-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by HAL-UNICE

HAL

archives-ouvertes

Design and Implementation of Spatial Interweave
LTE-TDD Cognitive Radio Communication on an
Experimental Platform
Boris Kouassi, Bassem Zayen, Raymond Knopp, Florian Kaltenberger, Dirk

Slock, Irfan Ghauri, Francesco Negro, Luc Deneire

» To cite this version:

Boris Kouassi, Bassem Zayen, Raymond Knopp, Florian Kaltenberger, Dirk Slock, et al.. De-
sign and Implementation of Spatial Interweave LTE-TDD Cognitive Radio Communication
on an Experimental Platform. ITEEE Wireless Communications Magazine: Next Generation
Cognitive Cellular Networks, 2013, 20 (2), pp.60-67. <10.1109/MWC.2013.6507395>. <hal-
00845432>

HAL Id: hal-00845432
https://hal.archives-ouvertes.fr /hal-00845432
Submitted on 17 Jul 2013


https://core.ac.uk/display/52781611?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://hal.archives-ouvertes.fr
https://hal.archives-ouvertes.fr/hal-00845432

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.



Design and Implementation of Spatial Interweave
LTE-TDD Cognitive Radio Communication on an
Experimental Platform

Boris Kouassi, Bassem Zayen, Raymond Knopp, Florian Kaltenberger, Dirk Slock, Irfan Ghauri,
Francesco Negro, Luc Deneire

Abstract—Cognitive radio, which enables smart use of wireless
resources, is a key ingredient to achieve high spectral efficiency.
LTE, the latest evolution of cellular standards, is widely adopted
and also targets high spectral efficiency. Hence, to enable wide
adoption of cognitive radio, using LTE as the physical layer is
a natural choice. Targeting a real-time implementation of LTE-
based cognitive radio, we focus on spatial interweave cognitive
radio, in which a secondary user uses an antenna array to
perform null-beamforming in the primary user’s direction, hence
reusing the spectrum spatially. To allow this, without any help
from the primary system, we use the time division duplex (TDD)
mode and take advantage of the channel reciprocity. However,
this reciprocity is jeopardized by the mismatch between the RF
front-ends. Hence, we design a calibration protocol to restore it.
The whole system is implemented and evaluated on EURECOM’s
experimental OpenAirIlnterface platform. Performance results
are presented, showing the feasibility of spatial interweave
cognitive radio on a real-time platform.

Index Terms—Spatial interweave cognitive radio, beamform-
ing, channel estimation, reciprocity calibration, LTE-TDD plat-
form.

I. INTRODUCTION

Cognitive radio (CR) approaches [1] are increasingly high-
lighted due to the concern for radio spectrum optimization.
This concern is generated by the accelerated evolution of
radio technologies and the ensuing spectrum unavailability. CR
approaches have been classified in three main groups: underlay
CR which supposes simultaneous transmissions but under an
interference (temperature) limit, overlay CR which introduces
a cooperation concept, and interweave CR in which secondary
transmissions are achieved by exploiting the white spaces in
primary spectrum see [2]. In the interweave paradigm, the
primary white spaces can be observed in time, frequency or
space dimension [3].
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A. Cognitive Radio Implementations

CR technologies have been heavily investigated this last
decade, leading to both large standardization and implemen-
tation efforts. Several working groups have been created for
CR standardization (see e.g [4] and references therein), for
instance the IEEE 802.22 working group for the wireless
regional area network (WRAN) CR standard. This standard
aims at using white spaces in the unused television allocated
spectrum for CR technologies. Some other standards have
been developed like the IEEE SCC41 (Standards Coordinating
Committee 41) for dynamic spectrum access networks. Due
to the growing interest in CR applications, several telecom-
munication companies and operators focus their research and
development efforts on CR technologies. Consequently, many
projects and experimental platforms have been designed to
implement CR, e.g the Canadian CORAL (CR learning plat-
form) project based on WiFi (IEEE 802.11g/a), the hardware
platform USRP (universal software radio peripheral), and
the complete hardware/software WARP (wireless open-access
research) platform, a CR system designed by the Rice Univer-
sity [5]. Furthermore, the literature illustrates other platforms
(see e.g [5] and references therein), and most of the developed
platforms are based either on non-standard PHY/MAC layers
or on WiFi, e.g. targeted to non-licensed bands.

