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Abstract: This deliverable presents the results of proof-of-concept experimentation in 
ADEL LSA settings. The AIT testbed has been exploited to experiment on frequency 
agility for both collaborative sensing and cooperative communication. The EUR 
testbed has been used to show how multiple antennas allow spatial cooperation and 
coexistence in LSA.  
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Executive Summary 

This is the deliverable D6.3 ADEL Testbed Trials, developed under FP7 project ADEL 
(ICT- 619647). This work was carried out as part of WP6: Platform Development and 
Experimental Evaluation. This deliverable relies on the work defined within task T6.2 as 
detailed in the Description of Work.  

The main objective of this task is to make use of the EUR and AIT testbeds to experiment 
on frequency agility for both collaborative sensing and cooperative communication, and 
multiple antennas for spatial coexistence. 

One goal was to develop and test algorithms that allow the fast scanning of a wide 
spectrum in order to identify white spaces and quickly synchronise the communicating 
parties in the appropriate idle bands for communication. The cooperative sensing 
executed by the LSA units in the AIT testbed could be either centralised or decentralised.  

The other main goal is to demonstrate the benefits brought about by the multi-antenna 
dimension, allowing for simultaneous shared access in space. For this purpose the EUR 
testbed is configured with two LSA licensee units, and two incumbent units representing 
a cellular BS and a cellular terminal. On the base station (BS) side experimentation has 
been done with classical multi-antenna arrays (3 antennas) and modest massive antenna 
arrays (23 antennas). Significant work has been performed to implement reciprocity 
calibration which allows in a TDD setting to use estimated uplink channels for downlink 
beamforming. Two approaches at two levels of cooperation have been implemented and 
evaluated. The cooperation involves in any case the use of TDD with synchronized uplink-
downlink ping-pong in incumbent and licensee systems. In a fully cooperative approach, 
not only the intra-system channels are estimated but also the inter-system channels. In a 
second approach with limited cooperation, no inter-system channel estimation is 
performed, but a form of semi-blind receivers and corresponding transmitters are used. 
Naïve reciprocity has been used for the beamforming design. Optimal downlink 
beamformers are of the form of Minimum Mean Squared Error (MMSE) receivers in a so-
called dual uplink. In naïve reciprocity, we use the actual MMSE receivers as downlink 
beamformers, after calibration adjustment. 

Another activity that took place in T6.2 was processing of data from a TGV-to-
infrastructure measurement campaign with the EUR testbed, and of measurements with 
other WP6 testbeds (e.g. Massive MIMO). These measurements were transformed to 
channel models in T5.1 and this work has been reported in D5.1. 
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The goal of this deliverable is to test various techniques, which have been established 
within the ADEL project, and also provide a proof-of-concept validation of ADEL’s use 
case scenarios. Therefore, the role of the traditional Cogintive Radio (CR) is very 
important, since it provides a robust detection framework for Licensed Shared Access 
(LSA). However, standard established techniques in CR are either inadequate, or too 
complicated and hard to implement. To this end, we have considered the most robust 
techniques that are used in the CR literature and we have further developed novel 
advanced cooperative techniques, which enhance the detection process. The proposed 
techniques will not only enrich our knowledge on the spectral occupancy of the frequency 
bands of interest, but will also contribute towards obtaining better spatial knowledge 
(map) about the active users in a certain area. 

Another dimension of the ADEL LSA solution is the use of multiple antennas. Indeed, 
Massive MIMO represents a relatively simple way to increase system capacity and is 
being considered for 5G systems. However, multiple antennas at the transmitter require 
channel state information at the transmitter (CSIT) which becomes even more crucial in 
multi-user systems. Hence TDD systems are being considered for Massive MIMO and in 
5G so that channel reciprocity can be exploited and downlink channels correspond to 
uplink channels, whose estimation is much more straightforward. However, the reciprocity 
only holds for the propagation channel and to make it hold also for the channels estimated 
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or used in the digital domain requires calibration. Calibration techniques that require 
simple protocols and are scalable for Massive MIMO have been a hot topic in the period 
of the ADEL project. In the multi-antenna LSA proof-of-concept, some of these techniques 
have been implemented, allowing to show spatial coexistence of incumbent and licensee 
systems with varying degrees of cooperation. 
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The role of AIT within the work in this deliverable is over-the-air experimentation with 
various spectrum sensing techniques, collaborative or not. The work in D6.3 is 
complementary to D5.2 and D5.3 (ADELD52), (ADELD53), and will exploit practical 
techniques that can be used for several of the ADEL scenarios. For example, advanced 
sensing mechanisms can be used for the detection of policy violations, either intentional 
or unintentional, and contribute towards devising penalties and/or incentives schemes to 
promote conformance to the sharing rules. 

$�� '������������
The work that has been developed in this section is based on the following concept: 
validation of an ADEL LSA scenario via over-the-air experimentation and demonstration. 
The scope of ADEL LSA is to push beyond conservative ways of using the spectrum in 
order to reach complete utilization. Obviously, the standard LSA is the first step towards 
this direction and despite the fact that it is less novel, still, there is much room for 
improvement. For example, if the Licensee User/operator does not perform spectrum 
sensing accurately and transmits it is likely that harmful interference to the Incumbent 
User (IU) will cause violations of the Quality-of-Service (QoS) requirement. Thus, 
advanced sensing mechanisms are crucial for LSA. Nevertheless, complete utilization of 
the spectrum cannot be achieved by sheer orthogonal sharing (standard LSA). One of 
the main concepts that was raised in ADEL LSA is parallel using of the spectrum, i.e., 
sharing, between the IU and the LU, of the same spectrum band at the same time and 
area. However, this complex model cannot survive on its own. The solution introduced in 
the ADEL, see (ADELD31), was that the IU and LU can use the spectrum in such way 
that they both provide some QoS to their end users. Of course, this also implies using 
more directive antennas (instead of monopoles), which can reduce unwanted interference 
between the IU and the LU. 

