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Abstract

Physical-Layer Network Coding has the potential to greatly increase the throughput of
wireless networks. This novel method of operating networks is based on the coherent
demodulation of signals containing two waveforms transmitted synchronously. In this
thesis. we explore the problems imposed by the physical constraints, in particular the
carrier phase offset of the two signals making up the physical network code (PNC). For
QPSK transmissions, coherent demodulation of the resulting svimbols will bhe penalized
by a decreased minimum distance resulting from carrier phase misalignment.

Based on the observation that binarv signalling is not affected by this asvonchrony.
we propose a modulation framework which cnables the coherent demodulation of PNC
symbols with arbitrary phase offsets. The framework is based on bit-offset modulation by
the sources and Maximum-Likelihood Sequence Detection by the receiver. The spread in
receiver performance for a range of phase offset PNC signals is less than 2dB at moderate
SNR for transmissions at a rate of 2 bits/symbol. These results confirm that the proposed
solution is able to solve the problem of phase asvichrony for PNC QPSK and higher order

modulations.
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Chapter 1

Introduction

In an attempt to maximize network throughput to accommodate the plethora of new
communication systenis that are continually developed. network coding has been proposed
as a new method for transmitting information through multiple nodes. The main idea
behind network coding is to allow intermediate network nodes to mix independent signals
as they progress from a source to a destination. This contrasts with traditional routing
used in current systems. where information streams are kept separate and assigned to
distinet channels as they make their wav through the network. With network coding, a
destination is able to leverage its knowledge of the higher layers of communication to undo
the mixing and recover its intended information. The concept was originally proposed bv
Ahlswede et al.. who showed that coding was necessarv to achieve the min-cut max-flow
bound of a network [1]. Subsequently, considerable research has been ongoing to develop
systems which benefit from applving this new way of operating networks.

One such effort is the porting of network coding to wireless networks. This medium is
a particularly good setting in which to apply network coding as its broadcast nature en-
sures a greater receptivity of emitted signals and more opportunities to combine different
information streams. Two systems, which apply coding at different levels, have been pro-
posed: the first svstem performs the mixing at the digital level. requiring a relay node to

decode both streams and then combine the resulting digital symbols to make the network



coded svinbols. Rescarchers have developed real-life systems that utilize digital network
coding. and in particular. the COPE architecture. which XORs bits from two different
packets to form a network coded stream. las been applied to wireless mesh networks
to provide marked throughput gains [2]. The secoud system goes one step further and
lets the physical media mix the signals. in effect exploiting the additive interference that
results when two waveforms are transmitted simultaneously. Physical-layer Network Cod-
ing lets two sources broadcast at the same time and has the destination demodulate the
resulting signal to obtain the symbolic addition of the two sources” original data [3]. More
concurrency is possible with PNC. which leads to even more impressive gains than are
possible with digital network coding (DNC). Unfortunately, PNC is still a theoretical pro-
posal which has unrealistic physical layer assumptions. To circumvent these limitations.
researchers have developed Analog Network Coding (ANC), which exploits the inherent
asynchronv of the wircless media by using a non-coherent demodulation to recover the
original symbols from a waveform containing interference from two sources [4]. Although
cnticing theoretical throughput gains are again demonstrated. this scheme in fact suffers
from a degraded capacity resulting from its inabilitv to fullv combine signals. To address
the problems arising from the limitations of these two network coding systems which mix
at the physical layer. we propose a receiver signal processing algorithm which allows for
the coherent reception of PNC signals under more realistic physical-laver seenarios.

The contribution of this thesis is a modulation and demodulation framework that
cnables the coherent decoding of PNC signals. We propose a Maximun Likelihood Se-
quence Detection (MLSD) algorithin to extract two sources’ joint information from a
received signal made up of the addition of both sources” waveforms. This signal detection
algorithm is able to overconie the problem of carrier phase misalignment. the most proba-
ble asynchrony in wireless network coding systems emploving mixing at the physical layer.
By foregoing the restrictions of the physical network coding systems proposed so fai. the
proposed framework is general enough to allow for the development of new systems. This
thesis is organized as follows: Chapter 2 reviews the current state of the art of wireless

communications and network coding. Chapter 3 focuses on the issues involved in receiving
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signals mixed at the physical layer. with a close atteution on the problems of asynchrony.
Chapter 4 introduces the MLSD of physically-mixed, bit-oftset modulated signals. Finally.

Chapter 5 presents the performance evaluation of the proposed framework.



Chapter 2

Theoretical Background

In this section. we present a review of wireless communications and examine the progress
made in the area of network coding. with a focus on the current systems proposed in the

literature.

2.1 Wireless Communications

Recently. there has been an increased focus on multi-user communication and a shift
towards designing networks by considering their aggregate collection of links [5]. Com-
munication networks were traditionally understood as a collection of independent point-
to-point links which were developed and optimized separately to form a working systeni.
When this single-user approach is taken to designing wireless networks, nodes are in direct
competition with their neighbours for throughput. Indeed. the broadcast nature of the
medium results in varying levels of interference for anyone who is not the intended receiver
of a node’s transmission. In contrast, multi-user communications takes a more holistic
approach to network design by jointly developing the links making up the svstem. It is
able to leverage a node’s knowledge of the higher layers of communications to circumvent
interference and achieve a more efficient operation.

Multi-user network design research has been motivated by the work of Gupta and



Kumar. who proved that in a traditional single-user euvironment. a user’s throughput ca-
pacitv is inversely proportional to the number of terminals in a network [6]. In this work,
the authors attempt to quantifv. in an information theoretic scnse. the transport capacity
of general networks made up of nodes seeking to transmit to randomly selected destina-
tions. They consider multihop transmission. with which a source’s packets are relayed by
intermediate nodes until they reach their destinations. A packet is received successfully
if either the Protocol or Physical Model constraints are met. Both models correspond
to traditional single-user conununication since a destination experiences complete inter-
ference from transmissions for which it is not the intended receciver. The result of this
general studv prove that the transmission capacity of a terminal connecting to an Ad-Hoc
network witl 7 nodes is bounded bv O(m) This conclusion implies that the through-
put available to a source will degrade to zero as the network to which it connects acquires
a greater deusity of users. Essentially. it is the need for the nodes to share space and the
transmission medimm which limits their throughput. This conclusion offers a pessimistic
outlook on the scalability of single-uscr wireless communication svstems and underscores
the chiallenges involved in building large networks. Clearlyv. multi-user strategies will be
needed to overcome these limitations.

Things are not completely hopeless. however. as recent work has shown that we can
extricate better performance from wireless networks by using multi-user strategies. For
example, Gupta and Kumar have revealed that it is possible for a certain class of networks
to achicve a transport capacity that scales with the number of terminals [7]. This was
accomplished by letting nodes use an interference cancellation algorithm to relay informa-
tion to the intended destinations. Using a different approach. the work of Laneman et al.
validates the use of relays to overcome channel outages brought about by multipath fading
[8. 9]. Inn this work, principles developed for multi-antennae systems were adapted to relay
networks and protocols were desigued to leverage cooperative diversity in a multi-node
network. Results show that interesting power savings are possible for a given transiission

reliability when using redundant transmission paths to reach a destination.
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2.2 Network Coding

Of course, network coding is another multi-user strategv that offers hope of realizing
wireless networks which support an increased number of users. Network coding has been
shown necessary in achieving the transmission capacity of certain classes of networks [1].
The authors have shown that the multicast capacity of a network. defined as the maximum
rate at which a sender can transmit common information to a set of receivers, is possible
with network coding. This multicast capacity is in turn equal to the min-cut max-flow
rate. which is given by the flow through the minimum cut of the network separating
the sender from any receiver [10]. Interestingly. the multicast capacity rate was shown
impossible when using traditional routing [1]. Network coding is therefore an interesting
tool for network designers in their attempt to build svstems which have a large munber
of users with access to an appreciable amount of bandwidth.

The basic concept of network coding has been succinetly explained with the use of
the exawmple shown in Figure 2.1[1]. In this so-called Butterfly Network. one sender
attempts to multicast to two destinations with the help of 4 relay nodes connected hy unity
capacity links. This network represents a wired enviromment. as the links are completely
independent. By applying the min-cut max-flow theorem. it is straightforwaid to sec
that the maximum rate at which the sender can multicast to the two destinations is 2
information blocks to the 2 receivers at every time instant. Referring to Figure 2.1, sender
S has two information blocks. X and X,, to multicast to the two destinations. 77 and
T2. We assume instantaneous reception and retransmission at the intermediate nodes
and indicate the information block relayed on each link at the given time instant. As scen
on Figure 2.1. capacity rate multicast of these two information units is iimpossible with
traditional routing. as relay I3 will have to alternate between forwarding the information
incoming on both its edges. It puts X, on the link connecting it to R4 during the first
time instant, ;. During the second instant, #,. it instead forwards the Xy value. The two
blocks of information will therefore take fwo time instants to reach the two destinations.

