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I. Introduction
Today, we see a constant growth in the number of connected
devices forming the internet of things (IoT) idea. Low-power
wide area networks (LPWANs) are an attractive way to connect such a large number of IoT devices. LPWANs enable
low-power, often battery-powered, devices to communicate
wirelessly over long distances but at very low data rates.
Among many LPWANs, Long Range Wide Area Network
(LoRaWAN) [1] becomes a widely used technology, which
also has attracted many interests from research and academia.
Usually LoRa radios are operating on sub-gigahertz spectrum,
however, recently a new so-called 2.4 GHz LoRa becomes
available which uses the globally harmonized 2.4 GHz ISM
band [2]. The key benefits are the larger available spectrum in
2.4 GHz, i.e. 80 MHz compared to just a few MHz in sub-GHz,
which allows to operate multiple LoRa channels in parallel as
well as the not required strict channel duty cycling. Moreover,
the maximum available bandwidth is increased to 1.6 MHz,
resulting in higher data rate. This allows 2.4 GHz LoRa to
support a wider range of IoT applications.
In order to connect to a 2.4 GHz LoRa device using standard
smartphone or tablet a multi-technology gateway (MTG) is
required for translating WiFi or Bluetooth packets to 2.4 GHz
LoRa packets. However, such a MTGs increase the cost of
operation. In this paper, we present Wi-Lo, which uses signal
emulation technique to emulate a 2.4 GHz LoRa transmission
using commodity 802.11 (WiFi) hardware. Therefore, WiLo exploits the single carrier complementary code keying
(CCK) waveform used by the IEEE 802.11b standard for
the emulation. This is achieved by carefully selecting the
WiFi payload and hence the used CCK chipping sequence
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Abstract—We present Wi-Lo, which allows to convert an
ordinary 802.11 (WiFi) access point into an internet of things
(IoT) gateway supporting the low-power wide area network
(LPWAN) technology LoRa in the downlink. Our Wi-Lo system
only requires a software update and no additional hardware. It
uses signal emulation technique based on complementary code
keying modulation from 802.11b in order to emulate a downlink
LoRa (long range) transmission. The Wi-Lo gateway can be used
by a normal WiFi-enabled smartphone to send packets to LoRa
compliant IoT devices like smart sensors. We implemented a
prototype using commodity WiFi hardware. Experimental results
show that Wi-Lo enables a normal WiFi node to communication
to LoRa devices even over long distances, which is comparable
to the configurations using pure LoRa transmitter and receivers.
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Fig. 1: Spectrum of LoRa transmission (1.6 MHz, SF7).
to emulate the LoRa waveform as close as possible. Hence,
with Wi-Lo it becomes possible to convert a commodity
residential or enterprise WiFi AP into a multi-technology
gateway with a simple software update and no additional
hardware. Such a Wi-Lo enabled WiFi AP can communicate in
the downlink using both normal WiFi as well as 2.4 GHz LoRa
transmissions using a single WiFi COTS network interface
card. Our work is complementary to XFi approach [3], which
enables the reception of LoRa using WiFi whereas Wi-Lo
targets LoRa transmissions using COTS WiFi hardware. WiLo was prototypically implemented, tested and evaluated.
Experimental results show that Wi-Lo enables a normal WiFi
node to communication to LoRa devices even over a long
distance, which is comparable to configurations using pure
LoRa transmitter and receivers.
II. Background
This section gives a detailed overview of the physical layers
of the 2.4 GHz LoRa and IEEE 802.11b technology.
A. LoRa PHY in 2.4 GHz
Long Range (LoRa) technology was developed by
Semtech [4]. The modulation scheme used in 2.4 GHz LoRa is
Chirp Spectrum Spread (CSS), which is the same as for subGHz LoRa (433/868 MHz for EU). CSS modulation produces
a chirp signal where all chirps have practically the same
time duration (Fig. 1). A chirp is characterized by a time
profile of the instantaneous frequency that changes over the
time interval T from a frequency f0 to f1 [5]. Moreover,
it uses the entire bandwidth, making it robust to noise and
interference and therefore can be received at even very low
power. There are two types of different chirps [5]: the base
chirp whose frequency time profile starts with the minimal frequency fmin = −BW/2 and ends with the maximal frequency