Our approach, the design of a cognitive radio system in the
LTE framework, enables the deployment of CR in licensed
bands, with no hardware modification and only small software
changes in some specific frames for the secondary system.

B. LTE as the global standard

LTE (Long Term Evolution) is the latest cellular networks
standard, developed and supported by 3GPP and 3GPP2, is
currently under deployment in Europe, and is deployed since
2009-2010 in Japan and in USA (with more than 16 million
subscribers for Verizon only at the end of 2012). This wide
support from standardization bodies and world industry means
that LTE-Advanced, the next step after LTE, is “the” global
standard for the 4*" generation cellular networks. LTE is
a “near 4G” standard, providing downlink (DL, from base
station to mobile) rates up to 300 Mbit/s, uplink (UL, from
mobile to base station) rates up to 75 Mbit/s, in a 20 MHz
bandwith, using 4 x 4MIMO and a round trip time of 10 ms,
whereas 4G targets 1Gbit/s in the UL (100 Mbit/s in high
mobility) in 100 MHz bandwith and using 8 x SMIMO. The



modulation is OFDMA in the DL, and Single Carrier-FDMA
in the UL. LTE uses frequency division duplex (LTE-FDD) as
well as time division duplex (LTE-TDD).

C. LTE-TDD and spatial interweave

Different CR implementations based on the TDD are re-
ported in the literature. In these implementations, the UL
and DL transmissions are performed in the same frequency
band (see e.g. [3], [6]). Consequently, in a TDD, the UL/DL
propagation channels are reciprocal and this reciprocity is
exploited in particular in the spatial interweave (IW) CR
approach adopted in this paper. In IW-CR, reciprocity helps
to overcome several constraints like the channel estimation
at the transmitter (Tx), and more importantly lack of coop-
eration! [3], [6]. Specifically, a persistent problem in spatial
IW-CR is to find the best way for secondary users (SUs)
to identify and then to transmit in the primary spatial white
spaces, without disturbing the primary users (PUs). This can be
done by beamforming (linear precoding). Beamforming uses
an antenna array and SU-to-PU channel state information at
the Tx (CSIT) to mitigate the interference towards the primary
receiver (Rx) and/or steer a signal towards a specific secondary
Rx. Thereby, it maximizes the signal to interference plus
noise ratio (SINR) for the considered receiver [7]. Normally,
beamforming at the Tx is achieved using a feedback procedure.
Because we suppose no cooperation between the primary Rx
and the secondary Tx, the feedback is not an option. However
the feedback constraint can be overcome by exploiting the
UL/DL channel reciprocity in TDD mode. Nonetheless as
previously mentioned in [8], [6], [9], the UL/DL channel
reciprocity only applies to the propagation part, and not to
the overall digital channel response due to radio frequency
(RF) circuit mismatches. Additional studies have proposed
calibration solutions to compensate the RF impairments and
make the channel reciprocity a reality in practice [9], [6].

Despite the importance of calibration for future wireless
communication, few algorithms exist in the literature. The
"relative" calibration has been selected in this paper. Unlike
the "absolute" calibration it does not require any equipment
and compensates the non reciprocal RF using the relation
between the UL/DL channels. Subsequently, the authors in [9]
assume that the calibration parameters are invariant during
a long period (typically seconds). This assumption allows to
exploit several versions of the UL/DL channels over the time,
and to derive the calibration parameters through a total least
squares (TLS) formulation [10]. However, a frequency offset
can occur in the consecutive channel estimations. Thereby,
authors in [11] illustrate a calibration scheme which automati-
cally compensates for the offset. We adopt the same calibration
framework as presented in [6], [12], [8]. Specifically, we
determine the calibration factors by subdividing the multi-
input multi-output (MIMO) channel into single channels [13].

