COCORA 2016 : The Sixth International Conference on Advances in Cognitive Radio

LTE and WLAN Interference Suppression in CR Applications

Johanna Vartiainen and Risto Vuohtoniemi
Centre for Wireless Communications
University of Oulu
Oulu, Finland
Email: firstname.lasthame@ee.oulu.fi

Abstract—In traditional cognitive radio approach, spectrum is
divided into black and white spaces. Black space is reserveib
primary users (PU) as secondary users (SU) are able to trangm
in white space. A modern approach is that the black space is
divided into black and grey spaces to get more capacity. Grey
space leads to novel type of interference environment becse of
interfering signals coming from PUs and other SUs. In additon,
novel CR applications like long term evolution advanced (LE-A)
and internet of things (IoT) generate interfering signals. Thus,
interference suppression is needed. In this paper, the pesfmance
of the forward consecutive mean excision algorithm (FCME)
interference suppression method is studied in the presencef
relatively narrowband interfering signals existing in the novel
CR networks. Real-world LTE and WLAN signal measurements
were used to verify the usability of the FCME IS method in
future CR applications.

Keywords-interference suppression; grey zone; cognitive radio;
LTE; WLAN; measurements.

. INTRODUCTION

the cognitive world is an interference-intensive envir@mtn
Especially in-band interfering signals cause problemsr&h
are three main types of interference in CR: from SU to PU
(SU-PU interference), from PU to SU (PU-SU interference),
and interference among SUs (SU-SU interference) [6] [7].
The basic idea in CR is that SU must not interfere PUs.
Instead, SU may be interfered by PUs or other SUs. When
there are multiple PUs and SUs with different applicatioms a
technologies, cumulative interference is a problemask {8].
In grey spaces, there is interference from PU (and possible
other SU) transmissions. It is efficient to mitigate unknown
interference in order to achieve higher capacity. Thesgfor
interference suppression (IS) methods are needed.
Interference suppression exploits the characteristicdeof
sired / interfering signal by filtering the received sign].[
IS techniques include, for example, filters, cyclostatiena
ity, transform-domain methods like wavelets and shoretim
Fourier transform (STFT), high order statistics, spatialgess-
ing like beamforming and joint detection / multiuser dei@ct

Heavily used spectrum calls for new technologies and10]. Filter-based IS is performed in the time domain. Opatim

innovations. Cognitive radio (CR) [1] [2] offers possibjli

filter (Wiener filter) can be defined only if the interference

to effective spectrum usage allowing secondary users (SUgnd signal of interest Power Spectral Densities (PSDs) are
to transmit at unreserved frequencies if they guarantee th&nown. Usually, those are not known, so adaptive filtering is
primary users (PU) transmissions are not disturbed. Earliean option. In filter-based IS, both computational compjexit
spectrum was divided into two zones (spaces): black andcewhitand hardware costs are low but co-channel interferenceotann
zone. As black zone was fully reserved to PUs and off limitsbeé suppressed, and no interference with similar waveforms
to secondary users, their transmission was allowed in whité0 signals can be suppressed. Cyclostationarity based inte
zones where there were no PU transmissions. The problem f@rence suppression has low hardware complexity but medium
this classification is that if the spectrum is not totally sed, ~computational complexity. This may cause challenges if rea
secondary users are not able to transmit. Thus, the spectruifine low-power applications. In transform domain IS, compu
usage is not as efficient as it could be. Instead, spectraean lational complexity is medium, but transform domain IS aann
divided into three zones: white, grey (or gray) and blackezon be used when interference and signal-of-interest havestine s
[3]. In this model, the SU transmission is allowed in whitelan kind of waveforms. However, waveform design may be used.
grey spaces, as black spaces are reserved for PUs. Transform domain IS has medium computational complexity
Cognitive radio has several novel applications. Long Ternnd low hardware complexity. High-order statistics baseer+
Evolution Advanced (LTE-A) is a 4G mobile communication ference suppression is computationally complex, and pielti
technology [4]. LTE-A exploits cognitive radio technologgd ~ antennas/samplers are needed, so its hardware cost isrtugh a
utilizes flexible and intelligent spectrum usage. Its fouen ~ computational complexity too. In beamforming, co-channel
high capacity. LTE-A enables one of the newest topics callednterference as well as interference with similar waveferm
Wide Area loT (Internet of Things), where sensors, system$0 the signal of interest can be suppressed, but because o
and other smart devices are connected to internet. Thereifultiple antennas, the hardware cost is high. Its commrtati
long-range communication, long battery life and minimalcomplexity is medium.
amount of data, as well as narrow bandwidth are key issues. In The less about the interfering signal characteristics @km
addition, Cognitive loT (CloT) has been proposed to hidhtlig the more demanding the IS task will be. As most of the IS
required intelligence [5]. methods need some information about the suppressed signal
As cognitive radio technology offers more efficient spec-and/or noise, there are some methods that are able to operat
trum use, there are many challenges. One of those is thalindly. Blind IS methods do not need aaypriori information
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about the interfering signals, their modulations or othare y-z km x-y km 0-x km
acteristics. Also the noise level can be unknown, so it has to
be estimated. Blind IS methods are well suited for demanding | | |

