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Abstract

The active cooperation between a Primary User (PU) and aiGaghblser (CU) has the potential of leading to a transmissio
power reduction and transmission rate increase for botPthand the CU. Alternatively, the required bandwidth may dsuced
and the freed bandwidth may be leased to a group of CUs for $eebndary communications. More explicitly, our coopeeat
protocol allows a CU to serve as a Relay Node (RN) for relayirgysignal of the first PU, which is a Source Node (SN), to the
second PU, which is a Destination Node (DN). Furthermorecareeived adaptive Turbo Trellis Coded Modulation (AT TChah)
appropriately adjusting both the code rate and the modulatiode according to the near-instantaneous channel smglifThe
ATTCM switching thresholds specifically adjusted for emsgrthat the Bit Error Ratio (BER) is below0 ™5 in order to minimize
the potential error propagation from the RN to the DN. It wasrfd that the joint design of coding, modulation, user-evafion
and Cognitive Radio (CR) techniques may lead to significantuad benefits for both the PUs and the CUs. More specifically,
we propose an ATTCM aided two-way relaying cooperative CReste that maximizes the CU’s own data rate and improves
the exploitation of the bandwidth released by the PUs. Ownerical and simulation results show that the bandwidth cédo
attained by the proposed two-way relay based CR scheme is than 80% of the PU’s bandwidth.

Index Terms

Cognitive Radio Network, Cooperative Communication, Redalection, two-way relay, ATTCM

I. INTRODUCTION

Cognitive Radio (CR), relying on a software-defined radsoam emerging technology that enables the flexible developme
construction, production, shipping and deployment of higidaptive radios [1]. The two primary CR objectives defiried
Haykin's paper [2] are:

« Highly reliable communication whenever and wherever ndede
« Efficient utilization of the radio spectrum.

The CR mechanism is also capable of exploiting the availapéetrum holes in the communication spectrum. If the spectr

is not used by the Primary Users (PUs), then the CognitiverdJ&Us) would have the opportunity to access it for their
secondary communications based on the CR technique. Aogaimithe CR protocol, the device listens to the wirelessaea

and identifies the spectrum holes, either in the time or infthquency domain [1], [3], [4]. Moreover, the most common
paradigms associated with cognitive radios are the sedalinderlay, overlay and interweave networks. In the uaglerl
paradigm, the CUs communicates with the aid of the PUs ufdecanstraint that the interference imposed by the CUs on the
PUs must not degrade the PUs’ communication quality. Inreshto the underlay scheme, the CUs in the interwave paradig
can only transmit simultaneously with a PU in the event of laefapectral hole detection. Thus in effect, the CU’s trahsm
power is limited by the sensing-range of its spectral hofesggy, not by the interference experienced. Moreover, énoerlay
paradigm, both the CU and PU communicates using the samaefney band in the same geographic space, assuming that
the CUs assisted the PUs transmissions invoking cooperedircnmunication techniques, such as advanced coding oitivegn
relaying techniques [5], [6].

Cooperative communication [7] is a new communication pigradhat promises significant capacity and multiplexinghgai
improvement in wireless networks. It is capable of suppgrtisers by providing an improved integrity or throughputhwi
the advent of user cooperation [8]. The two most popularabaliative protocols are the Decode-And-Forward (DAF) and
the Amplify-And-Forward (AAF) schemes [9]. Cooperativenmmunication aided CR systems may be categorized into the
following three types: 1) cooperation among the PUs; 2) eoafion between PUs and CUs; 3) cooperation among the CU
peers [10]. More specifically, the first type is similar toditeonal cooperative communication. In the third type, a @idy act
as a RN for other CUs, which may have different available spdd0]. For the second type, the PUs have a higher priority
than the CUs, where the CUs may act as RNs for PUs [11], [12feMpecifically, the active cooperation [11] among the PUs
and CUs would allow the PUs to transmit at a lower power andfaa higher throughput, while at the same time enabling
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the CUs to communicate using the released bandwidth. Andatkeresting protocol involving simultaneous transnossi of
the PUs and CUs has been proposed in [4] for maximizing theathachievable rate.

In our work, we consider a cooperative CR scheme, whichgalie cooperation of the source PU and the destination PU
with the aid of the CUs acting as RNs. This is commonly refittoeas the overlay paradigm, and various papers have focused
on this model, when appointing a single PU [13], [14]. Howeve these scenarios the PU’s improved performance does
not necessarily translate into a satisfactory performdacehe CUs. In some cases, the CUs have limited spectrunssacce
opportunities, if the PUs have their own data to transmif.[1# our approach, we aim for increasing the CU’s own data rat
by exploiting the bandwidth released by the PUs, as well aseasing the throughput of PUs by using one of these CUs
as a RN. In our proposed one-way relay aided cooperative GRrsy we have considered multiple CUs and a single PU.
We have employed the relay selection technique of [15] faosing the best CU to act as a RN in order to help the PU to
successfully deliver its information. Moreover, we havecaproposed a novel two-way relay aided cooperative CR sehem
which has two PUs in the system. We have considered two mlstée this scenario. The first protocol is based on a Time
Division Broadcast Channel (TDBC) [16], which relies ongértime slots. The second protocol is based on a Multiplees&c
Broadcast Channel (MABC) [16], which requires only two tiglets. In this contribution, we design coding and modutatio
schemes for an active cooperation based CR system.