To this end, in AIT, we have manufactured a prototype sensing solution equipped 
with directive antennas, which is able to use advance collaborative techniques for 
spectrum sensing. Moreover, by developing novel cooperative algorithms we have 
improved the process by reducing the probabilities of misdetection and false alarm, which 
leads to better utilisation of the available spectrum. However, our work did not end at the 
orthogonal sharing case. We have additionally used the directive antennas for measuring 
the SINRs for the IU and the selected LU. Thus, if the QoS is satisfied for both, then they 
can proceed sharing the spectrum. In Section 7.2.1 we present our prototype antenna 
array solution for spectrum sensing and in Section 7.2.2 we describe the demonstration 
testbed. Finally, in Section 7.2.3 we first introduce our novel collaborative (centralised 
and deistributed) sensing techniques and then we present results that have been 
obtained via extensive over-the-air experimentation. 
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The first step towards the built of a parasitic antenna for the LSA demonstrator of ADEL 
project is the creation of a prototype planar Yagi-Uda model (Graf1999). This initial design 
is presented in the next Figure 1. This parasitic antenna resonates at 2.3GHz, the 
frequency band that is commonly used for Licensed Shared Access throughout the ADEL 
project. 

The antenna consists of the active dipole (along with its microstrip feeding lines 
that stretch till the edge of the FR-4 dielectric board so that an SMA connector for feeding 
the antenna can be mounted), the six directors that are placed in front of the active dipole 
(on the same side of the FR-4 board as the active dipole) and the two reflectors that are 
placed behind the active dipole (on the back side of the FR-4 board). The overall board’s 
dimensions are 16cm by 10cm. 

The role of the directors is to concentrate the emitted electromagnetic field and 
shape the radiation pattern in a desired way. Similarly, the role of the reflectors is to reflect 
the back-scattered radiation. Both the directors and the reflectors are utilized by small 
printed dipoles. Note that in the middle of each dipole there is a small gap, where the 
loads are soldered. The directors are loaded with capacitors, while the reflectors are 
loaded with inductors. The actual values of the loads that were used, along with their 
equivalent Ohmic resistance at 2.3GHz are presented in  

Table I. 

The antenna was simulated using a commercially available finite element method 
(FEM) electromagnetic analysis and simulation software. The far field radiation pattern of 
the aforementioned antenna is also presented in Figure 2. 

 

Table I: Calculated load values for the planar Yagi-Uda parasitic antenna. 

Element number Capacitor or Inductor value Impedance at 2.3GHz 
Director 1 1.3 pF XC = 53.229 Ohms 
Director 2 1.2 pF XC = 57.665 Ohms 
Director 3 1.1 pF XC = 62.907 Ohms 
Director 4 1 pF XC = 69.198 Ohms 
Director 5 0.9 pF XC = 76.886 Ohms 
Director 6 1 pF XC = 69.198 Ohms 
Reflector 1 1.6 nH XL = 23.122 Ohms 
Reflector 2 1.8 nH XL = 26.012 Ohms 
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Figure 1: Initial prototype design of the parasitic Yagi-Uda planar antenna. 

 

 

 
Figure 2: Far field radiation pattern of the prototype parasitic antenna. 
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After establishing the initial design of the planar parasitic antenna, the next step 
involves the creation of a 360-degree spectrum sensing node antenna. This is achieved 
by placing six of the (parasitic) antennas of Figure 1 in such way that they form a 
“HexAntenna” design. The final prototype sensing solution is presented in Figure 3.  

At the design process the antenna was placed pointing towards the X-axis, as 
presented in Figure 5. Two metal (copper) grounded plates were also placed on either 
side of the antenna, in such a way that they form a 60-degree sector. The role of the two 
grounded copper plates is to confine the radiated electromagnetic field within this 60-
degree sector. Thus, we can create 6 distinct 60-degree sectors in order to cover the 
whole 360-degree azimuth plane. In Figure 6, we present the far field radiation pattern of 
the single HexAntenna element. Comparing Figure 2 to Figure 6 we can see the effect of 
the two grounded plates. The unwanted back lobe is suppressed and the radiation is 
guided outwards. Thus we have increased the potential for reduced interference 
transmissions in each one of the six sectors. Each one of the six sectors of HexAntenna, 
which are separated by grounded plates, is shown in Figure 5. 

The prototype antenna array was manufactured and measured within AIT’s 
premises. The chemical etching process was used to fabricate each antenna element, 
the discrete loads (capacitors and inductors) were soldered on the appropriate positions, 
the SMA connectors were also soldered at each antenna’s edge and the HexAntenna 
was assembled and fixed in the housing shell. 

 
Figure 3: Prototype sensing node “HexAntenna”. 
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Figure 4: Each sector of the HexAntenna is isolated by copper plates. 

 

 
Figure 5: A single 60-degree sector parasitic antenna design. 
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Figure 6: Far field radiation pattern of the single 60-degree parasitic antenna. 

$���� !�"��
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The goal is to develop a novel sensing mechanism that utilizes cooperative sensing 
techniques for frequency resource sharing between incumbent (IU) and licensee (LU) 
operators, as it is definied within the ADEL project. AIT’s prototype HexAntenna (Figure 
3) will serve as a structured array sensor that frequently performs spectrum sensing and 
detects the activity of the IU by exploiting advanced signal processing techniques, both 
centralized and distributed, as we will present in the following sections. Thus, our 
proposed solution with the HexAntenna allows us to have a better sense of the occupancy 
of the band in the frequency, spectral and time domains. As a result, the band can be 
better utilised by the LU.  

������� ����	�
��	
	�����	����	
A first proof-of-concept of ADEL’s LSA approach and validation of ADEL’s dynamic 
spectrum sharing was successfully presented at the 2016 EUCNC conference in Athens, 
June 27-30. The testbed included software defined radio boards (SDRs), a number of RF 
switching boards, controller modules and a sensing node equipped with AIT’s directional 
antenna elements (HexAntenna). The testbed is demonstated in Figure 7. 
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Figure 7: ADEL’s cooperative sensing demo setup. 

 

Our goal was to test AIT’s prototype HexAntenna in terms of spectrum sensing. 
The sensing node is primarily used as a LU sensor (phase 1) and next as a transmitter 
(phase 2) in order to establish a communication link with its user. It should be noted that 
in this setup we have considered orthogonal sharing, which is the simplest option that 
guarantees the protection of the IU against harmul interference.  

The communication standard for testing the newly developed algorithms and 
sensing techniques was based on an OFDM transceiver. The available spectrum of the 
LSA band was used, with the RF centred at 2.35 GHz having a maximum channel 
bandwidth of 20MHz. For a longer period of continuous transmissions, the system was 
unable to sustain a stable operation and the sampling frequency had to be reduced, which 
resulted to a narrower bandwidth per channel (5 MHz). The reason behind this limitation, 
was the Host PC acting as a bottleneck towards the USRP’s IQ buffer, with overflow 
issues when exceeding the barrier of the highest allowable sampling frequency.  
Nevertheless, there was no impact to the main concept behind the demo as it was not 
directly related to bandwidth.  The spectrum allocation with the 4 distinct sub-channels is 
presented in Figure 8. 
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Figure 8: Spectrum allocation and sub-channels 1-4. 

