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Cross-Technology Communication
for Heterogeneous Wireless Devices
through Symbol-Level Energy Modulation

Junmei Yao, Xiaolong Zheng, Ruitao Xie and Kaishun Wu

Abstract—The coexistence of heterogeneous devices in wireless networks brings a new topic on cross-technology communication
(CTC) to improve the coexistence efficiency and boost collaboration among these devices. Current advances on CTC mainly fall
into two categories, physical-layer CTC and packet-level energy modulation (PLEM). The physical-layer CTC achieves a high CTC
data rate, but with channel incompatible to commercial devices, making it hard to be deployed in current wireless networks. PLEM
is channel and physical layer compatible, but with two main drawbacks of the low CTC data rate and MAC incompatibility, which will
induce severe interference to the other devices’ normal data transmissions. In this paper, we propose symbol-level energy modulation
(SLEM), the first CTC method that is fully compatible with current devices in both channel and the physical/MAC layer processes,
having the ability to be deployed in commercial wireless networks smoothly. SLEM inserts extra bits to WiFi data bits to generate the
transmitting bits, so as to adjust the energy levels of WiFi symbols to deliver CTC information. We make theoretical analysis to figure
out the performance of both CTC and WiFi transmissions. We also conduct experiments to demonstrate the feasibility of SLEM and
its performance under different network situations.

Index Terms—Keywords: Wireless Networks; Cross-Technology Communication; WiFi; ZigBee.
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1 INTRODUCTION pilot/null OFDM (orthogonal frequency division modulation)

subcarriers should be avoided in the CTC transmission [1], but
o , dur investigation on the standard WiFi and ZigBee channels
(Io), It s bec_omlng a common phenomenqn that NUMEHL 4 that no combination satisfies this requirement; CTC can
ous devices with different wireless te_chnolog|es (e.g., Wi tjmly be achieved when the WiFi central frequency is adjusted
ZigBee and Bluetooth) share the unhcgnsed ISM specfcrum. a non-standard one. Although some commercial chips
The coexistence of these_ de_wces brings a hew tOp_'C gf]rely have this ability, it is hardly permitted in commercial

cross-technology c_ommunlcatlon (CTC), which _establlsh Btworks since all devices should comply with the standards.
direct communication among heterogenous devices [1]-[ “The PLEM methods convey cross-technology information

CTC has the potential to bring about quite a few benefiﬁ h lovi h ket-level f lik k
and applications [2], [4], [5], such as combating the cros%—roug employing the packet-evel features, like packet

technol interf th h hanai dination i ansmission duration [6], [7], duration pattern [8], [9], and
echnology Interierence through exchanging coordination o 5 [2], [10], so that receivers can detect the information
formation among the devices [4], enabling the WiFi A

to directl trol the Zigbee devi deploved f through energy sensing. This kind of methods are compatible
o directly control the Zigbee devices deployed for smaflyy, -ommercial devices in channel and the physical layer
home [2], and etc.

process. However, they have two main drawbacks. Besides

Current works on WiFi to ZigBee CTC design are gefiy the jow CTC data rate that can only be up to about
erally achieved through two methodphysical-layer CTC 1y )05 they are incompatible with the commercial devices

and packet-level energy modulation (PLEM). The physical- , 1he \MAC (Medium Access Control) layer process. The
layer CTC makes a commercial WiFi device transmit ZigBe@,mmercial WiFi devices generally adopt CSMA/CA (carrier

signals directly through signal emulation, such that this signgl,qe myltiple access/collision avoidance) to access the chan-
can be detected through ZigBee normal demodulation pro

With the widespread proliferation of the Internet of Thing

' . . _ , the CTC transmission will easily induce severe
channel incompatible. According to WEBee [1] design, thgye farence to the other devices' normal transmissions.

In this paper, we propose symbol-level energy modulation
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QAM (quadrature amplitude modulation) adopted in WiFit,, is very small. Actually, from the point of view of WiFi
devices naturally has the feature of energy modulation, CTgEotocol design, it is more efficient to have the data packet
can be achieved through adjusting the QAM points of thteansmitted with largerry, as this would induce smaller
transmitting signal to make each symbol have distinguishalitansmission overhead to the WiFi network, such as backoffs,
low or high power levels. Specifically, at the transmittecontrol frame transmissions, etc.
side, SLEM designs the transmitting bits (called SLEM bits) Retrospecting the history of WiFi standards — the IEEE
according to the WiFi data bits and CTC data bits. WheB02.11 family, we could see that they have made great efforts
these bits are passed through the standard WiFi transmissionavoiding extremely small value of transmission duration
process, the transmitting signal exhibits the characteristig. As demonstrated in Table. 1, with the increase of the phys-
of energy modulation for CTC and can deliver both kindgal layer data rat&® from 11Mbps in 802.11b and S5¥lbps
of information concurrently. After receiving this signal, then 802.11a/g, to 60Blbps in 802.11n [11] and>6Gbps in
ZigBee receiver decodes its data bits through energy sensi@g2.11ac [12], the MAC layer is also revised to enlarge the
while the WiFi receiver first decodes the SLEM bits and themaximum packet length,, * to achieve comparabtg, values
recovers the original WiFi data bits. among the standards, sinegis inversely proportional to the
Compared to PLEM, SLEM coincides with commerciatiata rateR, (rw = Lw/Ry), as listed in Table 1. Especially,
devices in the MAC process, thus avoids unnecessary int862.11n and 802.11ac introduce A-MPDU (Aggregated -
ference to current wireless networks. SLEM is more flexibIAC Protocol Data Unit) to accomplish the super-length
than PLEM as the CTC bits can be delivered at any timegacket.
when a WiFi packet is transmitting. This design also benefits

SLEM with much higher CTC date rate than PLEM. In . TABLE1
addition, it is worthy to note that SLEM has no channel Attribute comparisons of different 802.11.
incompatibility problem aghysical-layer CTC, since a single [Atiribute 802.11alg 802.11n 802.11ac
pilot subcarrier has much less effect on the overall energy gfMaximum Ry 54Mbps 600Mbps 6.9%Gbps

; ; Maximum Ly, 4095bytes 65535bytes 4,692,480bytes|
multlple subcarriers. Maximum 7, 5.46ms 5.484ns 5.484ns

The key contributions are summarized as follows:

« We design SLEM, the first CTC method that is fully
compatible with commercial devices in both the channel Compared to the WiFi packet transmission duration that is
usage and the physical/MAC layer processes. SLEWNp to 5.48ns, the RSSI (Received Signal Strength Indicator)
inserts extra bits to WiFi data bits to deliver both kindsampling interval of ZigBee devices is extremely small, e.g.,
of information concurrently. 32us for TelosB [3]. Accordingly, if a WiFi packet contains

. We give theoretical analysis for the SLEM performance set of segments which have different energy, the ZigBee
in delivering both the CTC and WiFi data bits, comparedevice is possible to obtain the energy changes through RSSI
to a typical PLEM method. The results demonstrate thaampling. Thus, we have the opportunity to accomplish a
SLEM can achieve much higher CTC data rate at the caS8TC transmission within one WiFi packet through energy
of requiring higher SNR, while the WiFi transmissiormodulation.
has about 10% decrease on the data rate.

