper
[31]. BLE uses 40 RF channels (numbered 0-39) on a 2MHz
grid from 2402MHz to 2480MHz. Channels 0-36 are used
for data transfer during a connection, at a maximum data rate
of 2Mbps using GFSK-modulation. Channels 37 (2402MHz),
38 (2426MHz), and 39 (2480MHz) are advertising channels
(ACs) to initiate a connection, chosen to minimize interference
from the main WiFi channels 1, 6, and 11. Sensitivity, defined
as a packet error rate (PER) of 30.8%, with any bit error
resulting in a packet error, should be at least -75dBm.

To establish a connection, the peripheral device sends
advertising packets (APs) on any subset of the three ACs, one
after the other. APs (with length Lap of 8-37 bytes including
fixed parts like preamble and access address) are sent at an
“advertising interval” (Ta;) of 20ms to 10.24s, configurable
in 625us increments, plus a pseudo-random delay 6 of 0—
10ms to reduce collisions of advertisements from multiple
devices. A larger Ty leads to lower P, for the peripheral,
but higher latency in initiating the connection. The central
device scans the ACs, typically in round-robin fashion, for APs
during the “scan window” (SW) with duration Tgw at a certain
programmable “scan interval” (SI) with duration gy (10ms—
10.24s), see Fig. 2. A larger ratio of Tsw/Ts leads to higher
P,y for the central as the MRX is on for a higher fraction of
time, but results in a lower latency to initiate the connection.
A larger Ty for the same Tsw/Tg ratio also improves Py as
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Fig. 2. BLE advertising and scanning mechanisms, based on [4].
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the overhead of waking up the MRX and putting it to sleep is
reduced, but it increases the latency.

The combination of peripheral and central settings deter-
mines the actual P, and latency, and is typically preset
per application, as detailed in section V. The actual latency
is stochastic and depends on channel conditions, but for
simplicity, we only consider the maximum latency under the
assumption of BER=0%. In practice, when a BLE device is
turned on, it goes to a “fast connection” state and advertises
often (peripheral) or monitors the channel continuously (cen-
tral) for a short time of typically several seconds. After that, it
switches to a “low power” state with reduced Ty, Ts; and/or
Tsw [32].

When an AP is received, a connection request packet (CRP)
is sent back on the same channel after a 150us “inter-frame
space” and a connection can be established. In the resulting
connected state, a programmable “connection interval” (T¢y)
(7.5ms to 4s in 1.25ms increments) defines connection events
(CEs), during which at least 1 data packet (DP) needs to
be transmitted, even if there is no data, see Fig. 3. DPs
(with length Lpp of 6-257 bytes) have a 6-byte fixed part
(including e.g. preamble and address) and a configurable data
length of 0-251 bytes. Successful reception must be directly
acknowledged; otherwise the DP needs to be retransmitted [4].
The central needs to wake up every 7y, while the peripheral
can skip a programmable number of consecutive CEs called
“slave latency” (SL) without dropping a connection to stay
asleep longer. Clearly, the BLE protocol is tailored towards
minimizing the power consumption of the peripherals.

III. POWER CONSUMPTION AND LATENCY IN BLE

Whereas latency is determined by the standard and its con-
figuration settings, the power consumption is highly dependent
on the specific hardware implementation. Table I lists the
performance of several recently published ‘experimental’ low-



TABLE 1

PERFORMANCE SUMMARY OF STATE-OF-THE-ART BLE TRANSCEIVERS.

B31 [ 34 [ 351 [ 361 | 371 | 381 | 391 | [40]
Type* E E E E C C C C
Tech. s 1 65 | 40 22 55 . . .
(nm)
Sens.
(dBm) 95 | -94 | -94 | 964 | 94 | 975 | 99 | -104
Supply

1 1 0.8 0.5 3 3 3 3
)
RX
(mW) 275 | 23 | 53 1.9 6.6 7.8 75 | 219
TXF*
(mW) 3.7 5 8.2 7.8 105 | 9.6 | 102 | 237

* E: experimental, C: commercially available
** at 0dBm output power

power BLE transceivers [33]-[36], as well as the lowest power
commercially available BLE transceivers [37]-[40]. Although
the experimental devices outperform the commercial ones by
about 3x in power consumption, they lack the completeness
and robustness required for commercial use. Moreover, to
calculate P,,,, more detailed information is needed than
generally provided. The numbers in this paper have been
provided to us by Dialog Semiconductor which has the lowest-
power receiver of the commercial devices [37]. Therefore,
we use the information from Dialog’s BLE14531 device
for illustrations and calculations of power consumption. A
similar but publicly available set of numbers is available from
Texas Instruments for an earlier-generation BLE transceiver
CC2640/CC2642 [41].