The OFDM transceiver was built in LabVIEW and it was based on the 802.11a 
standard containing a total of 52 subcarriers; 48 were data subcarriers and 4 pilots. The 
centre (DC) subcarrier was not used and IFFT/FFT sample size was set to 64. The 52 
subcarriers were split into sets of 13 subcarriers which corresponded into four individual 
sub-channels (CH1-CH4). For the demonstration setup, the incumbent user was allowed 
to hop between these 4 subchannels and occupy any of them for any duration that would 
equal a multiple of the total duration of a single transmission frame (set to 100 OFDM 
symbols). 

A preamble containing a known training sequence was always sent after every 100 
OFDM symbols (1 Frame) for synchronization and channel equalization purposes. As it 
can be seen in Figure 9, the first OFDM symbol succeeding the preamble (called signal) 
was used to carry information on the type of modulation used for the duration of the next 
99 symbols (QPSK or 16-QAM). This signal (single symbol) could have also be used to 
contain other information when needed, such as the number of OFDM symbols 
composing a transmission frame (if variable), the transmission’s data rate, etc. 

 
Figure 9: OFDM Frame Structure. 

The RF switches, which are shown in Figure 10, were used to emulate a larger 
number of RF transceivers since we were limited on the USRP module availability. The 
switching was performed in a fast and sequential way for all node sectors and a small 
number of IQ data were captured each time and passed to the next step for further 
processing (explained later in sensing sector). 
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Figure 10: RF Switch/Controller Board, the sensing Node and HexAntenna elements (from left to right). 

 

������� ����	�����	�
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The final ADEL demo is an attempt to improve the first version that was presented at the 
EUCNC 2016. The new setup includes a second HexAntenna node that aims at detecting 
activity not only in the spectral, but also in the spatial domain. The use of a pair of 
HexAntennas will also enable cooperation between the nodes, so that more advanced 
techniques are tested with the current setup. Thus, the sensors will obtain knowledge on 
the spectral occupancy of the band by the IU, (Ghasemi2005), ; for example, if a channel 
is declared “dead” the LU is allowed to transmit until the channel is used again. Moreover, 
for the channel(s) that is/are occupied the LU is allowed to transmit, as long as the primary 
user is protected against harmful interference from the LU. Thus, quality of service (QoS) 
guarantees will protect the IU (SINR above a predefined threshold). Moreover, since 
providing service with QoS is also desirable for the LU a similar condition will be satisfied 
for the LU as well. In other words, as demonstrated in Figure 11, not every LU is allowed 
to transmit. The selection of the LU Tx will be determined not only by the sensing 
mechanism, but according to the satisfied QoS requirements as well.  
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Figure 11: OFDM Frame Structure. 

In order to provide a clear demonstration tools which is more user friendly we have 
also developed a graphical user interface (GUI) for both the transmitters and 
recievers.The GUI for the receivers is illustrated in Figure 12. Results such as the 
Incumbent’s and Licensee’s equalized IQ data, the total throughput as well as the 
occupied channels at each instance were displayed on the GUI’s interface.  

 
Figure 12: Receiver Control Interface (GUI). 



Deliverable D6.3 – ADEL Testbed Trials  15-12-2016 
 

ADEL ICT - 619647  Page 25 of 54 
 

$���� )������������%�����������	�
��������������
�������*��+��
�
The IU transmits in one of the four available channels (1-4). Each sectorized antenna of 
our prototype sensing nodes receives a signal; after collecting all the measurements our 
goal is to distinguish between the following two cases: 

��� ���� � ����																									
�
� ���� � �������� 
 ����

� ( 1 ) 

where ���� is the signal, ���� is the matrix representing the channels and ���� is the 
noise vector. Thus, by sensing techniques can be directly applied on the signal ���� �
��
���� � � �������. We have experimented with two of the most popular techniques, which 
are a) the Energy detection and b) the Eigenvalue-based detection. 

� Energy detection per subcarrier � � �� � ��� and for each �-th sector: 
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� Eigenvalue-based detection (max-eigenvalue) per �-th subcarrier: 
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It should be noted that the eigenvalue-based detection is considered a centralised 
method, since the measurements are combined altogether and provide a single decision 
per �-th subcarrier. However, the energy detector can be used in a multitude of ways; in 
our testbed we have experimented with both centralised and distributed techniques, 
which are presented in the following sections. 

������� ����	�
��	�	�����	����	
At the EUCNC 2016 the sensing was performed by using a single HexAntenna; in other 
words we have computed our results based on the measurements from Sectors 1-6. The 
methods that were tested are: 

� Maximum eigenvalue-based detection as defined in ( 3 ), ( 4 ), per subcarrier � � �
�� � ���& 

� Energy detection per subcarrier � � � ��� ����	 based on: 
� Measurements from each sectorised antenna of the node, i.e., for � � �� � �� 

according to ( 2 ). The decision is taken according to the OR rule. 
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� The summation of the detected energy from al the six sectors, i.e.,  

�-.*� �	����
/

�"


& ( 5 ) 

Our testbed was successfully demonstrated over-ther-air at the EUCNC 2016. The 
results are presented in Figure 13. For the eigenvalue-based detection it is observed that 
the extra number of receiver antennas provided a more robust solution, which was not 
very sensitive to the tuning of the threshold parameter )�0 thus, the channel which is 
occupied by the IU is successfully identified (top left and right). Regarding the energy 
detection methods, it is readily seen that the classification task greatly depends on the 
decision rule. For example, only Sectors 1 and 6 seem to be activated; thus, if one would 
only rely to a single antenna the detection would simply fail. On the other hand, by 
considering the OR cooperative decision rule, which simply states that if at least one 
antenna has detected activity then we chose �
� the detection is enhanced and the 
occupied channel is correctly identified (middle left and right). However, the sensitivity of 
the detection to the tuning of the threshold is not improved. An alternative solution to this 
problem would be to use equation ( 5 ). As it is illustrated in Figure 13 (bottom left and 
right, middle left), �-.*� 1 ��� ; thus, by using this kind of cooperation we can see an  
improvement on the sensitivity of the detector, although this decision rule does not take 
into account the spatial dimension aspect.   