. We implement and evaluate SLEM on hardware testb
based on the USRP N210 and TelosB platforms. TI?‘rSOn

experimental results reveal that SLEM can achieve a . ) - o
robust and fast concurrent transmissions of CTC aryye then investigate the WiFi transmission process to answer
WiFi. the question about how to achieve energy modulation within

The rest of this paper is organized as follows. Section '€ WiFi packet. o L
gives the motivation of SLEM. Section 3 gives the overview At the WiFi transmission side, the data bits will be
of SLEM. Section 4 describes the SLEM design. SectionBaPPed to constellation points after passing through the
gives the design of SLEM bits generation when considerifff*M (Quadrature Amplitude Modulation) module. QAM

channel coding. Section 6 provides theoretical performan@@dulation can be regarded as a combination of both phase

analysis of SLEM. Section 7 demonstrates the SLEM pei'd amplitude modulations. Fig. 1(a) depicts the QAM-16

formance by hardware experiments. Section 8 introduces {fStellation points, each of which represeits- [0g(16) =
related works. Section 9 concludes this paper. 4 data bits. Among these 16 points, the four red points have

3x amplitude over the four blue points, corresponding to
2 MOTIVATION 9% energy difference. This characteristic provides us with

This section illustrates the motivation of SLEM througﬁin opportunity for symbol-level energy modulation within a
jngle WiFi packet. For instance, if we let the blue points

observing on both WiFi and ZigBee transmission processed. . _ .
g g P carry the CTC information ‘0O’ and let the red points carry

2.1 Opportunity for CTC within One WiFi Packet ‘1’, the two kinds of information will possess distinguishable

Slome current paCket'leYE| energy modu_latlon (PLEM) mecha'l. Here the packet length indicates the PLCP (Physical Layer Convergence
nisms have an assumption that the WiFi transmission durati®icedure) payload size.

Opportunity for Symbol-Level Energy Modula-
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I . ig. 2. The WiFi and ZigBee coexistence scenario.
energy levels and then have the possibility to be dlscernedFé? o 'g XIS S !

ZigBee, as shown in Fig. 1(b). Fmsm—————— N pmmmmmm e m e .
| WiFi cre ‘ | ZigBee signal | Standard ZigBee ZioB !
Data Bits Data Bi igBee

: Al S Dt Bits } : S ,_1—’ Detection _>Data Bits:
3 SLEM OVERV'EW : E}LEM Bits } : Classli%r;Ztion :
This section first introduces the CTC application scenariq, cneration I L, CICDaa |, CIC |
h . h . f SLEM hi dinaly. ! v } L SLEM signal Detection Data Bits |
then gives the overview o architecture accordingly. | [ sandara wiki | ZigBoe Recsiver |
| Transmission } I_ _________________________________________ J|

 — .

. . . WiFi T SLEM) | e .
3.1 CTC Application Scenario WHEL Trapsmmitter (SLEM). :T, Standard WiFi | [ Signal | | wiFi |
) ———m—m————a Receiving Classification Data Bits |
CTC is a method to enhance performance and boost nqvw WIF(INTfanSfE'tter | JSLEM signal |
. . . . orma.

applications under the coexistence of heterogeneous wireless——====—--— : WiFiData | |~ WiFi :
networks. For example, in the WiFi and ZigBee networks, & ZigBee Transmitter | | Recovery Data Bits,
WiFi device can transmit coordination information to ZigBee: - — — MNomab _ 1 L _ WiFiReceiver __ __ __ _ !

devices for interference management [4] to improve t
network throughput, a WiFi device can directly control th
ZigBee devices deployed for smart home [2], and ZigBee
devices can even download the update files from a WiFi
device. In these situations, CTC just works supplementartf%‘
while the normal WiFi and ZigBee data transmissions are stil

dominant in the wireless networks. EM sianal f WiFi t itter for CTC o
Therefore, each device may need to receive signals fr stgnatirom a Wik transmitter for transmisston,
the WIiFi signal from a normal WiFi transmitter, and the

heterogeneous devices. For example, in the coexistence

WiFi and ZigBee networks, as shown in Fig. 2, there exisfddBee sigr}al from & norm_al ZigBeg tran;mitter. To generate
the normal data exchange within both the WiFi and ZigBeae SLEM_ S|gqal, the_ W.'F' transmitter f|r§t generates the
devices; meanwhile, the WiFi AP or WiFi clients may neeHansmlttmg bits, which is called SLEM bits in this paper,

to trans,mit cTC inférmation through the SLEM sigrfato according to both the WiFi data bits and CTC data bits. The

the ZigBee devices. Thus, a WiFi device may receive eithgrEM bits are the payload of th_e .W":i pac_ke_t, they will be
a WiFi or a SLEM signal, and a ZigBee device may recei assed through the standard WiFi transmission process and

either a ZigBee or a SLEM signal. In this situation, a receiv ||nally be transmitted after Radio Frequency (RF) front end.

needs to identify the signal type at first to decode the dataVVNen receiving a signal, the ZigBee receiver first deter-
bits correctly; especially, a ZigBee receiver should furth&pin€® whether it is a ZigBee or SLEM signal; for a ZigBee
classify the SLEM signal from other non-ZigBee signals Signal, the receiver condgcts standard ZlgBee detection pro-
the beginning of the received signal, otherwise it will keef€SS t0 obtain the data bits; for a SLEM signal, the receiver
on decoding all the signals, this is obviously inappropriafg@nducts CTC data detection to get the CTC data bits. For
for the low-cost and low-power ZigBee device. Therefore, f WiFi receiver, it first conducts the standard WiFi receiving

is a key issue to make a device quickly discern the incomiffjCcess to obtain the SLEM bits, then determine whether it
signal type. is a WiFi or SLEM signal; for a WiFi signal, the SLEM bits

are regarded as the data bits directly; for a SLEM signal, the
receiver will conduct a recovery process to get the original
3.2 SLEM Architecture WIFi data bits.
Fig. 3 depicts the architecture of SLEM under the scenario
of Fig. 2. The white block represents that this process
already exists in commercial devices based on standarés, SLEM DESIGN

. __This section gives the detailed design of SLEM at the WiFi
2. For the ease of description, in this paper, we let the term ‘SLEM signal’

represent the signal of a WiFi data packet attached with CTC bits, and%@@ns.m'tte.r side, the. ZigBee receiver side and the WiFi
the term ‘WiFi signal’ represent the signal of a normal WiFi data packet. receiver side, respectively.

ig. 3. SLEM Architecture.

ile the grey block represents new component of SLEM.
e following figures are described in the same way.
There are three kinds of transmitted signals, including the
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Fig. 4. Architecture of SLEM at the transmitter side. 412 CTC Symbol Duration Determination
SLEM bits are first generated according to the WiFi
and CTC data bits, then passed through the standard
WiFi transmission process for signal transmission (a), the
transmitted signal can deliver the CTC bits concurrently

The CTC symbol durationcrc is decided by the charac-
teristic of the ZigBee receiver, and in turn determines the
parameteiNs at the transmitter side.

For the TelosB platform we use as ZigBee in this paper,
©). the RSSI samples are generated everys3although the
values are averaged over 18 Under this circumstance,

. . . the CTC symbol durationrcrc and even the RSSI sample
41 SLEM Design at the Transmitter Side positions would affect the RSSI values at TelosB. Fig. 5
4.1.1 Overview shows an example of the CTC bit4,0,1,1} transmitted

As shown in Fig 4(a), the SLEM design at the transmittéhrough a series of symbols with energfiy, Ei, En, Enl,

side is to generate the SLEM bits according to the WiFi anhereEy andE, indicate the high and low energy levels, and
CTC data bits. When the SLEM bits are passed through the = 9 x E. under QAM-16; the symbol duration is 128
standard WiFi transmission process, the transmitted SLEWe see that the RSSI sample values are very different within
signal contains both the desired energy modulated CTC sigeae CTC symbol duration. When the RSSI values are not
and the WiFi signal, thus can deliver both kinds of data bigampled at the CTC symbol boundaries, as shown in Fig. 5(c),
concurrently. the RSSI distancerss, which is the distance between the

In the standard transmission process illustrated in Fig. 4(&aximum and minimum RSSI values, will be much smaller
the data bits are first transformed to complex symbols aftéan that in Fig. 5(b) when RSSI values are sampled at the
QAM modulation, and mapped into OFDM subcarriers afté¢ TC symbol boundaries, and the shorter distance will result
passing through the S/P (serial-to-parallel) module, then oin-lower performance.
put as the time-domain OFDM symbols after IFFT (inverse To demonstrate the effect afcrc, we let USRP N210
fast fourier transform) and P/S (parallel-to-serial) procességansmit a set of CTC bitgl, 0,1,0, 1,0}, and letrcrc equal
afterwards, each OFDM symbol is inserted with cyclic prefi$o 16Qus, 128s, 96us and 64s, respectively. The RSSI
(CP) to eliminate the inter-symbol interference; the signal wilamples collected at TelosB under each situation are shown in
finally be transmitted after RF front end. Fig. 6. We see that the RSSI values demonstrate regular peaks

When the SLEM bits are passed through this standa@fd dips whernrcrc > 96us. Specifically, the maximurdgss;
process, the constellation points within the overlapped sub-about @B whenrcrc = 16Qus (Fig. 6(a)), it has aboutdB
carriers will carry the CTC information through energy modand B loss whenrcrc is 128s and 96:s, respectively. As
ulation, as shown in Fig. 4(b). For example, when QAM-18 7ctc = 64usin Fig. 6(d), the peaks and dips disappear and
is adopted, the points will bexx00’ if the OFDM symbol the CTC bits can not be detected at all.
should have low power; otherwise, the points will bex11’.

