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Abstract

This paper investigates a distributed cyclic delay diversity (CDD) transmission scheme for
cyclic-prefixed single carrier systems in non-identically and identically distributed frequency
selective fading channels. The distinguishable feature of the proposed scheme lies in pro-
viding a transmit diversity gain while reducing the burden of estimating the channel state
information (CSI), which is a challenging task in distributed and cooperative systems. To
effectively use the distributed CDD scheme at the transmitters, two sufficient conditions are
derived to eliminate the intersymbol interference at the receiver and leveraged to convert the
multi-input single-output channel into a single-input single-output channel. These conditions
allow the system to achieve the maximum diversity for frequency selective fading channels
at a full rate. To achieve this maximum diversity, a fixed number of CDD transmitters is
selected based on the channel conditions, symbol block size, and maximum time dispersion of
the channel, and a new two-stage transmission mode is proposed. Based on the distributed
CDD and the proposed selection schemes, a new expression for the signal-to-noise ratio at
the receiver is obtained with the aid of order statistics, and then closed-form expressions for
the outage probability and average symbol error rate (ASER) are derived. As far as the
identically-distributed frequency selective fading channel model is concerned, the achievable
maximum diversity gain is proved, with the aid of asymptotic analysis, to be equal to the
product of the total number of transmitters in the system and the number of multipath com-
ponents. Link-level simulations are also conducted to validate the mathematical expressions
of outage probability, ASER, and maximum achievable diversity gain.
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Abstract—This paper investigates a distributed cyclic delay
diversity (CDD) transmission scheme for cyclic-prefixed sigle
carrier systems in non-identically and identically distributed
frequency selective fading channels. The distinguishablieature
of the proposed scheme lies in providing a transmit diversit
gain while reducing the burden of estimating the channel stge
information (CSI), which is a challenging task in distributed
and cooperative systems. To effectively use the distributeCDD
scheme at the transmitters, two sufficient conditions are déved
to eliminate the intersymbol interference at the receiver ad
leveraged to convert the multi-input single-output channé into
a single-input single-output channel. These conditions kiw
the system to achieve the maximum diversity for frequency
selective fading channels at a full rate. To achieve this maxum
diversity, a fixed number of CDD transmitters is selected basd
on the channel conditions, symbol block size, and maximumrie
dispersion of the channel, and a new two-stage transmissionode
is proposed. Based on the distributed CDD and the proposed
selection schemes, a new expression for the signal-to-rmigatio
at the receiver is obtained with the aid of order statistics,and
then closed-form expressions for the outage probability as
average symbol error rate (ASER) are derived. As far as the
identically-distributed frequency selective fading chamel model
is concerned, the achievable maximum diversity gain is prad,
with the aid of asymptotic analysis, to be equal to the producof
the total number of transmitters in the system and the numberof
multipath components. Link-level simulations are also coducted
to validate the mathematical expressions of outage probality,
ASER, and maximum achievable diversity gain.

Index Terms—Distributed single carrier system, cyclic delay
diversity, diversity order, transmitter selection, frequency selec-
tive fading.
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NDER the assumption that exact channel state informa-

tion (CSI) is available at the transmitter, the maximum
ratio transmission (MRT) scheme [1], [2] has been proposed
for exploiting the availability of multiple transmit anteas at
each transmitter. In particular, by applying a transmitghéi
vector that maximizes the signal-to-noise ratio (SNR) [2],
better receiver performance can be achieved by virtue of a
diversity gain proportional to the number of transmit amizs
Under the same conditions, MRT has been applied among dis-
tributed transmitters as well [3], in order to achieve a ity
order proportional to the number of cooperating transmstte
A distributed space-time-coded (STC) cooperative ditgrsi
scheme has been proposed in [4] and [5]. However, full rate
orthogonal space-time block codes (STBCs) do not exist for
a general number of distributed transmitters.

Since acquiring CSI is a challenging task in distributed
cooperative systems, we consider, in the present paper, a
more practical transmit diversity scheme, which is refeie
as distributed cyclic delay diversity (CDD]6]-[10]. Owing
to its compatibility with the Orthogonal Frequency Divisio
Multiplexing (OFDM) transmission scheme and thanks to its
reduced hardware complexity [8], CDD has been adopted in
several wireless communication systems that are based on
the 802.11ac [11], 802.11n [12], and Long-Term Evolution
(LTE) protocols [13]. As for OFDM transmission, it is usuall
required to use forward error correction (FEC) codes in orde
to convert spatial diversity into frequency diversity.

Cyclic prefixed single-carrier (CP-SC) transmission [1d$h
been proposed as a good candidate scheme for several wireles
systems [15]-[20], including cooperative relaying [19]8],
spectrum sharing systems [19] and physical layer security
[20]. In contrast to OFDM transmission, CP-SC transmission
exhibits a reduced sensitivity to frequency offset erras,
lower peak-to-average power ratio (PAPR), and a reduced
power-backing off. In addition, it alleviates the dynanmemge
requirements of the linear amplifiers [6], [14], [15].
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exploit CDD transmission for application to CP-SC systems.
Notably, the block iterative generalized decision feedbac
equalizer (BI-GDFE) was proposed as an effective means
for cancelling the interference [6]. Its maximum achieeabl
diversity order, however, was not studied. In [7], on the
other hand, the authors proved that the BI-GDFE system is

1Since we apply CDD between cooperating transmitters, wé tbal
proposed CDD as the distributed CDD.



capable of achieving the maximum diversity gain only if the one or two CDD transmitters are available. As far as
transmission rate is no greater than a given threshold.rOthe the analysis of system models with a larger number of
works have, however, proved that CDD-based CP-SC systems CDD transmitters is concerned, we provide closed-form
can achieve the maximum diversity gain at full rate [9], [10] expressions of the same performance metrics in the i.i.d.
In [9], in particular, the authors proposed a method forming frequency selective fading channel. This is due to the
an equivalent channel matrix for CDD with a proper choice of mathematical intractability of i.n.i.d. frequency seleet
the delay. In [10], in addition, the CDD scheme was combined fading channels if more than two CDD transmitters are
with relay selection for attaining the maximum diversityirga considered. Based on the proposed mathematical frame-
in Rayleigh fading channels. works, we prove that the maximum achievable diversity
Without the need of channel equalization [6], [21], reskarc  order is equal to the product of the number of available
works in [15] and [22] have shown that the maximum diversity  transmitters and multipath components.

of cooperative CP-SC systems over frequency selectivedadi The rest of the present paper is organized as follows. In Sec-
channels is jointly determined by multiuser diversity andlm tjon |1, the system and channel models are summarized. The
tipath diversity. For two-hop cooperative relaying syssebrest distributed CDD-based CP-SC system model is introduced as
relaying selection and best terminal selection are res@gt ell. In Section Il and Section IV, the outage probabilityda
proposed in [15] and [22] for the independent and idenycalp\SER are computed in i.n.i.d. and i.i.d. frequency selectiv
distributed (i.i.d.) fading channel. To achieve the maximu fading channels, respectively. Simulation results arsemted
diversity, they both assume perfectly known CSl in the systein Section V and conclusions are drawn in Section VI.
However, since either a single relay or terminal is selectedNotation: The superscript-) denotes complex conjugate
for cooperation, its achievable coding gain is limited. &&s transposition< . >¢ denotes the modulo operation with base
on the above state of the art of research on CDD-based G- 1, denotes anV x N identity matrix; 0 denotes an all-