fmax = +BW/2, where BW being the spreading bandwidth
of the signal. The chirp that start with frequency fmax and
ends with fmin is referred to as a down-chirp. 2.4 GHz LoRa
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Fig. 2: 802.11b transmission at 11 Mbit/s.
provides a wider bandwidth than sub-GHz LoRa, i.e., up to
1600 kHz as compared to just 500 kHz, resulting in a larger
data rate. To further, improve the robustness against noise
and interference, LoRa uses diagonal interleaving as well as
forward error correction (FEC) codes with code rates from
4/5 to 4/8. Moreover, dynamic Spreading Factor (SF) is used
to trade data rate for sensitivity. The packet structure at the
physical layer includes a preamble, an optional header and the
data payload [5]. The preamble, which starts with a sequence
of constant upchirp symbols (cf. Fig. 1), is used to synchronize
the receiver with the transmitter. The preamble is followed by
two chirp symbols encoding the sync word, which is used for
frame synchronization. Next, there are two downchirp symbols
used for frequency synchronization. Afterwards a silence time
of 0.25 symbol time is used by the receiver to align in time.
Fig. 1 shows the spectrum capture of a LoRa packet with the
upchirps at the beginning of preamble clearly visible.
B. 802.11b Primer
An IEEE 802.11b radio running at speed of 5.5 or 11 Mbit/s
is using complementary code keying (CCK) as modulation
scheme [6]. CCK was adopted to supplement the Barker code
used by 802.11b at 1/2 Mbit/s to achieve data rates at the
expense of slightly shorter communication distance. This is
achieved by having the shorter chipping sequence in CCK
(8 bits versus 11 bits in Barker code) resulting in less spreading
and hence higher data rate. In addition to shorter chipping
sequence, CCK also uses more chipping sequences to encode
more bits (4 and 8 chipping sequences for 5.5 Mbit/s and
11 Mbit/s respectively) and hence resulting in increased data
rate. Note, that the Barker code has only a single chipping
sequence.
The CCK modulation used by 802.11b transmits data in
symbols of eight chips, where each chip is a complex QPSK
bit-pair at a chip rate of 11 Mchip/s. In 5.5 Mbit/s and 11
Mbit/s modes respectively 4 and 8 bits are modulated onto
the eight chips of the symbol c0 , . . . , c7 , where [7]:
c =(c0 , . . . , c7 )
=(e j(φ1 +φ2 +φ3 +φ4 ) , e j(φ1 +φ3 +φ4 ) , e j(φ1 +φ2 +φ4 ) ,
− e j(φ1 +φ4 ) , e j(φ1 +φ2 +φ3 ) , e j(φ1 +φ3 ) , e j(φ1 +φ2 +φ3 +φ4 ) ,
− e j(φ1 +φ2 ) , e jφ1 )
and φ1 , . . . , φ4 are determined by the bits being modulated.
Hence, the phase change φ1 is applied to every chip, φ2 is
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Fig. 3: Architecture of Wi-Lo.
applied to all even code chips (starting with c0 ), φ3 is applied
to the first two of every four chips, and φ4 is applied to the first
four of the eight chips. Fig. 2 illustrates the CCK operation
in 802.11b transmission at 11 Mbit/s.
III. Wi-Lo
A standard smartphone needs a multi-technology gateway
(MTG) in order to be able to communicate with LoRa device
in its proximity. With Wi-Lo, such an expensive MTG that
is equipped with both WiFi and LoRa radios is no longer
needed. Wi-Lo enables a commodity WiFi AP, residential or
enterprise, to transmit data packets towards narrow-band IoT
devices by emulating the LoRa waveform (Fig. 3). Therefore,
no additional (radio) hardware is needed, as Wi-Lo is a
pure software solution. Instead, the Wi-Lo-enabled WiFi AP
uses signal emulation to craft a downlink WiFi frame whose
waveform emulates a valid LoRa packet. Such an emulated
LoRa packet can be received by unmodified commodity LoRa
devices. Note, in order to support uplink transmissions from
LoRa devices to WiFi AP Wi-Lo could be extended by the
approach proposed by Liu et al. [3].
A. Emulating LoRa using 802.11b
The basic idea of Wi-Lo is to use signal emulation technique
where the LoRa waveform is emulated by carefully selecting
the payload of a 802.11b 11 Mbps (CCK) packet transmissions
so that the resulting WiFi waveform emulates a 2.4 GHz LoRa
waveform. The basic emulation algorithm works as follows:
1) Generate baseband waveform S with sampling frequency f s = 11 MHz of the LoRa packet to be transmitted.
8
2) Process S from left to right in chunks s of ∆t = 11
µs
duration.
3) For each chunk s find the CCK symbol c̃ ∈ Ccck which
is matching closest, i.e., has similar waveform:
c̃ = argmax <(s) ∗ <(c) + =(s) ∗ =(c)