Here ' indicates the bit can either be ‘1’ or ‘0. 4.1.3 The Impact of Cyclic Prefixing

From Fig. 4(b) we see that, the energy levels of the OFDKs shown in Fig. 4, in the WiFi transmission process, each
symbols are determined by both the the CTC data bits a@#FDM symbol is inserted with cyclic prefixing (CP) to
the CTC symbol durationrcrc, which finally determine provide guard interval with the previous OFDM symbol, so
the number of OFDM symbols required for one CTC bias to eliminate the inter-symbol interference. Here we study
transmission, denoted bMorpm. Since the OFDM symbol the impact of CP on the SLEM performance.
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(c) TcTc=96us. (d) Terc=64us. Fig. 7 briefly shows the signal classification process based
Fig. 6. The RSSI samples under different CTC symbol on the ZigBee preamble and CTC preamble. When the
durations through experiments. energy of the received signal is over a threshgld the

ZigBee device first conducts ZigBee preamble detection. If
the ZigBee preamble is detected, it determines a normal
Each 20MHz WiFi channel contains 64 OFDM subcarriersZigBee signal is received and conducts the standard ZigBee
each of which is filled with a complex symbol after serial-todetection to obtain the data bits, as shown in Fig. 3; otherwise,
parallel (S/P). We leX(k) (k € [1, 64]) indicate the complex it conducts CTC preamble detection, and utilizes CTC data
symbol in thekth subcarrier. The frequency domain signadletection to obtain the data bits if the preamble is detected. If
{X(K)} will be transformed to the time domain signfadn)}  both kinds of preamble are not detected, the node will ignore
after 64-point IFFT, that isx(n) = & ¢, X(K)el %' ,n=1~ this signal.
64. The signalix(n)} lasts for 32us and will be inserted a
0.8us prefix {(xX(I)} (I = 1 ~ 16). {xX(I)} is simply a copy 4.2.2 CTC Preamble Design
of the end of{x(n)}, and xX'(I) = x(I + 48). For example, The CTC preamble is designed to indicate the arrival of a
X(1) = x(49) = & T4 X(Kel"s". Thus, we see that the SLEM signal at a ZigBee device. The CTC frame format
inserting of{x'(1)} does not change the frequency componen{th the CTC preamble is shown in Fig. 8.
{X(k)} in the signal. Since the energy of each SLEM symbol e |et the CTC preamble be ‘0101’, which has the fixed
is determined by the energy oK(k) in several adjacent energy patterrE ye = {EL, En, EL, Ex}. The most important
subcarriers, it is obvious that CP will not change the energasue here is to figure out whether the other signals also have
in these subcarriers, thus have no impact on the performagg@ energy pattern, resulting in unnecessary process for CTC
of SLEM. data detection. Thus, we analyze the ZigBee and WiFi signals
separately.

4.2 SLEM Design at ZigBee Receiver Side

In this part, we first introduce the signal classification process
to distinguis_h the nor_mal _ZigBe_e signal_ and the __SLE_I\&ig. 8. The CTC frame format.
signal at a ZigBee receiver, including the signal classification

overview, CTC preamble design and CTC preamble detectio
design. After that, we describe the detailed design for CTt
data detection.

|CTC Preamble CTC Data

At first, we note that a normal ZigBee signal cannot exhibit
e characteristic of this energy pattern, as ZigBee utilizes
OQPSK (Offset-QPSK) modulation and the amplitude of
) o ) the transmitted signal remains constant. Then we want to
4.2.1 Signal Classification Overview figure out whether a normal WiFi signal have this energy
After receiving a signal, the ZigBee receiver should firgiattern. We let USRP N210 transmit standard WiFi signals
determine whether this is a normal ZigBee signal or a SLEMith QAM-64 and let TelosB collect the RSSI samples,
signal, then conduct the proper receiving process for datile the WiFi channel is 13 with the central frequency of
detection. 2.472GHz, and the overlapped ZigBee channel is 25 with
The normal ZigBee transmission utilizes a preamble fietthe central frequency of.275GHz The RSSI values of one

in the ZigBee frame to indicate the arrival of a ZigBe&ViFi packet is depicted in Fig. 21(a). We see that the RSSI
signal [13]; thus, the receiver can easily identify a ZigBeegalues increase at the beginning of the packet obviously, after
signal through this process. The key issue here is to makeat, the values remains nearly constant just with some slight
it identify a SLEM signal from other signals. In this paperyariations. We consider that is because the RSSI samples
we use a CTC preamble to indicate the arrival of a SLEMt TelosB indicate the average energy of the WiFi signal
signal at a Zigbee receiver. The detailed design of CT@ithin about seven subcarriers angrc time duration. With
preamble and its detection will be given in Section 4.2.2 aride random characteristic of the WiFi data bits, the QAM
Section 4.2.3, respectively. points are randomly distributed, thus the averaged energy
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levels have little changes. To investigate the RSSI variations
within a WiFi packet except the beginning and the tail of it,
we collects the RSSI samples of about 100 WiFi packets and

Received RSSI
Samples

Optimal RSSI Sample Set
Determination

Energy
Demodulation

ZigBee
Data Bits

calculate the cumulative distributed function (CDF) of th&'9- 11. The CTC receiving process.
RSSI distancalzss) for the 100 sets of RSSI samples, the

results are shown in Fig. 21(b). We see tldags is below
3dB with the probability of 80%, and it is belowdB in nearly

to a fixed patternfPRE;} = {-1,1,-1,1}(j = 1 ~ 4) in the

all the cases. The results demonstrate that the WiFi signaF@CUlaﬂon Process.
hardly discerned as the CTC preamble.

Therefore, the energy patteHy. is the unique feature of

Since the RSSI samples are generated everys32
ZigBee, the number of RSSI samples during one CTC symbol

the SLEM signal, and can be used as the CTC preamble.IS calculated as = EC_ZLCS Then, the CTC preamble ‘0101

4
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4.2.3 CTC Preamble Detection

A ZigBee receiver should detect the CTC preamble to det
mine whether a SLEM signal is arrived. This process shou
only be conducted at the beginning of the incoming signal,

that the device can then decode CTC bits if the SLEM sign
is received, or turn to energy-saving mode if not. Specificall
CTC preamble detection is to discerned the energy patt
Epe from the received signal. Here we exploit the cros§

5 10
RSSI Distance (dB)

correlation technology for this process.
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corresponds to % Ng RSSI samples. At each positignin
{ri}, the receiver picks up the RSSI samp{eij} ={rj,i =
A+(j—1)-Ng}(j = 1 ~ 4) for cross correlation calculation, that
is, Ry = Z‘j‘zlrpjA - PRE;. When CTC preamble is received
and the energy pattern c{)rfij} matchesE ¢, the correlation
resultR,y will exhibit a peak value.

