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Abstract— An Adaptive Dynamic Network Coding (ADNC) [1]-[3]. Spectrum allocation and sharing techniques haenb
scheme conceived for Cooperative Cognitive Radio (CCR) is widely investigated, in order to exploit the spectral bamise
proposed for devising a novel ADNC-CCR system. The system gficiantly and to provide mutual benefits for the PUs and

is designed for supporting communications between multim S .
Primary Users (PUs) and a common Base Station (BS), where CUs [4]. However, both the availability and quality of a re-

the independent source information is transmitted from the leased spectral band is crucially influenced by both theipec
PUs to the BS with the aid of multiple Cognitive Users (CUs) activity and the competition between the PUs and CUs [4].
acting as Relay Nodes (RNs). In order to facilitate the re- |n this context, the most common paradigms in spectrum
covery of the source information at the BS, the CUs invoke allocation and sharing are the underlay, overlay and irgeew
the ADNC technique, which is assisted by our cooperative ’

protocol operating by exchanging the CCR-based control in- schemes .[5]' I.n the ur_lde”ay scheme,. the CUs a".:" allowed
formation between near-instantaneously Adaptive Turbo Tellis  tO transmit their data simultaneously with PUs, provideat th
Coded Modulation (ATTCM) and network coding codec as the interference imposed remains below the tolerate limnit.
well as between the CUs and the BS. More particularly, near- contrast to the underlay scheme, the interference imposed o
instantaneously ATTCM is employed for appropriately adjusting the PUs under the overlay scheme may be offset by using part
both the modulation mode as well as the code rate of the chanhe fthe CU’ lav the PU’s inf . Einally et
coding itself and of the network coding, according to the nea ,0 the S power to relay the ,S 'n, ormation. Finally, -
instantaneous channel conditions. As a result, our novel ARC- interwave scheme, the CUs avoid simultaneous transmission

CCR system constructed on the basic of our holistic approacis  with the PUs [5].

capable of providing an increased throughput, despite redaing Cooperative communication constitutes a novel paradigm

the transmission-period of the PU. This reduced transmissin- that . ignificant i ts b idi it
period can also be directly translated into an increased duation al promises signimcant improvements by providing elkuer

for secondary communications of the CUs. In our proposed improved integrity or an increased throughput with the ative

ADNC-CCR scheme, both the PUs and CUs employ our ATTCM of user cooperation [6], [7]. Hence, in recent years, numer-
scheme. As an additional novelty, the network encoder may gus exciting new applications of relay aided communication
also be activated in its adaptive mode for supporting the CUs have emerged [8]. More specifically, we have investigated

depending on the Boolean value of the feedback flags generdte h licati f rel ided S hich
based on the success/failure of the ATTCM decoder and of the the applications of relay aided communications which may

network decoder, which is evaluated and fed back by the BS. involve not only the Physical Layer [9], but also the Medium
Quantitatively, it was found that the joint holistic design of Access Control [10], and the network layer as well as their
our ATTCM-ADNC-CCR scheme is either capable of freeing cross-layer operation [11]. One of the emerging applicatio
up an approximately 40% of the PU's bandwidth in comparison s pased on supporting communications between the source
to its non-cooperative counterpart, or increasing the attéinable o ; : .
throughput by 2 bit/symbol. and de_stl_natlon nod_es with the aid of cooperatl\_/e pro?ocols
A sophisticated medium access protocol was designed in [10]
_Index Terms— Cogpnitive Radio network, Cooperative Commu-  [12] for communications between the source and relay nodes,
nication, Dynamic Network Coding, ATTCM. which relied on efficient modulation and coding [13], [14].
Moreover, in network-coding aided systems designed for
multi-user operation, the users can also act as cooperating
The popular Cognitive Radio (CR) mechanism is capabjgrtners or relays in order to share their resources andsistas
of exploiting the temporarily available spectrum holes igach other in their information transmission [15]-[18].€Th
the frequency domain. If a spectral-slot is not used by tigrformance of CR schemes relying on one-way relaying was
Primary Users (PUs), then the Cognitive Users (CUs) (6locumented in [19] and two-way relaying in [20]. We found
secondary users) would gain an opportunity to access it ftat40% bandwidth reduction of PUs can be achieved by user
their secondary communications based on the CR technici@®peration.
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functions. According to Yeung's paper [22]: “NC has prop(TTCM) [29], [30], because it was shown to outperform Tielli
agated to various fields in engineering in the past decadmded Modulation (TCM), Bit-Interleaved Coded Modula-
including wireless communications, channel coding, corpu tion (BICM) and iteratively-decoded BICM [29].

networks, switching theory, cryptography, computer neksp  Based on this background, the novel contribution of this
data storage and computer science.” Moreover, NC has b?ﬁﬂ)er is that a realistic Adaptive TTCM (ATTCM) arrange-
shown to be capable of increasing the achievable throughp#ent is designed for the sake of conceiving an ADNC-CCR
robustneSS and Security, Wh|le mInImISIng bO'[h the amO[[Int @ystem in order to Simu'taneous|y improve both the System’s
dissipated energy as well as the delay of packets travelliftoughput and its resilience. More specifically:

through the network [21], [23]. The benefits of NC aided) An active cooperation aided DNC scheme was proposed
cooperative systems were studied in [24]-{26] with the mOfdr overlay based CCR schemes, in order to lease the PU'’s
important one being the reduction of redundant informatiggandwidth to the group of CUs for their secondary communi-
transmissions [26]. cation.

