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Abstract—In this contribution, we propose and study a signal of description, we refer to this scheme as twnventional
transmission scheme, namely the multihop diversity (MHD) multi-hop transmission schenie our forthcoming discourse.
scheme, conceived for transmission of information over multihop In this conventional multi-hop scheme, information is &an

links (MHLs). During each time-slot (TS), the MHD scheme . . N .
activates the specific hop transmission, whose signal-to-noisetia  Mitted over a single hop during its scheduled time-slot (TS)

(SNR) cumulative distribution function (CDF) gives the highest regardless of its link quality often quantified, for exampig
ordinate value amongst all the available hops. The next packet its signal-to-noise ratio (SNR). Hence, the overall religbof

is then transmitted over the selected hop. Our studies show that 3 MHL is dominated by that of the poorest hop and a route-
this CDF-aware MHD scheme represents a generalized MHD outage occurs, once a hop outage is encountered in any of

scheme suitable for operation in the scenarios, where the differén . ,
hops may have different distances, hence resulting in different the invoked hops. As a result, the route’s BER and outage

average SNRs, and/or experience different types of fading. This Performance of a MHL typically degrades or remains the
MHD scheme is also capable of achieving the full diversity gain same in the best case, as the number of hops increases. In

provided by the independent fading experienced by the different order to improve the performance of MHLs, novel signaling
hops. In this paper, our attention is dedicated to the error prob- schemes have been proposed [1,3,12], which require the

ability, outage probability as well as to the achievable diversity . - .
order, when BPSK and M -ary quadrature amplitude modulation nodes to have a store-and-wait capability. For examplel,in [

(MQAM) are employed. Both the error probability and the 12], adaptive modulation and coding (AMC) combined with
outage probability of the MHLs are investigated for transmission automatic repeat request (ARQ) schemes has been invoked

over Nakagami+n fading channels, both of which demonstrate a jn cooperative decode-and-forward (DF) communicatiores. R
significant diversity gain. Furthermore, the impact Qf the various cently, the authors of [3] have employed AMC for dual-hop
system parameters on the_ achievable error probability and outage cooperative communications relying on a regenerative RN
performance is characterized. . '
where the AMC mode of both the hops may be configured
independently. Very recently, the buffer-aided transioiss
scheme was exploited in a two hop network [13, 14].

In [15-17], we have proposed a multihop diversity (MHD)
scheme by exploiting the independent fading experienced
) _ o by the different hops of a MHL. The studies demonstrated

In multihop wireless communications, the source nodegsa; significant performance improvements may be attanabl
(SNs) send information to the corresponding destinatia®so i, comparison to the conventional multi-hop transmission
(DNs) via intermediate relay nodes (RNs), which provides &peme. In [15-17], we assumed that all hops have the same
range of advantages over conventional single-hop commugisiance and also experience the same fading CDF. Under
cations. These advantages may typically include an imgrovg,cge assumptions, during each TS, the specific hop having
link performance, quantified in terms of energy-efficiencyye highest instantaneous SNR was selected from the set of
and extended coverage, enhanced throughput, simplicly agyajjable hops and, then a packet was transmitted over the
flexibility of network planning, etc [1-3]. Hence, multihopse|ected hop. Explicitly, this MHD scheme achieved sebecti
networks have attracted muc.h attention, as evidenced by HiVersity. Furthermore, all the hops have the same praibabil
11] and the references therein. _ _ to be chosen during a TS, which is desirable for attaining

In the context of multi-hop links (MHLs), it has typically ihe maximum possible throughput and minimum possible
been assumed that information is successively transmittegd,smission delay.
from the SN to the DN node by node, without any store-and- o5 4 further development of our work in [15-17], in this
wait stage at the intermediate RNs [4,5, 8]. For convenienggnibution, we generalize both the system model and the

The financial support of the RC-UK under the auspices of tltbaluK correspondrng MHD scheme studied in [15_17]- In the context
Advanced Technology Centre, the support of European Refse@ouncils Of the system model, we now consider the general MHLs,
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Index Terms—Multihop communication, cumulative distribu-
tion function, diversity, relay, Nakagami-m fading channel, error
probability, outage probability, diversity order.
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invoked, as in [15-17], it will result in the hops being sééet the MHD in [18] is obtained by multipath combining. By
with different probabilities. Explicitly, a hop having adtier contrast, our MHD belongs to the category of a type of
average SNR owing to experiencing less severe fading heedection diversity. Furthermore, in [18], the RNs do not us
a higher chance of being activated than a hop havingaabuffer for storing packets, hence the signals are tratesinit
lower average SNR. Clearly, this is undesirable. In ord&op-by-hop based on the conventional multi-hop transirissi
to circumvent this impediment, while still benefitting fromscheme.

MHD, our MHD scheme proposed in this contribution opts Additionally, we noted that as analyzed in [16], once a
for activating a hop for transmission according to the instaSN completes its transmission, an increased bufferingaed
taneous probability values provided by the SNR’s cumuatidelay is imposed, since the RNs have to empty their buffer.
distribution functions (CDFs) of the available hops. To beren This process makes the overall delay higher than that of the
specific, let us assume thathops are available for selection,conventional multihop transmission scheme [19]. Howeleer,
where we assume having the knowledge of thtlakagami- the transmission of a sufficiently large amount of data, the

m parameters ofny, ms,...,my and the knowledge of the multihop diversity scheme does not have to strike an explici
L SNR values ofyy,7vs,...,v.. Therefore, the SNR CDF trade-off between the delay tolerated and the achievable er
ordinate values of',,, (v), | = 1,2,..., L, can be calculated. ror/outage performance on average, because the MHD scheme

Then, the hop having the highest CDF ordinate value isansmits a single packet over a single hop per time-sloighwh
selected for transmitting a packet within the TS. This waig identical to the conventional multihop transmissionesuk.
we can avoid granting a higher transmission probabilityheo t  The contributions of this paper are summarized as follows:
links subjected to benign fading. To elaborate a little Herf 1. A CDF-assisted MHD scheme is proposed, which makes
activating always the highest-SNR link would potentialyadl use of the multiple hops of a MHL for enhancing the reliapilit
to buffer-overflow for the severely fading lower-SNR linksof information delivery over the MHL.
More explanation, it is possible that a higher SNRactually 2. The end-to-end BER and end-to-end outage probability
maps to a lowerF,,, (y;) ordinate value, even if the fadingof MHLs are analyzed, when the signal is transmitted using
parametenn,; is higher, because the fading is less severe. MQAM, leading to a range of expressions for both the lower-
this way, it can be shown that all hops have the samebound and for the exact BER as well as for the lower-bound
probability to be chosen, regardless of the specific fadirgghd the exact outage probability.
parametenn; experienced by them. Note however that if all 3. An approximate algorithm is provided for evaluating the
hops have the same average SNR and also experience steady-state probabilities that are required for compgtboth
same fading CDF, implying that all hops have the same SNRe end-to-end BER and the end-to-end outage probability.
CDF, our CDF-assisted MHD scheme proposed in this paper4. We demonstrate that for ah-hop link, the achievable
becomes equivalent to the MHD scheme considered in [1Biversity order isL.
17]. This is, because in this case a higher instantaneous SNR'he remainder of this paper is organized as follows. In
generates a higher CDF value. the next sections, we present both our system model and
In this paper, we study the performance of the MHLs emhe implementation of the MHD scheme. Section Il analyzes
ploying our proposed MHD scheme, when assuming that theth the BER and the outage probabilities. In Section 1V,
different hops may experience different fading CDF modelage provide our numerical and simulation results. Finallyr o
by Nakagamim distributions associated with different fadingconclusions are offered in Section V.
parameters. We analyze both the BER and outage probability
of the MHLs employingM-ary quadrature amplitude modu-
lation (MQAM), when either buffers of limited or unlimited

Il. SYSTEM MODEL OF MULTI-HOP LINKS

size are used. We derive both the lower-bound expression and n o np_1 ny,
the exact expressions for them. Furthermore, approximatio

technologies are proposed for the efficient evaluation dfi bo /j\ J J

the BER and of the outage probability. Additionally, we (e e n @ - e
demonstrate that our proposed MHD scheme is capable N\ 2

achieving the full multi-hop diversity. Our performancesués Hop 1 Hop 2 Hop L

demonstrate that the CDF-assisted MHD scheme has the ] ) )

potential of providing a significant diversity gain for ingwing r';'g'sslégfsy f;etrﬂemdogsi'rfgtrigpxﬂt'{f‘iv‘l")rei:]izmg;;t"gfg?at;few sends
the reliability of multihop communications, hence both the

attainable BER and the outage performance can be enhanced.

