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Abstract

This deliverable presents a comprehensive overview of the algorithms for distrib-
uted channel/system state identification, relay coding and cloud self-organisation,
refined after their successful implementation in HW/SLS demonstrators. Advanced
techniques for cloud network processing are also discussed as prosiming solutions
for cloud network evolution in perspective.
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Executive summary

Cloud network processing involves the set of processing steps that are carried out within
the cloud to guarantee that it can be regarded as an independent and self-contained en-
tity. All partners have been involved to act complementarily with regard to demonstra-
tion activities in WP5 and synergically for the node capabilities defined in WP4, using
the scenarios defined in WP2 for designing and assessing the performance of cloud net-
work processing techniques.

This report is the final deliverable focused on advanced scenarios of cloud network pro-
cessing where algorithms have been designed by taking into account the limits, spe-
cifications and practical requirements that have been provided as feedback from the
experimental activities undertaken in WP5.

The deliverable includes:

« a comprehensive overview of the cloud network processing methods refined after
their successful implementations in HW/SLS demonstrators;

« novel algorithms for cloud network processing that are too complex (or not timely
for the DIWINE timeframe) for demonstration at present, but are promising can-
didate solutions for future cloud networks.
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DF Decode-and-Forward

DLA Distributed Learning Algorithm
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D-MLE-AE Distributed-Maximum-Likelihood Estimation with Accuracy Exchange
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1 Introduction

WP3 covers the cloud organisation in terms of self-organisation, cooperative processing,
coding and interference mitigation. Deliverable D3.03 summarises the activities carried
out on advanced cloud network processing during the last two years of the DIWINE
project. The report summarises not only some experimenting activity that fed back the
guidelines for further theoretical advances, but also all the cloud processing techniques
that have been designed and experimented for distributed channel/system state identi-
fication, relay coding and cloud self-organisation. The algorithms were designed taking
into account the specifications, practical constraints, limits and pitfalls raised during the
cooperation in demonstration scenario setup of WP5.

Activities of D3.03 are mainly addressing two objectives: (i) optimisation and perform-
ance assessment of the processing algorithms that have been transferred to the HW/SLS
demonstrators for validation and tuning (this activity was in close interaction with WP5);
(ii) investigation of theoretical aspects and advanced methodologies that are of strategic
importance for advancing the know-how in the DIWINE context, though not ready at
this stage of the research for implementation into the DIWINE demonstrator platforms.

1.1 Summary and structure of the report

The report is organised as follows. Chapter 2 presents the distributed algorithms de-
signed for the estimation of the key parameters of the network state that are needed
to set up the cloud functionalities, namely the timing-frequency offset for network syn-
chronisation, the channel/interference state information and the cloud network topology.
Chapter 3 discusses the techniques for physical network coding operations, and par-
ticularly algorithms for improving the energy efficiency of Quantise-Map-and-Forward
(QMF) relaying, for relay node selection and physical layer security. Advanced meth-
ods for cloud self-organisation are in Chapter 4, addressing distributed algorithms for
intra-cloud resource management, distributed learning of information needed for phys-
ical network coding and self-selection of coding parameters.

The technical contributions from Deliverable D3.02 have been successfully implemented
and validated into the HW/SLS demonstrators over the last two years providing import-
ant feedbacks for algorithm advances or refinements. Namely, the distributed consensus-
based algorithm for time-frequency synchronisation of the cloud nodes (Section 2.2) has
been successfully transferred into the USRP-based Smart Meter Network (SMN) demon-
strator (see D5.42 [1] for further practical details), with several cross-feedbacks between

DIWINE D3.03



14 1 Introduction

theoretical developments and practical setup (Section 2.1). The distributed consensus-
based algorithm for interference sensing (Section 2.4) has been implemented and it is part
of the functionalities of the Critical Industrial Monitoring and Control (CIMC) demon-
strator (see D5.52 [2]). The adaptive energy-efficient scheme for QMF relaying (Sec-
tion 3.1) has been partially implemented by means of the USRP hardware platforms used
for the SMN demonstrator (see D5.42). The advanced distributed learning algorithm
(Section 4.2 [1]) was successfully transferred into the SMN demonstrator (see D5.42 [1]).
Finally, the proposed approach for self-selection of the physical network coding function
has been implemented in the system level simulator (SLS) (see D5.33 [3]).

Technical contents are summarised below for each section, highlighting the contribu-
tions that have been transferred into the HW/SLS demonstrators.

Chapter 2: Distributed channel and system state identification
Section 2.1 Distributed time-frequency synchronisation

The distributed nature of cooperative networks results in both Carrier Frequency
Offset (CFO) and timing offset (TO) that degrade the performance of collaborative
communication. Thus, a global synchronisation is mandatory to guarantee the
proper communication and coding among multiple uncoordinated nodes in dense
networks. Within DIWINE a novel method has been proposed a novel method
to perform joint time and frequency synchronisation in presence of large TOs
and CFOs by extending the principle of consensus method to synchronisation;
the method has been finalised to the implementation in SMN demonstrator (WP5)
for practical setting validations. The estimation is based on assigning to all nodes
the same training sequence based on Constant Amplitude Zero AutoCorrelation
(CAZAC) sequences, that is properly arranged to decouple CFO from TO in symbol
and frame synchronisation. The synchronisation is based on weighted consensus
algorithm to reach synchronisation in a connected network by exploiting the un-
coordinated superposition (or collision) of the waveforms from all transmitting
nodes used as an ensemble of reference timing for synchronisation. In the real-
istic scenario of the SMN demonstrator, half duplex constraint represents a limit
in synchronisation as each device can only transmit its synchronisation frames,
or receive (and update) the synchronisation from the other nodes. It is part of the
research to investigate a duplex scheduling as the trade-off between the time alloc-
ated to transmit or receive in dense cooperative networks. The analytical model
shows that to maximise the convergence of timing and frequency synchronisa-
tion the duplex scheduling can be random and independent on each node, with
probability of transmission p < 0.5. Thus, time and frequency synchronisation
is guaranteed in multi-node interference scenario without the need to assign to
every node an independent CAZAC sequence, and thus without any coordination
in a random duplexing with p < 0.5.

D3.03 DIWINE
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Section 2.2 Synchronisation algorithm evaluation

This section presents hardware validation of the proposed distributed synchronisa-
tion algorithm. All transmitting nodes send the same synchronisation frames, and
the synchronisation configuration is estimated from these superimposed wave-
forms. This method greatly simplifies the CFO and TO estimation procedure when
implemented in the SMN demonstrator (WP5). A real-time algorithm is imple-
mented on Software Defined Radios (SDR), and is tested in various configurations
to investigate the tracking and accuracy abilities compared to the theoretical de-
velopments (Section 2.1). The hardware tests verified the algorithm as a suitable
candidate for synchronisation in dense networks, with accurate estimation of the
timing and frequency offsets of the transmitting nodes. Its ability to decouple the
estimations was also demonstrated with experiments.

Section 2.3 Assessment of distributed algorithms for channel estimation and
network localisation

In this section distributed consensus for self-learning of the cloud topology has
been extended to joint node-to-node measurements of the average power gain and
the degree of temporal fading, namely the mean and the variance of the received
signal strength (RSS). These two RSS moments were proved to be (on average) lin-
early related to the log-distance between the cloud nodes, see Deliverable D3.02
[4]. The RSS statistics, modelled according to the stochastic propagation model
developed in WP2, are characterised by some unknown environment-dependent
features, common to all the cloud nodes, which are cooperatively estimated during
a cloud network calibration procedure before proceeding with the self-learning of
the cloud network geographical topology. The extended method has been tested
on real channel data collected by IEEE 802.15.4 devices. Performance analysis was
carried out in terms of convergence speed, error at convergence and communic-
ation overhead for network calibration and localisation using both experimental
and simulated data.

Section 2.4 Distributed interference sensing and coordination for cloud schedul-
ing

The problem of distributed spectrum sensing is analysed in a scenario where mul-
tiple cloud networks, deployed in close proximity, need to self-coordinate their
access to a set of shared time-frequency resources so as to minimise the mutual in-
terference. In a simplified setting with two coexisting networks, the devices of the
sensing cloud (secondary users, SUs) exchange local spectrum estimates to cooper-
atively recognise and track the overall time-varying interference patterns caused
by the devices of the other pre-existing cloud network (primary users, PUs). PUs
are assumed to perform a periodic transmission over predefined (but unknown
to the SUs) time-frequency hopped resources. Cooperation between the SUs is
crucial to detect the complete interference pattern of the primary network. The
weighted consensus algorithm developed in D3.02 [4] is here combined with an
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16 1 Introduction

iterative decision-directed procedure for distributed detection of the PU spectrum
occupancy. The distributed approach is shown to provide the estimate of the com-
plete interference pattern to each SU regardless of the incomplete visibility at each
node. The method has been validated by experimental tests on unlicensed 2.4 GHz
spectrum sharing, within the CIMC demonstrator, as detailed in D5.52 [2].

Chapter 3: Relay processing and coding
Section 3.1 Adaptive energy efficient scheme for QMF relaying

In point-to-point communication systems, physical layer abstraction techniques
can be readily used to quantify the performance and adapt the parameters. Since
such abstraction has not been clearly defined for cooperative schemes such as
QMF, we propose a heuristic method based on a combination of adaptive blind
policy and cyclic redundancy check coding. Following the proposed method, we
demonstrate how the QMF relay node can adapt its communication parameters.
It is shown that the proposed technique can considerably improve the energy effi-
ciency of the relay node and at the same time provide good performance gains. The
technique has been partially implemented by means of USRP hardware platform.

Section 3.2 Relay selection in cloud networks

In this section, we present our current research progress on relay selection in cloud
networks. Relay selection is regarded as one of the most promising technologies
for use in future cellular networks, especially super dense cloud networks. There
are two commonly used selection schemes, i.e. bulk selection and per-subcarrier
selection. However, the performance of the former is too poor to satisfy the in-
creasingly high requirements of cloud networks, while the latter strategy normally
requires too many relays in one transmission interval. Therefore, we propose a
joint selection scheme combining the characteristics of both and prove its priority
over both in small-scale networks. Meanwhile, we compare the performance of
these three selection schemes in super dense cloud networks and it is shown that
bulk selection is preferable to the other two, because of the selection contention
phenomenon. Three types of relays, i.e. Decode-and-Forward (DF), Fixed-Gain
(FG) Amplify-and-Forward (AF) and Variable-Gain (VG) AF are employed when
comparing the performance. Also, a variable termed bulk gain factor is defined
and used as a powerful tool to analyse different relay selection schemes in super
dense cloud networks.

Section 3.3 Degradedness of fast fading Gaussian multiple-antenna wiretap chan-
nels with statistical CSIT

The characterisation of secrecy capacities of Gaussian wiretap channels depends
on the knowledge of Channel State Information at the Transmitter (CSIT). When
there is only statistical CSIT, the secrecy capacity is unknown in general. In this
section we investigate the relation between the usual multivariate stochastic order
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and the degradedness among the legitimate receiver’s and eavesdropper’s chan-
nels under fast fading with only statistical CSIT. The considered transmitter has
multiple antennas and the legitimate receiver and the eavesdropper both have mul-
tiple antennas. Based on the technique of coupling we derive criteria to check the
degradedness of the fast fading Gaussian wiretap channel including some com-
monly used channel models even there is only statistical CSIT. We illustrate one
example of a Rician 2 x 2 x 2 channel where the ergodic secrecy capacity can be
derived under different K-factors.

Chapter 4: Cloud self organisation

Section 4.1 Cloud resource scheduling by distributed interference coordination

We consider a cloud scenario where multiple node-to-node links coexist on the
same spectrum and have to coordinate to self-adapt their Time-Frequency (TF) al-
location based on distributed interference detection. This context addresses the
IoT or any Device-to-Device (D2D) communication, and it is crucial to design a
radio resource management system that allocates the TF resources to the links
in a distributed way, i.e. without any centralised coordination, so as to guaran-
tee the Quality of Service (QoS), particularly in heterogeneous traffic conditions.
Interference-aware resource allocation has the capability to adapt the resource
management to a context where multiple links coexist in the same spectrum. In
this section, a distributed scheduling approach is proposed where each node-to-
node link reacts to the locally sensed interference by self-adapting its own TF al-
location. Each node autonomously trades the QoS request in term of packet service
with the resource availability by inflating/deflating the spectrum allocation based
on the sensed interference level. The change of the interference pattern perceived
in turn by other links serves as inter-link signalling of the need/release of TF re-
sources. Each node optimises the allocation by iterated local adjustments, till an
equilibrium with the other links is reached. The section shows that, in perspective,
the proposed scheduling algorithm is able to maximise the total throughput in a
fully distributed way, arranging efficiently the radio resources over the TF domain
so as to satisfy the QoS requirements for each node.

Section 4.2 Distributed learning process for HNC selection — Advanced scen-
arios

An extension of distributed learning algorithm (DLA) towards more complex net-
works and scenarios is shown. It includes optional additional channel related util-
ity function — based on the symbol error rate — which is used for local decision
making. The advanced DLA was successfully transferred to WP5 for demonstra-
tion. In depth implementation details are provided in D5.42 [1].
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Section 4.3 Non-cooperating relays

This section focuses on relays that do not fully follow the idea of the cloud concept.
A scenario with intentionally malicious relay is analysed first. Second, we assume
a scenario where a relay node starts to behave over-selfish for example because
of emptying battery. For both of the scenarios we provide a game theoretic ana-
lysis, show equilibria existence and suitable utility function. Both scenarios are
far advanced to be shown by the demonstrator now.

Section 4.4 Self-selection of physical layer network coding parameters

Compute-and-Forward (C&F) is an important relaying technique with good poten-
tial for implementing physical layer network coding in dense relay networks such
as the DIWINE cloud. However it requires the choice of coefficients at relays. In
this section, C&F relaying in a multi-source multi-relay network is studied. Two
novel algorithms for coefficient selection are proposed, addressing the complexity
of cloud organisation. The algorithms assume (i) no coordination and (ii) partial
coordination between the relay nodes and prove to be near optimal based on ex-
tensive simulations with large number of relay nodes in a cloud.

Section 4.5 Novel approach for computing network coding function in compute-
and-forward

Coefficient selection may require very complex integer optimisation, especially in
dense cloud networks with many nodes. In this section, a novel approach is pro-
posed to determine the integer variables for C&F relaying, making it more prac-
tically feasible to increase efficiency of dense multi-hop wireless networks for the
DIWINE cloud.

Section 4.6 Design for adaptive physical layer network coding over cooperative
relaying

In this section, an approach is described to ensure that each relay can choose a non-
singular Physical layer Network Coding (PNC) function to overcome all the sin-
gular fade states, and that the destination can unambiguously recover the source
messages. The proposed design is divided into an off-line search algorithm which
could find a small number of best efficient coefficient matrices, and an on-line
search algorithm which determines the optimal full rank mapping matrix for each
tading state. The off-line search greatly reduces the computation complexity of
the on-line search algorithm with a small performance loss. The whole system is
suited to conventional modulation schemes whose cardinality is a power of 2, and
in which binary constellation labels can be used, which is preferable from the point
of view of engineering implementation. This approach has been implemented in
the SLS, and is described in D5.33 [3].
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2 Distributed channel and system state identification

2.1 Distributed time-frequency synchronisation

The wireless cloud network (WCN) accounted in DIWINE comprises nodes scattered in
a bounded area. Moreover, nodes are coupled with neighbours within a connectivity
radius that depends on nodes’ transmission power and receiver sensitivity, as well as
propagation settings. To enable the global synchronisation of the network to guarantee
the proper coding and communication with self-coordination, a distributed algorithm for
timing/frequency synchronisation is necessary. Timing offset (TO) is caused by propaga-
tion delay (here neglected) and timing misalignment due to the initial arbitrary phase
of each node, whilst carrier frequency offset (CFO) is caused by the oscillator frequency
mismatch, and possibly Doppler effect (here neglected).

A preliminary study about the usage of constant amplitude zero autocorrelation (CAZAC)
sequence as synchronisation symbol was developed in D3.02. Here, it is proposed a new
synchronisation frame structure based on two consecutive CAZAC sequences that al-
lows to decouple the coupling effect between TO and CFO [5]. Furthermore, a modified
distributed phase locked loop (D-PLL) has been studied to achieve the convergence of
the network by exchanging between nodes the same signature. The proposed distributed
synchronisation algorithm allows scalability of the network and reduces computational
complexity in comparison with conventional synchronisation methods. A realistic half-
duplex constrain scenario has been studied during the project and an optimum solution
that maximise the convergence of the network synchronisation has been developed.

2.1.1 General synchronisation system model

The uncoordinated network considered here is composed of K fully connected nodes
without any time and frequency master clock reference, where each node has local
clock based on carrier oscillator that runs independently before synchronisation. We
consider that the network employs OFDM modulation scheme for communication with
N sub-carriers, sub-carrier spacing f; and sampling rate F; = N f,. To enable the global
synchronisation of the network, nodes exchange the same training sequence that, once
synchronised, superimpose and collide one another without any impairment for the
synchronisation. For the k-th node, the local (clock) time t;[n] and carrier (oscillator)
instantaneous phase 1 [n] are modelled by a discrete reference time n as

tk[n} = nTk —I— Tk,

¢k [n} = ¢k + 27Tfkn, (2.1)
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20 2 Distributed channel and system state identification

where T}, is the local period, 7 is the timing in samples, fj is the carrier (oscillator)
frequency and ¢y, is its phase. We assume (to simplify) that nodes are frame synchronous,
that is all clocks share the same period 7} = --- =T, = - -- = Tk. Time is discretised
into synchronisation steps, e.g. super-frame period, within the n-th time each node can
either listen or transmit a packet, but not both (half-duplex constraint).

Let denote T[n] as a set of transmitting nodes and R|[n| the set of receiving nodes (also
can be defined a set of idle nodes) at time n with T[n|NR[n] = @ and K = |T[n]UR[n]|.
The set of transmitting nodes T[n| broadcast the same preamble sequence distributing
their synchronisation state to nodes R[n|, these nodes R[n| receive a superimposition of
transmitted signals colliding together and update locally the TO and CFO. Elements of
set T[n] and R[n] change dynamically over synchronisation step n in order to let each
node broadcast its synchronisation state or be able to correct its clock/oscillator. The
parameters regarding TO and CFO associated to local clock/oscillator of i-th transmit-
ting node with respect to the reference clock/oscillator can be expressed as 6; = [7;, fi]”.
The transmitted waveform z[m] by every node contains a preamble for synchronisation
that is followed by data payload.

Each node i belonging to the set T[n] transmits the same pilot impaired with its own
TO and CFO that collide with the others at each receiver nodes that are in the neigh-
bourhood. The superimposition of the pilots at the receiver is also impaired with the
TO and CFO of the receiver node k as depicted in Figure 2.1. Therefore, the relative
TO and CFO normalised by sub-carrier spacing f; between the i-th transmitter and k-th
receiver nodes are A7, = 7; — 7, and A f;, = f; — fx, respectively. The m-th sample of
the basedband received signal by k-th node, y;[m], can be represented

yelml = > > hislpla[m|0u] + wiml, (2.2)

i€T[n] p=1

where x[m|6;;] represents the impaired pilot waveform
27
x[m|0;] = exp (jW(Afik)m) x[m — A1), (2.3)

h; [p] is the amplitude of multi-path fading Rayleigh channel between nodes ¢ and k
and is distributed as h; x[p] ~ CN(0, o}[p]). AWGN samples are distributed as w[m| ~
CN(0,02), Ym.

Cross-correlation of the received signal y;[m| with local copy of the training sequence
x[m] at receiver is a statistic sufficient for the estimation of A7, and Af;; that is a
linear combination of all the relative TOs and CFOs errors between receiver node k
and transmitter nodes of T[n]. Distributed synchronisation is the iterative method that
locally corrects the synchronisation state 8, = |7y, fk]T based on the relative error
AB, = [A1,, Afi]T to reach asymptotically a synchronisation status of the network
0y[n] — 0, for n — oo.
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Figure 2.1: Evolution of the frame structure during synchronisation.

2.1.2 Distributed phase locked loop (D-PLL)

All nodes in the network aim at reaching a consensus via local communication with
other nodes based on the estimation of the synchronisation parameters A@j, at n-th
synchronisation step. These parameters are the average difference of timing and carrier
frequency offsets between transmitting nodes, acting as a reference, and the k-th receiver
node. Distributed phase locked loop (D-PLL) is based on extraction of synchronisation
parameters from ensemble of signal y;[m| from the transmitting nodes and generation
of common synchronisation state where each node in the network is correcting itself
through the distributed consensus algorithm. The updating of the distributed consensus
algorithm for the synchronisation problem is [6]

feln +1] = filn] + - Afiln],

Te[n + 1] = 7 [n] + e AT [n], (2.4)

where ¢, and € are the step sizes that depend of the network topology and convergence
needs. The connectivity of the network changes dynamically over time according to the
duplexing schedule that guarantee the convergence of the network (a proposed random
duplex scheduling is detailed in Subsection 2.1.2). To estimate the synchronisation para-
meters AQ;, = [A7y, Afi]”7, it is designed a training sequence that allows to decouple
the coupling effect between TO and CFO. The analysis of preamble design is detailed
below.

2.1.3 Super-frame structure

The selection of CAZAC sequence as synchronisation symbol for HW/SW demonstrat-
ors was investigated in D3.02. The CAZAC sequences have special properties that make
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it possible to perform jointly timing and frequency synchronisation using only one pre-
amble signature for both TO and CFO estimation. To investigate the coupling effect
between TO and CFO, we consider the preamble waveform to be made of one CAZAC
sequence. The m-th complex sample of preamble waveform is given by

z[m] = ¥ for0 <m < N — 1, (2.5)

where N is even and root index u is relatively prime to /V. At the receiver node £, a filter
for detection of preamble and estimation of synchronisation parameters is matched to
x[m]. Therefore, the estimation is based on the cross-correlation of received signal with
x[m]:
N-1
rell] =) yilm + (a[m]. (2.6)

m=0

The cross-correlation in (2.6) provides a coarse estimation of TO and the coupling effect
of TO and single integer CFO [7], so they cannot be separately used for synchronisation.
Namely, the CFO normalised to the sub-carrier spacing can be represented as the sum of
an integer and a fractional part: f = f! + f%. The lag that maximises |r.[¢]| depends of
both fractional and integer part of CFO. In presence of integer CFO f7, given a specific v,
the lag of cross-correlation peak shifts linearly by s samples with a unit shift in f?, this
term adds up to the TO and causes ambiguity. Since shift s depends on the root index u
and the length of sequence N, as N is fixed, the appropriate choice of u is required to
maximise the f! to be estimated and corrected by synchronisation algorithm. Figure 2.2
shows an example of the coupling effect between TO and CFO estimation for u = 3. The
lag of cross-correlation peak shifts s = 21 samples for a relative CFO error of A f;, = 1.
Thus, the choice u = 1 yields the smallest shift (s = 1) and this is adopted for the
design of the synchronisation frame. The use of the same CAZAC sequence for all nodes
requires only one matched filter. Therefore, cross-correlation (2.6) includes the effect of
multiple TOs and CFOs.

The a-power barycenter of the cross-correlations is the metric for determining the TO

and CFO errors:
L Sl
=
> o Irell)]®

The metric is the averaging over lags weighted by the a-power of the absolute value of
the cross-correlation as in (2.7), this metric yields an estimation of average TO and CFO
that are coupled together. For a root index equal to —u, the shifts caused by TOs are
the same while the shift induced by integer CFOs are in opposite direction. So the new
metric based on this root index is represented as A7, — s x A f{. We can take advantage
of this property and introduce a preamble waveform containing two ZC sequences with
root index u and —u. The additional part of preamble waveform requires the receiver
to have one matched filter for the first part, and another for the second part. A block
diagram of the proposed distributed synchronisation method is depicted in Figure 2.3.

= A7, +sx AfL. (2.7)
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Figure 2.2: Coupling effect between TO and CFO estimation for u = 3, integer CFO
A fi. = 0 (blue line) and A f;r = 1 (red line).
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Figure 2.3: Block diagram of the distributed synchronisation method.

Preamble design

The synchronisation frame structure is composed by two consecutive CAZAC sequences
with the same root index but opposite chirp sweep as this structure guarantees joint TO
and CFO synchronisation. Figure 2.4 depicts the super-frame (considered in DIWINE)
based on the synchronisation frame as preamble, followed by payload. The m-th sample
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Figure 2.4: DIWNE super-frame structure.
of this synchronisation frame is
im) el Frum? 0<m<N -1, 2.8)
x|m| = o .
e Inum=N?* N < < 2N — 1,

Considering the received waveform in (2.2), two cross-correlation with the local copy
of the CAZAC sequence should be carried out at each receiver node k. The cross-
correlation 7y 1 [¢] and 74 2[¢] can be represented as

N—-1

reall] = yp[m + eI N (2.92)
m=0
N—-1

reoll] =Y yelm + (el v (2.9b)
m=0

The barycenter of both cross-correlation are used as a metric for TO and CFO estimation:

PO SR (o4
k1

Soolreall)le
dyo = 2o U el d]]” (2.10)
DS Ul

The metrics are associated to each cross-correlation in (2.9a) and (2.9b), Figure 2.5 shows
the histograms of d, ; and dj, ;. The value of the metric change due to the TO and CFO
simultaneously. The estimation of TO and integer CFO relative errors are based on (2.10).

2.1.4 Synchronisation error estimation

Both timing and frequency synchronisation are usually performed in two phases: coarse
and fine estimation. Coarse TO estimation generates an initial estimate of the starting
point of the frame while fine timing improves the estimate by eliminating the effect of
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Figure 2.5: Histograms of metrics cZkJ (solid line) and cik,l (dashed line) vs.
synchronisation-steps: n = 1, n = 5 and n = 30 for K = 10 nodes
and N = 64 with uniform initialisation (n = 0).

coupling f7 and it gives the true starting point. Similarly, coarse frequency synchronisa-
tion provides a rough CFO estimate while fine frequency synchronisation estimates the
fractional CFO fF'.

Joint TO and integer CFO estimation

The TO can be estimated by using (2.9a) and (2.9b). According to the fact that the re-
ceived signal used to extract the synchronisation information is the superimposition of
multiple waveforms, and it has the TO and CFO contributions of all transmitting nodes,
TO estimation in typical receiver node k is a combination of all the TOs and CFOs contri-
butions. Hence, the two metrics in (2.10) can be paired with synchronisation mismatches
as

dey = A1+ 5 X AfL (2.11a)
dys = N+ Ar, — s x AfL. (2.11b)

Thus, both metrics (2.11a) and (2.11b) yield the TO and CFO estimation error. For A f/ =
0, the difference between two metric is N. On the other hand for A f7 different from zero
the distance between them is CZk’Q - fjk,l = N — 25 x Af7 (see Figure 2.5), where shift
s associated with specific root index u. The joint CFO and TO estimation at k-th node
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with respect to all the transmitter are

—dp, — N

Afl = 2’8“ . (2.12a)
dpo +des — N

Ar, = 2 2’“’1 . (2.12b)

Both (2.12a) and (2.12b) are individually used for timing and carrier frequency synchron-
isation.

Fractional CFO estimation

The fractional CFO estimate A f/" and correction takes place after TO and integer CFO
synchronisation has reached a convergence, or a steady-state behaviour such that A7, ~
0 and Af] ~ 0. In this situation, multiple peaks have narrowed down to a single peak
in each of the cross-correlation ry, ;[¢] and 7, 5[¢] and A f{" estimation can be performed
by linear regression between the residual phase components of two peaks spaced apart
by N samples. Since the two estimates dkl and dk 2 from (2.10) are not integer, the
cross-correlations 7,1 [¢] and ry, »[¢] should be interpolated. A simple and quite accurate
method is the linear interpolation:

k1= (1— A1) Tkl[[czklﬂ + M\ 'Tk,ﬂmk,lﬂ,

3 - . (2.13)

Teo = (1 = A2) - ria[[di2]] + Ao il dr2]],
where \; = czk,l - Ldklj and \y = cikg - LCszJ The fractional CFO is thus estimated
from these interpolated values:

AfF = % (L(Tr2) = £(Tr1)) s (2.14)

where Z(72) and Z(7, 1) are the accumulated residual phase.

The next subsection studies a duplex scheduling strategy based on distributed synchron-
isation algorithm to minimise the convergence time of the synchronisation network.

2.1.5 Duplexing for distributed synchronisation

The aim of duplex scheduling is to guarantee a fast network synchronisation by selecting
the fraction of time each node devotes to transmit or to receive. In a mutually coupled
(MC) scenario, all nodes that are transmitting are acting as an aggregated TO/CFO refer-
ence for the benefit of the receiving nodes to correct their TO and CFO. We prove below
that there is an optimal duplexing equilibrium that maximises the speed of network syn-
chronisation [8].
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Random duplex

In a cooperative network, the distributed synchronisation algorithm can exchange the
synchronisation status in each node by randomly and independently selecting the du-
plexing state as this avoids any coordination. The probabilistic model for the k-th node
is:

Prlk € Tin]] =p

Prlk € Rn]] = 1 — p. (2.15)

Convergence analysis needs to consider the ensemble of nodes as in any distributed
method, and it can be evaluated from the trajectory of the vector containing the timing
and frequency offsets of all nodes defined as 7[n] = [ri[n], -+ ,7x[n]T and fln] =
[fi[n], -+, fx[n]T. At n-th synchronisation step all the receiving nodes in R[n] update
jointly their local synchronisation state according to

fln+1] = (I=¢e/Ln)) fnl,

rn+ 1] = (I1—¢&,L[n]) 7[n), (2.16)

where L[n] is the Laplacian matrix which encompasses the topological aspects of net-
work and it is dependent on the instantaneous partitioning sets T[n] and R[n/|, thus, the

Laplacian matrix of the graph at time n is L|n| = diag{|A1[n]|,- - - , |Ak[n]|} —A[n], the
elements of the adjacency matrix are [A[n]]; , = 1 if the link (¢, k) € E[n|, [A[n]];x =0
otherwise, and |A;[n]] = S_0_ [A[n]]ix is the degree of the i-th node at time n, i.e. the

number of transmitting neighbours from which it receives the superimposed synchron-
isation frames. The connectivity changes over time according to the randomly duplexing
independently from one iteration to the other.

Convergence analysis

The TO dominates the time of convergence of the synchronisation, and consequently
the CFO error is affected by the variations on the TO. Therefore, the analysis of the con-
ditions that minimise the time of convergence for a random duplexing is based on the
conditions that guarantee the TO synchronisation. Derivation in this subsection is un-
der the approximation that the probability density function (pdf) of TO evolution 74[n]
is Gaussian (for central limit) regardless that at initialisation TO 7[0] is uniform, as this
reflects the condition of asynchrony when communications are organised in frames (Fig-
ure 2.1). This assumption is validated numerically by the inspections of the histograms
of 7, [n] vs. iterations n (Figure 2.6). At the n-th iteration of TO synchronisation, the pdf
of the ensemble of K nodes is Gaussian:

me[n] ~ N(7[n],o%n]) fork=1,2,... K, (2.17)

purpose is to evaluate analytically the evolution of 0 [n] vs. iteration to infer the conver-
gence property of TO for varying probability p. To simplify, the graph is assumed fully
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Figure 2.6: Histograms of 73 [n] vs. iterations n = 0, 3, 8, 15, 20 (for K = 20).

connected (all-to-all connectivity) with degree d = K — 1, while orientations depend on
R[n| and T[n] duplex partitioning.

In random duplexing there is a subset of ¢ = |T[n|| nodes labelled as 1,2, ..., ¢ (node
ordering is arbitrary as duplex choice is statistically independent among nodes) and the
remaining K — ¢ = |R[n]| nodes are receiving according to the partition:

T;[nw] = {mn], re[n], ..., 7[nl]}, (2.18)
Pnle] = {realnl, el el
thus, the probability that ¢ nodes act as transmitters is binomial
K
pelt = 30 = () )o(1 - )" (2.19)

The synchronisation update formula applies only to R[n| nodes (k > /), these nodes
update their synchronisation status based on the T[n] nodes with ¢ = |T[n]| (for £ > 1)

me[n + 110] = 1[n] + - (77 [n]€] — 7&[n]), (2.20)

this depends on the driving term 77 [n|¢] = L 3¢ 74[n], that is the mean values of the

— 7
set 77 [n|].

After one step-update there will be all the TO values 7x[n + 1] ~ N(F[n],o?n]) for
k =1,2,...,¢ with the same distribution as these are the set T[n|, and the TO values
of the remaining set R[n| have been updated according to (2.20), and these have a new
conditional pdf: 7i[n + 1|¢] ~ N(7[n + 1{],0%n + 1|]) for k = ¢+ 1,..., K with
moments:

Fin+ 114 = (1 — &,)7[n] + &, E[r" [n|€]] = 7n],

o?[n+ 1[0 = {(1 — &2)%0%(n] + Fo?ln] for(>1 (2.21)

o?[n] for ¢ = 0.
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Figure 2.7: Decreasing rate vs. p for different K (¢, = 0.2).

Since the mean value of every conditional pdf 7[n + 1|¢] is independent on the update
iteration n, the unconditional pdf can be assumed as Gaussian too, 7 [n + 1] ~ N(7[n +
1],0%n+1]) fork = 1,2,..., K. The variance of the unconditional pdf at iteration n+1

is
Pr[¢ =
€

When ¢ = 0 all nodes are on receiving stage (there is no distribution of synchronisation
signals) with Pr[¢ = 0] = (1 — p)X. When ¢ = K all nodes are transmitting (none is
updating) with Pr[¢ = K] = p®. The total variance decreases at each iteration to reach
convergence state (0%[n + 1] < %[n]). Therefore, the decreasing rate is

o*ln+1] = [ o?[n|Pr[l = K]

— (=[R[n]]]

HMN

= |

(2.22)

o?[n + 1|()Pr[¢ = |‘I[n]|]) .

02([;21—[:;]1] =(1-p)* +p*
+ I:Z_;l (é + KT_K [(1 —e )’ %D (I;>pf(1 _ )kt @29

For convergence, the time of convergence is minimised (or the convergence rate is max-
imised) when the decreasing rate (2.23) is minimised. Given K and ., the convergence
rate can be maximised for a choice of the probability Pr[k € T[n]] = p that minim-
ises the total decreasing rate (2.23). Figure 2.7 shows the decreasing rate (2.23) versus
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p for different number of nodes K. For any network configuration K the convergence
time is minimised for p < 0.5, and for a large number of nodes (say K = 40, 100) the
convergence rate is maximised when p < 0.1. Analysis shows that compared to the sym-
metric duplex scheduling (p = 0.5), the state of reception with few nodes transmitting
the synchronisation state should be always privileged to guarantee a fast convergence
to network synchronisation.

2.1.6 Numerical results

The numerical analysis is based on a mutually coupled fully connected network. In a
dense network where ' > 10, all nodes broadcast the same synchronisation waveform
and transmission is simulated in form of frames, where each frame contains the training
waveform (2.8) followed by OFDM symbols for payload. The synchronisation waveform
is a CAZAC sequence with length N = 64 and root-index u = 1. Here, we consider
a = 8 for metrics (2.10). At step n = 0, TO for each node is uniformly distributed as
7[0] ~ UW(—Trmaz, —Timaz) and the CFO is normalised by f; as Gaussian f[0] ~ N(0, f2_.).
The mean square dispersion errors (MSE), M SEro = m > kizk(Th — 7:)% and
MSEcro = m Zk#k(fk — f;)? are the metric used here to measure the accur-
acy of TO and CFO synchronisation.

The coupling effect of TO-CFO is analysed in Figure 2.8 by 2D histogram (gray scale
coding) for 1000 runs of Montecarlo simulation, X = 10 nodes and D-PLL parameters
e; = 0.4 and e; = 0.3. Since duplexing strategy change the behaviour of the synchron-
isation convergence, here it is assumed that nodes act as full duplex (T[n] = R[n]). A
detailed behaviour of the transition vs. synchronisation step n for one run is shown in
upper-left histogram Figure 2.8 for both TO and CFO synchronisation. The TO-CFO
coupled are analysed on the timing and frequency synchronisation by varying the ini-
tial dispersion 74[0] and f;[0]. The behaviour of TO synchronisation (Figure 2.8.a) is
not affected by variations on the CFO. On the other hand, the time of convergence of
CFO synchronisation increases when the dispersion of TO increases as is shown in Fig-
ure 2.8.b due to the coupling effect of TO-CFO.

The RMSE of TO and CFO synchronisation vs. signal-to-noise ratio defined as 02/02
with 02 = N is in Figures 2.9 and 2.10. A master-slave (MS) topology with one node
acting as reference agent for TO and CFO synchronisation is shown as reference. Distrib-
uted synchronisation for dense cooperative network (X = 20, fully connected) achieves
a performance comparable with MS strategy except for degradation of 3 dB on ratio
02/c? on threshold.

Duplex scheduling is evaluated and Figure 2.11 shows in a double scale both TO and
CFO time of convergence for a fully-connected network (all-to-all connectivity) vs. the
transmitting probability p for different number of nodes K and e, = ¢; = 0.2, the
simulated network (dashed lines) and the analytic model (2.23) (solid lines) are analysed.
In spite of the approximations, the decreasing rate (2.23) provides a good prediction of
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Figure 2.9: Root mean square error of TO vs. 02 /o2 for a master-slave topology (lower
bound), a fully connected (circle) for X' = 20 and a ring topology (square) for
K = 40 where the degree of each node is d = 20 nodes.

the time of convergence of TO and confirms that the minimum convergence time is for
duplexing strategy with low transmitting probability p as in Figure 2.7. The CFO reaches
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Figure 2.10: Root mean square error of CFO vs. 02 /o2 for a master-slave topology (lower
bound), a fully connected (circle) for K = 20 and a ring topology (square)
for K’ = 40 where the degree of each node is d = 20 nodes.

a synchronisation status after TO convergence as CFO needs first to let both TO and
integer CFO to converge, and then the fractional CFO can move last steps to global CFO
convergence. The convergence rate of CFO is maximised for the same probability p that
let TO reach its minimum time of convergence. Thus, if the TO time of convergence is
minimised, the CFO time of convergence is minimised too, not only because CFO and TO
synchronisations are sequential (fractional CFO follows the integer CFO that is paired
with TO) but the synchronisation mechanism for CFO (Subsection 2.1.2) is the same as
TO.