and varying environments.
It is crystal clear that when operating in real-world with

mobile devices and varying environment, computational-com i

plexity is one of the key issues. Fast and reliable as well as  zkm y km x km 0 km
cost-effective, powersave and adaptive methods are nebded
this paper, a transform domain IS method called the forward
consecutive mean excision (FCME) algorithm [11] [12] is zone zone zone
proposed to be used for interfering signal suppressioni@S)

cognitive radio applications. The FCME algorithm is a blind Figure 1. White, grey and black zones.

constant false alarm rate (CFAR) -type interference suppre
sion method that is able to suppress all kind of relatively , . . . i,
narrowband (RNB) signals in all kind of environments and®f kilometers) connection of nodes via cellular connedien

in all kind of frequency areas. Here, RNB means that the>XPected. Data sentby nodes is minimal and transmissiops ma
suppressed signal is narrowband with respect to the studigif/dom occur. Thus, there is no need to use wide bandwidths
bandwidth. The wider the studied band is the wider thelo" @ fransmission. This saves power consumption but also
suppressed signal can be. First, cognitive radio apptinati spectrum resources. Proposed technologies includelLeRa

and interference environment are considered. Focus is on :gg]’ Neul [20], GSM, SigFox [21], and LTE-M [22]. As

in SU receiver interfered by PUs and other SUs. A scenarid eyl iﬁ’ ablg.tg operate in_ba:g(i/ls gelc()jw L%FEGI\C:Z and tLoRa
that clarifies the interference environment is presentdte T &S Well as SigFox operate in and, LIE-VI operales in

FCME algorithm is presented and its feasibility is conséder LTE frequencies. A common thing is that the ultra-narrondban

Measurement results for LTE and WLAN signals are used t UNZ%)OS:?:aIE\?\;‘? propbosed t(;’. bde K/Ised.' For examplgt, in LTE-
verify the performance of the FCME IS method. ' z Is to be studied. Maximum transmit power

This paper is organized as follows. Section Il considerdS Of the order of 20 dBm. In Neul, 180 kHz band is needed.
future cognitive applications as in Section I, interfiece ost of those technologies are on the phase of development. |
environment in cognitive radios is studied. The FCME algo-2NY €@se, it is expected that the amount of narrowband signal
rithm is presented and its feasibility is considered in Bect 'S 91OWing. Thus, IS is required, especially when it is openla

IV. Measurement results are presented in Section V, anlf’ mobile bands.
conclusions are drawn in Section VI.

white grey black

IIl. | NTERFERENCEENVIRONMENT IN CR

In modern CR, the spectrum is divided into three zones
- white, grey and black. In Figure 1, zone classification is