However, whereas relative calibration requires a signaling
between Tx and Rx, no cooperation from the PUs can be
expected in the IW paradigm. This is where "any-com Tx
calibration” comes in: Tx calibration by any-link communi-
cation [3]. This concept appears to be reused in the Argos

calibration proposal for Massive MIMO [14]. In IW-CR, the
SU-Tx can be calibrated by communicating with the SU-Rx,
obviating the need for any cooperation from the primary.

D. OpenAirinterface Platform

OpenAirlnterface (www.openairinterface.org) is an open-
source software defined radio platform for experimentation in
wireless systems with a strong focus on cellular technologies
such as LTE and LTE-Advanced. The current OpenAirln-
terface software modem comprises a highly optimised C
implementation of all the elements of the 3GPP LTE Rel 8.6
protocol stack (PHY, MAC, RLC, RRC, PDCP) for both UE
and eNB. Transmission modes 1 (SISO), 2 (Alamouti), 5 (MU-
MIMO), and 6 (beamforming) are currently supported. The
software modem can be run in simulation/emulation mode or
in real-time mode together with a hardware target such as Ex-
pressMIMO. This card currently supports up to two antennas
and a bandwidth of SMHz. A flexible radio frequency frontend
supporting carrier frequencies from 300MHz up to 3.8GHz and
transmission powers up to 30dBm is also available.

The rest of the paper is structured as follows. Section II
describes the beamforming and TLS-based calibration. In
Section IIT we detail the LTE-TDD parameters. The spatial
IW implementation using OAI is described in Section V and
IV, while performance evaluation is presented in SectionVI.
Finally, the conclusions are summarized in Section VII.

II. RECIPROCITY-BASED SPATIAL IW-CR SCENARIO
A. The System
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Fig. 1. [Illustration of the primary system including eNB1 and UEl, and the
secondary system, eNB2 and UE2, with interfering channels between systems.

Fig. 1 presents the CR scenario with a primary system
including the licensed users, eNB1 and UEIl designed with
one antenna, and a secondary system composed of oppor-
tunistic users, eNB2 and UE2 with two antennas and one
antenna respectively, which are not licensed to transmit in
the radio environment. The denomination eNodeB (eNB)
and user equipment (UE) is conform to LTE, and depicts a
communication including one node and an attached LTE-TDD
equipment. The radio frequency circuitry (RF) is represented
on Fig. 1 by the transmission (Tx) and reception (Rx) filters
for each antenna. Throughout the paper, we use the following
notation (where all quantities are in the frequency domain) :



e Ggg, is the DL channel gain between i-th Tx antenna at
eNB2 and Rx antenna at UE2, and Hgg, the UL channel
gain between Tx antenna at UE2 and ¢-th Rx antenna at
eNB2;

e Gpp is the DL channel gain between UE]1 Rx and eNB1
Tx, and Hpp the UL channel gain between UE1 Tx and
eNB1 Rx;

e Gpg, is the DL channel gain between i-th Tx antenna at
eNB2 and Rx antenna at UEI, and Hpg, the UL channel
gain between Tx antenna at UE1 and ¢-th Rx antenna at
eNB2;

o Cg, is the calibration factor between i-th eNB2 antenna
and UE2 antenna.

We assume a multipath channel, then the OFDM configuration
from LTE leads to decompose the frequency selective channel
into several parallel simple (additive white Gaussian noise)
AWGN channel on sub-carriers in frequency domain. In this
study, the spatial interweave CR system consists in mitigating
in DL transmissions, the interference from the SU transmitter
(eNB2) to the PU receiver (UEI). The proposed interference
avoidance technique is a simple zero forcing beamforming
(ZFB) technique implemented in SU base station eNB2.