 

Figure 13: Sensing performed with 1 HexAntenna (6 sectors). Eigenvalue based detection (top). Energy 
detection and OR decision rule (middle). Energy detection based on the summation of all collected 

measurements (bottom). On the right column the third (occupied) channel was correctly identified by the 
proposed sensing mechanism. 
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The goal here is to improve the results of the initial setup, but also attempt using more 
advanced cooperative techniques, which will not only allow transmission in unoccupied 
channels, but also in channels that are used by the IU and do not interfere with the LU’s 
signal. This is accomplished by obtaining spatial knowledge of the activity of the IU, via 
the addition of an extra HexAntenna. The use of a pair of HexAntennas (12 Sectors) 
enables the use of distributed techniques, which combine different aspects of the 
established techniques described in Section 7.2.3. The setup is illustrated in Figure 11. 

The sensing techniques that have been developed are: 

� Maximum eigenvalue-based detection with 2 HexAntennas based on ( 3 ) and ( 3 )( 4 
). 

� Energy detection based on individual measurements according to equation ( 2 ). 
Sensitivity on the tuning of the threshold, especially for medium transmission power. 

� Centralised energy detection with the summation rule according to ( 5 ), i.e., 

classifying the activity according to �-.*�
�


#
��

$�� � � ��� ���.  

� Distributed cooperative energy detection scheme: 
� The nodes (sectors) are connected according to the cyclic graph in Figure 14. 

 
Figure 14: The connectivity between the 12 sectors of the 2 HexAntennas. 

� A matrix 12x12 is formed according to the graph presented in Figure 14. Each row 
of the matrix corresponds to a sector and its unit elements reveal the connectivity 
between other sectors. A zero coefficient corresponds to unconnected sectors. 
The computed matrix is: 
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� The energy of the connected nodes is computed via 

:;�- � : < 2� ( 7 ) 

where : � �:=�:=>�  and :�	  is the vector of the � -th sector for all the 64 
subcarriers. The columns of the matrix :;�-	of dimension 64x12 correspond to the 
measurements of this distributed approach. It can be readily seen that �;�-

� 1 ��� � 
for all � � �� & & ��? and � � ��� ���& 
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Experimentation with high transmission power and two HexAntennas: 

� Maximum eigenvalue-based detection: 

This sensing technique provides a robust criterion for the classification of the IU’s activity. 
The tuning of the threshold is not sensitive for high or medium transmission power. The 
maximum eigenvalues for each �-th subcarrier are presented in Figure 15 (top). At the 
bottom of the figure the successfully identified subcarriers are depicted. 

 
Figure 15: Maximum eigenvalue-based detection (top), for high transmission power, based on measurements 

from 12 sectors (2 HexAntennas). The second channel (subcarriers 15-27) which is occupied by the IU is 
succesfully identified by the LU’s sensing network (bottom). 

� Energy detection with decision based on the OR rule: 

In Figure 16 we present the estimated energy (top) for every sectorised antenna of the 
two HexAntennas and the detection (bottom), which is performed according to the OR 
rule. It is observed that for high transmission power the detection is accurate; no 
misdetections and no false alarms have occurred, while there is no need of careful tuning 
of the threshold. Similar results have also been obtained with medium transmission 
power. 

� Energy detection with decision based on the summation of the energy (centralised 
approach): 

In Figure 17 we present the summation of the estimated energy (top) as well as the 
detection (bottom). It is observed that two false alarm errors have occurred. Thus, careful 
tuning of the threshold parameter is required (its value is set at the same level as in the 
previous experiment). 
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Figure 16: Energy detection with 12 sectors and decision based on OR rule for high transmission power. 

 

Figure 17: Detection performed with the summation of the energy for high transmission power. 
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� Energy detection based on the distributed approach and decision according to the OR 
rule: 

In Figure 18 we present the estimated energy (top) according to ( 7 ) and the detection 
(bottom), which is performed according to the OR rule. It is observed that only two false 
alarm errors have occurred. Hence, the tuning of the threshold affects the detection but 
not significantly (its value is set at the same level as in the previous experiment). 

 
Figure 18: The detection based on the distributed approach for high transmission power.�

 
Figure 19: Comparison of the energy detection for the maximum activated sectors/nodes. The nodes 

correspond to the distributed approach, the sectors to the individual measurements of each antenna and in 
blue is the summation of the energy from all the sectors. 
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Experimentation with low transmission power and two HexAntennas: 

� Maximum eigenvalue-based detection: 

The tuning of the threshold parameter has been found slightly more sensitive for low 
transmission power compared to high power. In Figure 20 we present the maximum 
eigenvalues for each � -th subcarrier (top), while the identified subcarriers are also 
depicted (bottom). It is readily seen that, a false alarm error cannot be avoided (for the 
first subcarrier), although all of the occupied subcarriers have been successfully 
identified.  

 
Figure 20: Maximum eigenvalue-based detection (top), for low transmission power, based on measurements 

from 12 sectors (2 HexAntennas). The second channel (subcarriers 15-27) which is occupied by the IU is 
succesfully identified by the LU’s sensing network (bottom). However, we also receive one false alarm error. 

� Energy detection with decision based on the OR rule: 

In Figure 21 we present the estimated energy (top) and the detection (bottom), which is 
performed according to the OR rule. It is observed that one false alarm and seven 
misdetection errors have occurred. Thus, setting the threshold to an appropriate level 
highly affects the detection process. It should also be noted that, this method does not 
provide any spatial information for the occupancy of the area. 

� Energy detection with decision based on the summation of the energy (centralised 
approach): 

In Figure 22 we present the estimated energy (top) and the detection (bottom), which is 
performed according to the OR rule. It is observed that eight false alarm and no 
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misdetection errors have occurred. Thus, accurate tuning of the threshold is crucial for 
this method. 

� Energy detection based on the distributed approach and decision according to the OR 
rule: 

In Figure 23 we present the estimated energy (top) and the detection (bottom), which is 
performed according to ( 7 ). It is observed that only one false alarm has occurred. Thus, 
the detection is greatly improved, since the tuning of the threshold does not significantly 
affect the process.  

The other advantage of using this method is that we can also obtain spatial knowledge of 
the transmission source via the maximum activated node(s), since all of the connected 
nodes face at the same direction. In Figure 24 we present the results from the proposed 
centralised and distributed approach. The distributed approach balances between the 
individual measurements and the summation rule and provides the more robust results 
among the energy-based detection techniques that we have tested. 