Future applications that use cognitive approach incluoe, f presented. It is assumed that PU-SU distanceyikm in the
example, LTE-A and cognitive 10T. LTE-A is an advanced white zone,<x km in the black zone, and in the grey zone it
version of LTE. Therein, orthogonal Frequency Division Bl holds that x km<PU-SU-distancecy km [23]. It means that if
plex (OFDM) signal is used. In OFDM systems, data is dividedSU is more than y km from the PU, SU is allowed to transmit.
between several closely spaced carriers. LTE downlink usei$ SU is closer than y km but further than x km from the PU,
OFDM signal as uplink uses Single Carrier Frequency Divi-SU may be able to transmit with low power. Spectrum sensing
sion Multiple Access (SC-FDMA). Downlink signal has more is required before transmission and there are interfeigmpss
power than uplink signal. Thus, its interference distarge iso IS is needed to ensure SU transmissions. If PU-SU distance
larger than uplink signals. OFDM offers high data bandwsdth is less than x km, SU transmission is not allowed.
and tolerance to interference. As LTE uses 6 bandwidths up Interference environment differs between the zones. White
to 20 MHz, LTE-A may offer even 100 MHz bandwidth. space contains only noise. Therein, the noise is most com-
LTE-A offers about three times greater spectrum efficiencymonly additive white Gaussian (AWGN) noise at the recesver’
when compared to LTE. In addition, some kind of cognitivefront-end, and man-made noise. This is related to the used fr
characteristics are expected [13] [14] [15]. RNB interfgri quency band. Grey space contains interfering signals nvitie
signals exist especially at grey zones. This calls for IS. noise which causes challenges. Grey space is occupied by Pl

In the network ecosystem, it is expected that cognitive loT(and possible other SU) signals with low to medium power that
[5] [16] will be the next 'big’ thing to focus on. Wide-areaTo means interference with low to medium power. IS is required
is a network of nodes like sensors and it offers connectionsspecially is this zone. Black space includes communigatio
between/to/from systems and smart devices (i.e., objgct$) signals, possible interfering signals, and noise. In bigmkce,
[18]. Cognitive 10T enables objects to learn, think and unde there are PU signals with high power and SUs have no access
stand both the physical and social world. Connected objects There must be some rules that enable SUs to transmit in grey
are intelligent and autonomous and they are able to interaaone without causing any harm to PUs. According to [24], SU
with environment and networks so that the amount of humaran transmit at the same time as PU if the limit of interfeeenc
intervention is minimized. Therein, the long-range (evenst temperature at the desired receiver is not reached. In [2],

I[I. FUTURE COGNITIVE APPLICATIONS
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transmission is allowed when received PU signal power is
inacrocell below some predetermined threshold. If the level of the powe
coming from a certain primary terminal is small, it is assdme
that secondary transmission generates negligible imtarée
towards primary terminal. However, it may happen that SUs
don’t sense closely spaced silent PUs.

Let us consider microcell 1 in Figure 2. There are one SU
transmitter SU TX1 and four terminals SJi = 1,--- ,4. In
addition to the intended signal from SU TX1, SU 1 receives
the noisen, SU 2 receives PU downlink (PU BS) signal and
the noisen, SU 3 receives PU downlink (PU BS) and PU
uplink (PU 1) signals and the noisg and SU 4 receives PU
downlink (PU BS) signal, signal from other microcell's SU,
and the noise;. For example, if it is assumed that PUs are
in the LTE-A network and SUs use WLAN signals, receiver
SU 2 has to suppress OFDM signal, receiver SU 3 has to
WHITE ZONE suppress OFDM and SC-FDMA signals, and receiver SU 4

has to suppress OFDM and WLAN signals.

In addition, interfering and communication signals have to
be separated from each other. The receiver has to know whict
signals are interfering signals to be suppressed and which
signals are of interest. An easy way to separate an integferi
signal from the intended signal is to use different bandugdt

Figure 2. Scenario with one macrocell and two microcells. For example, in LTE networks, it is known that there are 6
different signal bandwidths between 1.4 and 20 MHz that are
used [4]. Especially if different signal type is used, it Bsg

it is considered the maximum amount of interference that ao separate interfering signals from our information sigita

receiver is able to tolerate, i.e., an interference tentpega can also be assumed that interfering signal has higher powel
model. This can be used when studying interference from Slthan the desired signal. However, this consideration isabut

to PU network. In [25], primary radio network (PRN) defines the scope of this paper.

some interference margin. This can be done based on channel

GREY ZONE

conditions and target performance metric. Interferencegina IV. THE FCME METHOD
is broadcasted to the cognitive radio network. In any cdse, t ) _ -
maximum transmit power of SUs is limited. The adaptively operating FCME method [11] was originally