B. Initial Beamforming Approach

We aim at sending a null interference in the direction of
UE], leading to the relation:

Yp = GppXp + GpsXs + 1
p1-511:| _0 ey

9ps2] {

G s z = s
psPSz = [gps1 D250

with y,, the per-subcarrier received signal at the primary
user UE1, n the frequency domain AWGN introduced at the
PU receiver, and Gpsx, the interference generated by the
secondary transmitter eNB2. We design a precoder (beam-
former) p at eNB2 such that G,sx, = 0, X3 = psg,
where s, is the transmitted symbol at eNB2. We design p
from the crosslink channel coefficient (Gps = [Gps1 Gps2))-
Thereby, the efficiency of the precoder p will be related to
the reliability of the crosslink channel estimation. This channel
cannot be estimated directly by the secondary eNB2, because
cooperation between primary and secondary systems is not
allowed. But, using the channel reciprocity assumption, we can
theoretically find the DL channel using only the UL channel.

However, in order to avoid crosslink reciprocity-calibration
between PUs and SUs, we show in Section IV how the
calibration parameters at the secondary transmitters allows
to estimate the crosslink DL channel without any feedback
from the PUs. Thus, we obtain information required for Tx
beamforming through smart exploitation of received signal
from PUs during a TDD frame.

III. LTE PARAMETERS USED

The 10 ms periodic TDD frame type 2 with the configu-
ration number 3 is used in this study (see Fig. 2) [15]. It is
composed of 10 subframes with the OFDM multiplexing in
the UL and the DL. Each subframe is divided into 2 time
slots (TS). A TS is consisting of 7 OFDM symbols and an
extended cyclic prefix to avoid inter symbol interference.
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Fig. 2. TDD Frame specifications, with the synchronization signals
(PSS/SSS), the guard period (GP), and the DL/UL pilot time slot Dw/Up-PTS.
The extension in the DL shows a resource block (12 subcarriers (Sc) and 2
TS) with a normal cyclic prefix, the pilots locations, the control signaling and
data location. In the UL, we observe the 300 Sc subframe structure.

A. Downlink (DL) Subframe

Fig. 2 describes the DL subframe with RSs locations
in OFDM symbols for 2 transmit antennas at eNB2. The
RSs from different antennas are located in specific resource
elements (RE) to ensure the orthogonality. Therefore, REs
including the pilots in RBs are not used for data transmis-
sions, and the transport block size depends on the number
of antennas. The first and third RSs are related to antenna 0
and the second and the fourth to antenna 1 (see Fig. 2). The
first TS of each subframe is consisting of the DL control in-
formation which carries signaling information (resource block
assignment, modulation and coding scheme, etc).

B. Uplink (UL) Subframe

As can been observed in Fig. 2, in the uplink, control
signals (CS) fill the RBs borders. The RSs used for UL
signal demodulation (demodulation RS: DM-RS) and those
for channel quality estimation (sounding RS: SRS) are located
in specific symbols between CSs. The data fills the remaining
resource elements and are associated with DM-RS on physical
uplink shared channel (PUSCH). Because of limited resources
and constraints in the UL, the control signaling is different
with the DL case, and is mainly located at the eNB side. The
eNB has a prior knowledge about control information of UL
data, and carries a large part of the signaling, which alleviates
the overhead at the UEs.

C. Special Subframe (SS)

The Special Subframe (SS) described in Fig. 2 separates DL
and UL transmissions. Specifically, the guard period (GP) is
the switching point, and determines the maximum supportable
cell size. The DWPTS is treated as a regular but shortened DL
subframe, it always contains RS and control information like
a regular DL subframe, and may transmit data. In addition,
in the TDD-LTE frame, it also contains the primary DL
synchronization signal (PSS).



IV. SPATIAL INTERWEAVE (IW) IMPLEMENTATION
A. Spatial IW Beamforming

The goal is to achieve spatial interweave based only on
secondary communication (eNB2) without collaboration from
PUs. The overall DL channels (including the RF parameters)
in secondary-to-secondary link (Gss), and in the secondary-
to-primary link (Gpg) are defined in relation (2). Then,
the information provided by the crosslink channel Gps is
exploited to design the reciprocity-based beamformer. The
spatial IW beamformer p in Section II-B, allows to write

Gss = CyHECpy;Gps = Cy, HE4Cpy 2)

Grsp = (CupHPEsChy)p = 0 & (HpsChg)p = 0, with
Cp and Cy, respectively the calibration matrices at eNB and
UE. We observe that this solution is insensitive to Cjy,,, the
matrix at UE1. Hence, the eNBs matrix Cp, for transmission
to the primary can be derived from the secondary-to-secondary
calibration and without feedback from the primary system.

