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Abstract. Problem of opportunistic use of the unlicensed 5-GHz band for LTE
carrier aggregation (LTE unlicensed) is studied from the point-of-view of cog-
nitive full-duplex transceivers. In this paper, an initial study of the impact of
self-interference on the performance of cyclostationary spectrum sensing algo-
rithm is given, in case where a full-duplex transceiver tries to opportunistically
use parts of the band used by a WLAN signal. Effective sensing while transmit-
ting is natively possible, because WLAN and LTE signals have different cyclic
properties. The evaluation of the impact focuses on extensive system simula-
tions and simulation analysis. It is concluded that the self-interference can in-
deed interfere with the cyclostationary spectrum sensing. However, the effect
can be lowered by lowering the bandwidth of the aggregated signal and instead
using higher spectral density for the lower bandwidth signal.
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1 Introduction

Ever-increasing growth in the use of mobile data requires that the available spectrum
is used as efficiently as possible. Another solution to answer for the growth is to allo-
cate more spectra for mobile data. One proposed solution to combine the both of these
solutions is so called LTE-Unlicensed (LTE-U), in which Long Term Evolution
(LTE) downlink is aggregated to the unlicensed 5-GHz band. Wireless LAN (WLAN)
signals are already allocated to the unlicensed 5-GHz band, but aggregating LTE
downlink is much simpler for LTE transceivers, than utilizing the WLAN simulta-
neously with licensed LTE for additional throughput. Furthermore, LTE provides
higher spectral efficiency compared to WLAN, as well as longer range. However, the
use of unlicensed spectrum for carrier aggregation is more complicated than the use of
licensed bands, because other systems already exist in the band. Therefore the coexis-
tence methods need to be considered to enable LTE-U [1], [2].

One solution for the coexistence of aggregated LTE downlink and WLAN in the
unlicensed bands is the cognitive radio technology based on opportunistic spectrum
access [3], [4]. Unfortunately, even though opportunistic spectrum access has received
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huge amounts of research input in recent years, there have not been many practical im-
plementations. This is natural, because the licensed users do not wish any additional
interference to the bands allocated for them. In LTE-U, however, the idea is that open
spectrum is used for carrier aggregation. This might still be fairly problematic, because
the co-existence methods should be designed so that the existing systems are minimally
interfered. To help this, this paper proposes use of wireless full-duplex technology to be
used for opportunistic spectrum access in LTE-U. This basically means that the oppor-
tunistic user (LTE user) can sense for the primary signal (WLAN), while it transmits the
signals itself. This makes the whole opportunistic spectrum access more attractive, be-
cause the secondary user can react to the primary signal faster, since the sensing can be
carried out all the time.

In the literature, it has already been shown that utilizing full-duplex technology for
cognitive radio application offers many benefits over the traditional receiver architec-
tures [5], [6], [7]. This paper carries out an initial study on what is the effect of the self-
interference on the performance of cyclostationary spectrum sensing algorithm in LTE-
U, and proposes the use of full-duplex radio technology for LTE-U. This enables listen-
whilst-talking, instead of the de facto listen-before-talk. This is promising, because
WLAN and LTE signals have significantly different cyclic properties. This has not been
considered in the existing literature. Special emphasis is given to study the effect of the
bandwidth of the aggregated LTE signal on the performance of cyclostationary spec-
trum sensing. More specific coexistence strategies are not yet discussed in this paper.

The outline of this paper after this section is as follows. The second section shortly
presents the general level ideas of full-duplex radio architecture and cyclostationary
spectrum sensing, and shortly discusses the use of cognitive full-duplex radio tech-
nology in LTE-U. The third section then describes the simulator and simulation para-
meters. The simulation results and the corresponding analysis are given in the fourth
section. Finally, the fifth section concludes the work.

2 Cognitive Full-Duplex Transceiver Utilizing Cyclostationary
Spectrum Sensing

This section shortly describes the cognitive full-duplex radio transceiver and the idea
of using full-duplex cognitive radio transceivers combined with cyclostationary spec-
trum sensing in LTE-U. Finally, cyclostationary spectrum sensing is presented in
detail.