We should note that, the terminology of MHD has also The system model under consideration is a typical multi-
been used in [18]. However, the MHD considered in [1&8op wireless link [8, 19], which is shown in Fig. 1. The MHL
and that defined in this paper as well as in [15-17] have aponsists of(L + 1) nodes, a SNS (node0), (L — 1) RNs
entirely different meaning. Specifically, in [18] it is assed R, R.,---,R;_1 and a DN D (node L). The distance of
that a receiver node can receive replicas of the same sigtied /th hop between node@ — 1) andlisd;, I =1,---, L,
from several other nodes. In this case, MHD is achieved atd the total distance or the distance between SN and DN is
the receiver node by combining the signals received from the= Zle d;. The SNS sends its information to the DIV via
different nodes transmitting the same information. Theeef L hops with the aid of th¢L —1) RNs. At the RNSs, the classic



decode-and-forward (DF) protocol is employed for relayingthere~(a, ) is the incomplete gamma function [26].
the signals. For convenience, we denote the symbol tratezimit Given the SNRS;y1,7,...,vL, of the L hops within a
by node(0 as z; and its estimate at the DND of node . TS, in our multi-hop transmission scheme, the packets are
by z; = Z, while the symbol estimated at thHéh RN by transmitted over the MHLs based on the following strategy.
x, L=1,...,L—1. At packet level, they are correspondinglyAmong those hops, whose transmitter buffers have packets
represented by, z;, | = 1,...,L — 1, andz;, = z,. awaiting transmission and whose receivers are ready feprec
We assume baseband BPSK/MQAM modulation and that ttien, the MHD protocol first decides, which of the CDFs,
signals are transmitted on the basis of TSs having a durafionF,,,, (v1), Fin,(72), - - -, Fin, (71), has the highest value. Then,
T seconds. In addition to propagation pathloss, the chamfielsa packet is transmitted over the specific hop having the kighe
the L hops are assumed to experience independent block-ba€&F ordinate value using a TS. Naturally, due to the store-
flat Nakagamim fading, where the complex-valued fadingand-wait characteristics of the RNs, the potential pertoroe
envelope of a hop remains constant within a TS, but it improvement is obtained at the cost of an increased delay.
independently faded for different TSs. Based on the aboire this contribution, we study both thielock delayand the
assumptions, when thg — 1)st node transmits a packet_;, packet delayThe block delay is defined as the time required
the observations received by nodean be expressed as for a block of packets generated by the SN to reach the
DN. By contrast, the packet delay is the time required for
yi=h@watn, =121, @ delivering a specific packet from the SN to the DN, when
whereh; represents the channel gain of flie hop from node assuming that there is an infinite number of packets to trans-
(I—1) to nodel, while n; denotes the Gaussian noise at nodait. Furthermore, we also found that for a sufficiently large
I. When communicating over Nakagami-fading channels, amount of data, the MHD scheme on average does not have
|hy| obeys the Nakagamiz distribution with the probability to strike an explicit trade-off between the delay tolerated

density function (PDF) [20] the achievable error/outage performance. Our studies show
9 that both our MHD scheme and the conventional multi-hop
m(y) = y ™M exp (—muy©), y > transmission scheme use exactly the same number of TSs
finl @) = F o™ .v=0 @ ission scheme [19 ly th ber of TS
l

to deliver a block of packets, hence yielding the same block
where T'(-) denotes the gamma function [21](8.310.1)delay. This is because our MHD scheme transmits a single
E [|m|*] = 1 andm, is the Nakagamin fading parameter of packet over one hop per TS, identically to the conventional
the ith hopt. As shown in [25], the Nakagami: fading can multi-hop transmission scheme. By contrast, the packetydel
be used for modelling of different types of fading channelg a random variable, distributed in a range bounded by the
which are characterized by the associated fading parameterminimum and maximum packet delays. However, for an
Specifically, the Nakagami: fading reduces to the Rayleighhop link, the MHD scheme delivers on average one packet per
fading whenm = 1, m — oo corresponds to the conventionall, TSs to the DN, while the conventional multi-hop scheme
Gaussian scenario, and = 1/2 describes the so-called one-delivers exactly one packet pér TSs to the DN.
side Gaussian fading, i.e., the worst-case fading comditio As mentioned in Section |, we have proposed a MHD
The Rician and lognormal distributions can also be closed¢heme in [16, 17], which selects the specific hop having the
approximated by the Nakagami distribution in conjunctionighest SNR for transmitting a packet within a TS, which
with values ofm > 1. In (1), the background noise samples ogffectively implements selection diversity. In the MHD sahe
n; obey the complex Gaussian distribution with zero mean ap@oposed in [16,17], we assumed that all the hops have the
a variance ofs} = 1/(27,) per dimension. Herey, denotes same average SNR and their channels experience the same
the average SNR of th&h hop, which is dependent on thefading, implying that the SNRs of all the hops obey the same
propagation pathloss experienced by ttiehop. CDF. Hence, the selection procedure directly based on the
Let us consider a given TS. The corresponding iIrSBNRs of thel hops would give each hop the same probability
stantaneous SNR values of the hops are expressed asof 1/L to be chosen. By contrast, in this paper, the SNRs of
{v1,72,...,7.}, wherev, = |W|*y, | = 1,...,L. Then, the L hops obey different distributions, which depend on the
given the PDF ofih;| as shown in (2), the PDF and CDF off, parametersn;, for [ = 1,2,..., L. In this case, directly
7 can be readily derived, which are selecting the hop having the highest SNR would result in

1 m\ ™ . M, different activation probabilities for thé links. Again, this is
film) = T(mn) (> 7" exp < - ) , >0, undesirable, since the hops chosen with relatively low @rob
DA 3) bilities may impose significant delays on the packet dejiver
- potentially resulting in a low throughput and possible buf
y(my, FE) ;
Fony(m) = ———, 7 >0. (4) overflow. Therefore, our proposed MHD scheme activates the
l I'(my) B specific hop, whose SNR maps to the maximum CDF ordinate

value from the seff; F, .. F , SO that
1The estimation of parametet is important for practical systems. A related i (71) Fma (2), -3 Py (71

paper [22] and the references cited in it discussed thiseis$he fading each hOp has the same probablllty ]QfL to be chosen for
parameter can be estimated according to (6) of [22] and thét isaccurate transmission within a TS.

Withir_1 an average mean squared erroBafl x 10~5. Apart from the_ model Given the set of independent CDFsF,,, (’Yl):
mentioned in this paper, both Kronecker model [23] and the Wesltberger .

model [24] are capable of accurately estimating the chanmalnpeters at a £'m (72)s -+« oy (y2) corresponding to L hops, the
low complexity for SISO system. proof that any hop is selected with a probability I0fL is as



follows. Let us define a new random variablg = F,,,;(v;) The main assumptions adopted in our study are summarized
as the CDF ofy; which constitutes our selection criterion. Itas follows:
may be readily shown thaX; are i.i.d for the different hops.

_ o The SN always has packets to send, hence the MHL
In fact, the CDF ofX; is expressed By

operates in its steady state.

Fx (z) = P(X; <= ) o The DN D can store an infinite number of packets, while
R P(Fy (v;) <= 1) the RNs can only store at most packets.
B my Y « The fading processes of th& hops of a MHL are
= P(y; <= o, (z)) ®) independent, while the fading of a given hop remains
(since the CDF is always an increasing function) constant within a packet duration, but it is independently
= F, (Fy,, (2))(by definition) faded from one packet to another.
= x independent ofj, (6)
where F~1(-) denotes the inverse function of the COR.). Ill. PERFORMANCEANALYSIS

Therefore,X; are i.i.d (we already know that they are inde-

pendent). Hence, we can say that the probability of SeIgc'[iBER of the MHLs conveying BPSK/MQAM baseband signals.

any hop is+. : :
In addition to the above property, this MHD scheme als-t{)hen’ the BER for the MHLS relying on the RNs having a

has the following pair of desirable properties. Firstlyamtthe uffer sizeB is analyzed. Similarly, the lower-bound and exact

SRS of all ops have the same CDF., seecing the hop 0% PIoealiues e anayed i e secon, ue &
the maximum SNR from the set,»,...,vr IS equivalent piextty ge p y

. . ; . when L and B are large, an approximation approach is
to selecting the hop with the maximum CDF value, since thlsoposed. Finally, the diversity order of our MHD scheme is

maximum CDF value is generated by the maximum SNR ol
. . derived.
the set ofyy, s, ...,vr. Secondly, our forthcoming discourse

will demonstrate that similarly to the MHD scheme of [16, Based on Fig. 1 and the operational principles of the MHLs