The fastest convergence is when network is full-duplex (lower bound), and this is used
for the comparison in Figure 2.12. The dispersion of TO and CFO for full-duplex are com-
pared with the half-duplex nodes for KX = 10 nodes, using a random duplex scheduling
with the optimum probability p = 0.25 to minimise the convergence time. Results in
Figure 2.12 guarantee that optimised duplexing degrades the convergence time of TO
and CFO synchronisation of 30-40% compared to the unrealistic full-duplex.

2.1.7 Conclusions

Joint time and frequency synchronisation scheme for uncoordinated networks with no
reference was designed based on the CAZAC sequences as synchronisation frame that
is the same for all nodes in the network, this makes the algorithm less complex by us-
ing just one correlator filter in receivers. The preamble decouple the effect of CFO on
TO estimation and allow a joint timing and frequency synchronisation with accuracy
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Figure 2.11: Convergence time of TO (left axis) and CFO (right axis) vs. p: simulations
(dashed line) and analytic model (solid line) for different K and e, = ¢y =
0.2.
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Figure 2.12: TO and CFO dispersion error of full-duplex network (lower bound) and op-
timised half-duplex (p = 0.25) vs. iterations for K = 10.

comparable to conventional master-slave synchronisation methods. For a random du-
plex scheduling strategy, it was proved that in a dense network, the minimum time of
convergence can be reached with a lower transmission probability p. The optimum trans-
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mission probability can be estimated by maximising the speed of the timing dispersion
decreasing that depends on the number of nodes or graph connectivity and the conver-
gence parameters ¢, and € 7. The fact that the network reaches a faster convergence with
alower transmission probability has the additional favourable advantage of reducing the
power consumption during synchronisation.

2.2 Synchronisation algorithm evaluation

The experimental validation of the distributed synchronisation algorithm had been im-
plemented in hardware on Ettus USRP N210 SDR hardware [9], with XCVR2450 daughter
boards, programmed using GNU Radio, as part of HW demonstrator in WP5. The USRP
hardware provides a flexible test system with signal bandwidths up to 20 MHz and centre
frequencies between 2.4 and 2.5 GHz. As mentioned before, the fact that all nodes are
assigned the same synchronisation signature reduces the number of required matched
filters making it a suitable candidate for low cost hardware systems. The CFO and TO
estimation and tracking capabilities of the algorithm has been investigated, also by val-
idating whether the decoupled estimation of CFO and TO can be realised in practice
(10].

For the hardware evaluation a centre frequency of 2.48 GHz was used, and the samples
of the preamble were sent out at a rate of 1 MHz. NV was set to equal 64 samples, giving
a preamble length of 128 samples (128 ps duration). The experimental setup aims to
investigate the estimation and tracking abilities of the algorithm, and not the consensus
adaption. As such, the pool of transmitting nodes T[n| will remain constant, and one
receiving node will be used to track and record the estimated CFO and TO from the
superimposed waveforms. Up to three transmitting nodes were used in the experiments
to investigate the super-positioning of preamble from the different transmitting nodes.

To implement the algorithm on hardware, it has been imposed slight modifications. The
first was to interpolate the preamble data, as this eased the sampling of the signals at the
receiver. A linear interpolator was used to increase the sample rate 1 : 4, thus the actual
sample rate of the USRPs was 4 Msample/s. The receiver was set to capture and process
a window of samples ten times the length of the preamble, this size window was chosen
as a trade-off between processing limitations and reducing the chances of capturing only
part of a transmitted preamble at the receiver. For updating, the carrier frequency and
timing of the receiver node ¢, and ¢, were both set to 107>.

To estimate a relative TO the receiver node must know the minimum period of the pre-
ambles re-transmissions, this allows the receiver to estimate how much its own timing
needs to be altered within this reference window. For speed of convergence a period
of 64 samples, equivalent to N, was used. Depending on where the peaks of the cor-
relations 7y 1 [¢] and 7y 2[¢] occur relative to the centre of this window, the timing of the
receiver can be altered.
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Figure 2.13: Flow-chart of the transmitting and receiving nodes.

The transmitters were set to transmit their preambles followed by a pause equivalent to
9 times the preamble length, this allowed the receiver to capture a preamble from each of
the transmitters within each captured window of data. Figure 2.13 shows the flow-chart
of the transmitting and receiving nodes, in the setup M was set to 10 and W to 9, the TO
and CFO estimation algorithm is run in the ‘Process Data’ block. The output from the
correlations 7y 1 [¢] and 7 2 [¢] are used to verify the reception of a valid preamble, before
any estimations are applied to the USRPs. For the tests involving multiple transmitters
the preamble transmissions were synchronised, so that when altering the TO of the
transmissions the delays were relative to one another. The USRP reference clocks were
also run from a common source, this allowed an accurate CFO and TO to be set at each
node, i.e. at each node is set the relative TO and CFO to be estimated.

During tests each USRP was connected to a laptop running GNU Radio. Figure 2.14
shows the test setup. The USRPs provide a flexible SDR platform, however most signal
process is undertaken on the laptops, with the USRPs effectively acting as an up and
down-converter for the IQ symbols sent from or to the laptops. Because of this approach
to data processing, the USRPs are unable to benefit from many of the signal processing
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Figure 2.14: USRP hardware test set-up.

operations that can be efficiently implementable in hardware, but not in software, such
as FIR filters.

In an optimised system, capable of efficiently implementing FIR filters in hardware, the
matched filter operations could be off loaded onto the hardware. This would allow for
cheaper, lower power processors to be used. As the number of matched filters in the
distributed synchronisation algorithm is fixed at two, this allows the proposed system
to be implemented on much lower complexity hardware while still allowing the size of
the network to scale up according to the size necessary for modern dense networks.

Two experiments were undertaken to test different elements of the estimation algorithm.
Each test was divided into stages where either the TO or CFO of the transmitting nodes
was changed. The receiver would then process the received signals and adapt its time
windowing and centre frequency. The receiver recorded the estimated CFO and TO, the
next stage of the test was run only once the adaption of TO and CFO had converged to
a stable consensus.

2.2.1 Test 1: Estimation and tracking ability, 2 Tx - 1 Rx

Test 1 investigated the estimation and tracking ability of the algorithm, and how it coped
with a second transmitter joining part way through the tracking process. This test used
two transmitting nodes and one receiver. Table 2.1 shows the ten stages of the test. For
stages T1-T8 the second transmitter is switched off, and Tx; changes the CFO between
-12.5kHz, 0 kHz, 25 kHz and 50 kHz with respect to the carrier frequency of the receiver,
and alters the TO of Tx; between zero and ten sample bins (10 ps). At stage T9 Txy is
turned on, initially with different settings to Txy, then in T10 Tx, alters it transmission
to match Tx;. On these stages, T9-T10, it is of interest to evaluate the stability of the
algorithm when a node is added to the network.
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Table 2.1: Test 1 sequences, involving Tx; and Tx, including approx start time of each

stage.
Time Tx1 Tx2
Approx. | CFO TO CFO TO
Stage (s) (kHz) | (Bins) | (kHz) | (Bins)
T1 0 0 0 OFF | OFF
T2 9 0 10 OFF | OFF
T3 14 25 10 OFF | OFF
T4 22 -12.5 10 OFF OFF
T5 32 -12.5 0 OFF | OFF
T6 39 50 0 OFF | OFF
T7 47 0 0 OFF | OFF
T8 63 25 10 OFF | OFF
T9 69 25 10 0 0
T10 79 25 10 25 10
80 ‘ o | P T ! ! ‘
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| e
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Figure 2.15: Test 1 results, showing the estimated CFO (top) and TO (bottom) at the re-

ceiving node for 2 nodes active on different stage and varying their TO and
CFO parameters.
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Table 2.2: Test 2 sequences, involving Tx;, Tx, and Txs, including approx start time of

each stage.
Time Tx1 Tx2 Tx3
Approx. | CFO | TO | CFO | TO CFO | TO
Stage (s) (kHz) | (Bins) | (kHz) | (Bins) | (kHz) | (Bins)

T1 0 0 0 0 0 0 0
T2 22 25 10 0 0 0 0
T3 37 25 10 12.5 10 0 0
T4 52 25 10 12.5 10 37.5 10
T5 64 25 10 25 10 25 10

The results for Test 1 are in Figure 2.15. For TO tracking, when only Tx; is transmitting,
the algorithm is seen to faithfully track the changes in transmitted signal. When Tx,
is turned on, in stage T9, TO is estimated at around 5 ps, the algorithm estimates the
relative TO error from the ensemble of both transmitted signals, which is half the TO
of Tx; and Txs. Then in stage T10 when the two nodes transmissions are synchronised,
the estimated TO increases to 10 ps. This test shows reliable tracking of the timing of
the preamble for one and two transmitting nodes.

The algorithm is also shown to be capable of tracking the changes in the transmitter
nodes CFO. At first stage, all transmitter nodes are operating at the same frequency,
the CFO is estimated with a maximum error of 180 Hz, which for a 2.48 GHz centre
frequency is an accuracy of 72.58 parts per billion (ppb). When Tx; and Tx, are operating
at different frequencies the algorithm takes nearly 5 s to converge to a stable estimate of
15.57 kHz, which is slightly lower than the midpoint.

The two graphs of Figure2.15 validate experimentally the decoupled estimations of CFO
and TO as described in Section 4.1.3, with the estimation of one remaining steady when
the other is changed.

2.2.2 Test 2: Estimation and tracking ability, 3 Tx - 1 Rx

Test 2 evaluates the ability of the synchronisation algorithm to extract the relative TO
and CFO error from the superimpose of the transmitted synchronisation waveform from
three transmitting nodes. All nodes are initially synchronised, then one at a time change
their properties before resynchronising in the final stage. Table 2.2 shows the five stages
for this test.

The results of Test 2 are shown in Figure 2.16. At first and last stage of the test all
transmitting nodes share the same configuration, so the estimation accuracy can only
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Figure 2.16: Test 2 results, showing the estimated CFO (top) and TO (bottom) at the re-
ceiving node for 3 nodes changing their CFO and TO parameters.

be compared here. However, it does give us insights into the behaviour of the algorithm
when there are multiple transmitters with different configurations.

First looking at the TO estimations of the receiver, at stages T1 and T5 the algorithm
correctly estimates a 10 sample bin difference. During the other stages the TO is again
estimated somewhere between the TO of all the transmitter nodes. Moving from an
estimated TO of 2 sample bin when two nodes TOs were set to zero and one node was
set to ten. Then, in stage T3 the receiver estimated a TO of between 7 and 8, when there
were two nodes with a TO of ten and one of zero.

The accuracy of the CFO estimation is measurable in stages T1 and T5. The CFO estim-
ation error is between 140 and 250 Hz, which for the carrier frequency of 4.48 GHz is
around 100 ppb. It is interesting to note that the estimated CFO between stages T2 and
T3 actually decreased, even though the average carrier frequency of the transmitters in-
creased, the reduction is only 1.6 kHz, and it was found that the signal received at the
receiver node from Tx, was slightly weaker than from the other two nodes, this would
account for the estimated CFO being effected more by changes in the other two nodes.
It is also seen that the convergence time of the algorithm is significantly increased when
increasing the number of nodes and varying configurations, often taking nearly 5 sec to
reach a stable state.

The convergence time can be improved taking account some factors that can signific-
antly reduce this time, one is the hardware implementation and processing delay, as an
updated CFO may be applied to the USRPs after the next window of data has already
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been captured, this can cause a small overestimation of the CFO and cause greater oscil-
lations. The transient oscillations may also be reduced by using lower values of €, and
€ [11] in the iterative adaption, or by changing the frame structure for denser adapta-
tion. In these tests the transmitters may be forced to have different and fixed CFO, and
thus the receiver attempts to minimise an error function for which there may be several
local minimums, in a fully adaptive system these local minimums would converge into
an agreed global minimum.

2.2.3 Conclusions

The distributed synchronisation algorithm was implemented on software defined radios
programmed in GNU radio. It was demonstrated the tracking and accuracy capability of
the algorithm under a range of scenarios, including the super-positioning of synchron-
isation frames from multiple transmitters. When all transmitters were operating at the
same carrier frequency and relative timings an estimation accuracy of carrier frequency
was found to be within 100 part per billion, and the timing offsets were correctly es-
timated. These tests also validate the algorithms ability to decouple the timing and fre-
quency estimates. The convergence time of the algorithm was found to significantly
increase when transmitting nodes had different carrier frequency offsets. However, all
nodes in a final system using the algorithm are likely to adapt their configurations, so
would converge on a globally value of carrier frequency and timing.

2.3 Assessment of distributed algorithms for channel estimation
and network localisation

In peer-to-peer cloud networks, self-learning of the network state is fundamental for the
set-up of an efficient intra-cloud connectivity. In this section we investigate the perform-
ances of core consensus-based algorithms for self-learning of the network state presen-
ted in Deliverables D3.02 [4] and D2.31 [12] in experimental application scenarios. We
analyse two specific application scenarios related to the distributed estimation of the
channel parameters and of the geometric topology of the connectivity graph. In the
former case, we are interested in the estimation of some environment-dependent para-
meters that rule the channel quality of all the links within the cloud, see the bivariate
stochastic model presented in D3.02 [4], [13]. In the latter, each node of the cloud is
required to infer the global properties of the whole network from local ranging meas-
urement within the neighbourhood, i.e. the positions of all nodes regardless of link avail-
ability. An iterative Gauss-Newton location estimator is integrated into the consensus
algorithms to handle the non-linearity of the measurement model. Performance limits
are analysed and compared to those of conventional consensus algorithms, in terms of
accuracy and convergence rate, using fundamental performance bounds as benchmarks.
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The amount of signalling involved in consensus iterations is evaluated as being relevant
for practical implementation within WP5 demonstrators.

2.3.1 Review of the bivariate channel model

The instantaneous power at time ¢, ﬁvssij (t) [W], for the link between nodes i and j
with mutually distance D;; can be modelled as [14]:

— N P R
RSS;;(t) = RSSy (go ) 7ij0i5(t) (2.24)

ij

where ﬁg/So is the received power at reference distance Dy, vp the path-loss index, 7;;
the log-normal shadowing term and 0;;(¢) the temporal fast fading. By converting the

RSS in dB scale, RSS;;(t) = 10log, P/{\S/Sij(t), with proper mapping terms, we get:

Dy
RSSl](t) = HpP,0 — 10"}/p 10g10 (ﬁ) + N + 5@' (t), (2.25)

where fip o is the average received power in dBm at the reference distance Dy, n;; ~
N(0, 02) is the normal shadowing term with zero mean and standard deviation op [dB],
8;;(t) = 101ogy 0;;(t) ~ LR(0, K;;) is the temporal fading here assumed as log-Rician
with zero mean and K-factor K;; [dB]. The K factor measures the power ratio between
the static and dynamic channel components, see D3.02 [4].

The model here proposed describes the changes of the RSS statistics, namely the mean
P,; = E4[RSS;;(t)] and the variance V;; = Var;[RSS;;(t)] = Var;[d;;(t)], over the D2D
links (i, j) of the network, and particularly how they relate to the D2D distances D,;
(based on the network topology). In particular, the mean term P;; accounts for the ef-
fects of fixed scattering/absorbing objects that influence the static multipath component
[15], whereas the variance V;; is due to moving scatterers/absorbers in the environment.
According to the log-normal shadowing assumption for n;; in (2.25), the spatial fluctu-
ations of the RSS mean P;; over link (i, j) are Gaussian:

Pij ~ N(MP (DZ]) 70%’)a (2'26)

with spread op depending on the specific environment and mean linearly decaying with
the link log-distance according to the path-loss function:

Dy,
pp (Dij) = ppo — 107vp logy (D—J) ) (2.27)
0

With regard to the RSS variance, no quantitative model has been proposed in the liter-
ature to represent this channel feature. Some insight can be gain from the experimental
analysis in [15], which shows that the K factor K;; is Gaussian distributed over the space,
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and decreasing on average with the link log-distance; furthermore, K;; is proved to be
negatively correlated to F;;. To analyse the RSS variance distribution we investigate the
relationship K;; = K (V;;) between the RSS variance V;; = [(r — P,;)* frss,, (r)dr and
the K factor K;;, where frss,, () is the probability density function of the Log-Rice vari-
able RSS;;(t). By numerical integration, we get the function K;; = K(V;;), where the
variance ranges from 0 dB in the LOS case, i.e. for K;; — +o00 dB, non-fading channel,
to 30dB in NLOS (for K;; — —oo dB, Rayleigh fading). Typical K-factor observed in
static network scenarios is above 2 dB, while for larger values it linearly scales with the
log-variance 3;; = log(V;;). It follows that the RSS log-variance 3J;; can be effectively
modelled as Gaussian:

zz’j ~ N(ME (DZJ> 70%)7 (2.28)

with standard deviation oy, [logdB] and mean iy, (D;;) linearly increasing with the link
log-distance:

D,
ps (Dij) = pso — 107z logy, <_D]> ; (2.29)
0

where environment-dependent regressor parameters are jix o and vy < 0, similarly to
(2.27). Note that the parameters {(ix o, 75, 0 } depend on the spatial density of the mov-
ing scatterers/absorbers in the space, e.g. o5, = 0 for static environments without any
moving objects, whereas it is 05, # 0 and 75, < 0 for high spatial density of moving
objects).

The mean FP;; and the log-variance ¥;; of the RSS of a D2D link (4, j) are thereby jointly
Gaussian distributed,

= | 50 | ~ N0, Qs 230

with mean value and covariance matrix:

p (Dij) = { ke (D) ] ; Qpy = { o POy ] , (2.31)

ps (Dij) popos 0%

where p < 0 is the negative cross-correlation according to [15].

2.3.2 Distributed estimation of channel model parameters

According to the bivariate stochastic model presented in [4], the parameters that identify
the propagation in the network area are the linear regressors 8 = [up o, Vp, is.0, Vs]"
of the ensemble mean functions and the covariance matrix Qpy, see Section 2.3.1 or [4]
for details.

In order to test the distributed algorithm performances, a measurement campaign has
been carried out at the third floor of the department DEIB of Politecnico di Milano with
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Figure 2.17: Sensor deployment for distributed network calibration and localisation
(DEIB, Politecnico di Milano) over a floor of approximately 20m x 50 m
rectangular area.

N = 17 devices deployed as shown in Figure 2.17), in accordance to the cloud architec-
ture of the DIWINE project [16]. RSS measurements have been recorded during day-time
in mixed LOS/NLOS conditions. Radio modules used for the experiments provide differ-
ent programmable high-power modes with maximum transmit power of 18 dBm, while
the minimum received power is —98 dBm. A PC connected by serial interface to one
of the devices collected all the measurements. For each link (4, j), RSS measurements
are collected with sampling time 300 ms and over 3 pre-defined channels with centre fre-
quencies 2.405 GHz, 2.425 GHz and 2.45 GHz, respectively (standard compliant channels
11,15 and 20). Considering all the frequencies, M, = 15 samples of RSS mean and vari-
ance (macro-parameters) {Pigm), Eg-n) }Mo - are estimated for each link from independent
RSS measurements (using RSS data-sets of 2000 samples).

For distributed estimation, we consider all the methods presented in [4][12], and lis-
ted here: 1) Simple Consensus on Local ML Estimates (D-SC) method [17], Weighted
Consensus on ML Estimates (D-MLE) method [18] and Weighted Consensus with Ac-
curacy Exchange (D-MLE-AE) method [19]. The estimate of Qpy; is obtained once the
consensus on 6 has been reached, by locally reconstructing the measurement errors and
implementing a consensus algorithm adapted for the sample covariance matrix.

The performances of centralised and distributed algorithms are compared in terms of
root mean square error (RMSE) of the estimate in Figure 2.18. The step size has been
set to € = 0.99¢ 4y, With ey.c = 1/A for D-SC and D-MLE methods and e,,,x =
1 for D-MLE-AE method. The RMSE is shown for all the methods vs. the number of
iterations in Figure 2.18—(a) (for ) and 2.18—(b) (for Qpyx). As expected, the D-SC method
does not converge to the centralised estimate, as it does not exploit any information
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Figure 2.18: Error performance of distributed (D) consensus-based algorithms compared
to the centralised approach (C-MLE) for parameter estimation 6 (a) and

Qpx(b).

on the accuracy of the estimates exchanged between nodes. On the other hand, the
introduction of weighting in the data fusion allows the D-MLE method to converge to
the centralised estimate, though with a pretty slow rate. The D-MLE-AE method does not
converges exactly to the optimal performance, but it closely approaches it and converges
faster than the other weighted consensus method. Though it requires a slightly higher
communication overheard in the initialisation step to share the estimate covariances
between nodes ((O(p*/2) per link in subsequent iterations the overhead reduces to p
parameters per link, as D-MLE, without any meaningful performance loss.
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To conclude, the D-MLE-AE method is the one that provided the best trade-off of per-
formances in terms of convergence rate, accuracy of the estimate and communication
overhead. On the other hand, D-MLE guarantees optimal performance at convergence
but with higher number of iterations.

2.3.3 Network localisation

An application that can highly benefit from the knowledge of the channel model recalled
and estimated in previous section is network localisation, which aims to infer the net-
work topology, i.e. the positions of all nodes, from local RSS observations. In this section
we discuss the application proposing a distributed localisation approach based on the D-
MLE-AE consensus method. The method D-MLE is not suited as it not fast enough (as
proved in the previous subsection) and also it cannot handle under-determined local
settings, see [4],[12].

We assume that the environmental-dependent parameters are now known at the nodes
of the network, e.g. as estimated by a pre-calibration procedure carried out by a subset of
anchor nodes of known positions. Recalling the wireless network structure in Figure 2.17
and denoting the location of node i by the Cartesian coordinates 6; = [0,; Gyi]T € R?,
1 = 1,..., N, we assume that the nodes to be localised are indexed as 7 = 1,..., N,
while the remaining N, = N — N, are anchors with known positions. Distributed
inference is here used for the estimation of the locations @ = [0] --- 0} |* € R
from D2D measurements y;; = [P;; ¥;;|* of RSS mean and log-variance, see [4], taken
over the active links (7, j) connecting nodes with i < N,, and j < N,,.

Inference problem formulation

The inference problem for localisation is formulated expressing each measurement as a
function of the unknown locations 0 as:

Yij = h,](O) + nij (2.32)

with function h;;(8) relating the RSS observations y;; to the node locations through the
distances D;; = |0; —6;| according to the stochastic bivariate model proposed in [4], and
n;; ~ N (0, Qpy). Note that the function h;;(8) is non-linear in the unknowns 6, mak-
ing the estimation problem non linear. The set of measurements available at node 7 is the

collection y; = [yg L -yiTjd']T of all the observations taken over the links to the neigh-
bouring nodes N; = {j1, ..., Jja, }: yi = hy(0) + n,, with h;(0) = [hf; (0) - 'hiTjdi 9)]%,
n; = [n} - -ngjdi]T ~N(0,Q;) and Q; = I;, ® Qpx. Below we discuss the extension
of the estimation methods presented in D3.02 [4] to the non-linear localisation problem.
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Estimation methods

The global non-linear ML estimate of the locations 8 based on all the available P2P meas-
urements (2.32) is:

N

) — 1 —h- 2 _1
O\, = arg mgm‘z1 Iy h’w)HQi , (2.33)

with ||y;—h;(0 )HQ-1 = (y;i—h;(0))TQ; ' (y;—h;(0)). The solution is not available in
closed form but it can be evaluated numerlcally by the Gauss-Newton algorithm [20]
with estimate refinements through iterations £ = 0,1, ... as:

O(k-+1) = O(k (ZHT j<k>> SCHIMQ (vi - hi(B(k)) . 239

oh,(6)
00

and Jacobian matrix H;(k) = € R24>2Nu_ The elements of H;(k) are

‘Bzéi(k)
obtained by evaluating the derivatives of h;;(8) with respect to the nth node location
On = [0in @yn}T, according to the stochastic bivariate model proposed in the D3.02 [4].

For distributed implementation of (2.33), we propose to employ the D-MLE-AE consensus-
based method, adapting the processing to handle the non-linear nature of the estima-

tion problem. We apply the consensus update rule to the linearised localisation model

(2.32), at each node and for each consensus step, interleaving the iterations of the Gauss-

Newton algorithm with those for consensus. Information exchange guarantees that

every node can retrieve the positions of all nodes regardless of the connectivity. Spe-

cifically, at each iteration k, node 7 linearises the model h;(0) around the previous step

estimate é@D,MLE, Ae(k), then it finds the ML solution to the linear problem and applies

a consensus step based on information provided by neighbours. The iterative implement-

ation can be summarised as follows:

6hz (e

Linearization: H;(k) = o e g (B); Ayi(k) =yi —hi(0i s as(k))

~ -1 T
Local estimate: A;(k) = <Hz (k:)QZ-_lHi(k')> H; (k)Q; ' Ay;(k)
ML update: 0;(k) = 0 0 an(k) + ABi(K)
Consensus: 0w sk +1)= 6, . (k) +e >jen, Wi (éy(k?) - 01(1{:))

lo=0,

with weighting matrix proportional to the inverse of covariance

W, =T (H; (k)Q; 'y (k) ),

D3.03 DIWINE



2.3 Assessment of distributed algorithms 47

25
[*  C-ML Estimated values
0 D-SC Estimated values
20 |© D-MLE-AE Estimated values
|-- crB
= A .
15 A i e A
“ I
AN\ A
s [}
: ° ,' . oty
E 10 \x—/ A l’ ° \( A
= ‘\\_/' Lot
4
“ TN : S iy
= A Y
5 . I)/ R } ;\ < 1‘ \\_,1
A \x/, A \_/J
0
-5
0 5 10 15 20 25 30 35 40 45

[m]

Figure 2.19: Scatter plot of the location estimates at each IV, nodes (different colours) for
all the network-localisation algorithms: centralised (asterisk), D-SC (square)
and D-MLE-AE estimates, compared to the CRB (black ellipse contour).

where T is a scaling factor [4] and initialisation to the local ML estimate at node 1, i.e.
0; p-MvLE-AR(0) = arg mgin |ly:—h;(0) ||2Q,71. Note that in case of under-determined, the

local estimate in (2.35) is replaced by the conventional pseudo-inverse solution for under-
determined systems, but the D-MLE-AE is suitable also in this case. The exchange of
W, (k) can be limited to early steps and then reduced without any meaningful perform-
ance loss at latest iterations.

Experimental performance assessment

The performance of distributed network localisation is evaluated for the experimental
network in Figure 2.17, with N, = 9 unknown nodes and N, = 8 anchors. The
environment-dependent parameters have been chosen using the centralised estimates
of the previous subsection in order to make a comparison between all the network-
localisation algorithms. The step size has been set to ¢ = 0.98/A and ¢ = 0.98 re-
spectively for AC and D-MLE-AE methods. Moreover, we consider the A/ = 15 inde-
pendent measurements performed at each link for the estimation of the nodes’ positions.
In Figure 2.19, the scatter plot of the 15 location estimates for all the unknown nodes are
evaluated for the network-localisation algorithms, i.e. the centralised approach and the
distributed SC and D-MLE-AE methods, while the Cramer-Rao Bound (CRB) is shown as
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Figure 2.20: Performance in term of localisation error of network-localisation algorithms:
D-SC (blue), D-MLE-AE (light blue), centralised estimate (orange contour)

and CRB (red contour).
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Figure 2.21: Scatter plot of the location estimates for D-MLE-AE compared to the CRB
(black contour).

benchmark. It can be observed that the D-MLE-AE algorithm approaches the centralised
ML estimate closer to the true positions of the nodes, while the D-SC method is quite
far from it.
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The performances of consensus algorithms are here analysed for a simulated scenario,
designed as the experimental network in Figure 2.17 and with the knowledge of the
environment-dependent parameters, previously estimated. In Figure 2.20, the perform-
ances are evaluated in terms of mean square error (MSE) of the estimate by averaging
over 300 measurements. All the methods are compared by plotting — for each method
and each unknown node - the 1x standard deviation (10) error ellipse associated to the
2 x 2 MSE matrix E[(6; — 6;)(6; — 6;)], which corresponds to 39level (under the Gaus-
sian approximation). The D-MLE-AE method (light blue ellipse) is shown to outperform
the D-SC method (blue ellipse) and to closely approach the centralised ML estimate (or-
ange ellipse contour), while the CRB is shown as a reference (red ellipse contour). The
difference between the CRB and the centralised ML is due to the non-linearity of the
model (the bound is attained only asymptotically). The difference between the CRB and
the centralised ML is due to the non-linearity of the model (the bound is attained only
asymptotically). Moreover, in Figure 2.21, the scatter plot of the estimated values of
each unknown node is illustrated for the D-MLE-AE method (coloured circle) and it is
compared to the corresponding CRB (black ellypse contour).

2.3.4 Conclusions

In this section we evaluated the performance of different algorithms, introduced in D3.02
[4] and based on consensus approach, for distributed estimation in two application scen-
arios. In particular, we focused on two weighted consensus-based approaches (D-MLE
and D-MLE-AE) for distributed identification of channel model parameters and distrib-
uted cloud network localisation with exchange of position accuracy information between
nodes. To handle the non-linearity of the measurement model, an iterative Gauss-Newton
algorithm has been embedded into the consensus procedure. The D-MLE method has
been shown to reach the same performance of an equivalent centralised estimation.
The D-MLE-AE method has been shown to closely attain the fundamental limit, and
to provide meaningful performance gains in terms of convergence speed with respect
to D-MLE, with moderate increase of information exchange between nodes. Further-
more, it turned out to be suited in critical scenarios with limited connectivity and under-
determined settings. The D-MLE-AE algorithm confirmed to be as the most suitable
method for demonstration scenarios as implemented in D5.52 [2].

2.4 Distributed interference sensing and coordination for cloud
scheduling

In this section we consider the problem of distributed spectrum sensing in multiple self-
organising cloud networks sharing the same time-frequency resources [21],[22]. Each
of the networks allocates autonomously radio resources so as to minimise mutual inter-
ference. Interference sensing is part of this cognitive framework where sensing devices,
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or secondary users (SUs), exchange local estimates to cooperatively recognise and track
the overall time-varying interference patterns caused by primary users (PUs). PUs are
assumed to perform periodic transmission over pre-defined (but unknown to SUs) time-
frequency hopped resources. Detection by the SUs is based on local processing and iter-
ated exchanges of local decision with neighbours, so as to enable global fusion of sensed
data as for an equivalent centralised approach. We propose a weighted-average con-
sensus algorithm nested within a decision-directed procedure for distributed Bayesian
detection of the PU spectrum occupancy. The distributed approach provides the estim-
ate of the complete interference pattern to each SU regardless of the incomplete visibility
at each node. Performance analysis is carried out both on simulated and real scenarios
with mixed coexisting Wi-Fi and ZigBee devices, as a basis for the implementation into
the CIMC demonstrator (WP5).

2.4.1 Introduction

Self-organised biological systems are characterised by individuals that make simple local
decisions, while the exchange of those decisions collectively produces a global consensus
on a complex behaviour. Recently, several studies have begun to apply bio-inspired tech-
niques to wireless networks, focusing on synchronisation, content distribution, security,
spectrum sharing and sensing [23]. The use of spectrum sensing is particularly crucial
when multiple (and possibly heterogeneous) networks deployed in close proximity need
to self-coordinate their access to a shared spectrum so as to avoid collisions.

A simplified but still relevant setting is considered in Figure 2.22 where two coexisting
networks mutually sense their radio-frequency (RF) activity and desynchronise [24] the
RF access to one another in order to avoid interference. The figure shows a single sens-
ing stage, where, according to the cognitive jargon, the sensing network is referred to as
secondary network while the monitored one is the primary network (roles interchange
over time in the dynamic resource optimisation process). The users of the secondary
network (SUs) act as interconnected sensing devices that cooperatively detect the time-
frequency hopped resources of the primary users (PUs) and allocate their own resources
so as to avoid cross-interference, e.g. accessing the spectrum holes of the primary net-
work. Cooperation is crucial to detect the complete interference pattern of the primary
network, as each SU has a partial visibility due to limited sensing range, mobility or
shadowing/fading problems (as shown in the data sensed by SU; where RF activities of
PU; and PUy are hidden).

In centralised approach to cooperative spectrum sensing [25]-[26], the SUs sense the
spectrum individually, facing different channel conditions, and then transmit their sensed
data to a fusion centre that makes the final decision about the spectrum occupancy based
on all the observations. However, this can be very difficult under practical communica-
tion constraints [25], due to the extensive data to be propagated to the fusion centre over
the dynamic steps of resource allocation. Focus of this section is on consensus algorithms
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Figure 2.22: Cooperative spectrum sensing framework: PU; and PU, are sensed by SU;
both in its radio coverage area (violet circle), whereas PU; (shadowed) and
PU, (out of range) are hidden to SU;. Below figure: example of RSS meas-
urements captured by SU; over the time-frequency grid. Cooperation is pur-
sued over the SU peer-to-peer links (dashed lines), to enable interference
pattern detection, regardless of the limited visibility.

[17] that allow a distributed reconstruction of the time-varying pattern of the primary-
network activity, without any central coordination, by exchange of local information
among neighbouring SUs, i.e. within the coverage range. Energy detection is chosen as
sensing technique, since it requires only received signal strength (RSS) measurements
without any need of a-priori knowledge about the PU activity [27]. Differently from
existing distributed algorithms that require local sharing of multiple spectrum measure-
ments and are quite costly in term of communication overhead [28]-[29], we propose
a novel weighted-average consensus algorithm where SUs exchange compact detection
information instead of raw RSS data. Consensus is combined with an iterative decision-
directed (DD) procedure for estimation of key PU interference parameters and for detec-
tion of the time-frequency activity pattern. In this section, weighting is designed so as
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Figure 2.23: Spectrum sensing by 6 IEEE 802.15.4 devices: RSS measurements collected
by each SU. Primary users perform periodic transmission tasks over the
IEEE 802.15.4 channels 20, 22 and 24. Three IEEE 802.11g devices are also
interfering in the same 2.4 GHz band.

to reach the same performance as for the centralised solution in few iterations and with
a reduced amount of information exchange. Convergence is eased in dense networks
thanks to the high degree of connectivity. The method is validated by experimental
tests in a heterogeneous scenario with IEEE 802.15.4 and IEEE 802.11 devices.

The work is organised as follows. Signal modelling and background on Bayesian testing
for spectrum sensing are in Sections 2.4.2 and 2.4.3. The DD method for estimation of
the key interference parameters is proposed in Section IV and employed for cooperat-
ive detection in Section 2.4.5. Performance analysis is in Section 2.4.6, followed by the
validation on real scenario in Section 2.4.7 and the concluding remarks in Section 2.4.8.

2.4.2 Spectrum sensing model (SSM)

We consider the coexistence of a primary and a secondary network, as depicted in Fig-
ure 2.22, see D5.52 [2] for applications to CIMC. The PUs transmit data over a subset
of the available Ny frequencies, using a time-slotted transmission with slots repeated
every M time samples, M denoting the frame duration (repetition period). A set of Ng
SUs sense their transmission by reading the RSS over L periods, collecting an overall
number of Ny Ny RSS samples at each device, where Ny = M - L denotes the number
of RSS samples per frequency.
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In Figure 2.23, the occupation of the frequency-time resources by the primary network
is exemplified, using experimental RSS data collected by Ng = 6 SUs for Ny = 16 chan-
nels and L = 4 time periods. In the example, three PUs are transmitting and hopping
over three different frequencies. As illustrated in Figure 2.22, due to the limited sensing
range of each SU device and dynamic fading/shadowing caused by mobility, each PU
transmission is overheard by a subset of the SUs fragmented in time, leading to the in-
complete observation of the transmission pattern as shown in Figure 2.23. The Ng SUs
must engage in a cooperative decision process to detect the complete time-frequency
mask and schedule their resources over the unused portion of the spectrum. Crucial is
that every SU should converge to the same pattern of used resources.

Let x; (t, f) be the RSS, in logarithmic scale, of the signal sensed by SU i at time ¢ on
frequency f,witht =1,... Ny, f=1,...,Npandi = 1,..., Ng. The signal includes
the interference of an active PU with probability P. This probability can be written as P
= P,P,, where F, is the probability that a PU is active in the considered time-frequency
resource and P, is the probability that it is visible to the SU, i.e. in the coverage area
of the SU. According to the widely adopted lognormal power model, the RSS sample
x; (t, f) can be approximated by a Gaussian random variable whose parameters depend
on the absence or presence of the PU signal. These two disjoint hypotheses are denoted
as Hy and JH;, respectively. Note that, even if a PU is active, its signal can be observed by
the SU in some periods and be hidden in others due to time-varying fading/shadowing
conditions. The RSS sample = = x; (¢, f) is:

2 1 1
. { N (j1.07) . hypothesis 7€, with prob. P (236)

N (po,02), hypothesis Hy, with prob. 1 — P °

Under the hypothesis Hy,  models the power of the background noise at the SU receiver,
Gaussian distributed with mean iy and variance 02, with randomness due to measure-
ment errors at the receiver equipment. On the other hand, under the hypothesis H{y, x is
the power of the PU signal measured at the SU, modelled as Gaussian with larger mean

1 > 1o (due to the interference) and variance o7 > o7 (due to shadowing).

The aim of this work is to detect the time-frequency resources (¢, f) that are used by any
user of the primary network and provide the related time-frequency transmission mask.

2.4.3 MAP testing for PU detection

Bayesian detection of the PU signal in the generic RSS sample = based on the maximum
a posteriori (MAP) criterion is known to yield the likelihood ratio test (LRT) [30]:

_ p([3)  Gaym,of) W 1-P
p(x|Ho)  Glxipo,o3) 5 P

L(x)

(2.37)

For the specific spectrum sensing problem, using the model (2.36) with parameters 8 =
(11, 1o, 03, 03, P]T, the probability density function (pdf) of z is p(z|Hy) = G(z; 119, 03)
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under the hypothesis Hy, and p(z|H;) = G(z; 1, 0}) under the hypothesis 3(;, where

G(x;p,0%) = \/2;7 exp(—(x—p)?/20?). The LRT can be implemented by the threshold
detection:

Hi
r 2 S(0), (2.38)

Ho

with threshold S = S(0) obtained as solution of:

G(S;p,08) 1-P
G(S;po,03) P

(2.39)

This leads to the quadratic equation aS? 4+ 2bS + ¢ = 0, with parameters a = 03 — 03,

b= ot — pooi, ¢ = pdoi — piol — 20io ln(g—;~ l;P), whose solution provides the

threshold S.

