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Abstract—In this paper, we develop an algorithm, based only
on energy detection, to detect the number of Wi-Fi basic service
sets (BSSs) operating on the same channel. Such an algorithm
can be used by an LTE-U base station (BS) to scale back its
duty cycle when coexisting with Wi-Fi on the same channel.
According to the LTE-U specification, an LTE-U BS scales back
its duty cycle from 50% to 33% when it senses that the number
of co-channel Wi-Fi BSSs has increased from one to two. There
are two ways that this detection can be done: (a) decoding
based, where the LTE-U BS decodes the Wi-Fi packet header
to determine the unique Wi-Fi basic service set identification
(BSSID) and (b) energy based, where only received energy levels
are used to determine the number of Wi-Fi BSSs. The former
approach requires an LTE-U BS to implement a Wi-Fi decoder
and hence increases complexity, whereas the latter is easier to
implement, requiring only an energy detector and appropriate
detection thresholds to distinguish between one and two WiFi APs. We analyze the latter approach and experimentally
verify the feasibility of an energy detector to reliably distinguish
between one and two Wi-Fi APs. In order to do so, we first
experimentally determine appropriate detection thresholds using
comprehensive measurements in realistic environments, both lineof-sight (LOS) and non-LOS (NLOS). These thresholds are then
used to perform hypothesis based detection to devise an efficient
algorithm that predicts the presence of one or two Wi-Fi BSSs.
The performance of the proposed algorithm is evaluated, both
theoretically and experimentally, by utilizing two metrics (a)
probability of detection (PD ) and (b) probability of false alarm
(PF A ). We show that using a threshold of -42 dBm delivers
greater than 80% PD and less the 5% PF A which we verify both
theoretically and experimentally. Hence, energy based detection
is a low-complexity means of determining number of Wi-Fi BSSs
to help LTE-U scale back its duty cycle appropriately.
Index Terms—LTE, Unlicensed spectrum, Wi-Fi.

I. I NTRODUCTION
IEEE 802.11 based Wi-Fi was designed to operate in the
2.4 GHz and 5 GHz unlicensed bands. Due to the large
amounts of bandwidth available, the 5 GHz unlicensed band
is beginning to be used by cellular networks as well using the
Long Term Evolution (LTE) specification developed by the
Third Generation Partnership Project (3GPP). This gives rise
to many coexistence issues since neither LTE nor Wi-Fi were
designed to share the same spectrum with each other. Broadly,
two varieties of the standard medium access approaches are
used by LTE base stations (BS) to coexist with Wi-Fi in the
unlicensed spectrum, namely: LTE Licensed Assisted Access
(LTE-LAA) and LTE-Unlicensed (LTE-U). LTE-LAA was
proposed by 3GPP [1] and its working mechanism is similar
to the carrier sense multiple access with collision avoidance
(CSMA/CA) protocol used by Wi-Fi. In principle, a LTE-LAA

BS senses the medium before transmitting data and implements exponential backoff when the channel is busy. There is
no need to explicitly determine the number of coexisting Wi-Fi
BSSs since the sensing and back-off mechanism automatically
adjusts to the channel occupancy. On the other hand, LTEU was developed by the LTE-U forum [2], and uses a duty
cycle approach (i.e., repeating ON and OFF intervals in the
medium). It observes the medium during the LTE-U OFF
period and dynamically adjusts the duty cycle based on the
presence of Wi-Fi and the number of detected Wi-Fi basic
service sets (BSSs) or access points (APs). The sensing of
the medium, followed by duty cycle adjustment in LTE-U is
known as Carrier Sense Adaptive Transmission (CSAT) and
can be implemented either by decoding the Wi-Fi MAC header
to determine number of Wi-Fi BSSs or by energy sensing.
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Fig. 1: LTE Wi-Fi Co-existence Deployment Setup.
Header-Based CSAT: The LTE-U BS decodes the WiFi MAC header during the LTE-U OFF duration to
determine the basic service set identification (BSSID)
that uniquely identifies each Wi-Fi BSS. However, this
requires a full Wi-Fi packet decoder at the LTE-U BS
since the MAC header is part of the Wi-Fi data field, and
hence leads to additional complexity.
• Energy-Based CSAT: The LTE-U BS detects the presence and number of Wi-Fi BSSs based on the change
in the observed energy levels of the medium during
the LTE-U OFF duration. It is hypothesized that it will
be challenging for a LTE-U BS to differentiate among
different categories of traffic and the number of Wi-Fi
BSSs on the channel based solely on the observed energy
level. This will be the focus of this paper.
According to the LTE-U specification, if the LTE-U BS
detects more than two Wi-Fi BSS, it scales back its duty cycle
from 50% to 33%. Fig. 1 demonstrates an example LTE-U
and Wi-Fi coexistence deployment (with Non Line of Sight
(NLOS)) on the same channel with multiple Wi-Fi APs and
multiple clients. We aim to use the Energy Detection (ED)
•