17] the proposed MHD scheme is also capable of achievilqgscribed in Section I, t.he following events may occur, whe
full diversity. Based on the above properties, the MHD sobenf V€Y RN hr;s a buffer size a3 p_ackets. F'rStlr{i the buffek:.of
proposed in this contribution may be viewed as a generaliz@oRN may be empty' at some mst'ants. In this case, t. 's RN
MHD scheme, which achieves full multihop diversity, whil&cannot be the transmit node, since it has no pack_ets to transm
guaranteeing that all hops have the same probability to ggeondly, the bu_fferofa RN may b_e full The_n, this RN cannot
activated for transmission. act as the receiver node, since its buffer is unable to store
Note additionally that in [16] a decentralized MAC Iayerfurther packets. Iq b_Oth of the above cases, a hop has to be
protocol was proposed for the implementation of the MHlShgsen for trgnsm|§3|on from the resultant reduced set'm.rf.ho
scheme. There are three stages in this protocol. In the fi-rl-_ii'S results_ln an increased BER an_d ou'_tage probal_alllty due
two stages, each node may assume the knowledge of iﬂéhe assouate_d red_uced selection d|verS|_ty gam,_agmqml
buffer - fullness in its immediately adjacent nodes as welf our forthqomlgg d|scou_rse.t3'hereforg, i vge eliminate thh
as the channel condition knowledge of nearby nodes With"qu\’?'ment'one _constralnts y assuming that every RN as
one or two hops. In the third stage, each node will broadc&dt infinite buffer size, and that all the RNs can always trahsm

different MAC layer control signals at specific time instan?;d receive packets, we can obtain the lower-bounds for both

based on above-mentioned buffer and channel knowledge, "3 BER and the outage probability of the MHLs. By contrast,

well as by exploiting the knowledge of the hop index oyvhen the exact performance analysis is considered, thetgffe

this node and of the previously received MAC layer contrtﬂf the finite buffer size have to be considered. In this case,

signal. Given this knowledge, the ‘best’ hop can be selectdff can carry out the reIe\_/ant analysis based. on the classic
within no more than(9 + L x ;) symbol durations, where Markov chains [3]. Let us first analyze the achievable BER.

L is the total number of hops an§} is the channel quality

identifier. Physically this delays corresponds to the masim ] )

MAC layer delay. Note that the delay of the first transmissiofy- Bit Error Rate Analysis

is significantly lower than the maximum MAC layer delay. | this section, the lower-bound single-hop BER for the

One of the specific examples given in [16] shows that thg, hop, expressed a_E’(l), is analyzed first, when every

MAC layer delay is only3.7%_of the time slot duration. This QN is assumed to ha\fé: an infinite buffer for storing the

MAC layer protocol can be directly used for the MHD schemg,ceived packets and also always have packets prepared for

proposed in this contribution, after replacing 7z, ..., 7. 0f  yansmission. Then, the end-to-end lower-bound BERs,

[16] bY le(%)j Fony(72)s 5 Finy (VL) is derived, where the subscript £’ stands for ‘lower-bound
Having described the system model and the MHD schemg, o rate’. Finally, the accurate single-hop and endrid-e

below we focus our attention on the MHL's performanCezer are derived, when assuming that the RNs have buffers
including its BER, outage probability as well as diversitger. ¢ finite size.

2The authors gratefully acknowledge that this proof was gmmdy pro- ) Ba_sed on th_e Operatior_]?l principles of the MHLs and the
vided by one of the anonymous reviewers. identical selection probability of every hop , when tltie hop

In this section, we first derive the lower-bound for the



is the case considered in this paper, t(HQAM constellation

by,bas . ,
\ \ \ R | can be decomposed into (I-)PAM and (Q-)PAM, as shown in
: : : : : : Fig. 2, whereb;1b;2b;3 andb,1b,2b,3 are the bits conveyed by
! ! ! | Decision bounds the I-PAM and Q-PAM, respectively.
! ! ! : : ! Let us specifically consider the I-PAM stream and express
7 ! _sg ! _ag ! 4| A . B, C 'D the probability P; that a transmitted signal belongs to the
: : : o gU .50': PR constellation pointid, wherei = +1,...,+(v/M — 1). Let
110, 111, 101, 100 | 000, 001, 011, O100b.b; P(?j (v) represent the transition probability at tfiga hop,
| | | ! ! | WHCL is the probability that the receiver declares thatis
: : : | | : detected, whiléd was transmitted. Furthermore, let; be the
: : : : : : number of different bits between the signal representirgg th
1 1 H . . .
6d “ad  —od od 44 8d co.nstella.tlon’ pointid and that corresponding to the constel-
lation pointjd. Then, the BER of MQAM can be expressed
Fig. 2. 1Q-axis mapping of th64QAM constellation. as

vVM-1

0 2 R 0
l l
Pre(y) = b ¢i.iPi 3 (7)
is activated, the instantaneous SNR of the selected hopsobey logy M i__%ﬂ j__%ﬂ )

79() (10)
L (m\™ myy 5 miy\ Let us define
=D \ = i y(mi, ——) exXp| —— 1>
[T ()= \ 7 gl ol _ip . . T
0<~y<ool=1,2... L 7 P=[P - Povarys Puarod)
. - (l) = s e - T
It is interesting to observe from (7) that if theh hop is Py(y) = {P{i,j}(w} y E=ley], 1=[1,1,--- 1], (11)

selected based on our MHD scheme, the PDF of its SNR is i Vi . ST
independent of the otheil, — 1) channels. This conditional wherep is an+v/M-length vector, is an v M-length vector

PDF is identical to that encountered, when thenops ex- With elements of one, whil®,(7) andE are (VM x vM)-
perience the same fading CDF as tite hop. Furthermore, dimensional square matrices. Then, (10) can be expressed in

we can see that (7) is in fact the PDF of the maximum SN& compact form as

selected from the set of SNRSy1, 2, ...,v.}, when these o 2 -

SNRs obey independent identical distribution (i.i.d) witte Pre(v) “iog, 117 [E © Pi(v)]1

PDF and CDF as given by (3). Hence, our MHD scheme ;

effectively emulates a selection diversity scheme. Theemor 1" [ET" o P{ ()] p, (12)

hops are invoked, the higher the diversity gain becomes and logy M

therefore the better the BER performance becomes. Henaere® represents the Hadamard product [29]. Observe that
when all theL hops are assumed to be always available feit the right-hand side of (12), onlﬂ@; is a function of
activation, the BER obtained represents the lower-bourttleof ~ Hence, the average single-hop BE%Z may be obtained

e

BER, which justifies the terminology of, lower-bound singleby averaginng)(y) of (12) with respect to the PDF of (7),
hop BER, and, lower-bound end-to-end BER, used in thighich can be e;pressed as

paper.

Given the PDFfS¢(v), as shown in (7), the lower-bound o
- /i () 1) ) - : P :/ P () fily)dy
single-hop BER for theth hop P;/ can be derived by first 0
considering the conditional probabilitf’é@(y). It is well- 2 7 [ T < le
known that the (square) MQAM signal can be decomposed _1og2M1 E o 0 PrOf=(dy ) p
into two independent PAM signals [25, 27, 28], each of which 2 T (ET o pT
has the constellation points located at “log, it (E" o P])p, (13)
+d, +3d, -, +(VM — 1)d}, 8 _ _
{ ( Jdy ® where P; = P{(f)j} with P{(?j} denoting the average tran-

where 2d represents the minimum Euclidean distance of thgtion probability from the constellation poiritto j, given
constellation points. When normalized by the noise’s stahdaoy

deviationo, we have [25, 27]
[ee]
l l
P{(i,)j} = A P{(i,)j}(’y) ZSC('Y)d%

i,j=+1,43,...,£(VM —1). (14)

Y g ©)

o 2(M —1)
In MQAM, the two component PAM signals have the same
error probability and can be treated independently. Fomexa Again, P(j)j}(fy) is the transition probability that the re-
ple, when the classic Gray coded bit mapping is applied, vhiceiver declares thgth constellation point, given that thih



constellation point was transmitted. This probability dam where the coefficientsgi) can be recursively computed ac-

readily derived by referring to Fig. 2, which is cording to the formulas in (16) of [26], yielding
0 (= { Q[i—dl-1)z], whenj= (VA —1) B B I S
i} Q [(|z —jl = 1)%] —-Q [(|z’ —jl+ 1)3} . others 0 0 G P L= T [(my — 1)1l
15 min(k,m;—1) . 22
(15) 1 ) g (22)
where Q(z) is the Gaussiam)-function. For example, when kT k ‘ 4! k—j*
4QAM (QPSK) is employed, we hawé/c = /7. Hence, the =1
probability transition matrix is expressed with the aid #6) Furthermore, in (21), we have fav/ > 4
o A? 97 15
1,79 . .
1_Q(ﬁ) Q(ﬁ) :| :u:\/ /jf 2 Wlthg:77 (23)
P = . 16 2my(l; +1 + A2 M—1
() [ Q (\ﬁ) 1-Q (\ﬁ) (16) my ( )/ 4G9

Finally, when substituting (7), (9) as well as (15) into (14%"d, for _BPSKM = 2), we haved,; ; = 2,(1)9 = 0.5 and, cor-
and completing the integratio®, ; can be expressed as  respondinglyu = /= and P; | = Q; (v271).