Threshold based detection (2.38) can be easily applied once the model parameters 6 are
known. In the following, we propose a cooperative approach for inferring 8 based on the
sensed RSS data (Section 2.4.4) and estimating the interference pattern (Section 2.4.5).

2.4.4 Estimation of SSM parameters

In this subsection, an iterative DD method is proposed for estimation of the interference
parameters 8. First, a single-node method is introduced as building block of the pro-
posed methodology: the DD procedure is used separately by each SU i to obtain a local
estimate 6; from the local RSS dataset X; = {z; (¢, f) :t =1,...,Np,f =1,...,Ng},
see examples of datasets in Figure 2.23. The method is then extended to a cooperative
framework: the centralised solution provides a global estimate 6 based on the complete
dataset X = UY5 {X;}, while the new method in Section 2.4.4-C allows to achieve the
same result dlstrlbutlvely by combining single-node DD processing with consensus iter-
ations.

Non-cooperative (single-node) estimation

The parameters @ can be estimated iteratively at the ith SU based on the local data-
set X; accordlng to the DD method [31] here tailored to the model (2.36). Assume
that S B = g (0 ) is the threshold obtained from the parameters’ estimate 0 ®)

[uﬁ’?, ﬂ(()kl), f(zk), 632’“), Pi( ]T at kth iteration. Using the LRT (2.38) with S = Si(k , the
RSS samples in the ith user dataset X; can be partitioned into two subsets associated
to the hypotheses H; and H,, f)C:H P = ={reX;:x> S’Z(k)} and DC%CO)Z =X\ xg’gl,

respectively. The new parameters for the iteration k + 1 are then obtained by computing
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the sample means, variances and frequencies for the subsets DCSZ) lngg ; as:

NS
K —N® erx%i.z‘ x
A(k+1) 1 '
0 = NP lgextt)
’ 2
~2(k+1) 1 ~ (k)
01 = N® Zzexgﬁ . (:p - #1,1‘) (2.40)
’ 2
~2(k+1) 1 ~ (k)
00,i —N® Zzex(?’a))z (1’ - No,z‘)
ple+1) _ N
i = NN
where Nl(k) = |3C§f3 ;| and Nék) = |DC5(}]{€3 ;| are the cardinalities of the two subsets. In
compact form, we rewrite (2.40) as:
Ak+1 ak) Ak
6"V = g(x:. 51, 61"), (2.41)

with functions g(+) = [g1(+), -, g5(+)]* defined according to the entries of (2.40). A
new threshold gi(kﬂ) =S (OAEHI)) is calculated from (2.39) based on the new parameters
and the process is repeated. The algorithm converges to an estimate éfk) — 6, when
pr) _ ptl) _ ploo)

)

Centralised cooperative estimation

In a centralised cooperative approach, each SU is required to transmit the RSS observa-
tions to a fusion centre that can apply the iterative DD procedure (2.41) to the complete
dataset X instead of the local one X, so that:

O+ — g(x, S gy, (2.42)

The elements of the vectorial function g( - ) are defined as in Section 2.4.4 with X divided
into the two subsets ?Cgfz = {xA e X:z>5®)and :xg’;g = DC\DC%? accAording to
the global threshold S*) = S(8™)) computed from the parameter estimate *) of the

previous iteration. The method is expected to provide a more accurate estimate of the
SSM model as it combines all data from the Ng SUs.

Distributed cooperative estimation

In distributed spectrum sensing, data fusion is carried out in a fully decentralised way
sharing information through the bidirectional peer-to-peer links of the SU network. This
is modelled as an undirected graph, § =(V, £), with vertices V = {1,..., Ng} repres-
enting the SUs and edges € C 'V x 'V representing the links. The set of neighbours for
SU i is denoted as N; = {j|(j,7) € €}, the related node degree as d; = |N;| and the
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maximum degree as A = max; d;. We denote as A = [a;;] the Ng X Ng symmetric
adjacency matrix that models the SU network connectivity, with a;; = 1if (4,j) € €
(ie. if node j communicates with node ¢) and a;; = 0 for any (7, j) ¢ €. The Laplacian
matrix of the graphis L =D — A, D = diag(dy, ..., dn,) being the degree matrix of
9.

RecallAing t}3e definition of g( - ) in (2.40)—(2.41), we observe that the centralised estimate

g(X, S® %)) of the parameters in (2 42) can be seen as a weighted average of the Ng
local estimates 0 (1) — g(2;, S®), *)) computed at the SUG = 1,.. ., Ng by averaging
the RSS samples of the local dataset partitioned as X; = f)Cgfl)l U nggl according to the

global threshold Sk N amely, let 0 be the generic element of the vector 6, the centralised
estimate (2.42) can be expressed as:

A 1 N, A
0(k+1) N E ' o m(k)6£k+1)’ (2.43)
Z S W =1

with weights accounting for the different sample size at each SU, i.e. Wi(k) P(k) =
|DC(}]§1)Z |/ |X;| for 6 representing any of the moments {11, 110, 07, 02} and VVi( = 1forf =
P. This highlights that the global SSM estimate (2.42) can be computed in a distributed
way through a weighted-average consensus approach [18], which is known to converge
to the weighted average of the initial local estimates.

We thus propose to implement the DD procedure for threshold computation distributively,
performing at each iteration the local computations (2.41) and then sharing information
with neighbours through consensus. Remarkably, iterations for LRT are interleaved with
those for consensus to favour the convergence. Namely, let BAZ(kH)(O) = égkﬂ) collect
the parameter estimates obtained by node i from (2.41) at iteration k£ + 1, a number
of consensus iterations indexed as ¢ = 1,2,..., () are performed before the next LRT

iteration, according to the weighted average-consensus algorithm [18]:

=8 W ST -8 ), e
JEN;

with step size € and 5 x 5 weighting matrix ng). As proved in [18], for 0 < € <

2/ Anax (W L), with W® = blockdiag(W{",....W{)) and L = L ® I, the al-

gorithm converges to the weighted average of the local estimates:

=1

0+ (00) = ( Cwi >) ™ W, (0) . (2.45)

Taking into account (2.43), we set the weighting as ng) = diag(VVi(k)7 I/Vl-(k), Wi(k), I/Vz-(k), 1)
so that (2.45) equals (2.42) and the distributed algorithm converges to the centralised es-
timate.

After () consensus iterations, the five parameters é(kﬂ) (Q) are used to compute the
new threshold S*+1), update the subsets ngfl nd ngﬁ , and repeat (2.41) and (2.44)
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o) _ plk+D) _

till convergence when P, P(OO) The parameter estimates at convergence

. 7
will be denoted as 6§ = | iy, fiy, 6%, 52, P| and the threshold as S.

2.4.5 Cooperative detection of interference

Aim of cooperative detection is the estimation of the M x Ny binary mask of the primary
network, B = [b(m, )], with elements defined as b(m, f) = 1 if any PU is transmitting
on the time-frequency resource (m, f), and b(m, f) = 0 if no PU is allocated on that
resource, m =1,.... M, f=1,..., Np.

In both the centralised and distributed approaches, the iterative procedure in the pre-
vious subsection provides a threshold S and the related classification of the L-period
dataset X;, for each user 7, into the two classes Hy and H;. The resultis a LM x Ng
mask estimate C; = [¢; (¢, f)] with elements ¢; (¢, f) = decg(x; (¢, f)) and binary de-
cision function defined as: decg(z) = 1 for x > S and decg(z) = 0 otherwise. However,
detection performed on the dataset X;, even though based on the global threshold estim-
ate, allows to sense only the PUs that are active in the area of SU i. For detection of the
overall spectrum mask, we propose to proceed as follows.

In the centralised approach (Section IV-B), where the Ng masks C, fori =1,..., Ng are

jointly available at the fusion center, cooperative decision on each time-frequency re-
source (m, f) is taken by evaluating the number of detected transmissions over the total

number NgL (Ng users and L periods). The resultis the soft-valued mask Z = [z(m, f)] €
RM*Nr with elements z(m, f) e [0, 1] given by:

z(m, f) = Ns i Zg, (6 —=1)M +m, f). (2.46)

Asymptotically, we should have z(m, f) — 0 if the time-frequency resource (m, f) is
free and z(m, f) — P, if it is occupied by a PU, where P, is the fraction of the observa-
tions belonging to ;. The final decision is thus obtained by comparing z(m, f) with a
threshold A, as l;(mA, f) = decy(z(m, f)), with A selected based on the value of P,. The

estimated mask is B = [b(m, f)]. If no a-priori information is available, we set A = 0.5.

In the distributed method (Section IV-C), since each SU i can only access the local mask
C,, it first computes the average of the local samples ¢; (¢, f) over the periods; then it
exchanges the average mask with neighbours and updates it iteratively by an average-
consensus procedure similar to (2.44), with 0 replaced by the mask estimates Z; and
identity matrices as weights, till convergence to the global average (2.46) is reached.

2.4.6 Performance analysis

In this subsection, the performance of the proposed distributed detection method is com-
pared to those of the centralised cooperative method and the non-cooperative (single-
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Figure 2.24: RMSE of the estimate for the interference parameters o; (top) and y; (bot-
tom) vs. 0q. RSS data is simulated using y1; = 6 dB (solid line) and y4; = 12dB
(dashed line), pip = 0dB and 0g = 1.5dB.

node) method considered as benchmarks. We analyse a scenario with a strongly connec-
ted network of Ng = 10 SUs that cooperatively sense the transmission of 3 PUs. The
PUs transmit data over 3 of the Np = 15 available carrier frequencies (F, = 0.2). Each
frame is composed of M = 1 sample repeated for L = 20 periods, for an overall number
of Ny = ML = 20 samples. The SUs are assumed to have synchronised clocks during
the sensing process and probability P, = 0.3 of visibility of any transmitting PU. The N
RSS samples collected by each SU are modelled as in (2.36) with parameters: ;0 = 0 dB
and oy = 1.5dB for the background noise; 1 = {6,8,12} dB and o, ranging in the
interval [1,5.5] dB for the interference. For spectrum detection, the LRT algorithm is

initialised using P(¥) = 0.5, ,ugo) = ,uéo) equal to the sample mean of the available data-

set (X for the centralised approach and X; for the distributed one), aio) equal to the

sample standard deviation of the same dataset, and 0(()0) randomly distributed in the in-
terval [0.5,2.5] dB. The interference binary mask is estimated as in Section 2.4.5 with

threshold A = 0.5P,.
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Figure 2.25: Probability of mis-classification P. vs. oy for j1; = 6 dB (solid line) and p; =
8 dB (dashed line).

Performances are evaluated in Figure 2.24 in terms of root mean square error (RMSE)
of the SSM parameter estimates for the interference parameters o; and p;. The RMSE
for the noise parameters oy and p is negligible. Convergence rate of the distributed
algorithm depends on the connectivity graph. Performances in terms of the probability
of mis-classification P are in Figure 2.25. This probability can be expressed as a function
of the probabilities of detection () and false alarm (Py,) as P. = P,(1 — P,) + (1 —
P,)Py,, which in the considered scenarios reduces to P. ~ F,(1 — P;) since Py, ~
0. Performances are evaluated by averaging over 1000 measurements. In both figures
the consensus-based distributed method is shown to outperform the non-cooperative
one and to closely approach the centralised cooperative performance. For all methods,
performance degrades for increasing oy and/or decreasing i1, as the interference level
by the PUs tends to be comparable with the background noise.

2.4.7 Experimental case study

In this section, we validate the cooperative spectrum detection on experimental data col-
lected during an indoor measurement campaign at the third floor of the department DEIB
of Politecnico di Milano. Experimental tests considered the coexistence of SU devices
with both IEEE 802.15.4 (ZigBee) and IEEE 802.11g (Wi-Fi) compliant PU devices. The
set-up consists of three ZigBee PU devices transmitting full data frames towards a co-
ordinator device and three Wi-Fi PUs acting as infrastructure access points. The ZigBee
PU transmitters are programmable devices configured to implement automatic power
and gain adjustments based on the channel quality indication (CQI) and send acknow-
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COOPERATIVE APPROACH NON-COOPERATIVE APPROACH (Single node processin

: I|EE

Figure 2.26: Time-frequency spectrum detection. Cooperative approaches (left box):
centralised (top-left) and distributed (bottom-left) algorithms. Non-
cooperative approach (right box): single node processing at node SU,, i =
1,...,6. Yellow boxes highlight the mis-classification due to the effects of
partial visibility for SU; and SUs;. The probability of mis-classification is
shown in the top-right corner of each sub-figure.

ledged data frames with application-dependent duty cycle. They exchange data over pre-
defined (but unknown to SUs) channels with centre frequencies {2.45,2.46,2.47} GHz
(standard compliant channels {20, 22, 24}). For each channel the occupied bandwidth is
3 MHz with nominal duty cycle of 30implementing cooperative spectrum sensing consist
of PCs equipped with a portable spectrum analyser operating in the 2.4 GHz band. Power
spectral measurements are taken with frequency steps of A f ~ 333 kHz (to cover the un-
licensed 2.4 =-2.495 GHz band), resolution of 187.5 kHz and sampling time At ~ 536 ms
(dwell time of 1 ms). Measurements are then processed to extract the RSS information
from which the relevant interference patterns can be tracked.

Time-frequency interference detection is implemented as in Section 2.4.5 with threshold
A = 0.5 (a-priori information is not available). Figure 2.26 shows the resulting M x
Np binary masks providing information about the time-frequency interference patterns
caused by the PU primary networks. Binary masks are evaluated for all the considered
algorithms: each subfigure highlights the most critical interference signals from the
IEEE 802.15.4 devices. For all methods, we evaluate the probability of mis-classification
P. defined as the percentage of the error with respect to the centralised approach (here
considered as reference). Non cooperative detection is highly affected by errors due to
partial visibility. The weighted-consensus method outperforms the non-cooperative one
reaching the centralised detection. In addition, since the Wi-Fi interfering signals act
as non-critical disturbances, they are considered as irrelevant by the detection process.
Therefore, throughout cooperation between nodes, the critical PU spectrum occupancy
is well reconstructed, even if some SUs are affected by limited sensing range and time-
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varying fading/shadowing conditions.

2.4.8 Concluding remarks

In this section we proposed the use of weighted-average consensus for distributed de-
tection of time-varying interference patterns. The consensus based algorithm is shown
to reach the performance of centralised estimation strategy with reduced amount of
information, since it is based on local computation and iterated sensing information ex-
change with neighbours. Interference pattern detection is validated based on an ad-hoc
experimental measurement campaign to highlight a practical case study of unlicensed
2.4 GHz spectrum sharing for the implementation in CIMC demonstrator (WP5). The
implementation in the demonstrator is detailed in D5.52 [2]
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3 Relay processing and coding

3.1 Adaptive energy efficient scheme for QMF relaying

3.1.1 Introduction

In this work, the issues of energy consumption and adaptivity are considered for wireless
cooperative relaying networks. We choose a specific relaying scheme called quantise-
map-and-forward (QMF). The QMF relaying scheme, which is a version of compress-
and-forward (CF), has been shown to be within a constant gap of the channel capacity
[32] for certain unicast and multicast scenarios. From the point of view of the diversity-
multiplexing tradeoff (DMT), QMF achieves the optimal DMT in full-duplex additive
white gaussian noise (AWGN) wireless networks [33]. The DMT for half-duplex regimes
is studied in [34] and [35]. In [35] several DMT regimes are identified as well as strategies
to achieve the optimal tradeoffs.

The performance of QMF relaying is improved when the relays are equipped with mul-
tiple antennas [34]. However, the multiple antennas require multiple radio frequency
(RF) chains at the transmitter and receiver sides of the relay resulting in increased en-
ergy consumption. The power consumption of the receive RF chains is dominated by the
analog-to-digital converter (ADC) component, while at the transmit side it is dominated
by the power amplifier (PA) and digital-to-analog converter (DAC). For QMF, multiple
receive antennas can improve the performance of the relay which quantises the signal
received from the source before forwarding it to the destination. However, as pointed
out in [36], the ADC is the main bottleneck of the receiver, since it is costly and power-
hungry. Therefore, it would be advantageous if a communication scheme could reduce
the number of active ADCs and at the same time maintain its communication perform-
ance.

This work proposes an adaptive scheme wherein the number of active RF chains at the
relay can be changed according to the channel conditions. Similar techniques are known,
for example in the IEEE 802.11n standard [37]. While such approaches have been well
investigated for point-to-point systems [38] [39], their extensions and application to
more complex networks, such as cooperative networks are scarce [40].

In our case, the difficulty in enabling adaptivity for QMF relaying comes from joint de-
coding and successive interference cancellation (SIC) at the decoder. For this reason, we
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Figure 3.1: Relay channel.

choose to address the adaptivity problem by a combination of blind adaptation and cyc-
lic redundancy check (CRC) codes. The main contributions of the work can be summar-
ised as follows: 1) The adaptive cooperative communication scheme is defined within a
control theoretic framework when the dynamics of frame error rate (FER) is unknown,
where the control policy represents the number of active RF chains, 2) A heuristic method
for blind adaptive policy construction is proposed, 3) The scheme is tested for the so-
called asymmetric relay, i.e. when the number of receive and transmit RF chains are
not the same, and 4) The scheme is simulated for finite-state as well as for block-fading
Rayleigh channels.

3.1.2 Model of adaptive asymmetric cooperative relaying

We consider a simple cooperative network model consisting of three nodes, a source .5,
destination D and relay R [41] as shown in Figure 3.1. The destination D receives two
versions of the source message, one directly from .S, and the other from R. The role of the
relay R is to help the destination D to decode the message coming from S by listening
to the message transmitted by the source S and passing its version of the message to
D. To improve its performance, the relay R can use more than one antenna as in [34].
However, this would lead to a larger energy consumption. In order to reduce the energy
consumption of the relay circuitry, the number of receive and transmit RF chains can
be different at R, implying an asymmetric architecture. Here, the number of receive
RF chains is larger than the number of transmit chains. To further reduce the energy
consumption of R, an adaptive scheme is proposed which takes into account the time
varying nature of communication channels between nodes by choosing the appropriate
number of active receive RF chains at the relay R.

To define the problem under consideration, it is important to look at the QMF scheme in
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more detail [42]. When low-density parity-check (LDPC) codes are employed at S and
R, a source message m, is encoded by an LDPC code Cy at a time block b containing a
codeword of N symbols, and transmitted so that D is able to receive all N symbols, while
R receives fN symbols only, 0 < f < 1. The relay R quantises and maps the received
signal yg[b], where the mapping is another LDPC code C'z. The quantised version of
the signal is denoted by ¢,. During a given time block b, the relay R does not send the
quantised message g, to D, but the quantised message ¢,_1 which it received during
the previous time block b — 1. The idea can be understood by analysing the following
equations, where SIC is used in addition to joint LDPC decoding of C's and Cr

g[b — 1] = hSD[b — 1]$S<mb_1) —+ g[b — 1] (3.1)
ylb] = hsplblzs(ms) + hrplblzr(gs-1) + 2[b]. (3.2)

The expression (3.1) relates to time block b — 1, and it is a product of SIC as will be
explained shortly. The expression (3.2) comes from the time block b, and it is a signal
received at D when both S and R transmit at the same time. Here, hgp|[b], hsr[b] and
hrp|b] are the channel coefficients for three channels in Figure 3.1. These two equations
are the inputs to the parallel LDPC decoder that decodes the codeword xg(m;_1), i.e.
myp—1, and the codeword xg(gy—1), i.e. an index ¢, in the terminology of CF, which
is side information for the decoding of the message my;,_;. Once xg(qy_1) is decoded,
which produces an estimate Zr(¢,_1), this estimate is subtracted from (3.2) giving §[b] =
hsp[blzs(msy) + Z[b] which is a version of (3.1), but for a time block b. The second output
of the LDPC decoder is an estimate 2 g(1m;_1 ), producing the estimate of m,,_;. Therefore,
the message is decoded with a delay of one time block. A pictorial description of the
decoding is shown in Figure 3.2 which illustrates the decoding dependence between
different time blocks, i.e. codewords. From Figure 3.2, it is obvious that the decoding of a
given codeword of block b will have an effect on the performance of subsequent blocks.

Remark 1. The previous observation — illustrated by Figure 3.2 — means that an adaptive
policy for cooperative networks has to be aware of the dependence in the decoding of different
time blocks. In contrast, for the case when the decoding of the codewords is independent, the
adaptation can be done independently for each time block.

3.1.3 Adaptive policies for cooperative relaying and slow fading

The adaptive scheme proposed in this work can be seen as a control optimisation prob-
lem, more specifically, a tracking problem. The scheme adapts to channel conditions by
maintaining the FER below a target FER, F'E/Ry. This means that the achievable FER
under given channel conditions has to be estimated. One possible way to estimate the
FER is to introduce a CRC [43]. Then, the adaptive scheme operation can be illustrated
as in Figure 3.3.

At the beginning of each fading block of length Lyp codewords, the initial number of
active RF chains u[0] is chosen. After the transmission, joint LDPC decoding and CRC
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Figure 3.2: Joint decoding illustration for QMF relaying.

detection at D, the FER is estimated. If the FER is below F'E Ry, the number of active RF
chains for the moment b+ 1 remains the same (u[b+ 1] = ul[b]); if it is above, this number
is changed to u[b+1] # u[b]. Following Remark 1, the choices of u[b], b =0, ..., Lrp—1,
are not independent. Therefore, we define a vector or policy u} = (u[k] u[k+1] ... u[b])”
where (.)7 denotes vector transpose. We also define channel state information (CSI) for
the time block b as a vector h[b] = (hsp[b] hsr[b] hrp[b])T and denote FER by f[b].

The proposed adaptive cooperative relaying scheme is further defined, using a control
theoretic framework. From this point of view, the policy u} is a control policy, and f [b]
and h[b] are state variables.

Definition 1. Consider a discrete-time system described by f[b] representing the FER, h[b]
the CSI, y|b|] the received signal, u[b] a control for the time block b and the corresponding
dynamics

flo+1 = F(fe ub,h) (3.3)
hb+1] = Hy(h[b]) (3.4)
ylb] = hsp[bles(m[b]) + hrp[blrr(glb — 1], u[b]) + 2[b] (3.5)

such that the functions F, and Hy, are bounded and continuous. It is assumed that the state
variable f[b] can be estimated from the system output y[b], f[b] = Core(y[b], h[b]) by
using appropriate CRC, Corce. Further, we define an asymptotic cost function in terms of a
distance between the target F E Ry, fr, and current FER, f[b], d(f[b], fr)

Ncﬁoo c

Nc—1
Je = lim —E{ > d(flb), fr) + e(u [b])} (3.6)
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Figure 3.3: Block diagram of adaptive policy.

where N, is the number of codewords or equivalently the time blocks during a transmission,
and €(ulb]) determines the cost of using u[b] RF chains. The communication problem can
be defined as an optimisation control problem

Jys = min J,
uéVCeu

Ne (3.7)

where U is the set of all admissible policies.

Remark 2. (Definition 1): 1) For known dynamics Fy, and Hy, the problem given in Defin-
ition 1 can be solved using dynamic programming methods, 2) For point-to-point networks,
the communication systems do not need to use CRC codes to estimate FER; the known heur-
istic approach of channel abstraction can be employed to predict FER before the transmission
and the appropriate communication scheme for the given CSIL This improves the through-
put for the point-to-point case, 3) For cooperative communications, the abstraction heuristics
are still under investigation, 4) From Figure 3.3 and (3.6), one should note that d(f[b], fr)
is defined such that it will imply FER < F'E Ry condition with high probability.

For cooperative communications, as briefly discussed in [44], the main obstacle is that
one deals with multiple channels which makes the channel abstraction much more com-
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plex. We leave for future research the investigation of channel abstraction for cooperat-
ive communications which may follow the approaches considered in [38].

Policy construction

As previously stated, this work follows another approach of estimating FER by means
of a CRC code. However, although the estimation of f[b] is possible after decoding
each codeword, the dynamic programming will be difficult when the dynamics F; is
not known or is difficult to compute. Therefore, the so-called blind adaptive approach
is proposed — when the function F} is unknown — which needs to take into account the
decoding dependence condition presented in Remark 1. For each fading block (h[b] h[b+
1]... hlb+ Lpp — 1)) a vector policy u. ™"~ ! is constructed. Because of the slow
fading assumption within one fading block of length Lrp codewords, it is true that
hlb] =h[b+1]=... =hlb+ Lpp — 1].

Hence, one possible way to construct the policy uz+LF 5-1 s the following: the relay can

utilise one RF chain u[0] = 1 at the start of the fading block, and then keeps increasing
the number of RF chains for subsequent codewords within the fading block if the FER
criterion is not met. However, because of the decoding dependence, the initial small
number of antennas might adversely affect the decoding of the subsequent codewords
leading to inadequate FER performance of the policy uZJrLF 51 as will be demonstrated
later in Subsection 3.1.4. Therefore, depending on the network geometry, one should
identify policies which will provide good FER performance and at the same time have
satisfactory energy consumption proportional to Zf:bL #5~1 y[i]. To make this procedure

clear, three types of policies are introduced.

Definition 2. (Policy types): 1) Type 1 policy keeps the number of antennas at the relay
constantub) = ulb+1]... = u[b+ Lpp — 1], eg. ud = (1,1,1)T, 2) Type 2 policy does
not keep the number of antennas at the relay constant, e.g. u? = (1,2,3)%, 3) Type 3 policy
is an adaptive policy as illustrated in the flowchart in Figure 3.3.

Remark 3. (Policy ordering and lower bound on FER)

Type 1 and Type 2 policies are fixed policies in the sense that the number of used antennas
within one fading block will not adapt to channel conditions, i.e. for u} = (1,4)T, u[b]
forb = 0,1, are fixed regardless of channel conditions and current FER where Lpp = 2.
However, u}, = (1,4)T provides a lower bound in terms of FER for all policies which are of
lower order comparing to u} = (1,4)7 such as Q = {(1,1),(1,2),(1,3)}, see Figure 3.4.
Two policies ug’l and u8’2 are partially ordered in <, sense, denoted by

(W0, ..., ul'lk], ..., u'[b]) <, (W[0], ..., u?[k],. .., u?D]),

if and only if u[k] < u?[k] for every k. Higher order policies have intuitively better FER
performance, because then the relay provides more reliable side information to the destina-
tion.
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Figure 3.4: Policy graph.

A Type 3 policy is described by a set of policies which can be generated from a flowchart
such as the one shown in Figure 3.3. The block ‘Choose u[k + 1]’ in a specific realisation
can be replaced, e.g. u[k+1] = u[k]+1. For instance, for Lrp = 3 start with u[0] = 2 and
then keep increasing the number of antennas by 1 until /'E Ry is reached, resulting in
a set of different possible policies P ={(2, 2, 2),(2,2,3),(2,3,3),(2,3,4)} (one of these
policies is possible and will appear for corresponding channel conditions). We say that
the Type 3 policy represented by P is derived from a Type 2 policy u3 if uZ is of a higher
order compared to all policies belonging to P, e.g. for u3 = (2,3,4)7.

The policy construction is then performed in the following manner: (i) Construct one
or more Type 2 policies uZ+LF 5~ which will serve as a lower bound in terms of FER
for Type 3 adaptive policy, (ii) Check whether the Type 2 policies have acceptable FER
performance and energy consumption as compared to Type 1 policies, (iii) Derive Type 3

adaptive policy from the chosen acceptable Type 2 ones.

One way to check the condition in step 2) of the policy construction is through simula-
tions.

3.1.4 Case study for finite state and fading channels

To illustrate the benefits of the proposed scheme, several examples are presented where
the scheme supports QMF relaying for three nodes and up to four receive RF chains at
the relay receiver. The multiple antenna processing technique used at the receiver side
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of the relay is maximum ratio combining (MRC). The source S and destination D are
equipped with only one antenna.

It is assumed that C's and Cy are Gallager error-correction LDPC codes (20000,10000)
and (15000,5000), respectively. The notation (n, k) is used to describe the code, where
n represents the codeword length and £ is a sourceword length. The codes have similar
performances in an AWGN channel as the codes used in [42]. At the destination D,
joint message passing decoding is performed to decode both codes simultaneously. For
this particular example, the joint iterative decoder applies 20 iterations. It is assumed
that the average SNRs among the three nodes are such that SN Rsp = SN Rpp, while
the SNR between the transmit antenna at S and one receive antenna at R, SN Rgp is
equal to SN Rgp. In this situation multiple receive antennas at 12 help to overcome an
unfavourable level of SN Rgr. However, this improvement comes at the cost of using
multiple RF chains all the time which can be costly when the relay is battery powered.

As described in Figure 3.3, the adaptation of the transmission can be achieved with the
goal of targeting a given FER. To track the change in FER, a sourceword at S' is split
into 50 frames, where each frame is encoded by a CRC code with 16 parity bits. After
this, frames are collected and encoded into one C'g codeword. At the destination D, the
messages coming from R and D are decoded jointly. This is followed by a CRC decoder
used to estimate the FER. Throughout the transmission, the number of RF chains used
at IR is determined by the policy ug+LF 51 In general the adaptation may use the FER
of: 1) both messages, the main message sent by S and of the side information sent by R,
or 2) the main message only. In this specific example, the latter approached is used.

Further, it is shown how to construct adaptive policies by using the approach explained
in Subsection 3.1.3 to reduce the energy consumption of relay nodes.

Finite state channels

To gain insights into the proposed method, its performance for FSCs and binary phase
shift keying (BPSK) modulation is first examined. The simulations under the FSC as-
sumption should save simulation time — compared to fading channels — keeping in mind
that the three node network can support six different channel conditions simultaneously.
A two-state FSC model for all channels in the network is used as a first approximation
[44], [45].

It is assumed that all six channels are slowly time-varying channels (six codewords per
a fading block, Lrp = 6) where the six channel coefficients — due to four antennas at
the relay — hgr 1, hsr2, hsr3, hsra, hsp and hrp- are chosen independently for each
fading block. A ‘good’ state G of the two-state FSC model corresponds to a coefficient
of unit power, while a ‘bad’ state B has a power 1/1.5. Thus, the channel coefficients
take values from the set {1,1/1/1.5}. In addition to fading, the transmitted signals are
subject to AWGN.
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Figure 3.5: Performances of different Type 1 and Type 2 policies for QMF relaying with
multiple antennas at the relay for BPSK modulation and FSC.

Figure 3.5 shows the FER performance for different Type 2 (1-4, 2-4) and Type 1 (1, 2, 3
and 4) relay receive RF chain policies. The Type 1 policies correspond to (1,1,1,1,1,1),
(2,2,2,2,2,2),(3,3,3,3,3,3) and (4,4,4,4,4,4), while the Type 2 policies correspond
to (1,2,3,4,4,4) and (2,3,4, 4,4, 4), respectively. The length of ul**"?~'is Lpp = 6,
and corresponds to the length of the fading block in terms of codewords.

The policy (4,4,4,4,4,4) is the best Type 1 policy. It has a similar performance to
(3,3,3,3,3,3), is slightly better than (2, 2,2, 2,2, 2) and outperforms (1,1,1,1,1,1) by
0.5dB. Overall, it is by 1.5 dB better than non-cooperative transmission.

Out of the tested Type 2 policies, the best performance is shown by (2, 3,4, 4,4, 4). Its
performance is close to the FERs of the Type 1 (3,3, 3,3, 3,3) and (4,4, 4, 4,4, 4) as seen
from Figure 3.5. On the other hand, for larger SNRs the performance of the second policy
(1,2,3,4,4,4) becomes close to the Type 1 policy (1,1,1,1,1,1) showing a decreasing
gain in spite of using the maximum number of RF chains for three time blocks. One
difference between (1,2,3,4,4,4) and (2, 3,4, 4,4, 4) is a starting point u[0]. Intuitively,
this starting point affects the joint decoder at the destination D, since it determines the
quality of side information coming from the relay R at the very start of the transmission.
This is important since the first transmission affects the rest of transmissions due to the
use of SIC and joint decoding. The price paid is that more energy is consumed by the
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relay R with the policy (2, 3,4,4,4,4) compared to (1,2,3,4,4,4).

As previously mentioned, the FER of (2,3, 4,4, 4,4) serves as a lower bound for the de-
rived algorithmic adaptive Type 3 policies described in Figure 3.3, where u[0] = 2 and the
block ’Choose u[k+1] is represented by u[k+1] = u[k]+ 1. For example, (2,3, 4,4,4,4)
gives a FER lower bound for (2,2,2,3,4,4) or (2,2,2,2,3,4) policies. Denote a Type 3
policy derived from (2,3, 4,4,4,4) by u®. Table 3.1 shows u® performance in terms of
the average number of used antennas at R for different fixed target FERs, F'E' Ry (1072,
1073 and 10~%) and corresponding SNRs. It can be seen that u® is a compromise, since
on average, it uses a larger number of RF chains for smaller SNRs to provide a good
performance, but for larger SNRs it can reduce the number of RF chains to 2.

Table 3.1: Average number of antennas vs. SNR for Type 3 policy and fixed F'ER;

FERp 1072, SNR(dB) | 1.15 | 1.2 | 1.25

av. num. of ant. 323 | 24 2
FER7 1073; SNR(dB) | 1.25 | 1.35

av. num. of ant. 349 | 2
FER;107%;SNR(dB) | 1.37 | 1.4

av. num. of ant. 299 | 2

Block-fading channels

In this subsection, the simulations are extended for Rayleigh block-fading channels.
Again, a slow block-fading scenario is considered where the six channel coefficients -
including coefficients for four receive antennas at R — are independently chosen from
a Rayleigh distribution at the beginning of a fading block and kept constant within the
block. The length of the fading block is Lrp = 6 codewords. The modulation at S and
R is quadrature phase shift keying (QPSK).

Here, the same policies are tested as for FSCs. The results are shown in Figure 3.6. The
Type 1 policy (4,4,4,4,4,4) is the best out of all tested Type 1 policies; it outperforms
(2,2,2,2,2,2) by 0.8dB, (1,1,1,1,1,1) by 2dB, and non-cooperative transmission by
4 dB for an FER of 2 x 1072. The (3, 3, 3, 3, 3, 3) policy shows slightly worse performance
than (4,4,4,4,4, 4) so it was not shown in the figure.

The performance of the Type 2 policies for the Rayleigh block-fading channels are sim-
ilar to their performances for FSCs. The policy (2,3,4,4,4,4) is the best and again
matches (4,4,4,4,4,4) for most SNRs, however (1,2, 3,4,4,4) shows better perform-
ance for the Rayleigh fading, and it matches (2,2, 2,2, 2,2) in contrast to the FSC case
when it matches (1,1, 1,1, 1,1). In addition, another policy (1,2, 2,2, 2,2) (denoted by
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Figure 3.6: Performance of different Type 1 and Type 2 policies for QMF relaying
with multiple antennas at the relay for QPSK modulation and block-fading
Rayleigh channels.

Type 2 (1-2) in the figure) is tested, which has worse performance than (2,2,2,2,2,2)
but by a small margin.

Therefore, one can choose from a variety of policies depending on the number of avail-
able RF chains and the performance requirements. For example, if the goal is to achieve
the best performance and some reduction in energy consumption, then (2, 3,4,4,4,4) is
a possible choice. In the worst case scenario, a Type 3 policy derived from (2, 3,4, 4,4, 4)
will have 13% smaller energy consumption in the receiver chain than (4,4,4,4,4,4). On
the other hand, if the energy consumption is more important then (1,2,3,4,4,4) or
(1,2,2,2,2,2) could be more suitable. Similarly, in the worst case scenario, a Type 3
policy derived from (1,2, 2,2, 2, 2) will require 9% less energy than (2,2,2,2,2,2). In
more favourable scenarios for higher SNRs, the reduction can be up to 50%, this depends
on channel conditions.

In the end, another question can be asked, which is: how will the performance change
if the number of transmit antennas of the relay is increased. Figure 3.7, which compares
the one and two relay transmit antennas cases, suggests that there could be a gain worth
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Figure 3.7: Performance of different Type 1 policies for QMF relaying with one vs.
two transmit antennas at the relay for QPSK modulation and block-fading
Rayleigh channels.

mentioning for one receive antenna at the relay, but the gain diminishes as the number
of receive antennas increases. However, this additional RF chain will increase the energy
consumption of the relay.

3.1.5 Conclusion

Problems of energy efficiency and adaptiveness are important issues that need to be
addressed for cooperative wireless communication networks. In this work, an adaptive
cooperative communication scheme is proposed to improve the energy efficiency of QMF
by adapting the number of active RF chains at the relay to channel conditions; the goal
is to keep the FER close to its target. However, cooperative communications often rely
on complicated algorithms — such as QMF - so that physical layer channel abstraction
is complex, making the adaptation difficult. Therefore, the proposed scheme is defined
in a control theoretical framework, and a heuristic approach is proposed that combines
a blind policy design and CRC codes. It is shown by simulation that considerable energy
consumption reduction is possible for higher SNRs, while at the same time maintaining
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good performance, using multiple antennas at relays, for lower SNRs. The scheme is
tested for unequal RF chain numbers at the receive and transmit side of the relay. The
results show that the asymmetric scheme can still deliver a very good performance gain.

Future research can address issues such as: 1) Whether a learning algorithm can be
employed to capture FER dynamics and under which channel conditions, 2) Generalisa-
tion to multiple relays and other communication schemes such as CF and compute-and-
forward.

3.2 Relay selection in cloud networks

3.2.1 Introduction

A technology regarded as the most promising for use in future cellular systems is phys-
ical layer relaying, in which an intermediate communication node termed relay node
conveys a message from source to destination. A variety of relay techniques have been
proposed and developed, ranging from simple amplify-and-forward (AF) techniques and
analogue network coding methods to more complicated approaches of exploiting spatial
diversity, including cooperative communication and so-called relay selection, the latter
of which entails one or more relays being chosen out of a large group of nodes to retrans-
mit a message from source to destination based on some desired performance criteria. It
is of great interest to understand the implications of employing multicarrier signalling
schemes such as orthogonal frequency-division multiplexing (OFDM) and related block-
based single carrier schemes in advanced relay networks, particularly with reference to
crucial properties that multi-carrier techniques exhibit in simpler point-to-point systems.
The emphasis of the research project is to investigate and design new relay techniques
that exploit the additional degrees of freedom provided by OFDM and related modula-
tion schemes. Essentially, this project aims at how to enhance the reliability of wireless
signals and meanwhile reduce the system complexity. Specifically, two aspects of the re-
lay technology are investigated and analysed in details in the first year. They are related
to an innovative selection scheme termed combined bulk/per-subcarrier selection (also
known as combined bulk/per-tone selection, combined selection and joint selection etc.)
[46-49)].