This BLE device goes through several states in advertising,
scanning and connected states, defined as:

S The wake-up state: a micro controller unit (MCU)
wakes up from sleep and intializes the system, such
as enabling the crystal oscillator and phase-locked
loops (PLLs);

So The radio preparation state: the PLL is locking to
the desired RF frequency and the MCU prepares the
radio for transmitting or receiving packets;

Ss The Tx state: a peripheral sends an AP, a central
transmits a CRP, or both devices transmit data in the
connected state;

Sy Tx to Rx transition: the PLL needs to be locked to
the proper channel or frequency;

S5 The Rx state: a peripheral scans an AC for a CRP,
a central scans an AC for an AP, or both devices
receive data packets in the connected state;

Se Rx to Tx transition or inter-channel space where the
PLL locks to the desired channel;

S7 Inter-frame space between two consecutive packets
on the same channel in the connected state;

Ss The post-processing state: the MCU processes re-
ceived packets and sets a timer to wake up for the
next event,

So Sleep state: the radio is off, waiting to wake up again
at the beginning of the next event.

The duration of state S,, is 73, which may be defined by
the protocol, its configurable settings, the amount of data, the
specific hardware implementation, or a combination thereof.
For example, 75 is partly determined by the sleep-clock
accuracy (SCA). A lower SCA typically means lower power
in sleep mode, but requires an increased 75 to guarantee
conformance to the timing. The A, SI or CI only impacts Ty.
The states are (almost) identical for all of the other devices
listed in Table I, and are therefore a good representation of
general BLE device operation.

To make the analyses tractable, we use the following
assumptions throughout the paper, which will all be properly
substantiated further in this manuscript:

o WuRX consumes 200uW (active) and 0.1uW (sleep);

e MRX consumes 6.6mW (active);

o Transmitter (TX) consumes 10.5mW (active);

o Transceiver (MRX and TX) consumes 3uW (sleep);

« SNR and interference conditions result in negligible BER,
SO No retransmissions are necessary;

o WuRX sensitivity is equal to MRX sensitivity;

o Data transmission uses 1Mbps for 1us per symbol;

o An AP has length of 27 bytes (Lap = 27 bytes) and is
transmitted on all the 3 channels;

o A DP has length of 6 bytes (Lpp = 6 bytes) as mainly
empty packets with no data are transmitted to keep the
connection alive;

« Exactly one data packet is transmitted in each connection
interval,

o A WuRX adds 5ms latency to generate a wake-up signal;

A. Power Consumption

The average current I,y, and power consumption Pyye can
be calculated as

1
T
where T is equal to Ty (scanning state), Ta; (advertising state),
or Ty (connected state), Igar is the current drawn from the
battery, and Vgar is the battery voltage of typically 3V for a
small coin cell as often used in low-power devices.

While advertising, see Fig. 4a, the peripheral device wakes
up, transmits an AP on a certain AC, scans that AC to
potentially receive a CRP, and repeats it on all three ACs (as
assumed here). During scanning, see Fig. 4b, the central device
wakes up every T, scans one AC for Tgw, and returns to sleep
state.

Once connected, both central and peripheral can send DPs.
Assuming one DP of 6 bytes (Lpp = 6 bytes) for the peripheral,
its current profile is shown in Fig. 4c.

T
Iavg - / IBAT(t)dta -Puvg - VBATIavgv (1)
0

B. Latency

In the connected state, the central and peripheral can only
transfer packets at the beginning of each CI. As a result,
the maximum latency L¢ in the connected state (denoted
as Lc max) 1S at most equal to Tgr. When not connected, a
peripheral may start advertising when it has new data to initiate
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Fig. 4. Battery current consumption in different states (numbers from [37]).

a connection. We define the latency Lp as the time difference
between the start of the first AP and the end of the successful
CRP reception as latency in initiating a connection.