~ —— = . B Finally, we note that the lower-bound single-hop BE’I&)
W C%l (F=g1=1)) thenf =+(VM -1 of the L-hop MHL supported by the proposed MHD principles
Pl =94 Q(V{ii—il-Dw) - Q (\/(\i —Jjl+ 1)%), can be evaluated by substituting (17) and the associated
others formulas into (13).
(17) Having obtained the lower-bound single-hop BEFI%Q of
_ o o - (13), the lower-bound end-to-end BER;z can now be
By letting A; ; = [i—j[—1or4;; = |i—j|+1, G (VA7) derived by exploiting that the decode-and-forward scheme o
in the above equation is given by Fig. 1, where a packet is passed through the entire ad hoe chai
_ my\ ™ L o0 ___ from one node to another. Regardless of the number of hops,
@ (V Aiﬂl) - (7;) W/O Q ( Ai:ﬂ) 7™ " e are interested in the end-to-end constellation-cdatitl
L—1 transition matrixX Once we determined this transition ma-
v {7 (mz, 7)] exp (_mw> dvy.  trix, the BER performance can be analyzed similarly to the
n single hop case. This equivalent end-to-end constellation
constellation transition matrix if[lL:lPlT, which is created
Whenm; is an arbitrary non-integer value, we find that ias the product of the transition matrix in each hop of the
is extremely hard to derive the closed-form solution for think. Hence, when considering all théM possible transmitted
integral in (18). By contrast, whem is an integer, a closed- symbols, which have the a-priori probabilities mfas shown
form expression can be derived for (18). In this case, firtly in (11), the lower-bound end-to-end average BER ofltHeop
incomplete Gamma function can be expressed as [21](8.B52MBHL can be expressed as (12), yielding

m—1 L
~v(m, x) _ x" 2
=|1—-e" — . 19 =217 |ET I
D) ( e Z::O n!) (19) Prp=—1"|E"© EPal. (24)

Then, upon substituting (19) into (18) and after some reatote that, an end-to-end average BER expression for MHLs
rangement, we arrive at has been derived in [31](42), which has a similar form as.(24)

~ = However, the expression [31](42) is only for BPSK/QPSK, but

@ ( A”’ﬂl) not for MQAM, whenM > 16. Specifically, for BPSK we can

m L-1 oy bl k  readily obtain the lower-bound end-to-end BER expression,
- (”“) S (L 1) 3 (ml) which is
/o Tl 7= li prs gl ;
1 1
< [T (vag)atemten (<M ) 4y P =5~ 5 11 (1-27) @9)
0
(20) The lower-bound end-to-end BER of the MHLs has been

=1
Finally, the above expression can be simplified with the #id derived above, which assumed that each RN has an infinite

N

the results from [26, 30], buffer size and the RNs always have packets to transmit.
_ _ The exact end-to-end BER of the MHLs is considered below,
Q1 (\/Aw'%) where we assumed that every RN has a buffer of finite
Ll I_1 Li(m—1) I'(k + my) size. In this case, the hops obeying either of the following
= (1)“( ) Z cgﬂilk conditions should be excluded from the transmission list: a
() =0 Li P (i + 1)t the hops, whose transmit nodes do not have packets to transmi
mi+k—1 2\ . ) . . .
% 1 1 Z 2h 1—wu (21) 3The constellation-constellation transition matrix représ the transition
92 H h 4 ’ probabilities from constellation points from transmitterconstellations points
h=0 at the receiver.



and b) the hops, whose receive nodes are unable to acceptlthough the transition matrid” may be large, it can be
packets, since their buffers are full. When taking the abuse t readily constructed. An algorithm conceived for forming th
situations into account, the exact end-to-end BER of MHLUsatrix " may be described as follows:

can be analyzed as follows. 1) The(B+1)X"1x(B+1)“~! matrixT is first initialized
When deriving the accurate BER of the MHD scheme, we  with zero elements. X
have to consider the constraint that thehop link is forced 2) For row i, i = 0,1,...,(B + 1)2=! — 1, which
> : N A s T
Fo ghoose the best one from the set dfops in order to send corresponds to thith stateS; — bgl), béz)7 L 7b(£)71] ,
its information, when(L — [) out of the L hops are unable

the following operations are carried out:

to transmit information. This happens either when some of - (i) . )
o If b;7 +1 < B, the column corresponding to the

the transmit nodes’ buffers are empty or when some of the » » Mt
receive nodes’ buffers are full. Before finding the exact-end output state{b(f) + l,bé’), e ,b(LZ)_J is setto one;
to-end BERP, with finite size of buffer, the concept of state e Forl=1.2,...,L—2,if bl(i)_1 >0 andBl(i)l—i—l <

is proposed. Based on this concept, the packets transmitted B the column corresponding to the outout state
over anL-hop link under the MHD scheme can be described ' u ponding utpu

5 (i ~(i 5 26y 1T .
as a Markov process. ng ... ,bl( ) _ L+ 1, ,b(L)_l} is set to
Let us assume that the buffer size of every RN As n?(?i) _
packets. When MQAM modulation is employed, tHep, M o If b7, —12>0, the column Correipondmg to the
packets are transmitted simultaneously. Hence, we carsxpr output stat Bgi), j)gi)’ . 7591 _ 1| is setto one.

the equivalent buffer size of a RN aB = B/log, M
packets. Let the numbers of packets stored in (the- 1)
RNs, R, Rs,..., R 1, be b1,ba,...,br_1, where b, =
0,1,...,B. Then, upon considering MQAM, the correspond-
[ng equivalent numbers of packets épﬁeEQ, .. ,BL_l, where followi .
b; = b;/log, M. Given the above definitions, the states of theoWing properties:

L-hop link can be defined in terms of the number of packets® Matrix T' is & sparse matrix. Every row has at mdst
stored in the(Z — 1) RNs as number of non-zero elements, while the remaining at least

(B +1)L~! — L number of elements are zero elements.
o The sum of the probabilities in each row is one;
o The number of non-zero elements in a row represents the
» number of hops that may be chosen for transmission.
where b,@ denotes the equivalent number of packets storedHaving obtained the state transition matffx the steady-

in the ith RN, when theL-hop link is in statei, while N = state probabilities can be computed by the formula [32]
(B+1)E~1is the total number of states of the Markov process,

3) Each of the rows is divided by the number of ones
in the same row, to guarantee that the total transition
probability from stateS; is one.

It can be shown that the state transition maffixhas the

N A s T
Si= [B00,60, 0] =01 N =1, (26)

_ 7T
which constitute a se§ = {So,S1,...,Sy_1}. Based on m=T"m, (28)
the transitions among th8/ states, a state transition matrixWhere _ A T in which , (or
denoted byT can be characterized by the state transition - - & 7ro,7r1,...,77(3+1)3_1_1l ’ e
probabilities {P; = P(s(t + 1) = Sj|s(t) = Si), i,j = ms,) is the steady-state probability that tiiehop link is in

state S;. Note thatmw in (28) is the right eigenvector of the
ﬁgatrix TT associated with an eigenvalue of one. Therefore,
7 can be obtained by solving the corresponding eigenvector
problem [33]. However, the matrik may be extreme by large.
An approximate method of generatimgwill be provided in
T T T Subsection 111-B.

§={5= [O’O]T’ 51 =0, 1]T’ 2 =10, 2]T’ The next step is to find the exact end-to-end BERbased

S3=[1,0]", 8 =[1,1]", S5 = 1,2, on m. Firstly, a (L x L) element matrixPZ, is computed,

e

0,1,...,N —1}.

For example, when considering a three-hop link having t
parameters of, = 3 andB = 2, there is a total ofV = 32 =9
states, which form a set

Se = (2,017,857 = [2,1]7, Ss = [2,2]"}. in which P2 (1,1) denotes the probability that tHeh hop is
] N ) selected froni available hops, when the equivalent buffer size
Correspondingly, the state transition matrix becomes: per RN is B. We assume that the total number of available
0 0 0 1 0 0 0 0 0 hops c_orresponding to ;tat‘é,— is NS Then, PZ, can be
12 0 0 0 12 0 0 0 0 determmed by the following algorithm.
Algorithm 1:
0 12 0 0 0 1/2 0 0 0 B
0 1/2 0 0 0 0 1/2 0 0 1) In|t|gllzat|on.APS€l L:? X . _
T—1 0 0 1/3 1/3 0 0 0 1/3 0 2) fori=1:(B+1)*~" //allthe(B+1)*~! possible
o 0 0 0 12 0 0 0 1/2 states; _ _
0 0 0 0 1 0 0 0 0 for j =1: Ng, // all the available hops in stat§;
o 0 0 0 0 1/21/2 0 0 compute:

Ng

i

~
N,
~

~



End we have:
End

In (29), js, € {1,2,..., L} denotes the hop index of thgh
available hop in stateS After obtaining P2, of (29), the

average BEFpl of the [th hop can be computed with the aid 1

of the whole probability formula, yielding TSo=[0,07 = Tsi=[0,1)7 X 5
(31)

— (0 1 1

f LZPS&Z LDFL, (30) Tsi=[01]7 = Tsp=[0.2]7 X 5 T Tsy=[1,07 X 5

. 1

whereP'" is given by (13). Finally, the exact end-to-end BER TSp=[0,2]7 = Msu=[L1]7 X 3