Since the proposal of the cooperative network, the theoretical and implementation issues
of relay networks have become important research topics in both industry and academia
[50, 51]. As an effective way to exploit spatial and frequency diversity, relay selection
has been touted as one of the most promising techniques in the next generation of co-
operative networking [52]. For OFDM systems, bulk selection (a single relay is selected
for transmission on all subcarriers) and per-subcarrier selection (selection is treated in-
dependently for each subcarrier, thus leading to transmission via multiple relays) have
been proposed [53].
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Figure 3.8: lllustration of (a) bulk, (b) per-subcarrier and (c) combined bulk/per-
subcarrier relay selection strategies.

Obviously, bulk selection is simpler but has a poorer performance than per-subcarrier
selection [54]. On the other hand, per-subcarrier selection has the optimal performance,
but the system complexity is higher and thus a series of problems regarding synchron-
isation, implementation and channel state information (CSI) transmission are inevitable
[48]. Combined selection can be regarded as a compromise scheme between bulk and
per-subcarrier selections. To be specific, combined selection selects two relays first and
then performs the per-subcarrier selection over these two relays [53]. Pictorial examples
of the bulk, per-subcarrier and combined bulk/per-subcarrier selection strategies are il-
lustrated in Figure 3.8.

In transmit antenna selection (TAS) scenarios, the OFDM system selecting only two out
of the total available antennas can achieve the same outage and symbol-error probabilit-
ies as systems employing a per-subcarrier selection strategy in the high signal-to-noise
ratio (SNR) regime [46]. In this report, we refer to this asymptotic behaviour as the
equivalence principle.

It is natural to ask whether the combined selection strategy can be extended to relay se-
lection. Clearly, the answer is “yes” to a certain degree. What is not obvious is whether
the equivalence principle holds in relay selection systems, particularly for different for-
warding schemes. Here, we prove that it does indeed hold for cooperative networks
employing the three fundamental forwarding schemes: decode-and-forward (DF), fixed-
gain (FG) AF, and variable-gain (VG) AF.

By the results presented in Section 3.2.2, the asymptotic outage performance of com-
bined selection is identical to the performance of per-subcarrier selection at high SNR
[55]. Hence, combined selection is regarded as the most appropriate selection scheme
for cooperative networks containing a single user pair [55]. Meanwhile, we also pro-
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Figure 3.9: Illustration of combined bulk/per-subcarrier relay selection and transmission
in the super dense cloud network equipped with multiple user pairs: (a)
without contention, (b) with contention.

pose a methodology for the analysis the outage performance of combined selection over
spatially correlated channels and carry out a series of preliminary investigations in Sec-
tion 3.2.2.

However, in super dense cloud networks with multiple users, it would not necessarily be
the case because another detrimental phenomenon called selection contention should be
taken into consideration for such a multiuser scenario [56]. Therefore, in Section 3.2.3,
we analyse the effects of outage and contention together by using a defined performance
parameter termed the bulk gain factor. The main contribution of this work is to show that
although the bulk selection scheme yields a worse outage performance, it would still be
preferable in super dense cloud networks as long as a sufficiently large transmit power
is provided, since it only demands one relay and has a smaller contention probability.
Besides, the outage performance of AF relay in super dense cloud networks is analysed in
particular in this section as well. All these results can be used as a design benchmark for
physical layer applications/protocols used in super dense cloud networks. With these, it
is possible to design a theory to further optimise super dense cloud networks by reducing
contention probability. We finally conclude this report in Section 3.2.4.

3.2.2 Combined bulk/per-subcarrier relay selection in two-hop OFDM systems

In this section, we apply the concept of combined bulk/per-subcarrier selection to two-
hop relay selection systems employing OFDM. The outage probability of the proposed
strategy is analysed in the high SNR regime when DF, FG AF and VG AF are employed
at the relays. We prove that the combined selection strategy achieves an outage probab-
ility equivalent to conventional per-subcarrier selection in the high SNR regime without
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using the full set of available relays for selection. Moreover, we demonstrate through
numerical simulations that this performance advantage holds when channels are spa-
tially correlated. Besides, we also propose a methodology for the outage performance
analysis of combined selection over spatially correlated channels and carry out a series
of preliminary investigations.

Fundamentals

Relays and channels. For a typical OFDM system with a single source and destina-
tion, M relays and K subcarriers, if the combined selection strategy first chooses L = 2
out of M relays, the bulk selection, per-subcarrier selection and combined selection
strategies can be illustrated in Figure 3.8. It is clear that for /M relays and K subcarriers,
2M K channels exist in the space-frequency grid. For brevity, we tentatively assume that
the 2M K channel coefficients are statistically independent, zero-mean, complex Gaus-
sian (ZMCG) random variables with total variance y;, where i € {1,2} corresponds
to the first and second hop, respectively. The frequency-domain channel coefficients
between the source and the mth relay for the kth subcarrier, Vm € M = {1,2,..., M}
andV k € X ={1,2,..., K}, are denoted as h(m, k), and similarly the channel coeffi-
cients between the mth relay and the destination for the kth subcarrier are denoted as
g(m, k). Meanwhile, without loss of generality, if we assume h(m, k) ~ CN(0, y;) and
g(m, k) ~ CN(0, ua), it is well-known that |h(m, k)|* and |g(m, k)|* are distributed as
(1, p1) and T'(1, o).

We further assume that the CSI is perfectly estimated and shared among all commu-
nication nodes, and the relay network operates in a half-duplex protocol so that two
orthogonal time slots are required for one complete transmission from source to destin-
ation. The noise statistics at the mth relay and at the destination are denoted by n(m, k)
and n(k), respectively, and all M K + K statistics are independent, identically distributed
(ii.d.) ZMCG random variables with variance Ny/2 per dimension.

Assuming equal bit and power allocation schemes are applied, the average transmit
power per subcarrier at the source and at each utilised relay is denoted by F,. Hence,
the equivalent instantaneous end-to-end SNR? corresponding to the kth subcarrier and
the mth relay using a DF protocol can be expressed as

B 2 2
SNR(m, k) = Fomln (|h(m, k)|?, [g(m, k)[?). (3.8)

1eN(+, ) and T'(-, - ) represent the Gaussian and the Gamma distributions, respectively.

?In fact, an outage in DF relaying networks depends on the minimum channel coefficient among the
source-relay and the relay-destination links. Hence, we can employ the minimum channel coefficient
as the equivalent channel quality indicator here.

D3.03 DIWINE



3.2 Relay selection in cloud networks 79

It is also well known that for FG AF relaying, the instantaneous end-to-end SNR can be
expressed as

G%"h(ma k)‘ng(mu k)‘QPt
(GElg(m, k)[> + )Ny
where Gp = \/P,/(Pyu1 + Ny) is the per-subcarrier relay gain. Finally, for VG AF

relaying with per-subcarrier relay gain factor Gy = \/P,/(Pi|h(m, k)2 + Ny), the in-
stantaneous end-to-end SNR can be expressed as

SNR(m, k) = (3.9)

|h<m7 k)|2|g<m7 k)|2Pt2

NR = .
SNROm k) = ol k)P s + [, )PP, + No) Mg

(3.10)

Combined relay selection: An introduction. Now let us consider the selection pro-
cess of the combined selection. It has been verified that the outage probability mainly
depends on the worst channel over all subcarriers at high SNR and thus we should max-
imise the minimum channel coefficient over all subcarriers in order to minimise the out-
age probability [46]. Following this logic, the bulk selection criterion can be expressed
as [56]

Loun = arg max min max SNR(m, k) (3.11)
LCM keX 1€l

where £ identifies a pair of relays that can be used to carry out per-subcarrier selection.
Clearly, | £| = 2. Note that we could consider |£| > 2, but this is not required to prove
our main result, namely that the equivalence principle applies to relay selection systems.

For a given set of relays chosen according to (3.11), the optimal per-subcarrier selection
criterion for subcarrier £ € X is given by [56]

L¢(k) = arg max SNR(m, k). (3.12)

l€Llpuik

A note on the practicality of these selection processes is in order. In fact, it is straight-
forward to see that selection of this nature is practically achievable by adopting a well-
designed timer-based scheme [48]. In this section, we consider the time interval within
which two or more timers expire to be infinitesimal. Hence, we do not need to worry
about the timer contention problem here. This is equivalent to assuming that the selec-
tion process is perfect, which is justified since we are concerned with theoretical per-
formance limits.

Performance analysis

We adopt outage probability as a metric to measure the performance of OFDM systems
employing combined relay selection. In what follows, we define the outage probability
in the usual way:

F(s) =P(SNR(m, k) < s) (3.13)
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where s is an end-to-end SNR threshold. Our goal is to show that as P,/Ny — o0,
the outage probability for cooperative networks employing combined selection (with
|£| = 2) tends to the outage probability for networks that use per-subcarrier selection
over the relay set L = M. We consider each selection strategy in turn.

Combined selection. Denote the probability density function (PDF) corresponding
to F'(s) as f(s). Using Lemma 1 in [46], we obtain the PDF of the outage probability
of an OFDM relaying system employing combined bulk/per-subcarrier selection at high
SNR:

Jeomn(s) = MK[F(S)]M_l[l - F(S)]MK_Mf(S)' (3.14)

The corresponding CDF Fy,(S) of feomp($) can be used to quantify the asymptotic
outage performance for the selection system.

DF relay

Now, let us focus on the DF relay case. Because |h(m, k)|*> ~ T'(1, yy) and |g(m, k)|* ~
['(1, 12), the PDF and CDF of |h(m, k)|* and |g(m, k)|, Ym € M, Vk € X are

f(s)=e "/, = F(s)=1—e (3.15)

for i = 1,2. Define the normalised SNR to be 7 = P,/N,. By applying the theory of
order statistics [57], F'(s) in DF relaying networks with selection defined according to
(3.8) is given by

F(s) =1 — e sWmtl/u)/3, (3.16)

Consequently, the PDF f(s) corresponding to F'(s) in DF relaying networks is

f(s) = dﬂf) - % (i + i) (), (3.17)

According to (3.14), (3.16) and (3.17), the PDF of the worst channel at high SNR with the
combined bulk/per-subcarrier selection is

LM L\ 1ME-M+t1

Foomp(s) = @ (i + i) [1 B es(m+u2)/7] |:6S(“1+"2>/’y} '
v 1 15

(3.18)

Meanwhile, the system outage probability Fi,,.,(s) = fos Jeomp(t)dt can be expressed by

an asymptotic approximation at high SNR (¥ — oo, or equivalently s — 0). Employing
a Taylor series expansion yields the asymptotic expression

Fcomb(s) =~

1 M
[KMS(Ml + /“L2> (3 19)

1 o7y
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FG AF relay
As for the FG AF relay case, using (3.9), it can be shown that [58]

s s(u + 1 s(u + 2
F(s)=1—2¢ m7 st t5) 7)K1 o ik

— — (3.20)
Hap27y M f27y

where K () is the first order modified Bessel function of the second kind. This is the
standard outage result for FG AF networks. Applying (3.14) and using the Puiseux series
expansion of the Bessel function along with binomial and Taylor expansions of the al-
gebraic and exponential terms in (3.20) yields the asymptotic outage expression

[Kﬁsln(i)]M

Fromp(s) ~ = (3.21)

VG AF relay
For VG AF relaying, the CDF of (3.10) has been proved to be [59]

F(s) =1 oo () ° <i+s)KI 2| — (i—l-s) . (3.22)
Hay™ \ M2 H17y™ \ M2

Using a similar approach to the FG AF case, we find that

1 M
K s(pg + piz)

fh1fho7y

(3.23)

Fcomb(s) ~ [

for large ¥ (equivalently, small s). Note that the expression given in (3.23) is exactly
the same as that given in (3.19), which indicates the performance of VG AF relaying
is identical to DF relaying network at high SNR. A related result was explored in [60].
However, the equivalence of DF and VG AF relay performance in the present context
has not been reported in the literature until now.

Per-subcarrier selection. Considering the PDF of the worst subcarrier when apply-
ing per-subcarrier selection, we have that the PDF of the instantaneous end-to-end SNR
is given by

Fos(s) = MK [F(s)]" " {1 = [F(s)] "}/ (). (3.24)

By repeating the derivations outlined in the previous subsection, the asymptotic expres-
sion (leading order term) for the CDF of the system employing per-subcarrier selection,
denoted as F,s(s), can be easily calculated for all three kinds of relays. By carrying out
these calculations, we find that the asymptotic expressions of F},;(s) with per-subcarrier
selection for all three relaying protocols agree with the combined selection results given
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in (3.19), (3.21), and (3.23). To see this result without going into the details of the spe-
cific calculations, one can observe (3.14) and (3.24) carefully, noting that both PDFs are
dominated by the terms M K, [F(s)]™~! and f(s) for the three relay protocols. Indeed,
the differences in the expressions, notably [1 — F(s)]5~M and {1 — [F(s)]"}¥~!, are
incorporated into higher order terms in the asymptotic expansion of the outage prob-
ability, and hence do not contribute at high SNR. Note, however, that these corrections
will influence the rate of convergence of the combined selection performance to that of
per-subcarrier selection. More strict and generalised mathematical proof is given in the
next subsection.

Generalised theorem of equivalence principle. As we have proved the equival-
ence principle for three types of relays, one might wonder whether this equivalence
principle can be further extended to other applications. To answer this question, a gen-
eralised equivalence principle can be stated as follows.

Proposition 1. Ifthe CDF of the i.i.d. end-to-end SNR, F(s), can be expanded in the vari-
able 7 as '
0o 1 % L

Fe) =Yoo (3) ) (5.25)
i=io
where i is an integer given by ig = arg min,en {c,(s) # 0}; 6 is a nonzero natural num-
ber; {c;(s)} represents a series of functions of s; v € N, then combined selection is able
to achieve an outage probability equivalent to conventional per-subcarrier selection in the

high SNR regime.

It can be proved as follows. From (3.25), we can determine f(s) by

ro = =3 () mer (3.26

=10

Therefore, according to (3.14), the asymptotic expression (leading order term) at ¥ — oo
for the PDF f.,s(s) can be determined by

o) = AR {i ) (%) " W}Ml {1 el (%) In <v>f}MKM

=10 =10

< {i dals) (%) In (7)]"} ~ MK ey ()M (%) R duls),

=10

(3.27)

Note, it is obvious that ¢;,(0) must be zero in this case, since the asymptotic expression
for F(s) must be zero when s = 0. Otherwise, F(0) ~ ¢;,(0) (1/7)°/? [In (5)]" # 0,
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V4 > 0, which is against our definition of outage as given in (3.13). Hence, the asymp-
totic expression for Fiy,,(s) is

i M

Fos(s) = | sfwmbm)dw{mcio(s) (%)g[lnw} e

According to (3.24), we can employ the same method to obtain the asymptotic expression
for F,4(s) corresponding to f,s(s) at high SNR. It can be easily derived that F(s) ~
F.omp(s) and has exactly the same asymptotic expression as given in (3.28). As a con-
sequence, we have proved that the asymptotic outage performances at high SNR pro-
duced by combined and per-subcarrier selections are the same, as long as their CDFs of
the i.i.d. end-to-end SNR, F'(s), can be expanded as the form given in (3.25).

Numerical results

To verify our analysis in the last section, we employ Monte Carlo simulation methods
to numerically study the outage performances of the worst subcarrier of OFDM systems
employing per-subcarrier and combined bulk/per-subcarrier selection strategies respect-
ively. Meanwhile, the asymptotic outage performance at high SNR is also taken into
account in our simulations. In particular, we let K = 8, s = 1, i1 = g = 2, Ny = 1 for
all simulations and M € {3,5} to observe the effect of M on the outage performance.

In addition, all details that have been given in previous sections are under the assumption
of i.i.d. channels. However, this might not be the case in practice owing to the insufficient
physical separations among relays [61]. Therefore, in order to examine the robustness
and practicality of the combined selection strategy, we simulated its performance over
spatially equally correlated channels as well>. To model the correlation phenomenon,
we can construct the equally correlated Rayleigh fading channel by [62]

w(m, k) = [/1 = pis(m, k) + /pizio(k)]
+ V1 = piyi(m, k) + \/piyio (k)] (3.29)

where {w(m, k), u;} = {h(m, k), u1} or {w(m, k), u;} = {g(m, k), o} corresponding
to the first and the second hops; i € {1,2}; j = /= 1; zi(m, k), y;(m, k) ~ N(0, 11;/2)
are i.i.d.; x;0(k), yio(k) ~ N(0, it;/2) are i.i.d. and serve as a bridge to correlate all chan-
nels. Hence, Vm # nwe have E{w(m, k)w*(n, k) }/\/E{|w(m, k)2}E{Jw(n, k)[2} = p,
which is the common cross-correlation coefficient over all channels. In simulations, we
let p € {0,0.8}.

3We maintain independence in frequency as it mimics a block fading scenario, a common model in OFDM
systems that utilise a resource block structure, e.g. LTE.
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Figure 3.10: DF relay case: outage probability vs. SNR for per-subcarrier and combined
bulk/per-subcarrier selection systems; (a) solid line: combined selection res-
ults, (b) dotted line: per-subcarrier selection results, (c) dashed line: asymp-
totic results.

The simulation results corresponding to the three relay protocols are presented in Fig-
ures 3.10, 3.11 and 3.12, respectively*. From these three figures, we can summarise some
key points with respect to the combined selection strategy. First, for all three types of
relays, it is clear that for the cases when M = 3 and M = 5, the outage probability
of the system employing combined selection adheres to the equivalence principle over
uncorrelated channels. Moreover, increasing the number of relays M will yield a better
outage performance, again as expected. Note, however, that an increase in M does not
mean that the number of utilised relays increases for the combined selection system since
|£] = 2. We also note from the figures that the equivalence principle appears to hold in
correlated channels as well, thus suggesting that combined selection is a robust, practical
solution for a broad range of applications. Finally, the asymptotic outage probability of
the VG relaying scenario shown in Figure 3.12 is quite close to the performance of the
DF relaying scenario as given in Figure 3.10, which agrees with our analysis (cf. (3.19)
and (3.23)).

Outage performance analysis over spatially correlated channels

As the equivalence principle shown for spatially correlated channels, it is worth investig-
ating further. As detailed in [62], we take a similar approach to transform a set of equally
correlated random variables to a set of conditionally independent random variables, so
that conventional analytical tools, e.g. order statistics can be applied to analyse them

“Here, more higher order terms for FG AF case are kept in order to illustrate the convergence between
numerical and asymptotic results within a reasonable SNR range.
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Figure 3.11: FG AF relay case: outage probability vs. SNR for per-subcarrier and com-
bined bulk/per-subcarrier selection systems; (a) solid line: combined selec-
tion results, (b) dotted line: per-subcarrier selection results, (c) dashed line:
asymptotic results.
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Figure 3.12: VG AF relay case: outage probability vs. SNR for per-subcarrier and com-
bined bulk/per-subcarrier selection systems; (a) solid line: combined selec-
tion results, (b) dotted line: per-subcarrier selection results, (c) dashed line:
asymptotic results.

effectively. To do so, we first assume that two references for each subcarrier z;y(k) and
yio(k) are fixed and have z;0(k) = X;o(k) and y;0(k) = Yio(k). Therefore, the condi-
tional distribution of w(m, k) is GN(\/_-[X- (k) + 7Yio(k)], 11i(1 — p;)). Consequently,
given (k) = Xio(k) and yio (k) = Yio(k), [w(m, k) ~ xa(/pi[Xi(K) + Y (k)] pa(1—
pi)). If we denote T;(k) = X2 (k) + YZ%( ), the conditional PDF and the conditional CDF
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of |w(m, k)|* are given by [63]

1 _stpiTi(k) 2 psz(k)S
Fo(sIT(R)) = ——— ¢~ iy 1, [ 2V 2L)S (3.30)
(sIT:(k) (1 — pi) "\ (- p)

w10 T o

where Iy( - ) is the zero order modified Bessel function of the first kind; Q( -, -) is the
first order Marcum Q function.

and

Meanwhile, the PDF and CDF of T;(k) can be obtained as:

T, T; (k)

Fr(Ti(k) = e # & Frn(Tlk) =1 - 5 (3.32)

Denote Ty = {T1(1),71(2),...,T1(K)} and Ty = {T5(1),72(2),...,T>(K)}. Because
Vi € {1,2} and k € K, T;(k) are mutually independent, we thereby can derive the joint
PDF corresponding to T and T by

UNEE S e mwe
(e = () T (e %) 6.33)

M1 b2 P}

Accordingly, we can denote the conditional a priori outage probability as F'(s|T} (k), Ta(k)).
We can also denote the conditional a posteriori outage probabilities for combined selec-
tion and per-subcarrier selection as Fi,,,(5|T1, T2) and F(s| Ty, T2) respectively.

We present the all-important contribution here. A generalised equivalence principle can
be stated as follows.

Proposition 2. If the conditional CDF of the end-to-end SNR, F'(s|T1(k), T5(k)), can be
expanded in the variable ¥ = P,/Ny as

FSIT (0. To(R) = 3 (5|7 (k). To()) (—) o ()"

~ o (SITL(R). To(k)) (%) " e (334

where i is an integer given by ig = arg min,en {c,(s|11(k), T»(k)) # 0}; 0 is a nonzero
natural number; {c;(s|T\(k), T>(k))} represents a series of functions of s, given Ty (k), Tz(k);
r € N, then combined selection is able to achieve an outage probability equivalent to con-
ventional per-subcarrier selection asy — oo.
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This proposition can be similarly proved as the one proposed for uncorrelated channels.
Then, by integrating the correlated terms, we can have the form of the asymptotic ex-
pression of outage probability given by combined and per-subcarrier selection below:

{Fcomb(5)7 Fps(s)}

NK(MlM) {(%)9 } / / (e (s|T0, To) VY (e me uz)dTldTQ

(3.35)

We apply (3.35) to DF, FG AF and VG AF relay over spatially correlated channels and
obtain the following asymptotic expressions for outage probability:

{Fcomb(5)7 Fps(s)}

~ K(1—p1)(1—p2) (%)M ZM: (M) N <i)M_m <ﬁ>m

m M —m —1)][1+ pa(m —1)]
(3.36)

m=0

M
In (7)} . (3.37)

(Fan(o), (9} ~ =0 )0

[+ po(M = D1+ po(M — dappa7y

and

{Fcomb<5)7 Fps(s)}

- (2) 8 (D)

m=0
(3.38)

Note, the unconditional outage probability of VG AF relay systems (c.f. (3.38)) is exactly
the same as that given in DF relay systems (c.f. (3.36)), which aligns with the numerical
results presented in [60]. Numerical results are also shown in Figure 3.13, 3.14 and 3.15
to very out analysis and the effectiveness of this methodology.
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Figure 3.13: Two-hop DF relay selection case: outage probability vs. SNR for per-
subcarrier and combined bulk/per-subcarrier selection systems.
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Figure 3.14: Two-hop FG AF relay selection case: outage probability vs. SNR for per-
subcarrier and combined bulk/per-subcarrier selection systems.

Summary

In this section, we considered the strategy of combined bulk/per-subcarrier relay selec-
tion for DF, FG AF, and VG AF cooperative relay networks. Through analysing the out-
age probability at high SNR, we have shown that combined relay selection satisfies the
equivalence principle, i.e. it achieves the same performance at high SNR as per-subcarrier
selection, but where only two out of M relays are active rather than the full set. Further-
more, a generalised situation without specifying the relaying protocol is also analysed
in this section, and we proved that the equivalence principle is generally valid as long as
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Figure 3.15: Two-hop VG AF relay selection case: outage probability vs. SNR for per-
subcarrier and combined bulk/per-subcarrier selection systems.

the CDF of the i.i.d. end-to-end SNR, F'(s), can be expanded as the form given in (3.34).
Hence, it is possible to achieve very good performance at a reduced system complexity.
Numerical results validated our analysis and furthermore demonstrated that the equi-
valence principle appears to hold in spatially correlated channels as well. Moreover, we
also proposed a systematic methodology to analyse the outage performance of combined
selection over spatially correlated channels and prove its effectiveness.

3.2.3 Comparison of multicarrier relay selection schemes in super dense cloud
networks

In this section, we critically compare the performances of bulk, per-subcarrier and com-
bined selection schemes in super dense cloud networks. Specifically, their outage and
contention probabilities are critically appraised. To analyse the effects of outage and
contention together, a performance parameter termed the bulk gain factor is defined
and employed. Finally, we find that although the bulk selection scheme yields a worse
outage performance, it would still be preferable in super dense cloud networks as long
as a sufficiently large transmit power is employed, since it only demands one relay and
has a lower contention probability. Note, this conclusion is constructed based on the fact
that when the bulk selection scheme is applied, the contention probability is still much
higher than the outage probability in super dense cloud networks. Our results serve as
a design benchmark for physical layer applications/protocols used in super dense cloud
networks. Also, with these results, we provide a theoretical basis to further optimise
super dense cloud networks by reducing contention probability. Besides, the outage per-
formance of AF relay in super dense cloud networks is analysed in particular in this
section as well.
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Fundamentals

Two-hop OFDM relay system. In this section, we consider a multiuser OFDM-based
two-hop relay system in which the set of U user pairs (source-destination pairs) is de-
noted by U; the set of M relays is denoted by M; the set of N subcarriers is denoted
by N. Meanwhile, the channel coefficient between the uth source and the mth relay for
the nth subcarrier is denoted by h(u, m,n). Similarly, the channel coefficient between
the mth relay and the uth destination for the nth subcarrier is denoted by g(u,m,n),
YVu € U, m € M, n € N. Furthermore, we assume that Vu € U, m € M, n € N,
both h(u, m,n) and g(u, m,n) are i.i.d. as CN(0, ;) and CN(0, us), respectively. The
additive noise at the mth relay and the uth destination on the nth subcarrier are denoted
by v(m,n) and n(u,n), which are i.i.d. as CN(0, Vy). Finally the end-to-end instantan-
eous SNR on the nth subcarrier, for the uth user pair and forwarded by the mth relay is
denoted by SNR(u, m, n).

Also, we assume all communication nodes in this multiuser two-hop OFDM relay system
are perfectly synchronised in both time and frequency domains. The transmit power per
subcarrier at all nodes is identical and denoted by P;. The entire network operates in a
half duplex manner and thus two orthogonal time slots are required for each complete
transmission.

Relay selection in super dense cloud networks. Bulk selection For the uth source,
bulk selection scheme only selects one out of M relays in the relay network according
to the selection criterion [48]

Lhulk — arg max IIlijI\fl SNR(u, m,n) (3.39)
meM ne

where £"* is the set (of cardinality one) denoting the selected relay for the uth source.

Per-subcarrier selection For the uth source, per-subcarrier selection scheme selects L re-
lays from M relays in a per-subcarrier manner and 1 < L < N. Therefore, for the uth
source, the relay corresponding to the nth subcarrier is individually selected by [48]

[P*(n) = arg max SNR(u, m,n) (3.40)
me
where [7°(n) is the index of the selected relay for the uth source corresponding to the
nth subcarrier. Then, this selection process will be repeatedly applied for all subcarriers
and finally L relays are selected. The set of all L selected relays is denoted by £2°.

Combined selection For the uth user, the combined selection scheme first selects two out
of M relays according to the criterion [56]

Leemb — i SNR(u, 1 3.41
u arg max min max (u,1,n) (3.41)

D3.03 DIWINE



3.2 Relay selection in cloud networks 91

where £ is the set consisting of two optimally selected relays and |£™| = 2; £,
identifies a pair of relays that can be employed to carry out per-subcarrier selection and

|Lo| = 2. Obviously, we have M (M — 1)/2 available options of L.

Then, per-subcarrier selection is performed over the two selected relays in £ for
each subcarrier by
1< (n) = arg max SNR(u, 1, n) (3.42)

eLgom
where 1€ (n) is the index of the selected relay corresponding to the nth subcarrier.

In order to facilitate the following analysis, we use £, to denote the set of selected
relays for the uth user pair when discussing a general case of relay selection. Also, we
use L = |£,| to denote the magnitude of the subset £,.

Outage. We define the a priori outage probability, without conditioning on the selec-
tion process, for the uth user’s nth subcarrier forwarded via the mth relay as

F(s) =P(SNR(u,m,n) < s), (3.43)

where s is an end-to-end SNR threshold. The probability density function (PDF) corres-
ponding to F'(s) is denoted as f(s). We consider outage at a network level and define
the total network outage event of a multiuser OFDM relay system after selection in the
following manner.

Definition 3. A total network outage event will occur when

min min max SNR(u, [, n) < s. (3.44)
u€U neN leLl,

Furthermore, we also define the system outage probability by

u€U neN lel,

P,(s)=P (min min max SNR(u, [, n) < s) : (3.45)

Contention. Inthe multiuser scenario, multiple source-destination pairs wish to com-
municate simultaneously via the relay cluster in a frequency-division multiple access
(FDMA) manner. In this extension, it is assumed that a relay is only able to aid the trans-
mission of a single user pair. An immediate consequence of this is that if multiple users
contend for the same relay, the selection mechanism will fail, as illustrated in Figure 3.9.
We can define the selection contention event in the following way [56]

Definition 4. Selection contention is said to have occurred if

U
N, #2. (3.46)
u=1
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In other words, in order to prevent selection contention, all U bulk selection subsets £,
produced by (3.39), (3.40) or (3.41), Vu € U should be disjoint. The contention probability
is thereby defined as

U
P.=P (ﬂ L, # @) . (3.47)
u=1

System failure. As introduced previously, there exist two mechanisms that could col-
lapse a multiuser OFDM relay system: outage events or contention events. To consider
both effects together, we define the event of system failure as the union of the conten-
tion and outage events as defined in Definitions 3 and 4. Therefore, the system failure
probability is given by

Py = P,(s) + P. — P,(s)P.. (3.48)

Super dense cloud network. Following the definition of a super dense cloud network
given in [56], we propose a more robust definition of a super dense cloud network here.

Definition 5. A network is said to be super dense when
M > 2U? (3.49)

and
M > N?/2. (3.50)

We adopt these two relations throughout this section. The motivation for (3.50) will
become clear below.

Performance analysis
Outage performance. In this subsection, we temporarily omit the effect of selection
contention and only analyse the outage performance of these three selection schemes.

Bulk selection By the theory of order statistics [57], it is straightforward to derive the
outage probability of an OFDM relay system equipped with bulk selection to be

phulk(s) =1 — {1 —-- F(s))N]M}U. (3.51)

Per-subcarrier selection Similarly, we can obtain the system outage probability produced
by per-subcarrier selection by

PP(s) =1—[1— (F(s)M]"". (3.52)
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Combined selection According to Lemma 1in [46], for the uth user, the PDF of the outage
probability at high SNR is

fuls) = MN(F(s)" (1 = F(s)) """ f(s). (3.53)

The corresponding cumulative distribution function (CDF) is thus
Fu(s) = / Fu(t)dt = MNBpo) (M, 1+ M(N — 1)) (3.54)
0
where B, (a, b) is the incomplete beta function and can be expressed as
F(s)
Brs (M, 1+ M(N —1)) = / M1 (1 — )MV =Dy, (3.55)
0

Therefore, using order statistics, we can obtain the CDF of the system outage event at

high SNR by

Py (s) =1—[1 = Fyu(s)]” =1—=[1 = MNBp) (M, 1+ M(N —1))]”.  (3.56)

Asymptotic outage performance In order to study the quantitative relation among P,
P,(s) and P., we need to specify a relaying protocol so that a certain F'(s) can be given.
In this section, we choose the DF relaying protocol as an example to examine the quant-
itative relation among P, P,(s) and P,. The reason for choosing DF relaying is because
of its simplicity and good outage performance compared to other types of relaying. The
outage probability F'(s) in the DF relay network is given by

F(s) =1— e sW/m+l/u)/7 (3.57)
where 7 = P, /N is the normalised SNR.

Therefore, by the Taylor series expansion, we can expand the system outage probability
produced by bulk selection given in (3.51) at high SNR (7 — o0) as

1 M
UM N (1 + po)s

Pobulk s) < f)obum ) ~ il
( ) ( ) a2y

(3.58)

where P, (s) represents the asymptotic expression pertaining to P, (s) for a large 7.
Similarly, employing the Taylor series expansion yields the asymptotic expression of
(3.52)

1 1 M
Ui N (g + pip)s

PP*(s) < PP*(s) ~ =
( ) ( ) 1 p2y

(3.59)
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Also, it is straightforward to obtain the asymptotic expression of (3.56) by the same
method

1 1 M
Ui N (g + pig)s

Pgomb s) < ]50comb S) ~ —
(s) (®) Hap2y

(3.60)

The same asymptotic expressions obtained by using per-subcarrier selection and com-
bined selection (cf. (3.59) and (3.60)) prove that the outage performances of per-subcarrier
selection and combined selection are identical at high SNR, even for such a multiuser
scenario in super dense cloud networks. Therefore, assuming the same network config-
uration, we have

PPi(s) < Pemb(s) < PRIk (s). (3.61)

Contention performance. For each user, L relays will be selected and thus U L relays
will be selected in total if selection contention does not occur. Therefore, the relation
M > UL should always be satisfied. Otherwise, it is impossible to circumvent selection
contention. According to our definition of a super dense cloud network (cf. (3.49) and
(3.50)), M > UL can always be met in super dense cloud networks.

For bulk selection, L = 1 and the contention probability is thereby

U
., M-u+1 UWU-1 1
Pcblk:1_H = (2M )+O(W). (3.62)
u=1

For combined selection, L. = 2 and the contention probability is thereby [56]

U
peme—1 ] (M — 2“]\;(}\)4(]141; 2u+2) 2U((]{4— Do (%) . (3.63)

u=1

However, the number of selected relays L by per-subcarrier selection is not so obvious,
since L is a variable varying between 1 and N in this scenario [64]. To facilitate our
analysis pertaining to contention probability when per-subcarrier selection is applied,
we have the following lemma.

Lemma 1. According to Definition 5, we have L =~ N for the per-subcarrier selection
scheme.

This lemma can be proved as follows. The probability that the number of selected relays
is equal to the number of subcarriers is

M
P(L=N) = (y) V! :1_1\72_—N+O<L)_ (3.64)

MN 2M
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Therefore, assuming M > N?/2 (cf. (3.50)), we have
P(L=N)=~1. (3.65)
As a consequence, the approximation of L is given by

L~ N. (3.66)

From Lemma 1, the contention probability of per-subcarrier selection can be approxim-
ated to

U N

M—Nu+l N2UU-1) 1
PP =1 — = — . 3.67
e U o e TR (.67

u=1 =1

Compared to the asymptotic expressions given in (3.62), 3.63 and (3.67), it is obvious that
VN > 2, we have

Phulk o peomb - ppt (3.68)

Simulations

Simulation configurations. To verify the analysis in the previous section for both
outage and contention, we mainly employ analytical plots to study the quantitative rela-
tions among P,(s),7 and M. One should note that because the correctness and accuracy
of the models that were used in the analysis have been numerically verified in [55, 56],
we can directly employ them to examine the quantitative relations without performing
numerical simulations.

Three simulations are carried out to examine:

1. the quantitative relation among outage probability P,(s), normalised SNR 7 and
the number of relays M for bulk and per-subcarrier selections;

2. the relation among contention probability P., the number of relays M and the
number of users U for bulk and combined selections;

3. the priority of bulk selection in terms of the number of relays M and the normal-
ised SNR 7.

As for the configurations of constant parameters, we set N = 8, 3 = o = 1, Ny = 1
and s = 1.

>Most figures in this section are generated by theoretical expressions, rather than numerical results.
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Figure 3.16: Analytical outage performances of per-subcarrier and bulk selections. The
different curves correspond to M € {100,200, - - - , 1000} running from top
to bottom.

Simulation of outage. Aswe analyse above in (3.61), the optimal outage performance
is given by per-subcarrier selection. Therefore, to observe the outage performance of
bulk selection, it is only necessary to compare it with the outage performance given by
per-subcarrier selection.

For M € [100,1000]NZ and U = 5, the expressions of bulk and per-subcarrier selection
schemes are presented in Figure 3.16. From this figure, it is clear that as long as the
normalised SNR 7 can be larger than approximate 6 dB®, the outage probability PZ“/*(s)
produced by bulk selection is sufficiently small. These analytical plotted results indicate
that although per-subcarrier selection has a much better outage performance than bulk
selection, the outage performance produced by bulk selection is still satisfactory in the
super dense cloud network where M is sufficiently large, provided 7 £ 6 dB. Therefore,
these results provide an approach to further reduce the OFDM relay system’s complexity
by decreasing the number of demanded relays from two to one.

Simulation of contention. Now, we should examine the order of magnitude of con-
tention probability in the super dense cloud network. As we analysed above in (3.68),
the contention performance of per-subcarrier selection is much worse than the conten-
tion performance of combined selection so that we can simply compare the conten-
tion performances between bulk and combined selection. Let U € {5,10} and vary

8This value depends on U, N, M, s, pi1 and po as well as the required satisfactory outage probability.
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Figure 3.17: Analytical and numerical contention performance, given U = 5, 10.

M € {10%,10% ---,10°} for numerical simulations. The simulation results are illus-
trated in Figure 3.17. From this figure, two key points can be summarised. First, quantit-
atively, P. > P,(s) is valid for bulk selection in super dense cloud networks, provided
o1 g 6 dB. Second, the advantage of bulk selection over combined selection on conten-
tion performance is obvious. Therefore, considering the outage performance provided
by bulk selection is still good enough, it is the most appropriate selection scheme in
super dense cloud networks as long as a sufficient transmit power is provided.