In our scenario presented in Figure 2, it is assumed th roposed for impulsive interference suppression in theetim

we have one PU base station (BS), several PU mobile statioffP™ain- It was noticed later that the method is practica als
and several SUs. SU terminals form microcells. Part or all of? the frequency domain [12]. Earlier, the FCME method has
SUs are mobile and part of SUs may be intelligent devicefn@inly been studied against sinusoidal and impulsive $sgna
or sensors (i.e., IoT). Between SUs, weak signal powers ardNich are narrowband ones. The computational complexity
needed for a transmission. One microcell can consist of, fof the FCME method isV log, () due to the sorting [12].
example, devices in an office room. They can use the sanfanalysis of the FCME method has been presented in [12].
or different signal types than PU. For example, in the office 1" FCME method adapts according to the noise level,
room case, a wireless local area network (WLAN) can be used© N0 information about the noise level is required. Because
d he noise is used as a basis of calculation, there is no neec

It is assumed that SUs operate at grey zone, so IS is requird@’_information about the suppressed signals. Even though

to ensure the quality of SU transmissions. it is assumed in the calculation th{:lt the noise is Gaussian,
SUs measure signals transmitted by PU base stations a FC.ME 1rr;eth|odf opt)er?t_es e\;fgn i tﬂ:ﬁ tn(z;]se Is not d%?rely

estimate relative distance to them. Using this information aussian [12]. In fact, it is sufficient that the noise er

SUs know whether their short range communication willfrom the signal. When it is assumed that the noise is Gaussian

cause harmful interference to the PU base station. To enabfe, (5the energy of samples) has a chi-squared distribution
secondary transmissions under continuous interferencgeda  With two degrees of freedom. Thus, the used IS threshold is
by the PU base station this interference is attenuated baiculated using [11]

interference suppression. - _ o )

The secondary access point knows the locations of PU Th in(Pra.pps)z® = Temse?, @
terminals or SUs measure the power levels of the signaléhereTcy s = —In(Pra prs) is the used pre-determined
coming from PU mobile terminals in the uplink. If it is threshold parameter [12Pr4 prs is the desired false alarm
assumed that SUs know the locations of PUs, SUs do ndate used in constant false alarm rate (CFAR) methods,
interfere with PUs. If SUs do not know PUs locations, theirz? = é Z?:I |z;|* denotes the average sample mean, and
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Q is the size of the set. For example, when it is selected . ;
requency domain samples

that Pra prs = 0.1 (=10% of the samples are above the
threshold in the noise-only case), the threshold parametgf, . 4,
Teme = —In(0.1) = 2.3. The FCME method rearranges the present.
frequency-domain samples in an ascending order according t
the sample energy, seledi®% of the smallest samples to form
the set(, and calculates the mean @f After that, (1) is used 1000
to calculate the first threshold. Thep,is updated to include all
the samples below the threshold, a new mean is calculatdd, an
a new threshold is computed. This is continued until theee ar 800
no new samples below the threshold. Finally, samples above
the threshold are from interfering signal(s) and suppuksse
The FCME algorithm is blind and it is independent of 600
modulation methods, signal types and amounts of signals. It § se0
can be used in all frequency areas, from kHz to GHz. The
only requirements are that (1) the signal(s) can not cover th
whole bandwidth under consideration, and (2) the signal(s) 300
are above the noise level. The first requirement means that th
FCME method can be used against RNB signals. For example,
10 MHz signal is wideband when the studied bandwidth is 100
that 10 MHz, but RNB when the studied bandwidth is, e.g., 0
100 MHz. In fact, it is enough that the interfering signal sloe 1.7:GHz , 1.3.GHe
not cover more thas0% of the studied bandwidth. However, FreeN oA mpis
the narrower the interference is, the better the FCME methogigure 5. LTE1800 network frequencies. Spectrogram of regged downlink

operates [26]. signals. The FCME method was used.