1

of the MHL of the RNs can be obtained for a finite buffer by

> M : ol = e 1 _ -
substituting (30) into (24). Tsa=[1,07 = TSo=[0,0]7 X L+ Tsu=[1,1]7 X

w

Tsy=[1,1]7 = Ts;=[0,1]T X B + Tgs=[1,2]7 X 3 + Tse=[2,07 X 1
B. Approximate solution of28)

1 1

The accurate value af can be obtained by solving (28), Tss=[1,2]7 = Ts=[0,2]7 X 5 + Tsr=[2,1)7 X 5

whenT is small. By contrast, ifl" is large, the achievable 1 1

performance approaches the theoretical bound, which will TSe=[2,0]7 = TS3=[1,0]T X 5 T Tsr=[2,1)T X 5
be detailed in Section IV. If the size @ is mediocre, an 1

approximate method is provided here for circumventing this TSr=2.1)7 = Tsu= 7 X 3+ Tse=pp27 X 1

problem. Note that all our discussions are based on assuming 1

. - = - X —=.
steady-state operation. TSs=[2,2" = TSs=[1,2]7 % 5

Actually, the number of packets in the RN buffers cannot
be considered independent. Nevertheless, for the sake of
simplicity, they are treated as independent for the sakeawf h
ing the relevant approximate expressions. Assumingﬁ,lggt

represents the probability of haviri;gpackets in theth relay,
we can approximater. . i) o) 1 A LIy D i
. Sy=[by"",b5"" - b 41T i,b;
Based on this formula, we can see that in order to compute
Te o i) 26y 1o for all the (B 4+ 1)L1 states, the total
SJ*[bl ,by *""bL—l]

If all S; values are substituted by;, the above formula
becomes:

number of unknown probabilities i€ — 1)(B + 1), which

arep,; fori =1,2,...,L — 1 andb = 0,1,..., B. Hence, TSs=[2,2]7 = TS5=[1,2]T X 3
our objective is to express these probabilities by finding at (32)
least(L — 1)(B + 1) equations, which are derived below by 1 1
exploiting their specific properties. TS5=[1,2]T = TS,=[0,2]T X 3 + Tgp=[2,1]7 X 5
1) Symmetry Proposition: LetTthe probability of a 1
TN Ny Mg, — =Tg,— X =
state 5; = [B07,05), - 00| i o= 0L N - oA TR T
1 be m;. Let the probability of another states; = Trm(21]T = Tgy—[22]7 X 1+ Tg,—p 7 X 3

[B 0 By B _bﬂ be 7;, whereb\” for

I =1,...,L —1 are given by the correspondiri§” in ;. Tsa=(11]7 = Tse=(1.27 X 5 F Tsi=o.yr X 5 + Tg=fa.0n X 1
Then we haver; = ;. TSi=[0.1]T = Tsp=[0.27 X 7 + Tgy=[1,07 X 1
Proof: The unavailable channels are those ones that are ’ ’ 2 ’ 2
linked to the specific RNs having either an empty or a full TS=[2,0]T = Tgy=[21]T X 1+7753:[170]T « 1
buffer. The channels available for staieare the same as for 21 2
stateS;. Since every node that has zero packets to serst i Tsa=(2,1]7 = Ts,=[1,1]7 X 3 + Tgy=[0,0m X 1
treated as a node haviri§jpackets, this represents a full buffer. 1
Hence it will be unable to receive any packets. By contrast, t TSe=[2,2]T = TS, =[0,1]7 X 3

nodes that havés packets to send ity; are treated as nodes

having zero packets. Since this is a node with an empty huffer

it will be unable to transmit any packet. Therefore, the namb

of available channels remains unchanged. The followingés t

mathematical proof. If the stats; is substituted by>; in (28), which is identical to (31). The only difference is in the

the equation remains unchanged. Therefore, we have ;. terminology. Hence, the solution of (32) is also the same
Let us consider the same example as before. Again, the that of (31), which means thaly, = 7s,, 75, = 7g,,

relevant parameters afe = 3 and B = 2. Then, from (28) TS, = Tg,, asS SO ONn.



Based on the proposition above, we arrive at 3) The system is in its steady staté/hen this is in the
case, for a single RN, the average number of transitions from
Dip bto b+ 1 is the same as that from+ 1 to b. By referring to
3 ; ; ; Fig. 3, we may readily infer that for = 1,2,..., B — 2, we

:Zii— ._i i have

piy(L=pi—10)/L=p 3 (L=py 5)/Ls

R T e i=1,2,....,L—1, (35)
B B B B
— Z Z Z Z Z where (1 — p;_1,0)/L at the left-hand side denotes the prob-
J1=0jo=0  ji1=0jis1=0  iz_1=0 ability that nodei receives a packet from nodeé— 1), while
1—p.,., »)/L is the probability that node sends a packet
X ﬂS:[B—jL—l"'7B—ji+1~B—B7B—ji—1w'73—j273—j1]T ( pH_l’B)/ P y P

‘ A to node(i + 1).
=Ppip-p t=12. . L=1b=0,1L...,[(B+1)/2].  whenb = 0, the (i + 1)th hop is unavailable, as thith
(33) node’s buffer is empty. Hence, the transitions satisfy

where|z| returns the maximal integer less thanFrom (33), pio(l =pi-1,0)/(L = 1) = pi1(1 —p;y, 5)/L,
we can see that the proposition can provide—1)(B+1)/2| i=1.92 ..  L—-1 (36)
equations. T

2) The probability of using every channel is identical: ~ Similarly, whenb = B — 1, we have
When our MHD scheme is employed and when the MHL
is operated in steady state, every hop has approximately thei5-1(1 = Pi10)/ L p; 5 (1= piy )/ (L= 1),
same probability to be activated. According to the operatio i=12,...,.L-1 (37)
principles of the MHD, as described in Section I, if tht
hop is selected, thg — 1)st node’s buffer must not be empty
which has a probability of1 — p,_1 ), and theith node’s
buffer should not be full, which has a probability @f—p;, ;).
In addition to the above mentioned buffer condition, let u
assume that every hop ha%aprobability of experiencing the
"best" channel. Naturally, this is not always exactly Jets
hence it remains an approximation. For the SN and DN,
setppo = 0 andpLﬁ, = 0, since we assumed that the S
always has packets to transmit and the DN is always ready to B
receive a packet. Hence, when considering all fhigops, we Zp”; =1,i=1,2,...,L—1. (38)
have the following relationship i

where the factorl /(L — 1) at the righthand side is because
'there are only(L — 1) hops avaliable for selection, when node
i is at stateB (full), resulting in that thei hop is unavailable.
Consequently, when considering (35) - (37) and "Symmetry
roposition”, we can obtainf)’(L — 1)/2 approximate equa-
tions.

W 4) The total probability is unity:Finally, the sum of the
I\P(?obabilities ofp, ; at RN should satisfy:

When considering the "Symmetry Proposition”, we arrive at

| (L —1)/2] equations.

~(1=pj-101—p;p)~ (1 —pLo), By exploiting the properties of the MHL operated under our
i=1,....,L—1; j=i+1,i+2,..., L. (34) proposed MHD scheme, we can demonstrate that the number

of equations is no less than the number of unknowng. i§

From (34), we can construct a total bf L—1)/2 equations. odd andB > 1, the number of equations is given by
However, some of them can be derived from some others

i.e. they are not independent. After a close consideration.(E — (B +1)/2] + [L/2] + |(L —1)/2] +B(L — 1)/2

(1=pyp)~ (1 =pi—10)(1 —p; p)

and applying the above "Symmetry Proposition", we arrive L-1
at | (L —1)/2] independent equations. L-1 . B ~L—1
=—5—(B+1)+(L-1)+B
A3
0 f— — —
C . j =L =B+ 3), (39)

which is larger than the number of unknowfs— 1)(3 +1).
By contrast, ifL is even andB > 1, the number of equations

C ;::H j obeys:

(L= 1)(B+1)/2] + |L/2] + (L —1)/2] +B(L ~1)/2

= o1,

1 .
=== (B+1) — g+ (L -1+ (L-1)(B/2)
Fig. 3. Considering nodg the probability of preceding froto b+ 1 is N 3 1
the same as that from+ 1 to b, when system is steady. If the buffer of node=(L — 1)(B + 5) — 3 (40)
i is empty, the(i + 1)th hop is unavailable, while if that of nodeis full,

the ith hop is unavailable.



which is larger than the number of unknow(’s— 1)(]5?—1— 1). D. Diversity Order
All the above discussion is based on the assumptiofi of 1. In a single hop, eact); (1/4,,7:) has the same; andm;,