2.1  Cognitive Full-Duplex Radio Transceiver

Principal illustration of a cognitive full-duplex transceiver is given in Fig. 1. The basic
principle is like in any modern direct conversion transceiver, but since the transmitter
transmits at the same center frequency as the receiver receives, the own signal (called
self-interference from now on) needs to be cancelled at the receiver. In the full-duplex
transceiver structure of Fig. 1, this is done in two stages. First, an analog filter is tuned
to match the self-interference channel as closely as possible in analog domain. Then, the
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signal to be transmitted is fed through the filter and subtracted from the received signal.
The second stage of the cancellation is done in digital domain, where a digital filter
mimics the remaining self-interference channel, and the cancellation is carried out using
the transmitted samples. The digital cancellation is very important part even though the
analog cancellation is done already in the analog domain, because of the limitations in
analog-domain filtering. [8]
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Fig. 1. Principal illustration of a cognitive full-duplex transceiver with analog linear cancella-
tion (ALC) and digital linear cancellation (DLC) of the self interference.

The cyclostationary spectrum sensing is done in the digital domain after both of the
self-interference cancellation stages have been carried out.

2.2 Use of Full-Duplex Transceivers to Enable LTE-U

Usual solutions for coexistence in LTE-U are based on so-called listen-before-talk
principle [1], [2]. The base station (secondary user) basically listens for the primary
user and transmits if it does not exist, and then again stops transmission to listen. This
is very inefficient, because of the pauses, but it also potentially causes interference to
the existing systems, if the primary system begins transmission right or shortly after
the secondary user begins transmission.

Using full-duplex radio technology in LTE-U offers two key benefits over the de
facto listen-before-talk principle. With full-duplex radio technology so-called listen-
whilst-talk principle can be utilized. First key benefit is that the LTE base station does
not need to stop its transmission while sensing, because the sensing and transmission
can be carried out simultaneously. The second key benefit is that when the sensing is
done simultaneously with the transmission, the secondary user can react to the prima-
ry user transmission instantaneously and discontinue or change the transmission so
that it does not interfere with the primary system.

The different cyclic properties of the LTE and WLAN signals enable efficient use
of the listen-whilst-talk principle. In LTE-U, cyclic frequencies of the primary and
secondary signals are very different. The primary signal is IEEE 802.11 family signal
with 64 subcarriers and 8 or 16 sample cyclic prefix. The length of the OFDM symbol
without cyclic prefix (cyclic delay) is 3.2 us and with cyclic prefix 3.6 us or 4 ps. The
secondary signal on the other hand has totally different properties, e.g., the 10 MHz
mode has 1024 subcarriers with 72 or 256 sample cyclic prefix. The length of the
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OFDM symbol without cyclic prefix (cyclic delay) is 66.67 us and with cyclic prefix
71.35 ps or 83.33 us. The cyclic frequencies, and more importantly, the cyclic delays
are totally different. The timings of these signals and their relationship to the sensing
period are roughly illustrated in Fig. 2.
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Fig. 2. An example illustration of different timings in WLAN signal with 16 sample cyclic
prefix and LTE signal with 72-length cyclic prefix.

2.3  Cyclostationary Spectrum Sensing

The cyclostationary spectrum sensing algorithm used in this paper is based on the
statistical tests proposed in [9]. For an OFDM signal z(n), its conjugate cyclic auto-

correlation function
Rl =Rl —e(f) ()

is non-zero for the cyclic frequencies of the OFDM signal f € A (A is a set of cyclic
frequencies of the OFDM signal x(n) ), and zero when f & A . 1In (1), &(f,) is the
estimation error in the sample estimate of the conjugate cyclic autocorrelation func-
tion

~ 1 N-1 —j2mfn
Rf = Fz z(n)z*(n—7)e V. )
n=0

Here, 7 is the autocorrelation delay parameter. The statistical test is based on the
assumption that the estimation error is asymptotically Gaussian distributed zero-mean
complex random variable. The test can therefore be formulated for known cyclic fre-

quencies f, € A as a hypothesis test

H,:Vf e A:R" =&(f,)

R (3)
H, :3f € A:R" =R +¢(f,),

where H is a null hypothesis (the cyclostationary signal is not present) and H, is

one-hypothesis (the cyclostationary signal exists). This is a very simple binary classi-
fication task, so the test can be formulated as a simple threshold test [9]. Notice that
because of the motivation in the previous subsection, the residual self-interference is
considered to be noise in this test, and therefore included in the estimation error.