(1)

c∈Ccck

where Ccck = spread(permn([0, π2 , π, 3π
2 ], 4)), permn(·)
computes the permutations with repetition, spread(·) is
the CCK spreading as defined in 802.11b 11 Mbps, ∗ is
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Fig. 4: Spectrum of classical vs. emulated LoRa (Wi-Lo).

cross-correlation and <() and =() represent the real and
imaginary part of the complex signal. Add c̃ to list C̃.
4) Derive from C̃ the WiFi payload bits P by inverting the
CCK modulation process (cf. Fig. 2).
5) Transmit 802.11b (CCK) 11 Mbps packet with payload
given by P. Note, by injecting the packet using a raw
socket the 802.11b preamble with correct field length is
created by the WiFi driver.
Fig. 4 shows the spectrum of the normal LoRa with bandwidth of 1.6 MHz (SF7) vs. the spectrum of the corresponding
emulated LoRa waveform using the proposed CCK emulation. We can clearly see the centered 1.6 MHz LoRa signal.
Moreover, the additional not needed frequency components
introduced by the CCK-based emulation outside the bandwidth
of 1.6 MHz. The resulting power loss is not an issue as
the transmit power of 2.4 GHz LoRa is limited to 8 dBm
whereas the limit for 802.11b CCK is 18 dBm. An example
for WiFi 802.11b frame emulating LoRa can be downloaded
from https://bit.ly/3y1f0my1 .
B. Support for Large LoRa Frames
The transmission of multiple WiFi packets is required in
order to emulate even a single LoRa packet in case the LoRa
packet’s airtime is larger than the maximum duration of an
802.11b transmission. This is not unusual as even a LoRa
packet with small payload can have a duration of hundreds
of milliseconds when transmitted with either low bandwidth,
high SF or low code rate. Note, that the maximum data
payload size of 802.11b frame is limited to 4095 Byte, which
corresponds to a transmission duration of only around 3 ms
when transmitted at 11 Mbps. Moreover, improvements from
newer 802.11 standards like TXOP cannot be used.
Wi-Lo solves this problem by emulating a single LoRa
packet with a train of multiple 802.11b frames where each
WiFi frame is emulating a part of the entire LoRa waveform
(Fig. 5). In the worst-case, i.e. low bandwidth and high SF,
already a single LoRa chirp is emulated with multiple WiFi
frames. However, such an approach is challenging as WiFi
nodes have to access the channel in random fashion using
1 For injection you can use software like scapy. Make sure to fix the WiFi
data rate to 11 Mbps and to use the correct WiFi channel