[ ; ; L—1 L—1 N _ _
This is because the size @ is 2 X 2 whenB =1, hence,d, (m) has the same diversity gain Réze) The

which is not large. . ; .
. t D for théth hop f 1
Hence, we can express the—1)(B+1) probabilitiesp, ; S;Z%risnlgy orderDQO; can be derived for théh hop from (18),

fori=1,2,...,L —1andb; =0,1,...,B by solving (L — m g e
1)(B + 1) number of the equations. Consequently, the+ (), ( /A, .,—n) — <ml> . /U Q( Avi,ﬂ) it

1)E~! steady state probabilitiegrs;} can be approximately Y my)
. . . ; o -~ L-1
determined using the relationship mgj:[z”)g”,b;-”,...,bgil]T ~ 5 (mh ,,%le) s
Tt o A (1)
’ i, . ['(my) "
Specifically, a four step algorithm may be formulated as
follows. Step oneTake allp; o as unknownsStep two Based (45)

on (33), allp; 5 can be determinedbtep threeBased on (35), When 7, is large, the incomplete gamma function can be

(36) and (37), all othep, ; can be foundStep four The p; o approximated as [34](06.06.26.0002.01)
fori = 1,2,...,L — 1 are solved based on (38). This can

be achieved, since there at& — 1) equations for(L — 1) ~(my @)/F(ml) _ (5™ i m (55"
unknowns. T A L(my)my = m;+n nl
Below we consider the special case of two hops. In this case, 1 my\ ™
all the approximate formulas provided above become aceurat R ——— <> . (46)
yielding: Llmamu \
1 Then, substituting (46) into (45), we arrive at:
=TT 08 W6 (vam)
L. B mm LI+ > .
i B’ i=12-,B-1, ~ l%m,L F(él)L /0 Q( Ai,j’y) ™M exp (f%) dry
which can be obtained either from the equations provided in m-z+1 1 9\ ik 1
this subsection or directly from (28). Note that, in (28)clea ~ ’,mlL T(mi)E 2v/mmil (Z) T(miL + 5)
line has no more thenAtwo unknowns. We assume-= x and ! .
7 =2K,1=1,2,---, B —1, as well astz = «. Finally, by —¢ (%) ) (47)
exploiting (38) we arrive at = - T
Let us now analyze the outage probability (OP). where(' is not related toy;. From (47) we can explicitly see

that the achievable diversity order of tite hop isDO; = L,
C. Outage Probability when t.here ard. availaple hopg fqr activation. Furthermore,
according to the operational principles of the MHD, the end-

The OP characterizes the specific event that the instag-end performance of the MHL also benefits from attaining

taneous SNR of the selected hop is lower than a pre-ggk diversity order ofDO; = L.

threshold. When an outage occurs, no data will be transmitted\ote that the delay analysis of the MHLs employing the

over the MHL, in order to avoid violating the required targ roposed MHD scheme is identical to that in [16]. More

BER, since otherwise the BER would become higher than t Qplicitly, the corresponding probability mass functid?F)

target. Therefore, given the set of thresholgs for the L  of the delay and the average delay of the system are the same

hops, the lower-bound OP is as those in [16], but we have to repldg in [16] by the
1 L vy equivalent buffer size of3 = B/log, M. Again, similarly

Pro = *Z {/ ' flsc(y)dy] , (42) to [16], the maximum and minimum packet delay are given
L= 1o by BL? — BL — L+ 2 and L TSs. Finally the distribution of

when assuming that all the hops have the same probabilitythe delay is given by (36) of [16]. Given the distribution of

. . - the delay, the average delay may be readily calculated. The
of 1/L being activated. Upon substituting®“ () from (7) ; i
into the above equation, we readily arrive at: average delay increases with the number of hops and/or the

size B of the buffer. The corresponding examples can be found

. li ~(mu, %) L ) in Fig. 10 and Fig.11 of [16].
Lo— T T'(my) '
=1 IV. PERFORMANCERESULTS
Furthermore, givenr andpfel, the exact OP of the MHLs In this section, we provide a range of performance resuits, i
whose RNs have a finite buffer can be expressed as order to characterize both the BER and outage performance of
; the MHLs employing our MHD scheme, when communicating
L L B o ~(my, m’%T’) over Nakagamin fading channels. We illustrate the effects
Po=Y > PLI “Tom) (44)  of various MQAM schemes, buffer sizes, distances of the
=1 j=1 different hops and of different Nakagami-fading parameters



1 m=[3 2 1], d=[1 2 3]/6: Line (theory), Marker (simulation)

i m=[3 2 1], d=[1 2 3]/6: Line (theory), Marker (simulation)
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Fig. 4. BER versus average SNR per bit performance of threelihks of

the three hops having the distanees- [+ 2 2] and experiencing different

Nakagamim fading associated withn = [3 2 1], when the buffer size of : : 12'3 S .
every RN isB = 4,... 512 packets, the modulation scheme lI6QAM, the three hops having the distanets= [5 & %] and experiencing different

. H . . Nakagamim fading associated withn = [3 2 1] and different pathloss
aS1r’1\|thhe EA is applied to make all hops achieve the same recensrdge reflected bya — 2,3.4, when the buffer size of every RN i — 32

packets, the modulation schemell6QAM, and the EA is applied to make

. . all hops achieve the same received average SNR.
on the achievable performance. In our evaluations, we assum

that the pathloss obeys the negative exponential law, ¢f,

Fig. 5. BER versus average SNR per bit performance of threelihks of

whered; is the length of théth hop between nod€$—1) and | m=[22 2], d=[1 2 36: Line (theory), Marker (simulation)
[, while o represents the pathloss exponent having a typical 5 boa
value betweer? to 6. In order to illustrate the impact of the . X B=8
number of hops per MHL on the achievable performance, we Y L boiss
assume that the total energy assigned for transmitting one B . RO —_ Bound
bit from the SN to the DN is constant, regardless of the 2 Q‘SHEBT

number of hops per MHL. Specifically, we let the received ;‘i’wﬁ \\ b

energy at the DN id7;, unit when transmitting one bit directly & K\v 7\2221

from SN to DN, which is termed as the ‘Average SNR per - o

bit' in the figures. Then, when given a pathloss exponent \\k %ﬁ

and a distancel between SN and DN, the transmit energy e %\ 8
required is then given by, ;. = logy M x d*Ey. Then, if 0 T S N

. i Average SNR Per Bit (dB)
the MHL hasL hops, the total energy;,;.; is assigned to
the L transmit nodes, according to one of the following two

; : ; ; Fig. 6. BER versus average SNR per bit performance of threelihks of
scenarios. In the first scenario, appropriate energy dltoca, the three hops having the distances- [£ 2 §] and experiencing the same

(EA) is implemented for assuming that all the hops havgpe of Nakagamin fading associated witha’= 2, when the buffer size of
the same average SNR. In this case, itie hop’s transmit every RN isB = 4,...,128 packets, the modulation schemeli§QAM,

ot 47 Frotal and1/3 of the total transmission energy is assigned to every hopgehdre
energy ISEZ_ oAy Henc?’ all thel. hops have the S.amehops have different received average SNR.
received (signal) energy, which &’ = Egimc;a In the first

. . 1=1"1 . .
scenario, we assume that different hops experience differe

fading CDFs, in order to illustrate the impact of diverse

m=1,2: Line (theory), Marker (simulation)

factors. In the second scenario, we assume that each of the

L hops usesF;,,;/L unit of energy to transmit, while all

the hops experience the same fading CDF. This allows us to @

investigate the effect of the distances between nodes on the =

achievable performance. R Fay R
Note that in this section the theoretical results shown @& th E . L % . “‘%i_ﬁzx

figures were evaluated from the formulas derived in Section L m=2 ‘&L\XX M

[, while the values represented by the markers were obthin N :Z,p;% 3 x

via simulations. The curves correspondingBo= 512 were N

evaluated based on the approximation algorithm. Furthegmo 10 0 5 10 15 20 25 30

the corresponding results for the conventional (Conv.)timul Average SNR Per Bit (dB)

hop transmission scheme are depicted as the benchmarkers.

Fig. 4 to Fig. 8 characterize the end-to-end BER perfoFig. 7. BER versus average SNR per bit performance with respeifferent

mance. The impacts of thex-factor, of the buffer size of number of hops, when the buffer size of every RNBis= 8 packets and the

odulation scheme i56QAM. The distance between SN and DN is the same
RN nodes, pathloss exponents, number of hOpS and of ﬂé rdless of the number of hops and, for any case, all hops thavsame

modulation schemes on the end-to-end BER are investigateigkance.
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Fig. 8. BER versus average SNR per bit performance of two-imigs with  Fig. 9. Outage performance of three-hop links of the threeshugving
different modulation schemes, when communicating over Rdyléig = the distances! = [% 2 %} and experiencing different Nakagami-fading
1) fading channels. The buffer size of every RN s = 32 packets, the associated withm = ?3 2 1], when the buffer size of every RN iB =
modulation scheme i$6QAM and both hops have the same distance. 4,...,512 packets, the modulation schemel 8QAM, and the EA is applied

to make all hops achieve the same received average SNR.