To demonstrate the feasibility of CTC preamble detection
through this process, we conduct experiments based on the
USRP N210 and TelosB. We let USRP N210 transmit normal
WiFi and SLEM signals, respectively. The SLEM signals are
beginning with the CTC preamble, argrc = 16Qus in this
situation. We then obtain the RSSI samples at TelosB, and
conduct cross correlation betwe@PRE;} with the received
signal at each position. The results are shown in Fig. 10, we
see that from the positiong where the averaged RSSI value
of {r ij} is overBg, the correlation results for the SLEM signal
é]gve a peak value, while those for the normal WiFi signal

main small. We note that the correlation results befgye
iso have some peak values, that is because the RSSI sample
t{rij} used for correlation contains the RSSI samples
er Aog. Therefore, during the cross-correlation process, it
$ critical to first decide the averaged RSSI value is @geger
ﬂich is set as-80dB in this experiment. Through this way,
a ZigBee receiver can determine with a high probability that
whether the received signal is a SLEM signal or not.

In real networks, a peak value Bf is determined through
comparingR, with a threshol@Bqyr, if Ry IS overSeyy, itis a
peak value and CTC preamble is detected; otherwise, it is not
and the CTC preamble is not detected. Theoretically, the peak
value atA is Ry =2-(Eq — EL) = 2- drssi. Thus, the value
Beorr IS highly related tadgss), which varies with SNR, QAM
modulation types anadcrc. We will discuss in Section 7.3
about the empirical values @kq through experiments.

4.2.4 CTC Data Detection

When the CTC preamble is detected, the ZigBee receiver
begins to decode the CTC data bits through energy sensing.
The receiving process is depicted in Fig. 11: the receiver first
determines the optimal RSSI sample set from the received
RSSI samples, then conducts energy demodulation to obtain
the original ZigBee data bits.

Cross correlation is always utilized to search for a known 1) Optimal RSSI Sample Set Determination
signal pattern in a long duration. In this context, it needs to be As shown in Fig. 5, the RSSI samples with red circles can

conducted between the RSSI samgigsandE .. SinceE,

represent the energy of the transmitted symbols best, they are

andEy varies with many parameters, such as the transmissi@yarded as the optimal RSSI sample set. The determination
power and the transmitter-receiver distance, we chdfge of this sample set contains two steps: (i) obtain the sample
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set candidates from the RSSI samples and (ii) determine when the signal is transmitted with QAM-64 modulation and
the optimal one from the candidates. the CTC bits are conveyed through the ideal low and high
The sample set candidates, denoted{dy where k is  power points, the WiFi signal within 7 subcarriers overlapped
the candidate index, can be easily obtained fifom simply with the ZigBee channel has 64 constellation points due to
through taking the samples frofm} with the fixed intervaNgs  the random characteristic of WiFi data bits, while the SLEM
and different beginning positions, the number of candidatessiginal has only four points. This feature can be exploited as
Ns. For example, in Fig. 5, the samples with the same colarsimple way to classify the two kinds of signals.
belongs to a candidate; there dxg = 1322?1‘53 = 4 candidates = We note that signal classification here can also be achieved
in this figure, corresponding to the four colors. by simply adding a flag in the WiFi message. However, the
The optimal RSSI sample set is then determined from tiflag should be added into the head of the WiFi message, which
sample set candidates. Our observation is that the optintalalways not controlled by the users. On the contrary, this
RSSI sample set has the largest RSSI distalagg compared design is fully compatible with commercial devices, as it does
to the other candidates. As shown in Fig. 5 and Fig. 6ot require any modification on hardware.
the sample set candidates exhibit different characteristic of

. . . 1[F & & ¥ s = e W 1 [ L3
RSSI distance, and the one with the largest RSSI distance o “j# & = » & w w.w
. . . . . 5 & R ow A e S
|s_obV|o_ust optimal. We present a simple method to obtain 2 . by sl b g, .l
this optimal RSSI sample set. At first, the mean value of the g N E - -
received RSSI samples} is calculated asy = MEAN({r;}). O lwmewnmacers O
Please note that this calculation should be performed nu- ‘1 *‘1""' — "0"' * & l’ 'l"l . .

merically while the RSSI samples obtained from TelosB In-phase In-phase
are expressed in decibels. Then, for each candit{i@h}e
(k € [1,Ng], i € [i,N] and N is the number of RSSI samples
overge), the accumulated RSSI distance framis calculated Fig. 12. Constellation points of two kinds of signals with
asdieg, = N, | 7¥—m |. Thekth candidate with the largestQAM-64 modulation at the receiver side.

RSSI
dksg, is discerned as the optimal sample set, which is denoted

by {ri}. 4.3.2 WiFi Data Recovery

2) Energy Demodulation . . . . .
Wi e optima RSS! sampe), he Zighee o wil 4", 1% 1<E1E4 ST deterined 2 SLEw sona
decode the CTC data bits through energy decoding. Tae 9 ' P

. . o . ta recovery is quite easy.
process Is pretty 5|.mple_. '.f a,n,RSSI va.Iue IS ovgr_a,th,resho &‘As will be discussed in Section 5, the WiFi transmitter
Bs, the corresponding bit is '1’, otherwise the bit is '0’.

will insert some bits to the WiFi data bits at fixed positions

The thresholdps can not be fixed due to the Va”edto generate the SLEM bits. The receiver just needs to first

RSSI values, wh|ch cha_nges with the transm|§3|on POWHlstermine these positions according to the modulation type
the transmitter-receiver distance, etc. Here we simply use

d overlapped channels, then eliminate bits in these positions

me_an_valuem, of ri} as .th_e thrgshold. AE.' = X+, whe_re from the SLEM bits to obtain the original WiFi data bits.
X indicates the transmitting signal amg is the noise with

fixed mean value among the received samples, the value5 DESIGN FOR SLEM BITS GENERATION

(a) Normal WiFi signal. (b) SLEM signal.

can obviously vary adaptively with background noise. As described in Section 4.1, SLEM bits generation is the key
issue in the protocol design. However, it is nontrivial when
4.3 SLEM Design at WiFi Receiver Side channel coding is considered. In this section, we first illustrate

Stpe standard channel coding, then describe detailed process

After receiving the transmitted signal, the WiFi receiver fir . : oo
egeneratlng SLEM bits as well as its limitation.

conducts the 802.11 standard receiving process to obtain %
SLEM bits, then determine whether it is a WiFi or SLEI\/l\_—)_1 Preliminary of Channel Coding
signal. As shown in Fig. 3, for a WiFi signal, the SLEM bit

are regarded as the data bits directly; for a SLEM signal, t ﬁ'e standard WiFi channel coding process includes scram-

receiver will conduct a recovery process to get the originF ng,lsconv?_:utlonal gntcoglng ?I?d ;;1ter|eavnng, as srlpwln n
WiFi data bits. Here we first introduce the signal classification9" (a). Here we introduce the three parts respectively.

process, then give the design for WiFi data bits recovery. 51.1  Scrambling

_ o At the beginning of channel coding, WiFi data bits are
4.3.1 Signal Classification scrambled to avoid long sequences of bits of the same value.
The signal classification between the normal WiFi and SLERata scrambling is performed by XORing the data bits with a
signals can be achieved totally at the receiver side, withcagquence of pseudo-random bits which have the fixed pattern.
any changes at the transmitter side. The key insight of this deius, this process is a one-by-one mapping from data bits to
sign is based on the observation that, the SLEM signal withiarambled bits. A receiver can recover the original data bits
the ZigBee channel possesses much less constellation poihtsugh XORing the receiving bits with the same sequence
compared to the normal WiFi signal. As shown in Fig. 12f pseudo-random bits.
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Data: Channel Coding : the adjacent coded bits mapped alternately onto less and
|

more significant bits of the signal constellations. Generally,
| Encoding this process is also a one-by-one mapping from input bits to
interleaved bits. A receiver can recover the original input bits
through conducting the demapping process.