Using Fig. 4a, Lp > 3.336 —2.800 = 0.536ms, but Lp max
will depend on both scanning and advertising parameters.
When Ta1 < Tsw, Lp max occurs when the peripheral starts
transmitting the first AP right after the end of the SW, resulting
in [42]:

Ts1 — Tsw

LD,max = ’V T
Al

-‘ TAI + 6max (2)

with dmax = 10ms. When Ta; > Tsw, Lp max is difficult to
calculate (see [42] for elaborate derivations).

Several suitable combinations of Tgw, Ts;, and Ta; have
been defined for initiating a connection in practical scenarios,
see Table II. These are referred to as BLE Discovery Processes
(DiPs) and are often used in Bluetooth Application Program-
ming Interfaces (APIs) [43]. For all DiPs Tsw > 5T to make
it highly likely that at least one AP is properly received under
realistic interference and SNR conditions in the first SW. For
example, if a latency of no more than 90ms is allowed for a
certain latency-critical scenario, the values of Tsw = 100ms,
Ts1 = 165ms, and Tx; = 20ms can be chosen. Our simulated
Lp max in Table II were obtained through a 1000x repeated
Monte Carlo simulation, and are seen to match (2). For the

TABLE II
PREDEFINED DIPS AND THEIR MAXIMUM LATENCIES.

: : TSW TSI TAI LD,max LD,max
Discovery Process (DiP) [ms] [ms] [ms] (sim) eq. (2)
ultra-low latency (ULL) 4096 4096 20 20ms 10ms
low latency (LL) 100 165 20 90ms 90ms
balanced (BAL) 1024 4096 200 3.2s 3.2s
low power (LP) 512 5120 100 4.7s 4.7s

ultra-low power (ULP) 11.25 1280 1000 10min -
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Fig. 5. Pavg vs. maximum latency to initiate a connection (data from [37]).

last row that Ta;1 > Tsw, Lp max is only derived through
simulations.

C. Power consumption vs. latency in existing BLE devices

Using Fig. 4a and 4b and (1), Pag Vs. Lp max is plotted for
both central and peripheral in Fig. 5 for initiating a connection,
showing that a central always has higher P, than a peripheral
for these settings. Lower-latency scenarios increase Py, for
both peripheral and central devices due to more frequent
scanning and advertising, showing the direct trade-off between
power and latency. By decreasing both Tgw and Ty, it is
possible (to some extent) to reduce P, of a central without
compromising on latency, but at the cost of increased Pyys of
the peripheral.

Using Fig. 4c and (1), Puy vs. Tcy (latency) for minimum
and maximum length DPs is shown in Fig. 6, assuming only
one packet in each CI. P, is (again) inversely proportional
to CI until it starts to level out due to the limited SCA. For
Lpp = 257 bytes, the power consumption is increased by 5.8x
compared to Lpp = 6 bytes (i.e. only fixed header, no data
payload) for small Ty, but only by 2.1x at maximum 7¢y.

IV. THE EFFECT OF USING A WURX ON POWER
CONSUMPTION AND LATENCY

From the previous sections, it is clear that a reduced power
consumption comes at the cost of latency. A WuRX could
mitigate that trade-off if it can reduce P, at similar latency
and sensitivity. The improvement in F,,, depends mainly on
the ratio of WuRX and MRX active power. Additionally, a
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TABLE III
SUMMARY OF STATE-OF-THE-ART BLE-COMPLIANT WURXS.

[5] | [6] [7] [15]
CMOS Tech. (nm) 65 90 65 65

Sensitivity (dBm) -80 -58 | -57.5 | -85
Power (uW) 230 164 150 220
Wake-up latency (ms) | 0.2 | N/A N/A N/A

WuRX will add some additional latency, as it takes time
to process incoming information and wake up the MRX
(discussed in section IV-B).

There have been quite a few ‘experimental’ publications
regarding WuRXs recently, e.g. [5]-[19]. Standard-compliant
WuRXs for BLE [5]-[7], [15] and Wi-Fi [16]-[19] (can) share
the existing antenna, which is a must for size and cost reasons.
Here we focus only on the BLE-compliant WuRXs [5]-[7],
[15], see Table III.

One must pay extra attention to interference rejection while
designing a WuRX as a high number of false wake-ups in the
crowded 2.4GHz band will degrade the benefits of a WuRX.
Based on Table III, we surmise that a power of 200uW is
a realistic number in the near future for a WuRX at around
-90dBm sensitivity.

