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ABSTRACT Network coding (NC) constitutes a promising technique of improving the throughput of
relay-aided networks. In this context, we propose a cross-layer design for both amplify-and-forward and
decode-and-forward two-way relaying based on the NC technique invoked for improving the achievable
throughput under specific quality of service requirements, such as the maximum affordable delay and
error rate. We intrinsically amalgamate adaptive analog network coding (ANC) and network coded mod-
ulation (NCM) with truncated Automatic Repeat reQuest (ARQ) operating at the different open system
interconnection layers. At the data-link layer, we design a pair of improved NC-based ARQ strategies based
on the stop-and-wait and the selective-repeat ARQ protocols. At the physical layer, adaptive ANC/NCM
are invoked based on our approximate packet error ratio. We demonstrate that the adaptive ANC design
can be readily amalgamated with the proposed protocols. However, adaptive NC-QAM suffers from an
SNR-loss, when the transmit rates of the pair of downlink channels spanning from the relay to the pair
of destinations are different. Therefore, we develop a novel transmission strategy for jointly selecting the
optimal constellation sizes for both of the relay-to-destination links that have to be adapted to both pair of
channel conditions. Finally, we analyze the attainable throughput, demonstrating that our truncated
ARQ-aided adaptive ANC/NCM schemes attain considerable throughput gains over the schemes dispensing
with ARQ, while our proposed scheme is capable of supporting bidirectional NC scenarios.

INDEX TERMS Cooperative communication, cross-layer design, two-way relaying, network-coded
modulation, automatic repeat request.
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SN Source Node

QAM Quadrature Amplitude Modulation

PSK Phase Shift Keying

CRC Cyclic Redundancy Checking

DC Direct Current

SW-ARQ Stop-and-Wait ARQ

SR-ARQ  Selective-and-Repeat ARQ

BER Bit-Error-Rate

AWGN Additive White Gaussian Noise

SNR Signal-to-Noise Ratio

CSI Channel State Information

TDD Time Division Duplexing
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NOTATIONS

hi, ho, 81,82 channel gains

My, M>, Myjj, Majj, My ;, M2 ;  constellation size for
SN1—RN—DN2
(RN—DN2) and SN2—RN

—DNI1 (RN—DN1) links

vi,i=1,2 the received SNRs at
DN1 and DN2

pyi),i=12 distributions of y;

Pjj, Pyj, Py, P2 transmit powers at RN or
SNs

P, P average transmit power

ng" i s Piloss maximum number of
retransmissions

A SNR loss coefficient for
NC-QAM

PER; ,, (vi) packet error ratios

parameters of the AM
mode n

boundaries of the AM

modes for the pair of links
the instantaneous transmit

Aj,ns &i,n> Vi,pn
R = a7ty a7l
in = |/ Vins /Ao Vintl

/ /!
Ri2, Ry 5, Ry
rate

Spsk. Spsk bandwidth efficieny

I. INTRODUCTION

The number of mobile users supported by wireless commu-
nication networks has increased dramatically, resulting in
a booming market for the mobile Internet. Thus there is a
growing interest in simultaneous throughput improvements
and QoS enhancements. High-rise buildings constitute typ-
ical business venues, where cooperative relaying communi-
cation is capable of improving the network’s coverage and
reliability, as shown in Fig. 1. Two-way relaying (TWR), also
known as bi-directional relaying, holds the potential of pro-
viding practical solutions for enhancing both the spectral effi-
ciency and the reliability for existing wireless networks. Both
AF-TWR and DF-TWR constitute popular relaying methods.
An example of the AF-TWR or DF-TWR topology is shown

2

in Fig. 1, where two users want to exchange their information
using two/three-time-slot protocols. The broadcast nature of
bi-directional relaying readily supports the application of
network coding in relaying networks.

Torrance and Hanzo [7] introduce
adaptive modulation in slow
Rayleigh fading.

Goldsmith and Chua [11] propose
variable-rate, variable-power QAM
for fading channels.

Alouini and Goldsmith [10]
investigate AM for fading channels.

Li, Yeung and Cai et al. [1] propose
Network Coding.

Hanzo [8] extends adaptive coding
to QAM for OFDM, CDMA and
MC-CDMA systems.

Liu et al. [16] propose cross-layer
design of combining AM with ARQ.

Liu et al. [17] exploit queuing with
AMC.

Dai and Letaief [14] investigate
adhoc networks with Truncated
ARQ. Medard et al. [15] study ARQ
for network coding.

Hanzo et al. [12, 13] exploit ARQ for
Turbo-coding-aided transmission.

Chen et al. [4] conceive
Network-coded Modulation (NCM)
for DF-TWR.

Yang, Chen, Li and Hanzo [5]
extend AM to variable-rate,
variable-power NCM for DF-TWR.

Yang et al. [6] investigate AM to
variable-rate, variable-power ANC
for AF-TWR.

Network Coding (NC) has emerged as a powerful relay-
ing solution owing to its potential of achieving substantial
throughput gains [1]-[4]. The landmark contribution of
Li et al. [1] put forward the linear NC concept for single-
source multicast networks, demonstrating that linear codes
are capable of approaching the maximum capacity bounds.
To the best of our knowledge, [2] was the first NC contri-
bution on the practical subject of simultaneous information
exchange between two unicast flows (bi-directional/duplex
relaying). Asymmetric transmission problems of TWR were
investigated in [3]-[6], separately. Xie [3] investigated the DL
capacity of asymmetric DF-TWR. As a further discovery, the
authors of [4] and [5] proposed set-partitioning-based NCM
as a universal concept, which can be combined with arbitrary
constellations. Specifically, our previous work [5], [6] con-
ceived adaptive ANC and NCM based on modulo addition
of the normalised phase/amplitude, which circumvented the
asymmetric transmission problems of AF- and DF-TWR.
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FIGURE 1. Relaying-aided Cooperative Communication for Dense Coverage Network (AF-TWR

and DF-TWR scenarios).

However, how to improve both the reliability and throughput
of adaptive ANC/NCM communicating over fading channels
was left for later study.

In addition to the beneficial throughput improvement of
NC-aided relaying, the integrity of data transmission should
also be taken into consideration, especially for transmission
over fading channels. As one of the key techniques capa-
ble of enhancing both the reliability and the throughput for
transmission over fading channels, adaptive modulation has
received substantial attention [7]-[11]. Hanzo et al. designed
diverse near-instantaneously adaptive modulation and cod-
ing (AMC) techniques in [7], with adaptive coded modulation
investigated in [8]-[10]. Alouini and Goldsmith [10] and
Goldsmith and Chua [11] conceived adaptive modulation
schemes for flat-fading channels, where both the data rate and
the transmitter power were near-instantaneously adapted for
the sake of maximizing the throughput.

