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Fig. 8: Computed/Simulated CDFs for a duty-cycle of 5%
under the absence of collisions.
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Fig. 9: Comparison of channel utilization.

the timing behavior caused by the blocking countermeasures
described in Section IV, but have accounted for the duty-
cycle increase (which is, as we have already described, non-
negligible). For the Multilnt-BC scheme with M = 2, both the
CDF-curves for one-way discovery (i.e., a device A receives
a packet from device B) and for two-way discovery (i.e.,
device A receives a packet from device B and vice-versa) are
depicted, but both curves lie in such a close proximity that
hardly any difference is visible. The remaining depicted CDF
curves represent two-way discoveries. For a duty-cycle of 5 %,
the mean latencies are as follows: Disco: 104.20 s; Searchlight-
Striped: 19.71s; Difference Sets: 6.16s; G-Nihao: 2.94s; U-
Connect: 0.12s; Multilnt-BC, two-way 0.04s; Multilnt-BC,
one-way: 0.03s.

E. Channel Utilization and Collisions

A comparison of the computed channel utilization is de-
picted in Figure 9. The Multilnt-BC scheme adjusts the trans-
mission rate for optimal latency-duty-cycle relations, which
leads to an increased channel utilization. Recall that our
proposed schemes target scenarios with few nodes being
in discovery mode simultaneously, and we in the following
establish that the resulting collision rates remain low in the
scenarios considered. As already mentioned, for 2 devices,
the blocking mitigation techniques described in Section IV
lead to a probability of blockage and collisions of up to
0.19 %. This is achieved by keeping all reception phases free
of packet transmissions, thereby preventing failures due to
collisions. When more than two devices are in range, collisions
will occur regardless of this. Since the offsets of packets
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from different devices are usually distributed uniformly, their
collision probabilities are exponentially distributed (cf. [20]
for details). Therefore, starting from nDevices = 3 devices,
the discovery procedure of each device will collide with a
probability of

—2(nDevices—1)'($—g+2$.—2

(40)

For 3 devices, the collision probability is around 0.5% for
n = 0.2% and around 3% for n = 1.55%, as we had as-
sumed in our comparison to slotted protocols. For 10 devices,
the collision probability is around 2% for n = 0.2% and
reaches almost 13% for n = 1.55%. From these results,
we can conclude that PI-based protocols parametrized using
our proposed schemes perform optimally in the unidirectional
case and essentially optimally (since d,, is near-minimal and
only a negligible number of discovery attempts fail) in the
symmetric case for two devices. For more than two devices,
the performance gracefully decreases, while remaining feasible
for networks with up to 10 devices being in discovery mode
simultaneously. The failure probability in one-way scenarios
scales with the number of senders, while the number of passive
receivers does not influence the failure rate.

pcolzlfe

F. Experimental Latency Measurements
Collided Measuréments<
dm (Computed)

[s
N N w w
o w o w
; :

fa
w
T

Measured Latencies

Discovery Latency

=
ul o
T T

EVRRNETY

n x1073
Fig. 10: Measured discovery latencies (scattered points) and
computed upper latency bound (solid line).

Fig. 11: Predicted and measured fraction of failed discoveries.

To demonstrate that our proposed ND solution can be
realized in practice, we have implemented the Multilnt-BC
scheme, as described in Section IV, on two wireless radios.
Based on the open-source BLE stack Blessed [21], we have
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created a custom firmware for two nRF51822-radios. The
radios were connected to an ARM Cortex M4 microcontroller
via UART. The purpose of this microcontroller was to start and
stop the radios, to send them the appropriate parametrizations,
to obtain reports on the received packets and to measure the
discovery latencies. Both radios have been located in close
proximity within an RF-shielded, anechoic box. In multiple
runs, the radios repeatedly discovered each other using the
Multilnt-BC scheme. After each discovery attempt, the devices
have been desynchronized by a random waiting time. In each
measurement, both devices were started such that every two
neighboring scan windows on two devices had a random time
offset within [0,T;] between each other. Similarly, any pair
of beacons on two devices had a random offset within [0, T7]
time-units between each other. After both devices had either
discovered each other, or after a timeout of 35 seconds (which
exceeded d,, for all duty-cycles) was reached, the radios were
stopped, the measured latencies were logged on a laptop and
the next measurement round was initiated. For each duty-cycle,
the experiment was repeated 10, 000 times, leading to 20, 000
one-way discoveries. We have considered 28 different duty-
cycles between 0.2 % to 1.55 %, which resulted in 560,000
measured discovery procedures.

The measured discovery-latencies, together with the com-
puted upper limit d,,(n), are shown in Figure 10. Each
scattered point represents a measured latency of one discovery
procedure, whereas the solid line depicts the upper bound
predicted by our theory. As can be seen, the measured la-
tencies always lie below this bound, except for a few collided
attempts.