SC systems, it can be concluded that the existing studigso matrix of appropriate dimensior@j\/(ﬂ,cﬂ) denotes
are applicable to the analysis of non-cooperative trarersit the complex Gaussian distribution with mearand variance
equipped with multiple transmit antennas. In the presepépa »2; C*" denotes the vector space of all x n complex

on the other hand, we focus our attention on systems Wiiatrices; F,(-) denotes the cumulative distribution function

cooperative (or distributed) single-antenna, and henee I0(CDF) of the random variable (RV), whose probability

complexity, trans_m_itters._A major objective of our res‘mrcdensity function (PDF) is denoted by, (-); (Z)é( —nk!)w
work, more specifically, is to propose a CDD-based CP'S&notes the binomial coefficiend;!) denotes théth element

system that is capable of achieving the maximum diversq}f vectora and A(k, 1) denotes thefk, 1) element of matrix
without necessitating CSI either at the control unit (CU) or, ’ ’

at the transmitters. In our system model, the CU employs the
distributed CDD scheme among the transmitters. In light of Il. SYSTEM AND CHANNEL MODEL
this, the channels among the transmitters and the receiver o ] ) ) .
interest can be assumed to be independent but non-idéptical A Plock diagram of the considered cooperative system is
distributed (i.n.i.d.). In the present paper, as a consecpiean Provided |r;MF|g. 1. The CU provides perfect _backhaui\;:onnec—
i.n.i.d. frequency selective fading channel model is agsiym 4ONS {bm }—y to M single-antenna transmitte{s' X}, ;.
which makes the performance evaluation of CDD-based CPIS assumption originates from the fact that remote radio
SC systems a challenging mathematical problem. To the pBgad (RRH) types of transmitters are assu%ngckewse, the

of the authors’ knowledge, the mathematical analysis af tHi€CEVEr, R, s equipped with a single receive antenna. We
system model is not available in the open technical litegatu @SSUme two types of channel models: (1) i.n.i.d. frequency

More specifically, the novel contributions of the preserfi€léctive fading channels, which, in general, are comgrise
paper can be summarized as follows: of a different number of multipath components. Since the

1) We propose a new cooperative CP-SC system that e:ﬁipgle antenna equipped transmitters can be distributed at

ploys the distributed CDD scheme with a systematic deldgndom in the region of interest, different path losses and
assignment. In particular, we assume a general syst fﬁefem fading seven_ty are assumed. A d|stance—dep1and_e
model where only a subset of the available transmitte’?é‘ﬂ_‘_IOSS component is glso US_Ed to model Iarge_ scale fading;
cooperatively apply the distributed CDD scheme. Th ) i.i.d. frequency selective fz_:\dlng channels, which ar_ﬂjm
selected transmitters are identified based on the maximlfﬁwthe same number of multipath components. In this case,
time dispersion of the channel and size of the blod€ transmitters are located at the same distance from the

symbol for CP-SC transmission. A two-stage selectiorﬁcei,ver' This chann_el model, dgspite being simplifiedf@m
process is proposed in order to select the coIIaboratiG@n_S'(_jer?d for g(_att_lng Some '”S'th for_system design and
transmitters. optimization and it is widely used in the literature.

2) Inspired by the work in [9] and [10], we derive two Since there are\/ > K transmitters in the system, the

sufficient conditions for achieving the maximum diversit)?U nee_ds to sel_ect those that will take part t_o the CDP

order at full rate that is offered by CP-SC transmissiorP' °©¢€SSINg. To th|s_end, e propose the transmitter sefecti
3) In the general i.n.i.d. frequency selective fading clenn process discussed in the next sections.

We derive closed-form expressions of the outage p_rObazAs for the use of a baseband unit (BBU) instead of the CU, perfe

bility and average symbol error rate (ASER) when eithefonthaul links are assumed from the BBU to RRHSs.



( cU > The M available SNRs are arranged in ascending order of
magnitude as follows [23], [24]:

0<v1) <72 < <y 3

and their corresponding indices are denoted by

Xlé[(l), (2),---,(M)]. To reduce the feedback overhead
from the receiver to the CU, the receiver feeds bagkand
the maximum number of multipath components estimated
from channel sounding, nameli;, = max(Ny,...,Ng), to
the CU.

The CU is assumed to be aware/éf and of the CP length,
N,. Thus, the CDD delay lengtl\;, can be determined from
the following two conditions:

Ci: Np = Ny, (4)
02 . Az = (’L - 1)Np (5)

TX,

where C; is needed to remove the intersymbol interference
Fig. 1. Block diagram of the proposed distributed CDD-basmuperative CP- (ISl) caused by the CP-SC transmission [15], afig is

SC system. All the single antenna equipped transmitters@maected to the . . .
CU via perfect backhaul link§b, }2/_; and communicate with the receiver required to form a non-overlapping equivalent channelarect

m=

R through independent frequency selective fading chanfiels }M_,. out that allows us to convert the multi-input single-output @)
of M > K transmitters, onlyK transmitters take part in the data transmissiochannel into a single-input single-output (SlSO) chan@@gl [

‘r’]"g{‘ptzﬁi;'ga?; %D(?égdtfgngﬁi"sifgmg' St/ — K non-CDD transmitters do More precisely, the ISI can be removedif, > Nj. Since
it is preferable to keep the CP length as small as possible
compared to the symbol block sizg we considetV, = Nj,.
Based onC; andC5, we propose to determine the number
of CDD transmitters,K, as a function of the symbol block

Due to the presence of a larger number of distributegze ), and the maximum number of multipath components,
transmitters compared with the number of transmitters tha$ follows:

employ CDD processing, two questions need to be answered:

A. Pilot Transmission for Initialization

, K=1+ [QJ 6)
Q1 : How to choose onlyx CDD transmitters out of\/ N,
(M = K) available transmittefs where |- | denotes the floor function.
Q- : How to assign a CDD delap,, to the CDD transmitter ~ Since we assumeM > K, the CU needs to select
TX . ? the K CDD transmitters that are specified by the last
' K elements ofX; and form a table of CDD delays,
To answer these questions, we assume that pilot symbglgé{Ah ..., Ax_1,Ax}, which is used for assigning the

can be used at the transmitter and that they are known at %D delays to the CDD transmitters. The main objective
receiver. The signal received at the receiver and transthitis iy fact, uniquely assigning one out of thé delays in

from the kth transmitter can be written as follows: Xa to a given CDD transmitter. To this end, consider the
pr = /PranHyp + zg (1) K chosen CDD transmitters. Assume that tr_ansmlssmn
symbols,{s1,...,sq}, are transmitted sequentially from the

where Pr is the transmission power of each transmitief, CU or BBU to all the transmitters. Each CDD transmitter
is the path loss component of the independent chahpel collects them to form a transmission symbol blosk =
H), € C¥*€ is aright circulant matrix whosgj, [)th element [s,, ..., so]” € C2*!, where we assume thd{s} = 0 and
is Hi(j,l) = hg(< j — 1 >q), and zg is the receiver E{ssf} = I,. Let A, be the unique CDD delay assigned to
noisezg ~ CN(0,021g). A common pilot symbol block is thekth CDD transmitter. The exact value Af; is discussed in
denoted byp € C@*! with E{p} = 0, E{pp"’} = I. Corollary 1 below. Thekth CDD transmitter applies circular
The block size ofp is denoted byQ@. Since known pilot shifting operations by using its assigned CDD defay, which
symbols are used, no detection is necessary at the redeivecan be expressed by applying the permutation shifting matri
addition, by employing appropriate channel sounding seé®m P2 In particular, the matrixP* is obtained by circularly
the receiver is assumed to have exact knowledge of the numélifting down the identity matrixl, by Aj. For instance,
of multipath components of each chante). Pézkjl is given by
From (1), the SNR at the receiver is as follows [15]:
o Prog|lhe|*

7 ag || h? 2

o2 Py = )

= o O O
o O O
o O = O
o = O O

N
wheredy, = £



Let us apply the QR decomposition (QRD) to the righSince right circulant matrices are determined by their first

circulant matricesH,;, and Hﬁ:éHcirPC?k- We obtain column vector, the“PP completely specifies the equivalent
HA* — Q2 RA+, where channel matrix|e PP,
cir ! . . . .
From the equivalent expression of the received sighale
Q% =P5*Q, and R® =R (8) can observe the following facts:

1) The received signal does not include interference from
other CDD transmitters. This is obtained by virtue of the
properly designed CDD delays;.. As a result, the MISO

channel is converted into a SISO channel for distributed

which shows that the upper triangular matrR*, obtained
from the QRD of the column permutated circulant matrix is
independent of the column permutation, whereas the unitary
matrix, Q“*, is obtained by pre-multiplying the permutation o . .
CP-SC transmission. Since each channel vector comprises

matrix by Q3. With these prerequisites, the following corollar . . X .
ye prereq g y N, elements, additional zeros are required in forming
holds. thD

Corollary 1: Let the delays of theX’ CDD transmitters
satisfy the conditions”; and C. Then, provided that each
transmitter is assigned a different delay, different assignts
of the cyclic delays to the CDD transmitters result in the eam
performance if a maximum likelihood detector (MLD) [15] is
used at the receiver.