Another alternative technique of achieving high reliability
for networks is to rely on the ARQ protocol at the data link
layer [12]-[17]. Previous Hybrid ARQ (HARQ) designs were
proposed in [12], while AF and DF relaying based on HARQ
was studied in [13]. Moreover, adhoc networks relying on
ARQ achieving cooperative diversity were presented in [14],
while a ‘drop-when-seen’ algorithm-based ARQ protocol
derived for NC was proposed in [15]. Diverse cross-layer

VOLUME 4, 2016

designs were investigated in [16] and [17]. Specifically,
Liu et al. [16], [17] put forward an innovative scheme for
conveying delay-sensitive traffic, which combined AMC with
the classic truncated ARQ protocol. The proposed scheme
improved the attainable throughput, while fulfilling both the
associated packet-loss and delay constraints. The underlying
core idea behind Liu’s cross-layer design [16] is to strike a
tradeoff between a reduced physical layer PER and a higher
transmission rate. Therefore, by jointly optimizing both the
AMC and the truncated ARQ modules, it becomes possible to
improve the overall throughput of the system. However, [16]
considered a peer-to-peer scenario, and - to the best of our
knowledge - truncated-ARQ has not been considered in con-
junction with AMC in AF/DF-TWR scenarios in the open
literature.

Inspired by the above-mentioned techniques, we conceive
a beneficial cross-layer design, which combines adaptive
ANC/NCM with NC-based truncated ARQ protocols for the
pair of links in AF/DF-TWR networks. The first challenge
is to select a meritorious retransmission protocol, which
strikes a compelling throughput versus complexity trade-off.
A pair of practical NC-based ARQ protocols can be designed
based on either the stop-and-wait ARQ (SW-ARQ) or on
the selective-repeat ARQ (SR-ARQ). The second challenge
is to minimize both the associated delays and buffer sizes.
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Hence we consider truncated ARQ protocols for limiting the
maximum number of retransmissions. Finally, we character-
ize the PER vs SNR characteristics of AMC with the aid of a
curve-fitting method based on the approach of [16]. More
explicitly, we have to design a new transmission strategy
for the specific ARQ-aided NC-QAM in order to mitigate
the SNR-loss associated with the different transmit rates for
the DL of DF-TWR. In conclusion, we have to design a
hitherto unexplored solution, which is a qualitatively evolved,
intrinsically amalgamated new regime. The proposed
regime improves the achievable throughput of AF/DF-TWR
networks.

Against the above rationale and the inspirational contribu-
tions of [5], [6], and [16], we list the main contribution of this
paper as follows.

1) We intrinsically amalgamate the adaptive ANC/NCM
techniques of [5] and [6], the truncated-ARQ technique
of [16] and the Adaptive Modulation (AM) technique
of [10]. The amalgamated design is conceptually com-
plex but powerful. We emphasize that this system is not
a simple conglomerate of its components, but it is based
on a conscious step-by-step joint design.

2) We extend the peer-to-peer transmission regime of [16]
to AF- and DF-TWR networks, where the transmission
strategy at the relay node has to simultaneously adapt to
a pair of channel conditions, (i.e. SN1—-RN—DN?2 and
SN2—RN—DN1).

3) We design a pair of NC-based ARQ protocols for sup-
porting the proposed transmission strategy.

4) We optimize the transmission rate and analyze the
SNR-loss imposed by NC-QAM for DF-TWR network.
Then a novel realtime transmission strategy is con-
ceived. We further evaluate the performance of the pro-
posed scheme through extensive simulations. It is shown
that the proposed ARQ-aided rate adaptation schemes
are superior to their counterparts operating without
ARQ, resulting in SNR gains range from 1-3 dB.

This paper tackles the above-mentioned challenges and it is
structured as follows. Section II describes both our system as
well as channel model adopted, and introduces the proposed
cross-layer design. In Section III, a pair of NC-aided proto-
cols are designed for AF/DF-TWR. In Sections IV and V,
we introduce the adaptive ANC and NCM scheme followed
by the AM regime intrinsically amalgamated with truncated-
ARQ retransmission, where a novel transmission strategy is
conceived for DF-TWR. Finally, we evaluate the achievable
throughput and present our numerical results in Section VI.
Our concluding remarks are provided in Section VI.

Il. PRELIMINARIES AND ASSUMPTIONS

A. SYSTEM AND CHANNEL MODEL

Consider the AF/DF-TWR networks associated with a multi-
carrier TDM/TDMA system, which employs time division
duplexing (TDD). Fig. 1 describes a two time-slot AF-TWR
and a three time-slot DF-TWR network consisting of a relay

4

node (RN) and two destination nodes (DN1 and DN2),!
which want to exchange their messages through the RN
utilizing the classic time-division technique. The information
exchange between the two nodes can be divided into two
distinct phases: the multiple access (MA) stage when the two
SNs simultaneously/separately send their data to the RN,?
and the broadcast (BC) stage, when the RN broadcasts the
combined signal to both DNs.

Data Link [_____ :A_R_? _____ ,| Data Link

Layer v, e Layer

:. Cross-layer :l
i 3

Physical | _____________ ,|  Physical

Layer Layer

Adaptive
ANC/NCM

FIGURE 2. Cross-layer Structure Combining NCM with ARQ ([16, Fig. 2]).

Proceeding now with the AF/DF-TWR description of the
cross-layer framework, as is shown in Fig. 2, which relies
on the ANC/NCM aided AF/DF-TWR of [5] and [6] at the
physical layer, and on the truncated ARQ assisted AM regime
advocated in [16]. We then conceive an amalgamated adap-
tive NC scheme combined with truncated ARQ. Fig. 3 shows
our particular system and channel model, which consists
of the ANC/NCM transmitters, two receivers, two feedback
loops required for supporting our adaptive NC and ARQ, two
Nakagami fading channels, and buffer modules necessary for
the ARQ protocol. For flat fading channels, we adopt the
general Nakagami-m model having the fading distribution

mmyl

p(yi) given by
my; .
0 < &X -— ), i=1,2, €))
ZT (m) T ( 7 )

where y; represents the instantaneous SNR, y; denotes the
average SNR, I' (m) := fooo "~Ye~'dt is the Gamma func-
tion and m is the Nakagami fading parameter. The Nakagami
distribution can model wide-ranging fading conditions span-
ning from Rayleigh fading to the friendliest AWGN channel.
Based on the channel model of Fig. 3, the detailed infor-
mation flow within this framework will be clarified next.

m—1

p ) =

B. INFORMATION FLOW OF AF/DF RELAYING NETWORK

At the physical layer, multiple transmission modes are avail-
able. Bearing in mind that the channels are reciprocal, the
circularly symmetric complex Gaussian channel gains of
the AF links SN1—-RN—DN2 and SN2—RN—DNI are
denoted by g1, gr1, g2r and gy. For flat fading channels,
the channel gains remain the same for some time, hence we

IDN1 and DN2 also act as Source node 1 (SN1) and SN2 during the
multiple access stage.

2For DF-TWR, the two SNs transmit in two different time slots to avoid
the mutual interference [4].
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FIGURE 3. System and Channel Models of Adaptive ANC/NCM with ARQ for AF/DF-TWR. a) System and
Channel Model of Adaptive ANC (AF-TWR). b) System and Channel Model of Adaptive NCM (Downlink

of DF-TWR).

assume g1, = gr1 and g, = g2. For convenience, we
denote them as g1 and g». For the DF links RN—DNI1 and
RN—DN2,? we again denote the channel gains as g; and g».
Moreover, the AWGN terms of all links are assumed to have
a zero-mean and an equal variance of Ny.