In CR systems the link-quality varies across a wide rangegchvitannot be adjusted by power-control. Hence near-
instantaneously adaptive coded modulation is proposed;hwis capable of accommodating these differences. We have
considered the idealistic adaptive schemes based on @ahtinuous-input Continuous-output Memoryless Cha(@€eMC)
and on the Discrete-input Continuous-output Memorylesan@el (DCMC) [17]. More specifically, the CCMC based adaptiv
scheme assumes that idealistic capacity-achieving caaliligmodulation schemes are employed for communicatingtlgxac
at Shannon’s capacity. By contrast, the DCMC based adaptiieme assumes that an idealistic capacity-achieving isode
employed for aiding the PSK/QAM modulation schemes comeidiéor the sake of operating right at the modulation-depeand
DCMC capacity. Furthermore, we also considered a practidaptive scheme based on power- and bandwidth-efficietoTur
Trellis Coded Modulation (TTCM) [18], which is a joint codjrand modulation scheme that has a structure similar to yinar
turbo codes. Additionally, the TTCM schemes [19] were desdjbased on the best component Trellis Coded Modulatignh [20
components using the so-called ‘punctured’ minimal disgacriterion for communicating over the Additive White Gsias
Noise (AWGN) channel. The transmission rate/throughputirfiormation Bit-per-Symbol (iBPS)) of our system is adagpt
according to the instantaneous channel conditions. A hitiireughput TTCM scheme is employed when the channel tiondi
are good, while a lower-throughput TTCM scheme or no trassion is used, when the channel conditions are poor.

The novel contributions of our paper are:

o The CUs’ data rate is maximized by our proposed cooperat®acheme. Similarly, the PU is also capable of transmitting
at an improved transmission rate at a given SNR, while relgas significant amount of its bandwidth for exploitation
by the CUs.

« We conceive a two-way relaying scheme for our proposed CRsybased on both the TBDC and the MABC protocols,
which aims for jointly improving the power efficiency, thehéevable rate and the throughput of PUs.

« A practical adaptive coded modulation scheme is investijand benchmarked against idealistic adaptive schemes.

The rest of the paper is organized as follows. The systengdedithe idealistic cooperative CR scheme capable of opegrat
exactly Shannon’s capacity is outlined in Section II-A. Thed modulation based transmission model of our cooper&iR
scheme is detailed in Section II-B, while our realistic ATNIGided one-way relaying system is described in Sectio@.8-
The details of our ATTCM-aided two-way relaying assistedmperative CR schemes are provided in Section 1I-C.3. Theative
performance of our proposed schemes is evaluated in Sdtitiavhile our conclusions are presented in Section IV.

Il. SYSTEM MODEL
A. System Design of our Idealistic Cooperative Cognitive Radio Scheme

In this section, we adopt the cooperative CR philosophy df,[I112] relying on the cooperation between a PU (as the
source node (SN)) and a CU (as the relay node (RN)) for congeyie source message to another PU (as the destination node
(DN)). To facilitate efficient spectrum sharing between B¢ and CUs, we consider configuring and sharing the frequency
bands ofi¥; and W5, as shown in Fig. 1. Observe in Fig. 1 that the CU acts as a RNaasidts the PU in transmitting its
signal in one of the frequency bands, namelyifi. In the other frequency band, namély,, the PU remains silent and the
CUs transmit their own signals by using the entire time glot

Again, Fig. 1 illustrates the bandwidth, time period and powllocation for the PU and CUs, wheléand W, are the
original time period and bandwidth allocated for the PU/Sté transmit its source message to the PU/DN. When the PU/SN
is assisted by a CU/RN, the PU/SN only has to utilize a fractb7 and W, in order to convey the source message to the
PU/DN. More specifically, the PU/SN and CU/RN will share trenbwidth11/; to convey the source message to the PU/DN,

1we represent the PU acting as the source node as PU/SN. $im@&/RN denotes the CU acting as a relay node, while PU/@Notes the PU acting
as the destination node.



while the other CUs may use the remaining bandwidth&} & W, — ;) for their own communications. In other words,
a CU/RN assists in saving some of the transmission power efPld/SN due to the reduction of the transmission period
from T" to 7. In return, the PU/SN would release the bandwitlth to other CUs. More specifically, let us assume that the
transmission power per unit frequency emanating from thé&SRUs Py watts/Hz and the target transmission rate jg Rits/s.
The PU/SN transmits using the power B during 77, while the CU/RN forwards the source message using the poWwer
Pcr,1 duringT; and the second CU can broadcast its message to other CUsthsipgwer ofPcr 2 during the entire time
periodT'.

During the first time slofl, the PU/SN broadcasts the source message both the CU/RN and the PU/DN. The signal
received at the PU/DN via the Source-to-Destination (3K is given by:

Ysd = V/ Pshsdx + Nsa 5 (1)
and the signal received at the CU/RN via source-to-relay) (8iR is:
Ysr = PShsrw +nsr (2)

wheren,y andn,, are the AWGN processes having an average single-sided pmiger per unit frequency afy = 4.0x1072!
watts/Hz [11] in the SD and SR links, respectively. In thistibution, we have adopted the AAF model of [11] and addiity
we extended it to our DAF model. Hence our CU/RN is capableaning out either the AAF or the DAF operation.