The kev insight of the authors was to realize that information is modifiable as it
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Figure 2.1: Butterfly Network using Traditional Routing

progresses through a network and that links can be shared by different information blocks
[1]. In the Butterfly Network example. 3 can combine both information blocks and
forward that on instead. As secn in Figure 2.2, this node now transmits a mixed version
A} and Xy, The time index of cach link transmission is not displayed as the multicast
exhange is carried out in a single instant. The destinations can use the block of information
they received unmodified to reverse the mixing and recover the other information block.
Thus. by letting intermediate nodes combine different information streams. the multicast
capacity rate of 2 information units to the 2 sources at cach time instant is possible.
Starting from this initial proposal. network coding has garnered considerable attention.
Various approaches were taken to establish and generalize the concept. Interesting results

were derived for wired networks. to which network coding was originally adapted. Li and
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Figure 2.2: Butterflv Network using Network Coding

Yeung have shown that lincar codes are sufficient in achieving the capacity of multicast
networks [11]. Koetter and Médard then provided an algebraic framework for the analysis
of these lincar network codes [12]. In their work. the network uses a Galois Field over
which relay nodes apply the linear combination of symbols. Receiver nodes, which have
knowledge of the network’s effect on their received data. are able to reverse the mixing
operations and recover the original data. A random operation of networks was shown
possible by having the relay nodes mix svibols using arbitrary lincar combinations [13].
The authors show that a destination is able to recover its intended information with high
probabilitv given a large field size. Thus. network coding has the added bhenefit of enabling
a decentralized and random network operation.

Porting network coding to a wireless environment has been initiated by the work of Lun



ct al. [14]. In this work. wireless links arc modelled as being broadcast and experiencing
attenuation, as well as incurring a cost reflective of the power or delav necessary for
transmission. The benefits of network coding are leveraged to obtain. in a decentralized
manuer. minimuni-cost multicast connections in coded packet networks [14].

Research has also been carried out to develop practical systems which could benefit
from these theoretical findings. This work required a selection of the actual information
units on which to base network codes. In their original proposal. Ahlswede et al. leave
the network coding concept in a general state. The notion of coding flow units as they
make their way through a network could be applied to various information elements.
from simple analog signals to abstract discrete symbols. Indeed, network coding's ouly
requirement is that the mixing carried out bv the intermediate nodes be reversible [1].
Many tvpes of network data could apply to the information svinbols of the algerbraic

framework proposed in [12].

2.3 Digital Network Coding

The development of practical svstems benefited from the work of Katti ot al. [2. 15], who
chose to apply network codes at the packet level. In their proposed COPE aichitecture,
network terminals XOR the individual bits of the different packets they have to transmit.
Their system works in the following way: at one time instant. a node mav have n packets in
its queuc to transmit. To carry out network coding. it mixes the n packets and broadcast
the resulting combination to its neighbours. The receivers. who have knowledge of at
least n — 1 of the combined packets. are able to undo the mixing and recover the packet
which they were missing. The svstem is restricted by the need of the receivers to have
copies of all but one of the packets making up the network coded packet. Nevertheless.
network terminals are able to keep track of the contents of their neighbours™ buffers and
transmit the correet combination of packets. A wireless mesh network testbed was able

to realize interesting throughput gains [15. 16].



2.4 Canonical 2-Way Relay Network

The authors note that the maximum asymptotic coding gain of their systems is 2, which
occurs in the idealized setting where an infinite series of nodes arranged linearly relay
packets for two end terminals [15]. A suboptimal subset of this network is shown in
Figure 2.3. In this canonical two-way wireless network. two sources, which are out of
range. attempt to exchange packets with the help of a relav. Senders S1 and S2 have

packets X and X, to transmit. respectively, and must receive the other’s packets.

Transmit X1 X2
N Py
- 51 RO S2
J— A - - - et v
Recewve X5 X1

Figure 2.3: Canonical 2-wav relay network

This configuration has been studied in a non-network coding setting [17. 18] and serves
as a good benchmark with which to evaluate the proposed systems. Two-way information
exchanges are a basic building block of many networks and are seen in numeious 1cal-
lite applications. The canonical two-wav network not onlv applies to cases where two
end terminals exchange information, such as when cellular telephones communicate bv
transmitting through a base station. It also models many core network transmissions
involving bidirectional flows [19]. for exawple the earth-station and satellite network seen
in Figure 2.4. In this situation. information sticams which must travel large distances are
transmitted by an earth station to a satellite. The satellite acts as a relav and retransimits
back to carth. in effeet conmecting the two stations. As there are information flows in
both directions. the stations are assigned orthogonal chanuels on which to transmit and
receive.

As the canonical 2-way relay network is used in many real-life settings, increasing,

10
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Figure 2.4: Earth-station and sattellite network

its capacity will have widespread benefits. There are several solutions to the problem
of information exchange in the 2-way network, and as we shall see, all are of varying
efficiency. The focus of the rest of the thesis on this network configuration.

In current svstems. the two end points of the relay network divide up the available
bandwidth. The operation of the 2-wayv relay network using traditional routing is illus-
trated in Figure 2.5. The 2 sources, S1 and S2. have information X1 and X2 to trausmit.
respectively and all exchanges are modulated with funetion AZ(). The four links in the

network take their turn and the information exchange is carried out in four time instants.

t, s1 25 R S2
t, S1 R 2% g
t, S1 R MX go
t, s1 M R s2

Figure 2.5: 2-way relay network using traditional routing
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Returning our attention to COPE. the opcration of the 2-way network is now repre-
sented in Figuie 2.6. The two sources S, ¢+ € 1,2 take turns tiansmiting information
X,. which relav R decodes to obtain X,. The relay then broadcasts the network coded
combination to both sources, now acting as receivers. From this received network coded
information. the two nodes are able to recover the other’'s information bv reversing the
mixing using their own data which they just tiansmitted. A total of 3 transmissions are
taken for this exchange as opposed to the 4 that are necessary with traditional svstems.

As there are n = 2 links in this linear network. the coding gain is indeed 712% = 1.33 [15].
J
tS1- ™R S2

L S1 R~ .82

81~ R~ -82
ME.DX,) MX.BX,)

Figure 2.0: Digital Network Coding applied to the 2-way relay network

2.5 Physical Network Coding

Other work on building practical svsteis explored the concept of using network coding
on fully analog signals. As clectromagnetic (EN) waves interfere in an additive fashion.
it could be possible to let the wireless medinm petform the mixing.  The authors of
[3] propose Phvsical-layer Network Coding (PNC) to investigate this idea. This scheme
works with two sources™ simultancous transmission and a receiver’s demodulation of the
resulting joint signal. This joint signal is created bv the addition of the two waveforis
and represents network coded information. It is mapped by the receiver to svinbol values
corresponding to the GF(2") addition of the sources” original message data. where A =

2" is the number of points in the sources™ constellations.



The PNC system was adapted to the two-way relay network. The high level repre-
sentation of the PNC exchange is pictured in Figure 2.7. The two sources now transmit
concurently in the first time instant. resulting in an interference signal which the relay de-
modulates to obtain an estimate of the joint data. X, & Ay, In the second time instant,
a signal modulated by this joint data is broadcast to S1 and S2. The other source’s

information is recovered by undoing the mixing to complete the exchange.
M)~ MK -
t,.S1»" R /&82,

t281\//R\/SZ

T MOGER,) MOXEBX,)
Figure 2.7: Physical Network Coding applied to the 2-wav relav network.

The authors obtain bounds on the capacitv of the 2-way relav network usimg PNC
[3]. They break up the svstem into two components. a multiple-access link when the
two sources arc simultaneously transmitting to the relay and a regular single-source link
when the relav broadeasts back to the sources. now acting as 1eceivers. Of the two links,
the former is unique to the PNC scheme and determines the overall pertformance of the
two-way relay network. This link is not the traditional multiple-aceess link familiar to
information theorists, however. In a traditional multiple-access link. the receiver must
extract both sources’ data from a reccived interference signal [20]. In a PNC multiple-
access link, the receiver must instead obtain the jornt information of the two sowces from
the interterence signal [3]. The authors™ analysis reveals that during this transmission. the
PNC symbols possess the same minimum distance as the original signals of the sources [3].
Thev therefore conclude that the capacity of the multiple-access PNC link is similar to
that of a single-access link. However, as only two time slots are necessary for the sources
to exchange information, the overall capacity of two-way network using PNC' is twice that

% superior to the DNC scheme.

of traditional transmission and 50
We will elaborate further on the physical constraints of this svstem and discuss the

cffects of asynchrony on the decoding of PNC symbols in the next chapter.
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2.6 Analog Network Coding

Analog Network Coding (ANC) is the last system we consider [4]. In essence, this scheme
combines the simultancous transmission and EN wave mixing distinctive of PNC with the
concept of Amplifv-and-Forward (AF) relaving [17]. ANC uses a non-coherent detection
that is immune to the asynchronyv of the two sources. However. this scheme suffers from
a degraded capacity resulting from redundant signalling.

This system is understood with the two-way relay network example, shown in Fig-
ure 2.8. The two sources again transmit concurrently to the relay node in the first time
instant. which then broadcasts to both receivers in second instant. As opposed to the
PNC scheme, however. the relav does not attemipt to decode the mixed signal. Iustead. it
simply retransmits a copv of the interference signal made up of both sources™ waveforms.
During the second tinie instant, both sources receive this forwarded interference signal.
Figure 2.8 shows this relayed interference signal made up of the two signal components
from the 2 sources as well a Z term representing the AWGN at R. The interference is
scaled bv /3, which we will deseribe in more detail in the next section.