Following the test proposed in [10], the threshold test for the presence of cyclosta-
tionarity, when the noise is assumed to be zero-mean Gaussian distributed, can be
formulated into a simple form
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FXQ(T)>1_p7 (4)

where p is the desired false alarm rate, F denotes the cumulative distribution func-
tion of the well-known x* distribution, and the ’ distributed test statistic can be
computed as

R/k 22( (R/k ) 5)
where vector

.
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In the computation of the test statistic 7, the estimate of the covariance matrix of

Rﬁv can be written as

prl? p i p i
. E|Re(Rf} | E[Re{R! Jim{R! }]. .

FRelRf {2 })]  E[m{R0)]

For computational simplicity this test assumes that the estimation error is zero-mean
Gaussian distributed. In practice, this is not strictly the truth, because the residual self-
interference contributes to the total noise of the system, and it only resembles a Gaus-
sian distributed signal without strictly being one.

3 Simulator

3.1 Simulation Routine

First, OFDM modulated signal waveforms are generated for the own transmitter (self-
interference) and primary-user transmitter. The signals are not in any way synchronized
to each other. Both signals are then put through independent multipath channels. Additive
white Gaussian noise is generated and summed to the sum of the two signals. The total
self-interference cancellation is modelled in two stages. First, the analog-domain self-
interference cancellation is modelled, so that only the first multipath component of the
self-interference signal is suppressed to the desired level. In this process, white Gaussian
noise is used as an error to model the estimate of the first multipath component in the
cancellation. Then, digital domain self-interference cancellation is modelled, which aims
to cancel the other multipath components of the self-interference signal as well as to
improve the cancellation of the first multipath component. Once again, white Gaussian
noise is used as an estimation error in the digital self-interference cancellation algorithm.
Therefore, the self-interference cancellation is not only modelled as a simple attenuation,
but as a more realistic process.

The signal with self-interference partially cancelled is then fed to the cyclostationary
spectrum sensing algorithm set to detect the primary user signal.
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3.2  Simulation Parameters

The simulator is using 20 MHz sampling rate. The primary-user signal is an OFDM
signal with 312.5 kHz subcarrier spacing and with 64 subcarriers of which 52 around
the center subcarrier are active and the remaining subcarriers are nulled. 16QAM
subcarrier modulation is used, and cyclic prefix length is set to 8 samples per OFDM
symbol. The self-interference signal (own signal) is an OFDM signal with 15 kHz
subcarrier spacing and with 1024 subcarriers of which varying amount of subcarriers
are active. The active subcarriers are always evenly around the center subcarrier and
all the other subcarriers are nulled. 16QAM subcarrier modulation is also used for the
self-interference signal. The cyclic prefix is 72 samples long. The signal is modelled
by first generating the native LTE-signal samples with 15.36 MHz sampling rate. The
signal is then 4-times oversampled, and then linear interpolation and filtering are then
used to the signal samples, to get the samples from the correct positions to model the
signal more accurately at the 20 MHz sampling rate. Linear interpolation gives rather
accurate model since, the signal is relatively narrow-bandwidth compared to the sam-
pling rate after the oversampling.
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Fig. 3. Detection probability as a function of the primary-user signal-to-noise-ration when the
total power of the self-interference after the self-interference cancellation stages is set the
amount (in dB) denoted in the legend above the total additive white Gaussian noise power. The
amount of active subcarriers (bandwidth) of the self-interference signal is 600 (full).

The cyclostationary spectrum sensing algorithm is set so that it gives 2 %
false-alarm rate in the case that the only interferer is the white-Gaussian noise. The
non-Gaussian statistical properties of the self-interference are the only reason for
false-alarm rates that are not 2 % in the results, and without the self-interference the
false-alarm rate is always on average 2 %.
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4 Simulation Results and Analysis