During the second time sldt; the CU/RN would forward the source message to the PU/DN usiagransmission power
of Pcr,1 watts/Hz. When considering the DAF protocol, provided it RN is capable of decoding the transmitted symbol
correctly, it forwards the decoded symbol with a powRerr ; to the DN. Otherwise the RN remains idle. The signal received
by the PU/DN via the relay-to-destination (RD) link may benfulated as:

ybiM = /Poriheat + na - (3)

Similarly, when considering the AAF cooperation protodble CU/RN amplifies the received signal and forwards it to the
PU/DN at a transmit power aPc-r 1. The signal received by the PU/DN via the RD link may be exggdsas:

Yyt = wav/Perihrayse + nrea 4)
wherew, = \/ﬁ [21] is the amplification factor. Then the signal receivedtbg PU/DN under the AAF protocol
via the RD link may be rewritten as

yAAF Pcorihrdysr .
V/ Ps|hsr|? + No
Pcr,1Pshrihsr Pcr,ihva

T Ngr + Npd - (5)
\/PS|h/sr|2+N0 \/PS|hsr|2+N0

The channel gaing g, hs- andh,.q are assumed to be independent complex Gaussian rargédorblaari'aith zero mean and
variances ofo2,, o2, andc?,, respectively. The channel variance is [21], [22};, = (ﬁ) = (m) . Whered,;,
denotes the geometrical distance between no@ad nodeb, the wavelength is\ = +, wherec is the speed of light and
we consider a carrier frequency ¢f =350 MHz. Furthermore we consider an outdoor environmengretthe path-loss
exponent [23] is given by = 3.

In our scheme, the PU/SN transmits durifig while the CU/RN transmits durin@,. Both the PU/SN and CU/RN utilize

the bandwidthi¥;. When the AAF protocol is employed based on Shannon’s cgptdworem, the CCMC capacity of the
cooperative relay channel over the bandwidthiiof Hz is given by:

Ps|hsal* sdl?

Wy
CAAF = 1] 1
089 + — N

2

where we have [21, pg. 122k = %Ps|hljf|Pi;cthf|r‘TL7M| . When we consider the DAF protocol, the capacity of our

No) N
system is limited by the capacity of either the SR link or ththe combined channel constituted by the SD and RD links
which ever is lower. Then the CCMC capacity of DAF transnuissi overi/; Hz can be formulated as [21, pg. 126]:

Ps|hsal*> . Poralhral? Pg|hgr|?
’ 1 14+ — 7
N() + N() )7 Og2( + NO ) I ( )

T fe } ©)

char = %min [bgg(l—i—

2The SD link is represented by the link between the PU/SN aedPtd/DN. The SR link represents the communication link betwthe PU/SN and the
CU/RN. Additionally, the communication link between the &M and the PU/DN is referred to as the RD link.



The factori in Eq. (6) and Eq. (7) indicates that the PU only utilizes thstftime slot7} of Fig. 1, which the CU uses
the second time sldl: to transmit its signals. Without loss of generality, we assd} = 1, = % Based on Eq. (6), the
bandwidth required for achieving a transmission ratekef, < CpiiF may be formulated as:

2Rpy

PsPcr.a|hse|?|hral? } ’ ®)

W, >
<d| +
No (Ps|hsr|?+Pcr,1]hral?4+No)No

Ps\h

log, [1 +

For the DAF protocol, the bandwidth requirementi&f can be expressed as:
2RPU

Wl > . Ps‘h d‘ PCH l‘h d|2 Ps‘h |2 ’ (9)
min [1og 1+ s ), logy (1 + Tj)}
In the non-cooperative case, the CCMC capacity of the PUESHvien by:
Ppy|hsal?
Chy = Wolog, {1 + %} : (10)
0

For the following derivation, we use th€py to represenCEAE and CaA#F. It can be shown that the transmission power
originally required for achievinqRpy = Cpy is given by:

R
No(2 %o —1)

11
|hsd|2 ( )

Ppy

As seen in Fig. 1, a group of CUs is capable of communicatirigguthe released bandwidfl; for the entire period of
T, while a CU is helping the PU/SN as a RN. The received signallds to transmit its own signal in the whole time slot
T is given by:

yocr = +/Pcorz2hcrrcr +ncr , (12)

wherehcpr denotes the channel between a CU’s transmitter (CU/SN) andeistination (CU/DN) for its own transmission.
The source message:r transmit from CU/SN to CU/DN andcr is the AWGN process. Then, the achievable transmission
rate of the CUs is given by:

Poralhor|?