Proof: See Appendix A. [ ]
Corollary 1 implies that the system performance, which de-

pends on trac (HAk)HHA’C), is independent of the selec-

cir cir

2) Maximum transmit diversity can be achieved by em-
ploying the proposed distributed CDD scheme which
specifies the CDD delay according to two sufficient
conditions specified by Egs. (4) and (5). This is proved
mathematically in the following sections.

IIl. PERFORMANCEANALYSIS IN I.N.I.D. FREQUENCY
SELECTIVE FADING CHANNELS

To investigate the performance of the proposed distributed

tion priority_of j[he delays. For example, the CU h?‘s the fre%fCD—based CP-SC transmission scheme, the distribution of
dom of assigning the delagy;, to the CDD transmitter TX the SNR at the receiver needs to be comp;uted.

without any performance loss. In the sequel, this assumptio
is retained for simplicity but without loss of generalityaged _
on Corollary 1, as a result, the CU needs oiNy and X; A. SNR at the Receiver

for applying the proposed CDD-based CP-SC transmissionFrom (9), the SNR [15] over the channel from this CDD

scheme. transmitter to the receiver can be formulated as follows:
PTOLk h 2 -
: S k= # = || he|® (12)
B. Information Data Transmission via Distributed CDD o

Let us apply the permutation shifting matrix to thta CDD ~ Which coincides with (2). The CDF and PDF of, are,
transmitter. The corresponding symisatan be formulated as: respectively, given by

S = Pg’cs, wheres € C¢*1, Before transmission, a CP that L Nl

contains the laslv,, symbols ofsy, is added to the front of,. Fr(z)=1—¢€ 2 Z 7 (~—) and

The obtained symboky, is sent through a frequency-selective —0 %k

fading channel that is denoted ty. and is assumed to have zNe—1 e

N, multipath components. filz) = TN @)™ ¢ " (13)

At the receiver, after removing the CP, the signal can be .
formulated as g ¢ whereT'() denotes the gamma function. Based on (9), the

p aggregated SNR from th& CDD transmitters is given by
r:Z\/PTakaPS’“s—i—zR (9)
k=1

Nv—kik)

K
SK = Zd(MfKJrk) Z \har— i) (D]
where the additive noise isg ~ CN(0,0213). Since the P =

K
product of two right circulant matricesH;, and Pé’c, is _ Z”Y(M—ch)- (14)
another right circulant matrix, with the aid of (5), (9) can et

be expressed as follows: Itis important to mention that the select&dCDD transmit-

r=HCPs+ 2, (10) ters provide the largest’ SNRs to the receiver. This implies
that the analysis of (14) requires the mathematical tootdéo

where H“PP is an equivalent channel matrix comprising theagistics. In other wordsy(,y) is the largest SNRy /- 1) is
frequency fading channels from th€ CDD transmitters to K

the receiver. Its first column vector is as follows: the second largest SNR, etc. ThUS, Y(ar—x+x) iS the sum
A =1
hCDDz[\/PTal(hl)T,01X(NP,N1),..., of the K largest SNRs. This implies that the SNRs in (14)

. : A
\/M(hK)T,le(NfNK)] € %1, (11) are corr_el_ated and, thus, the mathematical analysis ofi§14)
a non-trivial problem.

3If the diagonal components of the matdR“# are all positive, these two Let us arrange the SNRs in increasing order of m"f‘g_nitUde'
prerequisites are true. L., Y(M—-K+1) < YMm-K+2) < .- < YM)- The joint



PDF Of’yrlé’Y(A,{fKA»l)a7rzé’7(M7K+2),...7’7TKé’7(1\4) can values of K in the considered i.n.i.d. frequency selective
be written as [24]: fading channel model. In the rest of this section, therefore
we focus our attention only on the case studiés {1, 2},

Triran e (1,22, .., TK) = ﬁPGFAK (15)  for which closed-form solutions can be found. In Section 1V,
' on the other hand, we consider the i.i.d. frequency sekectiv
where fading channel model for which closed-form expressions of
[ Fi(x)  fi(z) ... filzr) | the MGF can be found for general values ot
Bo(z1)  folz1) ... folag) Theorem 1The CDF of the aggregated received SNR from
two CDD transmitters in i.n.i.d. frequency selective faglin
AKé : : : : (16) channels withN;, = Ny, Vk is given by (20) at the next page.
Fu(z1) fu(z) oo fulzx) In (20), we have defmeaDgé#2 and (-, -) denotes the
M—-—K 1 1 1 lower-incomplete gamma function.
[~~~ Y~ >~ >~ | Proof: See Appendix B. [ |

and Fi(-) and fi(-) are the CDF and PDF of, i.e., the If K = 1, i.e., a single CDD transmitter is considered,
kth SNR without CDD operation. Their expressions are préerA is given by (21) at the next page. Note that (21) is the
a1 aio PDF of v,y and S%=!. Different but equivalent expressions
for v(ary are derived in [26]. From (21), the CDF of*=!

vided in (13). Also, let us define the matri can be formulated as the expression in (22) provided at the

ami ams next two pages.
i J
—~ =~ B
containingi copies of the first column vectd, ..., ay |7 B- Outage Probability
and j copies of the second column vect@ns, ..., an]". From the CDF, the outage probability can be readily for-

The permanent of a square matuk, denoted byPerA, is muylated in closed-form. For a given outage threshelg, the
defined similar to the matrix determinant except for the fagitage probability is as follows:

that all signs are positive [23], [24]. If a square matrik

a b Fgr=1(yn), for K =1,
. . Oout(%h) = (23)
is considered, for exampled = c d |, we have Fyr—2(y), for K =2.

1 1
PerA — ad + be. ~ = It is worth noting thatFgx—1 (741,) is the outage probability

rresponding to the worst-case scenario for the proposed

With the aid of some alegraic manipulations, a desire o
! ! g I puiat ! DD-based CP-SC transmission scheme.

compact expression fdter A x = (S’QTAK) can be shown to be
(17) at the next page. For ease of analysis, we introduce the

notation XMA{1 ,M} and prxM — {i1,...,in—x}. C. Average Bit Error Rate

Also, the list of aII p035|ble permutations of the elemerfts 0 According to [27], the ASER can be expressed, as a function

X, is denoted byP,= Perms( »), Whereq denotes thejth  of the CDF of the received SNR, as follows:
permutation ofP,. In addition,k; , denotes théth element of

permutationy. By applying the binomial and multinomial the- P = May/ My $_1/2F5K (z)e "™ dx (24)
orems [25, eq. (1.111)], (17) can be written as (18) at the nex 2V Jo
page. In (18), we have definéﬁléé‘j—?+. . +O?M—*K+ﬁ where m, andm; are specified by the modulation scheme
Yon,or M being used.
=G+ .+ dv—k + Niy . and= 3" tige. Also, With the aid of the closed-form expressions Bfx—: (z)
N 120 ’ andFsx=2(x), an explicit expression of the ASER is provided
> denotes the sum for all set of positive indiced the following theorem.
g1 g N, Theorem 2The closed-form expression of the worst ASER
aj,1+-+aj, N]J of the CDD-based CP-SC transmission scheme is given by
{gj1,-..4j, N, } satisfyingg; + ... + ¢, N;, = ¢; With the (25) at the next two pages.
possible range o < gjm < gy, EJ,Vm Proof: The computation ofPX=! follows from the fol-