The required calibration parameter is the same in the
secondary-to-secondary link as in the secondary-to-primary
link, thereby secondary calibration suffices to compute the
beamformer. We define a first training step where the eNB2
estimates the interfering UL channel with the UE1. Then, the
beamformer p is applied in the baseband processing on each
eNB2 OFDM subcarrier (see Fig. 3).

B. Reciprocity-Calibration in OAI

We will adopt the calibration technique described in [13]
and evaluated in [6] and [12]. Then the problem boils down
to subdividing the multi-input single-output (MISO) SU DL
channel into 2 single channels, and solved using a total least
squares (TLS) formulation (see [6]).

From the study [6], we observe that K subsequent versions
of UL/DL channels are required to increase the accuracy
of calibration in noisy channels. Therefore, an initial short
feedback is achieved.

We suppose the channel constant for at least one frame
duration. Then, for each subcarrier, KX estimations of UL and
their corresponding DL channels are saved sequentially in a
buffer for each frame (10ms, 300 subcarriers).

For the sake of simplicity, we write the RF parameters of UE
and eNB in the same variable Cs such Gss = CsHZg, since
we use 1 antenna at the secondary UE. Then, assuming similar
RF perturbations at users side, we use the singular value
decomposition (SVD) solution of TLS problems presented
in [10]. For each single subcarrier, the calibration factors will
be represented by a scalar value c; ;, the factor for antenna
1 and subcarrier j. After the calibration, the eNB2 is able to
estimate the DL crosslink channel coefficients just by using
the UL and the calibration parameters.

V. OAI SOFTWARE IMPLEMENTATION

The proposed spatial interweave method has been imple-
mented and integrated into the OpenAirlnterface software
modem. In this paper we present results from simulations,
which allow to test the algorithms in a controlled environment

i.e., primary and secondary system are perfectly synchronized
and we can experiment with different channel models. The
same code equally runs in real-time on the hardware target.

A. Restoring reciprocity

We introduce in Fig. 3 the decalibration filters and a
frequency offset variation in order to simulate the effects
of RF impairments. The final goal is to restore the channel
reciprocity (despite these perturbations) and to improve the
transmission using the spatial IW precoding at eNB2 Tx.
In this paper we suppose a low frequency offset with no
significant impact on the transmissions. We assume different

i
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Fig. 3. TIllustration of simulation chain and software implementation. Effects
of RF front-ends are modeled using finite impulse response filters (FIR) and
phase drifts are simulated using the exponential.

channel models, and using the TDD frame structure in Fig. 2,
the number of frames for the experiment is set to 500, and the
number of frames for calibration to 15 based on [6]. The idea
is to transmit the calibration pilots from eNB2 to UE2 in SS,
then to start the feedback of DL channel coefficients, since
the PUs are not transmitting in SS. The corresponding UL/DL
channel are saved at the eNB2, which in turn computes the
calibration factors. These calibration factors are used to infer
the crosslink DL channel from the crosslink UL channel.
Then the ZFB is computed at the eNB2 using the crosslink
DL channel (see Section IV-A, II-B). Because they depend
on electronics, calibration factors vary slowly (seconds or
more). The implementation procedure is summarized in the
following algorithm:

1: Kmaz - 157 Nframe = 50()’

2: for (n =1: Nyframe) do

3: > Channels collection

4: if (k < Kpaz) then

5: Transmit the calibration pilots in SS;

6: Estimate the UL channel;

7: Decode Norm/Quant DL channel from PUSCH;
8: if (PUSCH correctly decoded) then

9: Norm/Quant the UL channel;
10: Save the corresponding k th UL/DL channel;
11: k=k+1;
12: end if
13: > Calibration
14: if (k = Kpaz) then
15: Activate the calibration Algo at eNB2;
16: Save the calibration factors in buffer at eNB2;
17: end if
18: end if