Bits | Convolutional

5.2 SLEM Bits Generation

The SLEM bits will be generated through inserting extra
bits to the original WiFi data bits, so as to adjust the
constellation points in the overlapped subcarriers to deliver
CTC information. As depicted in Fig. 4, the constellation
points should have low power when this OFDM symbol is
utilized to transmit CTC bit ‘0’, otherwise they should have
high power. Each of the low power and high power point

{11004} {1001} (i . () | has two significance bits under QAM-16, as the shadowed
Datay ) o rambling |—p{ _ IDSerting Matrix || CTC ones shown in Table 2. Similarly, the point has four and six
Bits Unknown Bits Generation | |symbols L . .

| X={10x,0 Eyra— significance bits under QAM-64 and QAM-256 respectively.
- Al M=1L . . . . . .
[ l : ”wuxm: Thus, the key issue in SLEM bits generation is to insert extra
L Descramblingle—| UKW B (e L cricaving | bits to WiFi data bits at specific positions, so as to generate
etermination | v, . . . . . .
( 1,,0q__.} © X(107013 ) S, (@) : the significance bits in corresponding subcarriers and OFDM

e symbols according to the CTC information.
(¢) The SLEM bits generation process Here we first give an overview of this process, then analyze

Fig. 13. SLEM bits generation with channel coding. its limitation.

TABLE 2

. . An illustration of significance bits under QAM-16.
5.1.2 Convolutional Encoding

Convolutional encoding makes the WiFi transmissions more Low Power | High Power
resilient to interference and noise through adding redundancy. o ol | o o HE
The 802.11 standard recommends several coding rate, such Significance| 0 1 0 |0 |
as 1/2, 2/3 and 3/4, etc. The rate-1/2 convolutional encoding BitsinPoints| 1 0 © © | 1 0 1 1
is shown in Fig. 13(b). It uses the generator polynomials e | IEEE |
0o = (1011011) andg; = (1111001). Here ‘A’ is the output Masks

of encoder after modulo-2 addition of the input data b, 2 bo1r1jootl

3t 5" and é" delay element based @g; ‘B’ is the output of
encoder after modulo-2 addition of the input data bit, 2", 521 Overview

3" and ¢" delay element based @i. This process generatesgig 13(c) shows the detailed processes of SLEM bits gener-
two encoded bits ‘A" and ‘B’ for each input bit, while theation, from step (i) to step (vi).

bit ‘A" shall be output before bit ‘B’. Other .coding rates At step (i), the WiFi AP first generates two matrices
of 2/3 and 3/4 can be achieved by employing puncturingecording to the CTC bits, including the bit significance
which omits some of the encoded bits to reduce the nUMBREix 5,q,  and the bit mask matrixBsgn, n., Where
. . . . »INMINL M,INL Y
of ransmitted bits and increase the coding rate. 48 is the number of data subcarriers in each OFDM symbol,
This process can be formu!ated as a malrixo |nd|cat§ Nw = logzM for M-level QAM modulation,N, indicates the
the relationship between the input bXsand the coded bits ,;mber of OFDM symbols. Specificall@ jx = 1 if the j-th
Y in the Galois Field GF(2) [1]. That is: bit of the point ini-th subcarrier is the significance bit, and
M xar@) X = Y. 1 the correspondin; j« is determined by the rgquwed power
o _ . _ level of the k-th OFDM symbol. Both matricesSagn,,.n,
Due to page limit, we just analysis the SLEM bits geneend Bsg,,.n, Will be transformed to one-dimensional arrays
ation under the 1/2 coding rate in this paper. The generatig,y,,«n, andbss., xn, respectively, and then passed through

process under other rates are similar. deinterleaving asss«n, «N, andbag«n,xn, at step (ii). At step
_ (iii), according tobag«n,, xn, » the AP knows at which positions
5.1.3 Interleaving it should insert bits to generates the CTC information, it

Interleaving is used to make error correction more robusten inserts unknown bit$x;} to the scrambled data bits
with respect to burst errors. In the WiFi transmission process, these positions to generate the data stréamAt step
interleaving is achieved by a two-step permutation. Th@), the unknown bits{x} in X are determined according
first permutation make the adjacent coded bits mappedttothe convolutional encoding process and the significance
nonadjacent subcarriers, and the second permutation mais in Y = Sugn, xn, - At Step (v), the data streand are
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PDF of low PDF of high

descrambled to output the SLEM bits. When the SLEM bits power symbol 7 ~_ Power symbol
are passed through the standard WiFi transmission process 5 |
shown in Fig. 4, both the WiFi and CTC information can be
delivered concurrently.

Y

5.2.2 Limitation A4, B Ay

The unknown bitg§x;} in X should be determined according to-. . . .
the significance bitgyx} in Y and the convolutional encodingqsz}ll]?ﬁbljs v-vri?r? IE\S\? gigllﬁég i?gé;lfg\fggn (PDF) of CTC
S .

process, following Eq. 1. However, in some cases Eq. 1 ¢
not completely hold.

We let X = {x}(i € [L,p]) and Y = {yl(k € [1,0])
for the easy of description, wherp and g indicate the
number of unknown bits and significance bits, respectively this part, we try to theoretically figure out the SLEM

The unknown bitsX = {x} shall be calculated through aperformance of delivering both the WiFi and CTC data bits
simplified equation of Eq. 1, that is, compared to PLEM.

M Xcr@) X =Y, (2
whereM is aqx p matrix, Y =Y + B is aqx 1 vector,B is 6.1 Analysis for CTC Transmission

determined byM and the known bits beforgx} in X. From the perspective of CTC transmission, the bits are
If all the significance bits are sparsely distributedfinone  ransmitted by symbols with two energy leves and Ey .

bit x; shall be inserted to determine the corresponding signife let {x} indicate the transmitting signal, and let the CTC

icance bity;; in this situation,p = g, r(M) = r(M.Y) = g symbol durationrcrc be large enough such that the optimal

(r() indicates the rank of a matrix), it is easy to obtaiRss| sample sets;} can represent the actual energy of the
X = {x} through Eq. (2). However, in some cases Whepceived signal.

two significance bits come together ¥, one bit x; shall We have:
be inserted to determine two significance bjtsand i1,

p < g in this situation and there is a high probability of

r(M) < r(M,Y), making Eq. (2) have no solution. Fig. 14where the noisen; is the additive white gaussian noise
shows an example of this case. If two significance pits (AWGN) andn; ~ (0, o). Then, the received signal also
andyi,1 come together inY (yx andyi.1 correspond to the Subjects to the normal distribution with the meanpfand
two outputs bits ‘A and ‘B’ in Fig. 13(b)), and an inpu¢ the variance ofr?. That means, for the symbaj with mean
should be inserted to generaye and yi.1 simultaneously, AL = VEL, the received signal ~ N(A_, o%); for the symbol
there will be no solution fox.. When this situation occurs, X With meanAy = VEq, ri ~ N(A4, 0?).

the QAM points in the overlapped subcarriers may not be Fig. 15 depicts the relationship of the probability density
the designated ones, which will affect the performance #inction (PDF) of the two symbols. Witlri}, the symbol is
CTC transmission. Fortunately, although the significance bié¢termined to be ‘1’ ifr; > B, otherwise it represents ‘0'.
come together in matrigg.n, xn, , Most of them are sparselyHeregs is set as’%. In real network situations, the number
distributed inY = Sugn,xn, after deinterleaving, making of ‘1’ or ‘0" is nearly equal within a packet, thugs here is
SLEM still feasible. We note that in the situation of Fig. 14approximate to that in Section 4.2.4.