Simulation of system failure. To provide a more reliable result to verify the advant-
age of bulk selection over per-subcarrier and combined selections in super dense cloud
networks, we compare the system failure performances provided by these three selec-
tion schemes in this subsection. To critically compare the system failure performance,
we need to define a variable o termed bulk gain factor by

(3.69)

pg)s s) + Pccomb _ Pg)s s Pccomb
a = 10logy, ( (5) Pk (s) ) .
f

From the definition of bulk gain factor, we can see that the system failure probability
produced by bulk selection is compared to the combination of the outage probability
produced by per-subcarrier selection and the contention probability produced by com-
bined selection. This is an original way to compare three selection schemes jointly, by
which the priority of bulk selection over the other two selection schemes in super dense
cloud networks can be critically analysed. Specifically, according to (3.61) and (3.68),
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Bulk gain factor «
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Number of relays M -10 ~+(dB)

Figure 3.18: Analytical relation among «, 7 and M, given U = 10. 1) Brown region: bulk
selection is preferable; 2) blue region: bulk selection is not preferable; 3) red
region: no much difference among all three selection schemes

10 logw(Pfs/P}’“lk) > « and 10log,, (P /P}“*) > «a are always valid in the super
dense cloud network. Hence, when o > 0, it is clear that bulk selection is preferable
to both combined and per-subcarrier selections, since 10log,,(Pf*/Py**) > a > 0 and
101og,o(P§7™ / P7“**) > o > 0. The relation among «, 7 and M is simulated and shown
in Figure 3.18, given U = 10. To be clear, the projection of « in the ¥ — M plane is illus-
trated in Figure 3.19 as well. From these figures, we can see that above 7 ~ 6 dB, bulk
selection scheme will have an evident advantage over other two selection schemes in
terms of system failure performance. However, with the increase of 7, this advantage
will not be enhanced accordingly, while it will maintain at a certain level for a given M.
Meanwhile, decreasing M will lead o being increased by an insignificant amount.

Outage performance analysis of AF relays in super dense cloud networks

As the case of DF relay has been analysed above, we now analyse the case of FG AF relay
in super dense cloud networks in terms of outage performance. As long as its outage
performance is obtained, the failure performance can be obtained by exactly the same
way, and we will not detail it in this section.

Again, an outage on a particular tone is considered to have occurred if the corresponding
end-to-end SNR is lower than s. Thus, for any given subcarrier, the a priori outage
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Figure 3.19: Projection of «v in x-y plane (analytical relation), given U = 10. 1) Brown re-
gion: bulk selection is preferable; 2) blue region: bulk selection is not prefer-
able; 3) red region: no much difference among all three selection schemes

probability, i.e. the outage probability not conditioned on any form of relay selection
having taken place, can be alternatively expressed as

F(§) =P (SNR(u, m,n) < &) (3.70)

where
= s/ (3.71)

and SNR(u, m,n) = SNR(u, m,n)/7 is the end-to-end SNR normalised by the average
end-to-end SNR #. Thus, the function F'( - ) is now defined as the cumulative distribution
function for the normalised end-to-end SNR.

To study the performance of bulk/per-subcarrier relay selection in super dense cloud
networks, we consider the worst-case outage probability of a user. It is known that in
bulk/per-subcarrier selection schemes, the worst possible SNR is the M th worst out of
the M N space-frequency channels available, see Lemmal of [46]. Let € denote the event
that the subcarrier in question corresponds to the Mth worst. We require the density
function of the Mth worst normalised end-to-end SNR conditioned on €. Using the
theory of order statistics [46, 57], this density can be written as

MN

o) = 31 (")) PP 0 = PO ) 672)
where f(x) is the unconditional probability density function for the normalised end-to-

end SNR on any given subcarrier. Clearly, the functions f and F' depend on the particular
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relaying scheme in question, e.g. fixed-gain AF or variable-gain AF. For now, we refrain
from defining these functions for the sake of generality. In any case, we will see that our
results are universal, i.e. they apply to all relay schemes.

Focusing on the nth single subcarrier, where n can be arbitrarily chosen, we note that
the a posteriori’ outage probability P,(n) satisfies the inequality

N ¢
E@h&ﬁ@zéﬁmmaw- (373

Substituting (3.72) into this equation and making the change of variable y = F'(x) leads
to

- MN\ LY (MIN 1N (DR

Po(@:M(M) ; ( . )M+/~cF(€) ' (3.74)
which can be written succinctly as

Pue) = () ) FOMROL-MY - DM+ LFE) e

where 5 F) (a, b; ¢; 2) is the Gauss hypergeometric function.

For a super dense cloud network, M is large. The inherent diversity in the network ef-
fectively pushes this bound very low for certain parameterisations of N and F'(§), thus
implying the actual outage probability of a system with no contention is negligible. To
visualise this situation, consider the case where M = 100. A graph depicting the bound
for this case is illustrated in Figure 3.20. The shaded regions in this graph indicate the
magnitude of the outage bound P, (¢), with darker regions corresponding to lower prob-
abilities. This figure suggests that, for a given /N, there is a critical probability, call it
Fn (&), above which the bound is no longer tight, which further implies the outage prob-
ability of the system could be poor. The critical value of the average SNR corresponding
to Fiy(&) is given by

T FE©) oo

Progress can be made towards characterising the critical probability Fiy (&) by consid-
ering the leading order of (3.75). Letting M grow large, we can expand the gamma
functions and retain the leading order of each term in the hypergeometric series to ob-
tain

P,(¢) = e PMNO (1 4 O(1/M)) (3.77)

"The term a posteriori refers to the fact that we now focus on the outage probability on a selected re-
lay/subcarrier pair, i.e. after combined bulk/per-subcarrier relay selection has taken place.
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Figure 3.20: Outage probability bound P,(¢) given in (3.75) as a function of the num-
ber of subcarriers N and the independent subcarrier outage probability
F(§) with M = 100. The dark areas indicate regions where the outage is
small/negligible, while the light regions show where the bound approaches
one. The yellow line denotes the asymptotic (in M) phase transition de-
scribed by (3.80) where the bound switches from decaying exponentially
with M to increasing rapidly to one.

—

where

E(M,N,¢) = %logM— M(logN— (N — 1)F(¢)
+log F(§) — (N — 1) log (1—%))

1 1 1
14 -1 1—— —log2m. (3.
+ +2 Og< N)+2 og2m. (3.78)

For the outage bound to decrease with M, we must have F(M, N,¢) > 0. In the limit
of large M, this condition becomes

logN — (N —-1)F(§) +1log F(§) — (N —1)log (1 — %) <0. (3.79)
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Figure 3.21: Relationship between P,(¢) and M for N = 8. The different curves corres-
pond to F(¢) € {0.01,0.03,0.05,0.07} running from bottom to top.

Focusing on the critical point where this inequality is just satisfied, i.e. it is an equality,
will yield a relation between F'(£) and N. In this case, solving for F'(£) gives the critical

probability
1 1\

where W (z) is the solution to We" = z (Lambert’s function). Eq. (3.80) is plotted in
Figure 3.20, where it can be seen that it provides an excellent approximation to the phase
transition mentioned above. Trivially, this expression combined with (3.76) gives a lower
bound on the average end-to-end SNR, above which an increase in M will result in an
arbitrarily small outage probability for the system.

To illustrate the behaviour of P,(€), as defined by (3.75), when M varies, we have plotted
the outage bound against M for various values of F'(§) in Figure 3.21. From this figure,
the increase in the slope of the bound as F'(§) increases is apparent. Additionally, the
very low values of P,(¢) that can be attained are also clear.

As a final point of discussion, we will provide a feeling for what values the critical aver-
age end-to-end SNR might take for a practical system. Consider the case where N = 8
and FG AF relaying is used for each selected relay-subcarrier pair. Assume s = 1 and
P, = P, for this example, so that £ = 1/5. We can invoke (3.80) to obtain:

Fy(€) = 0.0964. (3.81)

Furthermore, the closed-form expression of F'(£) for FG AF relaying given the paramet-

ers above is [58]
P =1-2 %K, ( 0_> 682
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where C' = 7/G?. Using (3.80), we find that the critical average SNR value is
¥ ~ 17 dB. (3.83)

Consequently, we can be sure that for systems where 7 > 17 dB, the outage probability
can be made arbitrarily small by choosing M to be large enough.

Summary

In this section, we critically compared the performances of bulk, per-subcarrier and
combined selection schemes in super dense cloud networks. The main contribution
of the work in this section is that we found that although the bulk selection scheme
yields a worse outage performance, it would still be preferable in super dense cloud net-
works, since it only demands one relay and has a smaller contention probability which
dominates the system failure probability as long as a sufficiently large transmit power
can be provided. This result provides an approach to further optimise the system fail-
ure performances and simultaneously reduce the system complexities of the applica-
tions/protocols used in super dense cloud networks. Besides, the outage performance of
AF relay in super dense cloud networks was analysed in particular in this section as well,
and we obtained a tight upper bound on the outage probability produced by combined
selection for AF relay in super dense cloud networks.

3.2.4 Conclusions

In this report, we presented the work which has been done during the DIWINE funding
period. The completed work presented in Sections 3.2.2 and 3.2.3 can be summarised as
follows. We extended the concept of combined selection scheme from transmit antenna
selection to relay selection. In particular, we mathematically proved the equivalence
principle of combined selection for DF, FG AF and VG AF relay networks when chan-
nels are i.i.d. and we illustrated that the equivalence principle can be held for correlated
channels by numerical simulations. We proposed a systematic methodology to analyse
the outage performance of combined relay selection over spatially correlated channels.
We applied combined relay selection in super dense cloud networks and defined the se-
lection contention problem. We deduced the closed-form expression of contention prob-
ability of combined selection. We proposed a new and specific definition of the super
dense cloud network. Furthermore, we defined the system failure probability to analyse
the reliability and performance of a communication system when selection contention
exists. In this context, we found out that outage is not a problem for the communication
system in super dense cloud networks, compared to contention problem. We also found
out that bulk selection may be the most appropriate selection scheme being used in su-
per dense cloud networks, since the it only demands a single relay. Furthermore, we
derived upper and lower bounds on outage probability produced by combined selection
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and proved its tightness in super dense cloud networks. We defined the bulk gain factor
and used it as a powerful tool to compare the failure performance of bulk, per-subcarrier
and combined selection schemes. We outlined the essential method to solve the selection
contention problem and we analysed the outage performance of combined selection of
FG AF relay in super dense cloud networks.

A detailed presentation of the results of these activities can be found in [56, 65]. In partic-
ular, in [56] we extend this strategy to the case in which a set of user pairs communicate
via a cluster of intermediary AF relaying nodes. We obtain an upper bound on the outage
probability of the network, and a closed-form expression for the multiuser contention
probability (the probability that distinct user pairs select the same relay). Consequently,
we are able to construct an upper bound on the failure probability of the network, i.e. the
probability that either an outage or contention occurs. We show that there exists a crit-
ical average end-to-end SNR, above which the outage probability decays exponentially
with the number of available relays. In this case, the network failure probability is dom-
inated by the contention probability. In [66], we critically compare the performances
of bulk, per-subcarrier and combined selection schemes in super dense cloud networks.
Specifically, their outage and contention probabilities are critically appraised. Finally,
we find that although the bulk selection scheme yields a worse outage performance, it
would still be preferable in super dense cloud networks as long as a sufficiently large
transmit power is employed, since it only demands one relay and has a lower conten-
tion probability. In [67], we mathematically prove that the combined selection strategy is
able to achieve an optimal outage probability equivalent to conventional per-subcarrier
selection in the high SNR regime without using the full set of available relays for selec-
tion. This proofis valid for DF, FG AF and VG AF relays over i.i.d. channels. Moreover, in
[65], we further prove the validity of this equivalence principle over spatially correlated
channels.

3.3 Degradedness of fast fading Gaussian multiple-antenna
wiretap channels with statistical CSIT

3.3.1 Introduction

The key-based enciphering is traditionally used to ensure the security of data transmis-
sion. However the key distributions and managements may be challenging tasks [68] for
secure wireless communication systems due to the additional control signalling and feed-
back channel management. On the other hand, the physical-layer security introduced
in [69][70] is appealing due to its keyless nature. One of the fundamental problems for
physical-layer security is characterising the secrecy capacity for wiretap channels. The
secrecy capacity is the maximum achievable secrecy rate between a transmitter and a
legitimate receiver, with a secrecy constraint imposed to avoid information leakage to
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an eavesdropper®[69][70]. Further enhancements are attainable by employing multiple
antennas at each node, e.g. in [71-73]. In the wireless environments where each node
has a single antenna, the time-varying characteristics of fading channels can also be
exploited to enhance the secrecy capacity[74]. However, to show the secrecy capacity
results of the above works [71-74], at least perfect knowledge of the Bob’s channel state
information at the transmitter (CSIT) is required. Due to the limited feedback band-
width and the delay caused by the channel estimation, Alice may not be able to track
the channel coeflicients if they vary rapidly. Thus, for fast fading channels, it is more
practical to consider the case with only partial CSIT of Bob’s channel [75-80]. In this
case, when Alice has multiple antennas, only the special case that when both Bob’s and
Eve’s channels are Rayleigh distributed (but with different statistics) and the entries of
each channel vector are i.i.d., respectively, the ergodic secrecy capacity is known [78].
This result is further extended to the cases in which Bob and Eve have multiple antennas
with total and per-antenna power constraints [81]. For an extreme case that the channel
gains are unknown for all parties with fast Rayleigh faded Bob’s and Eve’s channels, ca-
pacity can be achieved by discrete channel input [82]. But for more general settings, e.g.
Bob’s and Eve’s channels do not belong to the same type of distribution, only some lower
and upper bounds of the secrecy capacity are known [76][79][83][84]. More specifically,
although the general secrecy capacity formula was shown in [70], the optimal selection
of the auxiliary random variable and channel prefixing in this formula are still unknown
for the partial CSIT cases in general.

The existing characterisations of secrecy capacities of Gaussian wiretap channels highly
depend on the knowledge of CSIT, even though the secrecy capacities can be solved
for some rare cases that there is only partial or no CSIT [78][81][82]. However, when
there is only statistical CSIT under fast fading, the ergodic secrecy capacity is unknown
in general. In this work we investigate this problem from the channel orders point of
view. More specifically, even if the instantaneous CSIT is not available, we may still
be able to derive the positive secrecy capacity according to the channel orders, which
are measured stochastically. In this work we characterise the ergodic secrecy capacity of
the fast fading wiretap channel with multiple antennas at Alice and multiple antennas at
both Bob and Eve. We assume that there is only statistical CSIT of both channels at Alice.
The main contribution of this work is as follows. We characterise the relation between
the existence of the equivalent degraded wiretap channel and the usual multivariate
stochastic order. Several commonly considered types of wiretap channels with practical
channel distributions are investigated and the conditions to attain the degradedness are
derived. These characterisations of ergodic secrecy capacities of fast fading multiple
antennas wiretap channels with statistical CSIT are missing in the literature. But they
are important since first, in practice there is no reason for Alice to have perfect CSI
of Eve’s channel. Second, the proposed scheme provides a simple way to determine the
ergodic secrecy capacity even if only statistical CSIT is available, which highly simplifies

81n the following to simplify the expression we denote the transmitter, the legitimate receiver and eaves-
dropper by Alice, Bob and Eve, respectively.
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the practical system design, e.g. the optimisation over prefixing can be avoided.

Notation: In this work, upper case normal letter denotes random variables, upper case
bold letters are either random vectors or matrices, which will be defined when they
are first mentioned; lower case bold letters denote vectors. The mutual information
between two random variables is denoted by /(.;.). The complementary cumulative
density function (CCDF) is denoted by F'x(z) = 1 — Fx(z), where Fx () is the CDF of
X. And we denote the probability mass function (PMF) and probability density function
(PDF) by P and f, respectively. E|.] denotes the expectation; H(.) and A(.) denote the
entropy and differential entropy, respectively. X ~ F' denotes that the random variable
X follows the distribution F'. vec(X) concatenates the column vectors of X as a super
vector. I, is the identity matrix with dimension n. The logarithm used in the work is
with base 2.

The rest of the work is organised as follows. In Subsection 3.3.2 we introduce the pre-
liminaries. In Subsection 3.3.3 we discuss our main results, i.e. the conditions to have de-
graded wiretap channel when channel enhancement is not used. Finally, Subsection 3.3.4
concludes this work.

3.3.2 Preliminaries

In this section we first introduce the underlying background knowledge for this work.
Then we introduce the known results.

Basic definitions and properties

We first introduce the following definitions, which are important to derive the main
results in this work.

Definition 6. [85, (1.A.2)] For random variables X andY, X >, Y, if Fx(v) > Fy(z),
forall x.

Lemma 2. [86, Lemma 9.2.1] Let F' and G be continuous distribution functions. If X has
distribution F' then the random variable G~ (F' (X)) has distribution G.

Proposition 3. [86, Proposition 9.2.2] If X >, Y, then there exist random variables X'
andY' having the same distributions as X andY’, respectively, suchthat P(X' >Y') = 1.7

9The proof of this result is restated as follows. Let U ~ Uni f(0, 1) and F be a distribution function. From
Lemma 2 we know that F~1(U) ~ F, where F~! is the inverse mapping. Furthermore, if X >, Y,
X ~ FandY ~ G, we can form X’ and Y’ having the same distributions as X and Y, respectively,
by X’ = F~1(U) and Y’ = G~1(U) as shown in Figure 3.22. In addition to the assumption X > Y,
ie. F(z) < G(z), Vx, it is clear that P(X' > V') = 1.
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U .l X'

oY

Figure 3.22: The explicit generation of X' ~ F, Y’ ~ G, and P(X’ > Y’) = 1, where
U ~ Unif(0, 1).

The way to find X’ and Y” in Proposition 3 is coined as coupling [86]. The importance
of the technique of coupling is that, in the original model, even we know X > Y,
the order of x and y may be different in each realisation, which makes the justification
of degradedness not easy. However, by the same marginal property of wiretap chan-
nels, as long as we can find the random variables X’ and Y’ which follow the same
distributions of X and Y/, respectively, and for each realisation ' > ¢/, we attain the
degradedness. Proposition 3 can be directly extended to vector case [85, Theorem 6.B.1]
coined as the usual multivariate stochastic order, where in the corresponding expressions
P(X'>Y"’) = 1, the inequalities are element-wise.

In addition, since the capacities of wiretap channels only depend on the marginal distri-
butions, in the following discussions and derivations, the degraded means the stochastic-
ally degraded [68]. Now we introduce the usual stochastic ordering followed by the
technique of coupling,.

Single antenna case

In this section we review the relation between the existence of the equivalent degraded
wiretap channel and the usual stochastic order between Bob’s and Eve’s channels. This
relation is helpful to check the existence of the ergodic secrecy capacity. The considered
fast fading wiretap channel with single antenna at all nodes can be specialised from [70]
as

Y, =H,X + 7Z,, (3.84)
Y, =H.X + Z., (3.85)

where H, and H, are real-valued non-negative independent random variables denoting
the square of Bob’s and Eve’s fading channels with complementary cumulative density
functions (CCDF) Fy, and Fy,, respectively. X is the channel input. Without loss of
generality, we consider the channel input power constraint as £[X?| < Pr. Due to the
assumption of full CSI at the receivers, cases with negative Y, and Y, can be de-rotated
at the receiver. Since this phase rotation is independent to other variables, we can form
the equivalent channel model as (3.84) and (3.85) without changing the capacity. The
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noises Z, and Z, at Bob and Eve, respectively, are independent additive white Gaussian
noises (AWGN) with zero mean and unit variance. We assume that Alice only knows the
distributions but not the instantaneous realisations of H, and H,.

From the proof of Lemma 1 in [87], we can find that with proper selection of the joint
distribution, we attain the result that even without perfect CSIT, the comparison of the
CCDFs of the fading channels may reflect on the order of the channel magnitudes in
probability. More specifically, we can summarise that if H, >, H., there exists an

equivalent (in the sense of having the same ergodic secrecy capacity) wiretap channel
formed by H! and H/, such that P(H| > H!) = 1.

Remark 4. The above discussion can be easily extended from real to complex cases. As-
sume the noises at Bob and Eve now are circularly symmetric complex Gaussian noises
with zero means and unit variances. Since both Bob and Eve know their CSI, the phase
rotation due to the complex channel can be compensated at Bob and Eve without changing
the secrecy capacity. After this compensation we can form an equivalent complex wiretap
channel as

Yii+i¥io=VHX+Z;+i(VHXq+ 7Z4)
Y +iY o= VHX + Z,; +i(\VHXq + Z, ), (3.86)

where X = X1 +iXq, Z, = Z] ; +iZ] 5 and Z; = Z] ; +iZ] ; are the rotated version of
Z, and Z,. Since Z, and Z, are circularly symmetric complex Gaussian noises, Z!. and Z!
have the same distributions of Z, and Z., respectively. Then it can be seen that the in-phase
and quadrature channels form a pair of identical parallel real wiretap channels as shown
in (3.84) and (3.85).

3.3.3 Multiple antennas without channel enhancement

Based on the observation from single antenna cases, we aim to extend the descrip-
tion of this relation to cases in which Bob and Eve have multiple antennas, i.e. the
case with multiple-input multiple-output multiple-antenna eavesdropper (MIMOME).
Without loss of generality, we assume all nodes are equipped with the same number
of antennas ny. The received signals at Bob and Eve can then be respectively expressed
as

Y, =H,X + Z,, (3.87)
Y,=H.X + Z., (3.88)

where Z, ~ CN(0, I,,,.) and Z, ~ CN(0, I,,,.), H, and H, € C""*"T with entries
varying for each code symbol. For the MIMOME case, we apply the vector version of
Proposition 3 to the eigenvalues of H,. ' H_* and H_'H_ ", which are real.
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From random matrix theory we know that the probability of the random matrix to be
full rank approaches 1 when the dimension of the matrix increases'’. This implies that
the probability of H-*H~# having finite eigenvalues approaches 1. On the other hand,
we can also construct an alternative channel with full rank which does not change the
capacity [72]. Thus, we may assume the channel matrices are invertible when ny is large
enough but not infinity. In addition with the assumption of full channel state information
at receiver (CSIR), we can normalise (3.87) and (3.88) equivalently as

Y, =X+ Z], (3.89)
Y, =X+ Z., (3.90)

where Z!. ~ CN(0, A) and Z!, ~ CN(0, B), A £ H'H; %, B £ H;'H_!. For
full CSIT and full CSIR cases, to make the Markov chain X — Y, — Y/ valid, i.e. it
is a (stochastically) degraded wiretap channel, the constraint B — A = 0 is sufficient!".
In the considered scenario we have full CSIR but only statistical CSIT, so we aim to
construct an equivalent degraded channel such that P(B’ — A’ 3= 0) = 1 according to
the coupling. In the following we aim to find the relation of the degradedness and the
stochastic order among the eigenvalues of A and B. Note that in [85, Theorem 6.B.1]
the usual stochastic order in vector (but not matrix) version is considered, where in the
expression of vec(B) < vec(A), the inequality is element-wise, i.e. b, < a, Vi, for
P(vec(B'’) < vec(A’)) = 1. However, we can not directly apply the multivariate usual
stochastic order to our scenario since it does not guarantee the positive definiteness of
B’ — A’. Instead, it is sufficient to check the stochastic order of the eigenvalues of A— B,
ie. Ap >4 Aa, to attain the existence of A’ and B’ such that P(B’— A’ = 0) = 1 after
using coupling.

We first transform B’ — A’ = 0 into the form such that we can simply connect it to the
eigenvalues by the following Lemmas.

Lemma 3. ([89, 10.50(b)]) Let Y »~ O and Hermitian, and X = O and Hermitian. Y —
X = 0 if and only if the eigenvalues of XY ~! all satisfy \; < 1.
We then use the following Lemma to connect the eigenvalues of XY ~! to those of X

and Y.

Lemma 4. ([90, Theorem 9H.1]) If X and Y are n X n positive semidefinite Hermitian
matrices, then

Amaz (XY) < Moz (X) Az (Y). (3.91)

From [88, Theorem 1.3] we know that P(no,(H)2 <t) =1—e * /2=t 4 O(n=°), where H isn x n
with i.i.d. entries with zero mean and unit variance, o,, denotes the least singular value of H, ¢ > 0.
Therefore, when ¢ is small, the RHS approaches zero, which gives us the desired property.

The reason that it is not necessary is, we may be able to use the channel enhancement scheme to obtain

a degraded channel with B # A.
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Then from Lemma 3 and Lemma 4 we can derive the following theorem, which stochastic-
ally compares the minimum and maximum eigenvalues of the covariance matrices of
Bob’s and Eve’s channels.

Theorem 1. A sufficient condition to have a degraded MIMOME wiretap channel is
)\mzn<H'rH7{q) Zst )\max(Her)- (392)

Remark 5. To have a degraded wiretap channel, (3.92) is a stringent condition to satisfy.
The reasons are: 1) A <X B may not be necessary for the existence of the degraded wiretap
channel. More specifically, for the full CSIT case, for arbitrary covariance matrices A and
B, [72] proves that such channel can be transformed into a degraded one by the channel en-
hancement technique; 2) the usual stochastic ordering is sufficient but not necessary, which
can be seen from the SISOSE case [87].

Example 1: Consider a 2 x 2 x 2 Gaussian wiretap channel. A Rician fading channel with
factor K can be described by

K 1
H = J_.H+ H,, (3.93)

V1+ K V1i+ K
with mean /K /v/1 + K H and covariance matrix Iy /(1 + K), where H,, is a 2 x 2

random matrix with i.i.d. CN(0, 1) entries. From [91, Theorem 1, Theorem 2] we know
that the CDFs of the minimum and maximum eigenvalues of a noncentral Wishart matrix
HH?" are respectively as

 det(¥(x))
det(®(0))

det(E(x))

~ det(W(0))’ (394

me(l'> =1 ) Fmax(l')

where

2C502Q 4y git1a-s(v/2X, V21),
{¥(z)}i; = j=1,...,L
T(t+s—i—j+1,2), j=L+1,....s
22ims=)/2 [Qs+t—2i+1,t—s( 2X,,0)—
= _ Qstt—2i411—s(1/ 2}, V 2m)] ,
1B = =1L

yit+s—i—j+1x),j=L+1,...,s,

where L is the number of nonzero eigenvalues {)\;} of K HH?, s = min(np,ng), t =
max(nr, ng), nr and ng are the numbers of transmit and receive antennas, respectively;
Qp.q(a,b) is the Nuttall Q)-function, I" and ~y are the upper and lower incomplete gamma
functions, respectively. We set (A1, A2) = (2.1K, 1.9K), where K is the Rician K -factor.
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From numerical results we can find that if we set the K -factor of Bob’s channel as 15,
then that value of Eve’s channel shall not be larger than 6.9 to satisfy (3.92). We then
show the ergodic secrecy capacity versus different K -factors in Figure 3.23 for cases with
Bob’s K -factor larger or equal to 15 such that (3.92) is satisfied under different transmit
power Pr. Since there is no analytical solution of the input covariance matrix for such
channel, we exhaustively search the 2 x 2 optimal input covariance matrix. The number
of random channel realisations is 10*. From this figure we can find that the ergodic
secrecy capacity increases with increasing Bob’s K-factor, which means under fixed
Eve’s channel, the reduction of the uncertainty of Bob’s CSI at Alice indeed improves the
ergodic secrecy capacity. In addition, we can also observe that due to imperfect CSIT,
the efficiency of increasing transmit power to increase the ergodic secrecy capacity is
low. Moreover, we can see that the ergodic secrecy capacity of Pr = 500 is quite close to
that with infinite Pr. Note that when Bob’s K -factor approaches infinity, Alice knows
Bob’s CSI perfectly.

(bits/channel use

+PT=100

—F— PT:5OO

—%— PT—>°<>

16 18 20 22 24 26
Bob’s K-factor

Ergodic secrecy capacity

Figure 3.23: The ergodic secrecy capacities versus K -factors of Bob’s channel when that
of Eve’s channel is set as 6.9 under different transmit power (linear).

Remark 6. Note that when the fast fading wiretap channel with only statistical CSIT is
verified as a degraded one, i.e. there exists A’ and B’ such that A’ = B’ for each channel
realisation, where A’ and B’ are the covariance matrices of the equivalent noises at Bob and
Eve. Then by [92, Proposition 1] we know that it is a convex problem. For full CSIT cases we
can use convex optimisation tools to solve it numerically or some partial analytical results
can be seen in [92, Theorem 2][93] [94], etc.

In the following we show another sufficient condition to have a degraded channel.
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Theorem 2. LetU, D, V," andU,D.VF be the singular value decompositions (SVD) of
H, and H,, respectively. Assume V,. is independent to D,. and U,., and V, is independent
to D, and U,. Also assume that V;.H and V;H have the same distribution. If D, >4 D,
then there exists an equivalent degraded wiretap channel.

Remark 7. The requirement of V,. being independent to D,. and U,. in the proof of The-
orem 2 is valid for the case that if the channel matrix is with i.i.d. Gaussian entries, then
we can use the LQ decomposition (LQD) to get the right singular vector V,. and V,, which
are the Q of the LOD and are independent of the L [95, Theorem 2.3.18]. And the random
matrix Q follows the isotropic distribution (i.d.) with pdf [96]
np
f(Q) = II]Z;%TI;S@(;(QHQ - ITLT)’ (3'95)
2

™
where D' is the gamma function and ¢ is the delta function. Thus, if H,. and H, are random
matrices with i.i.d. Gaussian entries, Q, and Q. after LOD are both i.d. having the same
distribution. Then the requirements of Theorem 2 are automatically satisfied.

In the following we consider another condition on the structure of the random matrix.
We prove that if the channels can be decomposed into i.d. unitary matrices, the MIMOME
wiretap channel is equivalent to a degraded one.

Theorem 3. Let H, = E}q/QHl, H, = Eé/QHz. IfHy and Hy areid. and ¥, = 3, >
0, then it is equivalent to a degraded wiretap channel.

Remark 8. For all Theorems 1, 2, and 3, we transform the original channels to an equival-
ent one, such that for all code symbols (channel realisations) the channels are degraded.

Remark 9. The constraint 3, = 3. in Theorem 3 may be relaxed to X, i Y by de-
terministic channel enhancement.

The channel enhancement argument [72], which is originally designed for channels with
full CSIT, may be applied to the considered model where the transmitter only has stat-
istical CSIT and the channels are fast faded. In the following we illustrate one example.

Example 2: For the wiretap channel
Y, =HX!’X + Z,, (3.96)
Y. =HX!?X + Z., (3.97)

assume that the fading channel H has realisations { Hy, {AHy} : A € U(n?)}, where
U(n) is the unitary group with degree n. The distribution of H can be more general
than that in Example 2. Then it can be easily seen that we can apply the channel en-
hancement to the pair of channel realisations (H, o= ° H, o= 2) to achieve the secrecy
capacity. A simple way to see it is that the receivers know A and multiplying Y,. and Y,

by unitary A does not change the capacity.
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3.3.4 Conclusion

In this work we characterise the relation between the usual multivariate stochastic order
and the degradedness among the legitimate receiver’s and eavesdropper’s channels. We
consider the transmitter is with multiple antennas and the legitimate receiver and the
eavesdropper are both with multiple antennas under fast fading with statistical CSIT.
More specifically, based on the technique of coupling we derive criteria to check the de-
gradedness of several commonly considered wiretap channels. One example of a Rician
MIMOME 2 x 2 x 2 channel is illustrated where the secrecy capacity can be derived
under different K -factors.
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4 Cloud self organisation

4.1 Cloud resource scheduling by distributed interference
coordination

4.1.1 Introduction

In the last years, new generation wireless communication systems, such as 3GPP Long
Term Evolution (LTE) [97], have been developed to face the increasing demand for high
data rate and to support heterogeneous traffic with different quality of service (QoS) re-
quirements. With the rapid growth of smart mobile devices, improving the spectrum
usage has become crucial to overcome the limited bandwidth resources of cellular net-
works. In this context, D2D communications enabled by self-organised cloud network
can be considered as a promising technology for enhancing the spectral efficiency and
thus increasing the system capacity.

One fundamental issue is the spectrum sharing strategy. Proposed schemes in the lit-
erature can be divided into two categories: (i) underlay, where D2D users share the
time/frequency resources occupied by cellular users [98]; (ii) overlay, based on the use
of orthogonal time/frequency resources between cellular and D2D users. In D2D commu-
nication underlaying cellular network, the spectrum efficiency is improved by sharing
the resources of cellular user equipments (UE) with D2D users; the interference has to be
properly controlled by the BS so that the D2D transmission does not interfere with the
UEs decreasing the capacity of the cellular network [99]. On the other hand, in overlay-
ing cellular network, the D2D users can communicate bi-directionally with each other
while assisting the two-way communication between the BS and the UE [100]. This is
the approach considered in this section as a potential application of the DIWINE concept
for self-organising cloud network. In this context, spectrum sharing resembles on the
same concept of cognitive radio networks where secondary users may access the spec-
trum if primary users are not active or they do not cause unacceptable interference [21],
except that none of the users has privileges.

Most of the works in this areas [98]-[100] do not cover multi-class service require-
ments and assume that one D2D user can only share resources with one UE limiting
the throughput demands of high-rate services. However minimal QoS for D2D services
also needs to be guaranteed. In [101], D2D users reuse the uplink resources of multiple
UEs to improve the spectrum utilisation and to achieve the requested data rate based on
power control of D2D transmitters. The authors in [102] propose a resource allocation
method based on the maximisation of the transmission capacity by scheduling D2D users
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to different frequency bands. The resource allocation of UEs and D2D users is usually
coordinated by the BS, where information exchange and signalling between BS-D2D is
needed for channel quality information (CQI) and/or positioning of the devices. D2D
resource scheduling has been widely investigated assuming a centralised coordinator,
while a distributed resource management system which guarantees multi-class service
requirements is the open issue addressed here.

In this section, we focus on resource allocation for D2D communications based on LTE-
Advanced networks, which enable flexible allocation of the physical resource blocks
(PRBs) in the time-frequency (TF) domain [103]. In LTE systems, the radio resources are
usually allocated by a base station (BS), such as an evolved Node B, and the basic require-
ment is to provide the TF resources, i.e. the PRBs, without spectrum collisions. However,
for high density of D2D users, as in emerging 5G cellular networks [104], spectrum al-
location with limited control by the BS is crucial to manage resources according to the
traffic load intensity of D2D links. Aim of this work is to provide a new distributed
resource management scheme, where the D2D links iteratively refine their allocation
over a shared spectrum, making it increase/decrease based on the sensed intra-cluster
interference and the QoS requirements of different class of services, till a steady state of
the network is reached. In the proposed algorithm, each D2D scheduler first senses the
link quality to drop strongly interfered RBs and mitigate the mutual interference with
other D2D users. Then, it extends or reduces the set of allocated RBs to meet the QoS
requirements. The selection of the resources to be added or released in the allocation
is performed by minimising the boundary extension of the TF spectrum region. This
criterion is selected to avoid too much indented or fragmented region allocations with
large boundary areas that are likely to be affected by cross-interference due to TF jitter
[5]. The proposed algorithm is able to maximise the D2D cluster throughput without any
centralised coordination and for heterogeneous traffic with different kinds of service.

The work is organised as follow: Subsection 4.1.2 introduces the network scenario, as
well as the traffic and interference models. The resource allocation algorithm is described
in Subsection 4.1.3. Numerical results are in Subsection 4.1.4 for two network scenarios
with homogeneous and heterogeneous traffics and for different QoS requirements. Con-
cluding remarks are in Subsection 4.1.5.

4.1.2 Problem setting
Network scenario

We consider the single-cell scenario in Figure 4.1 consisting of one BS, a number of UEs
and several D2D users that are grouped into clusters (or sub-networks). The system
employs orthogonal multi-carrier transmission, such as orthogonal frequency division
multiplexing (OFDM), to support multiple access for both cellular and D2D communica-
tions. We assume that the BS can allocate the UEs and the D2D clusters onto orthogonal
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Time-Frequency Region
Vhﬁ;ﬁ assigned by BS to D2D cluster
§\§ \ BS Interference btw R
the D2D links

ULQ—

frequency

Figure 4.1: Network and interference scenario for D2D communications overlaying a cel-
lular network. The traffic model consists of a set of L independent queues
(one per D2D link), with traffic arrival rates {\,}%_, and time-varying ser-
vice rates {p(t)} ;.

spectrum resources with no mutual interference [99]. On the other hand, each cluster
is assigned a TF region that is shared among all the D2D links in the cluster resulting
in possible intra-cluster interference. Inter-cell interference, i.e. originated from differ-
ent cells, is assumed to be negligible as mitigated by means of frequency reuse, power
control or resource allocation strategies for cellular systems [105].

This work is focused on resource management within a single cluster of L D2D links
sharing a TF region R. Following the LTE air protocol, the region is assumed to be
composed by a number of PRBs, each occupying 1 slot of 0.5 ms in the time domain
and a bandwidth of 180kHz in the frequency domain. The minimum allocation to a
single user is a sub-frame of 1 ms composed by 2 PRBs. We thus consider the set of two
consecutive PRBs as the unitary resource block (RB) for allocation. The D2D links have
to self coordinate their allocation over R so as to minimise the cross interference. The
interference depends on the distance between the D2D users, thereby spatial reuse of
some TF resources may be tolerated if needed to satisfy QoS requirements.
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Figure 4.2: Flow diagram of the proposed scheduling algorithm.

Traffic and interference modelling

Consider a packet traffic-heterogeneous network where each of the D2D users needs to
manage a specific traffic with a related QoS requirement. Traffic can range from VoIP,
characterised by low-speed, e.g. 16 kbps, and strict latency (< 50 ms), to HTTP service
with higher bit-rate, or FTP which is a best-effort service with high bit-rate and low
delay requirement [106].

A distributed scheduling approach is considered where L schedulers, one per each D2D
link in the cluster (see Figure 4.1), act independently trading between the incoming
packet arrivals and the service capability to comply with the QoS constraints. Each
local scheduler has to self-adapt the allocation without explicit signalling with the other
D2D users. The traffic model consists of a set of L independent queues, one per each
D2D link (as detailed in Figure 4.1), with traffic arrivals modelled as Poisson distributed
with rate A, for link /, ¢ = 1, ..., L, and an infinite buffer (queue) with first-in-first-out
(FIFO) serving policy. The service data rate at scheduler 7 is characterised by a time-
varying offered throughput yi,(t), which dynamically changes to guarantee the reques-
ted throughput ), that satisfies the QoS. Traffic and service rates are measured in term
of bps to simplify the reasoning.