— 13
Ny ’ (13)

If the total transmission power of CUs is limited &, then we have:

Recr = W210g2 1+

1
Por = §PCR,1W1 + PoraoWs . (14)

In this way, the CUs can decide how to allocate their joinbgraission power in order to maximize their own data rate. Let
us define the ratio of transmission power allocated for hnglphe PU/SN to the total transmission power of the CUs over th
bandwidth1V; as:
1
sPocr W,
y = 22—, (15)

Per
wherey = [0 1]. Similarly, the ratio of the transmission power abited to transmit the CUs’ data to the total transmission
power of the CUs, over the bandwidi¥; can be defined as:
1-yp = er2le (16)
Per
More specifically, the transmission powes £, at CU/RN may be determined from Eq. (9) and Eq. (15). On therdtiand,
the CU’s own data rate using the released bandwitith= 17, — W; may be derived as :

Perlhor?(1—4)

(Wo —W1)No |’
which can be optimized with respect to Moreover, the Reduced-Distance-Related-Pathloss-glieduRDRPR) [24], [25]
experienced in our system by the SD, SR and RD links with egpethe SD link as a benefit of its reduced distance based
path-loss can be expressed as [24]; = ( 53)3, G = ( ) andG,rq = ( 53)3 respectively. Naturally, the RDRPR of the
SD link with respect to itself is unity, i.e. we hav&,; = 1. Our quantitative results for the AAF and DAF aided coopieeat
CR scheme will be discussed in Section IlI-A.

Rer = (WO — Wl) 1Og2 1+ (17)



B. Fixed-mode Transmission in Cooperative Cognitive Radio Schemes

In this section, we investigate the achievable bandwidttucgon based on three fix-mode transmission schemes. More
specifically, System A in Fig. 2 is a non-cooperative systeiile System B and System C are relay aided cooperative CR
systems. We assume that both the SN and the DN are PUs and the &QU. The passband bandwidihof PSK/QAM
modulation is assumed to be the same as the Baud-rate (orosyatb) of R, symbol/s, while the baseband bandwidth is
given by R, /2 symbol/s, when an ideal lowpass filter is assumed. The ltohthe system id, = n x Rs (bit/s), wheren
is the throughput in bit-per-symbol (bps). When considgdrpathloss exponent of = 3, we have a RDRPR aff = 2¢ = §,
which is G = 101log,,(8) = 9 dB when the RN is located at the mid-point between the SN aadiN. The received SNR
(SNR.) in decibel is given by:

SNR,=SNR, +G . (18)

and thetransmit SNR® is SN R; = 10log;(£: t), whereP; is the transmit power and/, is the single-sided noise power. We
assume that a BER dfo—" or less is requrred at the DN, where received SNRs of 9dBs &di4 are required at the DN,
when TTCM-8PSK and TTCM-64QAM are employed, respectivélye SD link is assumed to be of low quality and hence
it is not considered in this example.

As seen from Fig. 2, the PU/SN of System B is capable of inamgats throughput tan = 2 5 bps from then, = 2 bps
value of System A, when using the same bandwidtld ef R.. Their bit rate rate |s%§ =3 SRB upon assuming that System
A and System B have the same symbol rateRgf = RZ, the relationship of their bit rate is given by:

RbB = n_BRl? )
na
= 1.25R{ . (19)

Thus, System B has a 25% higher bit rate than System A withkénsdme bandwidth. Then the relationship between the bit
rate of System B and symbol rate of System ARE = 1.25R;{! = 1.25 x 2R4 = 2.5R%.
By contrast, both System A and System C have the same bit fa&' &= R{’, while the relationship of their symbol rates
is given by:
R = M
nc
= 0.8RY. (20)

Hence, System C is capable of providing the same bit rategumity 80% of the original bandwidth. This is achieved at a
lower Baud-rate opR,, wherep = ﬂ; = = 0.8 is the throughput ratio of System A to System C. Then the iglahip
between the bit rate of System C and the symbol rate of Systemi = 2R%.
More specifically, the bandwidth-reduction factor is givan
B, = 1-M1 (21)
nc

Therefore, a CU assist in PU’s transmission could save 20% (.8 = 0.2 = 20%) of PU’s bandwidth. Thus, this saved
bandwidth can then be shared among other CUs. If we createstaer8yD in a practical approaches where the bit rate of PU
is lower than that of System B, but higher than that of Systenthan we haveR? = 1.1R;}. By referring to Fig. 2, we have
14 = 2.0 bps andyp = 2.5 bps. Furthermore, we ha@? = 1.1na x R = 1.1 x 2 x R =2.2x RA Based on Eq. (20),
we haveR? = "AR = 22 R = 0.88R{". Then the bandwidth-reduction factor beconfgs= 1 — o —0.88 = 0.12.
In this situation, System D is capable of reducing the odgimandwidth by 12% for the CU'’s beneflt whlle the PU enjoys
an additional 0.5 bps throughput increment.

C. Practical ATTCM-aided Cooperative Cognitive Radios

We have shown that it is possible and practical for the PU tease the available bandwidth for supporting the CU’s
own transmission in exchange for an increased transmisBionghput based on the analysis of Section II-B. In thigisec
ATTCM aided one-way and two-way relaying schemes are preghdsr cooperative CR applications.

3The concept of transmit SNR [25] is unconventional, as itesd quantities to each other at two physically differenaiimns, namely the transmit power
to the noise power at the receiver, which are at physicaffgréint locations.