—_
Nl

: > Beamforming
if (K > Kmae) and (Calibration is done)) then

%}
=4



21: Estimate the crosslink UL channel,

22: Exploit the crosslink and calibration factors;
23: Deduce the crosslink DL channel from step 22;
24: Apply ZFB to eNB2 signal;

25: end if

26: end for

B. Tweaking LTE’s Special Subframe

In order to fit the scenario in Fig. 1, we assume that
the SUs are aware of PUs specifications and use the same
configuration. We use the LTE transmission mode 1, because
only one antenna is used at PUs. The problem is that channel
estimations from two antennas of eNB2 are mandatory for
the calibration algorithms. We propose to modify the initial
LTE special subframe (SS) structure in SUs, while avoiding to
perturb the conventional PUs LTE transmissions. Fig. 4 shows
the new positioning of the RS (cell-specific RS) in SS. The
considered location of the REs is exceptionally designed for 2
antennas channel estimation in transmission mode 1. The new
location of RS occupies 1 OFDM symbol, and holds in the SS.
Note that the RS of ant0 and antl (see Fig. 4) are spread in
frequency and are delayed by 2 subcarriers. Upon reception,
the overall channel estimates are obtained by interpolation (see
e.g. [15]) adapted to the new RS positions in the SS. The next
section describes the channel estimation procedure.

:. Channel estimation with RS antl

E Channel estimation with RS antQ

i R
iD Interpolated channel estimation

Fig. 4. Illustration of the special subframe (SS) structure showing the ex-
ploitation of SS for feedback process. The channel estimation from reference
signals (RS) is estimated by a least squares approach. In the empty locations,
channels are estimated using an interpolation (or extrapolation) procedure.

C. Channel Estimation in Frequency Domain

The channel estimation procedure is based on training
sequences (RS). As described in Fig. 4, special pilots for
antennas 0 and 1 are transmitted orthogonally in specific
resource elements on the first OFDM symbol in SS. These
locations are known at the TX/Rx side. At the RX, the SU
first estimates independently the channel coefficients for each
corresponding subcarriers in the first symbol.

Let’s P;[j] denote for the frequency domain pilot designed
for the antenna ¢ on the jth subcarrier. The frequency domain
DL channel coefficient g;[j] (antenna ¢ on subcarrier j) esti-
mated by SU where there is a predefined RS (see Fig. 4) is
found using a least squares approach. The channel coefficients
in white resource elements (REs) see Fig. 4 (i.e. without
any predefined pilot location) are estimated using already
estimated channels and linear interpolation or extrapolation.

VI. TRANSMISSION PARAMETERS AND NUMERICAL
RESULTS

A. Transmission Parameters

We aim at defining the beamforming at the SUs without
the cooperation of PUs. Thus the bulk of algorithms and
complexity are centralized in eNB2, while the UE2 estimates
and feeds the DL channel back for calibration. The real-
time transmission is achieved assuming a sample duration
Ts = 130.2ns, with an OFDM symbol duration of 71.35us
(5487, including a cyclic prefix length 3675, 4.695) and a 15
kHz subcarriers (subcarrier) spacing. We use a central carrier
frequency equal to 1.9G H z, the bandwidth is divided into 25
Resource Blocks (RB) of 12 subcarriers each. The OFDMA
configuration in DL yields to a maximum Tx bandwidth up to
4.5M H z (12 subcarriers x15kHz x 25RB).

We have shown in our previous study [6] that K € [10, 15]
(K channel estimations) for 2 antennas are neccessary to
estimate the calibration parameters, accordingly we initialize
the number of required channel estimations to K = 10.
Then, assuming that the channel is constant during one frame
duration (10ms), we store one UL/DL channel estimate by
frame (K frames) at eNB. This first step corresponds to
relative calibration training phase (described in [9]) which is
performed using all the 300 subcarriers.

The required throughput to feed the signal back from UE2 to
eNB2 depends on the selected modulation and coding scheme,
the number of antennas (2 ant), the quantization of the DL
channel (8 bits), and the number of subcarriers (300).