The authors propose an architecture in which transmitters emplov Minimum Shift
Keying (MSK) signalling and receivers use a nou-coherent reception enabled by the rela-
tive angle modulation of MSK. The receivers compute the phase change from the previous
to the current received sample to obtain an estimate of the sources’ joint data. This phase
change represents 2 possible pairs of values corresponding to the two sources’ messages.
The receiver sclects the pair in agreement with the message which it transmitted during
the first time instant. The other source’s message follows directly and is recovered to
complete the exchange of information.

As with the PNC scheme, ANC completes the two-wav relay exchange in two time
periods and has a network coding throughput gain of 2. ANC has been ported to other
networks, notablv the extended relay chain and, interestingly. the X-topology network [4].
As discussed above. the former is an extension of the two-way relay network while the

latter is inspired by the multicast Butterfly Network., We will next examine the capacity
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Figure 2.8: Analog Network Coding applied to the 2-way relay network.

of the 2-way relay network operating under the different network coding schemes.

2.7 Capacity Analysis

To get a clear grasp on the merits of the different network coding schemes, it is helpful
to quantify the capacity of the 2-wav relay network operating under the various proposed
svstems. We refer to Figure 2.9. which shows the channel capacities of the 4 links making

up the canonical relay network.

- R 4 e :
/ \ ! N ; N
- S1 R | S22
| I )
‘,\\ // i ' N /)
N - /V\ - __C_ e T R A e v N
3,1 C3,2

Figure 2.9: Link capacitics of the 2-way relay network

2.7.1 Traditional Routing Capacity

The traditional routing scheme works by having the sources take turns transmitting. The
relay receives, buffers and retransmits the two signals in separate transmissions. There-
fore. the channel from one source to a receiver is equivalent to two successive Gaussian

links and the overall capacity is constrained by the minimmun capacity of the two. As each



1

5 of the time. we get the following expression for the total transport

channel is used for

capacity of the traditional routing scheme [4]:

1 1
Ctradznonal = Z 111111{01&5. C&‘l} + Z 111111{02.& C&.l} (21)

where the capacity of a Gaussian link is given by

C,, =log(1+ SNR,,)
with SNR,, the Signal to Noise Ratio (SNR) at the receiver end of the link connecting
node i to node ;. Assuming equivalent links. (2.1) reduces to

1 1
Ctmdzlzona/ = §C = 5 l()g(l + SNR) ( :

[\Y)
[N}
A

2.7.2 DNC Capacity

DNC is the next scheme which was proposed. We assume that the relav’s broadcast to
both S1 and 52 during the third time period can be treated in the same way as the
single-destination links. Specifically, Cyo = (5 = (5. Thercfore, the capacity of this

schene is given by
I . r .
Cpne = 3 min{C, ;. C3} + 3 min{Cy 3, Cs}
We again assume that all transmissions are identical. such that

C[)N(' = 7 log(l + S]VR) (23)

Ll o

Digital network coding is therefore % times more cfficient than traditional routing.

2.7.3 ANC Capacity

Even more cfficicncy is possible with ANC as the 2-way exchange is accomplished in
onlv 2 time periods. However, this scheme is hampered by the relaying it cmploys on

the combination signal. To obtain an expression for capacity. we let sources S7 and S2

16



transmit values X, [n] and X,[n], respectively. In order to simplifv analvsis, we discard
the channel gains present in the derivation of [21]. After S7 and S2 transmit concurrently,
relay R receives value

Yi[n] = X [n] + Xo[n] + Zs[n]

where Z3in| is the AWGN present at the receiver. To respect its power budget, R scales

this value to obtain X3[n|, the samiple it transmits back to both sources:

Xs[n] = BY3[n]

where
5= SNR
2SNR+1
Receiver S1 will then receive signal
Yi[n] = Xy[n] + Z1[n]
Yiln] = 8Ysln] + Z[n]
Yi[n] = B(X0[n] + Xofn] + Zs[n]) + 2, [n] (2.4)

where Z[n] is the AWGN. S1 kuows the message it transmitted in the first time instant,

which it eliminates from (2.4). This yiclds

Yi[n] = pXs[n) + BZs[n] + Zi[n]

~~
!\.’)
(o]

S

which S1 uses to estimate S2’s data. The relay replicates the noise it received in the
first time instant. which accounts for the 2 noise terms in (2.5). As the two receivers are
svinmetrical, the capacity of the 2-way relay network using ANC follows from (2.5) and

is given byv:

SNR?
- 2.6
3SNR+ 1) (2.6)

This result highlights the weakness of the ANC scheme. which is not able to combine

Cane = log(1l +

information in a network coding sense. Indeed. the relay must allocate half of its power

budget to each signal component making up the ANC svinbol. This is suboptimal, as the
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intended receivers of the ANC symbol have knowledge of one of the two signal components.

The relay expends energy to trausmit information already known by the destinations.
This degradation in performance has been noticed previously [21]. Work has focused

on operating ANC in the high SNR regime. where it is less vuluerable to noise propagation

[22].

2.7.4 PNC Capacity

Decidedly. AF relaying incurs a performance penalty when used tor network coding. In
contrast. the PNC adopts a Decode and Forward (DF) [17] scheme which is able to better
combine signals. The authors contend that the relay is able to decode PNC symbols at a
Bit Error Rate (BER) similar to the single-signal case [3]. Thus. the PNC transmission
bv S1 and 52 to the relav is equivalent to a single-source link and we set 'y 3 = (), 3 = ().

We obtain the following expression for the capacity of the 2-way network using PNC:
1 1
Cpne = 5 min{C;. C5,} + 5 min{ 5. 3}
and again assuming sinilar link capacitics. we get

Cp/\/(*zl()g(l—f-S]VR) ( .

o
-1
S’

PNC is thercfore able to double the throughput of traditional routing. This 1esult is in
agrecment with the putative potential of network coding. which makes it possible to add
the flow capacities of separate signal transmissions through a network when multicasting
[1].

Figure 2.10 shows a plot of the capacitv of the 2-way network utilizing the different
relaving strategics. The performance penalty incurred by ANC is noticeable at low SNR,
where it is inferior to even traditional routing. Clearly, the DF relaying of PNC has the
potential to deliver the highest troughput gains.

These results assume that the capacity of the PNC multiple-access link is similar to
that of a regular single-source link. We will see in the next section that the physical

coustraints can lower the capacitv of this link when used in the manner proposed in [3].
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Figure 2.10: Capacity bounds for the different schemes applied to the 2-way relay network

In fact, foregoing the carrier synchronization assumption and allowing for arbitrary phase
offsets will yield unworkable systems. What is needed is a joint decode of physically mixed

signals that is immune to a lack of synchrony between the two sources.
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Chapter 3

Asynchrony and PNC Systems

In this chapter. we establish an understanding of the outstanding issues that must be
resolved before PNC systems can be deployed. In particular. we will explote the issues
related to the svuchronous reception of two signals. with a description of the steps nee-
essary for the demodulation of PNC symbols and a quantification of the eftect of carrier

phase offset.

3.1 Synchronization Assumption

In essence. PNC systems work by demodulating interference signals. Naturallve there
must be stringent synchronization requirements in getting independent wavetoris to add
constructively in mid-air. First off, all the symbols must be received at the sanie time. As
the signals are wircless, their passband paranieters must also be in agrecient for them to
conmibine properly and vield a PNC signal which can be demodulated. The sy nchronization
of carrier frequency and phase will therefore also have an effect on the performance of
PNC systems.

The authors of [3] analyze the effects of asynclirony of these 3 parameters for PNC
symbols made up of BPSK signals. Their analysis reveals that a minimal performance

penalty of 1 to 3 dB can be expected from the asvnchrony of svinbol timing. carvier



frequency or carrier phase. As these results apply only to BPSK modulation. we have
a limited characterization of the effects of asynchronv on PNC systems. In the next
section. we will explore the effects of phase asynchrony on PNC systems employing other
nmodulation schemes. To justify our focus on carrier phase offset. we will now compare it
to the other two asynchronies, carrier frequency and symbol timing.

The relative difficulty in synchronizing carrier phases stems from the lack of control
over this parameter. The impracticality of PNC systems which seek to synchronize both
their carriers” phases is best understood by cousidering the demanding requirements of
such systems. First off. a PNC system which requires perfect phase alignment would need
a way for one of the sources to adapt its carrier phase. In traditional single signal systeis.
no attempt is made at setting the carrier phase a prior:. Instead, receivers arc able to
decode signals with an arbitrary phase by adapting their demodulation parameters. Thus.
new transwitter hardware which dvnamically alters the oscillator phase would have to be
developed. This is a non-trivial undertaking, particularly if svstems have a cost or size
constraint.

Furthermore. as only the receiver is able to know the phase difference hetween the two
carriers. the hvpothetical PNC systemn would be required to relayv this knowledge from
the receiver back to one of the sources. While certainly feasible. this requirement would
complicate the operation of the PNC system.

Finallv. assuming that a source is able to obtain knowledge of the offset and adjust its
carrier phase, it is still doubtful that the PNC receiver could receive two perfectly phase
aligned signals for extended periods. The phase of a wave at a receiver is a function of not
onlv the intrinsic phase of the oscillator at the transmitter but also of the channel from
source to destination taken by the signal. Thus. the mobility of the nodes or time-varving
channel effects would nullify anv adjustments made by the system.