Figure 11 shows the measured fraction of discoveries that
have exceeded the predicted worst-case bound d,, by more
than 1%. Deviations below 1% have been considered as
measurement inaccuracies. In addition, the predicted fraction
of failed discoveries from Equation 41 is shown. As can be
seen, the measurements match the predicted values well. For
a duty-cycle of 0.2 %, all 20,000 discoveries were successful,
whereas the maximum number of failures was 58 for n =
1.55 %. This corresponds to the failure rate of 0.29 % depicted
in Figure 11. These results show that our proposed Multilnt-
BC scheme reaches the predicted latencies in practice, while
also offering very low failure probabilities.

G. Performance of BLE

In Section IV-E, we have described how our proposed
parametrization framework can be used to optimize BLE.
Recall that BLE requires that a random delay is added to
each instance of 7,. In addition, a reception phase after
each transmission is required in the case of bi-directional
discovery. This affects its latency-duty-cycle performance. In
the following, we evaluate how the performance of BLE
configured using the SingleInt-BLE scheme compares to an
ideal PI-based protocol configured using the SingleInt scheme
(i.e., SingleInt without any overheads of and modifications for
BLE). The values for this comparison have been obtained from
computations.
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Fig. 12: Performance of BLE configured using SingleInt.

Value BLE, UniDir BLE, BiDir
T, 23 ms — 88 ms 27ms — 101 ms
T 655ms — 8.990s | 715ms — 10.241s
ds 35ms — 99 ms 38ms — 112 ms

TABLE IV: Parameter values chosen by Singlelnt-BLE.

For this evaluation, we assume the following overheads for
BLE: 0, = 619ps, 040 = 143ps, o5 = 11 ms. They result
from the following assumptions:

« We assume a packet length of 30 bytes, which is a realistic
value for BLE (e.g., for a location beacon).

« We assume that any two consecutive packet transmissions
on two different channels are spaced from each other by
150 us. Further, we assume that the radio consumes the same
power during the time between two consecutive transmissions
as for switching from transmission to reception.

o We assume that the power consumption for transmission
is identical to that for reception.

o We assume the following values from the literature [22]
for a BLE radio: Idle-listening (i.e., the short listening phase
after transmitting a packet) takes 74 us and the quotient of the
power consumption for transmission over that for switching
from reception to transmission has a value of 0.46.

o We study a range of duty-cycles between 2.15% and
10 %. The range of considered duty-cycles for SingleInt-BLE
needs to be larger than for the unmodified SingleInt scheme,
since BLE uses significantly larger beacon lengths, leading to
increased duty-cycles for reaching the same worst-case latency.

Figure 12 depicts the worst-case latencies of BLE config-
ured using the SingleInt-BLE scheme, both for the unidirec-
tional and bidirectional advertising modes. In addition, the
worst-case latencies of an unmodified PI protocol configured
according to the Singlelnt scheme without the modifications
for BLE are shown. The depicted duty-cycle 7; is the joint
duty-cycle of both devices, i.e., the sum of the duty-cycles
of two devices that carry out the discovery procedure. For
unidirectional discovery, one can see that the worst-case laten-
cies of SingleInt-BLE are increased compared to the latencies
obtained by protocols applying the original SingleInt scheme.
On the average, for unidirectional discovery, Singlelnt-BLE
has a 5.5x larger worst-case latency than the original SingleInt
scheme. For bidirectional discovery, SingleInt-BLE on the
average has a 1.5x larger worst-case latency. Table IV depicts
the range of interval lengths chosen by the SingleInt-BLE
scheme in the considered range of duty-cycles. As can be seen,
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they are considerably larger than for the unmodified SingleInt
scheme. This range of values complies to the BLE standard
and is supported by typical commercial BLE stacks. E.g.,
the Nordic S110 SoftDevice supports values of T;, between
20ms and 10.24s and values of T, and d, between 2.5ms
and 10.24s [23].

VI. CONCLUDING REMARKS

We have introduced a parametrization scheme for slotless,
PI-based ND protocols. Since such protocols can make use of
more degrees of freedom than slotted ones, they can optimize
their beacon transmission rate and achieve significantly lower
discovery latencies in scenarios with few devices discovering
each other simultaneously. In addition, unlike most previously
proposed deterministic protocols, PI-based ones can realize
practically every specified duty-cycle. Therefore, they are a
practical choice for many personal area networks and IoT
scenarios. One variant of our scheme can also be used for pa-
rameterizing BLE, which makes it highly relevant for practical
applications. With a PI-based protocol configured according to
our proposed scheme, a protocol with provably optimal per-
formance is available. It performs optimally for unidirectional
discovery between one sender and one receiver, and near-
optimally for bi-directional symmetric discovery between two
devices. For larger numbers of devices discovering each other,
collisions will play an increasing role, and hence an increasing
number of discovery attempts will fail. For such scenarios, the
development of an optimal ND protocols remains open for
future research.
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