1) The ATTCM Algorithm: In our proposed system, we will make use of this power- andiwadth-efficient TTCM scheme.
Employing TTCM has the advantage that the system’s effedtivoughput can be increased upon increasing the code rate,
when the channel-quality improves. Additionally, both BER and Frame error ratio (FER) performance of the system may
be improved when TTCM is used [26]. Recently, various TTCMesnes were designed in [27] with the aid of the Extrinsic
Information Transfer (EXIT) charts [28], [29] and union bals for the sake of approaching the capacity of the Rayleidn
channel. The TTCM encoder comprises two identical paratieicatenated TCM encoders [20] linked by a symbol intedea
The first TCM encoder directly processes the original inpititsbquence, while the second TCM encoder manipulates the
interleaved version of the input bit sequence. Then théob#ymbol mapper maps the input bits to complex-valued ®}sb
using the Set Partition (SP)-based labelling method [26¢ Structure of the TTCM decoder is similar to that of binambb
codes, but each decoder alternately processes its condisgoencoder’s channel-impaired output symbol, and thenother
encoder’s channel-impaired output symbol [26, pg.764]rdidetails on the TTCM principles may be found in [26].We have
employed a ATTCM scheme for protecting the SR and the RD Jimitgere the effective throughput (or information Bit-per-
Symbol (iBPS) ) range is given by iBRS{0, 1,2, 3,5} bps when no transmission, QPSK, 8PSK, 16QAM and 64QAM are
considered, respectively.

Moreover, the ATTCM mode switching thresholtfs=[~q, v1, V2, 3] are determined based on the BER performance curves
of each of the four TTCM schemes communicating over Rayletlggmnels, as shown in Fig. 3. Specifically, we consider the
five TTCM modes and the ATTCM mode switching operation basedhe following algorithm:

YR > V3, TTCM-64QAM, BPS=5bps
vo < Yr <73, TTCM-16QAM, BPS=3bps

MODE = ¢ 71 < vr < 72, TTCM-8PSK BPS=2bps
Y0 < Yr <71, TTCM-4PSK BPS=1bps
Yr < Y0, No-Tx, BPS=0bps

2) One-way Relaying aided Cooperative CR scheme: As shown in Fig. 1, we consider a single SK, RNs, and a single
DN. All relays operate in the half-duplex DF mode and it isussed that each relay only knows its own channel, but the DN
receiver knows all channel value with the aid of trainingabtdition, the benefit of the direct SD link is also considerEue
signal received by node from nodea is given by:

Yab = V Gab V Pabhabm +n, (22)

where G, denotes the RDRPR experienced by the link between moded nodeb, while h,;, represents the symmetric
guasi-static Rayleigh fading channel gain of thielink and we assume that all channel gains are independerdaalf ether.
The quasi-static Rayleigh fading channels between the SNtlaa RNs are denoted g4, } 2 ,, while those between the
RNs and the DN are represented ﬁkad}szl. The power termP,;, is hormalized to unity. We use the notatigg, to refer

to the instantaneous receive SNR of the link between roded nodeb, so thaty,, = %"““2

0

Among theseK available relays only the specific relay with the highestantaneous SNR is selected for forwarding the
signal transmitted from the SN to the DN. The channel cooditk.., |, |h.,4|, at each relay, which has includét},;, describes
the quality of the SR and RD links, when using thle RN. The capacity of this two-hop scheme is limited by thetipalar
hop that has the minimum SNR dmin||h., |2, |h-,4|?]}, which is also referred to as “bottleneck” [15]. We havé { 1)
links spanning from the SN to the DN supported EyRNs as well as the SD link. We have considered the max-miry rela
selection technique for maximizing the transmission retieich relies on the policy defined as [30]:

2) |hh’d 2]} : (23)

Under this policy, the best RN imposes the most restricthvattieneck” among the RNs. We have considered a Singletinpu
Single-Output (SISO) [31] system for both the SR and RD Iimlour one-way relay system, where each node has one antenna,
and employed maximum likelihood (ML) Multiuser Detectiad¢D). The ML MUD provides the best possible performance
at the cost of the highest complexity, which is a non-lineatedtor, and it is optimal in terms of minimizing the symbol
error probability, when all possible vectors are equakglly [32]. In our proposed system we have considered pecfeatnel
estimation. In the non-cooperative scheme of Systenih4y|? is used for computing the SNRAdditionally, all cognitive
relays are located near the centre of the system, hence wethav= G, = 8. As we discussed in Section II-C.1, each of our
communication links is assisted by the ATTCM scheme. As demn Fig. 3, we specifically chose the switching thresholds
for ensuring that the BER at the RN became lower than®1@vhich are given byY srrca=[6.5, 15.5, 22, 35.8] dB. We
note that Shannon’s CCMC capacity is only restricted by tR& &nd the bandwidth. The CCMC-based (perfect-code-late
switching thresholds are represented¥ascyc=[1.75, 6, 11, 14] dB, while the switching thresholds of th@responding
DCMC based scheme are given oy c=[2, 8, 12.5, 20] dB, which are also explicitly shown in Fig. 3

Although the Systems B, C and D introduced in Section II-B alterelay-aided cooperative CR schemes, we have had
different design objectives for their bit rate and symbaéradence, they also illustrate the different benefits ofpeoative CR

k= argmax {min[|hs,



networks. Let us now refer to Fig. 5(a) and Fig. 5(b), whereocaesider ATTCM instead of fixed-mode 8PSK and 64QAM.
The system labelled as ATTCM-SystemA is the classic norpeaative scheme, while ATTCM-SystemB, ATTCM-SystemC
and ATTCM-SystemD are all relay-aided cooperative CR sa@semMTTCM-SystemB achieves a higher bit rate by invoking
user-cooperation within the same bandwidth, as ATTCM-&y#t. By contrast, ATTCM-SystemC achieves a higher bandwidt
reduction by employing user-cooperation, while maintagnthe same bit rate as ATTCM-SystemA. Furthermore, ATTCM-
SystemD achieved both a practical bit rate improvement dsasea bandwidth reduction. For the future implementatind a
investigation, we could also use the other coding schenwsdimg LDPC instead of TTCM.