sensing data at the LTE-U BS to make a decision regarding
the presence of one or two Wi-Fi BSSs. To the best of our
knowledge, this work is one of its kind with respect to energybased detection techniques for determining the number of WiFi BSSs. We build a real time experiment using National
Instruments (NI) USRP RIO boards and two Netgear Wi-Fi
APs. By analyzing the collected energy values, we determine
appropriate thresholds of detection between one and two WiFi BSSs that maximize probability of detection (PD ) and
minimize probability of false alarm (PF A ). We also compare
our experimental results with theoretical modeling results for
validation and demonstrate good agreement between the two.
Finally, we choose the best ED threshold of −42 dBm which
achieves no less than 80% PD and no greater than 5% PF A .
Hence, we believe that using energy-based detection at LTEU BS is a feasible, low-complexity method for differentiating
between the presence of one or two Wi-Fi BSSs, which in turn
helps the LTE-U BS to scale back its duty cycle from 50% to
33%.
The rest of the paper is organized as follows. Section II
presents a brief overview of existing literature on Wi-Fi LTE
coexistence, Section III presents the coexistence system model
we adopt for study, Section IV describes the experimental
measurement set up used to gather statistics on the energy
levels in the presence of one or two Wi-Fi APs which are
then used to develop the energy detection based adaptation
algorithm. In Section V we develop the hypothesis test using
the statistics derived from the experimental data and the
theoretical and experimental results are corroborated in Section
VI. Finally, Section VII concludes the paper.

we develop energy detection based algorithms to distinguish
between one and two Wi-Fi BSSs on the same channel.
III. S YSTEM M ODEL
In this section, we present the system model that we
consider in this paper and a brief background on the impact
of LTE-U on Wi-Fi.
A. Coexistence System Model
We assume that LTE-U and Wi-Fi coexist on the same
unlicensed 20 MHz channel in the 5 GHz band. LTE-U
utilizes the unlicensed spectrum only for the downlink and
all uplink transmissions use the licensed spectrum. The LTEU BS operates at maximum power by enabling all its resource
blocks with the highest modulation coding scheme (i.e., 64QAM). The control and data channels are transmitted using
physical downlink control channel (PDCCH) and physical
downlink shared channel (PDSCH), respectively. We also
assume that the Wi-Fi AP has full buffer video traffic at
maximum transmission power. Wi-Fi uses the CSMA/CA
mechanism to access the channel and LTE-U adopts the duty
cycle approach to access the medium. In both cases, if the
packet transmission is not successful (or the acknowledgement
is dropped), the packet will be re-transmitted. We assume that
the Wi-Fi AP supports both active and passive scanning mode,
i.e., both beacon and probe response packets are transmitted
by the AP during the association process.

II. R ELATED W ORK
Increasing interest in LTE/Wi-Fi coexistence has led to
significant industry-led and academic research in the area.
There have been a number of papers investigating throughput
fairness as a function of detection threshold and duty-cycle for
Wi-Fi, LTE-LAA and LTE-U coexistence [3]–[8]. However,
there are only a handful of papers investigating the performance of energy-based detection in LTE-U Wi-Fi coexistence.
In [3], the authors develop a new framework for estimating
the throughput of coexisting Wi-Fi and LTE-LAA via suitable
modifications to the celebrated Bianchi model. The impact of
ED threshold on Wi-Fi and LTE-LAA coexistence is explored
as a by product of this model and corroborated via a National
Instrument (NI) experimental testbed that validates the results
for LTE-LAA access priority class 1 and 3. However, the
question of LTE-U CSAT is not addressed. In our recent
work [9], [10], we carefully analyzed, both theoretically and
experimentally, the performance of an energy-based CSAT
algorithm that detects Wi-Fi and scales back the LTE-U duty
cycle automatically, in particular the behavior during the Wi-Fi
association process. The motivation was to understand if LTEU should be transmitting with its maximum allowed duty cycle
of 95% when it is operating on an empty channel. However the
issue of scaling back the duty cycle in the presence of more
than one Wi-Fi BSS was not addressed. Hence, in this work,

Fig. 2: LTE-U ON and OFF Duty Cycle.