Eg. (2) indeed has the possibility to have solution, that A symbol error occurs when ‘1'/'0’ is transmitted but

6 THEORETICAL ANALYSIS

=X +n, (3

depends on the previous bits froem to as. ‘0’/'1’ is detected, as the shaded area shown in Fig. 15, then
the symbol error probability is calculated as:

000000 - - _ Aq — AL

000000 -~ : A Pe: P(rl <ﬁs):Q( 20_ ) (4)

0 & | 00000 : oo

o_& | 00000 whereQ(x) = [ \/%exp(—%tz)dt. Using this equation and
: X = |7 P>oupuca SNR = 5 = BB we can calculate the theoretical SER

00 000 > Output B values of each kind of mechanisms.

0--0 000 -+

000000 | : 6.1.1 PLEM

000000 X ] PLEM makes the symbol ‘0’ or ‘1’ transmitted through the
M Y absence or presence of a data packet. It can be regarded as

a special case of the aforementioned situation wikgre 0.

Fig. 14. A case in convolutional encoding when signifi- A SNR= £+ we have:
- 202! '

cance bits yx and yx.1 come together. a; ~ ag are known

bits before the inserted bit x;. PL(PLEM) = Q( SNR)
e —_ Q).
2
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6.1.2 SLEM 10°

With the aforementioned analysis, the subcarriers for CT =
transmission may include pilot, which is not controlled an 10t ¢
will obviously affect the SLEM performance. Here we firs
analyze the performance without pilot subcarrier, based
which we give the SLEM performance with pilot. For the eas
of description, we letAsy and As. be the amplitude of the
high power and low power constellation points, respectivel 103 ¢
(i) SLEM without pilot: The SER of SLEM changes with o SLEMOAM-1om it
the QAM modulation types. In this situatio®y = Asn, 10_4,+5LEMjQAM_G4IW,O pilot
AL = As.. When QAM-16 is adopted, as shown in Fig. 1 —-&-— SLEM,QAM-64,w/ pilot

. —— SLEM,QAM-256,w/o pilot
An = 3A_ and we have: — - — SLEM,QAM-256,w/ pilot

SER

—%— SLEM,QAM-16,w/o pilot

W/0 2 4 6 8 10 12 14 16 18 20 22
PS’°(SLEM_16P) = Q( ) SNR (dB)
Similarly, for QAM-64, Ay = 7A. and: Fig. 16. SER of PLEM and SLEM in terms of SNR.

PY/°(SLEM_64P) = Q(:—; VSNR).

=

1.0
0.8
0.6
0.4

For QAM-256,A4 = 15A, and:

Data Rate (kbps)
ate Rate (xR, )

S

49

D
=
)

PY/°(SLEM_256P) = Q(4/ —=SNR).
113 StripComm  SLEM SLE'\QS SLFJ\;L StripComm SLEM  SLEM  SLEM
. . . . - — Tere =1604s Tere =1284s Tepe =965 QAM-16 QAM-64 QAM-256
(i) SLEM with pilot: According to the standards, WiFi (,,)Themc”mm (b) The WiFi Data Rate

should utilize seven subcarriers to convey the CTC informa-

tion, among which one is the pilot subcarrier and six ameig. 17. Comparison of data rate for CTC transmission.

the data subcarriers. The pilots are with BPSK modulation

and the pilot subcarriers are filled with1, 1}. As shown in

Fig. 1, the amplitude of a pilot |§& which is also suitable due to the limitation in in the SLEM bits generation. However,

for other modulation types. when only CTC information is transmitted, this performance
Then, the amplitude of a high power or low power CTCan be achieved as we may design specific WiFi data bits

symbol is the averaged value among these seven subcarri@fich make the CTC information transmitted with designated

that is, Ay = 3(6+ %)ASH, A =16+ \/iE)ASL. We have: constellation points.

6.2 Analysis for Data Rate

The CTC data rate of SLEM is mainly determined #itc,
and its theoretical value |s— Fig. 17(a) demonstrates the

PY(SLEM_16P) = Q(g ?),

P¢/(SLEM_64P) = Q(? £ VSNR), comparison of CTC data rate under different mechanisms.

Since SLEM can deliver a set of CTC data bits through

PY/(SLEM_256P) = Q(§ /4—938NR) one WiFi packet, its data rate can outperform all the PLEM
- 7 V11

mechanisms. Compared to the state-of-art StripComm [3]

which can achieve about.lkbps data rate, SLEM has at
6.1.3 Summary least &bps data rate. Especially, wherc = 96us, the data
Fig. 16 depicts the theoretical SER of PLEM and SLEM. Thete can be up be about Kips.
results demonstrate that the SER of CTC transmission undeFor the WiFi data transmission, it is hard to give a specified
QAM-16 is much lower than PLEM, while that of SLEMdata rateR, as it is related to many factors except the
under QAM-256 highly approaches PLEM. In addition, w&AM modulation types. Thus, we use StripComm [3] as the
see that when the modulation type changes from QAM-I&seline, set its data rate B to evaluate that of SLEM.
to QAM-64, the CTC has remarkable performance improv&ince the ZigBee channel isMHz and the bandwidth of
ment; however, when it changes from QAM-64 to QAM-256gach subcarrier is 315K Hz, besides pilot, six out of the 48
the improvement is not so significant. We also see that pildata subcarriers should be utilized for CTC data transmission.
will largely affect the SLEM performance due to the decreastince the SLEM bits generation is to insert extra bits to the
of RSSI distance; especially, with pilot, SER under QAM-256riginal WiFi data bits to generate the energy-modulated CTC
is even higher than that under QAM-64 without pilot. information, the WiFi data rate of SLEM depends on the ratio

We should note that the performance shown in Fig. 1 the inserted bits, which varies with the modulation type. As

is the theoretical upper bound for SLEM. When the WiFshown in Fig. 17(b), WiFi data rates of SLEM under QAM-
and CTC information are transmitted concurrently through6, QAM-64 and QAM-256 are 96%x Ry, 86.1%x R, and
different subcarriers, the performance may surely decrea®8¥4% x Ry, respectively.
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Fig. 18. The RSSI distance in terms of SNR and rcrc under different QAM modulation types.

This analysis give the data rate at the situation of only one 1 Emip—i(ifal e T
stream of CTC transmission. When parallel CTC streams are 08 - P
transmitted concurrently through one WiFi packet, the CTC : B
data rate increases and WiFi data rate decreases accordingly. w00 i |

© o4 P !

i (=
7 EXPERIMENTAL EVALUATION 0z L R W A
= | QAM-256
7.1 Experimental Settings T e s o 15 o

We implement a prototype of SLEM containing the Universal ResiDistance (d8)

Software Radio Peripheral (USRP) N210 and TelosB. We Usgy. 19. The cumulative distribution function (CDF) of
USRP N210 to generate the WiFi Signals fO”OWing the |EE§SS| distance under different QAM modulations.

802.11 standard, while the SLEM bits are obtained through
MATLAB based on the WiFi and CTC data bits, both of
which are generated randomly. We use TelosB, a commercial
ZigBee platform, to collect the RSSI samples of the CTC
signal. For each WiFi data packet, the CTC bits required to
transmit is first fixed and the WiFi data transmission duration
is set accordingly. Other parameters suchrgsc, QAM
modulation type and SNR vary as required. In addition, if
not specified, the USRP N210 works at 2.472GHz, which
is the 13h WiFi channel at 2.4GHz, and TelosB works 0 QAM-16 QAM-64 QAM-256

at 2.470GHz, which is the 24 ZigBee channel. We also Modulation Type

test other combinations of WiFi and ZigBee channels, t . 20. The comparison of RSS! distance with or without
results have little change except when the ZigBee channe 5 t subcarrier under different QAM modulations.
overlapped with the WiFi null subcarriers. The experiments

are conducted in a chamber where the required SNR is easy

to get. Actually, we also conduct some experiments in other h 5 it WiFi sianals with a fixed
situations, and find that environments have little impact dﬁtt & USRP N210 transmit WiFi signals with a fixed power,

RSS! distance under the same parameter settings, thafid adiust the distance between USRP N210 and TelosB to
mainly due to the feature of energy modulation on C-I-epake the received CTC signals have required SNRs, since the

background noise varies very slightly. Fig. 18 demonstrates
that the RSSI distance increases obviously with the QAM
level, and the adoption of QAM-256 results in the largest
7.2 RSSI Distance RSSI distance, as shown in Fig. 18(c). In the case of high
The RSSI distance obviously affects the CTC performandeR situations, such as @B, the RSSI distance is about
It varies with a set of parameters like-rc, SNR, QAM 14dB with QAM-256, while the value is 11dB with QAM-
modulation types, and even WiFi data bits which woul@4, and @B with QAM-16. In addition, the RSSI distance
affect the constellation points in overlapped subcarriers, @ecreases significantly with the decreaserefc and SNR.
described in Section 5.2.2. To make thorough study on hdwr example, in Fig. 18(a), the RSSI distance wiitc of
RSS! distance are affected by these parameters, we adff§ts has about 8B decrease compared terc of 16Qus
some parameters and fix the others in each experiment. when SNR is as high as @B.