The scaling problem inherent in carrier phase control becomes noticeable wlien com-
pared to the problemi of svinbol timing syuchronization. For example. GSM wircless
transmissions have a symbol rate that is in the range of 270KHz. an order of magnitude

less than the carrier frequency. which is in the range of 900MHz. A synchronization mecli-
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anism which aligns the phases of two transmitters would need to be orders of magnitude
more precise than a mechanism to adjust the symbol timing.

To illustrate the effects of this scale difference. consider a PNC svstem built using the
GSM air interface. Assume that both sources arc in perfect (ntrinsic synchrony: they are
able to emit symbols at exactly the same time using carrier waves that arc at precisely the

A

same phase. However, one source is located a quarter of a wavelength, 3 = 7.5cn1. closer to

the receiver than the other. The signals travel unequal distances and therefore arrive out
of phase and with a symbol timing offset. The carrier phase offset represents I radians,
and as we will sec in the next section. makes the demodulation of some phase modulated

PNC svmbols impossible. The resulting symbol timing offset. on the other hand. is casily

7 hem

_tocmn ()5 . AT G :
X107/~ 0.5ns and represents a minute

compensated. Indeed. the time offset is only
fraction of the symbol duration, which is in the range of the micro seconds

Cartier hrequencey is also more casily synchronized than phase. Freqgueney is an absolute
quantity that is more amenable to svichronization. A physical network coded system
could have frequency specifications and tolerances. which transmitter manutacturers could
then design for. The reccived carrier phase. on the other hand. is a 1clative value that is
dependent on factors outside the control of the transmitter. There is no absolute phase
value to aim for when designing a transmitter. Therefore. in the hictarchy of asynchronies
which preclude the deployment of PNC systems. carrier phase must be put at the front.
The other asyuchronies will also have negative effects and are worth investigating. but the
problem of phase asynchrony must be solved first. PNC svstems will need to work with
the current technological paradigm and assume arbitrarv carrier phase oftsets. We will
see in the next section that the capacity of a PNC link can be severelv degraded when

thete is a carrier plhiase misalignment.
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3.2 System Model

We now shift owr focus to the 1eceiver of PNC signals seen Figure 3.1. Nodes X1 and
A2 are synchronously emitting wavetorms which add up in the vicinity of 7. Receiver T

attempts to decode the resulting interference signal and recover the PNC data.

X1 X2

Figure 3.1: 2 Senders syuchionously transmitting to a receiver

Nodes X1 and X2 transmit independent information ay,a; € 0.1....AI — 1. respec-
tively. The two transmitters use identical A/ —ary phase modulation and map their infor-
mation to a complex baseband value using

>
)2ra,

yla,)=cn (3.1)

Figure 3.2 illustrates this modulation for the case of A/ = 4.
The sources are transmitting equal energy phase modulated signals ) and s,. respec-

tively, given by
si(t.a,) = Re{yla,)} cos(n f it +0,) + Im{yla,)} sin2nfet +6,) for 0<+t<T,

where f, is the carrier frequency and 6, the intrinsic carrier phase of source i. As both
sources transmit concurrentlyv, the EN waves of both signals add up to give r(t), the PNC

signal 1cceived by R,

r(t,ap.as) = si(foay) + sotoay) + 2(1) (3.2)
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Figure 3.2: Signal space constellation with symbol mapping

where z(t) is the AWGN present in the receiver. As discussed previously. the channels
utilized by both signals will have different effects on the phases seen at R, which will also
be different from the intrinsic phase at the sources. We assuune that R has knowledge of
both received carrier phases, #) and 6,. through the use of a pilot sequence during which
cach source is able to disjointedly transinit training symbols. Without loss of generality.
we assume that I is able to generate a local version of the carrier with phase 8. The
carrier phase offset between the two signals is given by 6, = 0, — 6,.

The PNC signal demodulator must first convert the received sigual sample given by
(3.2) to a baseband value. Due to the carrier phase offset. the PNC signal will span the
2-dimensional signal space. even for the case of A1 = 2. The receiver must therefore mix

1(t,a;.a9) with the orthogonal set of basis functions:
o, (t) = cos(2m fot + 6y)

co(t) = —sin(2n fot + 6))

This contrasts with the technique proposed in [3] to demodulate BPSK PNC' signals. In

their analysis. the receivers use exclusively the in-phase version of the carrier, ¢,(t). which
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L 0 . .
is given phase =£. However, as the two BPSK signals making up the PNC are phase

offset, the full set of basis functions is needed to correctly demodulate the signal.
The receiver proceeds to mix () with the locally-generated carriers, ¢;(t) and c¢,(?).
After low-pass filtering, it gets the following values
7'1;(0,1. (12) = C; (f)’l(f/ ap, (1,2)
= cos(2m fot + 601)[si(t, ar) + sa(t.as) + n(t)]

= %(Re{y(al)} + cos(Oa)Re{Y (as)}) — é—siu(ﬁA)[m{y(ag)} + (3.3)

and

relar.as) = ¢ (t)r(t, a;. as)
= —sin(2n fot 4+ 01)[s1(t.ay) + so(t. as) + n(t)]
= %(Z'}n{y(al)} + cos(Oa)Im{Y (as)}) + %sin(F)A)Rv{y(ag)} + 2, (3.4)

These 2 orthogonal components constitute the baseband signal value with which the

receiver decodes the transmitted symbols,
r(ar.az) = ry(ay, az) + jrglay. az) (3.5)

We seek to leverage the benefits of network coding and obtain a joint data from 7(). not

the seperate a; and ay values. Thus, a mapping a,. = g(a,as) is needed such that
gla,, a;) = glay, ar)
if
r(ai.ay) =r(ag,a;)  for all i, j. k1€ 0.1,...A — 1

Furthermore, the mapping must be invertible to allow the receivers to recover their in-
tended information. In the case of 85 = 0, the following mapping will meet these require-

ments

glaj.ay) =a; + ay

pe = a1 + a3 (3.6)
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with addition carried out over GF(Af) (bitwise exclusive-or). Thus.
r(ane) = rlay, az) = (a1, az) + jrolai. az)

By knowing the value of 4, the receiver is able to assign a network coded svimbol to the
possible signal points it can receive and obtain the maximum likelihood estimate of the

the transmitted PNC data.

3.3 Symbol Ambiguity

Crosstalk between the quadrature components is present in the complex signal values
recovered by the receiver. as seen in (3.3) and (3.4). The iu-phase and quadrature com-
ponents of the PNC bascband signal should only depend on the source data modulating
the same axis. This is not the case, as we can sce that when 6, # 0. the in-phase term
() will depend on the quadrature component of s,() and vice versa. This crosstalk is the
result of the relative rotation of sy with respect to s; brought on by the different carrier
phases. As an illustration of this cffect. Figure 3.3 depicts the constellation of a PNC
svinbols made up of 2 QPSK signals. We can sce the effect of carrier phase offset on the
orientation of one of the component signals, which is rotated by #, relative to the other
component signal. The symbol points are shown along with the PNC data they represent.
For example, the svmbol point labelled as “A” corresponds to PNC data 10. This value
is derived from symbol poiuts of the component signals, s;() and s3(). which. referring to
Figure 3.2. represent data 00 and 10, respectively.

We will now explore the effects of this constellation misalignment by examining the
case of symbol ambiguity. whicli occurs when points in the received signal space correspond
to more than one network coded data. We shall consider the case of ambiguity for two
different PNC constellation points,

'/'((1,1,() = 7'7((7}. (15) +'j1'q((1{,u§)

and

rane) = rilar.ag) + jro(ai. a3)
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Figure 3.3: PNC constellation for A =4

Definition 3.1. Signal space points for which

and
| 2
('Ln,(’ # an(:

experience symbol ambiguity.
We will now elaborate on the conditions under which signal points expericnce ambiguity.

Theorem 3.1. The network coded signals experiencing ambiguity must hace distinet data

CO'ITI[)()TLG’ILtS.

ay # aj

ay # aj (3.7)

Proof. Counsider the case of symbol ambiguity where one of the data components is the


http://ca.se

same. for example al = a}. According to Definition (3.1) we have that

)

) = (ci(t) + jeg(t)r(t. at. a3)
) = 5(t.al) + sy(t.al)

) = s1(t,a}) + so(t, a3)

)

= 52 (t7 a:;)

[V o

sy = a

where we have neglected the noise terms z(t) present in the PNC symbols. Thus, the two
data components of both PNC symbols must be mapped to the same data and we get,
The symbols are not ambiguous. OJ

1 _ 2
a’n(' - (I”(,.

We will now prove the impossibility of ambiguity for the case of component signals with
only two constellation point, Al = 2.
Theorem 3.2. When the signals used in the physical network coded system. have only two

constellation points. no symbol ambiguity is possible at any carricr phase offset.

Proof. For the case the of M = 2, if network coded signal points were ambiguous, we know
from Theorem (3.1) that their two component data values must be distinet. Thercfore,

2 2 e
we have that a} +aj = 1 and a)+a3 = 1. The network coded data must also be different,
1 2
e 7£ anc
I ! 2 4 2
a, + a, # ai + a;

2 1
al +a? # al + a3

From the first condition. we have that both sides of this last equation are 1, therefore

completing the proof by contradiction. Ol

Thus, BPSK or any binary signal vield physical network coded symbols which cannot

be ambiguous. An illustration of a PNC constellation is shown in Figure 3.4. Intuitively,
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it is clear that the symbol points representing different data cannot occupv the signal

space for any value of phase offset H4.