Except for Fig. 6, where the different hops have different L ,M=1.2: Line (theory), Marker (simulation)
received average SNRs, in Fig. 4, 5, 7 and 8 all the hops have BEs==—=
the same received average SNR, which is achieved with the 25 o -
aid of our hop-length-dependent EA. The parameters used in z 10'; = =2 =
our investigations can be found in the corresponding figures g - = =i
Note that, the distances shown in the figures are normalized £ x (o S
distances obtained by assuming that the distance between SN §= 5 = ‘
and DN is unity. S 2fmm o
Fig. 4 illustrates the impact of the buffer size on the end- | 4 Hop=t
to-end BER performance of three-hop links. Explicitly, the ) : :2,‘325
BER performance improves, as the buffer size of the RNs 1ot L Hop=4
is increased, implying that MHD is indeed beneficial. When ® ° A\,era;e SNR pe:rLOBit(dB) ° *

the buffer size is relatively large, such &= 512 packets,
corresponding to the equivalent buffer size ®f= 128, the _ _ _

inable BER performance is close to the lower-bound Bl_{ﬁg 10. Outage performance with respect to different numbéops, when
atta_ma e p_ A ) - buffer size of every RN i3 = 8 packets and the modulation scheme
achievable by using an infinite buffer size. As shown in the 16QAM. The distance between SN and DN is the same regardlessof th
figure, in comparison to the conventional muItihop div@fsit”“mber of hops and, for any case, all hops have the same distance
scheme, at a BER afo—3, the multihop diversity gain is over

14dB, when a buffer ofB = 512 packets is used by everyAS seen in Fig. 6, a significant MHD gain can be obtained in
RN. ' comparison to the conventional multihop transmission s&he

Fig. 5 shows the impact of the propagation pathloss on t@ecifically, at the BER of0~?, the MHD gain is in excess of
end-to-end BER performance of three-hop links experignciffian @B, which is achieved by arranging every RN a buffer
different fading CDFs associated with = [3 2 1] for the first, Of B = 128 packets.
second and third hops, respectively. The results show ltieat t Fig. 7 demonstrates the impact of the number of hops
end-to-end BER performance improves, as the pathloss expb-the end-to-end BER performance. In the simulations, we
nent becomes higher, implying a higher propagation pashlog§ssumed that the modulation scheme W&QAM and the
Hence, for high pathlosses, it is beneficial to use multihdpiffer size wasB = 8. Different hops were assumed to
transmission relaying on MHD. The reason behind it is th&kperience i.i.d Nakagamir fading and all hops had the same
when the propagation pathloss increases, the total trasimi distance. Explicitly, given the distance between SN and DN,
energy required for single-hop transmission from SN to Dkpe BER performance is improved, when the number of hops
significantly increases. When this total energy is shared [fyincreased, resulting in more diversity gain.
multihop transmission, significant performance improvetse  Fig. 8 shows the end-to-end BER performance for different
can be obtained. Observe in Fig. 5 that our MHD scheme sigpodulation schemes employed by2#op link with a RN of
nificantly outperforms the conventional multinop transsive buffer size B = 32, when operated in Rayleigh fading:(=
scheme. 1) channels. Compared to the conventional multihop diversit

Fig. 6 shows the end-to-end BER of three-hop links expgcheme, the MHD achieved% B gain for QPSK and ddB
riencing the same Nakagami fading CDF naf = 2. In our gain for256QAM at the BER of10~*. The reason for having
simulations, equal energy allocation was applied. Herfoe, ta lower diversity gain for high order modulation schemes is
different hops have different received average SNRs dueeto that the equivalent buffer size i8 = 32/log,4 = 16 for
different distances assumed. In this case, the system’s BERAM and B = 32/log, 256 = 4 for 256QAM.
performance will be dominated by that of the longest hop. Figs. 9, 10 and 11 characterize the outage probability of
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expressions were derived for the end-to-end BER as well as
for the outage probability of BPSK/MQAM signals. Further-
more, the attainable diversity order was also derived. Our
performance results showed that exploiting the independen
fading of different hops results in a significant diversiging

In general, the achievable multihop diversity gain incesass
the relay’s buffer size increases as well as when the affbeda
packet delay increases. The achievable multihop diversity
gain improved as the number of hops increased. Therefore,

MHD-assisted multihop transmission is significantlyreno

energy-efficient than the conventional multihop transiaiss
although both of them have higher energy-efficiency than

single-hop transmissions.

Fig. 11. Outage performance of two-hop links with differentdulation

In our future research, adaptive modulation and coding

schemes, when communicating over Rayleigh= 1) fading channels. The (AMC) will be integrated into our CDF-aware MHD scheme.

buffer size of every RN i3 = 32 packets, the modulation scheme 8QAM
and both hops have the same distance.
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respectively. Note that in our numerical computations and
simulations, the threshold set of, = --- = vy, = v was
adjusted for maintaining a BER 0f03 for a single-hop link, [1]
when the received energy for a bit transmitted from the SN to
DN was 1 [35]. The outage probability of the corresponding
conventional multihop scheme is also provided for the sak
of comparison in Fig. 9 and Fig. 11. From these figures,
we may derive similar observations to those emerging frornsl
Figs. 4, 7 and 8. In summary, in Fig. 9, a significant multihop
diversity gain is observed for the RNs employing buffers ofy;
a sufficiently high size. The line with solid circles, which
represents the case of a large buffer siBe= 512 packets
giving an equivalent buffer size d® = 128), approaches the 5]
theoretical bound. Fig. 10 shows that the outage probgbilit
reduces, as the number of hops increases. Fig. 11 chamcterf'G]
the outage probability of two hop links relying on different
modulation scheme, as evaluated from (30) and (44), which
exhibits a lower improvement for higher-order modulation!”
schemes, because the equivalent buffer size of higher-orde
modulation schemes is lower than for lower-order modutatio [8]
schemes.

[
V. CONCLUSIONS

In this contribution, a multihop transmission schem&ol
namely the MHD scheme, was proposed for transmission
of information over MHLs. Within a given TS, our MHD
scheme activates a specific hop from the set of the all a\bailablll
hops based on the values given by their CDFs. Our analysis
showed that this CDF-aware MHD scheme represents a g€l
eralized MHD scheme, which is suitable for general MHLs,
where different hops may have different average SNRs and]
experience different types of fading CDFs. Furthermore, ou
MHD scheme is capable of achieving the full diversity gaip 4
provided by the independent fading experienced by differen
hops. In this paper, the performance of MHLs employing the
MHD scheme was investigated, when communicating ov[%rs]
Nakagamim fading channels. Both accurate and approximate

REFERENCES

M. Mardani, J. S. Harsini, F. Lahouti, and B. Eliasi, “dbiadaptive
modulation-coding and cooperative ARQ for wireless relayvoeks,” ”

in IEEE International Symposium on Wireless Communicaticsiedys.
ISWCS '08. pp. 319 —323, Oct. 2008.

D. Wubben, “High quality end-to-end-link performancéZEE Vehicu-
lar Technology Magazinevol. 4, no. 3, pp. 26 —32, Sept. 2009.

A. Muller and H.-C. Yang, “Dual-hop adaptive packet tsamssion
systems with regenerative relayingEEE Transactions on Wireless
Communicationsvol. 9, no. 1, pp. 234 —-244, Jan. 2010.

V. Asghari, A. Maaref, and S. Aissa, “Symbol error proHijpianalysis
for multihop relaying over Nakagami fading channels,” " IREE
Wireless Communications and Networking Conference. WCO|®p.

1 -6, Apr. 2010.

M. Hasna and M.-S. Alouini, “End-to-end performance afrtsmission
systems with relays over Rayleigh-fading channdEEE Transactions
on Wireless Communicationgol. 2, no. 6, pp. 1126 — 1131, Nov. 2003.
——, “Harmonic mean and end-to-end performance of transonissi
systems with relays,JEEE Transactions on Communicationsl. 52,
no. 1, pp. 130 — 135, Jan. 2004.

] ——, “Outage probability of multihop transmission over Neaami

fading channels,IEEE Communications Lettersol. 7, no. 5, pp. 216
— 218, May 2003.

J. Cao, L.-L. Yang, and Z. Zhong, “Performance of multihopeless
links over generalized-K fading channels,” " IEEE 72nd Vehicular
Technology Conference Fall. VTC 2010-Faib. 1 -5, Sept. 2010.

G. Karagiannidis, T. Tsiftsis, and R. Mallik, “Bounds rfanultihop
relayed communications in Nakagami-m fadindEEE Transactions on
Communicationsvol. 54, no. 1, pp. 18 — 22, Jan. 2006.

G. Karagiannidis, “Performance bounds of multihop wess commu-
nications with blind relays over generalized fading chas\he EEE
Transactions on Wireless Communicatipwgl. 5, no. 3, pp. 498 — 503,
Mar. 2006.