From (18), the moment generating function (MGF) of theowing notable integral:

RV S& can be computed as follows:
May 71/2'}/1(7%1 Dix)e™ ™ dx

Panls // /K/ e ) " 2\/\/__0 »Hizle 1

—1 2 —mpx 1,1
PerAgdridrs ... dog_1drg. (19) N [Zemme GI,Q(DLT‘ iy )dfc
The MGF in (19) necessitates the computatiorf &f— 1)- (b) mq a2/D1) 1/2,1 26
fold nested integrals, whose solution does not exist foegan = 27 (_’ m1,0 ) (26)



M—-K

PerAy = > Yo 1T 7@, (@ Hfmq 1)

1159250 — K qelP, j=1
1<ig <ig<...<ip_ g <M

_ N;. —1 - z1 PR
IS 1 i S A T i BT
fr — € ‘i H *
I'il+1 ) 5 Ny, ~ Ny,
11,02, I M — K qeP, j=1 =0 ( + ) F(Nkl,q)(akl,q) K =2 F(Nkl,q)(akl,q) ba
1Siy<ig<...<ipy g <M
1 1
Pt 1 1 Gtetq
PerAyx = E E E (_1) 1+ tam-K
i14ig i — K 4€P, 1=0  qn_r=0 Q1 aM—-K
1<iq<ig<...<ipf_ g <M
M-K |
> > T (o
. . |
q1,150s ql,Ni1 AN K, 10 anr— KNUW X j=1 QJyl--..qijij.
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where G7" (t‘ - ) denotes the Meijer
P b17 "7bm7bm+17"'7bq

G-function [25, eq.' (9.301)]. In the derivation of (26), wseu
[28, eq.(06.06.26.0004.01)] ifu) and [29, eq. (2.24.3.1)] in y R
(b). ReplacingK; in (22) with (26), the final result in (25) Oout(Yth) = Fsx (th)- (28)
follows.

: ; Similar to the derivation of the ASER in i.n.i.d. frequency
Finally, we note thaF'gx--(x) can be expressed in terms of . . L
; - . selective fading channels, the ASER in i.i.d. frequencecel
the summation of a finite number of lower-incomplete gamma . . . . .
ve fading channels is provided in the following theorem.

functions. This implies that the same approach as for theTheorem 41n i.i.d. frequency selective fading channels, the

computation offsx-: (x) can be used. The resulting closedy cep oo proposed CDD-based CP-SC system is given by
form expression is not provided due to space limitations.

In th t seci implified . f out b29) at the next page.
n the next section, SIMPIITed EXpressions of outage proba-rhqe getajls of the proof are omitted because it directly

bility and ASER in i.i.d. frequency selective fading chalsne ; - -
are provided. follows by applying the notable integral in (26).

With the aid of the CDF ofS¥, the outage probability of
the CDD-based CP-SC system can be formulated as follows:

B. Asymptotic Analysis of Outage Probability and Average
IV. PERFORMANCEANALYSIS IN I.1.D. FREQUENCY Symbol Error Rate

SELECTIVE FADING CHANNELS To better understand the performance of the proposed

Let us assume a frequency elective fading channel, whéfg1eme, we analyze the behavior of the CDFSdf in the

each channel has the same number of multipath componef{gn-SNR regime. This is useful for identifying the diveysi

A closed-form expression of the CDF &% is provided in order of t,h_e system. . . x
the following theorem. Proposition 1:In the high-SNR regime, the CDF &f* can

Theorem 31n i.i.d. frequency selective fading channels, thge simplified as follows:

QDF of the aggregate received SNR frdfnC;DD transmitters, fas (z) = K(M) T'(MNy, — KNy + Nyp)

is, for K < M and K = M, respectively, given by (27) at the SK K ) T(Ny, + 1)M-KT(Ny,)

next page. In (27), we have definé@ﬁ, SN, K —1, Y(MNy, z/&) (30)
ma2l+ G+ Np, §2 N g, for a non-negative integer ['(MN»)

set{q1,q,...,qn, } satisfying the conditioanCV;1 e = p Proof: See Appendix D. [ |
and 2 ngo_l tl,41 for another non-negative integer set From Proposition 1 high—SNR expressions of outage prob-
{i1,15,. .., 1y, } satisfying the conditiory ™" 1, = K. ability and ASER can be obtained as follows:

Proof: See Appendix C. | O (ven) = Fk (ven), (31)
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¢ (K) L(Np + )M=KT(Ny,) 2/7T(MNy,) We observe that7y; (Z bi - by bsts -+ by ) >
12/ 1 1/2,1 2P asz — 0, wheref = min(by, ..., b,,) [30, Section 5.4.1].
G272(mb0~4 MN;,, 0 ) (32) Based on this, we can approximate (32) as follows:

Finally, from the asymptotic expressions of the outage
probability and ASER, the achievable diversity order of the
proposed CDD-based CP-SC transmission scheme is provided

i

transmission schemes which specify the CDD delay accordi
to two sufficient conditions provided by Egs. (4) and (5

in the following theorem.
Theorem 5:The proposed distributed CDD-based CP-S

achieve a diversity order equal 6@, = M N, where M

is the total number of transmitters available in the systemh a

Ny, is the number of multipath components of the channel.
Proof: We first approximate (31) as:

M\T(MN;, — KNy + Ny
K F(Nh + l)A'[fKF(Nh)

(en /) MM (&
T(MN;, + 1) \ 02

whereC,, is an approximation constant.

Ogue(yin) = Co K

) —MN, (33)

M
K

I'(MN,;, — KNy, + Nh)
F(Nh + 1)1\47KI‘(N}1)
Mg

—MNy, PT
270 (MNy,) ( o3
hereC, is an approximation constant. The proof follows by
?ﬁ’ect inspection of (33) and (34). ]

It is worth nothing that the constants, in (33) andC,
in (34) affect the accuracy of proposed asymptotic approxi-
mations, i.e., the coding gain, however they do not affeet th
diversity order.

Finally, we note that the number of cooperating CDD
transmitters, K, does not affect the diversity order of the
system. This is a novel finding with respect to past research
works, such as [31]-[33]. In [33], the difference betweeea th
total number of transmittersy/, and the number of selected
transmitters ', determines the maximum diversity order [31],
[32]. Our proposed system, on the other hand, is more similar

(34)

)7MN}L

m é\l N,



to cooperative relaying, where the diversity order is a fiomc In Fig. 2, we investigate the effect of the number of

of the total number of relays [15], [34]. multipath components and the number of CDD transmitters
on the outage probability. This figure shows that the derived
V. SIMULATION RESULTS outage probability for various scenarios is very tight tatth

In this section, link-level simulations are conducted tobtaingd via link-level simulations..Forafixe_‘d number airfo
validate analysis and findings. For simplicity, Binary Fé]asﬂansmltters and two CDD ”a”?m'“e'fs’ a different numider 0
Shift Keying (BPSK) modulation is used. The curves o multipath components resul_ts in a different outage prdbabi

. 0 ! : . ity. As the number of multipath components increases, for
tained via link-level simulations are denotgdl’fw. Analytical instance N, = 3 vs. Nj, = 1, a steeper slope can be observed
performance curves are denoted By. High-SNR curves Thus, we can infer from this figure that the number of

are denoted byAs. The transmission block size for CP-SCm ltinath components is one of the kev factors that detesmin
transmission isQ) = 64 with N, = 16. The transmission uttip P ! y !