3) Two-way Relaying aided Cooperative CR scheme: Having studied the ATTCM aided one-way relaying assistezpesative
CR scheme in Section 1I-C.2, we will now consider how the ars-relay system may be extended to a two-way relaying
assisted cooperative CR system, where the two PUs act as\ther®l the DNs for each other.

We have considered two protocols in our proposed schemelpahee TDBC and MABC. In the TDBC protocol shown
in Fig. 4, there is no interference hence the correspondimgptexity at the RN is kept low. Three time slots are used for
two data flows, which arg; — r, s — r, ands; «— r — s, wheres; and s, denote the two primary sources, while
r denotes the CU which acts as a RN. By contrast, the MABC pobtmmjuires two time slots for transmitting two data
flows, which ares; — r « sy ands; «— r — s5. Since the sources transmit their information simultasgouhe MABC
system suffers from self-interference. In our paper, weehiawoked an advanced MUD technique at the RN in order to
decode both information streams of the SNs and to canceldfiingerference. Explicitly, in the MABC protocol, twogals
were transmitted simultaneously from the two PU/SNs, wheaeh PU has a single antenna. Additionally, we have used
the powerful maximum likelihood MUD for detecting the twousoe signals using a single-antenna aided CU/RN, which
constitutes a2 x 1)-element Multiple-Input-Single-Output (MISO) [31] systefor the SR links. This powerful MUD was
required for eliminating avalanche-like error propagaté the RNs. However, opted f¢t x 1)-element SISO system for the
RD link, where each DN employs a single antenna for detedtsgvanted signal arriving from the RN. By contrast, in the
TDBC protocol, we have &1 x 1)-element SISO system in the two SR links and a single RD ligkcaose the two SNs use
two separate time periods for transmitting their inforroatto the RN, respectively.

We have opted for appointing the best relay has the set ofataiK’ RNs that experience identically and independently
distributed (i.i.d) fading. Then the selected best RN desodnd forwards the received signals to the intended déstisa
namely to the PU/DNand PU/DN, respectively, during the second cooperative transnmigséviod. Hence, the overall system
throughput becomes higher than that of a one-way relayihgrae, which requires two time slots for transmitting a sngl
user’s information. Again, each of the communication lifksssisted by our ATTCM scheme. By referring to Eq. (22), the
signal transmitted from the SNs to tli¢h RN in our MABC two-way relay system is given by:

Ysr, = \V/ Gsrk V Psrk hsrkX +n, (24)

where X is a vector hosting both SNs’ signal. We can view the two SN& a®mbined two-antenna assisted SN, where
Eqg. (24) is a(2 x 1)-element MISO system. Furthermore, the signal receivechbyDINs from the RNs is given by:

Yrpd = V Grkd Prkdhrkdx +n, (25)

where the RDRPR experienced by each link is defined’ag, = Gsr, = Grp, = Grp, = 2% = 8 in our system, since
the RN is located midway between the SN and the DN. Additigntiie channel gainés, r,, hs,r,, hr,p, andhg, p, are
independent of each other, each of which is represented liasi-gtatic Rayleigh fading channel. The Gaussian noistore
n has a zero mean and a noise variancéVpf2 per dimension. By contrast, the SNR at tti SR link is computed as:

GS’I" ¢ h’S’I" . 2
Vrar) = % : (26)
Similarly, the SNR at the RD receiver is given by:
Grydlheyal®
Y(rorpd) = kd]|VO kd| : (27)

Again, we have considered the max-min relay selection tgcienas defined in Eq. (23) for selecting the best RN.

The ATTCM-TDBC based switching thresholds were designedeftsuring that the BER at the RN becomes lower than
10~°, which are represented &LPES, = [6.5,15.5,22, 35.8] dB, based on Fig. 3. Additionally, as seen from Fig. 3, we
have chosen the ATTCM-MABC switching thresholds for ensgithat the BER at the RN became lower tharr1,0vhich are
given by:T%??%SR) = [4.8,12,16,24] dB andT%?gijD) = [6.5,15.5,22,35.8] dB. The reason why we have chosen
the BER at the RN to be lower than 10 for the MABC protocol is because the error floor emerging aRBELO~® can be
removed by using a long outer code, such as a Reed Solomon Thdegerformance of the TDBC and the MABC aided

schemes is characterized in Section II-C.