Dynamic Network Codes (DNC) were proposed by Min@) A bandwidth-efficient ATTCM arrangement is conceived for
in [15], where each user broadcasts its own information &amour proposed scheme for achieving a substantial perforrmanc
both to the Base Station (BS) as well as to the other usémgprovement. The transmission rate/throughput of theesyst
during the first transmission period. After this phase, ea¢hadapted according to the near-instantaneous channetlieon
user transmits a non-binary linear combination of its owtions, where a higher-throughput but vulnerable TTCM sahiem
frame as well as of the other users’ information frames, te employed, when the channel conditions are good, while a
the BS [15]. The family of Generalized Dynamic Networkower-throughput but robust TTCM scheme or no transmission
Codes (GDNC) [16], [17] constitutes an extension of DNCss used, when the near-instantaneous channel conditioas ar
In contrast to [15], in the proposal of [17] each user is aldw poor. Specifically, our ATTCM scheme is designed by consid-
to broadcast several information frames during the brostdcaring the effects of both quasi-static Rayleigh fading a#f we
phase via orthogonal channels [17], as well as to transma# of uncorrelated Rayleigh fading.
several non-binary linear combinations, as parity framas d 3) Moreover, as prophesied in [16], we have conceived an
ing the cooperative phase via orthogonal channels. In ordetaptive DNC technique for our novel CCR system, where
to increase the average transmission rate of GDNC withdabhe CUs adaptively deliver their parity frames to the BS, de-
reducing its diversity order, in [16] an adaptive networkleo pending on the success/failure of the PU’s transmissions. O
design has been proposed. The design of network codes garposed ADNC-CCR scheme relies on a cutting-edge channel
multi-user, multi-relay scenarios has been investigatdd8], coding scheme, which increases the achievable multigiexin
[27], where the users transmit their independent inforomati gain, despite imposing a low complexity.
to the BS with the aid of the RNs. In line with the systerd) In our proposed system, each transmission link employs
model proposed in [18], we assume that the CUs act as tiifferent ATTCM modes. During each broadcast session, all
RNs to help the PUs in transmitting their information to th€®Us transmit using the same fixed TTCM mode, which cor-
BS. More specifically, in our proposed scheme, the CUs aresponds to that determined by the specific direct link f@avin
capable of relaying the PU’s message, while superimpositige lowest quality. Then in the cooperative phase, the “best
their own messages at the same time. This leads bothQb would support all the transmissions towards the BS with
an increased overall throughput and to the reduction of thee aid of its highest-throughput ATTCM mode. The received
required transmission period of both the PUs and the CUSINRs at the CUs and the BS may be used for determining the
thereby creating additional time-slots (TSs) for supmgrti maximum throughput of each transmission link.
additional users. 5) Finally, we conceived a novel ATTCM aided ADNC scheme

In this paper, we consider cooperation between the P{®§ overlay CCR systems, which is capable of simultaneously
and CUs, where the CUs may act as network-coding aideyploiting the advantages of ATTCM and ADNC for facilitat-
relay nodes (RNs) for the sake of conveying informatiold @ further improvement of our system's performance.
transmitted from the PUs. Our contributions in [19], [20]The paper is organized as follows. Section Il presents our
only considered simple RNs without the capability of insystem model and outlines the network coding scheme, the
voking network coding. More explicitly, the network coding®T TCM scheme as well as the ADNC. Our novel ATTCM-
schemes of [15]-[18] were intrinsically amalgamated with 2ADNC-CCR arrangement is described in Section IIl. The per-
active cooperation based overlay network conceived for a d/mance of our proposed scheme is evaluated in Section IV.
system. In contrast to [28], we considered intelligent CUsinally, our conclusions are presented in Section V.
that are capable of employing network coding techniques for
their data transmission. Additionally, we invoked Adaptiv II. SYSTEM MODEL

Dynamic Network Coding (ADNC) [16], where the CUs I :
deliver their information to the BS, only if the BS failed In our proposed system portrayed in Fig. 1, we consider

¢ th f the PUs. Additi Ihe uplink (UL) transmission of the ADNC-CCR network.
O recover the source message from fhe S MoNAATTCM is advocated for judiciously selecting a suitable

our prop_os_ed .AD.NC aided cooperativg cogniti\_/e radio (CC odulation mode according to the near-instantaneous chan-
scheme is inininsically amalgamated with near-instardasly nel condition experienced in each transmission link, which

ad_a ptivbe ng%?hm?fq L.”attio_?‘ EXp_Ili_Citll?_/' v(v:e dh?jveMogteldt_f%ould lead to the reduction of the PU’s transmission power
using bandwidth-eflicient furbo Ireflis L.ode oautalion hgsor to the increase of the overall system throughputcdien
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(a) Broadcast phase

(b) Cooperative phase

N o O given by:

© G g

s N Cor = ( Sd) ! (4)

® - wherea is the path-loss exponent [33]. Similarly, the RDRPR
v : s of the RD link with respect to the SD link is given by:

- (o

Naturally, the RDRPR of the SD link with respect to itself
is unity, i.e. we haveG;,s = 1. We consider an outdoor
environment [33], wherex = 3. Note that the same RDRPR

is exploited by all the SR and RD links in our system. Thus,
we haveGy,,, = G,.a = 23 = 8. Moreover, we consider a
single non-dispersive transmission path for the SD, SR and
RD links of our novel ATTCM-ADNC-CCR scheme. Each of
simultaneously saving bandwidth for the CUs. We assuntige channels in Eq. (1), Eq. (2) and Eq. (3) is comprised of
that each PU has a direct transmission link to the BS, w0 components, which may be expressed as:

seen in Fig. 1. Additionally, we considdr PUs, where each o= hoh ©6)

PU broadcasts its information to a single BS andikioCUs - sl

during the broadcast phase. The BS then decodes the sowvhere the slow fading (or quasi static fading ) coefficiepts
information received from the PUs. Accordingly, the CUsgonstant for all symbols within a transmit frame. By contras
encode the received information frames for constructirgg tithe fast-fading (small-scale Rayleigh fading) coefficiént
corresponding parity frames, which are then transmitted V@ries on a symbol by symbol basis, which will described
the BS during the cooperative phase. Hence the BS receieSection Il-A. According to Eq. (1), Eq. (2) and Eq. (3), the
the information frames from the PUs and also the parityerage received SNR at nobiger frame is given by:

frames from the CUs. We denote the network coded codewords

transmitted by théth CU/RN asYy,,. The specific calculation G“bEHx'Q]E“h?‘”Eth”

Fig. 1. The architecture of the ATTCM aided DNC in proposedRC&heme.