S1 S2

e

PNC Constellation

Quadrature
AXxis

ﬂ .
0 4& — ~ ,. In-:hase
K y XIS

Figure 3.4: Constellation diagrams of the 2 source’s BPSK signals and the resulting PNC

signal

This result confirms the minimum rate at which PNC svibols can be detected. A
PNC symbol must be sampled at the bit rate of the two sources for a reliable decode to
follow. In addition. the component signals must ouly have binary transitions. We will
use these observations to obtain a genecral modulation scheme which avoids the probleins
arising from carrier phase offset in physical network coding systeins.

We will now elaborate on the occurrence of symbol ambiguity for the case of physical

network signals made up of M-PSK signals with A/ > 2. From (3.1). we know that the



M-PSK constellations respect the following condition
yla+ Ay =—yla) for a€0.1,. .M —1 (3.8)

where A is a constant and the addition @ + A is carried out over GF(A{). Signal points
seperated by 180° represent data differing by a constant value, as shown in Figure 3.2.
For the case of 5 = 0°, symbol ambiguitv is avoided since there is no crosstalk between
the quadrature components of r(a,.). Equivalent symbol points cannot represent different
PNC data.
Similarly, for the case of 64 = m. the expressions (3.3) and (3.4) quantifying the
received baseband values will lose their crosstalk components. Neglecting the noise termes.

we get that

raras)io=n = = (Re{Y (a))} 4+ cos(6a)Re{Y (as)}) — %sin(ﬁﬁ)]m{Y(uz)}
(R {Y(ay)} — Re{Y (us)})

(Re{Y (a)} + Re{Y (ay + 4)})

DN — 0 =0

= rfay, a4+ A)jga=o
and similarly

7’q((11 ) (Iz)yoﬁzvr = "'q((11-02 + A>|0A:n

Thus, at a phase offset of 7. the PNC svmbols become biased by constant value A relative
to their values at 0 phase. As there is no symbol ambiguity at 0 phase offset. there is
likewise no ambiguity at 7.

However, for 0, = % forve1,...A[/2—=1,A/2+41,...M — 1. we can prove that the

problem of svinbol ambiguity arises. To show that ambiguity occurs. let a; = a5, = 0. For
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example, at offset O, = 2%, the reccived baseband values are

Al
1 2r . .27
r(0,0) = 5(]*?e{Y(O)} + (*os(ﬁ)]?(‘{}’ (0)} — Sm(A—])]m{Y(O)})
1 2 ‘
- 5a +cos(]\7[r))
1 2m o, 2m 5, 2T
= Q(COS(]\{) + cos (ﬁ> + sin (]\f))
1 2 2 2m(M -1 2 2m(M — 1
= E(cos‘(—w) + (‘os(—;) Cos(l]u—)) - qin(]\—jjr) Sill(%))
1 2m . 2w
= §(H€{Y )+ (‘OQ(]\—>R€{)/(]\1 -1} - sm(ﬁ)[m{Y(]\/[ -1}
=r(1,M—-1)
and
1
14(0.0) = §(Im{Y(O)} + cos( ]\[ [m{) (0)} + sin ]\1)]?( {Y(0)})
1 2
= S(sin(52)
1, 27 27 2w 27 2m
= 5(%111(ﬁ)—(os(ﬂ)sm(]\[)+5111(j\[) (ﬂ))
1 2 2 2n (M -1 2 2n (A — 1
= §(Sill(j\7;) + (‘OS(]\j> sin(L(Wj—)) + sin( ]\7‘;) ('()5(%))
1 2
= 3([17){3’( )} + cos( ]\ [m{) M= 1)} +%111(]\ JRe{Y (A —1)})
=1,(1,M —1)
Thus, at carrier phasc offset 6, = f\—j we have that 1(0,0) = 1(1,M-1). This implies
ambiguity, since
1,, =0+0

Thus.

The symbol points correspond to different PNC values which the receiver has no way ot

distinguishing.

S=1+M-1

H(

| 2
T 7& e
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3.4 Minimum Distance

We will now quantify the cffect of phase offset, 84, on the distance between symbol points
representing different data in the network coded constellation. For the case of M = 2,
we proved in the last section that symbol ambiguity is impossible. As a corollary to
this proof, the minimum distance of these physically network coded symbols will stay
constant regardless of the relative orientation of their component constellations. We
therefore consider minimumn distance for the case of modulations with M > 2. We know
from the previous analysis that symbol ambiguity occurs at 0, = % for i = 1,2.... but
is avoided at 5 = 0.7 . Consequently. we can expect that the minimum distance of PNC
signals will vary as a function of of 4.

Figure 3.5 shows the minimum distance as a function of 6, for phvsical network codes
made up of QPSK and 8-PSK signals. The distance between signal points representing
different phvsically network coded data is normalized by the minimum distance of the
component signals. As previously discussed, there is no ambiguity at 6, = 0.7. In
fact. at these offsets. PNC QPSK las the same minimum distance as the underlving
coustellation. The analysis of [3], which showed that the capacity of the multiple-access
PNC link is similar to the single signal case. holds in this situation. However, a slight
shift in the relative carrier phase brings about a stecp decline in minimum distance and

channel capacity, culminating in total ambiguity at 4 = I. The results are even more

82
42

discouraging for the case of 8-PSK, which has = 4 times more points sharing the
same signal space. There is an intrinsic performance penalty when using PNC with
this modulation, as the minimum distance peaks at a fractional value of the underlying
constellation’s.  Also, ambiguity can be scen at 3 carrier phase offsets in the interval
HA < [0 ™ }

Clearly, the PNC system becomes unworkable when allowing for an arbitrary carrier
phase offset between its component signals. The problem of reduced minimum distance
and svmbol ambiguity result when applying higher-order PSK constellations to PNC.

Although we have only considered MN-PSK for A/ = 4,8, these problems will arise when

o
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Figure 3.5: Normalized minimum distance of PNC constellations.

using any higher-order phase modulation. We therefore need a modulation scheme and
demodulating algorithm which can overcome the problem of phase offset and produce a

joint-decode of PNC signals.
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Chapter 4

MLSD of bit-Offset PNC

In this section. we present the MLSD algorithm used for the joint detection of signals
received simultaneously. As secun in the last section, two signals that are received at the
sanie time must be assumed to have an arbitrary carrier phase offset. For the case of
signals with syvinbol constellations containing more than 2 points. this offset leads to a
reduced minimum distance and. in the worst case. total svibol ambiguity. Conversely.
physical network codes made up of signals with onlv 2 constellation points will alwavs
have the same miniinum distance regardless of carrier phase offset. with the resulting
network coded constellation containing at most 4 points. This observation is used to
develop higher-order modulation schemes compatible with physical network coding. Since
a receiver is able to detect at most 4 constellation points from the two sources at one tine,
the modulation used by the sources cannot, at a given time instant. branch to more than
two values. With the aim of developing higher order modulations and increasing the
transmission rate. we allow an arbitrary munber of possible symbol points to which a
source can eventually transition during a svibol interval. This progressive transition will
allow the receiver to track the detected physical network coded signal as it hranches at
cach bit interval.

Bit offset modulations possess these progressive transition properties. of which Offset

Quadrature Shift Keving (OQPSK) is a well known variant. In this scheme. the two bits
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describing a svinbol each modulate separate orthogonal channels. Moreover, the channels
are made to transition in value at different times such that at every bit period, the signal
constellation either switches value or stavs put. However. at cach svinbol period. the
signal can take on all four constellation values. Originally developed for use in a single-
user setting, OQPSIK’s good spectral containment and ease with which it can be amplified
led to its widespread adoption. In the casc of a multi-user setting. however, we propose to
leverage its progressive constellation transitions to enable a receiver to track the phases
of 2 OQPSK signals reccived simultancously.

This use of offset modulation to enable phvsical network coding is related to the use
of NSK by the ANC schicme [4]. MSK also offsets the modulation of its two quadrature
channels such that instantancous 180° phase transitions are avoided. In addition, MSK
benefits from pulse shaping and a continuous phase impulse response which further case
its amplification.  Practically. MSK can be viewed as emploving +% phase transitions
to transmit different bits. It thercfore also achicves a capacity of 2 bits/s/Hz while
having only binary transitions at every time instant. precluding the occurrence of svibol
ambiguity when used for physical network coding with the proposed NMLSD algorithi.
This avoidance of symbol ambiguity was not the motivation of the authors, however, who
intended ANC as a practical proposal wlhich foregoes all svichironization assumptions
[4]. This was shown possible with a completely non-coherent detection strategy which
circuunvents the problem of ambiguity inherent in the coherent detection of PNC signals.
Nevertheless. the MLSD of physical network coded signals could be adapted to work with

MSK.