Each scheduler iteratively allocates the TF resources to reach a stability condition that
complies with the QoS of its own traffic class, according to the throughput requirement
and the interference generated from the other D2D links. The scheduling algorithm
— same for all links - is designed so as to react to the mutual interference by redu-
cing/augmenting the resources, as shown in Figure 4.2. The metric used for the ad-
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aptation to the interference level at each time-step ¢ = 1,2, ... is the signal to interfer-
ence plus noise ratio (SINR) observed over the different RBs. Assuming the transmission
power to be equal for all the D2D users, the power P, ; of the signal transmitted by D2D
user ¢ and received by D2D user j is modelled as:
.
Pi,j - Pref (E) Y;,j7 (41)
dl,]

where P,y is the received power at a reference distance d,.y, d; ; the distance between
the two users, 7 the path loss exponent and Y; ; a random scaling term accounting for
Rayleigh fading, assumed to be constant within one time frame and varying over dif-
ferent time frames. Let p be any generic RB in R, R,(¢) the region allocated by the /th
scheduler at iteration ¢ (see Figure 4.1), and J,(¢) the set of D2D transmitters interfering
with the D2D link / at iteration ¢. The SINR measured over the D2D link ¢ on resource
p at time ¢ can be defined as:

Ijtxz,rxz

- P’I’L+ Z P’i,I‘Xg7

1€34(t)

SINR? (1) (4.2)

where Py, .y, is the received signal power for the link ¢ between the transmitting node
txy and the receiving node rxy, P, is the power of the additive white Gaussian noise
(AWGN), while the second term in the denominator represents the overall interference
power. The throughput offered by the pth RB, 1/ (), is computed as a function of the
instantaneous SINR [107]:

wy (t) = Blog, (1 + SINR}(t)), (4.3)

where B is the RB bandwidth. The total throughput offered to link ¢ is then computed
as:

pa, (1) = (), (4.4)

PER,

accounting for all the resources in the region R;(t).

4.1.3 Self-adaptive resource allocation algorithm

A distributed scheduling algorithm is proposed in this subsection where all the link
schedulers act independently mutually sensing one another. Each link scheduler iter-
atively refines the allocation based on the locally sensed intra-cloud interference, real-
locating the collided TF resources towards the non-interfered spectrum regions, till the
QoS is fulfilled and an equilibrium with the other links is reached. At iteration ¢, the
(th scheduler updates its own allocation R,(t) as described in the following, making it
grow/reduce in order to (i) minimise the cross interference with other D2D links (Sub-
section 4.1.3) and (ii) select the resources to be included/released so as to guarantee the
QoS and minimise the loss of efficiency due to TF jitter (Subsection 4.1.3).
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Figure 4.3: Resource allocation procedure at iteration ¢: a—b) Sensing of the link quality
and drop of strongly interfered RBs; c—d) Identification of candidate resources
for possible region growing and region increase/decrease based on through-

put requirement.
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Spectrum sensing and cross-interference minimisation

Consider the scheduling process for the D2D link ¢ at iteration ¢. As illustrated in Fig-
ure 4.3-(a), since the scheduling is not centrally coordinated some TF resources p €
R¢(t) might have been simultaneously allocated by different links which, if spatially co-
located, give rise to a strong interference in the overlapped spectrum region. To mitigate
this mutual interference, the scheduler ¢ senses the link quality in the area of the previ-
ous allocation R,(t), searching for the strongly interfered RBs. Any RB p € R,(t) with
SINR value lower than a certain threshold SINRy,, i.e. SINR} () < SINRy,, is dropped by
the scheduler, see Figure 4.3-(b). The updated set for link ¢ is then Ry = {p € R(t) :
SINRY(t) > SINR;; } with boundary denoted as OR;.

QoS-based self-adjustment of the TF resources

Once the allocatiqn has been adjusted to avoid mutual interference, the set of RBs al-
located to link ¢, R, has to be extended or reduced to meet the QoS requirement. The
throughput variation that is needed to satisfy the request )\, is determined as:

Ape(t) = Ao — pig, (), (4.5)

where p3, (t) is the total throughput offered to link ¢ by the current allocation Ry com-
puted as in (4.4). For Ay, (t) > 0 (region inflation), the local scheduler has to incorpor-
ate new resources X in the link allocation, see Figure 4.3-(c). These are selected in the
neighbourhood of the current region boundary, excluding the interfered regions, i.e. in
the spectrum area V(9R,) = {v : v € {N(p) \ R} Ap € ORy A SINRY(£) > SINRy, },
N(p) denoting the set of the 4-nearest neighbours of the RB p. On the other hand, for
Ape(t) < 0 (region deflation), the region has to be reduced by releasing some RBs X
from the region boundary OR,. The updated region is, as in Figure 4.3-(d),

Re(B)UX if Apg(t) >0

Re(t+1) _{ RO\ X i Apug(t) <0 (4.6)

The selection of the resource set X to be incorporated (X C \7(85%@)) or released (X C
0Ry) is performed so as to minimise the boundary extension. This criterion is selec-
ted to avoid too much indented or fragmented region allocations with large bound-
ary areas that are likely to be affected by cross-interference due to TF jitter; guard
bands/intervals are typically prescribed to avoid such interference but this is known to
reduce the spectrum efficiency. The length of the boundary OR,(¢ + 1) can be conveni-
ently computed as the cardinality, i.e. the number of RBs, of the set F(OR,(t+1)) = {f :
fe{NP)\Re(t+1)} Ap € ORy(t+ 1)}, which is the set of external neighbours of the

boundary of the new region R,(t + 1). Thereby, optimal selection of the resource set is
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Table 4.1: Simulation system parameters.

Parameter Value

RB structure 12 sub-carriers and 1 sub-frame
RB frequency bandwidth 180 kHz

Time frame 10 ms

Total number of available RBs | 100

Number of D2D links 10, 15, 20, 30, 50
Reference distance 10 m

Max. D2D distance 300 m

Path-loss exponent 2

P..t/P, 20dB

SINR threshold, SINRy, 10dB

Table 4.2: Simulation traffic parameters.

Average data rate (QoS) Value
HTTP traffic 512 kbps
FTP traffic 360 kbps
VoIP traffic 64 kbps

obtained by minimising the ratio between the number of RBs in the boundary 0R,(t +1)
and the number of RBs in the region R,(¢ + 1) evaluated as:

; |[F(OR(t +1))|

X = i 4.7
arg min RG] (4.7)

subject to the constraint of throughput fulfillment:
> () = pg, () + eAp(t), (4.8)

pER,(t+1)

where 0 < € < 1 is a step size parameter. Iterations of the proposed algorithm are
repeated till [App(t) — Ape(t — 1)| < d. A summary of the scheduling steps is shown in
Figure 4.3.

4.1.4 Numerical results

The performance analysis is carried out in a LTE framework, by simulating a dense
D2D cluster with parameters as in Table 4.1. The performance is evaluated through
Monte Carlo simulations using Matlab software. The proposed scheduling strategy is
analysed for two different network scenarios: (i) homogeneous traffic, where all D2D
users manage FTP service, and (ii) heterogeneous traffic, where 50
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Figure 4.4: Self-adaptive resource allocation of L = 10 D2D schedulers (indicated by col-
ours): a) random network state initialisation; b) D2D self-adjusting resource
allocation at iteration ¢ = 4; c) convergence after compliance of QoS require-
ments (t = 10).

In Figure 4.4, an example of successive refinements of the resource allocation by the dis-
tributed scheduling algorithm is illustrated for L = 10 D2D links. The D2D mutual in-
terference is simulated according to a disc model with maximum distance d,,,, = 300 m.
As initial state, the D2D users randomly allocate a fixed amount of resources, i.e. 2 RBs,
in frequency and time (Figure 4.4-(a)). Then, the local schedulers dynamically adapt their
allocations as illustrated in Subsection 4.1.3 (Figure 4.4-(b)) till they reach a steady state
that satisfies the QoS requirements (Figure 4.4-(c)). The algorithm implements spectrum
reuse, if requested, based on the sensed-interference level between the D2D links.

The metric used for evaluation is the total normalised requested throughput (QoS need)
for the D2D cluster defined as £(t) = >, ux,(t)/ D, \¢, as the ratio between the total
offered throughput (for all the D2D links) and the total requested throughput. Figure 4.5
compares the total normalised throughput £(¢) of the distributed and centralised schedul-
ing approaches over the iterations ¢, for L = {10, 50} D2D links and for both single (FTP
traffic) and multi-class (Table 4.2) services. In the centralised scheduling the allocation
of the D2D cluster resources over the available spectrum region is performed centrally
by the BS, which assigns to each D2D link the amount of resource that satisfies the QoS
requirements, reusing the spectrum if needed.

From the results in Figure 4.5, it can be noticed that the distributed algorithm converges
to the centralised performance in few iterations. As expected, the normalised through-
put £(t) at convergence is lower for increasing number of D2D links and the convergence
time increases with the number of links. Notice that the distributed algorithm converges
faster in homogeneous traffic conditions than in heterogeneous ones due to the manage-
ment of different service classes (QoS requirements).

Figure 4.6 shows the total normalised throughput versus the loading factor 7, which
evaluates the overall fraction of occupied TF region. Clearly, the loading factor increases
for increasing number of users. The performance is evaluated for both homogeneous
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Figure 4.5: Normalised system throughput £(¢) vs. iterations (¢) for L = 10,50 D2D
links. Performance of the distributed algorithm is evaluated for both homo-

geneous and heterogeneous traffic networks and it is compared to the cent-
ralised approach.

and heterogeneous traffic and the centralised approach is shown as reference. It can be
observed that for small number of links (L = 10, 15, 20), 7 is less or close to 1 as the
D2D users are able to self-allocate their resources and reach the QoS targets without
any spectrum overlap, as the total required throughput is below the one offered by the
spectrum region R. On the other hand, for larger D2D clusters (L = 30), the loading
factor at convergence is > 1, as the D2D users have to spatially reuse the resource
blocks to reach their QoS targets. It can be noticed that the total offered throughput
decreases with respect to the requested one as the number of D2D links increases.

Figure 4.7 shows the normalised system throughput versus the loading factor 7, for dif-
ferent values of the maximum distance of the interferers to the D2D receiver d,,q, =
100, 300 m. Decreasing d,,... is equivalent to enlarge the spatial density of the D2D links
in the cluster. In fact, if d,4, is reduced from 300 m to 100 m, assuming a fixed number
of links, i.e. for a fixed 7 value, this corresponds to an increase 9 times the spatial density
for d,,q; = 300 m. Performance is evaluated for homogeneous and heterogeneous traffic
networks and the centralised approach is shown as reference. It can be notice that the
normalised system throughput for d,,,, = 100 m has a decay rate higher than the one
for d,e = 300m, due to the increased spatial density of the D2D links in the cluster.
The proposed method reaches a performance close to the centralised approach.

The D2D cluster service satisfaction is investigated in Figure 4.8 vs. the number of D2D
links L for both homogeneous and heterogeneous traffic-network. The QoS satisfaction
is measured as the ratio between the number of D2D pairs meeting the QoS requirements
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Figure 4.6: Normalised system throughput at convergence £(t — 00) vs. loading factor
n = >, |Re(c0)|/|R]| for varying number of D2D links, for both homo-
geneous and heterogeneous traffic network, compared to the centralised
approach.

and the total number of D2D pairs in the network. The numerical results show that
the proposed distributed algorithm allows the D2D cluster to reach a high level of QoS
satisfaction even when the number of D2D links increases (L = 30), as the allocation of
TF resources is based on QoS constraints.

4.1.5 Conclusion

In this section we proposed a new distributed scheduling algorithm where multiple D2D
links, sharing the same spectrum, self-adapt their resource allocation by dynamically in-
flating/deflating their time-frequency region based on the sensed interference level and
the QoS requirements, without any central coordination. The method was shown to
closely reach the performance of the centralised approach, both for single and multiple
service classes, i.e. for homogeneous and heterogeneous traffic scenarios, managing the
mutual interference and satisfying the QoS requirements of all D2D links in a fully dis-
tributed way. Moreover, numerical analysis shows that the distributed resource schedul-
ing method can achieve the same performances of centralised optimisations when eval-
uated in term of system capacity, even in case of spectrum reuse.
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4.2 Distributed learning process for HNC selection — Advanced
scenarios

A Distributed Learning Algorithm (DLA) — a protocol for selection of Wireless Physical
Layer Network Code (WPLNC) in DIWINE cloud scenarios — was described and its prop-
erties discussed in deliverable D3.02 [4]. The algorithm was successfully transferred for
demonstration in real world scenario to WP5, see D5.41 [108]. This deliverable extents
discussion about utility functions related to actual channel conditions and summarises
changes in necessary information exchange among nearest neighbours. Advanced scen-
arios, that goes beyond the capability of HW demonstration, assuming unfriendly and/or
malicious relays are also presented, analysed and discussed.

4.2.1 Utility function related to instantaneous channel conditions

The DLA originally uses relay output cardinality as a target for optimisation while guar-
anteeing invertibility of WPLNCs at all final destinations. This utility function relates to
energy efficiency (UT1), since minimal cardinality WPLNCs maximally conserve energy,
it also multiplies network throughput (UT1) due to WPLNC gains. The algorithm with
cardinality utility works in distributed network model (UT4). On the other hand the over-
all performance can be significantly affected by a wireless channel. Particular channel
conditions (attenuation and/or phase rotation) may have destructive impact on particu-
lar WPLNCs due to ambiguous signal overlaps, for details see D4.02 [109] or [110]. It is
possible to cope with instantaneous channel conditions by modification of DLA utility
function.

First of all it is important to note that randomly selected values of the utility function -
which is the case for utility function directly related to random wireless channel — will
with high probability violate potential property of underlying game [111]. It is the po-
tential property that guarantees nice behaviour of DLA - existence of Nash equilibria,
convergence of the process etc. Thus, any criterion that is related to random channel
can be used only as an additional measure for WPLNC selection. In D3.02 a hierarch-
ical minimal distance was discussed as a candidate additional criterion for selection of
WPLNCs. It was shown that minimal hierarchical distance variations are zero or almost
negligible for many WPLNCs and channel conditions, see Figures 4.9 and 4.11, thus it
can be hardly used as a WPLNC selection metric.

To correctly cope with wireless channels the metric must reasonably describe perform-
ance behaviour. A possible choice is a complete hierarchical spectrum, however, due to
its complexity this is barely tractable solution. In [112] a Symbol Error Rate (SER) is used
to distinguish among the minimal WPLNCs. A WPLNC with the minimal SER in actual
channel conditions is used. Whenever a minimal WPLNC is going to be selected by the
DLA a WPLNC minimising actual SER is chosen. A newly added SER-based criterion is

MIN,,, = min{SER}, (4.9)
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Figure 4.11: Minimal hierarchical distance — a full WPLNC.

where MIN,,.,, is newly selected minimal WPLNCs, SER is actual SER estimate and min-
imisation is done over all available invertible minimal WPLNCs.

The instantaneous SER computation is based on known channel estimates provided by
the pilot signals. Again, since SER performance differences are negligible for many
WPLNCs, especially in the case of full and extended WPLNCs, the SER is used as the addi-
tional criterion only when the minimal WPLNCs are achieved by DLA. From a measure-
ment campaign carried within WP5 we have preselected WPLNCs with typically good
SER performance across various channel realisations. These WPLNCs made a list of
available actions for DLA.

Figure 4.12 shows an uncoded SER in 2 source 1 relay network which is a natural WPLNC
building block of more complex networks. SER is measured at the relay, since any error
in WPLNC mapping can be hardly corrected by the rest of the network especially when
no or weak error correction coding is used. A system with newly proposed SER-based
additional criterion is compared to the former DLA solution. Both numerical as well as
USRP based results are shown. USRP results were obtained within WP5 testing.

4.3 Non-cooperating relays

In this section we focus on relays that do not fully follow the idea of the cloud concept.
Particularly, we are interested in two cases — intentionally malicious relays, that wish
to cause harm to the communication and intentionally over-selfish relays, that do not

DIWINE D3.03



130 4 Cloud self organisation
100 F =
1071 ¢ £
I (V= i
I~ L E
&3} H §
n
1072 E
|- @- USRP - opt N
| |- @- UsRP - bitXOR i
SIM - opt \
1074 ¢ SIM - bit XOR - .
E SIM - MIN \\ E
L SIM - EXT . ]
= SIM - FULL \‘ -
105 \ | | | | |
0 3 12 15 18 21 24 27

SNR [dB]

Figure 4.12: Uncoded SER performance of various WPLNC mappings. Both simulation
and HW experiments results are shown.

D3.03

DIWINE



4.3 Non-cooperating relays 131

follow altruistic cooperation and wish to seize maximum in emergency states such as
emptying battery.

It is important to highlight that this section goes beyond the capabilities of demon-
stration platform, so the content presented here is mainly theoretical, not verified in
real-world scenarios. Different network models as well as different utility functions and
information knowledge are assumed compared to the DLA. Also a protocolised form
suitable for real implementation is missing yet.

4.3.1 Intentionally malicious relay

The most of current research work optimistically assumes that all the relays altruistically
cooperate on their task of source to destination communication. We have introduced a
relay node with aims to make a disorder among the other relays. However, the type
— either friendly or malicious — of relay behaviour is only its private information un-
known to the other relays nor the destinations. By selecting its own WPLNC mapping
the malicious node attacks the friendly behaving relays as well as the destinations. All
the relays - both friendly and malicious - are rewarded/penalised according to how well
their perform their appropriate tasks.

We describe the scenario as a static (single shot) incomplete information game among the
relays and study it from the game theoretic perspectives. We mostly focus on conditions
for existence of particular equilibrium points given the probability of malicious node
existence and the valuation of the utility functions.

Since the WPLNC is quite sensitive to the selection of mapping functions the maliciously
behaving node may cause significant damage to the network simply by selecting im-
proper WPLNC mapping (obviously also by transmitting random data, etc.). Coexistence
with the evil node is especially important for security critical applications.

The presence of maliciously behaving node among the fair players is widely analysed in
the area of sensor networks. Game theoretical approach to coexistence in point to point
scenario is presented in [113]. Relay networks (with single or multiple relay) with mali-
cious nodes are in [114, 115] however both are single source cases. Our work presented
here and originally in [116] extends the issues of malicious relays to multi-node cloud
networks.

System model

A network of interest consists of two independent sources 81, 8y, two relays Rg, R,
where subscript R stands for row and C' for column which is a very classical way to
distinguish the players, and a destinations D, see Figure 4.13. This is a multi-relay and
wireless extension of the well-known butterfly network [117]. It is also the simplest
network that can illustrate the issues studied here. The networks with more nodes are
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Figure 4.13: Two relay network — network of interest for malicious scenarios.

obviously possible but their analysis is impractical however the results shown can be
straightforwardly extended.

The most important aspect is that we assume that the relay R is always “friendly” - its
aim is always to support source to destination communication and it is rewarded for this
task. However the relay Ry is not always friendly, with some probability it can behave
maliciously. When this relay is malicious its aim is to cause harm to both R and the
destinations by using such a processing that prevents ‘D from recovery of the source data.
Also the malicious relay is rewarded for the harm caused. Rewards and utility functions
will be presented later. The relay R does not know the type of the Ry while Ry, itself
knows it.

Note that the transmissions of the source nodes are not orthogonally separated, i.e. relay
Ri, i € {R,C} receives superposition of both sources. For R to D communication it
is assumed for the sake of simplicity that the individual transmissions can be obtained
separately at the D. The half-duplex assumption forces § to R and R to D transmissions
to occur in two consecutive time slots.

Since WPLNC is assumed, each relay observes a superposition of incoming signals from
both sources. Those observations may differ due to different parameters of the wireless
links. Instead of distinguishing both individual sources the relay works with the over-
lapped signal as a whole. Relay processing — a decode and forward type — is generally
given by a mapping

fiicn X — oy, (4.10)

where i € {R, C'} denotes the relay, ¢;, ¢ and ¢; are symbols transmitted by 81, 8s and
R; respectively. Notice that for simplicity we assume mapping over individual symbols
not over whole codewords, which is also possible. The mapping is allowed to be many-
to-one. In fact to utilise the gain of WPLNC it must be the many-to-one mapping.

When the WPLNC mapping f; given by Eq.(4.10) is a linear one then the WPLNC oper-
ation of the relay can be described by matrix multiplication

& =X; [El} : (4.11)

Ca
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where i € {R, C'} denotes the relay, ¢, ¢ and ¢; are binary representations of symbols
transmitted by 81,82 and R;, respectively and X is binary representation of WPLNC
mapping, particular examples will follow later.

As an example we show the matrix description of the following WPLNC mappings. No-
tice that we assume the source symbol cardinality |c| = 4, i.e. 2 bits representation.

Xl:FOlO} X22'0111'
o1 o1 o111 o0l
L0 00 1000

X§:0110,X§:0100, (4.12)
100 1 0010
0001

where X} and X? are the minimal WPLNC mappings (the first one is the well known XOR
mapping), X? is the extended and X! is the full mapping. Notice that cardinality category
(MIN, EXT, FULL) directly corresponds with the number of (linear independent) rows of
X; since it defines the number of bits of the output symbols.

According to the assumptions every destination node observes cgr and co symbols sep-
arately and wants to recover original source symbols ¢y, ¢ from them. This is possible
if and only if it is allowed by the properties of both relay mappings fz and f¢, i.e. if and
only if an inverse mapping exits at the destination D;:

fj_1 S CR X o — €1 X Co. (4.13)

If this inverse mapping exists for fr, fc we call the pair of them an invertible pair, oth-
erwise it is a non-invertible pair.

In terms of presented matrix description (for linear WPLNC mappings only) the pair of
mapping is invertible at D; if and only if there exist a matrix Xj’l such that

[El} =X;! FR} , (4.14)

Ca cc
where ¢; is the bit representation of appropriate symbol.

Invertibility of the pair of mappings X, X can be easily checked by row rank (in GF(2)
sense) of a matrix that is formed by a vertical concatenation of Xy and X. Notice that
any FULL mapping forms invertible pair with arbitrary WPLNC mapping. Any FULL
mapping, such as X} in Eq.(4.12), is full rank on its own.

In a centralised network the relay mappings f; can be tailored to fit the situation properly,
but this is not the case in distributed control scenarios. When the relays perform selfish
selection of f;, with lack of knowledge of the other relay actions, the invertibility of the
source data may be violated since the inverse mapping in Eq.(4.13) may not exist. The
situation is even more complicated when the relay does not perfectly know the type of
the opponent — whether it is friendly or malicious.
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Incomplete information game

To analyse and study the problem of distributed selection of WPLNC mapping by the
relays in scenarios with potential presence of malicious relays we describe the situation
as an incomplete information non-cooperative game G of two players Ry, Rc. The
game is the incomplete information game since the relays do not know the behaviour
(friendly/malicious) of the other relay. Thus, the players do not know all the information
relevant for their decision, a part of the information is private, revealed only to one of
the nodes. A complete information game corresponds to the DLA algorithm.

By Harsanyi transform [118] the incomplete information game can be transformed into a
Bayesian game which is solvable by standard game theoretic tools. All the nodes’ uncer-
tainties about the game (behaviour type of the other relay in our case) are transformed
into the payoff uncertainties. In Static Bayesian games the first move is played by an "ar-
tificial" player — nature. The nature selects and assigns a type to each player. The type
t; of player ¢ is revealed only to the player i, it is its private information. The nature’s
turn is a lottery but its prior probability is a common knowledge available to all players.
After the type of each relay is revealed by the nature, the relays simultaneously choose
their action. We assume static, i.e. single shot, version of the game. Based on the actions
played and also on the players’ types the payoffs are received by the players.

More formally the game of interest (G is defined as follows. The set of players consist of
Rr and R¢. The set of actions of each player consist of several various WPLNC mappings
fi- To describe the problem generally we do not exactly specify the functions f; now.
Although the players’ action sets can be much wider, the minimal action subset is as
follows: two different minimal mappings MIN; o, two different extended ones EXT; o
and one full mapping. This set is capable of describing all the situations that can occur
in specific instances of G - such as two minimal mappings that form an invertible pair,
ie. fj_1 exists, a non-invertible pair of the minimal and the extended mapping, i.e. fj_1
does not exist, etc. For the sake of simplicity we assume the minimal action set to be
common to both players. We also assume that channel conditions are such that they
allow the relays to use any mapping from their action set. For some channel conditions
the performance (minimal distance, BER, etc.) of various mapping may differ, exhaustive
discussion about the parametric channel performance of WPLNC can be found in [119,
120] and a possible solution for complete information game can be found in Section 4.2.

The set of players’ typesis tr € {F,M} and tc € {F}, where F stands for friendly and
M for malicious. The type of Ry in particular realisation of the game (G depends on the
nature’s turn - friendly version is chosen with Pr{tr = F} = p and malicious with
Pr{tg = M} = 1 — p. Notice that for the sake of simplicity we assume that only Ry has
two possible incarnations, R¢ is always friendly, i.e. Pr{tc = F} = 1.

The players have beliefs about the opponent types, such as pr(tc|tr). In the analysed
game it is assumed that player’s belief is independent of the player’s own type, e.g.
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Table 4.3: Payoff matrix of two relay game G — Friendly vs. friendly.
Fvs.f || MIN; | MIN, | EXT; | EXT, | FULL
MIN; | PP | AJA | A/B| PP | AC
MIN; | A,A | PP | PP | A B | AC
EXT, || BJA | PP | BB | PP | B,C
EXT, || PP | BA | PP | B,B | B,C
FULL | C,A | C,A | C,B | C,B | C,C

pr(F|F) = pr(FIM) = 1. Finally there is a payoff function 7; of each player that as-
signs a reward to the player ¢. In contrast to complete information game the payoff
function of the player ¢ depends not only on the actions played by all the players but
also on their types, i.e. m;(ar, ac; tr, tc) where ag, ac are actions of Rg, Ro and tg, tc
are their appropriate types.

In complete information games the terms action and strategy more or less coincide.
The situation in Bayesian games is quite different. A strategy is a function that for
every player type assigns an action from the set of actions. Thus, the strategy for
player Rg, with two possible types, is a doublet s = (ar(tg = F),ar(tr = M)),
e.g. Sg = (MIN;, MIN; ) means that the relay Ry uses MIN; when it is the friendly relay
while its malicious version uses MIN,. Since there is only one type of R its strategy
coincides with its action, e.g. s = EXT,. We will use notation s;(¢;) to denote particular
action used by player i of type ;.

Since there are two types of the player Rz we can construct two payoff matrices describ-
ing the two game incarnations. The first one, when both relays are friendly, is shown
in Tab.4.3. The second one, when the Ry is malicious is in Tab.4.4. In both matrices
the column is determined by the action played by R and the row by the action of Rp.
The entries of the matrices have a form 7wg(ag, ac;tr, tc), 7c(ar, ac;tr, tc), the first
number is a reward of Ry, of type ¢tz when a pair of actions ag, a¢ is played. The second
number gives a reward of R¢ of type t¢. Notice that those two games are complete in-
formation games, it is the nature who selects which one of those games will be played
by selecting the players’ types.

For friendly players, see Tab.4.3, a payoff function is assumed, such that the payoff is
determined only by the cardinality of the mapping (MIN, EXT, FULL) and their invert-
ibility. The friendly relay (R always, Ry, if its type tp is friendly) is rewarded by A for
using minimal mapping, B for the extended one and C for the full mapping. However
when the friendly relays select a non-invertible pair of mappings, that do not allow the
destinations to recover the source data, both relays have to pay a non-positive penalty
P as a punishment. This situation is expressed in Tab.4.3 by (P, P) entries. We illustrate
this on simple example when both relays select XOR mapping then the destination fails
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Table 4.4: Payoff matrix of two relay game G — Malicious vs. friendly.
Muwvs. f || MIN; | MIN, | EXT; | EXT, | FULL
MIN, | W,P | PA | PB | W, P | PC
MIN, | PPA | W,P | W,P | PB | P,C
EXT, | PA | W,P | PB | W,P | P,C
EXT, | W,P | PPA | W,P | PB | P,C
FULL | PA | PA | PB | PPB | PC

to recover c4 and cp from its observations because it has received ¢4 @ cp twice, both re-
lays are therefore penalised by P since they waste their energy and fail to make reliable
8 to D communication.

The payoff preference for friendly relays is given by
A>B>C>02>P, (4.15)

thus the friendly relay always tries to minimise its output cardinality while the invert-
ibility of WPLNC at the destination must be always guaranteed. This utility function is
related to energy efficiency of the nodes. Given the fixed energy for transmission the
lower the cardinality the lower the resulting BER. Moreover, any waste of energy due to
non-invertible WPLNC mappings is punished and penalised.

The malicious relay (R never, Ry, if its type ¢ is malicious) is rewarded for the caused
disorder, see Tab.4.4. It obtains a payoff W whenever it selects a WPLNC mapping that
forms a non-invertible pair with the friendly relay. Under this condition the destina-
tion is unable to decode the source data and thus the friendly relay is transmitting and
spending its resources in vain. When the malicious relay node selects a mapping that
forms invertible pair with the friendly node it has failed in its task to cause harm to the
network. In this case the malicious relay is in fact supporting the friendly relay and thus
spends in vain its resources and it is penalised by P.

The payoff preference of the malicious relays is given by
W>02>P, (4.16)

thus the malicious relay thus prefers to create the non-invertible pair. It can be easily
seen that the full mapping is never optimal for such a relay since it is always invertible.

Nash equilibria analysis and discussion

In incomplete information games the solution concept of Nash equilibria is extended to
so called Bayesian Nash equilibria (BNE) [118]. A strategy profile s* = (s%,, s&) is a pure
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strategy Bayesian Nash equilibrium if for each player ¢ and each of its type ¢; holds

57 (t:) —argmaprz it mi(ai, s%i(t-0); ta ), (4.17)

where subscript _; denotes the player other than i [121]. BNE strategy maximises the
expected payoff of the player given the player’s type and belief about the opponent.
Similarly to the Nash equilibria (NE) in complete information games the BNE represents
the point where no player has any incentive to alter its strategy. In contrast to NE the
BNE depends not only on the strategies but also on players’ types and their beliefs.

It can be easily shown that friendly vs. friendly incarnation of the game has multiple
(two for assumed action set of the players) pure strategy NE, highlighted by bold font in
Tab.4.3. Both equilibria use MIN WPLNC mappings and give optimal (in Pareto sense)
outcomes to both players. This friendly relay game was exhaustively studied in [122] and
led to DLA described in Deliverable D3.02 and implemented in WP5. In contrast it can
be shown that malicious vs. friendly game incarnation has no pure strategy equilibria.
Notice that for both versions of game some mixed strategies also exist.

Since friendly version of the game has NE that provides optimistic results from global
network point of view — the information from the sources is successfully delivered to
the destination while the relays’ utilities are maximised — we focus on those particu-
lar equilibria and test if they are also BNE of incomplete information game where the
maliciously behaving relay is possible.

Particularly we search for the conditions under which the strategies containing some
MIN WPLNC mappings are BNE.

Proposition 4. A pair of strategies s = (MINy, MIN;), sc = MIN; is the BNE of the
presented game under some constrains on the probability p of Ry being friendly and valu-
ation of the utility functions ;.

Proof. To prove the proposition we have to simply show that sp and s are mutual best
responses and find out the conditions for them to be the BNE.

According to Eq.(4.17) the best response sgi(t¢) of Rc on sp = (MINg, MIN; ) is

sen(te) = arg max ch(tR]tc)ﬂc(sR(tR), ac;tr, tc)

ac tR

= arg max {pmc(MINy, ac; F, F)+
ac

+(1 = p)mc(MINy, ac; M, F)}
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This gives the following expected payoffs for various actions a¢ of Re:

ac =MIN; : pA+ P —pP (4.18)
ac =MINy: pP+ A—pA (4.19)
ac = EXT,: pP+ B —pB (4.20)
ac = EXTy: pB+ P —pP (4.21)
ac =FULL: C (4.22)

For MIN; to be the best response to sg(tr) the expected payoff in Eq.(4.18) must be higher
than expected payoff from any other action a¢ in Eq.(4.19 — 4.22). It can be shown that
this is true for

c-pr
A—P

1
p > 3 and p > (4.23)

Conversely, s3\(tg) of R of type tr on s¢ = MINj is

Sp(tr) = argmax Y pr(toltr)mr(ar, sc(te);tr te),

aR tC

which is for friendly type of R

sp(F) = argmax mr(ag, MINy; F, F) = MINy,

aRr
since the preference relation A > B > C >0 > P.

Similarly, for the malicious type of Ry, it is

s(M) = argmax gr(ag, MIN ; M, F) = MIN; or EXTs,

aRr
since the preference relation W > 0 > P.

Thus, we have shown that s = (MINy, MIN; ), s = MIN; are mutual best responses
and thus form BNE of the presented incomplete information game. [

By similar reasoning and the game symmetry the following strategy pair can be also
shown to be BNE under the same conditions

sp = (MIN;,MIN,)  sc = MIN,

Under slightly varied conditions (details omitted here) also

SR = (MINl,EXTl) S¢g = MINQ
srp = (MIN, EXTy)  sc = MINy,
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Figure 4.14: Regions where sp = (MINy, MIN;), sc = MIN; is BNE based on p and
utility valuation.

are the pure BNE. It is also possible that some other pure BNE, including both MIN and
EXT WPLNC mappings, exist for completely different utility valuations. Also from the
well-known game theoretic results a mixed strategy BNE is guaranteed to exist for any
incomplete information game. Those results are not analysed here.

On the Figure 4.14 the region, defined by parameters in Eq.(4.23), where the strategy pair
from Proposition 1 is the BNE is shown. The utility function valuations are expressed
relatively to the value of A. The figure shows that given the probability p the lower the
difference between the MIN and FULL mapping payoff A and C' the lower penalty P
must be paid by the nodes to have that particular BNE strategy. When the nodes are
over-penalised and/or malicious relays are highly probable then there exits no studied
strategy pair that is BNE.

4.3.2 Intentionally over-selfish relay

Here we focus on an example of relay network where a sequential selection of the
WPLNC mappings takes place. We assume that the first relay may suffer from low bat-
tery level which may affect its selection of WPLNC mappings and that the second relay
can deduce the battery state from observed actions and alter its behaviour to cope with
the situation. For this scenario we discuss and evaluate an existence of game equilibria.

As highlighted in the previous part the WPLNC is quite sensitive to the selection of map-
ping functions and thus the maliciously behaving node may cause significant damage to
the network simply by selecting improper WPLNC mapping. The malicious behaviour
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Figure 4.15: Two relay network with R to Ry, signalling.

can be either intentional when evil node attacks the network (see above) or uninten-
tional when the node running out of battery selects unexpected mappings to grab its
last chance to deliver data. Our focus now will be laid on the latter case — unintentional
malicious behaviour caused by emptying battery that forces the relay to be over-selfish
and use the most energy saving WPLNC mappings.

It is also important to note that since we are focused on sensor networks, where the
node are mostly simple battery powered devices that are not capable of any advanced
channel coding technique, we investigate uncoded communication.

System model

A network of interest consists of two independent sources 81,8y, two relays Ry, Re,
where subscript R stands for row and C' for column to distinguish the game players, and
a destinations D, see Figure 4.15. The important fact is that we assume that the relay
Re can suffer from low battery situation with probability p. When it is depleting its
resources its main intent is to deliver as much as possible information to the destination
in the most energy saving way. The other relay Ry has available observation of R¢’s
actions (shown in red in Figure 4.15) and can deduce his battery state and consequently
support it. Since the Ro knows about its battery state we will call it a informed relay
(player). The uninformed one — Ry — has only a chance to learn about R state from the
received signal.

Signal processing related to the WPLNC is similar as in the malicious relay study please
refer the system model described in Section 4.3.1 for details.

Sequential game

We describe the situation of differently informed relays, that sequentially select their
WPLNC mappings, as a sequential incomplete information game. Our game of interest
is defined as follows: A set of players is R and Ri. Relay node R¢ has two possible
incarnations — types — it has either high or low battery level. Type of the relay R¢ is
tc € {H, L}, where H denotes high battery level and L low level. Relay Rg has only
one type, it always has full battery. The type t¢ is a private information of R and is
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Table 4.5: Payoff matrix for high battery vs. high battery game.
MIN1 | MIN2 | FULL
MIN1 | PP | 2A,A | 2AB
MIN2 | A2A | PP AB
FULL | B,2A | B,A B,B

unknown to Rp. A battery level is selected by nature prior to the beginning of the game.
Low battery level is selected with probability p, this a priori probability is available to
R g too, but the actual battery level of R¢ is not.

Each relay has a set of available actions, both sets contains various WPLNC mappings.
To make the situation a bit easier we reduce the action set of Ry to two different minimal
mappings MIN1 and MIN2 and a full mapping FULL. The action set of R depends on its
type, high battery level type has the same action set as Ry since they are in fact the same.
But low battery type uses minimal mappings only, i.e. its action set contains MIN1 and
MINZ2, this is because the minimal WPLNC mapping delivers data in the most energy
saving way. For the sake of simplicity we do not assume EXT mappings in our example.

The relays are rewarded for the WPLNC mappings used. The payoff function is related to
energy efficiency, since the MIN mappings compress the information more and thus save
more energy. We define the payoff function as follows: At high battery level each node
is more or less selfish, it tries to use the best (from its own point of view) possible map.
Such a relay is awarded by 2 A for using MIN1 mapping, by A for MIN2 and by B for full
mapping, where A > B > (. We assume without loss of generality that there are some
minimal mappings that perform better (in terms of SER, etc.) in given channel conditions,
that is why the rewards for various minimal mappings differ. We also assume that a
minimal mapping is always better than a full mapping (from energy savings point of
view). At low battery mode the relay R tries to deliver as much as possible information
before its battery is depleted (ignoring any other performance measure, only energy
efficiency matters). It is rewarded by 4 A for any minimal mappings it uses, because of
important energy savings. The relay Rr, when facing low battery node, tries to help it
and is rewarded by 4 A for usage of full mapping since it helps most to R and by A for
any invertible minimal mapping.

Whenever both relays select a pair of mapping that is non-invertible then the nodes
waste their resources in vain and are penalised by P < 0 since they do not fulfil their
task to enable S to D communication. Because wasting of resources is critical especially
in low battery mode the relays are penalised by 2P when R is in low battery state. The
payoff matrices of both game incarnations are given in Tabs. 4.5 and 4.6.

The uniformed player can form beliefs about the informed one based on observed actions
and a priori type probability, e.g. after observing MIN1 mapping the Ry can create a
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Table 4.6: Payoff matrix for high battery vs. low battery game.
MIN1 | MIN2
MIN1 | 2P,2P | 2A4A
MIN2 | A4A | 2P,2P
FULL | 4A4A | 4A4A

P2A2A 2PAA4A A P A 4A2PAA B B B
PAB 2PA4A 2AP B 2A2P4A 2AA B

Figure 4.16: Game tree of sequential game.

belief ;i H|MIN1) of R¢ being type H. The belief system is important when evaluating
expected utilities and when searching for the game equilibria.