In Fig. 3, the detection probability is given as a function of the primary-user signal-to-
noise ratio. Different curves denote the different total power differences (in dB) be-
tween the self- interference signal and the additive white Gaussian noise. For example
the legend entry 20 dB means that the total power of the self-interference signal is 20
dB above the total power of the additive white Gaussian noise. In practice, lower le-
gend entry means better self-interference cancellation. In these results, the self-
interference signal has 600 active subcarriers. In the curves, we can see that when the
self-interference is suppressed to around a level of the white Gaussian noise, we get
quite near to the performance level of when there is no self-interference at all. Howev-
er, it seems that the self-interference still has a small effect on the detection. Even with
good self-interference cancellation levels, it seems that self-interference has clear effect
on the detection results. This is natural, because first of all, self-interference might
have similar cyclic frequencies, but also, statistical properties of the self-interference
are clearly different from those of the white Gaussian noise. The cyclostationary spec-
trum sensing algorithm after all is derived for the case, where the noise is pure white
Gaussian noise.
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Fig. 4. False-alarm probability as a function of self-interference cancellation level. The additive
white Gaussian noise power equals the self-interference power when self-interference cancella-
tion is set to 80 dB (in the x-axis of the figure). The amount of active subcarriers (bandwidth)
of the self-interference signal is varied.

In Fig. 4, Fig. 5 and Fig. 6, the results are given for different amount of active sub-
carriers (denoted in the legend), which practically means different bandwidths.

In Fig. 4, the false-alarm probability is given as a function of self-interference can-
cellation when level of the additive white Gaussian noise is set to 80 dB below the
self-interference before the self-interference cancellation. This basically means that
the total self-interference power after the cancellation is at the same power level with
the additive white Gaussian noise, when self-interference cancellation is 80 dB. From
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the figure we can see that when the power of the self-interference is very high, lower-
bandwidth signal increases the false-alarm probability the most. This is because its
statistical properties are less and less similar to those of the white Gaussian noise
when its bandwidth is made narrower. Very high-power self-interference is however
not very interesting, because in that case the self-interference has already very huge
effect on the detection performance no matter what bandwidth is used. More interest-
ing levels of self-interference cancellation are around 80 dB or less, because there the
effect of the self-interference is relatively small, and it would be attractive if the self-
interference cancellation would not need to suppress the self-interference below the
noise floor, and we are still able to get good detection results. We can see that by
lowering the used amount of subcarriers, the false-alarm probability gets nearer and
nearer to the case without the self-interference. The detection algorithm does not suf-
fer much from the narrowband interferer. This is interesting result, because the
amount of active subcarriers can be varied based on need during the primary signal
detection. It should also be kept on mind, that even whilst the amount of active sub-
carriers is lowered, the power allocated per subcarrier increases in relation, so it is
possible to get more throughput per subcarrier.
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Fig. 5. Detection probability as a function of the primary-user signal-to-noise-ration when total
additive white Gaussian noise power is set to the same level as the total power of the self-
interference after the self-interference cancellation stages. The amount of active subcarriers
(bandwidth) of the self-interference signal is varied.
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Fig. 6. Detection probability as a function of the primary-user signal-to-noise-ration when total
additive white Gaussian noise power is set to 5 dB lower level than the total power of the self-
interference after the self-interference cancellation stages. The amount of active subcarriers
(bandwidth) of the self-interference signal is varied.

In Fig. 5 and Fig. 6, the detection probability is studied for the cases where the
power of the self-interference is at the same level as and 5 dB above of, respectively,
the total power of the additive white Gaussian noise. We can see that if the self-
interference can be suppressed to the same level as the additive white Gaussian noise,
the performance impact on the detection is relatively small, even with higher band-
width signal. However, when the self-interference can only be suppressed 5 dB above
the additive white Gaussian noise level, the self-interference has still quite clear im-
pact on the detection result especially with higher bandwidth signals. However, the
impact can be lowered by lowering the bandwidth of the secondary signal.

5 Conclusions

In this paper, the use of full-duplex radio technology was proposed for LTE unlicensed
application to allow simultaneous transmission and sensing in opportunistic spectrum
access. More specifically this problem was studied from the point of view of a cognitive
full-duplex radio transceiver utilizing cyclostationary spectrum sensing. It was shown
that the residual self-interference has some impact on the spectrum sensing algorithm
performance if it cannot be suppressed to around the level of the noise floor of the re-
ceiver. However, if this is not possible, the impact is still relatively small even when the
secondary signal is 5 dB above the noise floor. Also, the impact can be lowered by lower-
ing the bandwidth of the secondary signal while keeping the same total transmission
power.
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