ower is assumed to b&. — 1 for all transmitters. The the diversity gain. For a fixed number of four transmitters
gNR threshold causing aﬁ o_utageqi@, — 3 4B Note. that and two multipath components, this figure shows that a lower

. T . : gutage probability is obtained if more CDD transmitters are
we consider the i.n.i.d. frequency selective fading chianneh o . ;
chosen. This is due to an increased aggregated signal power a

and the i.i.d. frequency selective fading channel in ordef. . .
. y 9 %e receiver. However, we can observe that the same slope is

Taking into account of transmitter cooperation, we COMPathtained, while the curves move to a lower outage probgbilit
the performance of this work with that of selection combgnin ! g€ proby

which was proposed by [20] and [35]. We can see that i gion. This indicates that the number of CDD transmitters,
selection combining is a special case. of the proposed C[}% influence the coding gain rather than the diversity gain. An

: - example is given by the curves corresponding to the setups
scheme with’ = 1. (K =3,N; =2) vs. (K =3,N, = 1). Since the distributed
_ _ o o CDD scheme can aggregate more signal power at the receiver
A. Independent but non-identically distributed (i.n).6le- as the number of CDD transmitters increases, the setup with a

quency selective fading channel single CDD transmitter results in the worst outage prolitgbil
We choose a particular location of the receiver and sitote that the system proposed by [15] and [22] is somewhat
transmitters at the most, that isY = 6. The pathloss Similar to the set up of a single CDD transmitter, so that the

components over the channels from the transmitters towerceidistributed CDD scheme can provide a larger coding gain. In
are given bya = {0.12,0.13,0.14,0.15,0.16,0.143}; that is,
a1 = 0.12,...,a = 0.143. The same number of multipath
components for each channel is assumed.

1) Outage Probability Analysisfor this particular set of
pathloss components, Figs. 2 and 3 show the accuracy 10¢
the derived outage probability obtained by using (23), whe
compared with the exact outage probability from simulation
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Fig. 3. Outage probability for several system setups.

10°H

Fig. 3, we investigate the effect of the number of transmstte

on the outage probability. We assume two CDD transmitters

and two multipath components. This figure shows that, as the

number of transmitters increases, the distributed CDDraehe
Pr/o? [dB] provides a smaller outage probability and a steeper cigves’

slope. An example is given by the setups= 6 vs. M = 2.
Fig. 2. Outage probability as a function of the number of ipath As the number of transmitters increases, it is more likely to
components and CDD transmitters. Whéh = 1, the outage probabilty yat ye|ative large channel gains, so that the distributedCD

corresponds to the CP-SC system with selection combining . . .
scheme provides advantages on the aggregate signal power at

10°
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the receiver. Thus, the number of transmitters in the syste
is also a key factor in determining the slope of the outa¢
probability, which corresponds to the diversity gain.

2) Average Symbol Error Rate Analysi3p validate our
mathematical derivation of the ASER, we compare the deriv
ASER with that obtained by the QRD-M detect¢t 5], [36].

Fig. 4. ASER for several system setups. WHen= 1, the ASER corresponds
to the CP-SC system with selection combining.

Fig. 4 shows good agreement between the simulated ASI
and the mathematical expression of the ASER for vario
values of K and N;. This figure shows that as either the
number of transmitters or the number of multipath compamer
increases, a better ASER is obtained. Since using more CI
transmitters yields a higher aggregated signal power at {
receiver, a better ASER is obtained as well.

In Fig. 5, we investigate the coding gain of the system &
assuming a single CDD transmitter. Under the assumption
three multipath components, we observe that the ASEP g
better as the number of transmitters increases. An exam
if given by the setupgsM = 5,K = 1, N, = 3) vs. (M =
3,K =1,N, =3). Thecase studyM =3, K =1, N;, = 1),
among those studied, provides the worst ASER. For a giv
slope (diversity order), we study the individual impact /&f
and ;. From the figure, we note that the impact of multipat
is more pronounced. Two setups showing these trends
(M =4K =1,N, =3)vs. (M =3,K =1,N, = 4),
and(M =5,K=1,N,=3)vs.(M =3,K =1, N, =5).

B. Independent and identically distributed (i.i.d.) fremey
selective fading channel

In this case, we assume= (.14 for all path-losses.
1) Outage Probability AnalysiskFig. 6 compares the outage
probability in (29) with simulations and show a good matchin,

4Interested readers can find relevant information about RE-M detector
from [36].

Ex,M =3,N, =5
L L

4 6 8

Pr/o? [dB]

Fig. 5. ASER for several system setups.

10

S=—-6
.| <= s
N T T8
N o N~ ~
~ N ~
-1 N E\ >
107 F § NN
~N
AN AN S
N 0] NN S
-2 N\ AN N
5 107F N NIN ~
= . RSN
"? N \\\ Q
2 * N\ NN \\
o -3 N
=10k \ N 4
: o N
0 \ AEN q
JE“ \ NN
S @ ExM=3Kk= § RN
10 m ExM=3K= \ &
# ExM=3K= * N
An, M =3,K = \
— — -An M =3 K= N o
10’5> An, M =3,K = \
— & -An,M =3 K= \
— B -An,M =3,K= u
—# -An,M =3,K = \
O - -An,M =2,K =
6 \ . \ \ A \

10 I I

10

le
Eig. 6. Outage probability for various scenarios. Wh€n= 1, the outage

probability corresponds to the CP-SC system with seleatmmbining.

en

hetween them. Given the number of CDD transmitters and
the number of multipath components, we note that the slope
of the curves (diversity order) does not change. In pawicul
two different slopes are shown in the figure: the setps=

33 K=1,N,=1), M =3,K=2,N, =1), and (M =

3, K = 3, N, = 1) have the same slope, whereas the setups
(M=3,K=1,N,=2), (M =3,K=2N,=2), (M=

3, K =3,N, =2),and(M = 2,K = 1,N;, = 3) have

a steeper slope than the other case studies. Once agai@, thes
numerical results confirm that the number of CDD transnstter
do not affect the diversity order.

2) Average Symbol Error Rate AnalysiSimilar to the
i.n.i.d. frequency selective fading channel model, we carap
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Fig. 7. ASER for several system setups. WHéen= 1, the ASER corresponds Fig. 8. Outage probability vs. asymptotic outage probghitr several system
to the CP-SC system with selection combining. setups. Wheri' = 1, the outage probability corresponds to the CP-SC system
with selection combining .

the ASER of the proposed scheme against that obtained by
ing the QRD-M detector. The results are reported in Fig. 7. F
the considered case studies, e(@{ = 3, K = 1,N;, = 1), L
(M = 3,K =3,N, =1), (M = 3,K = 3N, = 2),
and (M = 4, K = 3,N;, = 1), a good accuracy between [
modeling and simulations is obtained. In addition, this ffigu
is obtained by using the same parameters used for the QRD 10l
demodulator in the i.n.i.d. frequency selective fadingreied.
This shows that the same diversity order is obtained. 2107t
<

O Lo OO Co

C. Asymptotic Performance Analysis on Outage Probabili 10°F
and ASER

In Figs. 8 and 9, we compare the outage probability ar
ASER against their high-SNR asymptotic approximation ,
These two figures allow us to validate Theorem 5 and th
to extract the maximum achievable diversity from the outag 5 ‘
probability and ASER. As far as the approximations at 5 10 15 20 25 30
concerned, we use the following constants; = 0.8 for Pr/o [dB]

(M =4,K =1,N, =1),C, =025 for (M = 3,K = Ci 0. ASER o ASER§ | 1
2N = I Ce = 09 01 (M = B = N o it G5 oo o
(M =2,K = 2,N;, = 4). By using these values, we obtain

a tight approximation and note, as expected, that the slope L . . . .
of the curves does not change. By direct inspection of te900d approximation is obtained in the high-SNR regime.