LTE1800 network frequencies. Spectrogram of diokrsignals

900

700

Sweeps

V. MEASUREMENTS uses SC-FDMA. LTE assumes a small nominal guard band

The interference suppression performance of the FCME10% of the band, excluding.4 MHz case).
method against RNB signals was studied using real-world One measurement at7 — 1.9 GHz containing 1000 time
wireless data. The results are based on real-life measurdomain sweeps and 1601 frequency domain points is seer
ments. Measurements were performed using spectrum analyze Figure 4. Therein, only downlink signaling is present.
Agilent E4446 [27] (Figure 3). Three types of signals wereDownlink signals have larger interference distance thdmkp
studied, namely the LTE uplink, LTE downlink, and WLAN signals. Interfering signals cover abos®% of the studied
signals. All those signals are commonly used wireless f8gna bandwidth. In Figure 5, situation after the FCME IS is pre-
Both LTE1800 network frequencies and WLAN signals weresented. It can be seen that the signals have been suppresse
measured at the University of Oulu, Finland. IS was perfarme On uplink signal frequencies where no signals are pres&t (6
using the FCME method with threshold parametes, i.e., first frequency domain samples), average noise value9$

desired false alarm ratBr4 prs = 1% = 0.01 [12]. dBm before and after IS.
LTE1800 network operates & x 75 MHz band so that In Figure 6, first line (sweep) of the previous case is
uplink is on1.710 — 1.785 GHz and downlink is onl.805 — presented more closely. The FCME thresholds after two cases

1.880 GHz [28]. LTE downlink uses OFDM signal as uplink are presented. In the first case, the FCME is calculated using
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Figure 6. IS using the FCME method for LTE downlink signalspper

threshold when the FCME calculated dn8 — 1.9 GHz, lower threshold  Figure 7. LTE1800 network frequencies. Uplink and downlisignals
(dashed line) when the FCME calculated b — 1.9 GHz. present.

frequencies1.8 — 1.9 GHz (downlink). Interfering signals

cover about60% of the studied bandwidth. The threshold is -30
—89 dBm (upper line). In the second case, the threshold is _aol
calculated using both uplink and downlink frequendigs-1.9 < “TEUPlnk > < -TEdownink >
GHz when there is no uplink signals (like case in Figure 4), -sor
i.e., SU is so far away from PU that only downlink signals are 6ol

present. Interfering signals cover abdi% of the studied
bandwidth. In that case, the threshold -i91 dBm (lower
dashed threshold). It can be noticed that when the studied

_70 - 4
_80 4
bandwidth is doubled and this extra band contains only noise ool FOME threshoid ]| | | M |

Signal power [dBm]

were 2001 frequency domain points and 1000 time sweeps.

-110
Figure 7 presents one measuremeni.a&t— 1.9 GHz. Both

we get2 dB gain. _ ‘ | ‘
Next, both uplink and downlink signals are present. There -100 w ‘W w‘m

uplink and downlink signals are present. In Figure 8, one -120¢
snapshot when both uplink and downlink signals are present _130 ‘ ‘ ‘
is presented. Therein, both signals are suppressed. 1.7 GHz

Frequency domain samples
In the WLAN measurementg,4 — 2.5 GHz frequency area

was usefd' There_were 1000 sweeps anq 1201 frequency dom%ﬁBure 8. LTE1800 network frequencies. Uplink and downlisignals
data points. In Figure 9, one snapshot is presented whe@ thegresent. IS using the FCME method.
is a WLAN signal present and the FCME algorithm is used to
perform IS. As can be seen, the WLAN signal is found.

Next, the desired false alarm raté’H{s prs) values are
compared to the achieved false alarm rat& () values in VI. CONCLUSION
the noise-only case. Figure 10 presents one situation when
there is only noise present. According to the definition of
the FCME method, threshold parameter 4.6 means tbat In this paper, the performance of the forward consecutive
of the samples is above the threshold when there is only noisaean excision (FCME) interference suppression method was
present. Here, there are 1201 sample®sa prs = 1% =12 studied against relatively narrowband interfering signex-
samples. In Figure 10, 12 samples are over the threshold, s$sting in the novel cognitive radio networks. Focus was on
Praprs = Pra. We had 896 measurement sweeps in thenterference suppression in secondary user receiverrsugfe
noise-only case at WLAN frequencies. Therein, minimum linterfering signals caused by primary and other secondary
sample and maximum 19 samples were over the threshold asers. Real-world LTE and WLAN measurements were per-
the mean was 10 samples and median value was 9 samplésrmed in order to verify the performance of the FCME
Those were close of required 12 samples. Note that thenethod. It was noted that the FCME method is able to suppress
definition has been made for pure AWGN noise. LTE OFDM and SC-FDMA signals as well as WLAN signals.
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the threshold, as expected.
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