We first test the RSSI distance with the impactmefc, As analysis in Section 5.2.2, some significance bits may
SNR and QAM modulation types. To eliminate the impact afot be guaranteed and the situation depends on the WiFi data
the WiFi data bits, we let the low power and high power pointsits before the inserted bits. We then test the RSSI distance
for CTC transmissions be designated ones. In addition, wéth different WiFi data bits. To eliminate the impact of other

[ v/ pilot
I /o pilot

N
a

[N
o

RSSI Distance (dB)
= =
o (5]

o

transmission.
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parameters, we settc be 16Qis and SNR be 28B. In the results of QAM-16 and QAM-256 are not shown here, but
experiment, we fix the CTC data bits, then randomly generdtee corresponding values gf, can be set in the same way.
the WiFi data bits, and obtain the SLEM bits according to the We then test the performance of CTC preamble detection
SLEM bits generation process; we finally feed the SLEM bithirough the detection ratio under different situations, the
into USRP N210 for transmission. We repeat this process fasults are shown in Fig. 22. We see that the CTC preamble
one hundred times and make statistics of the RSSI distancen be detected with the probability of about 100% under high
then show them through the cumulative distribution functioBNR situations, such as dB and 22IB. Errors increase dra-
(CDF) in Fig. 19. We see that the RSSI distance is o8 6 matically under low SNR situations. However, the detection
with about 80% probability under QAM-16; it is overdBin ratio is still very high under low SNR and QAM-256, as the
61.5% cases under QAM-64, and overdRin 57.8% cases correlation results in this situation is still far higher thag.
under QAM-256. We do not show the case of QAM-16 undes 96us due to
Finally, since pilot is within the overlapped subcarriers anits bad performance.
will definitely affect the SLEM performance, as analyzed
in Section 6, here we intend to further evaluate its impact =z
through experiments. We se¢rc be 16Q:s, SNR be 28B,
the low power and high power symbols be the designatec
ones, to eliminate the impact of these parameters. For th

20
Tere=160us erc=160us
7 \ — — reg=128ps

\
~ .
w0l 75N \\ — e T =96
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situation without pilot, we let USRP N210 work a¥iZ4AGHz I ANEANIN \ X A
and TelosB work at 24 channel. The comparison of RSSI % s 0 s 10 : w s
distance with and without pilot subcarrier under the three The Positon The Position
modulation types is shown in Fig. 20. We see that the pilot (@) High SNR. (b) Low SNR

subcarrier does affect the SLEM performance significantly.
The RSSI distance has aboulRdecrease under QAM-16, Fig. 21. The correlation results of the CTC preamble
5dB decrease under QAM-64, and evetBddecrease under under QAM-64.
QAM-256.
At last, it should be noted that pilot subcarrier has much
higher impact on the RSSI distance compared to the unsat4 Performance of CTC Transmission
|bs_factory constellatlon_ points due to the _Ilm_ltatl_on n SI‘E'\./{Ne then intend to investigate the performance of CTC trans-
its gen_erat|on. That is because_the limitation in S_LEM b'tr%ission under different parameter settings.
generation only makes the designated low or high power
constellation points change to adjacent ones, while pilr?t4

. . . . .1 Single CTC Transmission
induces dramatic shift to the points, thus largely affects the Single CTC Transmissio )
averaged RSSI distance. We first test the performance when only one CTC stream is

transmitted. The factors which affect the RSSI distance finally
affect the SER and PER significantly, such as the received
7.3 CTC Preamble Detection SNR, 7cte, and QAM modulation types. The WiFi bits are

Since CTC preamble detection is the key step to determiigherated randomly in this experiment. Fig. 23 depicts the

the arrival of a CTC packet, we then conduct experiments ®-< of CTC transmission in terms of SNR under each QAM
measure its performance. modula_tlon type, whilercrc is set to be 160s and 9s,

As described in Section 4.2.3, the CTC preamble detectiB‘?‘fspeCt'Vely' We do not show the case of QAM-16 under
process is to conduct cross correlation betw¢@RE;} = T= 9§us here due to its pad perfo.rmance. We see thaj[ when
{-1,1,-1,1} with the received RSSI samples with intervaﬁ'\IR IS at_)ove 208 SER IS app_roxmate to zero nearly in all
Ns, when the average energy is oy&r. The CTC preamble the situations; it has obvious increase when SNR decreases
is determined to be detected if the correlation regult> from 18&B. We also see that although the smaliefrc
Beorr- The main objective of this experiment is to obtain the
typical values of3.rr, and measure the performance of CTC
preamble detection.

We let USRP N210 transmit CTC packets beginning with
the CTC preamble ‘0101’ under differenttc, SNR and
QAM modulation types. Fig. 21 shows the correlation results
of 15 continuous positions when the average energy is over
Be = —80dB, under QAM-64 with two SNR situations. The
high SNR is 28B and the low SNR is @B. We see that
the correlation results have higher values under higher QAM
order, higher SNR and largegrc. Thus, we set the value of
Beorr Mainly based on the worst case. For QAM-64, we s&ig. 22. The CTC preamble detection ratio under differ-
Beorr = 8, as the red lines in Fig. 21(a) and Fig. 21(b). Thent situations.

081

— & QAM-256, 7, =160us
—4&— QAM-256,7.=128us
04F — QAM-ZSG,TCT(::QG,LLS i
- -0~ — QAM-16,7.,.~160us |
— A - QAM-lG,TCTC=128uS

06

0271

CTC Preamble Detection Ratio
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_ o Fig. 25. SER of parallel CTC transmissions.
Fig. 23. SER of CTC transmission in terms of SNR under

different modulation types and 7crc.
7.5 Analysis for WiFi Transmission

' O QAM-256,7.,=160p8 A, We finally intend to analyze whether the SLEM design affects
0.8 [| —#A— QAM-64,7.=160us x the WiFi signal transmissions.
. O-G’igiﬂﬁiﬁfiﬁi // ] Fig. 26 depicts the spectrum density of both WiFi and
& ol aoamear . cosus | A y | SLEM signals under QAM-16, while both the WiFi and
' = ) CTC data bits are generated randomly. The SLEM signal is
021 J ] a portion of a frame and contains both the low and high
of L . SLEM symbols. We see that the SLEM signal obviously
26 24 2 ZSONR (déf)i 6 14 12 exhibits much higher signal power variance within the ZigBee

channel, while that value out of the ZigBee channel remains

Fig. 24. PER of CTC transmission in terms of SNR under similar to the WiFi signal. The spectrum density is barely
different modulation types and rcrc. affected by the the valuecrc, and that under both QAM-

64 and QAM-256 has the similar feature. Fig. 26 impels
us to figure out whether the SLEM design affects the WiFi

will inevitably result in more errors, it still exhibits a quitetransmissions.

good performance when QAM-256 is adopted. Especially, -2 20
the combination of QAM-256 andcrc = 96us results in ’
a better performance than the combination of QAM-16 and < WWWW% ' |

Power (dB)
[

Power (dB)
[

Tcrc = 16Qus. 60 0

Fig. 23 depicts the PER of CTC transmission in each
situation of Fig. 23, and the CTC packet length ishi3& B aw 2415 248 T
We see that when QAM-256 is adopted angc = 16Qus, Frequency (GHz) Frequency (GHz)
PER is below 0.1 when SNR is abovedB For the other (@) Normal WiFi Signal (b) SLEM Signal

situations, the same performance can be achieved only when ) .
SNR is above 20B P y Ig. 26. Spectrum density of two kinds of packets.