I1l. PERFORMANCERESULTS
A. The Performance of Idealistic Cooperative Cognitive Radio Schemes

The relationship of the power ratip and the data rate of the CU is shown in Fig. 6(a) and Fig. 6().6a) illustrates the
CU’s own data rate with respect to the power ratiowhen the RDRPR factors are given 8y, = G4 = 1 andG,,. = 8. We
assume that the total bandwidth is)\A* 1 MHz and the target transmission rate of the PU/SIR jg; =500 Kbits/s. The total
transmission power of the CU B-r = 10 dBm. In this system we assumed that the PU has maintainecthe sansmission
power, which isPs = Ppy based on Eg.(11). Then, we plotted the data rate of the Cldbas¢hree different values of the
distanced., between the CU and its own destination, namelydgr= 500 m, 1 km and 2 km. Finally, the optimum ratios of
the relay power over the total power budget are given by 6453% and 45% (with respect #..=500 m, 1 km and 2 km)
when using the DAF protocol. Similarly, the optimum powetias for the AAF protocol are given by 82%, 72% and 65%. As
seen in Fig. 6(a), a CU/RN has offered a proportion of itsgnaission power to help the PU/SN, whide< ¢ < 0.4. During
this period, the CU’s own data rate is identical to zero. Bigp) shows the corresponding results when the RN is righthén t
middle of the PU/SN and PU/DN link, where the RDRPR factoses given byG,;, = 1 andG,,. = G4 = 8. The optimum
ratio of the relay power over the total power is 16%, 14% an® ¥ar d..=500 m, 1 km and 2 km, respectively, when using
DAF detection. Moreover, the corresponding values for AAgtedtion are given by 33%, 20% and 12%.

Observe in Fig. 6(a) and Fig. 6(b) that if the CU/RN is halfiireetween the SN and the DN, a CU/RN only has to dedicate
a smaller proportion of its transmission power for aiding #ilU/SN. Furthermore, a%.. increases, the CU’s own data rate
drops due to its increased pathloss.

B. The Performance of One-way Relay Aided Cooperative Cognitive Radio Schemes

Fig. 7 shows the iBPS versusN R; performance of the ATTCM, CCMC and DCMC aided one-way releljesnes. As
seen from Fig. 7, the curves recorded for the CCMC and DCMCasedle close to each other, when employing only one RN.
For SNR > 28B, the iBPS value of the three system schemes became sdtateiebps. In general, the CCMC-SystemA and
CCMC-SystemC arrangements represent the upper boundjdeettze CCMC capacity quantifies the highest throughput. As
seen in Fig. 7, the intersection point of the ATTCM-Systermd ATTCM-SystemA schemes is at SNR 8 dB, while those
for the CCMC-SystemC and CCMC-SystemA modes is at 1 dB artddhghe DCMC mode is at 1.2 dB. At their intersection
point, the throughput of System A and System C are equal. fiteighput of the 'CCMC mode’ is always better than that
of the DCMC and ATTCM schemes. Additionally, the througlgaf all the System C is higher than those of the System A
before their intersection point. Cooperation is no longanddicial beyond the intersection point. Observe that whemumber
of RNs is increased t& = 4, the SystemC-related curves converge to the asymptotie\a 2.5 bps folSNR, > —8 dB,
which is 10 dBs earlier than their counterparts havitig= 1. This is because when the number of RNs is increased, we have
a higher chance of selecting a better RN for assisting thesRU/

Fig. 8 portrays the performance of the corresponding iBP8evaersus SNRof the ATTCM, CCMC and DCMC aided
one-way relay in the cooperative CR schemes, when comntingoaver quasi-static Rayleigh fading channels, in corigoar
to that of Shannon’s capacity bound. We will refer to the CClpacity based curves as the upper bound. However, the
DCMC capacity is more pertinent in the context of designieglistic channel-coded modulation schemes. Since we densi
a RDRPR ofGg,. = G,q4 = 8, the curves of the one-way relay aided cooperative CR scheare not within Shannon’s
capacity bound given for the Rayleigh channel. Additiopaihe iBPS value of the CCMC, DCMC and ATTCM aided CR
schemes saturated at5 bps for SNR = 11 dB. If the RDRPRs are changed ®,, = G,q = 1, the resultant curves
no longer exceed Shannon’s capacity, where their iBPS swaturated a2.5 bps for SNR = 20 dB, which were shifted
to the right by about 9 dBl¢g,,(2%) = 9 dB) with respect to those usings. = G,q = 8. There are two transmission
links in our one-way scheme, namely the SR link and the RD. IB&sed on our ATTCM mode switching thresholds, the
system will activate the 64QAM mode foyg > ~3. If both the SR and RD links have achieved their best perfocea
associated with 64QAM, then the throughput of these twoslibkcomes 5 bps. We have two time slots in our cooperative
CR scheme, where both the SN and RN transmitted the same a&mbinformation. Thus, our overall system throughput

one—way __ iBPSsr+iBPSgrp __ 5+5 __ i i - i
becomes)¢ = s B 2D = S0 = 2.5 BPS in the high-SNR region.