. . . . TR = )
of Yg,;, will be detailed in Section II-B. , Ny
During the “(a) broadcast phase” seen in Fig. 1, ttie — Gap|a| , @)
PU/SN broadcasts its information frande!’ within the nth No

frame to both the CUs/RNs and to the BS. The signal receiv@there we have[|z|?] = 1 and E[|h2|] = 1 for uncorrelated
at the BS via the Source-to-Destination (SD) link is given byrayleigh fading channels, which varies on a symbol by symbol
- Ja_ basis, as discussed in Section II-A and we h#jgh?|] =
Yaud = VCGsaVPshaaXy+n, @) |hs|> = hZ,. Then we determine the received SNRs of the
while that received at thé& CU/RN via the Source-to-Relay[I(k + 1) + k]th communication links by referring to Fig. 1,
(SR) link is: which are fs,a, Vsyres Yridl-

Yare = VGarVPshsr X5 +n, (2) A Adaptive TTCM

where Pg is the transmission power per unit frequency em- Employing ATTCM has the advantage that the system’s
anating from the PU/SN and € N, where N is the total effective throughput can be increased upon increasing the
number of frames. The\ x L) PUs simultaneously broadcastode rate and constellation size, when the channel-quality
(N x L) information frames during the time duratidfi. jmproves which is achieved without any bandwidth expansion
Since a network-coding aided DAF protocol is employeflyrthermore, the bit error ratio (BER) and FER performance
at each CU/RN, theith RNs forward the decoded and ref the system may be improved [34]. In Fig. 1, both the PUs
encoded information framX” during thenth frame to the znd cUs have employed ATTCM encoders, where the TTCM
BS. Then, during the *(b) cooperative phase” of Fig. 1, thencoder comprises a pair of identical parallel-concatzhat
signal received at the BS via the relay-to-destination (RIY) TCM encoders [35] linked by a symbol interleaver. The
can be formulated as: first TCM encoder directly processes the original input bit
n A D fn sequence, while the second one encodes the interleaved or
Yrea = VGnaVPevhnaXp 3 scrambled version of the input bit sequence. Then the bit-
where the CU/RN forwards the source information frame usirig-symbol mapper maps the input bits to complex-valued
the powerPcy. Similar to the broadcast phase, the overaRTTCM symbols using the classic Set Partition based latglli
transmissions during the cooperative phase are withinitie t method [34]. Additionally, the BS decodes the information
duration of75. In our proposed system, the CUs act as thdelivered from the PUs and CUs by the ATTCM decoder.
RNs, where the RNs are located half way between the PUke structure of the TTCM decoder is similar to that of
and BS. Accordingly, the Reduced-Distance-Related-Bss$hl binary turbo codes, where each decoder alternately presess
Reduction (RDRPR) [31], [32] experienced by the SR link igs corresponding encoder’s channel-impaired output £fmb
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and then the other encoder’s channel-impaired output syB\- Network Encoder and Decoder
bol [34, pg.764]. As shown in Fig. 1, we invoked a near-
instantaneously adaptive TTCM scheme for protecting the SR T e
and the RD links, where the effective throughput range is T N P I
given by Ryon, = {0,1,2,3,4,5} BPS when no transmission,
QPSK, 8PSK, 16QAM, 32QAM and 64QAM are considered,
respectively.

Moreover, the ATTCM mode switching threshold$
=[v0, 71,72, V3, 74] Were determined based on the FER per- 7 ,
formance curves of each of the five TTCM schemes when ey v —e Xi =[] P

communicating over a Rayleigh fading channel, which isg. 3. Iilustration of the transfer matrix and the networiceding process
shown in Fig. 2. Specifically, both the ATTCM mode switchingngaged in the DNC-CCR scheme.

L ... 0 0 |pa pa2 - Pre-1 Dok

This section is devoted to detailing the encoding/decoding

4psK A& process of the network coding technique. Fig. 1 shows how
e Ko o the CUs would successfully deliver the decoded information
; Q Conventionaty — e frames by employing the network encoding technique at
. e CSRR T 1 the BS. The output codewords of the CUs are denoted as:
: e, {X7 }1<,, while those of thekth CU during thenth frame
LJ.Ej o, may be expressed as:
£ AR . o
s o_\‘ w e ] X =M-XI'=1[| B, (10)
ot R . . . .
Qg e where X7 is the information frame transmitted from tlith
Am_v_ . PU within the nth frame to both the CUs and to the BS.
e PP —— Additionally, the transfer matrix\/ defined in [15] describes
SNR{dB] the corresponding network codes invoked for our DNC-CCR

) o scheme. As seen in Fig. 3, the transfer matrixs comprised
Fig. 2. The FER performance versus SNBf TTCM for five fixed

modulation modes. “Conventional” represents the FER perdoce of TTCM _Of tW_O components, since we hawé = [;|P;], where the )
using a frame length of 12,000 symbols, when communicatirey Rayleigh identity matrix{I}; (I € L), represents the sequences transmit-

fading channels. Four TTCM iterations were invoked. “DNQida*SD”  ted from the PUs during the broadcast phase, while the parity

denote the FER performance of TTCM-DNC and of the TTCM aided-n trix { P ke K ts to the CUS’ t P
cooperative scheme for five fixed modulation modes ugifyframes, when matnx { }le (k € K) represents to the S’ transmissions

communicating over the combined uncorrelated Rayleiglinéadnd quasi- during the cooperative phase. Therefore, the correspgndin

static fading channels. entry I; in Fig. 3 represents the successful/unsuccessful re-
operation and the transmission rate of the modes are basedeption of the information frame recovered at the BS during
the following algorithm: the broadcast phase, which obeys the following rule:

Y4 < YR, TTCM-64QAM, C*=5 iBPS I - 0, If X7 is not recovered successfully (11)

73 < YR < Y4, TTCM-32QAM, C*=4 iBPS 1, If X7 is recovered successful

MODE = ¢ 72 <yr <73, TTCM-16QAM, C*=3iBPS  \jg note that the coefficient; , shown in Fig. 3 is gleaned
71 <R <72, TTCM-8PSK,C*=2 iBP3 from the transfer matrix of a linear block code defined over
v < Yr <71, TTCM-4PSK,C*=1 iBPS the Galois fieldGF(|q|), where|q| is the alphabet sizey(=
(8) 2%, and b is an integer higher than zero [16], [18]. The
whereC* is the effective throughput in terms of the numbetransfer matrix constructed over th@F(|q|) is provided by
of information bit per symbol (iBPS). Furthermore, we havthe software application SAGE [36]. As shown in Fig. 3, the
considered two cases, when we hayg < - for the variablep; ; represents the specific transmission state, during
ATTCM mode switching operation. In the first case (caswhich the information frame is transmitted from Ptd CU
1), no transmission is invoked in order to save energy whes detailed below:

vYr < 7. By contrast, the second case (case 2) invokes the {0, unsuccessful
PLk =