A. Connected state

As shown in Fig. 6, for low throughput (Lpp = 6 bytes),
which is often the case in IoT and BLE scenarios, Py, <
200uW for latencies above 20ms. Thus, an always-on 200W
WuRX is not beneficial once devices are connected. However,
Pyyg > 200uW for both centrals and peripherals when they
try to set up a connection, showing a potential benefit of using
a WuRX. That is why the focus will be mainly on the effect
of an always-on or duty-cycled WuRX on the power-hungry
process of initiating a connection.

B. Initiating a connection

Different publications propose different wake-up schemes,
see e.g. [5]-[7], [15], most of which need to receive all three

APs from the peripheral in the three different ACs to improve
interference-resilience (i.e. avoid false wake-ups). Based on
Fig. 4a, the wake-up latency Lwy will be at least 4ms, so
we assume Lwy = bdms (which is long enough to detect a
reasonable packet length) to allow for Ims of processing and
waking up the MRX. Preferably, the procedure for initiating
a connection by using a WuRX is fully BLE compliant and
transparent to the peripheral (i.e. the peripheral does not need
to know whether the central is equipped with a WuRX or
not), which makes introducing a WuRX-enabled device in the
existing eco-system significantly easier and more acceptable.

We propose the following procedure. The central MRX
remains asleep until woken up by its WuRX after detection of
a AP. As Lwy < 5ms, MRX continuously scans the channel
after waking up to initiate a connection right at the next
Al resulting in Lp max = 2Ta1 + Omax- Since the MRX is
only actively burning power for Ty, while the 200uW WuRX
takes care of the remaining time, significant power savings are
possible (quantified later). This procedure, perhaps counter-
intuitively, can also reduce the power consumption of the
peripheral, as we will explain next.

Table IV quantifies the effect of a WuRX on P, and
L p max to initiate a connection for both central and peripheral
for the different DiPs using our proposed procedure. Adding
a WuRX provides different options (last row of Table IV) for
reducing P,y and/or Lp max, one could 1) keep the P, of the
peripheral the same as before (without a WuRX) by choosing
the same Ty, resulting in the maximum possible reduction in
Lp max, 2) keep the Lp m.x the same as before by choosing
Tai = (Lp,max — Omax)/2, which provides the maximum
possible reduction in the P,y of the peripheral, and 3) reducing
both P, of the peripheral and Lp m. simultaneously by
choosing Tx; between the above-mentioned ranges. Note that
P,y of the central is reduced in all of the options. As stated
before, these DiPs are defined for practical scenarios with
interference and other realistic non-idealities (Tsw > 5T ap).
Although we do not take these non-idealities into account in
our analysis, this still allows for a fair comparison between the
cases with and without a WuRX. P, and Lp m. without a
WuRX are derived as explained in section III-C, while they are
calculated for the case with a WuRX as Lp max = 2T A1+ Omax
and P,y using our assumptions of 2004W for the WuRX when
active, and 3uW for the sleep state of the MRX. Thus, latency
now depends only on Tay, as dpax is fixed at 10ms.

Without a WuRX, centrals are generally duty-cycled (Tsw <
Tsr) to reduce power, requiring peripherals to use shorter
Als to initiate a connection within a certain time limit. For
example, in the balanced DiP (BAL), for Lp ms = 3.2s,
Tar = 200ms, Tsw = 1024ms, and Ty = 4096ms. If
the central has an always-on WuRX, different options can
be chosen as explained before depending on the scenario.
E.g. in BAL3 option, TA; = 1s reduces Lp max by 1.6x
from 3.2s to 2s, while simultaneously reducing P, of the
peripheral by 4.4x from 89uW to 20uW, and of the central
by 7.7x from 1.57mW to 203uW. For the low-power DiP
(LP), improvements similar to the BAL-mode can be obtained



TABLE IV
MAXIMUM LATENCY AND POWER CONSUMPTION OF BLE DEVICES WHEN INITIATING A CONNECTION WITH OR WITHOUT WURX (Lap = 27 BYTES).