C. The Performance of Two-way Relay Aided Cooperative Cognitive Radio Systems

As seen in Fig. 9, both our proposed ATTCM aided MABC and TDBG-tvay relay system have a higher throughput than
the proposed one-way relay system, when we consider the samber of RNs in the one-way relay system. In the MABC
two-way relay system, the iBPS value became saturated asFdspSNR > 11 dB. The two SNs send their information
simultaneously to a RN and then the RN broadcasts the conhlnifiermation to the two DNs. The system throughput of the
MABC two-way relay system igiP¢ = iBPS SlR“BPSQS;;?;ZﬁRlD“BPSHQD. When the MABC system has encountered
the best possible channel conditions, the throughput begdff}?’ = 3+2£543 — 5 pps. Therefore, the asymptotic throughput

of our proposed MABC two-way relay systemg;;, “*") is twice that of the one-way relay schemgk, ). By contrast,




the iBPS value of the TDBC two-way relay system became stdrat 3.3 bps for SNR> 12 dB. The TDBC two way
relay system required three time slots, hence)itsp value is lower than that of the MABC scheme beyasW R, = 1 dB.
The throughput of the TDBC two-way relay systemnisZ5¢ = 25515345 — 3.3 bps, when each link has achieved its best
condition. Moreover, its asymptotic throughput is 0.8 bjpghkr than the throughput of the one-way relay system. Fig. 9
shows the corresponding iBPS versus SNerformance of our proposed two-way relay system in corsparto the CCMC
and DCMC capacity. Additionally, the curve of the MABC schemare overlapped with the DCMC capacity for 32QAM at

SNR, > 30 dB.

Fig. 10 illustrates the attainable bandwidth-reduction) (BersusS N R, for the ATTCM, the CCMC and the DCMC aided
one-way relay as well as for the ATTCM-aided two-way relapesnes. As seen from Fig. 10, the attainable bandwidth-
reduction By is slightly higher for the one-way relay scheme, when the Ipeimof RNs is increased froft = 1 to K = 4.

It is also interesting to observe that the practical ATTCMhesne is capable of reducing the bandwidth more substantiall
compared to the idealistic DCMC and CCMC schemes. Furthexnas the SNR increases, the bandwidth-reduction factor al
reduces. This is because when the SNR is high, the qualityeo$D link is sufficiently high for a fixed transmission thropgit

of 5 bps. The inclusion of a RN at high SNRs would only double tlemdmission period, without actually increasing the
transmission throughput. Hence, we are only interestedhénoperational region, while we have, > 0. Note furthermore
from Fig. 7 that at an SNR of 5 dB, the ATTCM-SystemA schemeaaly achieve a throughput of 0.6 bps. However, with the
aid of the best RN selected from four cooperating CUs, the @WITSystemC would enable the PU to transmit at a throughput
of 2.48 bps. This may also be translated into a maximum aablevbandwidth reduction aft — %) = 0.758 = 75.8 %.

Fig. 10 also illustrates the attainable bandwidth-redunc(B,) versus SNRfor the ATTCM aided MABC and TDBC two-way
relay system. Since we are only interested in the operdtiaggon of B, > 0, for SNR > 15 dB, the proposed schemes
relying on one-way relaying are no longer beneficial for taege of B < 0. The proposed two-way relaying scheme can use
the entire bandwidth, since the bandwidth-reduction oftthe-way relay scheme is always higher than zero. Observa fro
Fig. 7 that at an SNRof 5 dB, the ATTCM-SystemA scheme achieves a throughput ®bps. However, as seen in Fig. 10,
the ATTCM-SystemC regime relying on TDMC two-way relayinguld enable the PU to transmit at a throughput of 3.2 bps.
Similarly, the ATTCM-SystemC relying on MABC two-way relimg would enable the PU to transmit at a throughput of 3.9
bps. This may be translated into a bandwidth reductiofilef 3-5) = 0.81 = 81% for the TDBC scheme. In addition, it will
lead to a bandwidth reduction ¢t — 9-5) = 0.87 = 87% for the MABC scheme. Furthermore, the bandwidth reductiam

be increased bg1l — 75.8 = 5.2% upon employing the TDBC scheme compared to the one-way selaeme. Additionally,

87 — 75.8 = 11.2% bandwidth reduction can be attained by employing the MABRese in comparison to the one-way relay
system. Moreover, at a given SNR, the two-way relay-aidesesy always attains a highét, value, than the corresponding
one-way relay system.

IV. CONCLUSIONS

In this contribution, we have studied DAF and AAF assistetivaccooperative CR schemes and quantified the optimum
power ratio required for achieving the best transmissiooughput for the CU. We proposed a practical ATTCM aided mﬁ
relaying CR scheme, where adaptive coding and modulatioe weoked according to the instantaneous channel conditio
We found that the proposed one-way CR scheme enables the ®&hsmit at an improved transmission rate fora given SNR,
while releasing a significant amount of bandwidth for exaibdn by the CUs, despite operating at a reduced SNR. In the
process of implementing the ATTCM aided one-way relaying€<CReme, we have also considered the max-min relay selection
technique in order to choose the best relay for relaying taesmitted information from the SNs. Furthermore, in oraer
maximize the CU's own data rate and to improve the explaitatf the bandwidth released by the PUs, we also proposed a
ATTCM aided two-way relay CR scheme by employing the MABC amBC protocols. The simulation results demonstrated
that the two-way relay aided CR scheme is capable of aclgexihigher bandwidth reduction then one-way relay aided CR
scheme as well as simultaneously improving the system'sageethroughput.
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Fig. 2. Comparison of a non-cooperative scheme and two -sdaisted DAF-CR schemes, where the taigatR; is 9dB and the target BER is below
1075.
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Fig. 4. The schematic of a two-way relay-aided system, @lioly two PUs andK CUs. For MABC,t, = t; andt, = t. = t2, wheret; is the first
transmission period ant} is the second transmission period. For TDBg,= t2 andt;, = t. = t3, wherets is the third transmission period.
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