4PSK modulation mode whetir < ~y. Thus the outputC*
1, successful

of these two cases may be expressed as:

(12)

The network encoding process is represented by

0, case 1: No transmission )
’ ? (9 Eq (10), where we construct the parity frames

C* (yr <) = {

1, case 2: TTCM-4PSK B, = [P\, P,,...,Ps_1, Py from the K CUs. Additionally,
As seen from Fig. 2, we chose the switching threshold@e parity frame transmitted by thgh CU is given by:
carefully to ensure that the FER at the RN is lower than®1.0 Py = Lpip®Dhopsr® - ® Lpuy - (13)

in order to minimize the potential error propagation frore th

CUs to the BS, which are given by 4rrcn=[5.22, 12.25, As an illustration, we present a specific example associated
16.10, 21.15, 24.49] dB. with L = 2 PUs andK = 2 CUs, where we have orthogonal
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* transfer matrixM;Xj is assumed to be known at the BS. If all

the transmitted frames are successfully decoded, the raddifi
transfer matrix is defined a8/, ,(i,j) = Maxa(i,5). As
shown in Fig. 1,  x ms) parity frames are transmitted by
' ’ the K CUs, which contain the non-binary linear combinations
of its own information frames along with the successfully
decoded information frames received from thePUs. Let
us denote the actual output codeword of the CUsXas »
corresponding to the modified matriMi'Xj. Hence X',
contains all zeros, when the BS failed to successfully recov
the (L x m,) information frames or failed to receive the
(K x my) parity frames, otherwise we ha’’,,» = X,

Fig. 4. The schematic of DNC-CCR scheme basésl. 4 matrix. Two PUs
intended to transmit their source messadgesnd Iz, respectively.

P

channels among the pairs of PUs and CUs, as shown in Fig. 4.

We assumed that each PU broadcasts = 1 information "C. Principle of Adaptive Dynamic Network Coding

frame and then each CU transmits, = 1 parity frame

composed of the non-binary linear combinations of its infor |n our ADNC scheme, we assume that the network-coding

mation frames defined ov€r"(|q|) to the BS. Then there are yocoder at the BS is capable of sending back a feedback

(my x L+mg x K) = 4 phases during a transmission sessio .
including the pair of broadcast phasBs;, and BP as well ﬂag to the network encoders at the CU/RNs, as shown in

as the pair of cooperative phas€$’ and CP.. The coding Fig. 1. The transmission of the parity frames from the CUs is
arrangement of this specific example can be summarized @ntrolled by this feedback flag. Additionally, we concedre
follows: L :

analyze an efficient ADNC scheme using two methods, namely

Iy Iy

(BP1): PUL ~— "o CUL, PUL - CU2, PUL (;}ﬁ» BS; (14 M1 and M2 associated with different amount of feedback
Ia Iy Iy requirements.
(BPy) : PUs CUy, PU, CUs, PU, —2 . BS; (15) _
(=071 S (=0/1) 1) ADNC-M1: By referring to [16], the ADNC-M1 adap-
P o e o tively adjusts the number of frames transmitted from the CUs
Py - cuy Mexai3) hoMaxa23) - L po o for each transmission session. The BS feeds back a single bit
LT ] S, following the reception of a set dfl. x m;) information
i i frames from theL PUs. If the CU/RNs received; = 0,
(©Py): vy Mexahd) hoMaxa2 )L po o this implies that the BS has failed to correctly decode the

(=07 information frames received from all the PU/SNs and hence

Note that the arrow— ' represents the transmission dithe CU/RNs have to transmitk x ms) parity frames to
rection. The notatiord/1 below the right arrow of Eq. (17) the BS. Otherwise, if the BS successfully decoded the PU’s
indicates whether the transmission was successful or nigformation, the value of the feedback flag is sesjo= 1. Let
where; is defined in Eq. (11), whichy, ; in Eq. (12). The ys denote the number of CUs invoked in an actual transmission
notation @’ represents the non-binary linear combination oy employing the ADNC technique during the cooperative
the information frames. The corresponding transfer matrphase ag<’. The actual number of information framds, m.,
Max4 of [15] constructed for our specific system of Fig. 4ransmitted from thek CUs by the ADNC-M1 technique
is defined as: obeys the following rules:

, 0
W=,
2

(18) S;=1;

10| 1 1]
Sf=0;

M2X4:[O 1| 1 2

where the subscript a¥/y, « n, represents the matrix having

N, rows andN, columns. Observe by referring to Eq. (13)wherem, denotes the number of information frame transmit-
that the parity frame is transmitted from €tb the BS during ted per CU.

Py may be expressed as: 2) ADNC-M2: In contrast to ADNC-M1, in the ADNC-M2

Pr = Myys(1,3)1 & Moys(2,3) b =1, & I . sqheme we assume that the BS feeds bﬁctb_dt.s assoqiated
with the L PUs, namelySy,, to the CUs. Additionally, if the
CUs receivedy.;, (Sy,) = 0, this implies that the BS has
failed to correctly decode all the information packets iese
from the PUs and hence the CUs have to transmit the same
number of parity frames to the BS. Otherwise, the CUs do
not have to transmit, provided that we hay&” , (S;,) = 1,

(19)
Then the parity frame>, of from CU, during C P, becomes:
Py = Moyxa(1,4) 11 & Moyxa(2,4)1o =1, 215 (20)

where My 4(i,7) represents rowi and columnj of the
corresponding transfer matrix/, with ¢ € [1,2] andj €

[1,2,3,4].