B. LTE-U Impact on Wi-Fi transmission
The timing of coexisting LTE-U and Wi-Fi APs is shown
in Fig. 2. If there is no detected Wi-Fi AP on the channel,
a LTE-U BS will operate at 95% duty cycle [11]. If Wi-Fi
beacons are detected, based on the detected energy crossing a
pre-determined threshold, e.g. -82 dBm, the LTE-U BS scales
back from 95% to 50% duty cycle [10] using, for example, a
20 ms ON time and a 20 ms OFF time. During the OFF period,
the Wi-Fi AP contends for the medium in the usual way,
using CSMA/CA. If now another Wi-Fi BSS wants to start
transmitting, it will have to contend for the medium with only
50% of the medium available for Wi-Fi. Since this would not
be fair to Wi-Fi, the LTE-U specification recommends scaling

the duty cycle back to 33% when more than one Wi-Fi BSS
is on the air. However, no specific mechanism is proposed as
to how the the LTE-U BS should detect the presence of two
Wi-Fi BSSs.
IV. E NERGY BASED D ETECTION OF W I -F I BSS S

Fig. 3: LTE Wi-Fi Co-existence Experimental Setup.
We wish to investigate the problem of predicting the number
of active Wi-Fi BSSs in the same channel using energy
detection. This is extremely challenging because the LTE-U
BS will observe lots of additional energy due to beacons, probe
requests etc. We set up an experimental test-bed using the NI
USRP platform as shown in Fig. 3. Cell A and Cell C are
always configured as Wi-Fi AP 1 and Wi-Fi AP 2, respectively,
and they transmit with full buffer data and beacon frames
(and probe responses, if any clients in the vicinity transmit
probe requests). The Wi-Fi APs are two Netgear APs (here the
activity of two BSSs are considered as two APs transmitting
in downlink). Cell B represents an LTE-U BS that operates at
50% duty cycle. In order to identify the number of Wi-Fi APs,
we measure the detected energy in the following two steps.
• Step 1: Measure the energy at the LTE-U BS during the
LTE-U OFF period when only one Wi-Fi AP (i.e., Cell
A) and LTE-U (i.e., Cell B) is deployed with full buffer
downlink transmission.
• Step 2: Measure the energy at the LTE-U BS during the
LTE-U OFF period when two Wi-Fi APs (i.e., Cell A &
Cell C) and LTE-U (i.e., Cell B) are deployed with full
buffer downlink transmission.
These two experimental steps are carried out at different
distances with both LOS and NLOS environment.
A. LTE-U BS energy detection with LOS
In this set up, there is a clear LOS between the two Wi-Fi
APs and the LTE-U BS (i.e., there is no obstruction between
the LTE-U and Wi-Fi APs). We measure the received energy
at the LTE-U BS for different distances. Fig. 4a shows the
distribution of measured energy when either one or two WiFi APs are transmitting at 6 feet distance from the LTE-U
BS. We fit the measured histograms to probability distribution
functions and find that the measured energy when one AP
is transmitting fits the extreme value distribution (left curve)