 
Figure 21: Energy detection with 12 sector and decision based on OR rule, for low transmission power. 
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Figure 22: Detection performed with the summation of the energy for low transmission power. 

 

Figure 23: The detection based on the proposed distributed detection method for low transmission power. 
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Figure 24: Comparison of the energy detection for the maximum activated sectors/nodes. The nodes 

correspond to the distributed approach, the sectors to the individual measurements of each antenna and in 
blue is the summation of the energy from all the sectors. 
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For the second phase of thhe demo, we present our lab setup which includes an IU in 
coexistence with a LU. Both Incumbent ends are equipped with convention type antennas 
(whips), while the licensee user is equipped with two of our sensor nodes (6-sector Hex-
antennas). For the IU and LU we have considered equal transmission power at 0dBm. As 
in phase 1, the modulation OFDM in 64 subcarriers and at 5MHz bandwidth. The setup 
is presented in Figure 25.  

 
Figure 25: The topology of the transmission phase 2. 



Deliverable D6.3 – ADEL Testbed Trials  15-12-2016 
 

ADEL ICT - 619647  Page 36 of 54 
 

Initially the incumbent is configured to transmit while the licensee is in silent mode, only 
sensing the environment for any incumbent activity. Based on the HexAntenna approach, 
the effectiveness of sensing the activity of the IU is maximized via the implemented 
sensing algorithms, which are based on the several sector readings (12 sectors), the 
directionality and the higher gain of each of the individual antenna elements. All available 
LSA spectrum is sensed and a decision is made, in regards to spectrum and channel 
occupancy. Apart from any free-to-use channels, which have been identified in phase 1, 
the sensing process will identify the possibility of spectrum re-use if certain Incumbent 
QoS criteria are met. Therefore, if an incumbent is present in one of the LSA channels, 
the licensee transmitter gets initially enabled only for a short period of time and sends 
small bursts of signals at that particular channel. This is performed in order to estimate 
Incumbent and Licensee SINR levels for all possible 12 sectors in a consecutive order. 
All SINR measured data is then fed back to the LSA manager and a decision-making 
process is initiated. Based on all SINR readings with extra emphasis into the incumbent 
threshold limits which guarantees its minimum QoS criteria, the band manager informs 
the licensee user if such a scenario exists and which sectors can be used for receiving 
and transmitting. However, as defined within ADEL, similar QoS criteria should also be 
satisfied for the LU. In Table 2 we present the measured IU’s and LU’s SINR. Although 
the high SINR for the IU is guaranteed for several of the sectors, the 4th sector provides 
the best QoS for both the IU and the LU. 

 
Table 2: SINR’s of the IU and the LU. The best  

Incumbent 
Transmitter 

Licensee 
Transmitter 

Incumbent 
SINR (dB) 

Licensee 
SINR (dB) 

ON/OFF ON/OFF SECTOR   
ON ON 1 7.3 6.2 
ON ON 2 26.6 -13.2 
ON ON 3 23.2 12.2 
ON ON 4 24.1 14.5 
ON ON 5 20.2 8.5 
ON ON 6 13.9 -4.8 
 ON ON 7 25.9 -5 
ON ON 8 25.7 -8.5 
ON ON 9 26.6 7.1 
ON ON 10 27.7 6.2 
ON ON 11 26.8 -6.7 
ON ON 12 27.4 -13.1 
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In this section we have experimented with standard CR techniques and we have also 
established novel ones for use in LSA within the ADEL defined scenarios. The selection 
of the technique depends mainly on the transmitting power of IU and is separated in two 
phases. 

First, the LU identifies the channels that are idle and selects them for transmission 
to his own users. The proposed detection process offers not only identification of the 
activity of the IU, but also provides spatial knowledge of the transmitting source. 
Moreover, aiming at more spectrum re-use, opportunities for transmission can also be 
found in the occupied channels under certain conditions. In the second phase, the LU is 
able to choose to serve its user, which maximises the SINR and simultaneously causes 
less interference to the IU. This can be met by measuring the SINR’s between the IU and 
the LU and guarantee QoS to both users. 

, )����-����������������	-�	-����������"��
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The main goal of this part is to demonstrate the benefits brought about by the multi-
antenna dimension, allowing for simultaneous shared access in space. 
 

,�� %. �!�"��������
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The architecture of the EUR massive MIMO testbed is reviewed in Figure 26. The PC, 
the PCIe backplane, all the ExpressMIMO2 cards, the cables, as well as the antenna 
array have been delivered to EUR in the course of the project (see Figure 27). Several 
issues were fixed to make the testbed operational. A first bug concerned the clock 
distribution. Initially it was planned to distribute the clock to all the boards through a daisy 
chain, i.e., there is one master board and each board provides a clock signal to the 
neighbouring board through a cable. However, we found a bug in the clock distribution 
circuit of the boards that resulted in a poor clock signal for the last RF chain of the board. 
In order to fix this the clock distribution circuit had to be redesigned and this new design 
does not allow any more daisy-chaining of the clock distribution. In the new design the 
daisy chain has been replaced by two commercial high precision clock distribution circuits 
(ETTUS octoclock). These devices however deliver a clock signal with positive and 
negative pulses, whereas ExpressMIMO2 cards needs positive input clock signal. 
Therefore additional capacitors had to be added to the card to convert the signals. 
Moreover additional cables had to be manufactured. 
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Figure 26 : EUR massive MIMO testbed architecture. 

Another bug was found in the design of the cards when used in TDD mode. After a few 
investigations we realized that the way TDD mode is implemented in the LMS6002D chips 
does not support exploitation of reciprocity. This is because the chip uses two different 
phase locked loops (PLLs) for the transmit and receive path. When the card is in TDD 
mode, PLLs are powered off and on corresponding to whether the chip is transmitting or 
receiving. When the chip is put from Tx to Rx, the Tx PLL is powered off and the Rx PLL 
is powered on, resulting in a random phase shift of the corresponding signal. The UL and 
DL channels seen by the baseband processor are thus related by a random phase shift. 
Moreover these phase shifts are random and independent on all transceiver chains, 
rendering the exploitation of channel reciprocity impossible. 
 