We also define the modified transfer mati,, , with
respect to the original transfer matrix/>.,, which takes
into account the success/failure of each transmissiomdui
specific transmission session. In order to detect the irdition

which indicates that the BS has indeed succeeded in flawlessl|
decoding all PUs’ frames. Moreover, if most of the PUs’
information frames are successfully received by the BSgpixc
for the failed detection off PUs, then the CU may only have
to transmit®ms number of parity frames to the BS. Hence

frames of the PUs, the BS has to be aware of how eattte number of parity frames required can be calculated by
parity frame was constructed at the CUs. Hence the modifiedunting the specific number of the feedback flags indicating
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successful reception by the BS. More specifically, if the BScenario, which select the best PU that has the highest SNR
successfully received some of the information frames frioen tamong all PUs, when the achievable rate is defined as:
PUs, it will send a feedback flag to CUs, which will hencé}.Y = max{C7 ;, C ., }. However, the corresponding FER
retransmit the failed information frames to the BS. Hengeerformance becomes worse than our target®f3, which

the adaptive configuration of the actual numberfof CUs’ leads to an excessive probability of errors at the CUs. Hence
information frames obeys the following rules: we ultimately recommend the better strategy of Eq. (21).

(o Shswe
K mg =< Kma, ZZL(Sfl):O;
9Imo,  Otherwise

B. Analysis of Transmission Rate

In this section, we investigate the attainable transmissio
rate of our proposed schemes. We assume that we Nave
where ¢ denotes the number of CUs that have to relay tifeame sessions and the length of each TS in the frarfie /s
PU’s information to the BSy} € L. For example, the value discussed in Section Il, this TS is split into two parts, girg
of ¥ in our Ms,4-based scheme ik, which implies that the T = T} + T3, whereT} is used for the PU’s transmission
BS failed to successfully decode a single PU’s transmissiaturing the broadcast phase afig is allocated for the CUs
Additionally, in an My, « n_-based scheme, the value #fis to relay the combined information of both the PU and CU
given by (K — i). The CUs would relay the requiretiparity during the cooperative phase. If the PU activates a higher-
frames to the BS during the cooperative phase. The systemhisoughput modulation mode, then the SNR required by the
achievable performance will be discussed in Section IV. PU will be high. As a benefit, this will shorten the PU’s

transmission duration df;. Consequently, this would grant a
[1l. SYSTEM DESIGN longer transmission period for the CUs. Thus, we incrdase
In this section, the design guidelines of our proposé’(‘ﬂhenTl is reduced. Moreover, we assumed that the PU and

U _ cU
system will be discussed first. Then the transmission ra‘tes%u have the.same Bauq rate (Sy",‘bc?' rate)l?jj = R .
both ADNC-M1 and ADNC-M2 are analysed. Based on oufymbol/s durlng_ the entire transmission period. Meanwhile
investigations of both the network coding rate and the diegr 1€ numb?Donf b|tstUer frame of the PU and CU are the same,
order of our ADNC-M1 and ADNC-M2 schemes, we decid@@Mely N, = N,”= bits. Then.the nhumber of bits during
upon our final recommended prototype system. the broadcast phase is given by:
LRIV
Ry,
All transmission links shown in Fig. 1 have employed thgijle during the cooperative phase, it is:

ATTCM scheme detailed in Eq. (8) and Eq. (9), where each o
link may employ different modulation modes during the entir NCU — K R¢Y (24)
transmission period. Under the DNC policy of Section II-B, b Rggk ’
the PUs (or SNs) transmit at the same rate. We consider the , i ) .
“worst” PU. whose link towards both the CUs and the BS ha¥here K was defined in Section 1I-C.2. Then the Baud rate

’ ispPU _ NP i igRCU —
the lowest SNR, which forces some of the PUs which actua gg]e PUIsR]Y = N;”V/T:, while that of the CU isR{ =
experience a high SNR to transmit at a rate lower than thetw /Ta. _
own affordable rate. This allows the CU to perform bit-by-bi In our proposed DNC-CCR scheme of Section II-B, the TSs
combination of the decoded information. Thus, the lowest;r are shared by the PU and CU. We assumed that the amount of
but most resilient modulation modes are activated for al thnformation to be transmitted by the PU and CU is identical,
L SD and L SR links, which also affects theL(x K) SR thus we have:

NV = : (23)

A. Adaptive TTCM transmission scenario

links. The rate achievable at the SNs of our proposed scheme LRPU K' RCU
during the broadcast phases can be written as: U = ooUo (25)
REYT RSURT,
PU, . * *
Ry, = min{C,,C5,, ) el ke K. (21) Then, based on Eq. (25), the relationship betw&egmand 75
As for the K RD links, each link obeys the adaptive modulalS given by:
tion mode selection rule of Eq. (8) and Eq. (9). Additionally T K REU:
the achievable rate of the CU/RN to BS link during the 7 = TCTUIk - (26)
cooperative phases is given by: ! Tz
SinceT, =T — T, based on Eg. (26), we have
RGY = max{C] .}, keK, (22) : ! a- (26)
: LRSYx
where the values af’; ,, C%,, andC;, ; can be obtained from o= T (27)

Eq. (8), depending on the instantaneous channel conditions K RizUl T LR%[CJK

Our proposed scenario achieves a FER lower thanlthé The average throughput of the entire system may be quantified
target at the RN, in order to minimize the potential errdoy the ratio of the total number of transmitted information
propagation from the CUs to the BS. The strategy defined lyits divided by the number of transmission TSs. This metric
Eq. (21) during the broadcast phase is not the only scenaidosimilar to the concept of the overall rate defined in [27,
we have investigated. We have also tested another promis{g)]. We also assume that our proposed system transmits its
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messages at the same rate during esefiame session. Then 2) Direct Transmission:The overall transmission rate per
the overall throughput per frame per user for our proposé@me per user of the non-cooperative scheme recordeddor th