curves, we note that the slope of the curves of the high-SNETiIar to the outage probability, the diversity gaind§ =
asymptotic approximation of the outage probability is dqoa 4/ V» @nd, in particular, the setugd/ =3, K' =1, N), = 1),
G4 = MN,. In particular, the setup&M = 4, K = 1, N, = (M = 4K =3, Ny = 1), (M =3, K = LN, = 2),
0, {(M =3,K =2,Np =1),(M = 3,K = 1,N, = 1)}, M =6K=3N,=1),(M=3K=1LN, =2)and
(M =3,K=2N, =2),and(M = 2,K = 2,N, = 4) (M =6,K =3, N, =1) provide the largest diversity order.

have a diversity order equal t64; = 4, G4 = 3, G4 = 3,

Gq = 6, andG, = 8, respectively. VI. CONCLUSIONS
To produce the curves of the ASER in the high-SNR regime, In this paper, we have proposed a new distributed CDD-
we use the following constants:, = 0.3 for (M = 4, K = based CP-SC transmission scheme. Two conditions have been

3,N, =1), Cp, = 25 for (M = 3,K = 2,N, = 1), and derived to achieve the maximum diversity at full rate, which
Cp, =04 for (M =6,K =3,N, = 1). In this case as well, allow us to suppress the interference caused by allowing
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multiple transmitters to be active and by the time dispersio (S

introduced by the channel. The outage probability and the

(B.4)

ASER of the proposed scheme have been analyzed in i.nBy applying the inverse MGF td>/s andJs3/s, the CDF can
and i.i.d. frequency selective fading channels. It has beba expressed as the summations of the following two terms:

proved that the maximum diversity order of the system is
equal to the product of the number of available transmittersy,
and of the number of multipath components. With the aid
of simulations, it has been shown that the number of CDD
transmitters, on the other hand, affects the coding gairitbut
does not affect the diversity order.

APPENDIXA: DERIVATION OF PROPOSITION1
It is known that the performance of a MLD depends on

mi

= Z(—l)ﬁ“_f(Dg _ Dl)—(ﬁl1+Nh—.f)

f=1
(ml—th—f—l)% f,Dliﬂ +Z )Nt

my — f
(D1 = Dy (T s )

Np— f
Y(f, D2x)

trace((Hﬁf)HHﬁf) which is given by T(f) (Do) (B.5)
trace((H2:)" HAY) = (RA(1,1))? nd
"< . —(m1+Np—f
= (R(1,1)) Fro=Y (_1)mlfbff(& _ &) (Tt =1)
N N = 2 2
REED 12 =Y Jher (D)2 (AL _ Niutb
; CZT ;l ()l ( ) <m1—|—Nh—f—1> Vi f,DlI + hz+ Nh,+b7f
my—b—f
whereh’* andh,;, are the first column vectors d%* and ]
H..,, respectlvely whostth elements are denoted bf (& _ &)*(ml“’h ) (m1 + Nh - f - 1)
andh..;,(1). EQ. (A.1) shows that the tra(@HcAZ:)HHﬁf z2 2 Np+b—f
independent of the column permutations. This implies that t Y(f, (% + %)iﬂ) (B.6)
MLD provides the same performance for different assignsent F(f)(% + %)f '
of the cycllc_ dela_lys to_ the CDD_ transmltte_rs, provided thfﬁeplacingJQ and.J; in (B.2) by F;, and F/5,, we can readily
each transmitter is assigned a different (unique) delay. obtain (20) ‘

APPENDIXB: DERIVATION OF THEOREM 1
If K =2, the MGF simplifies to:

=]

P grea( —s@+e2)per A e dry dzy (B.1)

as follows:
which is evaluated as (B.2) at the next page. To compute (B.2)
we have used the series expansion of the lower incomplete VM-K) = Z% (C.1)
gamma function [25, eq. (8.352.1)]. The following equivdle
expressions of/; and.J; can be obtained: wherenj,--- , v are i.i.d. random variables whose PDF is
Jo — i(_l)ﬁn—f(D — Dy)~(mANe=) fre(y) = __hly) fory >« (C.2)
T2 2= YT IR W)
~ N, with F3 () and f1(-) denoting, respectively, the CDF and PDF
(ml +~Nh —f= 1> (s+ D1)~ Z 1)Nn= of v1. From (C.1), the PDF o§¥ and its corresponding MGF
my — f can be formulated as follows:
o _ + N 1 _
(D) — Do)~ mANe=f) (m1 Nhh— ff )(8+D2) ! fsr(y / Fsx - r)=e (U12) Frar—r) (2)dz and
B.3 *
B3) (s = / OE.(5) fyns s (7)1 (C.3)
and 0
— where®. - (s) is the MGF ofv;. From (C.2),®.-(s) is given
mi1—b S D2 Dl (A1t Np—f) b ¥ (S) Y1 ( ) ¥ (S) g
J3 = (=™ (_ - _) Y
= 2 2 1
i Nuh () = T (1= A+ 9)7)
1+ Np— f—1 (54D + 3 (1S (1+s) 1
i —b—f RS (1~ Fi(x)” (C.4)
D1 Do\ —Ui+Nu—=f) (g + N, — f — 1 Applying the binomial and multinomial theorems [25, eq.
(7 - 7) ( Ny+b—f ) (1.111)], g« (s) is computed as in (C.5) at the next page.

APPENDIX C: DERIVATION OF THEOREM 3

According to [37], conditioned ofy(,;_x) anda = 1, SK
can be written as a summation &f i.i.d. random variables
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1 1
1 1
Dgr—2(s) = > o> ( ) ( )(—1)q1+~-+qcz
1,02, ic—2 q€P, 1=0 do—2=0 q1 qc—2
1<ig<ig<...<ig_9<C
3 > OGS I
1,191, N, 4C—2,159C—2,N), j=1 43, ! qj Nh j=1 t;=0 tj!
91,1t +a1, N, =91 9c—2,1+--tac-2,N, =9C-2
Cc—2 N -
1 )qj-( 1 )Nhl“(ml)( 1 )Nh[ i N
— — — s+ D)™™ (s+ D h
H (Ozi,j O‘/ﬁ,q F(Nh) akzyq ( 1) ( 2)
J=1 T
mi—1 o\ _p—N _
(2) hF(b+Nh) —(r1—b) D1 D2 (b+Np)
- Dyy~(mh (54 Ly 22) . B.2
TTe o TPy Tty T (B2)
J3
M—-K-1
M (M-1 M-K-1 p! K!
Cgic(s) = ( ) > ( )(_1);, > I I > [ !
F(Nh) K =0 p 10Ny, qi:-.-4Ny,- l1;~~~;lNh ll----lNh,-
Nt Ve N Nl [—G—N
I1 (F) (F) T+ G+ No)(1+p+ K) =N (14 5)"™ (14 8s)"™2.  (C.5)
ti=0 2 ty=0 2
Ja
M—-K-1 Np—1
M M -1 M-K-1 p! qty;+1
(I)SK (S) = < ) Z ( )(_l)p Z Z H ( )
! ! AT
L(Np) \ K = P g, O T Ll ! 5\l
Nn—1 1 \leo+1 - e 3 . . .
[T ()" T+ a+ N +p+ K) T8 (3 (—1ymmigmmi(r — g)-mmats
to! ;
t2=0 i=1
mi+mo — 1 — " i o (mi+mo—1—1\,1 i
1 mg T QM1 —1 _ 1 mi1—mo—+1 — ) CG
< my —i ) +5)” +Z B (B - 1) < o )(ﬁ+s) (C6)
Applying the partial fraction (PF) to/, w.r.t. s, (C.5) can be /Oo pMNL—ENy+Ny—1,~2 g
expressed as (C.6). By applying the inverse MG gk (s)/s 0
W.rt. s, the CDF of SX can be derived. _ i (M\L(MN;, — KNy + Ny
K ) T(Np + 1)M=KET(Ny)
APPENDIXD: DERIVATION OF PROPOSITION1 (14 )~ MNn, (D.3)

Consider the following different but equivalent expressio
for the MGF of S¥:

K (%) o0 T M-K
Msr(s) = (1+S)NhK/0 (Fl(1+s))
(1 - Fy(2) X~ fy(2)de (D.1)
where we assumex = 1. In the high SNR region, we

can approximate — Fj(x) and Fi(xz) by their asymptotic
expressions [33] as:

z—0 z—0 Nn
1 and Fi(z _
RN Yy

so that we have the following asymptotic approximation for[Z]
(D.1):

1- Fi(z) (D.2) [

~
~ ~

K () 1 .