 
Figure 27: Massive MIMO antenna array (left) and ExpressMIMO2 cards (right). 
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After some brainstorming we found a workaround for the problem: we set the card to FDD 
mode with a small frequency offset of fs/4 between Tx and Rx (fs is the sampling 
frequency) and compensate this frequency offset digitally in baseband (see Figure 28). 
This trick avoids the initial problems resulting from the fact that Tx and Rx operate on the 
same frequency in FDD mode. However, this trick also has some drawbacks. First of all, 
we need to use a larger baseband filter to be able to receive a signal shifted by fs=4. This 
requires that the bands adjacent to the used frequency band are unused. Moreover the 
signal will be degraded at the subcarrier that coincides with the DC due to the Local 
Oscillator (LO) leakage (usually the DC subcarrier is not used in systems like LTE or WiFi 
because of that reason). 

 



Figure 28: Emulation of a TDD system using a FDD configuration. 

Another issue was also found with the last batch of ExpressMIMO2 cards: the noise figure 
on the second chain was unacceptably high. The solution was to add additional coaxial 
cables to the card. The OpenAirInterface based massive MIMO prototype(Figure 29) has 
now reached its first version. The parameters of the prototype are summarized in Table 
3. For more details, please refer to http://www.openairinterface.org/?page_id=1760. 
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Figure 29: Open Air Interface Massive MIMO prototype. 

 

 

 
Table 3: Parameters of the Massive MIMO Prototype 

����"����
� 1�����

Number of Antennas 48 

Center Frequency 2.6 GHz 

Bandwidth 5 MHz 

Sampling Rate 7.68MHz 

FFT Size 512 

Number of used subcarriers 300 

Frame Duration 10ms 
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The software architecture is shown in Figure 30. It is mainly composed of two modules: 
the reciprocity calibration module implemented in Octave and the OAI real time LTE soft-
modem module implemented in C. When the prototype is initialized, we perform a 
reciprocity calibration in octave and store the parameters in a file. The OAI LTE soft-
modem can then read this file to obtain the DL CSIT using instantaneously estimated UL 
channel information. Another similar calibration file is stored in .mat file, based on which 
we can also perform Octave beamforming to illustrate easily the beamforming gain based 
on reciprocity calibration. For all the results presented here, the beamforming coefficients 
are generated in octave. 
 

 
Figure 30: Open Air Interface Massive MIMO software architecture. 

,���� !�"��!�����
�
To demonstrate the benefits brought about by the multi-antenna dimension, allowing for 
simultaneous shared access in space, we consider simultaneous transmission from the 
incumbent and licensee BS. The demo scenario is illustrated in Figure 31. In the massive 
MIMO set up, the two base BS units consist of 23 antennas each and the two UEs have 
one antenna each. Thus, 48 antennas of the massive MIMO antenna array are used to 
mimic two BSs as well as the two UEs.  We also consider a non-massive scenario with 
each BS having only 3 antennas. Various beamforming approaches are considered 
based on the extent of cooperation amongst the incumbent and the licensee BSs and the 
resulting SINR at each UE is measured.  The demo exploits channel reciprocity to derive 
the DL beamformer weights based on the UL channel/covariance estimates. Hence, when 
the prototype is initialized, we perform a reciprocity calibration and store the parameters 
in a file. Subsequently, this file is read to derive the DL CSIT using instantaneously 
estimated UL channel information. 

 
 



Deliverable D6.3 – ADEL Testbed Trials  15-12-2016 
 

ADEL ICT - 619647  Page 42 of 54 
 

 
Figure 31: Organization of the LSA proof of concept demonstration. 

,�� �������*"�!�����
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The symmetry of the electromagnetic propagation channel w.r.t. the exchange of the roles 
of the transmitter and receiver, or reciprocity, is often cited in the literature as a convenient 
way to obtain channel state information at the transmitter (CSIT) without requiring a 
feedback link. Indeed, in systems where the channel is used in both directions using a 
time-division duplexing scheme, the channel estimates obtained from the received signals 
can theoretically be used to infer the state of the channel during a subsequent 
transmission, provided that the channel does not change too fast. However, this 
symmetry is in practice disturbed by the characteristics of the radio-frequency (RF) 
circuitry of the transmitter and receiver. Indeed, the channel representation which is used 
typically by digital signal processors in communication applications is a combination of 
the characteristics of the digital-to-analog converters and power amplifiers at the transmit 
side, the antennas on both transmit and receive sides, the electromagnetic channel itself, 
and the characteristics of the low-noise amplifier and analog-to-digital converters at the 
receive side. Although the electromagnetic channel between the antennas is 
demonstrably reciprocal, the RF circuits on both sides are usually not identical. This 
indicates that exchanging the roles of the transmitter and the receiver would actually 
affect the channel measured by the digital signal processing algorithms.  
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More precisely, consider Figure 32. The reciprocal part is the propagation channel @, 
which starts from the point at the Tx side where the Tx RF and the Rx RF connect to the 
antenna(s). This connection point is indicated in the figure as a circulator, which is one 
possible way of connecting. The reciprocal @ continues till the similar connection point of 
Tx and Rx RF units at the Rx side. The propagation channel transfer function is identical 
in both directions. In the multiple-input multiple-output (MIMO) case, the channel transfer 
function from the multiple Tx antennas to the multiple Rx antennas is a matrix and 
interchanging the roles of inputs and outputs leads to a transpose of the channel matrix 
@A. 

In digital communications, the channel gets estimated from the digital domain before the 
DAC converter at the Tx side to the digital domain after the ADC converter at the Rx side. 
Hence the digital channel BCDEfrom side A to side B is the cascade of the transfer function 
FC of the converter and RF parts of the Tx chain of side A, the propagation channel @ and 
the transfer function GE  of the RF and converter parts of the Rx chain of side B. We get 
a similar cascade for BEDC in the reverse direction, which allows us to write 

BCDE �	GE	@	FC	 

BEDC �	GC	@A	FE 

	 Eliminating @  between these two equations yields BCDE �	HE	BEDC
A 	HC , where 	

HC � 	GCIAFC	  and HE �	GEIAFE	&	 Whereas GC	 and FC are absolute calibration factors, 
between a channel response in the digital domain and the actual propagation channel, 
the factor HC  is a relative calibration factor, between channel responses in the digital 
domain for both directions. Note that HC only depends on the Tx and Rx chains at unit J.  
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Figure 32: Block diagram of a multiple antenna system, showing MIMO propagation and digital channels, and 
RF transfer functions. 