As for our adaptive transmission regime designed for
flat fading channels in Fig. 3, we consider a discrete-time
channel having a stationary and ergodic time-varying gain
J/gi[t] and AWGN n;[t], with ¢ denoting the discrete time
instants. It is assumed that the system uses ideal Nyquist data
pulses having a bandwidth of B = 1/T, where T denotes
the symbol duration. The instantaneous received SNRs are

3Messages in the RN of DF-TWR are decoded and processed, therefore
we only consider the RN-DNs DL design. In this case it is assumed that the
RN has successfully received the signals wy and wp from both SN1 and SN2
during the MA stage.
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yilt] = Fg,-[t] /(No,B), while the average received SNRs are
¥ = P/ (No,B), with P denoting the transmit power. When
the context is unambiguous, we will omit the time reference ¢
related to g; and y;.

Having outlined the symbols adopted in Fig. 3, the infor-
mation flow of AF/DF relaying can be characterized as fol-
lows. For AF-TWR, the superposed signal received at RN is:

nyl_’RN = \/}Tlhl)q + \/P»2h2x2 + Znr- (@)

DN1 and DN2 recover their intended messages by subtracting
the message of their own, and get:

yll?NaDNl — hla\/ITzhﬂz + hlaan + Zu1, (3)
yIZQN»DNZ _ hza\/PThlxl + hoazyr + 202, “)

with « is the amplification factor.
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Packet
Structure 1

Packet
Structure 2

N, bits
Serial# Serial#
Pac
Packet |Scrial#| Payload | CRC |
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AMC with rate «— 5
N,/R, symbols (bits/symbol)
Block | i |
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ﬂ . E" Network Coded g
Framing 53 Modulation =
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Frame 1 pijots | conwotpars [ 41 [ 2 [ a3 [ wa | . [, ]
structure >
symbols blocks
CRC CRC

FIGURE 4. Packet and Frame Structures (based on [16, Fig. 3]) and Foundation of NC-aided Protocols (Subsection IV A).

27 For downlink of DF-TWR, the equivalent baseband signals
25 received by the coherent receiver of DN1 and DN2 are repre-
29 sented by:

230 yvi=hx+z, i=172, (@)
231 where x denotes the transmit symbol at the RN, where NCM
22 regime based on the modulo addition of the normalised
213 phase/amplitude is invoked. The generation algorithms of the
2 NC-QAM/PSK symbols are the same as [4]. After both DNs
235 receive the signals, the classic maximum a posteriori proba-
26 bility (MAP) detection rule is applied at both DN’s receivers.
.7 The specific receiver design for DF relay is available in [4].
s Both adaptive ANC and NCM are designed based on the
2w above signal flow. The underlying core idea behind AM is
20 to activate the highest-throughput transmit-mode, which is
21 capable of ‘just’ meeting the BER requirements. Both the
22 ANC and NCM designs adopt BER bounds to approximate
23 the theoretical BER expressions [18]. This allows us to
2 apply the data-link layer’s ARQ technique to TWR, because
x5 ANC/NCM has the same BER performance as that of tradi-
2 tional AM. Explicitly, in truncated-ARQ aided AM scheme
27 of [16], the transmit rate is appropriately adjusted, depending
23 on the near-instantaneous SNR y;. When the receiver side
29 SNRsobeyy; € R [yi,,,, y,-,n+1),n =0,1,...,N;,wechoose
0 the corresponding constellation sizes M;.

;1 Given this transmission description and based on both
2 AM and ARQ techniques, we will briefly summarize the
253 assumptions adopted throughout this paper.

s+ o The relay node is assumed to operate in the conven-

255 tional half-duplex mode, relying on an adaptive design at
256 the SNs/RN.

7 e Frequency-flat, slowly-varying fading channels are
258 assumed, where the channel quality is constant during
259 each transmission-frame but fluctuates from frame to
260 frame. Thus our AM scheme may be reconfigured on
261 a frame-by-frame basis.

%2 o The channel state information (CSI) is perfectly known
263 at all nodes. The perfect CSI-feedback conditions

may be approached by using training-based channel
estimation.
« Sufficiently reliable CRC codes are used.*

C. CROSS LAYER STRUCTURE

Observe in Fig. 3 that our cross layer designs relies on AM at
the physical layer, and truncated ARQ at the data link layer.
To elaborate a little further, our AM scheme relies on two
pairs of control groups. Each pair contains an ARQ control
feedback loop and an AM mode feedback loop. The related
parameters of each pair of loops are sent back via the same
physical feedback channel. Truncated ARQ protocols are
implemented based on the NC design, which will be detailed
in Section III. More explicitly, buffering modules of Fig. 3 are
specialized for the NC-aided SR-ARQ. The ARQ generators
and controllers arrange for the retransmission of the requested
information stored in the buffers 1-4.

Fig. 4 describes the data structure of the cross-layer design.
The processing unit at the data link layer is constituted by
a transmission packet, while that of the physical layer is
a transmission frame [16], where each frame contains Ny
number of symbols. More explicitly, each frame contains
multiple packets, where each packet contains N, bits, which
includes both the serial number, as well as the payload and
the cyclic redundancy check (CRC)’ bits to facilitate error
detection. When the transmit rate R,, is selected for mode n,
each packet is mapped to a symbol-block containing N, /R,
symbols. Multiple such blocks, together with the N, pilot
symbols and the control messages, constitute a frame to be
transmitted at the physical layer.

The key point for the intrinsic amalgamation of AM and
ARQ lies in the packet structure, where the packet’s data will
be mapped into symbols. We can therefore employ symbol-
level NC process, which is the foundation of ANC/NCM

4Specifically, the serial number and the CRC parity bits of each packet are
excluded from the throughput calculation, because they introduce negligible
redundancy in addition to the number of payload bits.

5The error detection CRC codes uses CRC-24bit check, as standard
in [21].
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for AF/DF-TWR. Of particular note is that the payload
lengths contained in a single packet of the different links are
variable, which is necessary for producing the same number
of information symbols. Then this constraint guarantees that
both the frames generated for the pair of links have the same
number of symbols for ensuring the NC operation. There
is no similarly strict requirement for AF-TWR, because the
messages at the relay are directly superimposed.

Ill. NC-AIDED ARQ PROTOCOLS DESIGN

Having outlined the cross-layer structure, we next proceed
with the design of ARQ protocols. Traditional ARQ proto-
cols mainly include stop-and-wait (SW)-, go-back-N (GBN)-,
selective repeat (SR)- and hybrid-ARQ. The choice of the
ARQ protocol depends on the application scenario consid-
ered. When we design ARQ protocols for ANC/NCM, it
is important to take into account the tradeoff between the
system’s throughput, latency, energy and design complexity.
We aim at selecting applicable protocols, which have little or

s no effect on ANC/NCM. For this reason, two kind of ARQ

protocols are considered, namely NC-based SW-ARQ and
NC-based SR-ARQ.