carrier sensing, i.e., listen-before-talk. Thus, WiFi transmissions are discontinuous as idle times due to interframe spaces
(IFS) and backoff are inserted. Wi-Lo solves this by disabling
backoff operation and also reducing the IFS. With Atheros
AR928x NIC we were able to fully disable backoff operation
while the IFS was reduced to 12 µs ± 3 µs. Another issue is
that each WiFi frame starts with a preamble, 196/96 µs in case
long/short preamble, which cannot be changed or disabled.
Both the idle times between WiFi frames, i.e. IFS, as well as
the WiFi preambles create distortions in the signal emulation
108 µs
process, i.e., 2978
µs ≈3.6% of the WiFi frame duration cannot
be used for the purpose of emulation (cf. Fig. 5). Interestingly,
as we will see later from our experiments, those distortions
do not have a large impact on the LoRa transmission as they
can be corrected by the receiver especially when long-range
communication parameters, i.e., large SF and low code-rate,
are used. Moreover, a small bandwidth, e.g. 200 kHz, makes
the LoRa transmission very long in time compared to the
duration of distortion thus reducing their impact.
C. Prototype Implementation
The Wi-Lo prototype was implemented using COTS hardware for both WiFi and LoRa. On the WiFi side we used
Atheros AR928x (802.11n) NIC, which still support the old
802.11b standard. For 2.4 GHz LoRa we used the radio module
iM282A from IMST Wireless Solutions. It is a bidirectional
radio module based on the transceiver SX1280 of Semtech.
The chip’s sensitivity is up to -130 dBm (SF12, BW=200 kHz)
while the maximum transmit power is 8 dBm resulting in a link
budget of more than 138 dB.
IV. Performance Evaluation
We evaluated the performance of the Wi-Lo prototype in a
mixed environment, i.e., office space and outdoor. The 2.4 GHz
ISM band on channel 6 (2427 MHz) was used. During the
experiment, a COTS WiFi node with Atheros WiFi NIC was
sending valid 802.11b CCK (11 Mbps) frames. The WiFi
payload of single/multiple WiFi frames was precomputed in
Matlab to emulate the LoRa frame as described in Section III.
On the LoRa side, we used the COTS LoRa chip in packet
sniffer mode in order to collect all packets. For each received
packet the signal strength (RSSI in dBm) and the SNR was
reported and collected. As baseline for comparison a pure
LoRa setup was used, i.e. also the transmitter was a COTS
LoRa chip.
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A. Initial Over-the-Cable Tests

C. Over-the-air Tests

In order to understand the performance of Wi-Lo’s signal
emulation capabilities we performed experiments over coax
cable with 30 dB attenuator. Such a configuration represents
the operation at high signal strength, i.e., RSSI at around 25 dBm, mimicking perfect channel conditions. We compared
Wi-Lo with a pure LoRa setup with respect to the reported
SNR value at the LoRa receiver side. The results are shown
in Fig. 6. Although the RSSI was the same for both configurations, the SNR was different. For SF5, we see a SNR
drop between 2.3 and 5.5 dB depending on the bandwidth
used by LoRa. For larger bandwidth, the SNR drop is larger.
This can be explained by the fact that emulating a LoRa
signal with larger bandwidth is harder than one with lower,
i.e., the probability is smaller to find a CCK chip sequence
which perfectly fits a given part of the LoRa waveform. With
SF12, the situation is similar but the SNR drop is smaller,
i.e., max 2.5 dB. We can conclude that the SNR drop due to
imperfections of the CCK-based emulation process is smaller
for LoRa transmissions using small bandwidth, preferably
200 kHz, and larger spreading factor, preferably SF12. From
the practical point of view the SNR drop plays a minor role
as the required SNR for LoRa is very small, i.e. -2.5 dB and
-20 dB for SF5 and SF12 respectively.

Next, we performed experiments with over-the-air transmissions. The Wi-Lo transmitter was fixed and placed indoors
while the LoRa receiver was mobile. While walking around
with the receiver indoors and outdoors the LoRa packets were
received. The walking area was mostly outdoors and within
a radius of 250 m around the transmitter. For each received
packet the RSSI and the SNR as reported by LoRa chip was
collected. The following configuration was used for LoRa:
BW=1.6 MHz, SF6, code rate 4/5 and a payload of one Byte.
The LoRa frame’s duration was 2 ms which is short enough
so that it fits into a single 802.11b frame.
We compared Wi-Lo with the baseline using pure LoRa
devices (Fig. 7). As in the previous wired experiment, we see
SNR degradation due to emulation. However, the reduction in
SNR is not a problem in real setups as the long-range signal
reception is mostly limited by noise, i.e., weak signal. This
is confirmed by our results where we see no difference in the
SNR of both pure LoRa and Wi-Lo when operating at very
weak signal levels. The lowest RSSI for which LoRa packets
were correctly received was -103 dBm, which was the same
for both baseline and Wi-Lo.