DNC-CCR scheme is given by: whole TS duratiorii” becomes:
N L PU,
1 Ryt
L ZN ey By, ' Ty s = 5 L*z L (31)
N"bNCc = N L xT ) (28) n—=1
n=1 . .
. LREV ST Finally, we will compare the overall performance of these tw
1N K RV LiETE systems in Section IV.
- N ixt o &)
n=1 C. Diversity Order and Network Code Rate

where again,N denotes the number of frames andis the = The network coding raté& yc characterising the multiplex-
total number of PUs. In oub/>4-based system, the numbefNd capability of the network coding scheme exemplified in
- - : Section 1I-B may be expressed as:
of frames transmitted from the PU Is= 2, while, the number
of information frames transmitted i& = 4 for the M- Bre — Total number transmitted information frames of PU532)
based system. N~ Total number of information frames of PUs and CUé
1) ADNC scheme:Let us now consider the achievable gy further considering the ADNC scheme detailed in Sec-

transmission rate of our proposed ADNC-CCR scheme. If b, |-C, the network code rate of ADNC-M1 is given by:
the PUs transmit all their messages to the BS successfodly, t

CUs do not have to relay the source information to the BSs. RADNC-M1 _ {Lml Sy=1,
NC =

Lm1 )
By contrast, the CUs will relay the source information to the (33)

. .. . meril(mz ’ Sf:O;
BS, if the transmissions from the PU to the BS failed. Thus )
we can obtain the time allocations between PUs and CUs Mgreover, the network coding rate of the ADNC-M2 scheme

follows: may be expressed as:
Lm, Lig. =1
=T, T, = 0; If the PU’s transmission is successful. RADNC-M2 _ tma ZlL(Sfl)—O? a4
Tl — LR?i}k T. T, =T T, - Oth . NC - Lmi+Kms? Zl ( fl)_ ) ( )
T KRV LRGD et T T A DINerwise i, Otherwise

S . . where the number of CUs is assumed to be the same as the
whereK is different in the ADNC-M1 scheme of Section ”'number of PUs in our design. As shown in Eq. (33) and

C.1 and in the ADNC-M2 scheme of Section II-C.2. Moreove :
Eq. (34), the resultant network coding rate BA2NC =

if the PU transmitted successfully to the BS, we can save the,, _ 1, while the value ofk'm, can be adaptively adjusted

. . y . . . Lm
entire 7, duration for the CU's communication. However, ifoia 40 in order to increase the achievable multiplexing gain.

the PU failed to successfully transmit its message to the BRorder to highlight our generic design principles, thg . s-

then th_e CU would reIay_the_PU’s message to the_BS. If thesed system is taken into consideration. The transferxmatr
transmit SNR of the PU is higher, the relaying period of thM4Xg is provided by [16], [17]:

CU will be reduced and this allows the system to grant a

longer transmit-duration for the CUs. By contrast, at a low 1000/ 373°%6
SNR the opposite trend prevails. When the PU’s transmission _ 01005774
. ; Myxs = (35)
is successful, the average throughpuLoPUs relying on our 0010 ] 2461
ADNC-CCR scheme is given by: 0001|5532

N L pU Then we have four broadcast phases and four cooperative
1 2o BT phases. The construction of the parity framBs of the
flapNe =y ; LT ’ kth CU is detailed in Eg. (13). Moreover, the modified
) n;, L pPU, transfer matrix){’ of the actl_JaI communication_is given by
_ Z 2o By _ (30) Mjs(i,7) = Muxs(i,7), provided that all transmitted frames
N~ L are successfully decoded by the BS. Referring to Fig. 1, the
network encoders of the CUs generate the parity frames based
If the PU’s transmission failed, then the CU/RN will transmion the information frames. The network decoders at the BS

the PU’s information to the BS. The overall throughput takes; ; e ;
into consideration both the PU’s information ang the CUG’@III decode the parity frames based on the modified matrix

own information, where we havespnc = npne, when the  introduced in Section 1I-B. Therefore, thid; . 4-based scheme
PU’s transmission failed, wherg, ¢ IS detaﬂegm Eq. (29|).tand theM, . s-based scheme are comparable, since they share
1

Hence, the overall throughput per frame per user o DNC _ Lm,y _ 1
proposed ADNC scheme B given by: fﬂﬁe- same paramezer values BRoNC = o = 5,
while Sy =0 or >, (Sy,) = 0 refer to Eq. (33) and Eq. (34),
PU r ively.
% Zﬁ:;l M PU’s transmission was successful; espect ?y . .
napne =4 T 7 s Tpruig ’ o _ Accordingly, the information rateR;, s, of our proposed
N 2n=1 — 3 PU' transmission failed; system can be expressed as [17]:
whereT is defined in Eq. (27). Rinfo = Rnc Xnapnc , (36)
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which is near-instantaneously time-variant [37], [38hc& it the FER performance of our ATTCM aided DNC scheme

may be changed for each transmission session. Furtherm@ealways better than that of the non-cooperative scheme,

the diversity order reflecting the degree of space diversin regardless of the specific modulation modes. Naturally, the

attained by employing our network coding aided system m#&@pPSK modulation mode has the best FER performance. It

be expressed as [39]: is shown in Fig. 2 that the DNC-4PSK arrangement attains
D _x 37 an approximately20 dB gain in comparison to the SD-4PSK

ADNC = tme (37)  scheme aF ER = 10-3. As expected, the 64QAM mode has

where the value ofK’ is K' € [0,4] for the ADNC-M1 the worst FER performance, when viewing this comparison

scheme andx’ e [0,1,2,3,4] for the ADNC-M2 scheme, for an SNR-perspective, the DNC-64QAM scheme required

whenM, g is used. Additionally, the maximum and minimuman extral2 dB power compared to both DNC-4PSK and to

value of Dapnc_an is identical to that of Dapnc_nre, DNC-64QAM.

but the diversity orderDapnc—a1 is higher than in the  We defineE, /N, as the transmitted energy per bit to noise

scenarioD 4apnc -2, When the BS fails to recover the PU'spower spectral density ratio:

information, since the value df inthe Dspxc—m2 Scheme

can be[l,2,3]. Fig. 5 shows both the FER performance _ _ _

and the average per-user per-link throughput verByaN, Ev/No dB = . dB—10logyp(Ringo) ,  (38)

for our ATTCM aided ADNC assisted CCR system based , . , ,

on the My,s matrix. It can be seen in Fig. 5 that theVNere~: is the transmit SNR and Rin, is the system’s

FER performance of ADNC-M1 is better than that of thgcmevable throughput, which is defined in Eq. (36).