while the measured energy when two APs are transmitting
fits a Gaussian distribution (right curve). The ED values
measured at the LTE-U BS when one Wi-Fi AP is transmitting
varies from -50 dBm to -39 dBm and when two Wi-Fi APs
transmitting from -44 dBm to beyond -30 dBm. Since the
distance between the Wi-Fi APs and the LTE-U BS is small,
the false detection region for detecting the two Wi-Fi APs
is very small (area of overlap of the two curves). As the
distance between the LTE-U BS and the Wi-Fi APs increases,
we see from Fig. 4b and Fig. 4c that the false detection region
changes. However, it is also clear from Fig. 4a, 4b and 4c
that there is a clear difference between the distributions of the
received energy when one or two Wi-Fi APs are transmitting
and we shall utilize this observation to develop a classification
algorithm.
B. LTE-U BS energy detection at NLOS
We repeat the above experiment, but this time in a NLOS
setting with a wall between the Wi-Fi APs and the LTE-U
BS. Overall, we see the same pattern as before with some
differences. Due to the NLOS channel, the average energy
level received at the LTE-U BS is lower as compared to the
LOS case and the false detection region is larger.
We performed the LOS & NLOS experiments above in
a number of different configurations and observed similar
performance, which are not included due to space limitations.
From the above, it is evident that the LTE-U BS is able to
differentiate the number of Wi-Fi APs based on the distribution
of the measured energy in various reception scenarios.
C. LTE-U duty cycle adaptation algorithm
We use the above experimental observations to develop
Algorithm 1, an energy based detection algorithm for scaling
the duty cycle based on the number of Wi-Fi APs detected.
The choice of threshold for deciding between one and two WiFi APs will be developed in the next section. We implement
the algorithm in the LTE-U BS hardware and validate the
algorithm experimentally.
During the LTE-U OFF duration, the measurement indicator
RF power from the LTE power control module in the NI
LTE application framework is used to observes the RF power
values in the medium. These observed ED values are averaged
over a one second time duration and given as input to the
algorithm. If this value is less than the specified threshold,
the LTE-U BS declare one Wi-Fi AP is present, otherwise
it declares two Wi-Fi APs are present and changes the duty
cycle accordingly. We keep a count of correct and incorrect
decisions made by the LTE-U BS and calculate the following:
the probability of detecting presence of two Wi-Fi correctly,
Count.detect2
and the probability
P D2 = Count.detect
2 +Count.f alse.alarm1
of falsely detecting the presence of two Wi-Fi BSSs, PF A2 =
Count.f alse.alarm2
Count.detect1 +Count.f alse.alarm2 . These two calculations also
hold for one Wi-Fi BSS.
V. H YPOTHESIS T EST F OR LTE-U D ETECTOR
In this section, we theoretically calculate the threshold based
on the required probability of false alarm. The received signal
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Fig. 4: LTE-U BS and Wi-Fi APs are separated in LOS Environment.
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Fig. 5: LTE-U BS and Wi-Fi APs are separated in NLOS Environment.
when there is one active Wi-Fi BSS (hypothesis H0 ) at the
vicinity of LTE-U BS is:
H0 : r(i) = s1 (i) ∗ h1 (i) + n1 (i),

If, under H0 hypothesis ε has a probability density function
(pdf) given by f (ε|H0 ) and under H1 hypothesis given by
f (ε|H1 ), the hypothesis test can be represented as:

(1)


where r(i) is the time domain received signal, s1 (i) is the
OFDM modulated signal transmitted from one of the Wi-Fi
stations, h1 (i) is the corresponding channel impulse response,
and n1 (n) is the additive white complex Gaussian noise at the
LTE-U BS receiver, and ∗ denotes the convolution. Similarly,
when there are two active Wi-Fi BSSs (hypothesis H1 ) in the
vicinity of the LTE-U BS, the received signal can be modeled
as:
H1 : r(i) = s1 (i) ∗ h1 (i) + s2 (i) ∗ h2 (i) + n2 (i),

(2)

s2 (i) is the OFDM modulated signal transmitted from one
of the Wi-Fi stations in the second BSS, and h2 (i) is the
corresponding channel impulse response. The average energy
for a one second observation period, with M samples is:
ε=

M
1 X
|r(i)|2 ,
M i=1

(3)

τ = log

f (ε|H1 )
f (ε|H0 )



H1

>
η,
<

(4)

H0

where τ is the hypothesis test parameter and η is the test
threshold. Equivalently, we can use the Neyman-Pearson approach where the threshold is calculated based on a chosen
probability of false alarm (PF A ). The probability of false
alarm based on the H0 hypothesis is calculated as:
Z ∞
PF A =P (ε > η|H0 ) =
f (ε|H0 )dε
η





Z ∞
ε − µe
ε − µe
1
exp
exp − exp
dε,
=
σe
σe
σe
η
(5)
where f (ε|H0 ) is calculated by fitting the experimental histograms with the extreme value distribution (the extreme value
distribution was found to have the best fit to the histogram for
hypothesis H0 ) for different scenarios as shown in Section IV.