without WuRX with WuRX reduction
Pavg Pavg duty- Pavg Pavg =
DiP rﬁg{ (7;51‘;’) (7n1ssf) (71;;11) central | periph. | cycled (71;?;) central | periph. rieg( Cg;‘;’ril g?vgh rﬁ;ﬁ( -%
‘ Yl @W) | (uW) | WuRX VL @wW) | (W) Peripi. s
[ ULL | 20ms [ 4096 | 4096 [ 20 [ 6280 [ 865 [ mo | 20 [ 203 [ 865 [ 50ms | 96.7% | 0% no -
no 20 203 865 50ms 94.6% 0% 44% LL,
LL 90ms 100 165 20 3820 865 no 40 203 434 90ms 94.6% 49.8% 0% LLo
no 30 203 578 70ms 94.6% 33% 22% LL3
no 200 203 89 410ms 87% 0% 87% BAL;
BAL 3.2s 1024 | 4096 200 1573 89 no 1600 203 13.5 3.2s 87% 85% 0% BAL>
no 1000 203 20 2s 87% 77.5% 37.5% | BAL3
no 100 203 175 210ms 67.8% 0% 95.5% LPy
no 2350 203 10 4.7s 67.8% 94% 0% LP2
Lp 4.7s 312 >120 100 631 175 no 700 203 27.5 1.4s 67.8% 84% 70% LP3
yCS EEE3
30%* 300 63 60 305 90% 66% 17% LP4
ULP | 10min | 11.25 | 1280 | 1000 60 20 yes « | 2000 23 11.5 . 61.6% 42.5% 85% -
10%** 1.5min
* WuRX is on 1.5s every 55 ** WuRX is on 10s every 100s *** Based on Equation (2)
(LP-mode in Table IV). However, as Lp max = 4.7s is quite ;
relaxed, it is also a possibility to duty-cycle the WuRX itself, T ' i A Cenal e e
to be woken up by the same sleep clock as used by the MRX. ’%\ o & Peripheral w/o WuRX
.. . c
For a duty-cycled WuRX, we again include the constraint that = i % PorhorawluRX
. . o
Tsw =~ bTar to ‘guarantee’ discovery in the first SW (LPy B10°F ¢ x ¢ <
option in Table IV). As a result, a duty-cycled WuRX can 2 X,
. . o
further reduce P, of the central, but requires the peripheral 8 /
to advertise with a somewhat shorter Al in comparison to LPs3, % 1 "‘ v
increasing its Py, compared to the always-on WuRX. The best o0 ¥ x Qx 30% duty-cycled a ]
. . . o Interchangi K .
option then depends on the (relative) power constraints of the g s Sitable option for loT
individual devices. < X o
For the ultra-low power DiP (ULP), with Lp y.x = 10min, 102 . . oINS X
10" 102 10° 10* 10° 108

an always-on WuRX increases Py, so duty-cycling the WuRX
here is the only reasonable option. The bottom row of Table IV
shows that when the WuRX uses Tsw = 10s and Tg; = 100s,
while the peripheral uses Tx1 = 2s, Lp max Teduces by 6.7x
from 10min to 1.5min, P,y of the peripheral reduces by 1.7x
from 20puW to 11.5uW, and P,y of the central by 2.6x from
60uW to 23uW. Note that with such low average power
levels, leakage currents are starting to limit the achievable
improvement in power consumption.

The information in Table IV is visualized in Fig. 7. A WuRX
clearly enables us to move towards the desired bottom-left
corner. Without a WuRX, centrals always burn more power
than the peripherals. However, by using a WuRX, for latencies
smaller than around 200ms, peripherals burn more power. If
one can reverse the role of central and peripherals in these
scenarios (peripherals scan instead of centrals), even more
power can be saved in the peripherals in the low-latency
scenarios. Changing roles is not a current feature in BLE and
is suggested in this paper for the first time.

Another interesting observation is that the 30% duty-cycled
WuRX in low-power DiP option has an almost perfect balance
in power consumption between central and peripheral, and
may therefore be very suited for equal or equally-constrained

Maximum latency to initiate a connection (ms)

Fig. 7. Average power consumption vs. maximum latency to initiate a
connection for both central and peripheral with and without a WuRX.

devices. As here Py, =~ 60W is also quite low and latency is
less than 4s, it looks promising for many IoT scenarios, such
as in smart homes where numerous sensors need to transfer
data among each other. Note that in such scenarios, there is
no device with a “bigger battery” as in more traditional BLE
smartphone-peripheral scenarios, where the central is allowed
to burn more power than the peripheral.

V. USER SCENARIOS

Having discussed the potential benefits of a WuRX in
the previous sections, here we take a quantitative look at
some popular BLE applications in IoT. All assumptions (see
section III) apply here as well.