SN, RN SN,
DN, DN,
Pia P11 D Pz, P21
Pia <0ty Wl =3 Poy
Pis Py ®Pyy [ Py =2
NaK2 | Pyp €T o, ACKL = Py,
= Py, Py, @ Py3 P33
Py =, k2 =7 Pags
i P13 @D Py4 Pya
NAKS | Pyg €T ko; ROL - Py4 AR
P13 Pi3® Py Pra
Pis [<_ ey, ke =P Pag
= P4 P14 ® Py Pys <2
Pia <0 - - Pas

FIGURE 5. NC-based SW-ARQ for ANC/NCM.

A. NC-BASED SW-ARQ PROTOCOL

The basic idea of SW-ARQ is to ensure that each packet
has been received correctly, before initiating the transmis-
sion of the next packet. Fig. 5 describes the NC-based
SW-ARQ transmission process. Let P ¢, k = 1,2, ... and
Py, k = 1,2,... represent the packets transmitted from
SN1 to DN2 and from SN2 to DN, respectively. Each pair

s of Py and P;; will be merged into a single packet by their

modulo two addition at the RN. Then the resultant merged
packet will be broadcast to both DN1 and DN2. The first
packet received at the RN is transmitted in the first frame
and then the transmissions are paused. If the packets demod-
ulated at both DNs are error-free, DN1 and DN2 send an
acknowledgement (ACK) back to SN2 and SN 1, respectively.
In designing this ARQ protocols, the feedback signals are
transmitted from DN1 to SN2 through RN and vice versa.
If the packet demodulated at any of the DNs is a corrupted
packet, say, at DN2, then DN2 sends a negative acknowledg-
ment (NAK) or Retransmission reQuest (RQ) signal back to
SN1 via RN. Hence SN1 retransmits the packet required.
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There are two advantages of the NC-based SW-ARQ pro-
tocol. Firstly, when one of the receptions is corrupted, the
other side can operate normally without the need for retrans-
mission. Secondly, there is no need for buffering modules
for this protocol, therefore the design complexity is reduced.
The primary disadvantage of this protocol is that it provides a
relatively low throughput owing to pausing its transmissions.

SNy RN SN,

Py P11 @ P2y Py1
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FIGURE 6. NC-based SR-ARQ for ANC/NCM.

B. NC-BASED SR-ARQ PROTOCOL
If we allow for buffering at both the RN and the DNs
(only DNs for AF-TWR), we can implement our NC-based
SR-ARQ protocol, as shown in Fig. 6. When adopting our
NC-based SR-ARQ, there is no need for waiting, there-
fore it constitutes a continuous-mode transmission protocol.
In this design, the transmit packets and decoded packets
will be stored in buffers 1-4 seen in Fig. 2. The RN sends
a continuous stream of merged packets. If there are any
retransmission requests, take DF-TWR for example, owing
to an NAK signal for P, 3 at DN1, the RQ signal will be
sent to the RN. Then the RN adjusts its pointer in buffer 2 to
return to the specific point at which it stopped and resumes the
transmission of new packets. In this case, each retransmission
request results in the retransmission of a single packet.

As a benefit, NC-based SR-ARQ has a higher throughput
than NC-based SW-ARQ, albeit its design complexity is also
increased.

IV. COMBINING ANALOG NETWORK CODING

WITH TRUNCATED-ARQ FOR AF-TWR

In cooperative relying networks, the simplest relaying tech-
nique is constituted by the amplify forward protocol. In AF
relaying, the relay amplifies the message received from the
source node and simply broadcasts the superposed signal to
the terminals. Let us first consider the amalgamation of ARQ
with physical-layer adaptive ANC.

As stated in Section II, our ANC scheme relies on the BER
bounds of [6], which guarantees the same performance as
the traditional AM scheme. Traditional AM combined with
ARQ was designed based on the relationship of the BER
and PER. Let us now discuss our adaptive ANC design. Two
groups of transmission modes can be developed, namely the
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convolutionally coded M,-ary QAM/PSK modes® and the
uncoded M,-ary QAM/PSK modes. For the former trans-
mission modes, there are no closed-form expressions for
PER and BER. We may hence obtain both PER and BER
expressions by Monte Carlo simulations. By contrast, for the
uncoded latter modes, the closed-form PER expressions of
QAM have already been derived in (cf. [20, egs. (21)—(23)]).
We found that for uncoded QAM, upon substituting
[20, Eq. (22)] into [16, eq. (20)], the same PER results can
be obtained. Therefore we have unified the PER expressions
for ANC-QAM/PSK as

PER; =1— (1 — BER)Mri, i=1,2, (6)

where N, is the number of bits contained in a packet for the
different links.

From a BER performance perspective, the pair of links
could also be equivalently viewed as two independent links,
as illustrated in Fig. 3 a). Therefore the peer-to-peer AM
combined with ARQ [16] may be directly applied to ANC
for an AF-TWR scenario. Having designed the ANC-ARQ
framework, we next provide a performance analysis of adap-
tive ANC combined with Truncated-ARQ. From the above
analysis and Eq. (6) it can be concluded that our ANC com-
bined with truncated-ARQ is capable of attaining the same
throughput as the traditional ARQ-aided scheme, whilst our
new scheme supports the more complicated bi-directional
scenario. Finally, we should mention that the retransmission
design of each AF link is the same as in calssic peer-to-peer
ARQ design, and it is partially similar to the ARQ design that
will be detailed next.

V. COMBINING ADAPTIVE NC-QAM/PSK WITH
TRUNCATED ARQ FOR DF-TWR

This section deals with our cross-layer design conceived
for the downlink of DF-TWR. We firstly reformulate the
constraints by carefully customizing them for the cross-layer
design of DF-TWR. Then in Subsection A we investigate our

> adaptive NC-QAM/PSK scheme relying on our PER expres-

sions and on the fading region division philosophy of [5].
In Subsection B, based on our designs, a novel transmis-
sion mechanism is proposed for determining what specific
transmit rates should be adopted for maximizing the average
throughput in real-time systems, whilst satisfying the PER
and delay constraints. Subsection C details our performance
analysis.

According to the particular constraints of ARQ detailed
in [16], only finite delays and buffer sizes can be afforded
for practical reasons. Additionally, to conceive the truncated-
ARQ aided adaptive NCM advocated, we have to carefully
consider the intriguing character of NC-QAM. In summary,
we formulate the constraints in pairwise form as follows:

e NC-QAM suffers from a modest SNR-loss due to the

direct current (DC) bias of two-way communications.’

6Coded QAM is adopted from the HIPERLANY/2 or IEEE 802.11a stan-
dards [21], which is also adopted in [16].
TThe derivation of SNR-loss is provided in [5].

TABLE 1. SNR-loss coefficients of uncoded NC-QAM.