 

In our prototype, we use the calibration algorithm as was proposed in (Shepard2012). 
One of the key contributions of this work was to show that the relative calibration may be 
performed internally at the BS without the need for an external UE. This is referred to as 
internal calibration. It corresponds to using a subset of the BS antennas as UE(s). As 
usual, transmission and reception RF chain asymmetry are modelled by scalar (per 
antenna) coefficients and RF crosstalk or mutual coupling (between antennas) are 
ignored. I.e., the transfer functions KL	and MN  are modelled to be diagonal matrices. 
Hence, OL �	KL

I�MN	 also becomes a diagonal matrix. The internal calibration principle is 
mainly based on two important observations on an antenna array where a reference 
antenna is chosen 

·  Firstly, if we know the calibration coefficient between a radio element and a 
reference antenna as well as that between the reference antenna (say antenna 1) 
and the UE terminal, we can derive the calibration coefficient between that radio 
element and the UE. 

P�DQR � 	P�D
	P
DQR 
·  Secondly, absolute accurate downlink channel estimation information (CSI) is 

unnecessary and as long as the ambiguity of multiplicative factor stays the same 
for all base station antennas, multi-user beamforming will still result in the same 
beam pattern. Thus the calibration coefficient between the reference antenna and 
the terminal 	P
DQR can be set to 1. 

The calibration procedure in the Argos system thus uses a bidirectional transmission 
between the reference antenna and other antennas to derive their relative calibration 
coefficients.  The calibration coefficients P� 	are obtained as follows, 

P� � 	
S�D


S
D�
	 

However, this method is sensitive to the position of the reference antenna which can 
result in significant channel amplitude difference for antennas close to the reference 
antenna and those far away. These estimates are averaged across different realizations 
of the channel for better estimation accuracy. Thus, we assume that the variation in the 
calibration parameters is much slower than the temporal variation in the channel.  
 

,���� 
*�������
��"������
To perform beamforming using channel reciprocity, the UL channel has to be estimated. 
It is advantageous to estimate the channel in the UL, as a single pilot transmission from 
the UE can provide the channel estimate for all the BS antennas. This is particularly 
important for a massive MIMO scenario where a large number of channel estimates have 
to be computed.  
 
The instantaneous UL channel estimation is based on UL pilots. In our demo, we assume 
all the useful (non guard band) subcarriers as pilots in the UL. The quality of the channel 
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estimates are further improved by exploiting the limited time domain spread of the channel 
taps. An example plot of the time domain channel taps is given in Figure 33. To improve 
the estimation accuracy, we choose only the strongest taps in the time domain, leaving 
out the taps that are below the noise level.  

 

 
 

Figure 33: Example plot for the channel taps in the time domain. 

 

,���� 3�����*��+��
�

#������ $�%����	&�'��	!"����������	�$&! 	
The beamforming weights used are the complex conjugate of the channel estimated. The 
intent here is to maximise the power required at the desired UE, without consideration for 
the interference introduced. Let T;U and T.U correspond to the DL and UL channels from 
the direct link UE. The beamforming weights are obtained as, 

VW'X � TYZ
�  

#������ (
"�	��")���	*�	�(�	*� 	
The beamforming weights are derived so as to null out the interference caused to the 
non-direct link UE.  
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The MMSE BF does a judicious mix between maximising the signal power to the direct 
link UE and minimizing the interference caused. Let D be a diagonal matrix containing 
the calibration parameters across the BS antennas for this subcarrier, such that 

TYZ � [	T\Z	 
Then, the DL MMSE estimator V]]^R

_` 	is given by   
V]]^R

_` � T;Ua 	Kbb�;U
I
 � 	T.Ua 	[a	c[K���\Z[ad

I

�	T.Ua ebb�.UI
 [I
	 

where Kbb�.Ucorresponds to the covariance matrix of the combined received data from 
both the UEs at the BS. As the covariance matrix is large in Massive MIMO, sufficient 
averaging is required for a sample covariance to become a good estimate of the true 
covariance matrix. In particular, the averaging requirement grows linearly with the size 
of the BS antenna array. Observing that the channel delay spread is small (perhaps 
limited to a single tap), and assuming tight clock synchronization across the different BS 
antennas, we observe the following. The frequency domain received vectors on the 
different subcarriers are just phase rotated versions of each other. This implies that the 
Kbb observed on every subcarrier must be the same. With this observation, we average 
the Kbb across the subcarriers to improve the covariance matrix estimation accuracy.  

,����  �
���
�
We now measure the SINR/SNR seen by the UEs under different scenarios.  Every 
scenario is evaluated for a Massive MIMO BS with each BS having 23 antennas and for 
a non-Massive scenario where each BS has 3 antennas. 

#���-�� �)
��"��	
	�	
Figure 34 and Figure 35 consider a single UE scenario where MRT is used for 
beamforming. The “ideal” curve corresponds to SNR obtained if the instantaneous DL 
channel is used for DL beamforming. “calib” refers to deriving the DL CSIT based on the 
UL channel estimation done by the BS and calibration. “no calib” refers to the naïve 
approach of directly using the UL channel estimates to derive the DL beamforming 
weights without calibration. The near 15dB gain for the massive MIMO scenario when 
using the reciprocity parameters clearly shows the significance of performing antenna 
calibration. In Figure 34, we observe a slightly better SNR for the “calib” curve as the UL 
channel estimates have better estimation accuracy than the DL estimates. Figure 36: 
Separate Signal and Noise power at the receive UE for the MRT beamformer for the 
scenario in Figure 34 shows the separate signal and noise power when MRT is done 
based on the ideal DL channel estimates. The noise levels are clearly higher in the 
positive subcarriers of the OFDM symbol. This clarifies that the non-uniformity in the SNR 
arises from the noise characteristics of the radio card. Also noticeable is the performance 
loss on subcarrier index 278 due to the TDD-FDD hack mentioned in section 8.1.1 (DC 
subcarrier). 
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Figure 34: Single UE MRT beamformer analysis showing the need for reciprocity calibration for BS having 23 

antennas. 

 

 
Figure 35: Single UE MRT beamformer analysis showing the need for reciprocity calibration for BS having 3 

antennas. 
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Figure 36: Separate Signal and Noise power at the receive UE for the MRT beamformer for the scenario in 

Figure 34. 

#���-�� �)
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Figure 37 and Figure 38  show the BF gain of MRT compared to using an omnidirectional 
antenna transmitting at the same total power. 

 
Figure 37: Single UE beamformer analysis showing the SNR gain due to 23 BS antennas compared to an 

omni-directional antenna. 
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Figure 38: Single UE beamformer analysis showing the SNR gain due to 3 BS antennas compared to an 

omni-directional antenna. 