4.1 Offset Quadrature Phase Shift Keying

Returning our attention to OQPSK. we c¢an model a signal sample using the following;:

s(t) = ,/;—[:a, cos(2m fot) + \/%(IQ sin(27 f.(t = 1y)) for 0<+t<T, (4.1)



where &, is the energy per bit, 7T}, the bit duration and f. the carrier frequency. The
transmitted data is reflected in the a; and ag terms, which modulate the in-phase and
quadrature channcls. respectively. The timing difference between the quadradure channels
is evident in the time shift of one with respect to the other. This modulation can be seen
in Figure 4.1. The modulating symbol’s leftmost and rightmost bit modulate the in-phase
and quadrature channels. respectively.

Quadrature
Axis
A

in-Phase
Axis

Figure 4.1: OQPSK constellation

Equation (4.1) can be further refined to reveal the phase states of OQPSK. Following

the derivations of Simon et al. [23]. we now express a signal sample using;:

s(t) = \/;I:exp(%rf}f + o(t.a)+0) for 0<t <1, (4.2)

where # is an arbitrary carrier offset phase. The phase modulation is reflected in the ¢()
term. which is given by:

P(t.a) = 27h Z anq(t —nTy) (4.3)

n

where n is the discrete tine index corresponding to the bit intervals. i is the modulation

index, assumed % for OQPSK. and ¢(#) is the pulse shape. The sequence a,, € {—=1.0,+1}
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is related to the input bitstream a, € {—1.41} by:

1
a, = 5(—1)nan—1<an - an—?) (44)
Further simplification in relating the phase state to the received symbol value is possible
for the case of OQPSK, which has an instantaneous phase response. Indeed. ¢(f) can be
modelled as a step function of amplitude % resulting in ¢() changing value at discrete bit
intervals only. We can therefore rewrite (4.3) as:

T

50n + d(an-1) (4.5)

(]5(()/71 ) —

From this last equation. the recursive state representation of OQPSK becomes readily ap-
parent. As shown by [23]. the states are described by the previous 2 bits. a,,_; and a,,_».
as well as by n, which can be even for in-phase transitions or odd for quadrature transi-
tions. The trellis representation of OQPSK's state transitions is shown in Figure 4.2. The
signal phase states are shown with values s € {0, 5 3—_)73 7} and represent the transmitted
phasc relative to the initial signal phase. Also shown are the a, input bit values which
lead to the corresponding state transitions. A time-varying trellis is used to model the

progression. as different transitions are taken in the even and odd bit intervals.

4.2 Physical Network Coded OQPSK

We consider the physical network code applied to the svstem shown in Figure 3.1. The

summation signal (#) received by T is given by:
r(t) = s (t) + soft) + 2(t) (4.6)

where s,(f). + € 1.2 are the OQPSK signals transmitted by sources X1 and X2. The
AWGN of the recciver is captured by the z(#) term. which is a Gaussian random process
of power spectral density Nyy. In addition to AWGN, wireless links are usually modeled as
having a channel effect. While the effects on the received amplitude have been ignored.

the effeet on received phase is accounted for implicitly by the arbitrary carrier phase we
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Figure 4.2: OQPSK trellis representation

give to both signal components of (4.6). Applving the definition equation of OQPSK (4.1)

and assuming equal transmit power by both sources, we get the following expression:

r(t) = %oxp (y2mft+ </)((1,1)) +61)) + ;(; exp ((2rft + c/)(n,‘),) +62)) + =(f) (4.7)

where 4, and 6, arc the received phases of the signal components coming from X1 and
X2, respectively. Similarly, the o and o2 terms represent the modulating data of both
sources at the n'" time interval.

The receiver is assumed to have knowledge of both sources™ received carrier phases
through the use of a training sequence during which cach source is able to transmit a
pilot sviubol. Thus, destination 7" is able to mix a locally-generated carrier which is
assumed. without loss of gencrality. to have phase €. with r(f) to obtain the following

bascband signal:

re = ) L exp ((lal ) + 4/ &

T T, P (J(d(a) +0a)) + = (4.8)

wliere 0 = 6, — 6, is the difference between the two sources” carrier phases.
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4.3 Trellis Representation of PNC signals

In order to perform MLSD on the received signal set R. it is necessary to define the
trellis that modecls the progression of the received physically network coded symbols. As
the underlving signals have a constrained state progression. the aggregate symbols will
likewise possess a patterned succession.

Similar to the case of single-source OQPSK. the PNC signal states are defined bv the
phase values at every tinie interval. Specifically. we define the states of the PNC signal

in terms of the phase states of the two transmitted component symbols:

S, . E, € %[(exp(,/qb(n,',)) +oxp(y(d(a2) + 0] for h=1,2...16
b

" bit interval, respectivelv.

where S and E) are the starting and ending states at the n
The state values are a tunction of the é(a) modulating terms which were shown in (4.4)
to depend on the last 2 transmitted bits. We therefore express the A index as a tunction

of the last two bits transmitted by the two sowces.

> > or .
Jlab al a2 ca?) if nis even

ko= (4.9)

flal.al . a2.a%_)) ifnisodd

where f() is a counting function that returns the state number given 4 hinarv values. The
state progression coriesponds to a time-varying trellis that is similar to the underlving
alternating transitions of OQPSK and explains the different ordering of the ¢ parameters
in (4.9). So. for example, if the last 2 bits transmitted by A1 and X2 arc a!.a? = —1
and the interval is even, the starting state will be S and the possible ending states are
{E\.E,, E5. E,}. Likewise. it the interval is odd, the starting state will be S and the
possible ending states are instead {E). E5. Ey. Eyy}. An illustration of this trellis is shown
in Figures 4.3 and 4.4. The relative phase states of the two component signals are also
displayed.

A good way to visualize the PNC trellis is to decompose it into sets. At cach interval.
the 16 states arve divided into 4 sets. cach containing 4 states. The signal points corre-

sponding to set A of the in-phase transition is shown in Figure 4.5. The cffect of phase
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offset 6, on the layout of the signal points. which are marked with their corresponding
PNC data. 1s clearly depicted For every starting state in a set, S; € A. the ending state
for each transition is also in the same set, £, € A. Therc is a crossover in states. however.
as the in-phase and quadrature transitions have different sets. Indeed. in the next time
interval, 3; such that S, = E; and S, ¢ A. The significance of sets will become apparent
in the next section when thev will be used to obtain a heuristic explanation for the BER

of the MLSD.

Quadrature
AXxis

In-Phase
Axis

Figuie 4.5: PNC coustellation coriesponding to Set 1 of the in-phase transition

The decoder is able to use this tiellis model to perform the NLSD of the transmitted
network coded data. Given the set of received symbols R. the decoder secks to obtain the

sequence of states .S which maximizes the a posterior: probability given by:

cxp (ﬁ_‘ﬂ) (4.10)

204

p(R[S) =

2ro

wheie 02 = %N(, is the variance of the AWGN. The Viteibi Algorithm (VA) is a practical
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method of obtaining this maximum likelihood sequence. As the trellis is based on OQPSK.
the branch metrics can be similarly computed by comparing the ending states to the
received samples at every bit interval. independent of the originating state and transition
taken for each branch. Rearranging (4.10) by discarding the terins common to every state

and by computing the log-likelihood. we get the following the branch metric equation:
fy = (ry — E,)? (4.11)

where g% is the branch metric for transitions ending at state & and occuring at bit interval
n. The decoder uses these metrics to progress its confidence in every state at cach hit
iteration:

ME) = A(S)) + 11, (4.12)
where A() represents the cumulative metric of the given state. The index ) refers to the
states for which S, € Aif £}, € Av r.e.. the starting and ending states ave in the samne set.
The VA is used to compute the confidence of each state and select the survivor path with
the smallest cumulative metric. from which the network coded data readilv follows. The
network coding constraint requires that the mixed symbol be extracted from the received
signal and therefore that the receiver decode a value corresponding to the multiplication
of hoth sources” symbols. Thercfore. all states with indexes for which a) # a? vield the

decoded network coded data a'* = —1. Converselv. states for which a ,11 = (1‘,27 vield a? =1

4.4 Generalization of the MLSD

The MLSD of physically network coded OQPSK signals has been presented to resolve the
problem of symbol ambiguity for transimission rates of
2 bits/sviubol. We now take the concept one step further and adapt it to signals op-
erating with higher order modulations.

In order to carry out NLSD on PNC svimbols. the 2 sources are constrained to use
bit-offset modulation. We consider Al-ary phase and amplitude modulations that are

able to spread out their symbol transitions over A/ bit intervals such that the resulting
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bandwidth is not greater than the original modulation’s bandwidth. For example. for the
case of M =1 just examined, it is a well known fact that OQPSK has a bandwidth equal
to that of QPSK. For the case of M > 4. additional channels are needed to supplement
the in-phase and quadrature channels used bv OQPSK. A natural progression is to use
an amplitude channel. giving an Offset Quadrature Amplitude Modulation (OQANI).
The receiver must track an increased number of states. Indeed. given an Al-ary phase
and amplitude modulation, the resulting PNC symbols contain M? states representing,

every conibination of the component signals, given by:

| 2
S..E, € ;—"(‘Xp(,j(f)(a;)) + T” exp()(d(a2) +8a) for k=1.2... A7
b b

where a!, and &, are the phase and amplitude states. respectively, of the source i € 1.2
signal during bit interval n. The recciver must also keep track of varving state transitions
at every bit interval. As seen for the case of OQPSK. the PNC svmbols are modelled with a
time-varving trellis that accounts for the alternating in-phase and quadrature transitions.
For Al > 4. there are additional sets of state transitions that signal the remaining bit
transmissions. As an example of this genceralization. we present PNC for the case of AT=8.
Offset 8QANL An illustration of the signal space of this modulation is shown in Figure 4.