4QAM| M, 16QAM| M 64QAM| M,
4QAM| M2 A =1, =1 A=1,x=1% A1=1,2=13¢
16QAM|M: | Ai=%,22=1 | A=1do=1 | AM=1x=2
64QAM[M2 | A1=28 Xo=1 | ;=22 02=1 | A=1,)=1

This pair of coefficient is given by
1-m~t
— L fMi=My>2, i=12
—1_19 ifM2ZM122, l:1729
1—-M,
(N

with M| and M, denoting the constellation sizes of the
RN—DNI1 link and the RN— DN2 link, respectively. As
an example, we detail the SNR-loss values of {4, 16, 64}
QAM in Table 1.

o Basedon[16], N)‘}i‘a" is defined as the maximum number
of retransmissions, which can be specified upon dividing
the maximum tolerable system delay by the round trip
delay required for each retransmission.®

o In[16], Liu et al. quantified the probability of packet loss
after N}‘,?"‘X retransmissions, which has to be no higher
than P; j,s. Let us constrain the instarrrly‘it?neous PERs of

each downlink to be no higher than P; (V)i . Then we have:

N;“lax+l
Pl,O = Pl,loss

N ®)
P2,0 = P2,loss-

More explicitly, by calculating the inverse of Eq. (7) we
obtain:

1
Pio<P)!

— Pl
1,loss . \farget
1 )
()
Pro < P2,loss = P2 rarger

where P; jqrger 1 defined as the target PER constraint for the
RN—DNI1 and RN—DN?2 links, respectively. If a packet is
received incorrectly after (N;** + 1) retransmissions, we will
drop it.

A. ADAPTIVE NCM AMALGAMATED WITH
TRUNCATED-ARQ RETRANSMISSION

Let us next consider the amalgamation of ARQ protocols with
adaptive NCM. If we invoke AM to satisfy the PER upper-
bound of Eq. (11) at the physical layer and employ N ;-
truncated ARQ at each link layer, both the delay constraints
and the throughput requirements will be satisfied.

1) ADAPTIVE NCM DESIGN AT THE PHYSICAL LAYER
The adaptive NCM invoked here is different from the
previous adaptive NCM of [5], in that the NCM here

8For example, when the QoS requires a delay of less than 600 ms and the
average round trip delay is 100 ms, then we have to have Ni¥* < 6.
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TABLE 2. Transmission modes and adjustment for M-ary NC-QAM.

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6
Modulation 4QAM 3QAM 16QAM 32QAM | 64QAM 128QAM
Rate(bits/sym.) 2 3 5 6 7
i n 111.5424 94.6210 84.7006 74.2778 66.8472 61.2536
9i,n 0.5118 0.1709 0.1024 0.03943 0.02441 0.00969
~i,pn (dB) 9.6202 14.2669 16.3681 20.3630 22.2833 26.2752
When M; =32, we get My € {4, 8,16}, PER parameters with SNR-loss for the RN-DN2 link
as , 111.2646 91.8151 87.4836
I n 0.3969 0.1539 0.09941
V% pn(@B) 107428 | 14.6550 | 164780
TABLE 3. Transmission modes for M-ary PSK modulation.
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
Modulation QPSK 8PSK 16PSK 32PSK 64PSK
Rate(bits/sym.) 2 3 4 5 6
Qi n 112.7842 77.2068 57.0372 45.6370 38.1076
Gi,n 1.0244 0.4508 0.1560 0.04918 0.01478
Yi,pn (dB) 6.7432 9.9998 14.0822 18.8080 23.8686

is based on packet-by-packet NC operation (as shown
in Fig. 4). Nonetheless, they have the same SNR-loss
imposed by NC-QAM and this common problem is
referred to as the fading-region partitioning problem. Both
Alouini and Goldsmith [10] and Yang et al. [5] conceived
their mode-partitioning for adaptive M-ary QAM based on
the associated BER bounds. Pursuing a similar approach,
Liu et al. [16] proposed their partitioning algorithm based on
the PER expressions. Similarly, we conceive our partitioning
technique for NC-QAM/PSK based on the PER versus SNR
curves generated by simulations and then modeled with the
aid of curve-fitting.

Remark 1: The PER expression for NC-QAM/PSK is
the same as in Eq. (6). Of particularly note is that for our
DF-TWR scenario, NCM relies on symbol-level operation.
Therefore it requires that Eq. (6) Ny,, Ny, has to guarantee
that both the frames generated for the pair of links have the
same number of symbols corresponding to the AM constella-
tion sizes of M| and M>.

Remark 2: Proceeding with the adaptive design, another
important constraint is that NC-QAM imposes a modest but
non-negligible SNR-loss. Explicitly, this SNR-loss occurs
when the AM transmit rates of the two links are different,
albeit it is only imposed at the lower rate receiver side. The
SNR-loss expression is given by Eq. (10), which corresponds
to a spacing reduction of the constellation points. As this
loss can be equivalent to the change of SNR, the receiver
side SNRs can be expressed as A;y;, i = 1, 2. By previous
derivation from BER to PER, the corresponding PERs can
be derived by substituting BER into Eq. (6). There is still
one thing should be concerned, in contrast to NC-QAM, for
NC-PSK we may derive the PERs by substituting the theoret-
ical BER expressions of [21, p. 181] into Eq. (6).

The BER expressions obtained by the above method con-
tain either Q-functions or complementary error functions
erfc(x), which cannot be readily inverted. Therefore it is
difficult to obtain AM region-partitioning parameters as a
function of the SNR and PER. In order to implement the
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AM-mode partitioning algorithm, we pursue a similar
approach to that of [16] to obtain the approximate PER
curves, which can be expressed as

1, if 0 i i
PER;., (y)) ~ O <vi<Yipn
ainexp (—&inhiVi)» if Vi = Vipn
i=1,2, (10)

where a; ,,, gi » and r; p, are the parameters of the AM mode 7.
In our proposed scheme, these parameters can be obtained by
fitting the approximate PERs in Eq. (10) to the exact PERs in
Eq. (6). Hence we invoke a curve fitting tool (1stOpt) relying
on a Particle Swarm Optimization algorithm to obtain a; ,,
gin and 7; p,. The curve fitting parameters derived for the
uncoded NC-QAM transmission modes are listed in Table 2,
while those of NC-PSK are listed in Table 3. By inverting

Eq. (10) we arrive at the partition boundaries {yln}iv;:) as
vi,0 =0
1 din )
Vin = In ( : (11)
o )"igi,n Pi,target

Vi,N;+1 = +00,

where {i,n} = 1,2,...,N;, i = 1,2 denote the AM region
partitions for the two DLs, while P; 14/¢.r is given by Eq. (12).
Therefore the boundaries of the AM modes for DN1 and DN2
are:

Rin = [Vin: Vint1): (12)

where {i,n} = 1,2,...,N;, i = 1, 2. Specifically, when
yi € [yi,,,, y,;n_H), AM mode n is selected.

Note that for NCM, a special case should be considered.
For example, the SNR y; obeys y1,0 < y1 < y1.1, while we
have y» > y»,1, because in this case no payload bits will be
transmitted over the RN—DN1 link. Therefore, we set the
packets’ bits to 0 for modulo addition so as to ensure the
continuity of NCM transmission.
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B. STRATEGY OF SELECTING CONSTELLATIONS

FOR ADAPTIVE NC-QAM

The corresponding transmission strategy conceived for adap-
tive NC-QAM adapts the AM modes to the instantaneous
SNRs y1 and y». Given y; and y, for the RN—DNI and
RN—DN?2 links based on the associated channel estimates,
our aim is to find the optimal AM constellation sizes of
M7 and M, that adapt to y; and y».