X. Zhang and Y. Gong, “Adaptive power allocation for esgrative
relaying with multiple antennas at the destinatiol5EE Transactions
on Wireless Communicationgol. 8, no. 6, pp. 2789 —2794, June 2009.
Z. Lin, E. Erkip, and M. Ghosh, “Rate adaptation for ceogtive sys-
tems,” ” in IEEE Global Telecommunications Conference. GLOBECOM
'06., pp. 1 -5, Dec. 2006.

A. lkhlef, D. Michalopoulos, and R. Schober, “Max-maxag selection
for relays with buffers,”IEEE Transactions on Wireless Communica-
tions vol. 11, no. 3, pp. 1124 —-1135, March 2012.

——, “Buffers improve the performance of relay selectichin 2011
IEEE Global Telecommunications Conference, GLOBECOM 2pp1

1 -6, Dec. 2011.

C. Dong, L.-L. Yang, and L. Hanzo, “Multihop diversityorf fading
mitigation in multihop wireless networks,” ” ir2011 |IEEE Vehicular
Technology Conference (VTC Falfp. 1 -5, Sept. 2011.



[16] —, “Performance analysis of multi-hop diversity aided Itanop UK-China Scholarships for Excellence programme. His research
links,” IEEE Transactions on Vehicular Technologyl. 61, no. 6, pp. interests include applied math, relay system, channel modelling and
2504 —2516, 2012. , o , cross-layer optimization.

[17] L-L. Yanfgf, é: DO’_‘tG_L ét‘_”d L. Halrt‘_ﬁor "M_U'tl'hOP d'g:rsy‘ﬂelgggs Lie-Liang Yang (M'98, SM'02) received his
source ol Tading mitigation In muitinop wireless networks,in H H H H H
Global Telecommunications Conference, 2011. GLOBECOM 2(111. f?gr?]gsdh?r:gﬁalinT(i:eogamoUSL](:iig?sr:fy eg%gﬁgeﬁgg

[18] J._ Boyer, D. F_alconer, and H. Yanikomer(_)glu, “Multihop/efs_ity @n China in 1988. and his MEn ’ and PhD’
wireless relaying channelsJEEE Transactions on Communications . ’ L 9 .
vol. 52, no. 10, pp. 1820 — 1830, Oct. 2004. degrees in communications and e[ectrqnlcs

[19] L. Yang, M. Hasnha, and M.-S. Alouini, “Average outage ration from Northern (Beijing) Jiaotong University,
of multihop communication systems with regenerative relayg&FE Beijing, China in 1991 and 1997, respectively.
Transactions on Wireless Communicatipnsl. 4, no. 4, pp. 1366 — From June 1997 to December 1997 he
1371, July 2005. was a visiting scientist of the Institute

[20] M. Nakagami, “The m-distribution, a general formula ofensity of of Radio Engineering and Electronics,
Tsp'dcf?g'”sgv"n?tit',St;‘T:‘?c'ﬂMEhOds " F3di|Jo x\éa\iggol’aga“o”: Proceed- Academy of Sciences of the Czech Republic.
ings ymposiu . 47, pp. 3-36, Ju . : . . .

[21] IS.Gradshteyr_l and |. RyzhikTabIe of Integrals, Series, and PrOdUCtS'gg‘uct?]arggf:nr?bsgitéggz{inggor:?swr?:r%n h\glt?s t?hee L;?(I)\;:;Sélz 8;

eventh Edition Elsevier Pte Ltd., 2007. - L . .

[22] M. Matthaiou, D. Laurenson, and J. Thompson, “A MIMO Chah wnr_eless commumc,atlons in the School of Electro_nlcs and Comput_er
Model Based on the Nakagami-Faded Spatial Eigenmoti&E Trans-  Science. Dr. Yang's research has covered a wide range of topics
actions on Antennas and Propagatipuol. 56, no. 5, pp. 1494-1497, in wireless communications, networking and signal processing. He
2008. has published over 270 research papers in journals and conference

[23] J. Kermoal, L. Schumacher, K. Pedersen, P. Mogensen, afdeB- proceedings, authored/co-authored three books and also published
eriksen, “A stochastic MIMO radio channel model with expenia¢ several book chapters. He is currently an associate editor to the
validation,”IEEE Journal on Selected Areas in Communicatjae. 20, |EEE Trans. on Vehicular Technologyournal of Communications
no. 6, pp. 1211-1226, 2002. _ _ and NetworkgJCN) and theSecurity and Communication Networks

[24] W. Weichselberger, “Spatial structure of multiple amta radio channels:

a signal processing viewpoint,” Ph.D. dissertation, Técdin Univ. (SCN) Journal -
Vienna, Austria, Dec 2003, ’ " ' ' s : Lajos Hanzo FREnNg, FIEEE, EIET, Fellow

[25] M. K. Simon and M. S. Alouini,Digital Communication over Fading of EUR_AS”?’ DSc rece|ved_ his degree n
Channels:A unified Approach to Performance AnalysisViley-IEEE electronics in 1976 and his doctorate in
Press, Apr. 2000. 1983. In 2009 he was awarded the honorary

[26] M.-S. Alouini and M. Simon, “Performance of coherent rigees with doctorate “Doctor Honoris Causa”’ by the
hybrid SC/MRC over Nakagami-m fading channelEEE Transactions Technical University of Budapest. During
on Vehicular Technologyol. 48, no. 4, pp. 1155 —-1164, July 1999. his 37-year career in telecommunications

[27] L. Hanzo, S. Ng, W. Webb, and T. KelleQuadrature Amplitude he has held various research and academic
Modulation: From Basics to Adaptive Trellis-Coded, TurBqualised posts in Hungary, Germany and the UK.
o, Simce Time Coted OFDU, COUA, o MC-CONA Sysen: Since 1986 he has been wih the School o
http://eprints.soton.ac.uk/géozgg ’ ) Electronics and Compu_ter Science, Unl\(ers'lty of Southampton, UK,

[28] L.-L. Yang and L. Hanzo, “A recursive algorithm for therer probability where _he holds the chair in telecommunications. He h_as successfully
evaluation of m-gam,JEEE Communications Lettersol. 4, no. 10, pp. Supervised 80+ PhD students, co-authored 20 John Wiley/IEEE Press
304 —306, Oct. 2000. books on mobile radio communications totalling in excess of 10

[29] G. Golub and C. LoanMatrix Computations, 3rd ed. The Johns 000 pages, published 1300+ research entries at IEEE Xplore, acted
Hopkins University Press, Apr. 1996. both as TPC and General Chair of IEEE conferences, presented

[30] T. Eng and L. Milstein, “Coherent ds-cdma performance @kdgami keynote lectures and has been awarded a number of distinctions.
multlpath fading,”IEEE Transactions on Communicationml. 43, no. 0urrent|y he is directing a 100_Strong academic research tearﬂ7
234, pp. 1134 1143, Feb. 1995. working on a range of research projects in the field of wireless

(31] EEn'\QOtLQEiZ ;v’ggg:Itr:;?ni?lz‘n;]dIt\i/r;ré?)g:/ii‘rél'esse‘?gts\}vgrrlli fﬁﬂ; multimedia communications sponsored by industry, the Engineering
channels,1EEE Transactions on Wireless Communicatiord. 9, no. 8, and Physical SC'Q,nces Research Council (EPSRC) UK, the Eur_ope‘an
pp. 2478 —2487, Aug. 2010. Research Council's Ad\_/anced FeIIovv_ Grant and t_he Royal Society’s

[32] D. Bertsekas and R. Gallagdata Networks, 2nd ed. Prentice-Hall, Wolfson Research Merit Award. He is an enthusiastic supporter of
Apr. 1992. industrial and academic liaison and he offers a range of industrial

[33] R. Horn and C. JohnsoMatrix Analysis. Cambridge University Press courses. He is also a Governor of the IEEE VTS. During 2008 -
New York, NY, USA, Apr. 1986. 2012 he was the Editor-in-Chief of the IEEE Press and a Chaired

[34] http://functions.wolfram.com/ Professor also at Tsinghua University, Beijing. His research is

[35] B. J. Choi and L. Hanzo, “Optimum mode-switching-assistenstant- funded by the European Research Council’s Senior Research Fellow

power single- and multicarrier adaptive modulatioEEE Transactions
on Vehicular Technologyol. 52, no. 3, pp. 536 — 560, May 2003.

Chen Dong received his BS degree
in electronic information sciences

Grant. For further information on research in progress and assdciate
publications please refer to http://www-mobile.ecs.soton.ac.uk Lajos
has 18 000+ citations.

and

technology from University of Science and
Technology of China(USTC), Hefei, China
in 2004, and his MEng degree in pattern
recognition and automatic equipment from
the Graduate University of Chinese Academy
of Sciences(GUCAS), Beijing, China in 2007.
Since 2009, he has been working towards
his PhD degree with the Communications,
' Signal Processing and Control (CSPC)
group, School of Electronics and Computer Science, University
of Southampton, UK. He is the recipient of scholarship under the

I