The game sequence and rules are depicted in Figure 4.16. The dashed regions show
common information sets, e.g. the relay Ry is unsure about the type of R when it
observes MIN1 mapping, it has only beliefs about the type, so both paths leading to
MINT1 dashed region belong to the same information set. It can be also seen that FULL
mapping is a singleton information set since it automatically means that ¢ = H. Edges
that represent relays’ actions are from left to right MIN1, MIN2 and FULL. Rewards are
shown at the leaves of the game tree, R’s upper and Rp’s lower.

Equilibria analysis and discussion

The proposed game is called a sequential incomplete information game. Also, due to
presence of signalisation link, a signalling game. Widely accepted solution for this type
of games is Perfect Bayesian Equilibrium (PBE) [121]. A PBE is a strategy profile s* =
(ag, a},) and a belief system p* such that the strategies are sequentially rational given the
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belief system and the belief system is consistent given the strategy profile. Sequential
rationality means that the action taken in given information set is optimal given the
belief and actions of the other players. Consistent belief systems means that the beliefs
at least in the information sets on-the-equilibrium-path are given by Bayes’ rule.

Since the relay R has two possible types its strategy is a doublet assigning an action to
both types, e.g. ac = (ac(H),ac(L)) = (MIN1, MIN2) means that R¢ of type tc = H
uses MIN1 while type ¢t = L plays MIN2. When the action played by different types is
the same we call this a pooling strategy, otherwise it is a separating strategy.

In the proposed game there four separating:

ac = (ac(H),ac(L)) = (MIN1, MIN2)
ac = (ac(H), ac(L)) = (MIN2, MIN1)
ac = (ac(H), ac(L)) = (MIN1, FULL)
ac = (ac(H),ac(L)) = (MIN2, FULL),

and two pooling strategies of R

ae = (ac(H), ac(L)) — (MIN1, MINT)
ac = (ac(H), ac(L)) = (MINZ,MINZ)

Since Ry has only one type its strategy is a singleton action ag such as ap = MINT1.

Proposition 5. The only PBEs of the proposed games are connected with the pooling strategy
at, = (e (H), a8 (L)) = (MIN1, MIN1). Otherwise there is no PBE.

Proof. To prove the Proposition 5 we have to show that there is a consistent belief system
and sequentially rational strategies for both players. First of all define belief system: on
the equilibrium path Rp’s belief about R having high battery level after observing
MIN1 is u(H|MIN1) = 1 —p which follows from Bayesian rule. Off the equilibrium path
beliefs should be undefined such as p( H|MIN2) but due to singleton information set of
FULL mapping the belief p( H|FULL) is simply 1. Thus, the belief system is consistent
given ag..

Having the consistent belief system we show the sequential rationality of the strategy.
We first seek the best responses of R on observed signals from R having Rp’s beliefs.

The expected payoft of Ry obtained in response to ac = MINI1 for all three actions of
fRR is:

MIN1: (1 —p)P + p2P = P —pP
MIN2: (1—p)A+pA=A
FULL: (1—p)B+ pdA =B —pB+ pdA
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Thus, the Rg’s best response on action ac = MIN1 is ag = MIN2 if p < f;%

ar = FULL elsewhere, of course p € [0, 1].

or

The Rp’s best response on action ac = MIN2 is undefined since the belief 1( H|MIN2)
is not defined. Later we will refer to this potential best response as az(MIN2).

The Rp’s best response on action ac = FULL is agp = MIN1 simply because 24 > A >
B, see Figure 4.16.

Knowing the best response of Rp, the strategy of R and belief system the assumed
strategy is PBE if and only if R has no incentive to change its strategy, i.e. its expected
payoff should be the highest among all possible alternative strategies. Let us start with
the situation when the best response on ac = MIN1 is ap = MIN2. Then the expected
payoff of Ro must be:

7 (H,MIN1, MIN2) > m:(H, FULL, MIN1) (4.24)
7o(H, MIN1, MIN2) > 7c:(H, MIN2, a(MIN2)) (4.25)
7o (L, MIN1, MIN2) > 7¢(L, MIN2, a(MIN2)), (4.26)

where 7¢ (Lo, ac, ag) is payoff of R of type t¢ playing action ac while Ry plays ag. All
equations are true since (4.24) is 2A > B, (4.25) is 2A > A since A is maximal possible
payoff of R given that strategy and (4.26) is 4A > 4A since 4A is maximal possible
payoff of R¢ given that strategy.

Secondly, assume that the best response on ac = MIN1is ap = FULL. Then the expected
payoff of Rc must be:

meo(H, MIN1, FULL) > 7¢(H, FULL, MIN1) (4.27)
7o (H,MIN1,FULL) > ¢ (H, MIN2, az(MIN2)) (4.28)
(L, MIN1, FULL) > 7c(L, MIN2, az(MIN2)). (4.29)

All equations are true since (4.27) is 2A > C, (4.28) is 2A > A since A is maximal
possible payoff of R given that strategy and (4.29) is 4A > 4A since 4A is maximal
possible payoff of R given that strategy.

This holds true for arbitrary belief 1( H|MIN2) € [0, 1]. We have shown that there are
two PBEs based on mutual relation between A, B and p - s = (al.(H),al(L),a}) =
(MIN1, MIN1, MIN2) and s = (a%(H), a5 (L), al) = (MIN1, MIN1, FULL) with belief
system p*(H|MIN1) = 1 — p, p*(H|MIN2) € [0, 1] and p*(H|FULL) = 1. s7 is PBE if
p < ﬁ%% otherwise it is s3.

By similar reasoning it can be shown that aforementioned pooling strategy of R is the

only PBE of the proposed game. ]

Figure 4.17 shows a surface that divides regions of existence of both PBE. Below this
surface s7 is the PBE of the game, above it is s3. The surface is given by probability of
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Figure 4.17: Regions of existence of individual PBEs.

low battery state p = 4?4__% as a function of rewards A, B. It can be concluded that the

higher the probability of depleted battery and the higher the reward B the relay Ry will
prefer action FULL since it supports R and provides the higher payoff.

4.4 Self-selection of physical layer network coding parameters

4.4.1 Introduction

Compute-and-Forward (C&F) [123] is a relatively new relaying technique that relies on
lattice codes through the linearity property of lattices. In the context of C&F relaying
in fading channels, one challenging task is to find corresponding integer vectors in the
relay nodes which is referred to as a network coding vector or an a vector in the liter-
ature, e.g. [123, 124]. There is intensive ongoing research on finding the best network
coding vector (a vector), however, so far, most of the focus of the literature, including
our works, is on obtaining an integer vector a that maximises the computation rate in
the relay regardless of the corresponding a vectors computed in other relay nodes, i.e.
local maximisation. Moreover, one necessary condition under which a destination node
is capable of unambiguously decoding transmitted information by the source nodes is
that the matrix (say A matrix') obtained using the a vectors computed in the relay nodes
must be non-singular. Using conventional methods for computing network coding vec-
tors in the relays, although the rate is maximised locally, the overall computation rate
of the network is zero if A matrix is singular, i.e. if |A| = 0.

'The notions of a and A are introduced in [123] as integer vectors and matrices, respectively, and widely
adopted in literature. We use the same notions in this chapter, too.
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Figure 4.18: System model.

There are few chapter that directly address the problem of finding a proper A matrix
that is not singular; in particular, [125-127] study a similar problem to the one that we
address in this chapter, however, despite the ingenious methods proposed in [125] and
[126], the problem is tackled assuming full coordination between the nodes that indeed
imposes significant overhead signalling in practice. [127] proposes an algorithm that
can be applied for a particular type of network with two source and two relay nodes;
therefore, although it proposes a blind C&F relaying with no overhead signalling, the
network topology is limited and cannot be applied to a network with an arbitrary number
of source and relay nodes such as is of interest in this chapter.

Contribution In this chapter we study a multi-source multi-relay network and aim
to compute network coding vector a in the relay nodes that tries to avoid singular A.
Based on two different assumptions, we propose two new algorithms in this chapter:

+ Non-coordinated (blind) C&F where the relay nodes compute network coding vec-
tors blindly, without knowledge of the network coding vectors used in the other
relay nodes.

« Partially coordinated C&F where the relay nodes partially communicate to specify
the order of transmission and use a network coding function that does not reduce
the rank of the A matrix.

The chapter is organised as follows: In Subsection 4.4.2 system model is introduced and
the rate description of C&F relaying is provided. In Subsection 4.4.3 two novel relay-
ing strategies are proposed. In Subsection 4.4.4 numerical simulations are provided to
validate the usefulness of the proposed methods and the chapter is finalised by some
concluding remarks in Subsection 4.4.5.

4.4.2 System model

As shown by Figure 4.18, a cooperative network consisting of K source nodes, K relay
nodes and one destination node is studied. The entire transmission from sources to the
destination is divided into KX + 1 time slots: in the first time slot all the source nodes
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transmit their data to the destination using a shared interference channel (IC) that is
referred to as the Multiple Access Channel (MAC) in the literature. In a second phase,
that consists of K time slots, the relay nodes each compute an equation from the received
superimposed signal and forward it to the destination node. The relay nodes exploit
C&F and so in the second phase, relay nodes use orthogonal channels for transmission
because the source node requires at least X equations to be capable of decoding all the
messages transmitted from the source nodes. The transmissions from the source and
relay nodes are summarised in the following:

Source Each source node selects a message w; that is drawn from a set of M messages
with equal probability. Every message is then mapped to a nested lattice codeword x;
and sent to the relay nodes in the first time slot.

Relay Since the relay nodes exploit C&F relying, each relay exploits lattice decoding
and attempts to find a set of equations and the rates corresponding to each particular
equation. Let us define the set A, as a set of integer vectors defining possible network
coding functions at relay r as follows

Ar={a, 1,89, .}, (4.30)
Each integer vector a,; results in a computation rate that is stored in set R, as follows
RT = {IRT,l? Rn?v U >:Rr,n} . (4.31)

It is assumed that R,; > R, 5 > --- > R, ,. The relay function will be discussed in
further detail in the next subsections, however, note that it is proved in [123] that the
computation rate in relay node r is obtained using following expression:

Y
R.(h,a) =1lo +< ) 4.32
(b, 2) = log, v |l wiby —apy || +a2, (432)

which depends on inflation coefficient c,.;, channel realisation h, and choice of the in-
teger vector a,;, see [123] for detailed description of the parameters.

It is clear that choosing a, ; is the best option if the intention is to maximise the compu-
tation rate locally in the relay nodes; this is indeed the main optimisation criterion in the
original C&F chapter in [123]. However, in this chapter, we are interested in optimising
the overall transmission rate of the network, defined as follows

min(Rl,---,ﬂQK), 1f|A|7£O

4.33
0, if |A| =0 (433)

R(H,A) = {

where H is the channel realisation between the source and the relay nodes and A is the
matrix whose columns are the a, vectors exploited in the relay nodes as the network
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coding vectors. We assume that each relay appends its chosen integer vector to the
equation and transmits it to the destination; also we assume that the relays can overhear
one another’s transmissions.

4.4.3 Relay strategy

Upon reception of the source transmissions, each relay node r needs to choose an integer
coefficient a, and perform lattice decoding before forwarding an equation towards the
destination. One can assume different criteria for computing a, vectors as described
below.

Non-coordinated (blind) compute-and-forward

Once the destination collects the relay transmissions, it will be capable of decoding the
messages from the source nodes if the matrix A is a full rank matrix. In an attempt
to reduce the occasions which result in non full rank A, a blind C&F relay strategy is
proposed in the following:

Proposition Instead of computing an equation that corresponds to the highest com-
putation rate in the relay r, i.e. locally optimising rate, each relay computes a set of
equations corresponding to different computation rates as described in (4.30) and (4.31).
Moreover, a new parameter is defined as

Kr = {kT,17 kﬁ?a Ty kr,n} (434)

which specifies the number of non-zero entries in a, vectors. As an example, an integer
vector a, ; = [1, 0, 0] consists of information only from source 1, however an integer vec-
tor a, ; = [1, 0, 1] consists of information from two source nodes, source 1 and source 3.
We define k, ; as the number of non-zero entries in the a, ; vector, i.e. nnz(a, ;) = k, ;.
As arelaying strategy, instead of forwarding a, ;, we propose to transmit a function that
includes information from, at least, m sources, i.e. a, = a, ; where

R,; = max{R,} T given k, ; > m. (4.35)

This strategy is helpful, especially at low SNR where the integer vectors a, ; usually
have only one non-zero entry. Therefore, once the integer vector from other relays has
a non-zero entry at the same position of a, ;, |A| becomes equal to zero, and hence
setting the overall transmission rate of the network to zero. Whereas ensuring that at
least m entries of the integer vectors a, ; are non-zero, the probability of non-full rank A
matrix decreases, and hence avoiding R(H, A) = 0 due to |A| = 0. In Subsection 4.4.4
computer simulations are provided to validate the benefits of the proposed algorithm.
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Partially coordinated compute-and-forward

In Blind C&F algorithms, the relay nodes are indexed arbitrarily and so there is no rule
to decide the order with which the relays transmit their equations. In other words, it is
implicitly assumed that relay R; transmits first, and then the relay R, and etc. However,
for a partially coordinated C&F algorithm as proposed in this subsection we define a
parameter referred to as rate-difference as follows

dy =Rp1 — R, 0, (4.36)

that is the rate difference between two largest rates in each relay. In the following, it
will be proposed to give the priority for transmission to the relay nodes with larger d,;
for instance, in a two relay scenario, if do > dj, the relay R, transmits its computed
equation first and then the relay R; transmits an equation.

Proposition Partially coordinated C&F protocol proposed in this subsection consists
of two parts: (i) sorting relays and specifying the priority of the transmission and (ii)
choosing the best equation in the relays, i.e. choosing proper integer vector a, which sim-
ultaneously guarantees local optimisation of the computation rate as well as preserving
the rank of the A matrix. The algorithm is described in the following:

« Upon reception, every relay computes a set of best equations, leading to largest
rates and corresponding rates with which the relays calculate the rate difference
and broadcast it. Since we assume the relays can overhear each other, each re-
lay receives the rate difference of other relays and based on the rate differences,
the relays are ordered for transmission as described earlier, i.e. the relays with
larger rate-difference d, get priority for transmission. At the end, a motivation
for this is explained in Remark. For simplicity of notation, let us assume that the
relay indices specify the order of transmission. In other words, we assume that
dy > dy > --- > d, and so, R is the first relay to transmit an equation, R; is the
second relay and similarly, R, is the last relay that transmits.

« Each relay appends the exploited integer vector to the frame and sends it to the
destination. For instance, 1?1 sends its integer vector a; along with the equation;
the 7, overhears the a; and exploits an integer vector a, that does not reduce the
rank of [a;; as] matrix. Relay Rj3 overhears and decodes a; and a; from R; and R,
transmissions and exploits a proper ag that does not reduce the rank of [a;; ay; a3].
The transmission continues until all the relays transmit their corresponding data
while ensuring that choosing an integer vector a, does not lead to a non full-rank
A matrix.

In order to better understand the algorithm, an example is provided in the following.
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Example Assume a network with three source and three relay nodes, operating at
SNR = 10 dB, with channel realisations between the source and the relay nodes as follows

h, = [0.85,3.63,1.91]"
h, = [0.14,13.7,7.52]" (4.37)
hy; = [2.37,0.92,4.51)".
For each relay, one can compute a set of integer vectors A, = {a,1,a,2,a,3, --- } with
which the rates of R, = {R,1,R;2,R.3, ---} can be achieved (note that we assume

the entries of R, are ordered in descending order). For instance for relay R;, we have
computed A; and R,, with three entries, as follows

A = {31,1731,27 a1,3} and R; = {331,1, jz1,2, jz1,3}
where

3171 = [0,0, 1], 3172 = [1,2,5], 8173 = [O, 1, 2] (438)
Rl,l - 0971, le,g - 0943, :Rl,g - 0234 (439)

Likewise, one can compute the entries of Ay and A3 as follows

a271 - [07 07 1]7 a272 = [Qa _5a 5]7 a2,3 - [17 _37 3] (440)
azg; = [1,0,0], a32=1[0,0,1], ags=[2,1,0] (4.41)

and R, and Rj3 as follows
Ry, = {3.15,1.77,0.02} and Ry ={1.15,1.01,0.02.}.

Consequently, the rate-difference d, defined in (4.36) for the three relays can be defined
as

di = 0.028, dy =1.38 and d3 = 0.14. (4.42)

Since dy > d3 > d1 in (4.42), we propose to order relay transmission based on the rate
loss. In this example, second relay R, transmits as the first relay because the largest rate
loss occurs in Ry; therefore, it selects the best a vector corresponding to largest rate,
i.e. the second relay chooses a; = [0, 0, 1] that corresponds to Ry = 3.15. Along with
the transmission of the equation based on a,, the relays transmit a vector, too. Upon
reception of the a vector by the other relays, they decode it and store for future use.
Now there are two more relays to transmit their equations, however, since d3 > d;, the
third relay transmits first. The best option for third relay is to choose az = [1,0, 0] and
note that this choice does not reduce the rank of A matrix. Relay I3 sends its equation
along with the chosen aj that is overheard and decoded by relay R;. The first relay
is the last relay to send its equation, however, although the best option for relay R is
a; = [0,0, 1], this choice reduces the rank of A matrix and sets |A| = 0; therefore as
it selects second integer vector from set Ay, i.e. a; = [1,2,5]. Note that although the
first relay selects its second best a vector, it leads to insignificant rate loss because the
corresponding rate-difference is low (d; = 0.028).
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Figure 4.19: Computation rate: 3 users (K = 3).

Remark It was proposed, without a motivation, to sort relays based on rate-difference
in descending order, i.e. the relay with larger rate-difference d,. gets priority for trans-
mission. Note that in order to avoid singular A, every relay decodes the integer vectors
transmitted by the previous relay nodes and based on previous integer vectors, chooses
an integer vector that does not reduce the rank of the A matrix. Hence, if an integer
vector corresponding to the best rate in a relay lead to a singular A, the relay selects
another integer vector with lower rate but full rank A. Therefore, if a relay with larger
d, is forced to choose its second integer vector, this will lead to large rate loss in the
relay nodes locally, and so we propose to give priority for transmission for the relays
with larger d,.

Fully coordinated compute-and-forward

In fully coordinated C&F relaying, all the nodes know the parameters required for optim-
isation of the whole network, see [125]. This algorithm can result in significant overhead
signalling, however, this is exploited in next subsection as a benchmark which validates
the usefulness of the algorithms proposed in this chapter.

4.4.4 Numerical results

In this subsection numerical results for two relay networks with three and five source/
relay nodes are provided, i.e. KX =3 and K = 5 in Figure 4.18. In Figure 4.18 we as-
sume that the distance between any two neighbouring nodes is one meter and the path
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Figure 4.20: Outage rate: 3 users (KX = 3) and threshold rate Ry, = 1.
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Figure 4.21: Computation rate: 5 users (K = 5).

loss coefficient is & = 3. We assume block Rayleigh fading channels that are obtained
through h;; = (%)_ahij where h;; represent fading realisation between S; and R;. dj

is the largest distance between a source node and a relay node, e.g. S; and Ry.

Figure 4.19 illustrates the computation rate (defined in (4.33)) using the proposed blind
C&F algorithm; each relay makes sure that network coding function includes data from
at least two transmitters, i.e. k, ; > 2 in (4.35). For comparison, the computation rate of
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Figure 4.22: Outage rate: 5 users (K = 5) and threshold rate R, = 1.5.

the conventional blind C&F algorithm is also provided; it is clear that the proposed blind
C&F achieves higher rates. Figure 4.20 illustrates the outage rate assuming threshold
rate Ry, = 1.5. Clearly, the outage rate of the proposed blind algorithm is lower than
that of the conventional blind algorithm; this validates the usefulness of the blind C&F
algorithm proposed in this chapter. In Figures 4.19 and 4.20, the computation rate and
outage are also shown for the partially coordinated C&F algorithm. It is clear that the
proposed algorithm that is developed by exchanging a few parameters among the re-
lays, i.e. rate difference and integer coeflicients, approaches the fully coordinated C&F
that requires significant signalling. Figures 4.21 and 4.22 illustrate computation rate and
outage for a system with five source and relay nodes. The superior performance of the
proposed algorithms is evident.

4.4.5 Conclusion

Compute-and-Forward (C&F) relaying in a multi-source multi-relay network is stud-
ied in this chapter and two novel algorithms are proposed. Assuming no coordination
between the nodes, a blind C&F technique is developed. Another algorithm is proposed
that requires the exchange of a few parameters between the nodes. This algorithm is
called partially coordinated C&F and it is demonstrated to perform nearly as well as a
fully coordinated C&F system.
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4.5 Novel approach for computing network coding function in
compute-and-forward

4.5.1 Introduction

Since it was proved that it is possible to achieve Shannon capacity using lattice codes
[128-130] and lattice decoding [131] on a point-to-point communication system over
a Gaussian channel, lattice encoding/decoding has received significant attention in re-
search community as another class of capacity achieving codes in communication sys-
tems. In addition, a new relaying protocol referred to as Compute-and-Forward (C&F)
was introduced based on the ideas developed in [123]. This relaying protocol exploits
lattice codes in a scenario where multiple users transmit data in an interference chan-
nel, and thus extends its application to multihop wireless networks such as occur in
Wireless Sensor Networks (WSN) and the “Internet of Things”. Since it is able to handle
signals from multiple sources in an optimum way without treating them as deleterious
interference, it has the potential to greatly increase energy and spectrum efficiency in
such networks. C&F is in fact a Physical Layer Network Coding? (PLNC) scheme that
performs two main functions:

 Forward Error Correcting (FEC) encoding/decoding using lattice codes,
« Network coding using mod-lattice operation,

where for the FEC decoding using lattice decoder, the receiver aims at finding a “su-
perimposed” lattice point that is corrupted by thermal noise and self-noise. Then, the
network coding function uses the mod-lattice function. Note that the idea of PLNC has
been investigated in the literature in the past, e.g. the XOR function is a very common
network coding function [119]. However, exploiting the mod-lattice operation as the
network coding function was first proposed in [123].

In the context of fading channels, one challenging task in C&F relaying, which might
in practice limit the applicability of the scheme, is to find an integer vector which is re-
ferred to as the a vector, e.g. [123, 132]. There is intensive ongoing research on finding
the best a vector. Note that finding a vector is in fact a well known problem referred to
as a Shortest Vector Problem (SVP) in discrete mathematics and it is known to be an N P-
hard problem. Owing to the complexity of solving this, there are several schemes with
lower complexity to tackle the problem: e.g. the Fincke-Phost method was proposed in
[125] as one of the methods to find the integer vector a; however, since it is of exponen-
tial complexity, in higher dimensions the algorithm will be prohibitively complex and so
not appealing from a practical point of view. A branch-and-bound algorithm for convex
quadratic integer programming was proposed in [133] which is suitable for estimating
the a vector and it was exploited in [134] as another method for calculating a, however,
the performance of the algorithm decreases as the number of users increases and also in

“In the literature, it is also called Wireless Network Coding (WNC).
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the high SNR regime. One well-known approach to this problem is using lattice reduc-
tion, e.g. [135, 136], and notably the LLL (Lenstra—Lenstra-Lovasz) algorithm[137, 138].
This algorithm is widely adopted in C&F systems, however, it becomes also computa-
tionally very expensive at high SNR and when the number of the users increases due to
its polynomial complexity. In order to manage the complexity of the LLL, a complexity-
performance trade-off parameter referred to as d has been offered in [137] where the
performance of the algorithm is sacrificed in favour of providing manageable complex-
ity. Therefore, the LLL algorithm in practice provides an estimate for the “optimal” a
vector and does not guarantee to provide the optimum a with affordable complexity.
Indeed, it will be observed in this chapter that for a large number of users the computa-
tion rate obtained using the LLL algorithm is outperformed by our proposed algorithm,
depending on the SNR and the number of users, when the LLL algorithm is set to oper-
ate in an affordable complexity region. A Quadratic Programming (QP) approach was
proposed in [139] with low complexity and giving computation rates close to the LLL
algorithm. However our proposed algorithm outperforms this QP approach as well as
the LLL algorithm. An exhaustive search approach was also introduced in [140], which
provides an upper bound on the performance of these algorithms, but is more complex:
our algorithm is extremely close in performance to this bound, except at very low SNR.
Apart from the works cited here, there is a large body of work on the problem of find-
ing the a vector and so for a complete survey, the interested reader is recommended to
read [125, 133-140] and references therein.

Contribution

In this chapter, we propose a new approach to solve the problem of finding the integer
vector a. In this scheme, by relaxing a to be non-integer (say a € R ), we first study the
noise function and decompose it into two additive terms where one of which is a sym-
metric function around zero, almost® independent of the channel as well as the transmit
power and the other is a convex function which has its minimum on a line. Therefore,
in this chapter we look for an integer vector a in the proximity of this minimising line.

It will be revealed that the proposed algorithm on the one hand reduces the complexity of
the system compared to existing algorithms because it only performs a set of rounding
operations and on the other hand outperforms the other well known algorithms, e.g.
LLL for 4 < 0.95, in terms of computation rate. This enables the practical C&F protocol
to achieve higher computation rates using the proposed algorithm. The complexity-
performance trade-off of the proposed algorithm is defined and compared with that of
the existing algorithms through numerical simulations, where the superior performance
of the proposed scheme is demonstrated.

3The symmetric part of noise depends only on the channel norm and so its symmetric property is main-
tained.
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Figure 4.23: System model.

The chapter is organised as follows. In Subsection 4.5.2, the system model is explained
and a summary of related literature is provided. In Subsection 4.5.3, we focus on partially
minimising noise and develop an algorithm to find the integer a. The performance of
the system based on the proposed algorithm is verified in Subsection 4.5.4 using numer-
ical simulations. We briefly discuss the complexity in Subsection 4.5.5 and finalise the
chapter with some concluding remarks in Subsection 4.5.6.

Notation

Matrices are represented by boldface upper cases (M). Row vectors are denoted by
boldface lower cases (h), and h; indicates the i-th element of h. The superscript (- )7
stands for transposition and we refer to the identity matrix by I. Round, floor and ceiling
values of real-valued x are indicated by |z], |z ]| and [x], respectively.

4.5.2 System Model and Preliminaries

The MAC phase of an interference channel based on C&F as shown in Figure 4.23 is stud-
ied in this chapter. A detailed description of the system can be found in [123], however,
in order to keep the consistency of notation, the MAC phase and required formulations
are repeated in this subsection.

We consider a MAC phase of a system, where n users send their messages w; via a shared
interference channel to a receiver node after encoding the messages using a common lat-
tice code and applying the [- | mod A operation. The signal received at the destination is
y, which upon reception is multiplied by a factor o and dither components are subtracted
asy = ay — y ., d;. After basic algebraic manipulation, § can be written as

n n
y= Z a;t; + Z(ahi —a)xi+ o’z (4.43)
i=1 i=1 thermal noise
self‘r:oise

where a; is an integer value to be derived in the chapter, « is scaling factor, h; is the
channel coefficient, «; a uniformly distributed vector inside the shaping lattice and z is
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the normally distributed thermal noise®*. For the two noise components distinguished in
(4.43), the noise power corresponding to the “self noise” (Psy) and the thermal noise (F5)
are given by

Pn = vl ah—al? (4.44)
P; = o (4.45)

where it is assumed that the thermal noise variance Ny = 1 throughout this chapter. It
is proved in [123] that the computation rate of this system is

g
R(h,a) = logy (7 Toh—al? +a2> (4.46)

and the optimal value of « leading to the optimal computation rate derived in (4.46) is

yah™

a=—1"" (4.47)
L+~ h?

Note that although the optimal solution (4.47) for « is proposed in [123], the optimal a
is not further investigated, and consequently, the optimal o was left as a function of a.

In the following subsections, we propose a novel approach to handle the problem of
finding the optimal a using simple mathematics based on partial derivative practice.
Note that the proposed algorithm is optimal at high SNR and/or when the number of the
users is large, i.e. when 7y || h ||*>> 1. Since we assume high SNR in this chapter, the o
derived in (4.47) can be simplified to

o= (4.48)
AR '

when 7||h||? > 1 and the subscript “SO” stands for suboptimal®. This provides an altern-
ative o for high SNR regime. Moreover, not only is aigo in (4.48) optimal at high SNR, it
also minimises the self noise, regardless high or low SNR. In other words, (4.48) is also
the solution for the following minimisation problem:

aso = argmin (Psy)
acZ
= argmin (¢’ | h |” —2aah™+ | a |]?)
a€’Z
ah”

= , (4.49)
| R?

which is obtained by solving 85 2N = (), which is the same as the value derived in (4.48)

for the high SNR regime. Hence, choosing the suboptimal scaling factor aso guarantees
(i) to minimise total noise at high SNR and (ii) to minimise the self noise in entire SNR
region. It will be used in the following subsections for finding the integer vector a.

*A complete description of the system parameters can be found in [123]
S Although aso derived in (4.48) is suboptimal at low SNR, it is optimal at high SNR when «y || h ||?>> 1.
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4.5.3 Finding Optimal a at High SNR

In this subsection, the integer vector a that is optimal at high SNR is calculated. The
noise power (P can be written through (4.44), (4.45) and (4.48) as follows
Po = P+ Fg
— 9l ah—al+a’
h'h h'h T h'h
= fya,<——I><—— )a +a a
I A |2 I A |2 I A I

hTh hTh
_ I— T T. 4.50
1a(l - )e” + e e (430)

then by adding and subtracting I from the second term in (4.50) and through basic al-
gebraic manipulation, we have

1

Po = (v— W)G<I—

h'h 2
Jar o el

. (4.51)
I h|? I h|?

Careful inspection of (4.51) reveals that the second term of the noise power, i.e. HZ;E, is
a convex quadratic function which depends only on the channel’s second norm an({ has
its minimum point at 0; moreover, considering that we assume 7 || h [|*>> 1 in this
chapter, i.e. high SNR, it is clear that the second term in (4.51) is negligible when || a ||?
is relatively small and so focusing on minimising the first term in (4.51) is justified.

In the following, we focus on the first term of (4.51) and find arbitrary a (say a € R)
that minimises the first term in (4.51), i.e.

_ ) 1 h"h N\
a = argmm{(fy— W)G(I_ n H2>a }

acR
hTh
£ ar min{& (I——) &T}, 4.52
i 3E (452)
—_———
M

where in the second line the (y — W) coefficient is neglected because the minimisation

is independent of this coefficient. The result of this minimisation problem is summarised
in the following theorem.

) T _ e 7. .
Theorem 4. Assuming M = I — 21 the a value minimising aMa” is on a line as

[[R]>>
follows
a = argmin {deT}

a€R

-

ap = ur Qg

= : , foreverya, € R (4.53)

o up -

Ay = w ag
where w = [uy, ug, - -+ , u,] is a unitary vector corresponding to the zero eigenvalue of M.
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Proof. Regardless of the channel distribution, since h'hisa positive symmetric matrix,
it is clear that M is also positive symmetric and can be written through eigenvalue
decomposition (EVD) as

M =VAVT. (4.54)

It is proved in Appendix 4.5.7 that A is a diagonal matrix where all the diagonal entries
are one except only the last diagonal entry, which is zero, i.e.

1
Ay = (4.55)
0

and V is a unitary matrix with its columns as the eigenvectors of the M matrix as
follows

V11 =+ Vip—1 Vin
Vo1 +++ Up—1 V2p

V = [Ul : Un—lvn] - . . . (456)
Unt ' Upn—1 Unn

where v,, corresponds to the zero eigenvalue in (4.55). Considering that the last diagonal
entry of the A matrix is zero, one can write the argument of (4.52) as

S=aMa’ =aWWw7'a’ (4.57)
where W is a non-square matrix as
Wisn-1 = [vl T Un—l] (458)

and note that v,, is omitted from W. For simplicity of notation, let us define a new
parameter u = v, i.e.

Uy Uin
U2 Van

= . (4.59)
un Unn

It is proved in Appendix 4.5.8 that the expression in (4.57) can be written in the following
form

S=a’+as+ -+ a2 — (ayuy + agug + - - + Gyt )* (4.60)
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where, interestingly, the u; values are the entries of the v,, vector that were cancelled
in (4.57). Through further algebraic manipulation, one can rewrite (4.60) as

n

i=1 Jj=i+1

Note that by deriving (4.61), the problem of minimising @M a” in (4.52), which depends
on M with n? entries has reduced to minimising equation (4.61) with n entries of the
vector © = v,. In order to get a better understanding about the optimisation of the
expression in (4.61), we have derived it for n = 2 and 3 in the following. These examples
will act as illustrations of the general case. For n = 2, we have

and for n = 3, one can write

§ = (1—wudas + (1 —wud)as + (1 —u3)a; (4.63)

—2u1u2d1&2 — 2U1U3d1d3 — 21@’&3&2@3.

Careful inspection of (4.61) reveals that S is a convex function because u is a unitary
vector where u?+u3+- - -+u2 = 1, and so one can write u; < 1; therefore the expression
of 1 — u? > 0 for all ¢ and so

08
= >0 4.64
oa? (4.64)
for all 7. Therefore, the 8§ expression in (4.57), or equivalently, the a M a’ expression in
(4.52) has a global minimum point that is not necessarily integer. We will find that 8 has
its global minimum on a line (instead of single point) and this provides the possibility of
choosing desired values for a instead of single minimum point.

In order to find the global minimum point, one should find the following set of partial
derivative equations and set them equal to zero as follows

08 -

— = 2(1—u))a; — 2uru;a; =0

%, (1 —uj)ay i_%l U UG

08 u

o 2(1 — ud)ay — Z 2uou;a; = 0 (4.65)
a2 i=1,i2

08 “

Fradie 2(1 = u)an, — Y 2uywa; = 0.

i=1,i#n

Note that we use a; instead of a; because the idea is to find the global minimum where
the variables are not necessarily integer; therefore, we reserve a; to represent integer
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Figure 4.24: The noise power as a function of a; and a» decomposed into two parts in
2
(4.52): aMa and HZH

values and a; for real values, i.e. a; € Z and a; € R. At this stage, we focus on solving
the set of equations using examples; this will allow us to find simpler equations for the
problem than the set of equations in (4.65).

Example 1, n = 2: Assuming n = 2, one should solve only two equations from (4.65) as

08

08
- = 2(1 — U%)C_ZQ — 2u1u2d1 = 0, (467)
aag

where assuming u? + u3 = 1, one can solve (4.66) as follows

8
9B o ifa = "a, (4.68)
8@1 U2

then, substituting (4.68) in(4.67) reveals that ds = 0 is always valid regardless of as.
Therefore, one can conclude that the 8 functlon has its global minimum on the line
_ Uy _

ap = —AQas. (469)
Uz

Figure 4.24 illustrates the § function and its global minimum line indicated by aMa™.

The plot indicated by ”ZHZ shows the symmetric function of (4.51). Note that at high

SNR or with a large number of users the symmetric function becomes nearly flat and so
the minimisation of the total noise reduces to minimisation of the & function.
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Example 2, n = 3: Assuming n = 2, one should solve three equations from (4.65) as

08

- = 2(1 — u%)&l — QU1UQC_ZQ — 2u1u3dg =0 (470)
80,1
08 9\ — _ _
— = 2(1 —uj)ay — 2ujusay — 2uguzag =0 (4.71)
8@2
08 o\ — _ _
— = 2(1 —wuj3)as — 2ujuza; — 2ugusas = 0. (4.72)
8a3
By solving (4.70), one can obtain
_ U U _ ujus _
= 4.73
ai 1—U%a2 1_u%a37 ( )

then, substituting a; in (4.71) and solving it leads to

ay = —as; (4.74)
Usg

by substituting (4.74) in (4.73), it is interesting to obtain the familiar equation
_ Uy _

a; = —as. (475)
us3

Finally, having (4.74) and (4.75), one can prove that 5‘7—(_153 in (4.72) holds regardless of as.
Therefore, the global minimum of § occurs on the following line

i = “a
Pwm?t g EeR (4.76)
a9 = gag.

For n = 2 and 3, it was proved that the global minimum of § occurs on a line. Moreover,
we found the @; and @, as a function of a3, however, one can choose an arbitrary a; and
minimise the function 8 based on a,, instead of a,,.

Further focusing on (4.65) reveals that for n > 3 the equations are similar to the case of
n = 3 in (4.70)—(4.72) except the number of equations increases, and hence for arbitrary
n one can obtain a; by solving 5% = 0 in (4.65) as

1
1—u?

ap =

(@ourug + azuiug + - - - + ApUiuy) ; (4.77)

then, substituting (4.77) in (4.65) and solving g—zi = ( leads to

1
a9 3 (d3U2U3 + QquoUy + -+ + dnu2un) . (478)

1—u?—u3
By successively solving the partial derivative equations in (4.65), one will reach 8(183 =0
which leads to

1

1—u—u3—-- —u?

C_Ln—l = dnun_lun. (479)
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Since 1 — uf —u3 — - -+ —u?_, = u?, the expression in (4.79) will be simplified to

Up—
(p—1 = n_ldn7 (480)
n
that is the same expression derived in (4.69) and (4.75) for particular scenarios of n = 2
and n = 3, respectively. Consequently, the global minimum of § function is

a = argmin {ELMELT}
acRk
ay = -ay
Gy = “20y i
= ) for every a; € R. (4.81)
Uy = 20
This completes proof of the theorem. []

Note that so far we assume arbitrary a € R, however, below we propose to quantise a
to obtain the a vector at the proximity of the minimum line.

Estimating optimal integer vector a from a

Now that we have found the global minimum of § function, one can expect that the global
minimum of P, with integer a also occurs in the proximity of the global minimum of
8, i.e. in the proximity of the line derived in (4.81). In order to focus on the proposed
algorithm, it is assumed that the channels are non-negative in this subsection, however,
it will be revealed that the algorithm is consistent regardless of the channel sign. This
assumption is relaxed in Remark 1 at the end of the subsection.

Proposition: Since there is no constraint on the choice of a; in (4.81), we propose to
choose ay, to be integer, i.e. a; = ay; then the corresponding values for a;, i =1,--- ,n
will be obtained from (4.81) as a; = Z—;ak. Then, the integer a; can be determined by
rounding @;, i.e. a; = |a;|. Through numerical simulations, it will be revealed that
although a; = |a;] results in superior performance compared to the existing algorithms
at high SNR, the performance is not satisfactory at low SNR because in some cases |a;| =
[@;] which results in enhancing the symmetric part of the noise ||a||? in (4.51), and
hence reducing the performance. Therefore, we propose deriving a; = |a;| and |a;|
and choose the one leading to a better performance.