As described in the previous subsection, NC-QAM suffers
from an SNR-loss. In view of the fact that the SNR-loss is
related to the specific choice of M| and M>, it turns out to be
quite an interesting point for us to decide, which particular
constellation sizes should be activated. According to our
analysis, there are two fundamental facts: 1) we find that once
the constellation size for a link is fixed, it will affect the choice
of constellation picked for the other link; 2) it is found that
serendipitously, there is no SNR-loss for the specific link,
which has a larger constellation size and hence would require
a higher SNR.

Based on the above discussions, we propose a joint selec-
tion strategy for obtaining the optimal M{ and M}, which
adapt to y1 and y». Fig. 7 shows the flow chart of the proposed
strategy. For the instantaneous SNRs y; and y», we arrive at
the optimal M and M3 by invoking Step 1)-Step 5) listed
below and summarized in Algorithm 1. When consider-

> ing the SNR-loss, we find that there are only three cases:

M, = M, M; > M, and M| < M;. These three cases
correspond to no SNR-loss, SNR-loss in the RN—DN2 link
and SNR-loss in the RN-DN1 link, respectively.

Update W1w2Y1Y:

| Algorithm 1 l—( Output My, M; )

Case 1. M. > M calculate My, My Ry, Y
ase 1: M, > M, Through Step 1) - 5)

N

] calculate M} My',R; ' Y
Case 2: My < Mo Through Step 1) - 5) Drop

Case 3:M; = M,

calculateM; "] M," Ry ;"
Through Step 1) - 5)

FIGURE 7. Flow chart of selecting M} and M.

To elaborate further, the transmission strategy is deter-
mined by Step 1)-Step 5) as follows (cf. Fig. 7), where we rely
on the weighted average rates for determining the AM mode.
The weighting coefficients w; and w; have been introduced
for the following reason: if several cases are feasible, for
example, Ml* = 4, Mi‘ = 8 and Mi" = 8, Mi‘ = 4 are
both feasible AM modes, we calculate the weighted average
rates according to w; as well as to w7, and then decide which
mode should be activated. The weights w;, i = 1, 2 are deter-
mined according to the PER-requirement of the RN—DN1

10

and RN—DN2 links, respectively. Naturally, we have
wljt+w=land0<w; <1,i=1,2.

Step 1): Given the input parameters, such as wi, w1, y1
and y,, we firstly determine the AM modes. The constellation
sets are set to be M € {4,8,16,...2"}, N; =2,3,... and

M, = {4, 8,16, ... 2N2} ,No =2,3,.... Secondly, we have
to consider the relationship between M and M. If M| > M>,
go to Step 2); if M; < My, skip to Step 3); if M| = M>,
proceed to Step 4).

Step 2): In this case an SNR-loss exists in the RN-DN2
link. Firstly, we get A, = 1 and A, = (1 —M5 - M;‘)
for the two links according to Eq. (7), respectively, where
A1 = 1 implies that there is no SNR-loss in the RN—DNI1
link. Therefore we can determine M7 by substituting y; into
Egs. (12) and Tables 1 and 2. Secondly, we may obtain M>
according to M under the constraint of M| > M,. For
example, if M| = 32, we have M, € {4, 8, 16}. Then recal-
culate the rate-region boundaries R " according to A, and
Egs. (10)-(12). Thirdly, if y, falls into the rate-region R5_,’,
the corresponding M> can be selected. Thus we calculate

Rip= w110g2M1 + a)210g2M2, (13)

If v, does not fall into R, , this case indicates that our
assumption is not reasonable, then we drop this case. Finally,
goto Step 5).

Step 3): For the case of M; < M,, the SNR-loss
exists in the RN—DN1 link, hence we have A, = 1 and
A= (1 - Ml_l/l - Mz_l). Using the approach of Step 2),
M) and M| can be obtained, then we can calculate

R} 5, = wilogyM| + wnlogyM. (14)

If y; does not fall into Ry, , this case indicates that our
assumption is not reasonable. Finally, go to Step 5).

Step 4): For the case of M1 = M», there is no SNR-loss for
any of the two DLs. Therefore we may obtain M|’ and M} for
the SN1—DN?2 link and the SN2— DN link by substituting
A1 = A2 = linto Egs. (10). If M{" = M/, then we calculate

15)

If M # M}, this case indicates that our assumption is not
reasonable. Finally, go to Step 5).

Step 5): One or more above assumptions may be rea-
sonable. Hence we conceive Algorithm 1 to decide, which
particular transmission mode should be activated as the final
pair of M{ and M. Finally, the flat fading channels vary from
frame to frame, therefore if there are any changes, we have to
update y; and y», then go back to Step 1).

When implementing Step 1)-Step 5) and Algorithm 1, we
have to pay attention to the following points. Firstly, for given
pair of instantaneous SNRs y| and y», there may be several
feasible solutions, but at least one pair of M and M} exists,
which satisfies the PER-target. Secondly, we list a schematic
diagram in Table 1, in which we could see apparently the

R}, = wilogyM{ + walogy M5

9Table 1 list uncoded modulation cases. Coded modulation cases have
similarly values.
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Algorithm 1 Constellation Selecting Algorithm

Input: ‘/ﬁ = {Rl’z, R1,2/7 Rl,Z//}
Output: M}, M5
Initial: Ry 7, R]yz/ or R]yz”
Case 1: R R R
e IfR» € m,Rlﬁzl eNn &RLZN e
- IfR 2 > R1,2/ &Ry > R]yz”, letMik = M, &,Mﬁ‘< =

M
- Elzseile,z/ >Ri2& R1,2/ > Rl’z//, letMi“ =M &
M2* =M’
— Else let Mik = Ml// &M2* = MZ//
o End
Case 2:

e« R €N R €eR&RL ¢
- IfR12 > R1,2/, leth =M, &Méx< =M,
- Elselet M{ = My’ & M = M’
« End
Case 3:
o IfRip €M R €eR&RY ¢ N
- IfR12 > Rl,ZN, letMik =M, &Méx< =M,
- Elselet M} = M\" & M = My"
¢ End
Case 4:
o IfRi) €N R eN&R o ¢ N
- IfRLQ/ > R]qz”, letM]* =M1/ &Mﬁk =Mé
— Else letM;" =M," &Mék =M,"

o End
Case 5:
e IfRis e MRy ¢ R&RY ¢ Rlet Mf =M &
M; =M,

o Elseif R1 o' € %, Ry ¢ R &Ry, ¢ 0
- letM} =M &M} = My’

o Else letMl* =M" &M;< =My

° Elld

reason for applying Step 2)-Step 4)-that is, there are three
cases of SNR-loss, thus they effect the selection of the pair of
constellation size. Thirdly, for convenience, we unify some
of the parameters in this paper, e.g., the AM mode sets are
set to be M; € {4,8,16,...2Y}, N; = 2,3,...,i = 1,2,
whilst the delay constraints of the two links are the same.
Note that these parameters are variable can be preestablished
in practical designs.

To elaborate a little further, as for adaptive NC-PSK with
Truncated ARQ design, there is no SNR-loss for the pair
of downlinks [5]. Therefore we may simply view the NC-
PSK schemes as two independent transmission links. We
may thus simply determine the AM modes M; and M;
based on y| and y, by substituting Ay = Ay = 1 into
Eqgs. (10)-(12).