The experimental performance is much lower than the o . .
theoretical counterpart, as we use the simplified model in theOne key related characteristic which affects the WiFi
theoretical analysis. Actually, the results in Fig. 16 can HRerformance is the peak-to-average-ratio (PAPR) of the time

regarded as the upper bound of CTC transmission. domain signal, as the higher PAPR results in lower perfor-
mance due to degrading the efficiency of the power amplifier,
7.4.2 Parallel CTC Transmissions thus may lead to lower transmission power with the same

. .transmission gain. We get the cumulative distribution function
The SLEM design naturally supports paraliel CTC transmi CDF) of PAPR for the two kinds of signals, the results are

e et GOn I i 21, We ce at he PAPR of S EN igna ook
'S, P . . S{milar with that of the WiFi signal. We also test the receiving
concurrently without mutual interference. The only issue tha

o : ._power levels of the two kinds of signals under the same
affects the performance is in the SLEM bits generatloH. . . S19 : .
configurations, such as the transmission gain and transmitter-

After deinterleaving, two significance bits from different = . . ) TR
CTC streams may be together and fit the case shown receiver distance, and find that they have no distinguishable

difference. These results show that the SLEM design has little

Fig. 14, making one of the bits unsatisfied. However, thi N, o .
case is relatively rare, and we only capture a very sm ect on the WiFi signal transmissions except the slightly
amount of performance degradation. Fig. 25 shows PER O(?creased data rate, as analyzed in Section 6.2.

CTC under the situations of single stream and two parallel

streams under QAM-64 andcrc = 16Qus. We see that 8 RELATED WORK

the performance degradation of parallel CTC transmissionR&cent years have seen numerous research works on CTC
negligible compared to the single stream. between heterogenous devices, such as CTC between WiFi
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According to the 802.11n standard, each MitHz channel
is composed of two 20MHz channels, and is divided into

é 05 ¢ 128 subcarriers, overlapping with eight ZigBee channels. As

—— shown in the lower figure of Fig. 28, five ZigBee channels

. ‘ ‘ R R overlap with the pilot/null subcarriers, while the other three

6 7 8 9 10 11 12 13 channels only overlap with data subcarriers. This analysis
PAPR (dB) demonstrates thahysical-layer CTC has the possibility to be

applied to commercial WiFi networks when aM®éiz WiFi
channel is adopted. However, we should note that using 40
MHz channels in the 2GHz band is very hard because two
non-overlapped 2@0Hz channels must be clear in order to
transmit. The author in [12] has emphasized this point when

and ZigBee [1], [2], [8], [10], [14]—[20], between WiFi and declaring why 802.11ac is kept from running in thd@Hz
Bluetooth [21], [22], between ZigBee and Bluetooth [23 pand. In addition, it is really cost-inefficient to let aM®iz
[24], between LTE and ZigBee [25], between LoRa an iFi channel only transmit aMHz ZigBee signal.
ZigBee [26], between LoRa and Bluetooth [27], and between

RFID and WiFi [28]. Some researchers have further analyzec* * ; : : ; : A4
other problems of the CTC system, such as attack [29], [30 | ™~ Im Tmmm rm
and network throughput improvement [31], [32]. o : 20MHz WiFi Channel at 2.412GHz o

This paper focuses on WiFi to ZigBee CTC design, and th

previous works mainly fall into two categorigshysical-layer A4 : s o e : W b
CTC and PLEM, é...; .. : . ; cee E E . : .o : . ; eeel :..é

40MHz WiFi Channel at 2.422GHz
8.1 Physical-layer CTC T Data A DC A Pilot A Null ZigBee
The physical-layer CTC was firstly proposed by WEBee [1] ' svbearrier & subeamier isubcarier  subcarrier Channel
to make a commercial WiFi device elaborately constiughy o jjjustration of 20 MHzand 40 MHzWiFi channels
the WiFi payload to transmit a ZigBee-compliant paCkedverIapping with ZigBee channels.
through signal emulation, which would then be detected by a
ZigBee device directly. It has the high CTC rate comparable

to a ZigBee radio. Since WEBee has a pretty high packgtz Packet-Level Energy Modulation (PLEM)

error rate due to the intrinsically distorted emulate_d Sign%’sense [6] is a pioneer in this area. It introduces extra signa-
TW|nBee .[14] gnd_ !_ongBee [33] were further designed tg, o packets with certain durations to represent an “alphabet
Improve its reliability and transmission range. PAR__[34 t” for transmitting information between WiFi and ZigBee,
establishes a feedback channel to improve _the rel|_ab|I|ty Blit the injected extra packet transmissions will lead to a large
CTC. NetCTC [35] proposes upper layer designibysical- o\t of overhead to the wireless network. HOWIES [5]

Iayer_ CTC to meet the requirements in heterogeneous unicaeQSEtends the basic idea of Esense for WiFi energy saving
multicast and broadcast CRF. [36] Iev_eragxb_ggcal-layer_ .through using a low-power ZigBee radio to wake up the high-
CTC for concurrently conducting routing within the WiFi

. . . . power WiFi interface. GSense [10] replaces the preamble of
network and flooding among ZigBee nodes using a smg{lk [10] rep P

- " - . iFi packets with a sequence of energy pulses, and uses
stream of WiFi packets. WIDE [37] utilizes digital emulatloq ; ; A
. - . . . e quiet period between pulses to convey the coordination
to achieve CTC from WiFi to ZigBee, it has no error induce g P P Y

by distorted sianal formation to heterogenous devices. FreeBee [2] shifts the

yThIS orte S'QE?S' f1h hani is that th beacons and utilizes the interval between beacons to represent
ke mdaln [:r)]ro em do ;;_seBmec %nﬁs\lli_;at; ey clan e conveyed information, it suffers from low throughput

vAvor hun e_rt ﬁ stan arf_ '9 ?e;m o8 Z Wl ch ar;;l]s[zs' due to the limited number of beacons (the average interval

S shown in the upper Igure ot rig. 26, one standar _ between beacons is approximate to 18 C-Morse [8] and

WiFi channel overlaps with four ZigBee channels, while threISCTC [9] propose to exploit a set of WiFi packets with

of them ovgrlap with the pllot.subcarners, gnd _the last org refully designed transmission duration to convey ZigBee

overlgps with the nqll subcarriers, all the situations are nﬁ’\tformation. EMF [38] enables concurrent CTC transmissions

permitted by thephysical-layer CTC, and CTC can only be poqyeen one WiFi and multiple ZigBee devices through

?Ocr;iealoes ggﬁg;gh:r:;he WiFi or ZigBee channel is changs cket reordering and transmission duration adjustment. Con-
. - ' - sidering the variable interference and background noise in
Slr:lceZSL?éﬁlnb[llt]jglso recr?mm?ndﬁme.zwnzllchandnelh the networks, WiZig [7] proposes a rate adaptation algorithm
at t. € c.4LHZ band®, We have urther investigated t eaccording to the channel conditions to optimize the CTC
positions of pilot and null subcarriers for the MHz channel. throughput, through adjusting the number of energy levels

3. The 80MHz channel recommended by 802.11n and 802.11ac works apd the length of receiving window; StripComm [3] intro-
5 GHz band. duces the concept of Manchester Coding to the packet level,

Fig. 27. The cumulative distribution function (CDF) of
PAPR for both the normal WiFi and SLEM signals under
QAM-16.
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