B. Emulation of Large LoRa Frames
In Section III, we mentioned that Wi-Lo is able to emulate
LoRa frames even if their airtime is longer than the one
of a single 802.11b frame. This is achieved by sending
multiple WiFi frames each emulating a part of the entire LoRa
waveform. Unfortunately, the idle times between WiFi frames
as well as the WiFi preambles create distortions in the signal
emulation process. Therefore, we examined this impact in
more detail. Wi-Lo was configured to emulate a LoRa frame
using SF12 with code rate 4/8 and a bandwidth of 200 kHz.
The airtime of such a LoRa frame was 813 ms. Such a long
frame was emulated using 283 WiFi frames each 2.8 ms long.
The Wi-Lo transmitter was connected over coax cable to the
LoRa receiver. Comparison with the baseline show a SNR
degradation of only ≈ 0.7 dB. Therefore, we can conclude that
emulation of long LoRa frames is feasible.

D. Distance Measurements
Finally, we performed outdoor experiments on the campus
of TU Berlin to find out the maximum communication distance, which can be achieved with Wi-Lo. Wi-Lo transmitter
was placed at the window board of our building (10 m above
the ground) and configured to send emulated LoRa frames
with bandwidth of 1.6 MHz, SF6, code rate 4/5 (Fig. 8). As
we wanted to analyze the difference in communication range
between LoRa and WiFi we used two different receivers: i) a
COTS LoRa receiver and ii) a COTS WiFi receiver. During the
measurements, we walked away from the transmitter on the
sidewalk along the river. The propagation characteristic was
NLOS all the time, i.e., the large building was blocking the
LOS path.
Fig. 8 shows the maximum distance at which the receiver
was able to receive frames from the transmitter. In case of
the normal COTS WiFi the maximum distance was 60 m to
receive the 11 Mpbs encoded frames. The distance of the LoRa
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Fig. 8: Long-distance measurements.
receiver was 5× larger, i.e., 300 m. This shows again that the
SNR drop due to emulation has no visible impact on the
maximum communication range. Note, higher distances can
we achieved when using larger SF values.
V. Related Work
An overview on cross-technology communication (CTC) for
IoT was given by Chen et al. [8]. The power of OFDM/QAMbased signal modulation was shown in past for the case of
CTC between WiFi and ZigBee [9], [10], [11], WiFi and
Bluetooth [12], WiFi and LTE [13], [14]. With Wi-Lo, we
show that CCK-based signal modulation is also feasible using
the example of 2.4 GHz LoRa. Hence, a commodity WiFi
device can send LoRa packets towards IoT devices supporting
the LoRa protocol. Liu [3] has shown that COTS WiFi
hardware can be used for the reception of LoRa transmissions.
This is achieved using a technique called signal hitchhiking,
i.e., when a smartphone is receiving a WiFi packet from an
AP, IoT devices transmit simultaneously, leading to intentional
collisions with the WiFi packet in the air. In this way, the LoRa
data hitchhikes on the WiFi packet and enters the WiFi radio
where it can be decoded through waveform reconstruction and
subsequent LoRa decoding. In this paper, we show for the first
time that with signal emulation a WiFi sender is able to send
LoRa frames.
VI. Conclusion
We presented Wi-Lo that allows to convert a commodity
WiFi AP into an IoT gateway supporting 2.4 GHz LoRa
protocol with a simple software update. Wi-Lo uses signal
emulation technique based on 802.11b CCK modulation in
order to emulate a downlink LoRa transmission. This allows a
WiFi-enabled smartphone to use the Wi-Lo gateway in order to
send packets to LoRa compliant IoT devices. As future work,
we plan to support other IoT protocols like Bluetooth LE.
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