(1+ 5) MM T(N, + 1)M-KT(N,)

Mgi(s) =

Thus, the high-SNR expression of the CDF 6f€ is as
follows:

~ s - M F(MNh—KNh-l-Nh)
Fak(r) = K<K> TN+ DRI (V)
’yl(MNh,:Z?)

L'(MNp)

(D.4)

REFERENCES

J. K. Cavers, “Single-user and multiuser adaptive makinatio trans-
mission for Rayleigh channels/EEE Trans. Veh. Technolvol. 49,
no. 6, pp. 2043-2050, Nov. 2000.

T. K. Y. Lo, “Maximum ratio transmission,”JEEE Trans. Commun.
vol. 47, no. 10, pp. 1458-1461, Oct. 1999.

K. J. Kim, T. Khan, and P. Orlik, “Performance analysisamfoperative
systems with unreliable backhauls and selection combjhitigEE
Trans. Veh. Technolvol. 66, no. 3, pp. 2448-2461, Mar. 2017.



14

(4]

(5]

(6]

(7]

(8]

El

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

J. N. Laneman and G. W. Wornell, “Energy-efficient ant@sharing and [24]
relaying for wireless networks,” iRroc. IEEE Wireless Communications
and Networking Conf.Chicago, IL, Oct. 2000, pp. 7-12.

M. O. Astal and A. M. Abu-Hudrouss, “SIC detector for 4 agl
distributed space-time block coding under quasi-syndhation,” IEEE
Commun. Lett.vol. 15, no. 10, pp. 1056-1058, Oct. 2011.

Y.-C. Liang, W. S. Leon, Y. Zeng, and C. Xu, “Design of cigcbhelay
deievsity for single carrier cyclic prefix (sccp) transnoss with block-
iterative GDFE (BI-GDFE) receiver,JEEE Trans. Wireless Commuyn.
vol. 7, no. 2, pp. 677-684, Feb. 2008.

A. H. Mehana and A. Nosratinia, “Single-carrier freqagrdomain
equalizer with multi-antenna transmit diversityEEE Trans. Wireless
Commun. vol. 12, pp. 388-397, Jan. 2013.

F. Zhang, Y. Zhang, W. Q. Malik, B. Allen, and D. J. Edwards
“Optimum receiver antenna selection for transmit cycliGagiaiversity,”

in Proc. IEEE Int. Conf. CommupBeijing, China, May 2008, pp. 3829— [30]
3833.

U.-K. Kwon and G.-H. Im, “Cyclic delay diversity with figuency
domain Turbo equalization for uplink fast fading chanriellEEE
Commun. Lett.vol. 13, no. 3, pp. 184-186, Mar. 2009.

Q. Li, Q. Yan, K. C. Keh, K. H. Li, and Y. Hu, “A multi-relayselection
scheme with cyclic delay diversitylEEE Commun. Lettvol. 17, no. 2,
pp. 349-352, Feh. 2013.

IEEE, “Wireless LAN medium access control (MAC) and ploal
layer (PHY) specifications—Amendment 4: Enhancements éoy high
throughput for operation in bands below 6 GHzZEEE Standard
802.11ac-2013, Part 112009.

—, “Wireless LAN medium access control (MAC) and ploai
layer (PHY) specifications - Amendment 5: Enhancements fgher
throughput,”IEEE Standard 802.11n-2009, Part,12009.

3GPP, Technical Specification Group Radio Access NekwiiEvolved
universal terrestrial radio access (E-UTRA): Physical ncieds and  [35]
modulation (release 8)3GPP TS 36.211 V8.9.0 (2009-12) Technical
Specification Mar. 2009.

[25]

[26]

[27]

(28]

[32]

[33]

[34]

S. Kato, H. Harada, R. Funada, T. Baykas, C. S. Sum, Jgwand [36]
M. A. Rahman, “Single carrier transmission for multi-giga60-GHz
WPAN systems,|IEEE J. Sel. Areas Communwol. 27, no. 8, pp. 1466—
1478, Oct. 2009.

K. J. Kim and T. A. Tsiftsis, “On the performance of cycprefix-based [37]

single-carrier cooperative diversity systems with bestyreselection,”
IEEE Trans. Wireless Commuyrvol. 10, no. 4, pp. 1269-1279, Apr.
2011.

H. Eghbali, S. Muhaidat, and N. Al-Dhabhir, “A novel reeer design
for single-carrier frequency domain equalization in biwatd wireless
networks with amplify-and-forward relayingJEEE Trans. Wireless
Commun,. vol. 10, no. 3, pp. 721-727, Mar. 2011.

H. Chergui, T. Ait-ldir, M. Benjillali, and S. Saoudi, Jbint-over-
transmissions project and forward relaying for single iearbroadband
MIMO ARQ systems,” inProc. IEEE Veh. Techol. ConfYokohama,
Japan, May 2011, pp. 1-5.

H. Mheidat, M. Uysal, and N. Al-Dhahir, “Equalizatiordhniques for
distributed space-time block codes with amplify-and-fard relaying,”
IEEE Trans. Signal Processvol. 55, no. 5, pp. 1839-1852, May 2007.
K. J. Kim, T. Q. Duong, and H. V. Poor, “Outage probalkiliif single-
carrier cooperative spectrum sharing systems with deaodeforward

31 S

N. Balakrishnan, “Permanents, order statistics,ietst) and robustness,”
Rev. Mat. Complu.vol. 20, pp. 7-107, 2007.

I. S. Gradshteyn and I. M. RyzhikTable of Integrals, Series, and
Products New York: Academic Press, 2007.

H. Yu, I.-H. Lee, and G. L. Stuber, “Outage probabilitf decode-
and-forward cooperative relaying systems with co-chamtetference,”

IEEE Trans. Wireless Commumwol. 11, no. 1, pp. 266-274, Jan. 2011.
H. A. Suraweera, P. J. Smith, and M. Shafi, “Capacity tnaind perfor-

mance analysis of cognitive radio with imperfect channebvwedge,”
IEEE Trans. Veh. Technolvol. 59, pp. 1811-1822, May 2010.
Wolfman research inc. [Online]. Available:
http://functions.wolfman.com

] A. P. Prudnikov, Y. A. Brychkov, and O. |. Maricheitegral and Series.

Vol. 3: More Special Functions3rd ed. London: Gordon and Breach,
1992.

A. Erdelyi, Higher Transcendental Functions
McGraw-Hill Book Company, 1953.

S. Ikki and M. H. Ahmed, “On the performance of coopieea
diversity networks with theNth best-relay selection schemdFEE
Trans. Commun.vol. 58, no. 11, pp. 3062-3069, Nov. 2010.

S.-l. Chu, “Performance of amplify-and-forward cocgtive commu-
nications with theNt? best-relay selection scheme over Nakagami-
fading channels,JEEE Commun. Lettvol. 15, no. 2, pp. 172-174, Feb.
2011.

X. Zhang, Y. Zhang, Z. Yan, J. Xing, and W. Wang, “Perfamse
analysis of cognitive relay networks over Nakagamifading channels,”
IEEE J. Sel. Areas Commurvol. 33, pp. 865-877, May 2016.

F. A. Onat, Y. Fan, H. Yanikomeroglu, and H. V. Poor, “Ekhold-
based relay selection for decode-and-forward relaying daperative
wireless networks,EURASIP Journal on Wireless Communications and
Networking vol. 2010:721492, pp. 1-9, 2010.