C. PERFORMANCE EVALUATION FOR ADAPTIVE

NCM WITH TRUNCATED ARQ

The transmission strategy designed in the previous sub-
section inherently amalgamates AM both with NCM and
with ARQ protocols. We evaluate the performance of our
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truncated-ARQ aided adaptive NCM scheme, relying on the
approach of [16].

1) PERFORMANCE OF ARQ-AIDED NC-PSK
For adaptive NC-PSK design, we may view the pair of down-
link as two independent downlinks. Therefore we may obtain
the overall bandwidth efficiency by calculating

Spsi (V) = oS (N2) + @8 (N2™), - (16)
where w; and w, are exactly the same as described in the
previous subsection. Furthermore, S (N;,‘l‘ax) and S (N;‘z‘a")

represent the average bandwidth efficiency, which can be
obtained according to Eqgs. (21)-(26) in Appendix.

2) PERFORMANCE OF ARQ-AIDED NC-QAM

For adaptive NC-QAM amalgamated with NC-based trun-
cated ARQ, the bandwidth efficiency of this scheme may
also be formulated as in Eq. (16). However, the difference
between an NC-QAM based and NC-PSK based scheme can
be categorized as follows: 1) we cannot view the scheme
as two equivalent independent transmissions, because
NC-QAM suffers from a modest SNR-loss; 2) we may clearly
see thatin Step 5) of previous subsection, there may be several
feasible solutions but we take the specific pair of M and M
which has the maximum total rate. This however complicates
the performance analysis.

The exact bandwidth efficiency is challenging to evaluate,
but fortunately we were able to characterize some properties
of the SNR-loss. Considering M1 > M for example, the SNR
loss of A; is a monotonically increasing function of M», but a
decreasing function of M. Therefore it is lower bounded by
(for QAM, M; > 4)

-y 1

=t >l — > (17)
1 — My

3
My 4
Then we may set both an upper bound and a lower bound
of the SNR-loss coefficients for NC-QAM combined with
truncated ARQ. We set A = Ao = 1 as an upper bound.
When we consider the lower bound and assume, for example,
M, > My, then it is found that M, € {4,8, 16,32, 64}.
Hence for each M,, we have A1 > 3/4, 2o >
7/8,---,A25 > 63/64. Let Aj1 = Aj2, -+ = Xig = 3/4,
i = 1,2 be the SNR-loss coefficients for both DLs, which
allow us to obtain the lower bound. In fact, the bandwidth
efficiency is far better than the lower bound due to the fact
that we assumed the maximum SNR-loss in both DLs.

Upon setting both the upper bound and lower bound for
the SNR-loss, we may view the two downlinks as two inde-
pendent transmission links. Thus the bandwidth efficiency
of NC-QAM can be obtained by the same approach, as for
adaptive NC-PSK, yielding:

Soam (N) = 1§ (Vi) + @S (N2) . (18)
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where § (N;,?‘”‘) is given by

Se,-,physical

S (N}I;Illax> — —
¥ (o)
1 N
=———~ RiPri(n), i=12
N (i Np>)

(19)

where Eei,physical, N (pl-, N}‘,?a") and Pr; (n) can be obtained
from Eqgs. (21)-(26).

Setting the upper- and lower-bounds for the SNR-loss
provides a simple way of analysing the performance of
adaptive NC-QAM. Since the SNR-loss tends to decrease
upon increasing the constellation sizes, the actual perfor-
mance may be close to the upper-bound curves according
to Table 1.

VI. PERFORMANCE ANALYSIS
The above-mentioned strategy provides the basis for our trun-
cated ARQ aided adaptive ANC/NCM design. In this section,
a range of representative numerical results are presented for
illustrating and validating our theoretical analysis, relying on
bandwidth expressions derived in Section V C and Appendix
(cf. Egs. (10-12), Egs. (17-19), Egs. (21-26)). Note that both
links of our ANC-ARQ scheme have the same performance
as their conventional peer-to-peer counterpart, thus we omit
its characterization. Next we unify the simulation parameters
as follows.
o Common Parameter Settings:
— Fading distribution: Let the fading channels obey
Rayleigh fading. Then the distribution of y; is given
by letting m = 1 in Eq. (1), yielding

P()’i)=éexp<—7), i=12. (20

— Block length: The payload length of a single block
should be the least common multiple of log, (M)
and log, (M>). The packet length be N, = 1080,
i = 1, 2 symbols for the pair of links.

- Delay constraints: Let N"* = 3,i = 1,2 and
Piloss = 0.01,i =1, 2.
— Average SNRs: Let ;3 € [0,1,...,30],

i=1,2(dB).
— Weighting factors: Let w; = 0.5,i =1, 2.
— Bandwidth: let B = 1.
— Both links adopt SR-ARQ protocols.
— Performance analysis equations: Eqgs. (21)-(26) in
Appendix.
o Figure 8 Parameter Settings:

— Constellation size for RN— DN link: M| = 32.

— Constellation sets for RN—DN2 link: M, €
{4, 8, 16}.

— Adaptive modes: Modes 1, 2 and 3 in Table 2.

PER with SNR-luss(M]:32,MZ € {4.8,16})

10 i s
= &
H
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. c]
o A A %
= 5
g
a_ =111.2646 a, = I.EIS‘K a,_ =87.4836
I ® £,70.3969 | P 01539 X £,,=0.09941
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FIGURE 8. PER change along with SNR-loss for RN-DN2 Link (Table 2).

Uncoded Adaptive NC-QAM with Truncated ARQ
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FIGURE 9. Performance of adaptive NC-QAM with NC-based ARQ versus
Average SNR.

o Figure 9 Parameter Settings:
— M-ary uncoded NC-QAM!? adaptive modes: Let
M; € {4,8, 16, 32, 64, 128}.
— SNR-loss bounds according to Eq. (17): Let A; = 1,
i = 1, 2 be the upper bound, while A; = 3/4 be the
lower bound.
- The ARQ retransmission index: N;™* = 0,i =1, 2
and N =1,i=1,2.
o Figure 10 Parameter Settings:
— M-ary coded NC-QAM adaptive modes: Let
M; € {4, 8, 16, 32, 64}.
— SNR-loss bounds: Let 1; = 1,7 = 1, 2 be the upper
bound, while A; = 3/4 be the lower bound.
- The ARQ retransmission index: N;™* = 0,i = 1,2
and N =1,i=1,2.
o Figure 11 Parameter Settings:

— M-ary uncoded NC-QAM adaptive modes:
M; € {4, 8, 16}.
— The ARQ retransmission index: N/™* € {0, 1, 2,
4,8},i=1,2.
o Figures 12 Parameter Settings:
— M-ary uncoded NC-PSK adaptive modes:

M; € {4,8, 16, 32, 64}.

10HIPERLAN/2 or IEEE 802.11a standards [21].
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Convolutionally Coded Adaptive NC-QAM with Truncated ARQ
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FIGURE 10. Performance of adaptive NC-QAM with NC-based ARQ versus
Average SNR.

Uncoded Adaptive NC-QAM with ARQ, Lower-bound (SNR-loss Coefficient % = 3/4)
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FIGURE 11. Lower-bound performance of adaptive NC-QAM for DF-TWR.