Algorithm 1 Energy Based LTE-U Scale Back
Initialization: (i) LTE-U operates at 50% duty cycle,
(ii) Count.detect1 = 0, Count.detect2 = 0,
Count.f alse.alarm1 = 0,
Count.f alse.alarm2 = 0.
while true do /* Dynamic LTE-U Duty Cycle. */
for k = 1 to N do
/* Observe the medium for N samples over 1 second. */
if One Wi-Fi is ON then
if Avg(ED) ≤ Threshold then
/* If ED is ≤ threshold then there is a possibility of Wi-Fi
beacons or Probe request packets or Probe response packets
or Data or ACK packets being detected. */
Count.detect1 ++;
/* Presence of one Wi-Fi AP is correctly detected*/
else
Count.f alse.alarm2 ++;
/* Presence of two Wi-Fi AP is falsely detected*/
end if
else if Two Wi-Fi is ON then
if Avg(ED) > Threshold then
/* If ED is greater than threshold then there is a possible
of two Wi-Fi beacons or Probe request packets or Probe
response packets or Data or ACK packets got detected. */
Count.detect2 ++;
/* Presence of two Wi-Fi AP is correctly detected*/
else
Count.f alse.alarm1 ++;
/* Presence of one Wi-Fi AP is falsely detected*/
end if
else
/* No Wi-Fi AP got detected and LTE-U BS operates at
95% duty cycle. */
end if
end for
end while

η can be calculated based on the inverse of the extreme value
distribution (EV −1 ):
η = EV −1 (PF A , µe , σe ).

(6)

where µe and σe are the estimated parameters of the extreme
value distribution which are calculated by fitting the histogram.
The H1 pdf is calculated by fitting the experimental histograms
with Gaussian distribution as illustrated for example in Fig. 4a.
The probability of detection for the calculated threshold can
be computed as:
Z ∞
PD =P (ε > η|H1 ) =
f (ε|H1 )dε
η


Z ∞
(7)
(ε − µg )2
1
q
=
exp −
dε.
2σg2
η
2πσ 2
g

where µg and σg are the estimated parameters of the Gaussian
distribution which are calculated by fitting the histogram.
VI. E XPERIMENTAL AND T HEORETICAL R ESULTS
The coexistence system model described in Section III and
Fig. 3 is used with the experimental parameters described in
Table I. Both the Wi-Fi APs (Cell A and Cell C) and the NI
LTE-U BS (Cell B) are provisioned to operate on the same
unlicensed channel (Channel 161). We also made sure that
there were no other additional Wi-Fi APs on this channel.
We implement Algorithm 1 on the LTE-U BS hardware and
measure the probability of detection (PD ) and probability of
false alarm (PF A ) for identifying the presence of one to two
Wi-Fi APs using this algorithm.
TABLE I: Experimental Set-up Parameters
Parameter
Bandwidth
Operating frequency
Transmission power for both LTE
and Wi-Fi
Traffic
Wi-Fi Antenna Type
LTE-U Antenna Type
LTE-U Duty Cycle
LTE-U data and control channel

Value
20 MHz
5.805 GHz (Channel = 161)
23 dBm
Video Full Buffer (Saturation Case)
MIMO
SISO
50%
PDSCH and PDCCH

A. PD Vs PF A in LOS Environment
We change the threshold to obtain different PD and PF A
values in a LOS environment, in both the experiment and
the theoretical derivation. Each set of experimental data is
collected at the LTE-U BS for one and two Wi-Fi APs. For
the theoretical evaluation, we fix the PF A as calculated from
eq (5) to the values[0.0001 0.001 0.005 0.01 0.02 0.05 0.1
0.2 0.3] and then calculate the ED thresholds and PD using
eq (6) and eq (7). Fig. 6a shows the theoretical values of
PD for the chosen PF A values which correspond to different
ED thresholds at different distances. In order to compare with
the experimental results, we fixed the energy thresholds (in
experiment) as observed in theory and calculated the PD
and PF A using Algorithm 1. As the distance increases, the
performance of the ED detector decreases (i.e.,PD decreases).
B. PD Vs PF A in NLOS Environment
We observe the performance of PD and PF A at different
ED threshold values for the NLOS environment as shown
in Fig. 6b. Due to the wall obstruction the region of false
detection is high (as shown in Fig. 5a, 5b and, 5c) compared
to LOS. Hence, the probability of detection (PD ) of the NLOS
experiment for the same PF A is worse than the LOS experiment for all of the corresponding scenarios. We can see that as
the distance between the LTE-U BS and Wi-Fi AP increases,
the PD performance decreases. From the observation we find
that the shorter distance has a clear difference in distribution
compared to the longer distance experiment.
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Fig. 6: Detecting the presence of two Wi-Fi AP at LTE-U in LOS and NLOS environment.
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Fig. 7: Energy Detection threshold with PD and PF A for different LOS & NLOS environment.
C. CSAT Scale Back using Fixed ED Threshold