A. Smart door lock

A smart door lock is one of the most popular IoT de-
vices, and found in many homes [44]. The door can be
locked/unlocked automatically as the smartphone approaches




it. Especially when unlocking, the user should experience no
delay. The door lock battery needs to be replaced when it is
depleted, so it is more power-constrained than the smartphone.
A maximum delay of 100ms looks like an acceptable number,
which makes the LL. DiP of Table IV applicable. Therefore,
it is logical to put the burden of the power-hungry scanning
procedure on the smartphone (central, P,z = 3.82mW) while
the door lock (peripheral, Py = 865uW) is advertising.

However, by having a WuRX and using LLy option in
Table IV, power consumption can be reduced by 94.6% in
the smartphone, from 3.82mW to 203uW, and by 49.8% in
the door lock, from 865uW to 434, W, while latency stays
90ms.

A WuRX gives us another option to further reduce the
power consumption of the battery-constrained door lock by
interchanging roles. The door lock can be the central and
continuously scans the channel using a WuRX, reducing P,y
from 865,W to 203 W, a reduction of 76.5%. The smartphone
can be the peripheral, sending APs at Tsj = 40ms and bringing
P,y; down from 3.82mW to 434uW, a reduction of 88.6% for
the same 90ms latency. It is clear that by interchanging roles,
a WuRX is able to further reduce the power consumption of
the door lock than without changing roles (76.5% instead of
49.8%). Note that the smartphone only needs to advertise when
it is in proximity of the door, which is generally known due
to its GPS or WiFi-based location estimation.

Some door locks already use a proximity sensor to advertise
only when somebody is approaching, significantly improving
the battery life of the door lock. In such a case, a WuRX in the
smartphone (central) can reduce its power consumption from
3.82mW to 203uW, a 94.6% reduction during the time it is
actively scanning.

B. Smoke detectors and fire alarm

Another smart home application is a collection of smoke
detectors connected to a central fire alarm. Here, the smoke
detectors act as peripherals and advertise whenever they detect
smoke. The fire alarm performs the central role and scans the
channel to receive the APs.

Considering an acceptable maximum latency of around 3s
for this scenario, the BAL DiP is applicable, resulting in
Py, = 1.57mW for the central and P, = 89uW for the
peripheral (Table IV). If the fire alarm is equipped with a
WuRX, its power consumption is reduced to 203uW, a 87%
reduction. Additionally, the WuRX in the fire alarm would
allow reduction of the advertising frequency of the smoke
detectors. For example, choosing TA; = 1s for a 37.5%
reduced maximum latency of only 2s, the peripheral power
consumption is reduced by 77.5% from 89uW to 20uW. Thus,
in this scenario, a WuRX can simultaneously improve latency
and significantly extend battery life of both peripheral and
central devices.

VI. CONCLUSIONS
There is a well-known trade-off between the latency and
P,y; in BLE. We quantified these using one of the lowest-
power commercially available devices, We also quantified, for

the first time, the potential benefits of a 200uW WuRX for
BLE.

To initiate a connection, a peripheral transmits APs and a
central scans for these. We assume the WuRX is capable of
detecting (rather than decoding) APs with the same sensitivity
as the MRX can decode it. Upon detection of the AP, the
WuRX wakes up the MRX, which then scans for the next
AP. Without changing any configuration settings, this increases
latency: for a maximum latency of < 40ms, such a WuRX is
not useful. For higher tolerable latencies, the WuRX allows for
significant improvements of latency and power consumption
for both central and peripheral by using different scanning
and advertising settings. For example, for the predefined low-
power DiP, a WuRX can simultaneously reduce P, of the
central by 67.8%, P, of the peripheral by 84%, and the
maximum latency by 70%. Also, interchanging the role of
centrals and peripherals was suggested for the first time in
this paper to further reduce the power of the peripherals in
initiating a connection in scenarios that need less than 200ms
of latency. Finally, to further reduce P, in scenarios that
allow for even higher latency, the WuRX itself may be duty-
cycled. For example, for a maximum latency of 4 seconds,
P,y of both central and peripheral device can be reduced to
around 60uW, which is a perfect fit for many IoT-scenarios
where both ends of the connection may be equally battery-
constrained.

Overall, a WuRX in BLE will significantly improve the en-
ergy efficiency of the devices on both ends of an unestablished
link, except for the most latency-critical use cases.
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