N. Yang, P. L. Yeoh, M. Elkashlan, R. Schober, and I. Blli@gs,
“Transmit antenna selection for security enhancement ikl®wiretap
channels,1TEEE Trans. Communvol. 61, no. 1, pp. 144-154, Jan. 2013.
K. J. Kim, Y. Yue, R. A. lltis, and J. D. Gibson, “A QRD-M/&man
Filter-based detection and channel estimation algorittum MIMO-
OFDM systems,1EEE Trans. Wireless Commurvol. 4, pp. 710-721,
Mar. 2005.

K. Alam and K. T. Wallenius, “Distribution of a sum of ced statistics,”
Scandinavian Journal of Statisticsol. 6, no. 3, pp. 845-855, 1979.

New York, N.Y.:

Kyeong Jin Kim (SM'11) received the M.S. degree
from the Korea Advanced Institute of Science and
Technology (KAIST) in 1991 and the M.S. and
Ph.D. degrees in electrical and computer engineering
from the University of California, Santa Barbara,
CA, USA, in 2000. From 1991 to 1995, he was a
Research Engineer with the Video Research Center,
Daewoo Electronics, Ltd., Korea. In 1997, he joined
the Data Transmission and Networking Laboratory,
University of California, Santa Barbara. After re-
ceiving his degrees, he joined the Nokia Research

relaying and selection combining/EEE Trans. Wireless Commuyn.
vol. 12, no. 2, pp. 806-817, Feb. 2013.

K. J. Kim, P. L. Yeoh, P. Orlik, and H. V. Poor, “Secrecyrfegmance of
finite-sized cooperative single carrier systems with uabé backhaul
connections,”IEEE Trans. Signal Processvol. 64, no. 17, pp. 4403-
4416, Sep. 2016.

D. Falconer, S. L. Ariyavisitakul, A. B. Seeyar, and B.id&on,
“Frequency domain equalization for Single-Carrier braaub wireless
systems,"IEEE Commun. Magazingp. 58—-66, Apr. 2002.

K. J. Kim, T. A. Tsiftsis, and H. V. Poor, “Power allocati in
cyclic prefixed single-carrier relaying system$ZEE Trans. Wireless
Commun. vol. 10, no. 7, pp. 2297-2305, Jul. 2011.

H. A. David and H. N. NagarajaQrder Statistics 3rd ed.
New Jersey: John Wiley and Sons, 2005.

Hoboken,

Center and Nokia Inc., Dallas, TX, USA, as a Senior Reseamginger,
where he was an L1 Spemahst from 2005 to 2009. During 22010t, he was
an Invited Professor at Inha University, Incheon, Koreac8i2012, he has
been a Senior Principal Research Staff with the Mitsubidactiic Research
Laboratories, Cambridge, MA, USA. His research includedcaiver design,
resource management, scheduling in the cooperative w&e@mmunications
system, cooperative spectrum sharing system, physicat Bgcrecy system,
and device-to-device communications.

Dr. Kim currently serves as an Editor of the IEERANSACTIONS ON
COMMUNICATIONS. He served as an Editor of the IEEEO@MUNICATIONS
LETTERS and INTERNATIONAL JOURNAL OF ANTENNAS AND PROPAGA-
TION. He also served as a Guest Editor of the EURASGRRNAL ON
WIRELESSCOMMUNICATIONS AND NETWORKING: SPECIAL|SSUE ONCO-
OPERATIVECOGNITIVE NETWORKSand IET COMMUNICATIONS: SPECIAL
ISSUE ONSECUREPHYSICAL LAYER COMMUNICATIONS.



Marco Di Renzo (SM'14) received the Laurea

engineering from the University of L'Aquila, Italy,

Sud, France, in 2013. Since 2010, he has been

Titulaire CNRS") in the Laboratory of Signals and

traleSupélec, Univ Paris Sud, Paris, France. He is

Sydney, Australia, a Visiting Professor at the UniversityAquila, Italy, and
a co-founder of the university spin-off company WEST Aquslal., Italy.
He serves as the Associate Editor-in-Chief of IEEE COMMUNIGONS
LETTERS, and as an Editor of IEEE TRANSACTIONS ON COMMUNI-
CATIONS, and IEEE TRANSACTIONS ON WIRELESS COMMUNICA-
TIONS. He is a Distinguished Lecturer of the IEEE Vehiculachnology
Society and IEEE Communications Society. He is a recipiéntsaveral
awards, including the 2013 IEEE-COMSOC Best Young Researéward
for Europe, Middle East and Africa (EMEA Region), the 201212 Royal
Academy of Engineering Distinguished Visiting Fellowshthe 2015 IEEE
Jack Neubauer Memorial Best System Paper Award, and the 201% CNRS
Award for Excellence in Research and in Advising Doctoraldgnts.

Hongwu Liu received the Ph.D. degree from South

with the Shanghai Institute of Microsystem and

Center, Inha University, South Korea. From 2014 t
2017, he was an associated professor with Shando
Jiaotong University. He is currently a Research Fel
low with the Department of Information and CommunicationgEeering,
Inha University. His research interests include MIMO sigmcessing, cog-
nitive radios, cooperative communications, wireless egccommunications,
and future loT.

(cum laude) and the Ph.D. degrees in electrica

in 2003 and in 2007, respectively, and the Doctol
of Science degree (HDR) from the University Paris-

CNRS Associate Professor (“Chargé de Recherch
Systems of Paris-Saclay University — CNRS, Cen

Adjunct Professor at the University of Technology

west Jiaotong University in 2008. From 2008 to
2010, he was with Nanchang Hangkong University.
From 2010 to 2011, he was a Post-Doctoral Fe||OV\f3

Information Technology, Chinese Academy of Sci-
ence. From 2011 to 2013, he was a Research Fello
with the UWB Wireless Communications Researct}i

15

Philip V. Orlik (M'99) was born in New York, NY

in 1972. He received the B.E. degree in 1994 and the
M.S. degree in 1997 both from the State University
of New York at Stony Brook. In 1999 he earned his
Ph. D. in electrical engineering also from SUNY
Stony Brook.

In 2000 he joined Mitsubishi Electric Research
Laboratories Inc. located in Cambridge, MA where
he is currently the Manager of the Electronics and
Communications Group. His primary research focus
is on advanced wireless and wired communications,
sensor/loT networks. Other research interests includecwigin/car-to-car
communications, mobility modeling, performance analyaisd queuing the-
ory.

H. Vincent Poor (F'87) received the Ph.D. degree
in EECS from Princeton University in 1977. From
1977 until 1990, he was on the faculty of the
University of lllinois at Urbana-Champaign. Since
1990 he has been on the faculty at Princeton, where
he is currently the Michael Henry Strater University
Professor of Electrical Engineering. During 2006
to 2016, he served as Dean of Princetons School
of Engineering and Applied Science. His research
interests are in the areas of information theory and
signal processing, and their applications in wireless
networks and related fields such as smart grid and socialone$wAmong

his publications in these areas is the bdoformation Theoretic Security and
rivacy of Information System€ambridge University Press, 2017).

Dr. Poor is a member of the National Academy of Engineering e
National Academy of Sciences, and is a foreign member of the@aRSociety.

e is also a fellow of the American Academy of Arts and Scisndbe Na-
onal Academy of Inventors, and other national and intéonal academies.

%Ye received Marconi and Armstrong Awards of the IEEE Commations
Ié%ciety in 2007 and 2009, respectively. Recent recognitrhis work

includes the 2016 John Fritz Medal, the 2017 IEEE Alexandeah&m
Bell Medal, Honorary Professorships at Peking Universihd al'singhua
University, both conferred in 2016, and a D.Sc. honoris adusm Syracuse
University awarded in 2017.



	Title Page
	page 2

	/projects/www/html/my/publications/docs/TR2017-207.pdf
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15