ADNC-M2, since it has a higher diversity order in some

situations, when their throughputs are comparable. In @R C

10° 5

10-4 L

Frame Error Rate

Frame Error Rate

10°

Average Throughput per-User-per-Link

Average Throughput per-user-per-link

FER:ADNC-M1 —&— |
FER'ADNC-M2 —&—

BPS:ADNC-M1 —%— Ey/No(dB)
o _ PPS:ADNC-MZ e o
10 ¥
0 5 10 15 20 25 30 35 40 Fig. 6. The FER performance and average throughput per eséing versus
Ey/No(dB) Eb/NO; of the proposedSystem 2of ATTCM aided ADNC scheme refer

to Table I. “M2x4” and “M4x8" represents the FER and averageughput
Fig. 5. The FER performance and average throughput per wsefink of our ATTCM aided ADNC scheme activating one of five channedliy
versusEb/Ny of the proposed ATTCM aided ADNC scheme b,ased on th@ependent modulation modes usihg® frames based on the matrik/z 4
M 4,8 matrix detailed in Section Ill, as well as of ADNC-M1 fd€ € 0,4, and Masxs, respectively.
and ADNC-M2 for K’ € 0,1,2,3,4.

. : . . . Fig. 6 sh the FER uB;, /N f f th
scheme, we aim for reducing the bandwidth requwement,e/vhb\/[ '9. 5 SHOWS the versus, /Ny performance of the

) . o X and M,xs-based System 2 employing the ADNC
increasing the transmission rate of the PUs. We will emplc(zj}/rr2X4 . .

. . o . ) angement, which represents the practical ATTCM trans-
ANDC-M2 in the investigations of Section IV because it h g P P

. s ; Ahission scheme of Table I, as introduced in Section II-A.
a higher multiplexing gain. Its performance is benchmarked against that of the ATTCM
aided non-cooperative communication scheme. As observed i
Fig. 6, theM,4g-based scheme is capable of providing a sig-

Fig. 2 shows the FER performance of the five i”diVidUéHificantEb/NO performance improvement ab dB—15 dB=
non-adaptive TTCM modes of Eq.(8), when communicating dB at FER = 10~3 in comparison to thell,,,-based
over uncorrelated Rayleigh fading channels as well as tBgheme. In comparison to the non-cooperative schemes, our
FER of TTCM-aided DNC and of the Corresponding norproposedM4><8 and M2X4-based ADNC arrangement has a
COOperative SChemeS, when transmitting over our Comﬁinq‘%tter FER performance. More Specifica”y’ dm4><8_based
quasi-static (shadow) and Rayleigh (fast) fading channelgheme attains an approximat@y dB —15 dB= 8 dB gain
Fig. 2 substantiates that the curves that consider only @dmpared to its non-cooperative counterpart at FER3.

uncorrelated Rayleigh fading channel always_ exhibit aelnet_t As we discussed in Section I1I-B, the average throughput
performance than the curves that characterise the combined

guasi-static and Rayleigh fading scenarios. It is obsethiat

IV. NUMERICAL RESULTS AND DISCUSSIONS

2The concept of transmit SNR [32] is unconventional, as tes quantities

1When the channel gain incorporates both the shadow- anefafdisy to each other at two physically different locations, nanthly transmit power

components, the adaptive transmission regime countettaetshadow fading, to the noise power at the receiver, which are at physicaffer@int locations.
but it is typically unable to accommodate the Rayleigh+igdi However, this is a computationally convenient definition.
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System System 1 System 2

The outputC™* (vr < 70) case 1 (No transmission case 2 (TTCM-4PSK)
Principle of ADNC ADNC-M2 ADNC-M2

Channel Rayleigh and Quasi static fading channel Rayleigh and Quasi static fading channel

Number of framesV 10 10%
Adaptive Coding ATTCM ATTCM

Modulation Q-PSK, 8-PSK, 16-QAM, 32-QAM, 64-QAM| Q-PSK, 8-PSK, 16-QAM, 32-QAM, 64-QAM
FER bound 103 10-3
Transfer matrix of DNC Mowa, Myxs Mowa, Myxs
Number of PUs L=24 L=24
Number of CUs K=2/4 K=2/4
my [frame 1 1
mg [frame 1 1
Pathloss exponent 3 3

TABLE |

THE MAIN PARAMETERS OF OUR TWO SYSTEMSWHERE SYSTEM 1 INCLUDES A NO TRANSMISSION MODE WHILE SYSTEM 2 WOULD INVOKE THE
‘TTCM-4PSK’ MODE WHEN THE CHANNEL QUALITY IS POOR

per user of the entire system can be summarized as:

0.4

Transmitted packet of PU

0.35 -

—_—
PU P
LRtT-anTbroadcast _ LRt?'g’n 03

.(39)

77](1’(}6

LTbroadcast + KTcooperatiue B L+ K

Required orthogonal channel

Explicitly, Fig. 6 illustrates the average throughput peer
per-link versusE;, /Ny performance of thé\/s,4 and My s-
based ATTCM-ADNC-CCR scheme, when we employed the
five TTCM modes of Eq.(8) and used the case 2 scenario of
Eqg. (9). In contrast to the ADNC arrangement, at low SNRs
the non-cooperative arrangement has a throughputiBPS.

It is observed in Fig. 6 that the throughput trends of theseeth
schemes are similar and they appro&ciBPS atFE;, /Ny =

Bandwidth Reduction (Bg)

0.25

0.2

0.15

0.1

0.05

0
0

SNR-adaptive —&—

SNR{[dB]

Fig. 8. The bandwidth reductioBs versus SNR of the propose®ystem 1
of ATTCM aided ADNC scheme refer to Table. . “SD”, “M2x4" arith4x8”

40 dB. Therefore, thell,xs-based scheme has the best FERe denoted the FER and average throughput of ATTCM aideetaoperative

performance at a comparable throughput.

scheme using one of three modulation modes and the ADNC sfanfour

and five modulation modes based on mathif x4 and M4y g, respectively.
“SNR-adaptive” ATTCM-ADNC-CCR scheme is represented thhtvays

10°

5 activates the best scheme for the set of “SD”, “M2x4” and “MZbased
schemes in terms of the average throughput as a functioneoSMR which

10t

102

Frame Error Rate

M4x8
&

£ o ®

-6-0-6-6-0-04

Average Throughput per-User-per-Link

has described in Section IV.