The 8QANM constellation is closely linked to the OQPSK signal of the previous section.
The 8 symbol points are divided into 2 rings of different diameter; cach containing 4
points. The two rings have a § relative offset and are given symbol values that differ by
the leftmost bit.

Analogous to OQPSK, bit offset 8QAN works by also using the in-phase and quadra-
ture transitions to transmit the 2 rightmost symbol bits. However. the third symbol bit
is signalled by combining a transition to the other ring amplitude with a 7% phasce shift.

This vields the following modulation:
s(t) = [Qe? TPl I (1) (4.13)
where Q0 is the signal amplitude and T'(#) is the component OQPSK modulation given by
I(t) =exp2rft+o(t.a,)+0)  for 0 <t<T,
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where
1
a, = 5an__,((zn —day—3) for n=14.7.
and
1 9 5 Q
Q, = _5(111—1(077 - (ln~3) f()l" n=2958

L

The o) term represents the phase modulation and 15 given by Equation (45) The

Ba,+3) term 1epresents the additional amplitude modulation and 15 given by

(an + (171—5) + #))((71173) for n=3.0.9.

SR

Bla,) =

Finally. the € term of (4 13) 1epresents the amplitude of the it samples and follows

él}_l —1
,/ﬁ_é(szﬂz )

Tvpically. the outer 1mg 15 at twice the amplitude. leading to

0 =20"



As described previously, the receiver obtains the suim of two signals, s;(#) and so(t). with
cach having an arbitrary carrier phasc. The samples are then converted to baseband and
given to a 82 = (4 state time-variant trellis decoder. from which a maximum-likelihood
estimate of the physical network coded data is obtained.

Refinement of this system will be required, as the offset 8-QANI used by the 2 sources
does not respect the bandwidth constraints of the PNC system. The two quadrature
channels change in value more than once during a symbol interval. causing the signal
bandwidth to exceed that of regular 8-QAM. However. using the Continuous Pliase Mod-
ulation framework [23]. the symbol transitions of 8QAN! could be converted into 3 binarv

transitions that conserve the bandwidth properties of the original modulation.
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Chapter 5

Performance Evaluation

In this section. we present the simulation results of the proposed MLSD algoritliun used to
decode physical network coded data. The svstem examined is illustrated on Figure 3.1 and
counsists of two sources simultancously tl'ansmitting to oune receiver, which must extract
the joint information from the received interfercuce signal. The two sources are assumed
to possess perfect timing and frequency svuchronization. Additionally. the transmitters
use an identical pulse shape and equal trausmit power. However. the parameter most
difficult to synchronize is the received carrier phase of both component signals. It is on
this asyuchrony that we focus our attention. Monte Carlo methods are used to produce
the receiver AWGN saniples.

In the model investigated, we cvaluate the decoding of a signal sample given by:
r(t) = si(t) + so(t) + (1) (5.1)

where z(f) is the AWGN and s,(#) the component signals. for which we consider several
different constellations. The destination I? must recover the PNC data from received
samples 7(t) in the presence of carrier offset. which has the effeet of rotating s, () relative
to s, (t).

We begin by showing the cffects of carrier phase offset on the regular reception of PNC
symbols made up of phase modulated signals. We next present the simulation results of

the proposed NLSD of OQPSIK PNC. which we justify heuristically. Finallv, we discuss
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the results of the MLSD of PNC symbols made up of offset 8QAM.

5.1 Regular Detection of BPSK PNC

We consider a regular detection strategy for PNC symbols made up of phase modulated
signals. This strategy is carried out by building a signal space constellation to which
received signal samples are compared. For the case of PNC symbols made up of BPSK
signals, the received constellation is shown in Figure 3.4. The receiver is able to obtain the
maximum-likelihood estimate of the transmitted data by choosing the PNC symbol point
which comes closest to the received signal sample. Figure 5.1 shows the experimental
curves of the BER as a function of offset angle betwen the two BPSK signals making up
the PNC The SNR value ]f,—"o was given three different values, 1, 3 and 5 dB.

——SNR 13
—SNR 3]
E—-——

-1

107

sadil

BER

O I

10'5 ! i I 1 1
0 wé w3 w2 213 Sn/6 %

Offset angle between the two BPSK signals, radians

Figure 51 PNC detection of BPSK: BER vs offset angle for different values of SNR (]f,—‘;)
in dB
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As shown in the previous section. the minimum distance of PNC svinbols made up
of binary signals is constant at any phase offset. Thercfore. we expect a flat BER curve
plotted as a function of 6,. Experimental results. however. show a slight deviation in
the curves. This can be explained by the increased number of points present in the
symbol space as 0 shifts in value. Indeed. as the carrier offset deviates from 0°. the
PNC counstellation goes from 3 to 4 points. Correspondingly. the error region increases in
size. reaching a maximum at an offset of 3. This expansion of the error region results in
a lincar and negligible increcase in the probability of crror. A PNC system employing a
binary angle modulation is able to avoid the problem of capacity outage when the carrier

phases are offset.

5.2 Regular Detection of QPSK PNC

This optimistic result does not hold for higher order phase modulations. however. Pre-
viously. it was shown that PNC made up of signals with constellations containing more
than 2 symbol points suffer from a reduced minimum distance as one constellation rotates
relative to the other.

We now consider PNC applied to QPSK signals. The decoder of such signals works
as before. The PNC constellation is compared to the received samples and the closest
symbol is chosen as the most likely transmitted network coded data. The PNC QPSK
constellation now contains up to 16 points. An example of this constellation is pictured
on Figure 3.3.

To illustrate the cffects of phase offset on the decoding of PNC QPSK. we again
simulate a receiver subject to AWGN. The resulting BER curves are shown in Figure 5.2
for 3 simulated /_EVIE values of 1, 5 and 10 dB.

As predicted by the minimum distance plot of PNC QPSK shown in Figure 3.5. the
symbol decode is severely degraded as the carrier offset deviates from 0°. The error region
now increases exponentiallv and peaks at offset multiples of 7. where the PNC constel-

lation experiences svinbol ambiguitv and the decoder is not able to obtain satisfactorv
1 | SUIT )
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Figure 5.2: PNC detection of QPSK: BER vs offset angle for different values of SNR (]f,—f;)
in dB

performance at any SNR. Moreover, the BER curves are periodic at an offset of 7 radians,
as with the previous PNC BPSK curves.

Obviously, adapting higher-order modulations to PNC is also impractical. From previ-
ous analysis, PNC 8-PSK constellations have an even greater susceptibility to ambiguity
and reduced minimum distance. The BER that results from the demodulation of higher-
order PNC constellations will exhibit a similar exponential degradation in performance

as the phase offset deviates from 0°.

5.3 Proposed Solution Results: OQPSK PNC

Simulation results confirm the previous analysis and demonstrate that employing a mod-
ulation rate greater than 1 bit per transmission for PNC yields an unworkable system.
The proposed solution consists of bit offset modulation by the sources and MLSD of the
resulting PNC symbols by the receiver.

This solution was simulated for a receiver subject to AWGN. Although the wireless
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media will invariably result 1n a fading gain on received signals, we neglect these channel
effects and focus instead on the problems brought on by asynchrony Furthermore, we
consider unfiltered pulses such that the signal enegy 1s spread out evenly throughout the
symbol duration Even though practical systems would use filtered pulses which have
better spectral characteristics, we focus on unfiltered pulses as they are easier to simulate
and 1llustrate the same system properties The resulting decoder performance 1s 1llustrated
in Figure 5 3, which shows the BER of the PNC decoder for several values of received

carrier offset At least 10 bit errors were counted for each experimental pont

BER

106 i 1 1 1 ! 1 1
1 2 3 4 5 6 7 8 S 10

SNR (¢,/Ny), in dB

Figure 5 3 Decoder performance of the MLSD of OQPSK for different values of 6

The first conclusion from these results 1s that the MLSD of PNC made up of bit
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offset modulated signals is able to solve the problem of symbol ambiguity and decreased
minimum distance. There is no carrier phase offset at which the component signals yield
PNC symbols which are decoded with a prohibitive performance penalty. In other words,
there are no pair of offset values that yield decoder performances that differ by orders of
magnitude.

The system does not have an offset-invariant performance, however. There are indeed
noticeable differences in the simulated BER curves at different offset values. Figure 5.4
provides another perspective on these results. The decoder BER is now expressed as a
function of the offset angle and curves are given for various SNR values. The different
curves share certain characteristics: they all have minimum BER results at 85 = 0 and

have a structure that is periodic about offset value 05 = 7.

BER

—SNR 7
—SNR8
—SNR 10

10 1 1 1 1 1

0 w6 3 a2 293 Swé %
Carner Offset, radians

Figure 5.4: MLSD of bit-offset OQPSK: BER as a function of 6, for different values of
SNR ($%) in dB
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Interestingly. the curves also have some variable features. For example. at low SNR.

the decoder performance at an offset of 64 = 7 is superior to the performance at 65 =

s
5-

However. when the SNR is increased. the results are now opposite as the offset of 54 =

M

vields a better decoder performance.