Adaptive NC-PSK with Truncated ARQ
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FIGURE 12. Performance of adaptive NC-PSK with NC-based ARQ for
DF-TWR.

— The ARQ retransmission index: N/"* € {0, 1, 2, 3},
i=1,2.
o Figures 13 Parameter Settings:

— M-ary uncoded NC-PSK
M; € {4,8, 16, 32, 64}.
— The ARQ retransmission index: N"* € 1,i =1, 2.
— Nakagami-m fading parameter: m = 1, 2, 3, 4.
Of particular note for the parameters of Fig. 8 is that
Table 2 lists the PER curve-fitting parameters a; ,, i = 1, 2,

adaptive  modes:
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&i,n and y; p, for NC-QAM. In order to visualize the effects
of SNR-loss, we briefly consider a special case of the SNR-
loss for M = 32 and My > M,;. In this case, we
have to recalculate the PER-curve fitting parameters for
M; € {4, 8, 16}. The parameters “/2,n’ g’z’n and y2/,pn are then
listed in Table 2.

We plot PER for the scenarios of both with and
without SNR-loss for the RN—DN2 link in Fig. 8.
Observe that the gaps between the curves with and with-
out SNR-loss tend to become narrow upon reducing the
difference between M| and M,. This indicates that the
throughput-loss decreases upon increasing M; and M>.
It also worth noting that the reduction of the over-
all throughput is related to the changes between Y p,
and yZ/,pn in Table 2. The higher constellation sizes, the
smaller integration intervals (compared to the ranges with-
out SNR-loss), which led to the performance degradation
(cf. Eq. (17)).

Upon analyzing the effects of SNR-loss and of the pro-
posed transmission strategy, we plot the throughput of both
uncoded and convolutionally coded adaptive NC-QAM in
conjunction with the maximum number of ARQ retrans-
missions N;"* = 1,7 = 1,2 in Figs. 9 and 10. It can
be observed that in all cases, the proposed method is
superior to its counterparts operating without ARQ, where
the throughput gain ranges from 0.2 to 0.7 bits/symbol.
We will offer further observations during our forthcoming
discourse.

1) Based on the transmission strategy proposed in
Subsection V B, we plot the performance of the
schemes, when the SNR-loss coefficients rely either
on the upper- or on the lower-bound. Observe that
the upper-bound curves exceed the lower-bound curves
by about 0.25 bits/symbol, when using only a single
retransmission of N™* = 1,i = 1, 2 for both schemes.

2) Compared to the AM-NC-QAM schemes operating
without ARQ, N"* =1, i = 1, 2 offers about 1 dB
SNR gain.

3) For NC-QAM associated with an SNR-loss, at best we
are able to obtain an approximately 2.4 dB SNR gain
for the special case, when M is equal to M>. According
to our conservative estimates, our proposed AM-NC-
QAM associated with N/ = 1, i = 1, 2 achieved an
approximately 1-2 dB gain.

In Fig. 11 we plot the lower bound of throughput for NC-
QAM with ARQ. We observe that the throughput improves
with the increasing of N/"™* = 1,2, 4,8,i = 1, 2. In the
maximum case, we could obtain approximately 2.4 dB gain.
However, the increment degrades quickly, which implies
that N™* need not be arbitrarily large. This is a trade-
offs between throughput and delay as well as buffer-size
penalties.

In order to complete our adaptive NCM design, we detail
the PER-curve-fitting parameters of NC-PSK in Table 3 and
characterize the attainable throughput in Fig. 12. We also
plot throughput of NC-PSK with ARQ for Nakagami fading
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Truncated ARQ for NC-PSK, N:“‘“—l

=
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s
V4

Throughput (bits/symbol)
o
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FIGURE 13. Performance of adaptive NC-PSK with ARQ under
nakagami-m channels.

parameter m = 1,2,3,4 in Fig. 13. There are some points
worth noting.

1) Observe in Fig. 12 that N™* = 3,i = 1,2 offers
an approximately 1.6 dB SNR gain over the NC-PSK
schemes operating without ARQ. We would expect
similar conclusions also for NC-QAM.

2) Blindly increasing the number of retransmissions does
not always result in further gains, because they improve
the reliability of packets at the expense of an increased
delay.

3) It is confirm that the throughput gain increases with
the diversity order m,!! which is similar to the case of
varying N/"*.

4) Compared to peer-to-peer transmissions, our proposed
NC-QAM/PSK regimes support the more challenging
scenario of bidirectional NC aided networks. Our holis-
tic design has the advantage of improved adaptability
and flexibility.

VII. CONCLUSIONS

In this paper, we developed a powerful cross-layer design
for asymmetric AF-TWR and DF-TWR networks, which
amalgamates adaptive ANC/NCM at the physical layer and
NC-based truncated ARQ at the data link layer, with the
objective of improving the attainable system throughput and
enhancing the achievable system integrity. We developed a
pair of two basic NC-aided ARQ protocols for ANC/NCM
for the sake of characterizing the tradeoff between the design
complexity and system throughput. Then cross-layer design
aided AF and DF relaying was conceived. More explicitly, a
joint AM-mode selection strategy was developed for both DF
downlinks for the sake of determining the optimal constella-
tion sizes, which are carefully matched to the instantaneous
SNRs. Furthermore, we evaluated the average throughput of
adaptive ANC/NCM based on the PER-based fitted curves.
Specifically, both an upper and a lower bound were derived
for the SNR-loss coefficients of NC-QAM. Our performance

HThe Nakagami-m fading channel provides a diversity order of m, which
means Nakagami-m fading channel is equivalent to a set of m independent
Rayleigh fading channels by adopting maximum ratio combining (MRC).

14

analysis demonstrated that the proposed adaptive ANC/NCM
relying on NC-aided ARQ is capable of achieving a
higher throughput than its counterparts operating without
retransmissions.

Our cross-layer design is capable of supporting practical
applications, such as 5G ultra-dense cellular networks [22],
sensor networks and satellite communications. As to future
research, it is possible to extend ANC/NCM for combining
it with existing physical layer techniques, such as channel
coding [23] and MIMO [24]. Another possible extension of
this work is to develop and analyze an NC-based H-ARQ pro-
tocol for retransmission design. Finally, latency performance
and trade-off analysis of the proposed method, as well as the
specific impact of data link layer on physical layers are also
worth characterizing, which will be left for future work.

APPENDIX
For convenience, here we only list the equations used in
Section V C without further detailed explanations, which
refer to [16]:

N
Se,physicul = Z R, Pr(n),

21
n=1
Yn+1
Pr(n) = / py (v)dy
myn myn
F(m, 7 )—F(m,T“)
= T om , (22)
o0
['(m): = /0 e dr, (23)
N(P,N;“ax) = 1+p+p*+... 40"
1 _pN;“a"-H
EErE— 24
-p
N _
3" R, Pr(n) PER,
pi=P R:":IN , (25)
3" R, Pr(n)
n=1
PER. — 1 a, m\"
"T Pem T m\ 7
I' (m, byyn) — T (m, bpyns1)
x , (26)
(bn)m

with b,, is the function of g, and y. Specifically, let m = 1
for Rayleigh fading channel.
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