BPSK, 8PSK, 16QAM of ATTCM transmission modes. The
reason for considering three modulation modes for our non-
cooperative scheme is because the FER performance of the
non-cooperative benchmark scheme is somewhat poor. If a
32QAM modulation mode were to be used, the FER would
become excessive. Hence we opted for four modulation modes
for our ATTCM-ADNC-CCR M3, 4 matrix. Observe in Fig. 7
that the FER recorded at the RN becomes lower than®

25
SNR{[dB]

Fig. 7. The FER performance and average throughput per esefink
versus SNR of the proposedSystem lof ATTCM aided ADNC scheme
refer to Table 1. “SD”, “M2x4” and “M4x8” represents the FERdaverage
throughput of our ATTCM aided non-cooperative scheme using of three
modulation modes and the ADNC scheme for four and five moidalahodes
based on matrix\/2x4 and Mg, respectively. “SNR-adaptive” ATTCM-
ADNC-CCR scheme is represented that always activates ttesbheme for
the set of “SD”, “M2x4” and “M4x8" based schemes in terms of twverage
throughput as a function of the SNR which has described iti®etV.The
number of transmitted frames i©°.

Fig. 7 shows the FER versu&V R, performance of\/s, 4

both for the ADNC and for the non-cooperative scheme. The
FER performance curves of the, .4 and of theM, . s-based
ATTCM-ADNC-CCR scheme and of the non-cooperative
scheme crossed each other&aVR, = 10 dB. Beyond that
point, the FER performance of the ADNC scheme became
better than that of the non-cooperative scheme, namely for
SNR; > 11 dB. Moreover, at FERE)~° our proposed\/, . s-
based scheme attains @b dB —26.5 dB= 13.5 dB gain
compared to the non-cooperative scheme.

As observed in Fig. 7, our proposed,ys-based ADNC

and M, «s-based System 1 employing the ADNC arrangemerscheme has a better throughput than the non-cooperative
which the parameters are shown in Table I. In Fig. 7, wacheme folSN R; > 25 dB. Explicitly, we found in Fig. 7 that
compare the throughput of three schemes at a comparabke ADNC scheme achieved a throughputdf iBPS, which
FER. Explicitly, the non-cooperative scheme employed thg5.0 — 3.0 = 2.0 bits higher than that of the non-cooperative
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scheme at SNR= 45 dB. Observe furthermore in Fig. 7 thatADNC techniqur(]a Werle codr]f_igurec\iNa?cord(Jn tohthem?tg—:‘ar—
- is hi instantaneous channel conditions. We found that the pezpos

tEe thrr]ougrf]pﬁt Of thelyxq ba;ed AhDNC scheme is hlgherAI;)NC aided CCR scheme enables the PU to either transmit

than that of the non-cooperative scheme $av i; > 20 dB. 9 iBPS more information at a given SNR, or releasing up to

More specifically, the proposedl/,.s-based ADNC scheme 40% of bandwidth for exploitation by the CUs.

requires four TSs, while th&/s, 4-based scheme only requires
two TSs, when the BS failed to flawlessly receive the source
information from the SN, albeit these ADNC schemes failed tdt]
achieve a higher throughput for low SNRHence, it is better ]
to activate a non-cooperative model at a low SNR, since it%
throughput per user per link is better. Then the “SNR-adapti
ATTCM-ADNC-CCR system characterized in Fig. 7 is thel®!
scheme that always activates the best scheme for the set of
non-cooperativé/s 4- and My« s- based systems in terms of [4]
the average throughput as a function of the SNR. Note that
at FER90~* the FER performance of the “SNR-adaptive” 5]
scheme is better than that of thd.,4-based arrangement,
but at FER20~5 worse than that of thé/,.s based scheme.

The bandwidth-reduction factorB;) may be formulated
as [20]:

(6]

- 7ZS—D (7]
nave
where ngp denotes the throughput of the non-cooperativés]
system employing ATTCM as defined in Eq. (31) ang.
is defined in Eqg. (39). [9]
In Fig. 8, we consider the attainable bandwidth reduction
versus SNR for our ATTCM-ADNC-CCR system based on[10]
the Msy4 and My«g matrices of Table I. It is observed in
Fig. 8 that the highest bandwidth reduction is achieved ly th
M, s-based ADNC scheme, which result B, = 40 % for [11]
SNR; > 42 dB. Observe in Fig. 7 that the corresponding
maximum throughput of the ADNC schemesspne = 5, [12]
while that of the non-cooperative schemenisp = 3. Thus,
based on Eq. (40), we arrive &, = 1 — 2 = 0.4 = 40%.
By referring to Fig. 8, we observe that thkl,,4-based
scheme may achievB; = 25 % at high SNRs, namely for
SNR, > 42 dB. Thus, theM,.s-based ADNC scheme is 14
capable of saving0% —25%= 15% more bandwidth than the
Ms . 4-based ADNC scheme. Moreover, the performance of the
“SNR-adaptive” ATTCM-ADNC-CCR scheme characterizet}>!
in Fig. 8 provides the highest bandwidth for the PU, regaslle
of the SNR. In our proposed ADNC-CCR schemes, the sizs]
of the DNC matrix and the number of frames transmitted
per PU/CU would influence the number of supported PUgz7
More specifically, based on & x N.)-element DNC matrix
Mn, xn,, the number of PUs that can be supported over an
N,-frame periods is given byV,. /N ¢, whereN; is the number [
of frames transmitted per PU during th€.-frame period.
Hence, theM,.s-based DNC-CCR scheme is capable
supportingL = {1,2,4} PUs, when we hav&V; = {4,2,1},
respectively. We found that both the FER and the average
throughput per user per link vers§sV R; performance would
be similar, when supporting various number of PUs Whé%o]
using the same transfer matrix. Investigations based orgarla
DNC matrix, such as thé/s, 1o of [40], will be considered [21]
in our future work.

B,

; (40)

(23]

ey

V. CONCLUSIONS (22]

An ATTCM aided ADNC assisted CCR scheme was cofz3]
ceived, where both the ATTCM modulation mode and the
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