#���-�� �)
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Figure 39 and Figure 40 show the need to perform reciprocity calibration under an 
interference channel where ZF beamforming is used. This assumes that the UL channel 
of the interfering links can be estimated by the BS.  Note that in the case of an interfering 
channel, the calibration is more crucial than in the single user non-interfering scenario. 
 

 

 
Figure 39: Beamforming performance with 23 BS antennas in an interference channel showing the need for 

reciprocity calibration. 
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Figure 40: Beamforming performance with 3 BS antennas in an interference channel showing the need for 

reciprocity calibration. 

#���-�- �)
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Figure 41 and Figure 42 show the relative gains of MRT and ZF beamformers 
compared to no beamforming (omnidirectional antenna).   

 
Figure 41: Impact of different beamforming techniques on SINR of an interfering channel for BS with 23 

antennas. 
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Figure 42: Impact of different beamforming techniques on SINR of an interfering channel for BS with 3 

antennas. 

#���-�. �)
��"��	
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In Figure 43 and Figure 44, we explore the use of covariance matrix estimation for the 
interfering links.  The curve “ZF” serves as a reference where the UL channels of the 
interfering links are known, so that the DL ZF beamforming can be done with the help of 
reciprocity calibration. The curve “MMSE_Ryy” is the scenario where the BS computes 
the covariance based on the total received signal from both its direct link UE and the 
interfering UE.  We are limited here by the accuracy of the channel estimation and the 
averaging required for the covariance estimation.  For the massive MIMO BS 
configuration, the averaging requirement for the covariance matrix estimation is very 
stringent as the dimension of the covariance matrix grows proportionally to the number of 
BS antennas. Due to inaccuracy in channel estimation, signal cancellation occurs 
between the channel estimate (in MF) and the channel contribution in Ryy,ul. This is a 
known problem in the “generalized side lobe canceller” set-up and a known solution in 
this context is the subtraction of the desired signal before computing the covariance 
matrix. In addition, in our prototype, there is non-zero delay across the different antennas 
of the BS. This would violate the assumption required to average the covariance across 
the subcarriers. The curve “MMSE_Ryy_IntfOnly” corresponds to the scenario where the 
covariance of the transmission from the interfering UE is used for DL MMSE BF along 
with the reciprocity parameters.  This requires an iterative receiver for joint detection, 
channel estimation so that the BS can subtract out the contribution from its own direct link 
UE before computing the covariance matrix. Thus, we observe that the performance of 
“MMSE_Ryy” is much poorer compared to that of the curve “MMSE_Ryy_IntfOnly” for the 
massive MIMO BS.  In the case of the BS with 3 antennas, however, the covariance 
matrix size is much smaller resulting in better approximation of the true value. In addition, 
the 3 BS antennas were chosen to have approximately the same delay across the 
antennas (this is easier to ensure for a smaller antenna size compared to a bigger one). 
Thus, we see that for the smaller number of BS antennas, the DL MMSE beamformer is 
quite effective. In this particular scenario, it is better than the ZF estimate as the true 



Deliverable D6.3 – ADEL Testbed Trials  15-12-2016 
 

ADEL ICT - 619647  Page 52 of 54 
 

channel is very close to a single tap channel.  The averaging across the subcarriers is 
very well suited for this scenario and hence performs better than the ZF BF which uses 
time domain based channel estimation. 
 
  

 
Figure 43: Comparison of performance with full CSIT of the interfering links and only covariance information 

on cross links for BS with 23 antennas. 

 
Figure 44: Comparison of performance with full CSIT of the interfering links and only covariance information 

on cross links for BS with 3 antennas. 

 
The covariance matrix Kbb has the form SSa 
 f	 , where S refers to a 2xN_BS channel 
where N_BS refers to the number of antennas at the BS. The 2 comes from the incumbent 
and licensee UE. It is thus illustrative to look at the Eigen value distribution of the 
covariance matrix for the 23 antenna BS array that is given in Figure 45. As expected, the 
plot “MMSE_Ryy_IntfOnly” shows one large Eigen value contribution from the interferer. 
The curve “MMSE_Ryy” shows two large Eigen value contributions, one from the 
interferer and the other from the direct link. 
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Figure 45: Eigen value distribution of UL covariance matrix for the BS with 23 antennas. 
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LSA cooperation allows synchronization, estimation of direct and cross  
link channels, and hence implements optimal BF (such as ZF at high SNR).  
Traditional cognitive radio forces blind estimation of cross link channels.Plus, one is 
forced to do ZF to the primary system because it is difficult to guess the impact of 
interference to the primary system. In LSA, the BF can be optimized beyond ZF, 
depending on relative link strengths, multiantenna channel subspace orientations, target 
rate, rate priority etc. 
  



Deliverable D6.3 – ADEL Testbed Trials  15-12-2016 
 

ADEL ICT - 619647  Page 54 of 54 
 

 

4 
�����
���
��
In this work we have experimented with standard CR techniques and we have also 
established novel ones for use in LSA within the ADEL defined scenarios. The selection 
of the technique depends mainly on the transmitting power of IU and is separated in two 
phases. In a first phase, licensees can sense the incumbent activity and transmit in the 
activity holes. As a byproduct of the sensing a spatial map is obtained of the incumbent 
activity. In a second phase, more SINR information is exchanged cooperatively, allowing 
licensee systems to maximize their rates while simultaneously minimizing the impact on 
incumbent systems. 

The Spatial LSA proof of concept demonstration shows that multiple antennas can permit 
incumbent and licensee systems to coexist simultaneously. The Time Division Duplex 
(TDD) mode, which is coincidentally the main mode envisaged for Massive MIMO and 
cellular 5G,  largely facilitates this coexistence due to the possible exploitation of channel 
reciprocity. Modern procedures of internal calibration allow the infrequent identification of 
the reciprocity calibration parameters to be performed without cooperation from other 
nodes. The proof of concept also shows that various levels of LSA cooperation are 
possible in order to identify the interfering intercell link channels. In particular semiblind 
techniques which require only intracell channel estimation have shown great potential. In 
the Massive MIMO setting however, there is room to improve the covariance matrix 
estimation, which could be accomplished by exploiting more structured channel 
covariance models. Also very precise estimation of the calibration factors appears to be 
a requirement, and is not that easy to obtain. The experiments have also shown that i.i.d. 
channel models may not be applicable and that the resulting channel hardening may 
depend on the environment. Nevertheless, Massive MIMO with appropriate transmission 
techniques shows great potential for substantial increase in throughput and other 
performance indicators. 