The DL channel is estimated by UE2 in one subframe and
this estimation is fedback to the eNB2, using the PUSCH.
Accordingly the transmission of all the subcarrier complex
coefficients using the PUSCH requires 9600 bits (see [8])
transmitted in 1 frame duration (10ms). However in order to
reduce the length of the transmitted feedback data, another
idea which is under investigation suggests to decimate the
channel estimation at UE2. The higher the decimation factor,
the lower the required payload in PUSCH. Then at the eNB2
side, the values will be reconstructed by an oversampling
technique using the previous and next channel coefficients.

B. Numerical Results

In the simulation, the results are obtained for different
values of the relevant parameters (the pathloss in free space
P, the SNR, the number of frame, etc). Furthermore, the
selected reciprocity-calibration method has been evaluated by
the normalized mean squared error (MSE) of the reconstructed
DL channel at eNB2 GSS and the estimated DL channel Gg;,
from both antennas of eNB2 at UE2. Considering a Rayleigh
channel model, we firstly assume that the channel is perfectly
reciprocal (see perfect case Fig. 5) and then we observe the
case when we activate the decalibration filters in Fig. 3. Fig. 5
shows that even if the MSE of the perfect reciprocity case
slightly outperforms the decalibration case, the error generated
by the filters can be easily compensated by the calibration
procedure, and the reconstruction MSE of the DL channel
using only the calibration parameters and the UL channel is
close to the perfect case.



After this over-the-air calibration step, the impact of the pro-
posed spatial IW interference avoidance technique from SUs
to PUs has been evaluated. We compare the DL constellation
of the PUs before and after the activation of the precoder at the
eNB2. Then, we run the simulation with 500 frames, X = 10

N
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Fig. 5. MSE comparison of downlink channel reconstruction in the perfect

case, then assuming the decalibration filters. The perfect case supposes that
there are no perturbations from the RF front-ends.

and different MIMO channel models (extended vehicular A:
EVA, spatial channel model C: SCM-C, etc), using the spatial
IW precoder. In Fig. 6, we observe the constellations of
the received signal at the primary receiver UEl with 16-
QAM (quadrature amplitude modulation) with and without
beamforming. Considering a low pathloss P, = 5dB (which
means that primary and secondary users are close e.g. in the
same room), and a frequency selective Ricean channel model
(at least one line of sight and 8 taps), we see that without a
precoder at secondary, the interference from secondary leads
to a bad constellation diagram at UEIL. Subsequently, the
precoder expressed in Section II is applied at eNB2. We
observe the result assuming the same set of parameters. With
the precoder applied at the secondary transmitter, the primary
signal is not disturbed any more by the interference from
eNB2, and the complex points of the constellation for 16-
QAM in Fig. 6 are well located in the diagram. It is clear that
the precoder improves the UEI signal reception in presence
of interference from secondary. Eventually, using the ZFB, all
systems are able to transmit, under the assumption that the
determined calibration factors are constant during the process.
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Fig. 6. The 16-QAM Constellation of primary receive signal at UE1, with
interference from secondary eNB2 P = 5dB, SNR = 25dB in perfect
reciprocity case, Fig. a: without ZFB, and Fig. b: with ZFB activated.

A key assumption in this implementation is the TDD frame
synchronization phase between eNB1 and eNB2. Our study

has been achieved with the idea that eNB2 initially listens for
the primary PSS every 100 frames. The synchronization has
still to be implemented to allow a complete integration of the
beamforming and calibration methods with the hardware.

VII. CONCLUSIONS

In this paper, we propose a spatial interweave (IW) cognitive
radio method and show that it’s implementation is feasible on
a real-time LTE platform.

We have proposed innovative solutions allowing to avoid
interference towards the primary system. Specifically we de-
signed, at the secondary base station (eNB2), an over-the-air
calibration technique and a beamforming strategy based on
the channel reciprocity hypothesis inherent in TDD systems.
The spatial interweave CR has been performed without col-
laboration from the primary. The proposed spatial IW method
has been implemented and integrated into the OpenAirInter-
face software modem. We presented results from simulations,
which assess the good performance of the algorithms.
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