of all scenarios is 85%.

In this section, we try to find the best ED threshold for
the LTE-U BS algorithm to scale back based on the PF A
design target. Fig. 7 (a) shows the different ED experiment
thresholds (in the range of -35 dBm to -45 dBm) on the Xaxis and the corresponding probability of detection (PD ) on
the Y-axis. Similarly Fig. 7 (b) shows the different experiment
ED thresholds (-35 dBm to -45 dBm) on the X-axis and
the corresponding probability of false detection (PF A ) on the
Y-axis. If we consider a design target of PF A = 5%, the
ED threshold of -42 dBm is the best choice as all of the
scenarios (where the Wi-Fi APs are placed equidistant from
the LTE-U BS) have PF A smaller than 5% and the maximum
probability of detection can be achieved. The minimum PD

D. Performance of PD and PF A in different configurations
The threshold of -42 dBm was chosen based on the specific
configuration tested in Fig. 3. Our goal in this section is to
verify how the threshold works in a different configuration. We
placed the two Wi-Fi APs on the same side of the LTE-U BS,
unlike the configuration in Fig. 3 where they were on opposite
sides. Wi-Fi AP 1 & Wi-Fi AP 2 are placed at distances of 6
feet & 15 feet from the LTE-U BS respectively. We measured
the performance of PD and PF A for different ED thresholds
with LOS & NLOS configurations.
•
•

Case A: Both Wi-Fi AP 1 and Wi-Fi AP 2 are ON.
Case B: Only the Wi-Fi AP 1 at 6 feet is ON.
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Fig. 8: Energy Detection threshold with PD and PF A for different configuration setup.

•

Case C: Only the Wi-Fi AP 2 at 15 feet is ON.

The PF A (for Case A in Fig. 8 (b)) is defined for when
the closer Wi-Fi AP 1 is ON but the algorithm detects that
both Wi-Fi APs are ON. Fig. 8 (a) and (b) of PD and PF A
with different ED thresholds show that while there is some
degradation in PD from 85% to 80%, the algorithm still works
well with the ED threshold of -42 dBm.
Summary:
The -42 dBm threshold at the LTE-U BS can be used to
detect between one or two Wi-Fi APs and hence scale back
the duty cycle from 50% to 33%. Note that this threshold
choice does not depend on the environment (LOS, NLOS) or
distance between Wi-Fi and LTE-U BS, however the obtained
performance of the detector will be different in different
environments with the performance being best in LOS and
short distance between Wi-Fi and LTE-U.
VII. C ONCLUSION
We have provided a proof-of-concept, both theoretically and
experimentally, of a purely energy detection based algorithm
that can be used by a LTE-U BS to determine whether there is
one or two Wi-Fi APs on the air so that the duty cycle can be
adjusted accordingly. A large set of measurements of different
realistic deployments was used to fit pdfs to the data which was
then used to develop a Neyman-Pearson hypothesis test. We
believe that this is the first work to demonstrate the feasibility
of using energy detection alone, instead of packet decoding,
to reliably distinguish between the presence of one or two
Wi-Fi APs. This will allow duty cycle adaptation in LTEU with much lower complexity than that requiring full WiFi packet decoding. Furthermore, our results show very good
agreement between theory and experiment. Future work will
consider distinguishing between more than two Wi-Fi APS,

thus enabling even finer duty cycle adjustments of a LTE-U
BS and improved coexistence with Wi-Fi.
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