5.4 Error Bounds on the MLSD of PNC

This behaviour can be explained by analvzing the error events of the trellis decoder. We
examine the most-likely error events and obtain heuristic explanations fo1 the varving
performance at different values of .. The most likelv error events are the ones which
possess the minimum Euclidean distances to the transmitted sequence. An error event is
broken down into 3 phases. described by the path taken on the trellis 1elative to the real
transwitted sequence. The first phase is the initial diverge. during which the two paths

start from the same state but end at a different state. The initial phase tollows:

S =5,
and

E, # E,

where S, and S, are the starting states of the correct and erroneous sequences. respectivelv.,
Similarly. E, and E, are the ending states of the coiresponding sequences. As the two
sighals making up the PNC symbols arce in effect binary. our previous conclusion that a
coustant minimum distance holds at cvery 6, value applies to this case. The distance
between these two paths is /2F), for every value of 64. The intermediate phase follows
and occurs when the two sequences have starting and ending states which do not belong

to the sawme state sets:

AL #£ A,
and

e # X


file:///f2E~i

where S, € A, and S, € A, are the sets of the starting states of the correct and erronous
sequences, respectively. Likewise, £, € X, and E, € ¥, are the sets of the ending states
of the corresponding sequences. This intermediate phase can have distance metrics as low
as 0 for 6, = 3.

Finally, the remerge phase completes the error sequence and occurs when the paths of

the two branches end at states which belong to the same set. giving

Ao # A,
and

Z( =X,

After this remerge phase. the Viterbi decoder will select the error sequence and discard
the correct path if the metric of the former is less than the metric of the latter.
Consider the distance metiics associated with the following three 4 values shown in

Table 5.1. which are detived from the trellis shown in Figures 4.3 and 4.4.

Table 5.1: Distance values of the error phases

6, | Diverge, d4 | Intermediate, d? | Remerge, d‘;’ﬁ
0 2F, 4F), 2L,

T 2L, (2 — V2)°E, 22— V2)E,
s 28, 0 25,

The SNR-variant behaviour of the MLSD becomes immediatelv elear from the dis-
tance values in Table 5.1. It is known that a coded transmission having the largest total
minimum distance will perform better at low SNR. However, at high SNR, the largest
instance of minimum distance now dominates and the coded sequence possessing this
transmission will exhibit the better decode. This explains the experimental results: at
low SNR. the decode of PNC' svibols with 6 = 7 is superion to that of 64 = 5. As the

SNR increases and the single instance of minimum distance dominates, the decoding ot



the latter outperforms the decoding of the former. Also, the distance values of PNC at
fx = 0 are larger than at the other 2 offsets. This again corroborates the experimental

results, as the best decode is obtained at an offset of 6,5 = 0.

5.5 MLSD of Offset SQAM PNC

In an effort to generalize the proposed PNC demodulation solution and adapt it to higher-
rate transmissions, the MLSD algorithm was applied to PNC waveforms made up of offset
8QAM signals.

We again consider the decoder performance of the receiver of PNC signal samples
given by (5.1). The two sources are now transmitting offset 8QAM signals, and s,(f)
and s5(t) are given by (4.13). The received samples are given to the MLSD described in

section 4.4 and the probability of error of the decode is shown in Figure 5.5.
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Figure 5.5: Probability of bit error for the MLSD of PNC 8QAM

The results again confirm that the proposed solution is able to solve the problem
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of reduced minimum distance and symbol ambiguity for phase-offset physical network
coded 8QAM signals. There is no offset at which the decoder experiences an exponential
degradation in performance.

As for the case of PNC OQPSK. the performance at the different offsets is also SNRR-
variant. For example. the order of the quality of the decoding of 8QAN PNC signals
at 0dB SNR is given by [0.%, §.5]. This order changes to [0.5. %. T} at 10dB SNR. The
varving minimum distances through the trellis for the different offset values is again
responsible for this behaviour.

The 8QANI error probability curves at the different offsets are much more tightlv
spaced than for the case of OQPSK. For instance. at 10dB SN, the BER curves of the
MLSD of the PNC 8QANMI constellations have a spread of less than 1dB between the Dest
and worst performance. As seen in Figure 5.3. the curves of PNC OQPSK have a spread
of almost 2dI3 at the same SNR.

This smaller variance in performance of oftset 8-QAN PNC relative to OQPPSK is the
result of the larger minimum distances between the different sets making up the trellis.
The third transitions. which nmiodulate the amplitude channel of the 8-QAN constellation
are less vulnerable to reduced minimum distance as the component constellations rotate

relative to cach other.



Chapter 6

Conclusion

This section concludes the thesis. We first provide a summary of the contributions and

follow with a description of further rescarch in the arca of phvsical network coding.

6.1 Contributions

The contributions of this thesis are twofold. The first was the problem formulation. which
showed the impracticality of current solutions. The second contribution is the devised

framework solution. which is able to resolve the problems inhierent in current systems.

6.1.1 Problem Statement

This thesis contributed to the work in the arca of network coding. Specifically, a transmis-
sion framework for wircless networks cmploying physical network coding was formulated.
As the capacity of networks utilizing single-user strategies decreases as the number of
users goes up, the use of physical network coding as a multi-user transinission strategy to
increase throughput is promising.

However. current PNC systems relied on several assumptions. chief among which was
the svachronization of the received carrier phases of both component signals. We showed

that this assumption is untenable. and thercfore that the carrier phase offsets hetween



the two component signals must be considered randoni. As a result. any demodulation of
PNC symbols made up of signals with a rate greater than 1bit/symbol are susceptible to

reduced minimum distance and total capacity outage at given carrier offsets.

6.1.2 Proposed Framework Solution

The main contribution of this thesis is a modulation and demodulation solution which
is able to provide a reliable decode at any phase offset. The framework solution is able
to avoid the problem of symbol ambiguity which affects current svstems. Using the
observation that binary signalling is not affected by a reduced minimum distance as the
carrier phases become asynchronized. a bit-offset modulation and Maximum-Likelihood
Sequence Detection framework was devised which can provide svstems operating at an

arbitrarv rate. The following systeims were investigated:

e 2 bits/transmission using OQPSK by both sources.  The simulated BER curves

confirm that this svstem can operate at anv carrier offsct.

e 3 bits/transmission using offset 8QAN by the sources. Simulations again shows that
the svstem can operate at any carrier phase offset. This modulation has not been
fullv designed. however. A phase impulse response will need to be developed for the
offset 8QANI such that the resulting modulation possesses bandwidth characteristics

that are similar to that of regular 8QAM.

It would scem possible to adapt this svstem to work with transmissions at arbitrary

rates. albeit at the cost of an exponential increase in computation complexity.



6.2 Future Research

There are sceveral promising avenues for future research in the arca of physical network

coding.

e Devising specific bit-offset modulation for the PNC framework: The pro-
posed framework utilizes conventional bit-offset modulation which is probably not
optimal for the intended MLSD. As detailed previously, these modulation use a
crude instantancous impulse response. Perhaps a modulation that uses a different
impulse response could offer a better decode of PNC signals. Specifically. a decode
which is totally invariant to carrier phase offset would be beneficial, as a predictable
performance could be obtained in every setting. For the case of offset QAN the
phase response is not vet defined. Devising a phase impulse response which allows
for the modulation to possess the same bandwidth characteristics as regular SQANI

would validate the use of PNC for transmissions cmploving 3 bits per symbol.

As discussed previouslv. ANC is based on MSK modulation which also cinplovs bit-
offset transitions [4]. It would be interesting to consider the NILSD of PNC syvinbols

made up of MSK signals.

The modulation used for PNC is onlv constrained to cmiploy binary bit-offset sig-
nalling. Thus, as long as the bandwidth budget is respected by thic modulation, any
bit-offset modulation offering a favourable decode of the resulting PNC symbols

could work in owr PNC framework.

e Further characterization of PNC framework: In this thesis. a heuristic ex-
planation was given for the probability of bit error in the decode of PNC symibols
made up ot OQPSK. A more thorough characterization could vield models that bet-
ter predict the performance of PNC systems and provide more insight into the trellis
decoding of PNC svinbols. This last benefit could in turn assist in the construction
of better modulation schemes for the framework. The studyv of the effects of other

asvichrony in the decoding of PNC symbols is also required to better understand



how these svstemns will fare in a real-life setting. In the initial proposal of PNC. the
authors consider carrier frequency and symbol timing asynchrony in addition to cai-
rier phase [3]. The same analysis should be carried out for the proposed framework

solution.

Study of PNC systems in fading channels: The wireless media has a random
effect on the phase of received signals and is the principal reason that the carrier
phases of the component PNC signals cannot be synchronized. In this thesis, we have
only considered implicit channel effects on carrier phase. Many practical wireless
channels. however. are modelled as having a more complex effect that modifies a
signal’s amplitude as well as its phase. It would therefore be beneficial to study the

proposed framework under these fading channel models.

Other ways to demodulate PNC signals: There are perhaps other wavs to
compensate for the asynchrony in received PNC signals.  For example. a multi-
antennae receiver may be able to use its independent channel samples to obtain a

satisfactory estimate of both sources™ joint information.
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