Although the proposed algorithm introduces a way to obtain integer values for a;, it
does not explain how to choose ay, so that the total noise power in (4.50) is minimised.
For this scenario, we propose to perform an exhaustive search over integer values for ay
and select the integer a;, that minimises P;. The algorithm is summarised in Table 4.7:
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Table 4.7: Algorithm 1.
Algorithm 1. Finding integer vector a

Initialise: Set m to be a positive integer

[V, A] = eig(M), descending order

u = v,

foray =1tom
Step1) a; = [;tay] and | ay]
Step 2)  Calculate total noise power P
Step3) Save P;and a

end

Select a corresponding to minimum Py

Note that the exhaustive search here is over only one variable a; and so it does not
introduce much complexity to the proposed algorithm. Moreover, from [123] it is well
known that

lal*<1+~ A (4.82)

and so the search for appropriate ay, i.e. the value of m in Table 4.7, is limited by (4.82). It
will be demonstrated through numerical simulations that this exhaustive search over ay,
is performed over fifty values at high SNR and as few as five values at low SNR and that
is enough to achieve better performance than the LLL algorithm which operates with a
high complexity, e.g. complexity-performance trade-off 6 = 0.95.

Further simplification of the problem

The main complexity of the proposed algorithm in Table 4.7 depends on performing
eigenvalue decomposition which has a complexity of order O(n?). In the following the-
orem, we provide another solution which does not require the eigenvalue decomposition
in the proposed algorithm.

Theorem 5. Assuming M =1 — hhand w the eigenvector corresponding to the non-

IR
zero (unit) eigenvalue ofﬁ (as defined in (4.59)), the following ratios hold:
i hi :
Z—k:h—k,fomzl,--- , M. (4.83)

where u; values are the entries of the unit vector u.

ui _— hg

Proof. In order to prove = . Weuse the fact that it has been proved in Appendix 4.5.7
that V' = @Q where V is the eigenvector matrix of M as defined in (4.54) and Q is the
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eigenvector matrix of % that is defined in (4.89) in Appendix 4.5.7. Consequently, we

have v,, = q,, and due to the definition u = v,, in (4.59), one can also write u = gq,,.

As described in (4.89)-(4.90) in Appendix 4.5.7, the eigenvalue corresponding to u = q,
is equal to one, and so using the definition of the eigenvalue, one can write

%u: . (4.84)
Then, considering that
h? hihs hahy,
h'h = hl,hZ hg h2,h" , (4.85)
hahy o, - th

by substituting (4.85) in (4.84) and doing simple algebraic manipulation, (4.84) can be
written in the form of a set of equations as follows

2
hiuy + hotg + - - - 4+ hpu, = II”:Ill uw
2
ity + hotg 4 - -+ 4 by, = Py,
: B (4.86)
hiuy + hotg + -+ -+ + hpu, = %Un

Since the left-hand side of the equations are equal, so are the right-hand sides, and hence
it can be easily concluded that

i i :
u—:—, fori=1,--- ,n, (4.87)
U hk
and hence the theorem is proved. [

Since it is proved that ;- = ,’;”—k the algorithm in Table 4.7 does not require the eigenvalue
decomposition and the Z—; can be replaced with the ratio of the channel coefficients ;Z—;
The simplified algorithm is summarised in Table 4.8 where the eigenvalue decomposition
is no longer required, and hence the complexity is further reduced to a set of rounding
operations.

Remark 1: In the proposed algorithm in Table 4.8, the a; values are determined using
ax, hy and h; through %ak where ay, is defined to be positive. Therefore, one can determ-
ine the absolute value of the components of @ assuming that all the channels are non-
negative; then, the sign of a; can be determined by the sign of Z‘—k ie. sign(ay) = sign(s—;).

Remark 2: The algorithm in this chapter is developed for a real scenario where both
the integer vector a and the lattice codes ¢; are assumed to be real, however, the results
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Figure 4.25: Computation rate assuming two transmitter (n = 2). The proposed al-
gorithm compared with the LLL algorithm when 6 = 0.65 and 0.95 and
the method proposed in [140].

can readily be extended to a complex scenario. A thorough discussion about a complex
C&F using Gaussian integers can be found in [123].

Remark 3: In the algorithms proposed in Table 4.7 and 4.8, we propose to search for the
minimum total noise over m integer values for a; (and accordingly, a, - - - a,,) assuming
that m is restricted by (4.82). However, in the next subsection, it is demonstrated through
numerical simulations that one can obtain an excellent estimate of the optimal integer
vector a with relatively small m. The numerical simulations in the next subsection are
obtained by assuming m = 5 at low/medium SNR and m = 50 at high SNR.

4.5.4 Numerical Results

In this subsection numerical results are provided in order to verify the performance of
the system according to the proposed algorithm in Table 4.8.

We assume various numbers of transmitters and assume the real channels to be normally
distributed with zero mean and unit variance, i.e. h; € N(0, 1). The performance of the
proposed algorithm is compared with that of the well-known LLL algorithm for differ-
ent complexity-performance trade-off () values. Through simulations it will be noticed
that the proposed algorithm performs as well as the LLL algorithm when complexity-
performance trade-off factor is set to almost its maximum value (0 — 1) which results in
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Table 4.8: Algorithm 2.
Algorithm 2. Finding integer vector a

Initialise: Set m to be a positive integer
fora, =1tom
Stepl) a; = LZ—;aﬂ and LZ—;akJ
Step 2)  Calculate total noise power Py
Step 3) Save P, and a
end

Select a corresponding to minimum P

significant complexity®. Apart from the LLL algorithm, the computation rates using the
algorithm proposed in [140] is also provided which finds the best equation correspond-
ing to highest rate, and hence is an invaluable benchmark for comparison. Moreover,
it will be observed, through simulations, that the rate obtained exploiting the proposed
algorithm is identical to that obtained using the method in [140], and hence validating
the usefulness of the proposed algorithm.

Assuming two transmitters, Figure 4.25 illustrates the computation rate for the proposed
algorithm in comparison with that of the LLL algorithm with complexity-performance
trade-off coefficient values 0 = 0.95 and 0.65. Note that for a system with only two
transmitters the computation rate is almost equal at high SNR regardless of the algorithm
applied. Moreover, although the proposed algorithm is designed for high SNR region, its
performance loss at low SNR is negligible. Figure 4.26 depicts the computation rate of
another system with five transmitting nodes; clearly the proposed algorithm shows the
best computation rate where the performance of the LLL algorithm is evaluated with
different complexity-performance trade-off values. Note that with § = 0.95, although
the LLL algorithm performs nearly as well as the proposed algorithm, the complexity is
higher because  ~ 1 and so the complexity of the LLL algorithm is nearly equal to its
maximum complexity. It is worth to mention that as the number of users increases, the
complexity increases exponentially, which is difficult to manage in a practical scenario.
Indeed the complexity of the system becomes crucial when the number of users is large,
otherwise with only a few users, one even can find the optimal a even using exhaustive
search with manageable complexity.

Figures 4.27 and 4.28 illustrate the performance of two other systems with ten and fif-
teen users, respectively. With a large number of users, the superiority of the proposed
algorithm becomes evident, e.g. for the system with fifteen users at high SNR, the pro-
posed algorithm outperforms the LLL algorithms even when it is set to § = 0.95).

®Note that LLL algorithm is optimal when § — 1, and so achieving/approaching the performance of LLL
algorithm using our proposed algorithm validates its precision.
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Figure 4.26: Computation rate assuming five transmitter (n = 5). The proposed al-
gorithm compared with the LLL algorithm when 6 = 0.65,---,0.95 and
the method proposed in [140].

In Figure 4.29 and 4.30, computer simulations for evaluating the complexity-performance
trade-off are provided. The figures illustrate computation rate vs. m for various values
of SNR. Note that by increasing m, as expected, the computation rate as well as the
complexity of the system increase. Clearly the complexity increases by m since the
number of iterations increases; however, as observed in Figure 4.29 and 4.30, it is worth
mentioning that the computation rate achieves its largest values relatively quickly with
small m, ensuring that the complexity of the system remains low.

4.5.5 Complexity analysis

In the following the complexity of the proposed algorithm described in Table 4.8 is stud-
ied and its computation complexity in terms of floating-point operations is evaluated’.
We calculate only the number of operations in “Step 1” and “Step 27; the total number of
operations is m times the sum of operations in “Step 1” and “Step 2”:

« Step 1: There are two operations to be performed in this step: multiplication and
rounding/flooring. Since ¢ = 1,--- , n, there are n multiplying operations due to
%ak and n rounding/flooring operations, and hence overall 2n operations are per-

formed in this step. Note that the values of i are calculated once and so the com-
plexity introduced by them are negligible compared to the rest of the algorithm.

"The complexity due to saving a variable is neglected.
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Figure 4.27: Computation rate assuming ten transmitter (n = 10). The proposed al-
gorithm compared with the LLL algorithm when 6 = 0.65,---,0.95 and
the method proposed in [140].

« Step 2: In this step the total noise is calculated based on the vectors @ = |a| and
| @] derived in the previous step. Using (4.51) and (4.60), P, can be implemented in
hardware by performing 8n operations. For a = |a |, implementing (4.60) requires
n squaring (a?), n multiplication (a;u;) and 2n summations which results in 4n
operations in total; the same number of operation are required for a = |a| and
so almost 8n operations are required to calculate P.

Consequently, for performing the two steps in the proposed algorithm 10n operations
are required to be performed and so it does not introduce much of complexity to the sys-
tem because the order of the complexity is n. Note that the complexity of the algorithm
proposed in [140] is of the order O(n?y/1 + P|||h||?), and hence the proposed algorithm
in this chapter is significantly less complex than the algorithms in [140].

The complexity analysis of LLL was studied in [137] and it is well known that for integer
bases, the LLL algorithm has complexity bound O(n*). For real-valued bases where
the entries follow uniform distribution, the complexity of the LLL algorithm is stud-
ied in[141] and it is found that the number of iterations complexity is of the order
O(n?logn). Assuming that the entries of the basis vectors follow the i.i.d. standard nor-
mal distribution, the complexity of the LLL algorithm is bounded by O(n?logn) [142].
Note that the LLL algorithm in this chapter is applied to the matrix M = I — %
where h is normally distributed; nevertheless, to the best of the authors, knowledge, the
distribution of the matrix M as well as the complexity bounds of the LLL algorithm for

this problem are unknown. Therefore, we are not aware of any complexity analysis of
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Figure 4.28: Computation rate assuming fifteen transmitter (n = 15). The proposed al-
gorithm compared with the LLL algorithm when 6 = 0.65, - - - ,0.95 and the
method proposed in [140].

the LLL algorithm for the problem addressed here and so a fair comparison cannot be
provided. Nevertheless, clearly the proposed algorithm has lower complexity, especially
for small values of m, compared to the complexity of the LLL algorithm addressed in
[137, 141, 142].

4.5.6 Conclusion

In this chapter, a novel approach was proposed to compute the integer vector a for
compute-and-forward (C&F) relaying. We first decompose the total noise power into
two functions, one of which is symmetric around zero. Then, we focus on finding the
global minimum of the second function and prove that it is minimised on a line. Ex-
ploiting this finding, we proposed a new algorithm to determine the integer vector in
the context of C&F relaying protocol. As the proposed algorithm requires eigenvalue
decomposition, we have proposed an alternative algorithm which does not require this
decomposition and operates only based on channel parameters. The performance and
complexity of the proposed algorithm was compared with existing algorithms and its
superiority was demonstrated through numerical simulations. This result significantly
improves the practical applicability of C&F, and will help it realise its potential in im-
proving the efficiency of wireless multihop networks for many applications.
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Figure 4.29: Computation rate vs. iteration m (complexity), assuming n = 2.

4.5.7 Proof of (4.54) and (4.55)

Rewriting M form (4.52), we have

h™h

. cps T .
where the eigenvalue decomposition of w can be written as

h'h
(w9 -

with L a diagonal matrix where only the last entry is one and the rest of the values are
Zero, i.e.

L= . (4.90)

1

Q is a unitary matrix corresponding to eigenvalues in L. Considering that QQ* = I,
one can write (4.88) as follows
h'h
A |2
= QIQ" - QLQ"
= QI -L)Q" (4.91)

——
A

M =
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Figure 4.30: Computation rate vs. iteration m (complexity), assuming n = 5.

and so A in (4.55) is proved. Moreover, it is easy to see that ) = V where V' was defined
as the eigenvector matrix of M in (4.54).

4.5.8 Proof of (4.60)

In this subsection, we simplify the objective function of § = aMa” in (4.52) according
to (4.61). In order to simplify the proof and avoid confusion due to the parameters, we
assume a system with three users where n = 3; note that the proof can easily be extended
to arbitrary n using a similar method.

From (4.57), we have

V11 V12
aW = [(Ilagag] Vo1 Vo2 (492)
V31  Us2

= [avi1 + agvar + asvsy , a1U12 + AoV + azvss)
and so 8§ = aWW7'al in (4.57) is

S = (4.93)

2 2
(a1v11 + agvey + azvsy)” + (a1v12 + agvag + asvss)”,
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which by means of some algebraic manipulation can be written as

8 = (viy +vhy)ai + (v + vy)az + (vs) + v5)a3 (4.942)
+2(v11v91 + v12v22)a1a2 (4.94b)
+2(v11v31 + vi2V32) 103 (4.94¢)
+2(v21V31 + V22U32)a20s3. (4.94d)

Considering that V' is a unitary matrix (VVT = VIV = I), we have

| v |=1 (4950)
viv] =0 for i # j, (4.95b)
and hence in (4.94a) we can write
2 2 2
vy U = 1 =gy
T e (4.96)

2 2 2
U3 + v =1 — vgy

and for (4.94b),(4.94c) and (4.94d), one can write

V11V21 + V12VU22 = —U13V23
V11V31 + V12VU32 = —V13V33 (4.97)
VU91V31 + V29U32 = —Ua3V33

and so by substituting (4.97) and (4.96) in (4.94) we have

§ = (1- v%)a% + (1 — U%za)ag +(1— U?%:%)“% (4.98)

—2013V23A1 A2 — 2013033013 — 2U23V330203.

where by applying the simplified notation of (4.59) the proof is completed.

4.6 Design for adaptive physical layer network coding over
cooperative relaying

In the next generation cellular networks, the architecture of network MIMO plays a key
role on capacity improvement. A well-known example is the coordinated multipoint
(CoMP) [143] technique included in LTE-A, where the access points (AP) of a cluster
perform cooperative detection of multiple mobile terminals (MT). All MTs may share the
same radio resources, and then be served by the corresponding APs where the multiuser
interference can be effectively mitigated. The drawback of CoMP that has been left
unsolved is that it increases the backhaul loads on the uplink, especially for wireless
backhaul link (the link between AP and hub base station (HBS)). The number of bits that
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the AP transmits over backhaul link depend on the quantisation scheme, co-channel
interference and modulations, which normally result in increased backhaul loads for
acceptable performance.

Physical layer network coding (PNC) [144][145] is a scheme in which the AP attempts
to infer and forward combinations of multiple sources over an algebraic field, given the
simultaneously arrived noisy, faded and superimposed signals. The initial work for PNC
was implemented in a two-way relay channel (TWRC) which easily double the network
throughput without routine operation. An important property of PNC is that the relay
decodes the multiple sources information to a linear function over the algebraic field.
This greatly reduces the data flows from the relay.

Although, in theory, PNC is well suitable for the cooperative relaying, especially it will
effectively manage the backhaul load, there are a few technical limitations that remains
unsolved.

1. Coefficients of each relay should be selected such that all source symbols can be
derived at the destination.

2. Engineering applicable — thus, PNC must operate over the binary system so that
the forward error correction codes (FEC) and conventional modulation methods
can be readily used.

Compute-and-forward (C&F) [123] generalises PNC of TWRC to multiuser relay net-
works by utilising structured nested lattice codes. This should have been considered as
a good candidate. However, it is based on construction A or D which operates over a
finite field and the coset size of the quotient lattices is typically not binary-based.

Here we propose an adaptive PNC (APNC) technique, and the main contributions are:
1. We propose an APNC scheme.

2. We propose an offline algorithm which finds the coefficient matrices for each relay,
such that 1). the composite full matrix guarantees all source symbols to be decoded
at destination; 2) the matrices at each relay can resolve all singular fade states; 3)
the number of coefficient matrices at each relay is minimised. 4) randomly selected
coefficient matrix from each relay forms a full rank matrix at high probability.

3. The whole scheme operates over binary system.

4. We compare the performance of the proposed algorithm with the optimum global
online search.
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4.6.1 Design criteria
System model

The system model is illustrated in Figure 4.31. The first stage link between APs and
MTs is referred to as the access link, where u mobile terminals transmit symbols to
n access points. Each AP receives data from all MTs and then infers and forwards a
linear combination (which is the network coded symbols (NCS) in this section) of the
entire messages over a finite field or ring. We assume MTs and APs are all equipped
with a single antenna. The second stage link between APs and HBS is referred to as the
backhaul link, where n APs send the NCSs to HBS via a lossless but bandwidth-limited
bit-pipe. Access link is modelled as wireless link and this is indeed the case in 5G. The
backhaul link may be deployed on wireless or wireline. The techniques presented here
is in particular suitable for wireless backhaul which is normally more cost-effective.

Each MT employs a 2™-ary digital modulation scheme where 1 is the modulation order.
Let A : F}' — () denote a one-to-one mapping function, where €2 is the set of all pos-
sible complex constellation points. Hence, the messages w, € Fy', ¢/ = 1,2, --- | u, of the

' MT can be mapped to the complex symbol s, = .# (w;), where w, = [wél), cee wém)]

is an m-tuple with each element wéi) € .

The link between all MTs and the j*" (j = 1,2,--- ,n) AP forms a multiple access chan-
nel (MAC), where the j'" AP observes the noisy, faded and superimposed signals at the
a certain time slot is:

yi =Y hjuse+ 2 (4.99)
(=1

where z; is the outcome of a complex Gaussian random variable Z; with zero mean and
variance o2 per dimension, and %, represents the channel fading coefficient between
the wireless link of the /" MT and the j'" AP, which is the outcome of a random variable
with Rayleigh distribution.

Design of PNC

PNC is a technique that compresses all source messages at relay using some algebraic ap-
proaches based on the simultaneously received signals, which makes network through-
put greatly improved and the cardinality of relay outputs considerably eliminated. The
original PNC is proposed and designed in a TWRC based on BPSK. Although only BPSK
is used, the idea of PNC motivates many research outcomes thereafter, e.g. C&F and
lattice network coding [132]. However, for practical applications, lattice-based PNC is
not a good candidate as it does not operates over the binary systems, and zero-point is
always here which reduces the power efficient.
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Figure 4.31: The uplink system diagram.

Our attention focuses back on the conventional 2™-ary digital modulation. When QPSK
or higher order modulations are used, PNC has to solve the so-called singular fading
problem which is typically unavoidable at the MAC phase. Failure to resolve the singu-
lar fade states will result in severe performance degradation. Toshiaki et. al. [119] pro-
poses a scheme, namely the denoise-and-forward, which employs a non-linear 5QAM
PNC mapping to mitigate all singular fade states, and gives good performance. Other re-
searches on this issue including the design of linear functions over the integer finite field
or ring, e.g. linear PNC (LPNC) which can only be optimised for the g-ary PNC mapping
where ¢ is a prime in Z*. All these approaches, however, do not operate over the bin-
ary systems, and hence cannot be readily applied in the current mobile communications
networks. The three main restrictions for PNC to be engineering applicable:

1. PNC decoding must operate over Fy; thus, the NCS needs to be binary-based.

2. The PNC function must be well designed such that all singular fade states can be
resolved.

3. Ensure that HBS can unambiguously decoding all source messages based on the
forwarded NCSs from multiple APs.

4. The computation load in finding good PNC mapping is normally unaffordable.

D3.03 DIWINE



4.6 Design for adaptive physical layer network coding over cooperative relaying 177

The design method proposed for APNC relaxes all three aforementioned constraints, as
explained below in detail.

Engineering applicable PNC function We are primarily concerned with the MAC phase
between the u MTs and the j™ AP in the design of the PNC function for AP;. Instead
of using traditional approach in PNC where the linear combinations are performed on
symbol level. We consider to design the PNC function directly in the message domain;
thus, the AP will decode the linear network coded function (LNCF) over F; among the
bit level.

Definition 1: The bit-level LNCF of the j'" AP for u MTs is defined as:
N (M, W) — X, (4.100)
and mathematically can be expressed as:

where w £ [wy, -, w,]T denotes the joint message vector with w € F7**, M, de-
notes the element of a vector space over F;O)Xm“, t¥) > m, and * denotes the matrix
multiplication over Fy. x; € F;“) consists of all t¥) linear network coded bits (LNCB):

xj = [ 22T (4.102)

and is called the network coded vector (NCV). [

It is obvious that each LNCB is indeed a linear combination of all source bits over [,
thus,

L= Mgz,l) Do’ @ BME™ 0w (4.103)

J J u
where H and [ denote the addition and multiplication operations over Fs, and Mgi’l)

denote the entry at the i*" row and the 1 column of M.

Definition 2: Let s £ [sq,- - - , 5,], we define
u
Sjn 2 hjese, Vs € Q" (4.104)
=1

the superimposed constellation set of the j'" AP at a given channel coefficient vector
hy & [, hja)- 35.2 denotes a particular constellation point in s; o, where 7 =
1,2,...,2m"

Theorem 6. For the MAC link between u MTs and the jth AP, there exists a surjective
function:

O SjA — X (4105)
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when ) < mu.

Proof: Since ./ is a bijective function, we have the following relationship:
H; Vi
X; < w —s (4.106)
M

where < and <= represent surjective and bijective relationships, respectively. Follow-
ing (4.104), for each element of s, there exists a superimposed constellation point s; A at
a given channel coefficient vector h;, and this proves the theorem. [

We call © the PNC function which maps the superimposed constellation point to the
NCV, and plays the key role in PNC decoding. The PNC decoding performs estimation
of the possible NCV outcomes x; for the j relay, based on the received signals y. Let
X denote the vector-based random variable with its realisation x;. The a posteriori
probability of the event X; = x; conditioned on the MAC outputs Y; = y; is:

Pr(X; = x;ly;, hy)
_Pr(yjX; = x5, hy)Pr(X; = x;)
Pr(Yj = y;)
> Pr(Yj|w, h;)Pr(w)
_Vw:{/@(w,M]-):x]-
Pr(Y; =y;)
> Pr(Yj[S;a =s;0)Pr(S =s)

Vs:O(sj A)=xX;

(4.107)
Pr(Y; = y;)
The conditional probability density function Pr(Y;|S; A = s; ) is given by:
1 ly; — sjal?
Pr(}/;"Sj7A = Sj,A) = 27T0-2€Xp (-% (4108)
The a posteriori L-value Ly, for the event X; = x; is:
2. Pr(Yj[S;a =s;4)Pr(S =5)
5:0(s; A)=X;

Ly, =log i (4.109)

>, Pr(Yj[Sja =s;4)Pr(S=s5)

Vs:0(sj,4)=0

where 0 is a length-t() all-zero vector over Fg‘”.

Resolving the singular fading We have set up the PNC mapping approach based on the
binary systems, which establishes the fundamental PNC system structure available for
practical engineering application, e.g. 5G. The next upcoming problem lies in how to
solve the singular fading of the multiple access channels. In this subsection we demon-
strate that the PNC function ©; proposed above is capable of resolving all singular fade
states with a simple design approach. We first define the singular fade states as follows:
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Definition 3: The singular fade state at the j'" AP is defined as the channel fading coeffi-

cients h; which makes 55.2 = 85.72 when 7 # 7.

In other words, at a given channel coefficients h;, if there are two or more elements in
the set s; A are the same, h; is one singular fade state (SFS). Normally, SFS is unavoidable
at MAC, and multiuser detection is in principle infeasible if the j AP expects to decode
all source messages. PNC provides a good solution to overcome SFS when the coincident
superimposed constellation points are well labelled by the same NCV x;, which helps
HBS to recover all source messages finally.

Definition 4: The minimum distance between the NCVs are defined as:

Apin = min / ]5§2 — 552 2 (4.110)
¥sj,4:0(s52)#0(s 7))

Thus, if all superimposed constellation points that are labelled by the same NCV are
placed in a certain cluster, the d,;, is the minimum distance of the inter-clusters.

Definition 5: The singular PNC function of the j'" AP is defined as the surjective function
©; which results in:

Aonin = 0 (4.111)

We call O; the singular PNC mapping when the superimposed constellation points that
are located at the same complex plane are labelled by more than one NCVs.

Theorem 7. The singular PNC function cannot resolve singular fading if d i, = 0.

Proof: When d,,;, = 0, the posterior probability of some outcomes of X; will be very
similar (in terms of (4.107)). This definitely introduces the ambiguities in estimating the
real NCV, x;, especially when the received complex signal is close to a superimposed
constellation point that is labelled by more than one NCVs. Hence, the singular PNC
function is in principle not capable of decoding the NCV reliably. [ |

Normally m is the minimum dimension of NCV x; at the j* relay. When the number
of source increases (a large MAC), the singular fading problem becomes more severe.
However, by simply increasing the dimension ¢ of NCV (thus, increasing the number
of rows of M), there definitely exists non-singular PNC function which is capable of
resolving a kind of SFS.

Remark 10. We can obtain non-singular PNC function ©; for the j*" AP if the cardinality
tU) of the PNC decoding outcomes is determined in terms of the following criterion:

tU) = argmin {dmin — do > 0} (4.112)

m<tl) <mu

where d, > 0 is a distance threshold.
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Remark 10 reveals the second design criterion for PNC function ©; over a u-MT and
2™-ary digital modulation MAC, which guarantees the reliable PNC decoding with the
minimum possible cardinality expansion.

The theoretic minimum cardinality for NCV, x;, is m. However, when the number of
MTs increases, the singular fading becomes more serious, and hence tU) must increase
to ensure non-singular PNC functions can be found in terms of a kind of SFS.

Although this means that the cardinality of the NCV increases, we will explain later that
the increase of this cardinality has no effect on the overall backhaul load.

Algebraic work for the unambiguous decodability We have set up two design guidelines
of the engineering-applicable PNC approach for the uplink system. The next criterion
is that the destination can guarantee all source messages to be unambiguously decoded.

Theorem 8. Assume M = M, (R), where the coefficients are from a commutative ring
R. Source messages are drawn from a subset of R. All source messages can be unambigu-
ously decoded at the destination iff the determinant of the transfer matrix is a unit in R,

det(M) = U(R) (4.113)

Proof: We first prove that (4.113) gives the sufficient and necessary conditions that make
B invertible. Suppose B is invertible: then, there exists a matrix C € M,,,,(R) such that
BC = CB = 1,,. This implies 1 = det(I,) = det(BC) = det(B)det(C); According to
the definition of a unit, we say det(B) € U(R).

We know B -adj(B) = adj(B) - B = det(B)I,,. If det(B) € U(R), we have

B - (det(B)'adj(B)) = (det(B) *adj(B))B (4.114)
= det(B) 'det(B) =1, (4.115)
Hence, C = (det(B) 'adj(B)) is the inverse of B since BC = CB =1,.

If B is invertible, then its inverse B~! is uniquely determined. Assuming B has two
inverses, say, C and C'. Then

B-C=C-B=1, (4.116)
B-C=C-B=1, (4.117)

and hence we have
cC=C1,=C-B-C=I1,-C=C (4.118)

It proves the uniqueness of the invertible matrix B over R.

Assumes #s',B-s =F,B-s' = F/,and F = F’. This means

s=B ' F=B'.F=¢ (4.119)
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This contradicts s # s’. Hence, it ensures unambiguously decodability:
B-s#B-s, Vs#+ (4.120)

Definition 4: The ideal in R generated by all v X v minors of M,,,(R) is denoted by
I,(Myxn(R)), where v = 1,2, -+ | r = min{m,n}.

A vxvminor of M,,x,(R) is the determinant of a v X v matrix obtained by deleting m—v
rows and n — v columns. Hence, there are (T) (’;) minors of size v X v. I,,(Mpyxn(R))
is the ideal of R generated by all these minors.

Theorem 9. The destination is able to unambiguously decode v source messages if:

1 ¢ > max{v | Anng([,(A%)) = (0)},Vj =1,2,--- | K.
2. AJ = argmaxy; {[ (7, ?9>}

where (x) denotes the ideal generated by x and K is the number of layers (here we consider
K=1)

Condition 1 can be proved as follows. According to Laplace’s theorem, every (v + 1) X
(v + 1) minor of M,y (R) must lie in I,,(M,,«,(R)). This suggests an ascending chain
of ideals in R:

(0) = [,1(A7) C [(AY) C -+ C (A7) C Io(A9) = R (4.121)

Computing the annihilator of each ideal in (4.121) produces another ascending chain of
ideals,

(0) = Anng(R) C Anng([1(AY)) C --- C Anng(I.(A7))
C Anng((0)) = R (4.122)

It is obvious that:

Anng(I(A7)) # (0)
=Anng(I,(A7)) # (0), Vt <k. (4.123)

The maximum value of v which satisfies Anng(I,(A7)) = (0) guarantees that I;(A7) €
R,Vt < v. Hence, we define the rank of A7 asrk(A’) = max {v | Anng([,(A%)) = (0)}.
Suppose A" € M,,,(R) and A* € M, (R), then tk(A’A*) < min{rk(A?), rk(A*)},
and we can easily prove that 0 < rk(M,,»,(R)) < min{m, n}. Thus, in order to guaran-
tee there are at least - unambiguous linear equations available at the destination, rk(A7)
must be at least (,Vj =1,2,--- | K.
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The special case of condition 1 is that the entry of the coefficient matrix A7 € M,,,,(F)
is from a finite field ' € F. Then, condition 1 may be changed to be “the maximum
number of linearly independent rows (or columns)”since Anng(1,(A7)) = (0) if and
only if I, (A7) # 0. In other words, the largest v such that the v x v minor of A’ is a non-
zero divisor represents how many reliable linear combinations the j*" layer may produce.
Hence, condition 1 is a strict definition which ensures unambiguous decodability of the
¢ sources. Condition 3 ensures that the selected coefficient matrix maximises the mutual
information of the particular layer, giving finally the maximum overall throughput.

Adaptive mapping design and offline algorithm

Finding an appropriate coefficient matrix M for the j*® AP such that the aforementioned
three points are resolved are extremely computation-consuming, especially when the
number of MTs increases. We propose to pre-compute a group of L' candidate coefficient
matrices for each AP and perform APNC decoding online. This will greatly reduce the
computational load of each relay in the real time decoding when L’ is small. With the
pre-computed L’ candidate coefficient matrix, each relay is capable of adapting multiple
access channels, and especially is capable of resolving all possible singular fade states
that will occur at that relay. It is also important that the obtained candidate at each relay
will have high probability to form a composite matrix which satisfies Theorem 8 and
Theorem 9.

The basic idea of the proposed algorithm is to remove all possible images corresponding
to the same type of singular fade states and then find for each relay the minimum number
of candidate matrices (here we denote this number by L’) such that the composite full
matrix satisfies the two theorems. Note that each relay will have different candidates,
otherwise it will be difficult to form full matrix which satisfies the two theorems. The
proposed offline algorithm is detailed in Algorithm 1.
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Algorithm 1 Off-line algorithm for candidate matrices.
22: fori; =1: Kdo

1: fori=1:Ldo ©eachsingular fade 3. :
state 24: fori, =1: K do

2: h = S(z) >hisal xm V.ector. Mla(ly,i1)]

3: ff)rj =1:Kdo > eachbinary o5, M — :
matrix .

66T = NOU(G) Ml i, i)

5. & g(T& h) > F () 26: ‘ 0+ det(M)UFQ >
produces all faded NCSs. determinant over I_FQ'

6: Ao @(&) > @( ) 27: if 0 = 1 then
calculates the minimum distance of all 2% £~ AU
NCSs. (- lppenyin i)

7 Q4 ¢~ QqUdpin b storeall 2% GeGUM >
oo in Qg M < Gy in G has unique address

end for Alk) = (Z(L]i) T l(L]f)an% Z'(114;) o 'ig%a
B),ali)] « €(0)  »E() k=1 g
sorts Qg in descending order stored in  30: return (21)
(i) and outputs the rearranged index 31 end if
vector a(1). 32: end for

10: end for 33: end for

1: 8 + (8, ) > delete all  34: end for
mirror singular fade states and 8’ has 3s: end for
L’ singular states, L' < L. 36: end for

122 a < a\ a8 =0) > delete the index 37
element of 3 = 0.

13: o < a(i|d) > ' corresponds to [Gagy) -+ Gagn)] — Z(G)
only 8.

14: for lf?’ =1: L// do, > find n M from G satisfying bijec-

1>: Spo1 & 8\ 8 () tion relations (l(L]fe) e l(LIfi)nH) & 8

16: 01 < &(8},_,) b Index set of ' fork, = ky - k.
excluding the I*" element. 38 fori—=1:ndo

17: for Z%/,l = HL%,l do T 39: Qi+ [Giypy - Gy >

18: Spa = S \ Sy (ly—1) G _ M[a(l(ki) Z‘(/ﬂ))]

Lo Oy 5(82172) | AL L—it1 b

40: end for
20: : 41: Output: n stacks Q; with each includ-
21: forl; ,.1 =0 _,.1 do ing L’ binary matrices.
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Figure 4.32: Comparison of the outage probability for the proposed algorithm.

4.6.2 Simulations

We consider here u = 2 and n = 2. The destination (HBS) aims to decode the two source
data by solving some linearly independent equations which are transmitted from the
two relays. Note that we assume the backhaul link is noise-free bit-pipe. Each mobile
terminal employs QPSK digital modulation. As explained in Subsection 4.6.1, the j*!
relay needs to choose appropriate binary matrix M; € F2** such that the minimum
distance d,;,, between the inter-clusters labelled by the NCV is larger than a threshold.

The Algorithm 1 carries out offline computation and finally assigns each relay four
candidate matrices M;, ;7 = 1,2. This means that each relay is capable of resolving
all possible singular fade states based on one of the assigned four candidate matrices.
This hugely reduces the real-time computational complexity since normally we need to
choose one out of 256 candidates online. The two groups of candidate matrices are in
principle capable of constructing 16 different full matrices (4 x 4) and we expect that
most of them are full rank because this will reduce the number of online search and
provide more degrees of freedom of resolving singular fade states at each relay. The two
groups form 10 full rank matrices. This is the largest number we can obtain when only
4 candidates are chosen for each relay.

Simulation results are depicted in Figure 4.32. The dashed line is the bound for ComP.
The black curve gives the outage probability when each relay online searches all 256
candidate matrices. It should be viewed as a benchmark to compare with the proposed
scheme as it is not a practically feasible method due to the unmanageable detection com-
plexity. The outage probability based on the output of Algorithm 1 (thus, 4 candidates per
relay) nearly approximates the black curve, with approximately 0.5 dB performance loss.
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However, the online computational load is dramatically relaxed. A small performance
loss is worthwhile in hugely reducing the detection complexity for practical systems.
Note also that the two outage curves are based on the fact that the resultant composite
full matrix is full rank, and hence the HBS is capable of unambiguously decoding all
source bits. We also carry out an experiment where 9 half matrices are selected (which
corresponds to 9 singular fade states), but without considering unambiguous decodab-
ility. Note that in this case, we only randomly select a half matrix which is capable of
resolving the corresponding singular fade state. The outage performance is shown in
Figure 4.32. It is observed that there is more than 1dB loss at 1073, This implies that
even if full rank condition is not considered, the candidate matrices must be carefully
designed. This also suggests that Algorithm 1 performs well. Without loss of generality,
Algorithm 1 can be applied in more general case.

4.6.3 Conclusions

We have proposed the design guideline for engineering-applicable physical layer net-
work coding with multiple relay cooperation. The design criterion proposed guarantees
that: (i) the whole system operates over binary system, (ii) each relay can choose non-
singluar PNC function to overcome all the singular fade states, and (iii) the destination
can unambiguously recover all source messages while the overall back-haul load remains
at the lowest level regardless of how many sources or which digital mapping is used. We
develop an offline search algorithm which finds a small number of best efficient coeffi-
cient matrices. This greatly reduces the on-line computation complexity with negligible
performance loss.
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5 Conclusions

This final deliverable focused on advanced scenarios of cloud network processing where
algorithms have been designed and assessed by taking into account the limits, specifica-
tions and practical requirements as feedback from the experimental activity carried out
in WP5.

The report presented a comprehensive overview of all the algorithms for distributed
channel/system state identification, relay coding and cloud self-organisation that have
been successfully implemented into the HW/SLS demonstrators. This activity was car-
ried out in close interaction with WP5. Furthermore, gaining from the outcomes of the
close cooperation with the demostrating activities in WP5, new advanced cloud pro-
cessing methods have been taylored for a feasibility in perspective, paving the road for
cloud processing evolution in future scenarios.

In perspective, the distributed synchronisation has been calibrated and adapted to track
a common TO and CFO in dense network. DIWINE has shown for the first time the prac-
tical feasibility of distributed synchronisation in self-coordinated wireless networks, far
beyond the early biology-inspired algorithms. On the same line, consensus based meth-
ods for distributed inference (validated in D3.03 for interference estimation, resource
allocation, localisation) proved to be an alternative to centralised algorithms attaining
the same performance with inter-node signalling.

DIWINE has also shown ability of self-optimisation of WPLNC mapping selection across
the cloud network. Local relay functions are selected in distributed way such that the
global goal — reliable source to destination communication - is fulfilled and simultan-
eously the local utility function - related for example to energy efficiency - is optim-
ised. The cloud network is also able to recover and self-heal from relays’ failures. All
of this newly added distributed features do not unbearably increase the communication
overhead. The information is provided by existing pilot signals transmitted along data
packets. Close cooperation with WP5 showed fruitfulness of the proposed algorithms in
real scenarios.

A mapping scheme and a mapping matrix selection algorithm have been developed
which are suitable for conventional binary approaches to modulation and coding, which
allows both that each relay can choose a matrix to overcome singular fade states and that
the overall mapping matrix is full rank, so that the destination can unambiguously de-
code source messages. The algorithm comprises an offline search algorithm which finds
a small number of best coefficient matrices corresponding to the singular fade states, and
hence greatly reduces the complexity of the online search for best coefficient matrices for
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a particular channel state, with negligible performance loss compared to the exhaustive
search. This mapping approach and algorithm has been implemented in the SLS.
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